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Abstract

On June 23, 2015 the U.S. Nuclear Regulatory Commission (NRC) issued a formal notice 

in the Federal Register that it would consider whether “it should amend its ‘Standards for 

Protection Against Radiation’ regulations from the linear non-threshold (LNT) model of 

radiation protection to the hormesis model.” The present commentary supports this 

recommendation based on the:

(1) Flawed and deceptive history of the adoption of LNT by the U.S. National Academy of 

Sciences (NAS) in 1956.

(2) The documented capacity of hormesis to make more accurate predictions of biological 

responses for diverse biological endpoints in the low dose zone.

(3) The occurrence of extensive hormetic data from the peer-reviewed biomedical literature

that revealed hormetic responses are highly generalizable, being independent of 

biological model, endpoint measured, inducing agent, level of biological organization and 

mechanism.

(4) The integration of hormesis and LNT models via a model uncertainty methodology that 

optimizes public health responses at 10-4. Thus, both LNT and hormesis can be 

integratively used for risk assessment purposes and this integration defines the so-called 

“regulatory sweet-spot”. 

Overview

The comments offered here assess the scientific foundations of the three petitions (Carol 

Marcus, Michael Miller, and Mohan Doss) to the NRC proposing a change in the use of the LNT 

for risk assessment to the hormesis dose response. This assessment includes the scientific and 
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historical foundations of the LNT recommendation by the NAS BEAR I Committee, Genetics 

Panel in 1956 for regulatory agencies to adopt linearity at low dose for ionizing radiation risk 

assessment, how this occurred, and what it means today for NRC regulations. The comments 

also assess the scientific foundations of hormesis, including how accurately it predicts low dose 

effects and how this model compares with other dose response models such as the LNT and 

threshold models. Finally, it will be shown how hormesis could be applied to cancer risk 

assessment and how this may be used to optimize the health of radiation exposed workers and 

the general public.

The Scientific Foundations of LNT as Adopted by Regulatory Agencies, Including the 

NRC, are Based on a Fabrication and Falsification of the Research Record By the U.S.NAS 

BEAR I Committee, Genetics Panel (1956)

The use of the LNT for radiation induced mutation originated in 1928 with a publication 

by the famous physical chemist Gilbert Lewis in the journal Nature (Calabrese, 2013a). The 

article offered a mechanism for the theory of evolution. While this specific hypothesis of Lewis 

would not be generally accepted, subsequent research by several students of Herman J. Muller 

provided support for a linearity response for gonadal mutation in male fruit flies at very high 

doses (i.e., several hundred thousand fold greater than normal background). Muller would refer 

to this linear response as the Proportionality Rule. This was the term used throughout the 1930s 

and 1940s for what would now be called the LNT. The Proportionality Rule (i.e., LNT) became 

linked to a mechanism in the mid 1930s via the collaboration of leading radiation geneticists and 

several prominent physicists-yielding the LNT single hit theory. The single hit mechanism was 

based entirely on “hit theory”. This early history is described and critiqued in detail by Calabrese
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(2013a) which is attached. During World War II the U.S. Atomic Energy Commission (AEC) 

funded research at the University of Rochester to determine the shape of the dose response in the 

low dose zone. The principal research was done under the direction of Curt Stern. This research 

and related activities are told in considerable detail by Calabrese (2011) in the attached article. 

The Stern research is central as it was upon these findings that the LNT would be based and 

accepted by U.S. regulatory agencies. Thus, a careful assessment of their research is essential for

an evaluation of the three petitions to the NRC. Calabrese (2011) has shown that the 

interpretations of Stern and his manipulations of the publication process led to ideologically-

based deliberate distortions of the nature of the dose response in the low dose zone. The history 

of the LNT and the roles of Stern and Muller are assessed in detailed by Calabrese (2011, 2015a, 

b) in the attached papers. These findings reflect documented deceptive actions by Muller on 

multiple occasions in order to ensure acceptance of the LNT. These publications provide a 

fundamental backdrop for the critical actions of the BEAR I Committee, Genetics Panel, which 

is now summarized. 

Substantial research has recently shown that the NAS BEAR I Committee, Genetics 

Panel misrepresented the research record in its key technical publication in Science (US NAS, 

1956) (June) that recommended the switch from threshold to LNT for risk assessment. This 

scientific misconduct has now been extensively documented in peer-reviewed publications

(Calabrese 2013b, 2014, 2015c). As is presented in the Calabrese (2015c) paper the Panel was 

extremely concerned that their recommendation to switch to the LNT model be accepted. 

However, there were very strong misgivings amongst the Panelists that their LNT 

recommendations would not be accepted if the Panel’s uncertainties and fundamental scientific 

disagreements concerning transgenerational genetic risks were made known via their 
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publications to the scientific community and the general public. These fears are documented in 

the Calabrese papers (2015a, b, c) via letters and other correspondence of Panel members. In the 

1956 Science paper (US NAS, 1956) of the Panel it is written that all geneticists on the Panel 

(i.e. 12) were challenged to estimate the number of adverse reproductive genetic outcomes that 

would occur over ten generations of U.S. residents at a given level of gonadal radiation exposure. 

Of the 12, nine provided detailed reports with estimates. All such written documentation are 

publically available and provide key documentation to support the conclusions of the Calabrese 

paper (Calabrese 2015c). The evidence shows that the estimates of the expert Panelists wildly 

varied, revealing great uncertainty both within and between expert geneticists. Such profoundly 

large inconsistencies and disagreements were disturbing and a non-scientific ideologically-based

decision was made to drop the three estimates showing the lowest damage. This significantly 

reduced the “appearance” of uncertainty. Yet, when the 1956 Science paper was published the 

authors (i.e., U.S. NAS Genetics Panel) stated that of the 12 geneticists on the Panel only six

took up the challenge and provided estimates. However, we now know that this was not true and 

can be shown to be a demonstrably false statement. Dropping of the three lowest genetic damage 

estimates reduced a significant amount of variation yet excessive uncertainty still remained. For

the remaining six estimates the uncertainly range was 750 fold and was still considered too 

excessive and was feared this could jeopardize acceptance for the LNT recommendation. Thus, 

the Panel then falsified the Science paper by stating their range of uncertainty to be only 100 

fold. This falsification of the research record would have been discovered if the data had been 

published. However, the Panel formally voted not to make the data public and therefore it 

became impossible to challenge the falsification of the Science paper since no Panel member 

revealed these deceptions. Finally, there were three Panel geneticists who refused to provide 
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estimates because the process was excessively uncertain and could not be relied upon. These

perspectives were also deliberately omitted as well from the Science paper, further misleading 

the Science journal readership.   

The documentation of these actions is well established within the Calabrese papers. It

shows that the key actions of the BEAR I Genetics Panel were dishonest and yet it was upon 

their recommendation that the linearity paradigm became accepted, adopted and implemented 

within the U.S. and worldwide. Thus, the foundation of the LNT was based on 

misrepresentations, intending to mislead regulatory agencies and others. In fact, the NRC 

publication of 1981 (U.S. NRC, 1981) addressing cancer risk assessment makes note of the 1956 

Genetics Panel activity, using this deception based activity as foundational material. As history

demonstrates, the Genetics Panel was successful in their deceptions because of the great 

authority of the NAS and the willingness of the regulatory and scientific communities to accept 

what they were told without examining the basis for the recommendation. While these 

accusations seem harsh, the documentation supports each statement. The problem is that it has 

taken some six decades for these deceptions to be revealed. Thus, the regulatory process was 

literally taken hostage by leading radiation geneticists acting via the prestigious U.S. National 

Academy of Sciences much like a highly infectious virus in order to manipulate and direct the 

actions of regulatory agencies in the U.S and elsewhere to their own ideological viewpoint.
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Refusal of the NAS Genetics Panel to Document the Basis of the LNT Recommendation

The BEAR I Genetics Panel deliberately refused to provide any documentation to 

describe the scientific basis for their recommendation that the LNT be adopted by regulatory 

agencies. Newly uncovered documents reveal that this decision was made in order not to show 

profound disagreements on uncertainty in risk estimation and to focus on the identification of 

self-serving grant funding opportunities. The basis of their decision is given in Calabrese

(2015b). More specifically, some six months after publication of their landmark 1956 report

(NAS/NRC, 1956), the BEAR Genetics Panel was challenged by a number of distinguished 

biologists to provide the documentation upon which it based its linearity decision. It should be 

known that the NAS Genetics Panel had never developed any written basis for the linearity 

decision. It was simply by proclamation within the Panel as seen by a reading of the Panel 

transcripts. Now when forced to confront the reality that it had no written basis, the Panel 

decided that it would not provide one. This outrageous and arrogant decision was shared in 

writing with the President of the NAS at the time (Dr. Detlev Bronk), thereby making him fully 

aware of this decision. Yet he would do nothing to reverse it, making him a party to this 

decision.

Following the acceptance of LNT, cancer risk assessment would become strongly model 

driven as is seen in the later BEIR Committee reports starting in 1972. Once the LNT concept 

was accepted as a scientific and inaccessible belief it was transformed into a model-based 

construct that could not be proven wrong or easily modified. This was the case even after the 

discovery of DNA repair, apoptosis, adaptive response, hormesis and other new concepts, all of 

which could profoundly affect the shape of the dose response in the low dose zone.
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Hormesis Outcompetes LNT and Threshold

Hormesis, including radiation hormesis, has a long history going back over 100 years. 

Calabrese and Baldwin (2000a-e) have summarized these early developments in detail (see 

attached). In fact, as early as 1917 ionizing radiation was shown to significantly enhance the 

lifespan of the insect model, the confused flour beetle, in an extremely well-designed study that 

has been repeatedly confirmed.

Thousands of studies have been published over the past several decades on hormesis and 

show it to be reproducible, generalized and independent of biological model, agent, endpoint and 

mechanism. In multiple direct head-to-head comparisons, the hormetic model has strikingly 

outperformed LNT and threshold models for accuracy in low dose predictions Calabrese and 

Baldwin 2001, 2003; Calabrese et al., 2006, 2008, 2010). It is important to note that the many 

valid hormesis studies not only clearly show the strengths of hormesis but also demonstrate 

serious flaws in the LNT model and establish that it cannot be used as a default. That is, if the 

LNT cannot be shown to provide accurate estimates in so many experimental systems and for a 

wide range of endpoints, including those affecting the process of cancer, then it is not possible to 

rely upon it as a default dose response risk assessment model. While it is widely quoted that a 

single valid study can discredit a powerful theory, LNT has been shown to be invalid in not one, 

but multiple thousands of peer-reviewed and reproducible studies, affecting a very broad 

spectrum of biological models and endpoints, including each key stage of the process of 

carcinogenesis, including tumor formation. With such extensive documentation showing the 

limitations of the LNT model, it is not scientifically possible to use the LNT as the default model 

for risk assessment and the basis for regulatory decision making. The LNT model has always 
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been impossible to prove correct but it could be proven to be incorrect. This is literally what this 

massive set of published papers on hormesis does.  

The Hormesis Database

While the LNT model is being criticized in these comments for its fraudulent origin and 

integration into U.S. regulatory agencies and its discrediting by a very large number of valid

hormesis studies, the proposal that the NRC is considering is to switch to the hormetic dose 

response model. The NRC should note that an Hormesis Database was created nearly 20 years 

ago via funding from multiple sources but principally via the U.S. Air Force to the University of 

Massachusetts at Amherst. This database is being continuously expanded and now there are 

several different types of hormetic databases which serve differing purposes. In 2005 Calabrese 

and Blain first published a detailed description of the original Hormesis Database. This paper has 

been updated on two occasions (2009 and 2011). The Hormesis Database provides detailed 

information on each hormetic dose experiment that first passes rigorous evaluative criteria. The 

findings indicate that hormesis is highly generalizable and is independent of biological model, 

level of biological organization (i.e., cell, organ, and organism), endpoints measured, inducing 

agent (e.g. chemical class, physical agents such as ionizing radiation, etc.), developmental 

processes, gender and mechanism. The quantitative features of the hormetic dose response are 

similar across all of the above parameters, suggesting that the hormetic response is constrained

by the limits of biological plasticity (Calabrese, 2013c). Thus, hormesis is fundamental, 

generalizable, quantifiable and mechanistically explained. Also, unlike the LNT model, it can be 

tested in the observable range and accepted or rejected for any specific experiment. This is a very 

valuable feature as one does not have to rely on extrapolative modeling but on empirical data. 
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In the early 2000s, the most significant concern with the hormesis model was that it 

needed to be explained in mechanistic terms. Today this is not a concern and is useful only as an 

historical note.  For example, in 2013 Calabrese (2013d) provided specific mechanisms for 400 

different hormetic dose responses (see attached paper), where the response was mediated by a 

specific receptor and/or cell signaling pathway. No other dose response model has had such a 

plethora of mechanistic documentation to support and explain it. Further, a new hormesis 

mechanism paper by Calabrese is in its final stages of preparation prior to submittal to a journal. 

This new paper will contain nearly 600 additional hormetic dose responses with clearly 

identified molecular mechanisms. Thus, about 1000 dose responses for hormesis are now 

available with mechanisms.

These developments of the past two decades have provided information on the 

occurrence of hormetic dose responses, their frequency, generalizability and mechanisms. It 

provides a sound foundation upon which to build a regulatory program, especially given the fact 

that its conclusions and predictions are testable. These features make the hormetic dose response 

a sound choice upon which to base risk assessments upon, including cancer and non-cancer 

endpoints. 

The New Goal: Using Hormesis To Optimize Worker Health and the Public Health

These goals can be achieved best at present via the integration of the LNT and hormesis 

models via a model uncertainty methodology. Recent papers by Calabrese et al. (2015a, b-see 

attached) demonstrate that the public health would be optimized at a LNT based risk of 10-4, the 

dose of the hormetic nadir in animal studies. This integration yields the optimal public health 

response within the context of both defining and minimizing risk model uncertainty with LNT 
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providing the upper bound and hormesis the lower bound of risks. Thus, the NRC should change 

from a LNT-model based risk assessment as a default to the integrated LNT-Hormesis model as 

described in Calabrese et al. (2015a,b). This model could also be applied to epidemiological data 

with slight modification.
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The most significant event in the history of environmental 
risk assessment was the recommendation by the United 
States National Academy of Sciences (NAS), Biological 
Effects of Atomic Radiation (BEAR) Committee, Genet-
ics Panel in 1956 to switch from a threshold to a linear 
dose–response model for the assessment of genomic muta-
tion risk (Anonymous 1956; NAS/NRC 1956). Within a 
brief period of time, this recommendation became general-
ized to somatic cells by other governmental advisory com-
mittees and was eventually applied to cancer risk assess-
ment. Although this linear dose–response paradigm was 
originally intended to be used for ionizing radiation, it 
would later be adopted by the US Environmental Protec-
tion Agency and directly applied to chemical carcinogens 
(Albert 1994; Calabrese 2013a, b), thereby affecting world-
wide cancer risk assessment for the past several decades.

Given the significance of this action by the NAS BEAR 
I Committee, Genetics Panel and the long history of the 
threshold dose–response model in regulatory practice, I 
was interested in learning the answers to several key ques-
tions: how was this recommendation made, what was the 
nature of the debate, what were the persuasive and compel-
ling arguments, and what were the roles played by various 
individuals on the Panel? I therefore obtained transcripts of 
the BEAR I Committee, Genetics Panel meetings in 1955 
and 1956. It was a bit like reading the book after seeing 
the end of the movie. To my surprise, the BEAR I Commit-
tee, Genetics Panel was uniformly confident in their belief 
that linearity for genomic risk assessment was the correct 
perspective, while being arrogantly dismissive of both the 
threshold perspective and those who supported it. So dis-
missive of the alternative model was the Genetics Panel that 
it was never viewed as a debatable issue, nor was it ever 
debated. What a disappointment. I had so looked forward 
to retrospectively witnessing how the leading thinkers of 

Abstract The Genetics Panel of the National Academy 
of Sciences’ Committee on Biological Effects of Atomic 
Radiation (BEAR) recommended the adoption of the lin-
ear dose–response model in 1956, abandoning the thresh-
old dose–response for genetic risk assessments. This rec-
ommendation was quickly generalized to include somatic 
cells for cancer risk assessment and later was instrumental 
in the adoption of linearity for carcinogen risk assessment 
by the Environmental Protection Agency. The Genetics 
Panel failed to provide any scientific assessment to sup-
port this recommendation and refused to do so when later 
challenged by other leading scientists. Thus, the linearity 
model used in cancer risk assessment was based on ide-
ology rather than science and originated with the recom-
mendation of the NAS BEAR Committee Genetics Panel. 
Historical documentation in support of these conclusions 
is provided in the transcripts of the Panel meetings and 
in previously unexamined correspondence among Panel 
members.
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their time confronted this seminal issue on dose–response, 
how they intellectually sparred with one another, and 
whose logic and facts helped carry the day for the linearity 
model. The NAS BEAR I Committee, Genetics Panel made 
the switch from a threshold to a linear dose–response risk 
assessment model by “proclamation,” with no debate and 
without providing a detailed (or actually even any) evalu-
ation, such as would be expected of any scientific advisory 
group—most certainly of one at the level of the National 
Academy of Sciences on such matters of national and inter-
national significance. In retrospect, this should not have 
been too surprising as I had documented in previous pub-
lications (Calabrese 2011a, b, 2012, 2013a, b) the inherent 
intellectual dishonesty of key leaders of the radiation genet-
ics community, such as Curt Stern and Hermann Muller on 
the issue of threshold versus linear dose–response and how 
they successfully distorted the scientific record in order 
to achieve their goal of a linear dose–response for risk 
assessment. The linear dose–response recommendation by 
this Genetics Panel would be broadly extolled by leading 
media outlets on the day of its release as the most extensive 
assessment ever undertaken on the topic by a most prestig-
ious group of American scientists. The National Academy 
of Sciences report was literally a front-page story in the 
New York Times with the linearity risk assessment frame-
work leading the way.

Despite the widely acknowledged success of the BEAR 
I Committee, Genetics Panel in getting their message out 
to the scientific community, governmental bodies, and the 
public, the reports of the BEAR I Committee, Genetics 
Panel were eventually read by members of the scientific 
community. This resulted in a number of leading biologists 
challenging the Genetics Panel, demanding to know the 
scientific basis of the decision in favor of linearity. How-
ever, as noted above, the Genetics Panel had not undertaken 
such an assessment and was not in a position to explain 
their actions nor to defend a report that lacked a scientific 
foundation. Showing its disdain for those challenging this 
report, the Genetics Panel decided not to provide the infor-
mation to the scientific community. This decision was ren-
dered to the President of the National Academy of Sciences 
without any evidence of his objection. The adoption of the 
linear non-threshold (LNT) dose–response model by the 
National Academy of Sciences therefore was made without 

a scientific assessment and, of course, a refusal to provide 
one when challenged.

The recommendation to switch to a linear dose–response 
by the NAS BEAR I Committee, Genetics Panel, as 
announced to the world by leading media outlets, reflects 
an abdication of societal responsibility on a critical and 
enduring public health issue. This paper provides the first 
reporting of these actions in the history of the National 
Academy of Sciences and in governmental risk assess-
ment practices for cancer. It reveals that current cancer 
risk assessment practices originated from an ideological 
set of beliefs from leading scientists rather than a scientific 
assessment. A fully documented assessment of this story is 
provided in the Supplementary Data section.

Acknowledgments Research activities in the area of dose–response 
have been funded by the United States Air Force (FA9550-13-1-0047) 
and ExxonMobil Foundation over a number of years. However, such 
funding support has not been used for the present manuscript.

Conflict of interest Author declares no conflict of interest.

References

Albert RE (1994) Carcinogen risk assessment in the U.S. Environ-
mental Protection Agency. Crit Rev Toxicol 24(1):75–85

Anonymous (1956) Genetic effects of atomic radiation. Summary 
Report of the Committee on Biological Effects of Atomic Radia-
tion by the National Academy of Sciences, BEAR I Genetics 
Panel (W. Weaver, Chair). Sci 123:1157–1164. [Erratum, Science 
124:170]

Calabrese EJ (2011a) Muller’s Nobel lecture on dose–response 
for ionizing radiation: ideology or science? Arch Toxicol 
85(12):1495–1498

Calabrese EJ (2011b) Key studies used to support cancer risk assess-
ment questioned. Environ Mol Mutagen 52(8):595–606

Calabrese EJ (2012) Muller’s Nobel Prize lecture: when ideology pre-
vailed over science. Toxicol Sci 126:1–4

Calabrese EJ (2013a) Origin of the linearity no threshold (LNT) 
dose–response concept. Arch Toxicol 87:1621–1633

Calabrese EJ (2013b) How the US National Academy of Sciences 
misled the world community on cancer risk assessment: new find-
ings challenge historical foundations of the linear dose response. 
Arch Toxicol 87(12):2063–2081

National Academy of Science (NAS)/National Research Council 
(NRC) (1956) The biological effects of atomic radiation. A report 
to the public. Washington



Supplementary Material 
 

LNT'S FAILED HISTORY: 
An Abdicated Responsibility - How the US NAS BEAR I Committee Genetics Panel Failed 

To Assess LNT Prior To Recommending Its Use by US Regulatory Agencies 
 

Edward J. Calabrese, Ph.D. 
Professor of Toxicology, Department of Public Health 

Environmental Health Sciences, Morrill I, N344 
University of Massachusetts, Amherst, MA 01003 

Phone: 413-545-3164, Fax: 413-545-4692 
E-mail: edwardc@schoolph.umass.edu 

 
 
Abstract  
 

The U.S. National Academy of Sciences (NAS) Biological Effects of Atomic Radiation (BEAR) I 
Genetics Panel report recommended a linear dose response to assess the risk of genomic mutation from 
ionizing radiation. This represented a major change assessing risks which had been based on a threshold 
dose response model. This recommendation was soon generalized to somatic injury and applied to 
cancer risk assessment for ionizing radiation and later for chemical carcinogens. An evaluation of the 
transcriptional records of the Genetics Panel, intra-panel correspondence and work products, reveals 
that the Panel failed to provide an assessment of which dose response model best characterized the 
effects of ionizing radiation on the genome. Lacking such an assessment, the recommendation for a 
linear model was based upon an assumption of the Panel.  

The Panel’s failure to assess the scientific basis of the dose response for ionizing radiation, while 
recommending strongly a switch to linearity, represents an abdication of responsibility. It led to a 
deliberately false public understanding that their risk assessment for ionizing radiation was based on 
“the most comprehensive effort” ever undertaken in the United States by a committee of outstanding 
scientists as characterized by a front page New York Times story (Leviero 1956) one day after the release 
of the Panel report (June 13, 1956) and similarly reported in other scientific and public venues.   
 
Key Words: linearity, threshold, mutation, risk assessment, dose response, cancer  
 
 
Introduction   

The US NAS BEAR I Committee Genetics Panel in 1956 recommended that the risks associated 
with ionizing radiation to the human genome no longer be evaluated via the use of a threshold dose 
response model but with a linear at low dose model. This recommendation was quickly adopted by the 
scientific and regulatory communities and soon generalized to somatic cells for application to cancer risk 
assessment for ionizing radiation (Taylor 1960, 1963, 1965). Some two decades later the U.S. NAS Safe 
Drinking Water Committee (NAS 1977) relied upon this linearity at low dose recommendation for 
assessing risks of chemical carcinogens. In many respects, therefore, the report of the 1956 BEAR I 
Genetics Panel was the most influential advisory report ever published on risk assessment. The Genetics 
Panel published two reports, one as part of a general NAS document intended for the media and the 
general public (NAS/NRC 1956), while the other was a more technical paper published in the journal 
Science (Anonymous 1956a). The key conceptual conclusion of the Genetics Panel was that ionizing 
radiation induces genomic mutations which are nearly always harmful and the damage is irreversible, 
cumulative, and directly proportional to dose, such that there is no safe level of exposure.   
 



 

2 
 

NAS Genetics Panel  
Since the toxicology, medical and regulatory communities were still being dominated by the 

threshold dose response model for all endpoints during this time period, the rejection of threshold dose 
response and its replacement with the linear model constituted no less than a major scientific and 
regulatory revolution. As such, one would expect that a principal task of the Panel was to document the 
strengths and limitations of the threshold and linearity dose response models and thoroughly debate 
this topic during their sessions prior to recommending the retention of the threshold model for genetic 
risk assessment, a switch to linearity or some other risk assessment approach. In anticipation of reading 
such an historic debate, yet knowing in advance that the Genetics Panel recommended the rejection of 
the threshold model and the immediate transition to linearity, the transcripts of the Genetics Panel 
meetings were obtained from the US NAS Archives. I was surprised to learn that the Panel did not 
research, assess, nor debate the dose response question. The issue of dose response risk assessment 
model selection had been “decided” by the closely knit radiation genetics community prior to the 
creation of the Panel, based on the leadership of Hermann J. Muller and Curt Stern [Calabrese 2013; 
Crow 1995). In fact, at the first meeting of the Genetics Panel on November 21, 1955 at Princeton  
University, the well-known geneticist Alfred Sturtevant from California Technical Institute was dismissive 
of the issue of dose response as he had "no doubt about the correctness of the linear dose response" 
model and that any effort to further document support for it would only be for "propaganda value," as 
means to educate and convince the non-geneticists. This dismissive, and indeed arrogant attitude, was 
pervasive amongst the geneticists on the Panel concerning their unique professional insights on the 
issue of mutation. In line with this perspective, the key leaders of the genetics community ascribed to a 
series of firmly held beliefs about radiation and mutations. In fact, at the second meeting of the Panel 
(February 5, 1956) Tracy Sonneborn, a member of the Panel and colleague of Muller at the University of 
Indiana, read into the record what amounted to a detailed series of “beliefs”, in essence, a geneticist’s 
creed, about dose response, mutation, ionizing radiation and risk assessment (starting on page 81 of the 
transcript) (i.e. nearly always harmful, irreversible, cumulative and linear) (NAS 1956). Amongst the 
Panel of 17 members, of which 13 were prominent geneticists, there was no dissent.  
 
The “Debate”  
 The only attempt at “dissent” was initiated by Bentley Glass on February 5, 1956 (page 108 of the 
transcript) (NAS 1956). Glass stated that the only challenge to their geneticist creed as articulated by 
Sonneborn, to which he was aware, concerned the concept of linearity. Glass stated he wanted to 
explore the question (i.e., the challenge to linearity) within the Panel, “not because I believe personally 
in the objection that I am going to raise but to play the role of the devil’s advocate here.” What follows 
next is the transcript discussion immediately after the comment of Glass:   
“DR. CROW: Which assumptions are these?  
 DR. GLASS: Well, they were in Dr. Weaver’s formation too, but they are the two at the beginning of 
Sonneborn’s genetic considerations.  
After having made a talk to the physicists at Rutger’s recently on this general topic of “The Geneticist 
Views the Dangers from Atomic Radiations,” I was surprised to find that one of the geneticists who 
dained to come out to hear the talk challenged this particular assumption which I had put out as one of 
the assumptions that all geneticists are agreed upon, and his line of reasoning – which, of course, is 
something that the physicists will very eagerly and quickly seize upon I think because most of them want 
to believe in a threshold effect as at least a possibility, if not demonstrated beyond all question at the 
moment – his line of reasoning was as follows: that the view that there is no threshold in the response 
of mutations to dosage is largely based, apart from the experimental data, on the target theory of the 
effects of radiation, and that the microbial geneticists (and this man was a microbial geneticist) having 
shown that there is a chemical and indirect mediation between the production of ionizations and the 
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occurrence of point mutations makes it altogether probable that somewhere or other there is a 
threshold, and he felt very uncomfortable about the assumption that there is no threshold if you go 
down to low enough doses. This is heresy in their midst.  
DR. WRIGHT: In energy if not in ionization. Isn’t your threshold there in energy? Perhaps one electron 
volt or two does account for the threshold. But ionization is so far above any possible threshold that it 
does not seem to me that bears on the ionization argument at all.  
DR. STURTEVANT: I have met with this objection. They have usually been willing to agree, however, if I 
worded it that at the moment the best bet is that there is no threshold and we have to proceed on that.  
DR. GLASS: That is all right. But I think we have to take some cognizance of this argument.  
DR. CROW: Do you know for certain in any area?  
DR. WRIGHT: Isn’t the experimental evidence practically conclusive there, to the extent that they have 
been spaced so that from the physicist’s standpoint there is no possibility?  
DR. CROW: If you have one ionization per hour or whatever.  
DR. GLASS: It is convincing me, too.  
DR. RUSSELL: There is both the theoretical and the practical viewpoint they have these several orders of 
magnitude from all the other kinds of things that we are questioning and recommending research on.”   

Chairman Weaver then refocused the discussion by inviting Panel member Bernard Kaufmann to 
discuss research of Arnold H. Sparrow from Brookhaven National Laboratory on mutations in plants at 
low doses. Kaufmann stated that Sparrow and Singleton (Sparrow and Singleton 1953) reported that 
0.41 r per day gives a statistically significant mutation effect. Kaufmann failed to note that (on the top of 
Sparrow & Singleton’s page 37) there was actually mutation data for a dose (0.084 r/day) lower than 
0.41 r/day and that it had no treatment effect. This finding would have challenged the linearity position 
if it had not been omitted by Kaufmann. The page 37 statement of Sparrow and Singleton (1953) is as 
follows:   

“The data in table 2 show that 0.084 r per day caused no significant increase but that 0.41 r per 
day (or higher) did show a statistically significant effect (table 2). However, the increase was less 
than twice that of the control. Since 0.41 r per day of radiation is more than one thousand times 
greater than the naturally occurring intensity these data do not support the theory that the 
spontaneously occurring micronuclei are produced by naturally occurring ionizing radiation.”   

After the brief discussion of the Sparrow data and the misrepresentation of his data by Kaufmann all 
discussion on the issue of linearity vs threshold ended for the BEAR I Genetics Panel.   

It is difficult to comprehend that this was the extent to which the Genetics Panel acknowledged 
the dose-response controversy and discussed the key scientific issues concerning the nature of the dose-
response in the low dose zone. This had been a matter of contention for the past two decades with 
various high level advisory committees in the US and internationally. It was also a critical component of 
Muller’s Nobel Prize lecture (Calabrese 2011a, 2012) and a major component of the health effects 
research of the Manhattan Project (Calabrese 2012, 2013; Caspari and Stern 1948; Spencer and Stern 
1948; Uphoff and Stern 1949) and of the Atomic Energy Commission. In many respects, the principal 
reason for the creation of the Genetics Panel was to address the issue of how to assess genetic risks at 
low doses of ionizing radiation. In the end, the Panel provided the scientific community and the public 
with a statement of beliefs, none of which was researched, documented, assessed, debated and refined 
as might be expected if a legitimate evaluation process had been followed.   
 
Acknowledgement of the BEAR I Genetics Panel Failure  

On November 26, 1956 Bentley Glass wrote to the BEAR II Genetics Panel stating:  
“From impressions I have gathered during the course of the past five and a half months since our report 
[BEAR I Genetics Panel Report] was released to the public [i.e., June 12, 1956], I have come to the 
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conclusion that there are several matters of some urging for consideration by our Committee.”  The 
second of these considerations related to the linearity question as now stated by Glass:   

“II. I have met continuing doubt from well-informed biological scientists in regard to the 
geneticists’ assumption that there is no threshold for mutation. This leads me to believe that 
there is a need to prepare a statement and exposition of this point that will (A) summarize 
existing data on the matter, (B) present the physical arguments against the existence of a 
threshold, and (C) deal with the experimental possibilities of further investigating the question 
in suitable biological material.”  
The statement of Glass is significant in light of the report of the Genetics Panel in Science 

(Anonymous 1956a). It is clear that he received significant push-back to the LNT assumption by some 
“well informed biologists” such that he now felt it was necessary for the new Genetics Panel (i.e., BEAR 
II) to provide documentation in support of linearity and against threshold. Now that the Panel’s report 
was challenged, Glass felt the need for an appropriate scientific response. Even in the case of Glass, his 
written statement indicates bias as he recommends not a search for scientific understanding of the 
nature of the dose response in the low dose zone for ionizing radiation, but how to make the case for 
linearity and against threshold. Based on such insights into the actions of NAS BEAR I Genetics Panel, this 
group was selected based on both high achievement and their unified belief that genetic mutations 
were considered irreversible, cumulative and linear with respect to dose. So strong was their collective 
belief that the group failed to provide any scientific justification for their highly influential linear dose 
response recommendation. Despite this suggestion by Glass now nearly six months after the release of 
the report, there was no demonstrable attempt to address this most fundamental issue, but rather their 
first item on the BEAR II Genetics Panel agenda was to propose a funded research program for the 
genetics community (Memo to Members of the Academy Genetic Committee - i.e., BEAR II) (Beadle 
1956a).  

This challenge of Glass (1956) would be a continuing one (August 24, Beadle Memo to Genetics 
Panel) (Beadle 1956b) for the Genetics Panel, even proceeding the letter of Glass (1956) and a finalizing 
of their internal debate based on a September 11, 1957 letter from the Chairman of BEAR II Genetics 
Panel (G. Beadle) (Beadle 1957) to Detlev Brock, President of the NAS and copies to Weaver (Chairman 
of BEAR I Genetics Panel) and the Panel. In this September 11, 1957 letter, Beadle stated that the 
development of a detailed technical document that would provide the scientific basis for the BEAR I 
Genetics Panel report was not justified since it would require excessive resources (i.e. one or two 
geneticists working full time), and there did not appear to be mounting external pressure to do so. 
Beadle then offered the incomprehensible suggestion that since several published review papers (none 
were identified) that presumably included some topics addressed in some manner by the Panel, there 
was no need to consider this issue further. Thus, the request of Glass was finally tabled, and the NAS 
leadership was fully informed of this decision.  
 
Discussion  

So what do these historical insights mean? The switch from threshold to linearity for risk 
assessment by the US and other governments that followed the NAS report was not based on an 
assessment of the issue, but rather on a set of pre-conceived beliefs. As demonstrated in a series of 
previous articles (Calabrese 2011a,b, 2012), these beliefs had been acquired via deliberate 
misrepresentation of the scientific literature by key leaders of the radiation genetics community, led by 
the Nobel Prize winner H.J. Muller and Curt Stern (Calabrese 2011b, 2013). It is apparent that the NAS 
administration, the scientific community and regulatory agencies failed to demand that the Genetics 
Panel provide a scientifically supported basis for their recommendation of a switch to the linear dose 
response.  
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A strong indicator of their public success became evident almost immediately when the New 
York Times (Leviero 1956) provided a front page story on June 13, 1956 with the title “Scientists Term 
Radiation A Peril to Future of Man: Even Small Doses Can Prove Harmful to Descendents of Victim”. The 
first paragraph of the article stated that “A committee of outstanding scientists reported today that 
atomic radiation, no matter how small the dose, harms not only the person receiving it but also all his 
descendents.” The next paragraph would claim that “it was the most comprehensive United States 
effort to determine how the future of the human race might be affected by the unleashing of nuclear 
power.”  Similar reports were also found in the Washington Post (Haseltine 1956), Time Magazine 
(Anonymous 1956b,c), US News and World Report (Anonymous 1956d), News of Science Section, 
Science journal (Anonymous 1956e), The Saturday Review (Muller 1956), Challenge Interviews (Weaver 
1956), Journal of The Franklin Institute (Weaver 1957a), Bulletin of Atomic Scientists (Weaver 1957b),  
Public Health Reports (Weaver 1957c), Scientific American (Crow 1959; Beadle 1959), The Lancet 
(Anonymous 1956f,g) and other leading publications.  

As the present paper demonstrates, the Genetics Panel’s effort was anything but 
comprehensive. Rather, it represented an abdication of professional and ethical responsibility, using 
their outstanding reputations to present a false image of a detailed and objective assessment when it 
was their ideology that prevailed. While previous articles have captured Muller and Stern’s scientific 
deceptions on the issue of linearity and their impact on the Genetics Panel (Calabrese 2013), and several 
members of the Panel in serious self-serving comments that undercut the credibility of the Panel 
(Calabrese 2014), the present paper has captured their silence and illusion as far as an effort to assess 
the nature of the dose response in the low dose zone.  

Policy should be based on facts, not assumptions. In the absence of a factual foundation, the 
assumptions should be stated, explained, and justified. Not only did the Genetics Panel fail to serve the 
public, it was permitted to mislead US national policy and cancer risk assessment predictions and that of 
other countries by a compliant NAS administration, scientific community and press, under the false 
impression that their recommendation represented an objective and comprehensive assessment. The 
implications of this deception have been enormous and continue to the present.  
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and recommended by national/international advisory com-
mittees for risk assessment of ionizing radiation-induced 
mutational damage/cancer from the mid-1950s to the pre-
sent. The LNT concept was later generalized to chemical 
carcinogen risk assessment and used by public health and 
regulatory agencies worldwide.

Keywords Ionizing radiation · Linearity · Dose 
response · Risk assessment · Threshold dose response · 
Target theory · Eugenics · LNT

Introduction

In 1956, the US National Academy of Sciences (NAS) 
Committee on Biological Effects of Atomic Radiation 
(BEAR I)/Genetics Panel issued the most far reaching 
recommendation in the history of risk assessment that 
genomic risks associated with exposure to ionizing radi-
ation should be evaluated with a linear dose–response 
model, no longer via the threshold dose–response model 
that had long been the “gold” standard for medicine and 
physiology (Calabrese 2005, 2009a, 2011). The Genetics 
Panel members believed that there was no safe exposure 
to ionizing radiation for reproductive cells with the muta-
tion risk being increased even with a single ionization 
(Hamblin 2007). The LNT concept was generalized in 
1958 to somatic cells and cancer risk assessment by the 
National Committee for Radiation Protection and Meas-
urement (NCRPM) (Whittemore 1986). Quickly thereaf-
ter, other national and international advisory committees 
and organizations adopted such judgments for ionizing 
radiation (Calabrese 2009b). In 1977, the Safe Drinking 
Water Committee (SDWC) of the US NAS extended the 
linear dose–response risk assessment model of the BEAR/

Abstract This paper identifies the origin of the linear-
ity at low-dose concept [i.e., linear no threshold (LNT)] 
for ionizing radiation-induced mutation. After the dis-
covery of X-ray-induced mutations, Olson and Lewis 
(Nature 121(3052):673–674, 1928) proposed that cosmic/
terrestrial radiation-induced mutations provide the prin-
cipal mechanism for the induction of heritable traits, pro-
viding the driving force for evolution. For this concept to 
be general, a LNT dose relationship was assumed, with 
genetic damage proportional to the energy absorbed. Sub-
sequent studies suggested a linear dose response for ioniz-
ing radiation-induced mutations (Hanson and Heys in Am 
Nat 63(686):201–213, 1929; Oliver in Science 71:44–46, 
1930), supporting the evolutionary hypothesis. Based on an 
evaluation of spontaneous and ionizing radiation-induced 
mutation with Drosophila, Muller argued that background 
radiation had a negligible impact on spontaneous muta-
tion, discrediting the ionizing radiation-based evolution-
ary hypothesis. Nonetheless, an expanded set of mutation 
dose–response observations provided a basis for collabo-
ration between theoretical physicists (Max Delbruck and 
Gunter Zimmer) and the radiation geneticist Nicolai 
Timoféeff-Ressovsky. They developed interrelated physical 
science-based genetics perspectives including a biophysical 
model of the gene, a radiation-induced gene mutation target 
theory and the single-hit hypothesis of radiation-induced 
mutation, which, when integrated, provided the theoreti-
cal mechanism and mathematical basis for the LNT model. 
The LNT concept became accepted by radiation geneticists 
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Biological Effects of Ionizing Radiation (BEIR) commit-
tees to chemical carcinogens, a recommendation that was 
soon adopted and implemented by the Environmental Pro-
tection Agency (EPA). On a parallel track, similar LNT 
risk assessment procedures were adopted by the Food and 
Drug Administration (FDA) in 1977 concerning animal 
carcinogen drug residues.

Despite the fact that the LNT model has been of central 
importance in chemical and ionizing radiation regulatory 
risk assessment, its origin is not within the environmental/
occupational risk assessment domain. The current paper 
provides a novel historical assessment of the scientific ori-
gin of the LNT. It will show that the LNT was first applied 
to the field of biology in 1928 to explain the occurrence 
of genetic variation that would serve as the “biological 
engine” for evolution. The paper will also demonstrate how 
the linear dose–response model as proposed by Olson and 
Lewis (1928), which soon afterward became transformed 
into a “Proportionality Rule” by Muller (1930), became 
mechanistically framed within the context of a single-“hit” 
hypothesis based on the target theory by Timoféeff-Resso-
vsky et al. (1935) in a unique collaborative effort between 
leading theoretical physicists and radiation genetics. This 
paper extends two earlier publications within Archives of 
Toxicology concerning historical foundations of the LNT 
concept (Calabrese, 2009b) and threshold/hormetic (Cala-
brese 2009a) models.

Evolution and LNT

Since the publication of the Origin of Species in 1859 by 
Darwin and the rediscovery of the works of Mendel on 
gene inheritance, there was intense interest in the biologi-
cal community to determine the cause of genetic change or 
novelty that would be subject to natural selection, thereby 
providing an important mechanism of evolution. As noted 
by Patterson (1933), a well-known colleague of Hermann 
J. Muller at the University of Texas/Austin, “the important 
question in biology is the problem of evolution” referring 
to the need to understand the mechanism of evolution at 
the gene level. Despite the fact that the gene was more of 
a concept than a physical entity during the early decades of 
the twentieth century, it was widely believed that the gene 
was the basic unit of heredity and that the driving force 
for evolutionary change must be via the induction of herit-
able genetic changes or mutations at the gene level (Mul-
ler 1922). This perspective provided the basis for intense 
interest by numerous genetics researchers in the second 
and third decades of the twentieth century to induce altera-
tions in heritable traits by environmental (e.g., temperature) 
alterations, physiological stressors (e.g., starvation), as well 
as toxic chemicals and ionizing and non-ionizing radiation.

Given the central importance of evolution in biology 
and underscoring the intensity of the competition to be the 
first to demonstrate inducible heritable changes, Muller 
(1927) provided only an initial “discussion” of his muta-
genicity findings with no data in his now famous Science 
paper that led to his Nobel Prize in 1946. This was done 
in order to secure recognition of being the first to report 
induction of heritable mutations by an environmental agent 
(i.e., X-rays). The supporting data were published the next 
year in a conference proceeding of very limited distribution 
based on the World Cat database (Muller 1928a) and also 
within the Proceedings of the National Academy of Sci-
ences (PNAS) (Muller 1928b). Not only were the findings 
of mutation significant so too was the fact that the mutation 
rate was increased by about 150-fold at the highest dose 
tested.

Muller speculated that naturally occurring ionizing radi-
ation might be a significant explanatory factor for genetic 
variation and may drive the evolution process. However, 
Muller was cautious in making the mutation–evolution link 
as the doses he had used to induce mutation were extremely 
high, exceeding background by about 200,000-fold, caus-
ing sterility or mortality in a substantial proportion of the 
fruit flies tested. In addition, the dose response was not 
linear but closer to a square root function due to a mod-
est decline from linearity at the highest dose (Muller 1927, 
1928a). If the true dose response for ionizing radiation-
induced gene mutation was linear at low dose, as a general 
condition, then it may have explanatory implications for 
an evolution mechanism. Consequently, he soon directed 
several members in his laboratory to assess the topic of 
dose response more fully than he did in his groundbreak-
ing mutation discovery. While the follow-up research by 
Muller’s group was being undertaken, Axel R. Olson and 
the prestigious physical chemist Gilbert N. Lewis (1928) 
of the University of California/Berkeley published a pro-
posal on April 28, 1928, in Nature that natural radioactiv-
ity was likely a significant cause of mutation that could 
generate variability from the parent generation and affect 
the process of evolution. These authors based this suppo-
sition on a report of January 1, 1928, in PNAS by Good-
speed and Olson on X-ray-induced heritable changes in 
tobacco. These authors claimed that the tobacco plant stud-
ies were specially planned to facilitate a direct comparison 
of mutation rates between the artificial X-rays and “natu-
rally occurring radiations.” Olson and Lewis (1928) also 
stated that “since the rays can only be effective when they 
are absorbed, and this produces ionizations, it seems safe to 
assume that the various rays will produce biological effects 
in proportion to the ionization which they cause” (emphasis 
added), a perspective based on the emerging target theory 
for radiation-induced biological effects proposed by leaders 
in the physics community (Glocker 1927; Crowther 1924). 
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Olson and Lewis (1928) then utilized a simple linear math-
ematical model to derive a mutation estimate at a selected 
natural background radiation dose. With this method, they 
estimated the number of variants (mutants) induced per 
year by natural radiation. These authors concluded that “it 
seems, therefore not altogether extravagant to assume that 
such variations as actually occur in nature are due largely 
to the radioactivity of the environment.” The involve-
ment of Gilbert Lewis in this activity, while unexpected, 
was derived from his research in the 1920s in the area of 
radiation physics (Coffey 2008). Furthermore, his eclectic 
research activities had also drawn him toward evolution-
ary theory, the subject of his major presentation (i.e., Silli-
man Lecture) at Yale, just preceding the development of the 
LNT paper in Nature (Lewis 1926). This lecture followed 
that of Thomas Hunt Morgan of Columbia University in 
1925, Muller’s Ph. D. advisor and 1936 Nobel Prize recipi-
ent. The perspective of Olson and Lewis (1928) was also 
independently advanced by Muller in a paper read before 
the National Academy of Sciences on April 24, 1928, and 
published on September 14, 1928. The statement of Mul-
ler (1928b) was principally conceptual, lacking the detailed 
formulation of Olson and Lewis (1928).

The following year, Babcock and Collins (1929a, b) 
tested the hypothesis of Olson and Lewis (1928). They 
found a location in which the natural radiation was twice 
that found in their University of California/Berkeley labo-
ratory. Using the ClB strain sex-linked recessive Dros-
ophila assay, they reported an increase in mutation that 
corresponded in the same proportion as the difference 
in background radiation, supporting the proportionality 
hypothesis. Detailed experimental methods including the 
actual radioactivity levels were never published, although 
such data were promised to be provided in a subsequent 
paper. In 1930, Hanson and Heys provided further support 
for the hypothesis that “natural radiation may be responsi-
ble for the mutations that are the grist of the natural selec-
tion mill with the resulting evolution of new forms.” Their 
findings were based on a study of fruit fly mutations in an 
abandoned carnotite (i.e., uranium) mine. Such interpreta-
tions were initially supported by commentaries by various 
authors (Lind 1929; Dixon 1929, 1930).

In 1930 Muller and Rice University physicist, Mott-
Smith, challenged this LNT evolution perspective by 
reporting that natural radiation, which was of such a low-
dose rate, could only account for about 1/1,300 of the gene 
mutations that occurred spontaneously in Drosophila mela-
nogaster, assuming a linear dose response. The authors 
concluded that other causes must explain the origin of most 
mutations that spontaneously occur. Nonetheless, in his dis-
sertation, under the direction of Muller, Oliver (1931) stated 
that cosmic and terrestrial radiations must account for some 
proportion of the spontaneous mutations (see Muller 1930). 

This conclusion was justified on the belief that the response 
is linear at low dose, with there being no threshold for a 
mutation response. This relationship was stated as holding 
true for all types of high-energy radiation (e.g., gamma, 
beta, X-rays and probably ultra-violet rays). Thus, Oliver 
(1931) concluded that “by inference it can be added that 
the cosmic and the terrestrial radiations also are capable of 
producing mutations in proportion to their power of ioniza-
tion.” Oliver (1931) also extended the concept of propor-
tionality to chromosomal inversions and translocations 
further arguing for the support of a background radiation 
influence. For example, Muller and Altenburg (1930) noted 
that translocations are induced at a similar frequency as 
gene mutations. Given these circumstances, Oliver (1931) 
noted that “one would expect each of the classes of changes 
considered to occur with the same frequency when the indi-
viduals are subjected only to the natural conditions, if natu-
ral radiation can account for all mutations…” Despite this 
interpretation of environmental radiation-induced genetic 
changes, Oliver (1931) concluded that “some other condi-
tion must, therefore, enter in order to explain the difference 
in non-radiated material, between the frequency of gene 
mutation and that of the other type of genetic changes.”  
(p. 34)

Even though Muller dismissed natural radiation as pro-
viding a quantifiably significant mutational influence to 
derive genetic novelty for evolutionary change, he still 
retained his belief in the linear dose–response relationship 
(p. 238) (Muller 1930) based on the findings of Hanson 
and Heys (1929, 1930) and Oliver (1930). Even though the 
hypothesis of Olson and Lewis (1928) did not maintain sig-
nificant support for long within the scientific community, 
Muller and other leaders of the radiation genetics commu-
nity became strong advocates of the LNT model to account 
for genomic mutations and the occurrence of cancer.

It may seem difficult to understand in retrospect why 
prominent scientific leaders such as Gilbert N. Lewis, Her-
mann J. Muller and others so quickly adopted a belief in 
linearity at low dose. In the case of Muller, he was fully 
committed to this view after the publication of only three 
studies (Hanson and Heys 1929, 1930; Oliver 1930) in 
which the lowest cumulative dose was roughly 285 r, 
administered in an acute manner, the rough approxima-
tion of 1,000 modern chest X-rays in 3.5 min or 5 chest 
X-rays/s.

In his rather copious publications during this period of 
“belief”/concept formulation, Muller never addressed con-
temporary publications that did not support a linear inter-
pretation (Patterson 1928; Weinstein 1928; Stadler 1930, 
1931). Yet, he was well aware that the lowest doses in the 
Hanson and Heys (1929, 1930) and Oliver (1930) papers 
were acute studies that grossly exceeded background radia-
tion exposure. To think within a linear dose–response term 
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framework ran counter to pharmacological and chemical 
toxicological experience at that time. As Zimmer (1966) 
reflectively wrote, toxic chemicals in the early decades 
of the twentieth century demonstrated “no effect up to a 
threshold dose and then climbed steeply up to 100 %.” 
Muller and others argued that the genetic response to ion-
izing radiation demanded a different evaluative framework.

Target theory and LNT

A likely explanation for Muller’s (and possibly Gilbert N. 
Lewis’s) acceptance of the LNT in the absence of convinc-
ing dose–response data may be found within the scientific 
culture at the time. X-ray-induced mutational effects were 
placed within the context of what was called the radia-
tion target theory. This theory was quantitative and dosi-
metric, with mathematical calculations related to quantum 
mechanics, reflecting the leadership of prestigious theo-
retical physicists (von Schwerin 2010). The formation of a 
physics-based target theory was established prior to the dis-
covery of inducible mutations by Muller (1927) by medi-
cal physicists such as Dessauer (1922), Glocker (1927) and 
Crowther (1924, 1926, 1927), setting the stage for a novel 
scientific framing of the mutational data in the 1930s. The 
mutation findings of Muller (1927) were a major scientific 
advance that easily fit into the target theory concept while 
also markedly advancing the scientific standing of target 
theory itself.

The radiation target theory as applied to mutations was 
formulated by the detailed interactions and collaborations 
of leading radiation geneticists and theoretical physicists 
during the mid-1930s. During this time, radiation geneti-
cists, lead by Nicolai Timoféeff-Ressovsky, and physi-
cists, including Niels Bohr, with a profound interest in the 
interface of physics and biology, would meet each year, 
typically in Copenhagen and Belgium for extensive discus-
sions. From these exchanges developed the seminal con-
ceptual paper by Timoféeff-Ressovsky and the physicists 
Max Delbruck and Kevin Gunter Zimmer (Timoféeff-Ress-
ovsky et al. 1935) that would establish a conceptual frame-
work for gene structure, target theory for the induction 
of mutations via ionizing radiation, the single-hit mecha-
nism hypothesis to account for the shape of the LNT dose 
response and the application of this dose–response model 
for what was to become modern cancer risk assessment. 
The genetic target theory saw mutation as a purely physical 
action following an all or none law in which a single ioni-
zation or energy absorption produces the mutational effect 
independent of all other ionizations and energy absorptions.

This linearity feature stands in contrast to normal physi-
ology that invariably deals with large numbers of mol-
ecules of each kind, and where the elimination of a single 

molecule would not result in observable effects (Delbruck 
1940). The energy of ionizing radiation was assumed to be 
essentially transformed into a genetic effect. According to 
the physicist turned biologist Max Delbruck (1969 Nobel 
Prize recipient in Biology and Medicine), the proportion-
ality rule that was proposed earlier by Muller, based on 
the research of Hansen and Heys (1929) and Oliver (1930, 
1931) and supported in experimental research by Timofé-
eff-Ressovsky et al. (1935), provided the basis of the sin-
gle-hit mechanism interpretation and the calculation of the 
size of the gene (Delbruck 1940). Table 1 provides a list-
ing of quotes in which the early conceptual framing of the 
dose–response proportionality concept occurred. The trans-
forming of a dose–response hypothesis based on a very 
limited amount of data into a biological “Rule” by Muller 
was done without significant discussion of the concept, its 
possible mechanisms as well as the recognition of data that 
may contradict this “Rule.”

Although Muller was a geneticist, he was drawn quickly 
toward the physics-mutation interface, accepting significant 
elements of target theory for radiation-induced mutational 
effects, including the important assumptions that dam-
age was proportional to the energy absorbed, linear dose–
response modeling and that effects were cumulative and 
deleterious (Muller et al. 1936). Muller knew Timoféeff-
Ressovsky, having met him in the Soviet Union in 1922, 
encouraging him and his colleagues to transform his labo-
ratory to one of the Drosophila genetics. Muller renewed 
contact with Timoféeff-Ressovsky during the 5th Inter-
national Congress on Genetics in 1927. From November 
1932 to September 1933, Muller researched in Berlin with 
Timoféeff-Ressovsky. He also participated in the physics-
biology/mutation discussions in Copenhagen in 1936, 
engaging Niels Bohr and other leading physicists. Experi-
ments of radiation geneticists during this period were often 
designed within the context of this target theory framework. 
This was also the case for critical studies performed a dec-
ade later under the aegis of the Manhattan Project at the 
University of Rochester under the direction of Curt Stern 
(with Muller serving as a consultant) (Spencer and Stern 
1948; Caspari and Stern 1948).

The hit hypothesis

As noted above, in his Nobel Prize research, Muller 
reported that the induction of mutations was not directly 
proportional to the X-ray dose, but rather to the square root 
of the dose (Muller 1927). Based on discussion with the 
physicist and future Nobel Prize winner Irving Langmuir 
(1932 Nobel Prize in Chemistry), Muller (1927) stated 
that this observation suggested that the induction of muta-
tion was not caused directly by a single quantum of energy. 
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However, subsequent exposure experiments by Hanson and 
Heys (1929), Oliver (1930, 1931) and later by Timoféeff-
Ressovsky et al. (1935), even though all experiments were 
at very high dose, supported a proportionality relationship, 
which was consistent with the “hit” theory of mutation in 
which the X-ray treatment excites an electron in the target 
gene. This excitation was proposed to affect a permanent 
change or mutation to a different molecular structure. Ion-
izing irradiation was the only effective way to induce muta-
tions; it showed no threshold, suggesting that the absorp-
tion of radiation is a quantized and additive process (von 
Schwerin 2010). A “quantum-jump” was considered to be 
the physical process caused by a hit on a target, resulting 
in mutation. Treatment effects induced by a physical agent 
like ionizing radiation were believed to be caused by one or 
several discrete biophysical events, that is, hits on a target. 

Based on hypotheses about what constituted a hit, statisti-
cal models were used to construct dose–response relation-
ships. If there was only a single hit on a single target, the 
dose response was linear. As the number of assumed hits 
increased, a more threshold like the dose response would 
appear. In a practical sense, the mathematical model-
derived dose response based on an assumed number of hits 
could be visually matched against the laboratory-obtained 
dose–response curve. Using this direct and simplified 
approach, researchers like Muller, Timoféeff-Ressovsky 
and participating physicists decided the theoretical number 
of hits. This type of target theory was especially strong in 
Germany, with support from leaders such as Boris Rajew-
sky (Director of the KWI for biophysics, 1936), Timoféeff-
Ressovsky and others (von Schwerin 2010). This concep-
tual framework led to the conclusion that mutation was a 

Table 1  Documentation of the introduction of the proportionality rule concept into the mutation literature, 1929–1960

References Quote

Hanson and Heys (1929) “It is only to be expected that the number of mutations be directly proportional to the number of rays to which 
the organisms are exposed.” Page 207

Muller (1930) “Since then Hanson, using radium, and Oliver in our laboratories using X-rays, have both found that the fre-
quency of mutations produced is exactly proportional to the energy of the dosage absorbed… There is, then, 
no trace of a critical or threshold dosage beneath which the treatment is too dilute to work.” Page 236

Oliver (1930) “That is there is a direct proportionality between the percent of lethals and the length of time of treatment may 
be seen more readily by a comparison of the t1 values calculated from the results for each of the given doses.” 
Page 45

Stadler (1930) “Mutation frequency increased approximately in direct proportion to dosage.” Page 13

Hanson et al. (1931) “Taking the amount of ionization in air as a measure, the mutation rate seems to vary approximately in direct 
proportion to the intensity.” Page 142

Oliver (1931) “By inference it can be added that the cosmic and the terrestrial radiations of higher energy content also are 
capable of producing mutations in proportion to their power of ionization.” Page 480

Oliver (1931) “The relation of proportionality to the dosage applies not merely to the lethals in general, but, more specifically, 
to the lethal gene mutations.” Page 485

Oliver (1931) “…[gene mutations and gene rearrangements] all probably occur in direct proportion to the dosage, no matter 
how small a dose is used.” Page 486

Patterson (1931) “In general their results [i.e., Hanson and Heys 1928 and Oliver 1930] justify the conclusion that the rate is 
directly proportional to the dosage employed.” Page 133

Hanson and Heys (1932) “Further evidence of the proportionality rule from a study of the effects of equivalent doses differently applied.” 
Page 335

Hanson and Heys (1932) “Experiments planned with a view to determining within what limits the proportionality rule holds show again 
a strict correspondence existing between the amount of radium administered and the consequent biological 
effect, the induced mutation frequency obtained varying directly with the dosage.” Page 343

Hanson (1933) “The rate seems to be directly proportional to the dosage. Muller has named this the ‘proportionality rule.’ For 
example, when all other factors are kept constant, doubling the time of exposure also doubles the number of 
lethal mutations.” Page 486

Oliver (1934) “The frequency of induced mutations is directly proportional to the intensity of the treatment.” Page 391

Delbruck (1940) “The proportionality rule gave the basis for the single-hit interpretation…” Page 359

Stern (1950) “The proportionality rule has been proven to hold over a wide range. Figure 155 shows that, for Drosophila, the 
relation is essentially linear over the range from 25 r to several thousand r. It has further been shown that the 
frequency of induced mutations is independent of the time over which the radiation is applied.” Page 433

Stern (1960) “It has been established for a variety of experimental organisms that the number of mutations induced by radia-
tion is proportional to the dose. This proportionality has been proven to hold over a wide range of dosages.” 
Page 491
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single-hit process, proceeding from a single ionization, 
from a quantum of ionizing radiation in a specific sensitive 
zone of the gene.

This theoretically based perspective became not only 
a workable model but a firm belief within the radiation 
genetics community even though there was no knowl-
edge of the physical nature of the gene. As coauthor of the 
Timoféeff-Ressovsky et al. (1935) paper, Delbruck subse-
quently noted in his Nobel Prize lecture that it was thought 
that genes were very stable and, therefore, showed charac-
teristics of molecules. However, the gene concept at that 
time was simply that of Mendelian algebraic rates, lacking 
structural chemistry insight. There was much speculation 
of gene structure including that of submicroscopic steady-
state systems or even an entity not readily analyzable in 
chemistry as proposed by Bohr (1933).

The paper of Timoféeff-Ressovsky et al. (1935), as 
noted above, was striking in its collaboration between 
physics and genetics, its proposed chemical nature of the 
gene, size of the gene and in the proposal of a “hit” hypoth-
esis as the foundation of the linear dose response for ion-
izing radiation-induced mutation. While the gene structure 
and size framework would be bypassed and replaced by 
the DNA structure of Watson and Crick (1953), the hit the-
ory component of Timoféeff-Ressovsky et al. (1935) was 
accepted and implemented by the radiation genetics com-
munity. The term “hit hypothesis” became commonly used 
in the lexicon of radiation genetics, including those com-
prising the BEAR I Committee/Genetics Panel that recom-
mended changing to a linear model from a threshold model 
for assessing mutation risks from ionizing radiation (Cala-
brese 2013).

The impact of this 1935 article was facilitated by the 
actions of Timoféeff-Ressovsky who sent reprints to key 
researchers. However, the overall immediate impact of the 
paper was very limited as it was published in an obscure 
Gottingen journal that was not cited in any leading index 
with only four issues being printed before ceasing publica-
tion. This paper, which provides the origin of the single-hit 
hypothesis to support a linear dose–response model, was 
not even cited in the BEAR I report that implemented the 
concept. Yet, the term “hit” hypothesis and target theory 
became commonly used, even if credit was not often given 
to the original paper (Timoféeff-Ressovsky et al. 1935). 
Nonetheless, this paper did receive a major endorsement 
in the 1944 book “What is Life” by Erwin Schrodinger, 
a Nobel Prize physicist (1933), raising its visibility in the 
physics community.

The concept of the gene and its striking stability sug-
gested it must have a unique atomic composition. Del-
bruck (1970) believed that such stability might be due to 
each atom of a gene being fixed in its mean position and 
electron-stable, sunk in an energy well, now seen having 

stability due to the function of the hydrogen bond. Muta-
tions of such genes could only occur following the absorp-
tion of high energies as from ionizing radiation, not from 
heat under physiological conditions. In fact, a modest 
increase in vibrational energy was estimated to increase 
the atomic stability, decreasing mutational risk. Since a 
transaction in an atom can be affected by a single digit eV 
and that the initial impact of an X-ray can be several fold 
greater, it was believed that any gene would be at risk for 
mutation from radiation. Since the initial energy of impact 
exceeds a threshold energy of activation, ionizing-radiation 
should affect not only the induction of a localized mutation 
but also that of a broad range of gene targets.

The mutation hit theory was challenged by Caspari 
and Stern (1948) in a chronic, very low-dose rate study, 
leading to the hypothesis that either a threshold exists or 
multiple independent primary actions are required for a 
mutation to occur, or that a recovery or repair effect/pro-
cess occurred at a very low-dose rate (Howarth et al. 1950; 
Key 1951). Over the next several decades, the dominance 
of the physics-based target theory would yield to improved 
chemical/biological/physiological understandings of the 
mutation process, including such modified target theory 
effects of ionizing radiation as DNA repair (in reproduc-
tive and somatic cells), adaptive response, the bystander 
effect as well as the recognition that the biological effects 
of ionizing radiation are principally due to the genera-
tion of hydroxyl radicals/hydrated electrons from cellu-
lar water and their migration to cellular targets (Collinson 
et al. 1962; Czapski and Schwartz 1962; Weiss 1944). In 
fact, even as the target theory was being applied to muta-
tion by Timoféeff-Ressovsky et al. (1935), the recognition 
of repair processes, including DNA repair, were emerging 
(Hanawalt 1994). Such challenges to the hit theory would 
eventually be brought to the BEAR Committee by Russell 
(1956, 1963) from Oak Ridge, but only after the BEAR 1 
Committee made its linearity recommendation.

Edward Lewis (1957a), another radiation geneticist 
Nobel Prize (1995) recipient, published a very influential 
Science article in 1957, strongly supporting a linear rela-
tionship for cancer, relying on linearity data in the Uphoff 
and Stern (1949) paper. In subsequent Congressional Tes-
timony, Lewis (1957b) would argue that the dose response 
was linear, regardless of the mechanism, and should be 
accepted as such whether or not a mechanism could even be 
discerned. These comments of Lewis suggested that he rec-
ognized the growing mechanistic challenge to the single-
hit theory as well as new conceptual problems (e.g., mul-
tiple biological processes could yield a linear relationship 
that did not require a single-hit process) emerging from 
the physics and genetics communities, including Zimmer 
(1941), a coauthor of the Timoféeff-Ressovsky et al. (1935) 
paper and radiation biologists/geneticists (Haas et al. 1950; 
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Kimball 1952). However, the time period within which 
Muller’s mutation findings were produced was one of the 
cultural scientific dominance of physics. Association with 
the leadership of the physics community served to enhance 
the significance of the mutational findings and its assumed 
linearity at low dose, as well as providing Muller with an 
expanded scientific and cultural context that recognized his 
achievements and enhanced his scientific reputation.

The influence of the hit concept of Timoféeff-Ressovsky 
et al. (1935) was facilitated via subsequent publications of 
Lea (1940, 1946), which offered further justification for the 
target theory-based LNT-single-hit hypothesis for muta-
tion. The publications of Lea were not only authoritative 
extensions of Timoféeff-Ressovsky et al. (1935) but more 
readily available than the Timoféef-Ressovsky et al. (1935) 
paper with its publication in a defunct journal.

Regulatory agency actions

Ionizing radiation

In the radiation risk assessment area, two endpoints were 
adopted to which linearity was applied: germ cell muta-
tions and cancer. In the case of germ cell mutations, based 
on several publications in the early 1950s by Muller (1951, 
1954), the BEAR I Genetics Panel (1956) proposed to limit 
exposure to ionizing radiation such that exposure would not 
exceed doubling of background mutations from concep-
tion through the first 30 years of life. The panel assumed 
that exposure to ionizing radiation could cause mutations 
to germ cells in a linear manner and had the potential to 
cause adverse genetic effects in individuals and future gen-
erations. The panel derived a risk assessment methodol-
ogy for application to both first-generation offspring and 
total genetic risk, including future generations. The panel 
derived a doubling dose method (i.e., the dose of ionizing 
radiation, assuming linearity at low dose, that would equal 
the number of mutations resulting from background expo-
sure), to estimate population-based risks. This doubling 
dose methodology would predict the number of genetic 
diseases based on three parameters: the assumed doubling 
dose, the proposed exposure limit and the background inci-
dence of genetic disease. Based on this risk assessment 
framework, the panel recommended a “uniform national 
standard” such that the members of the general popula-
tion would not receive more than a cumulative dose of 10R 
from conception through 30 years. This basic method of the 
BEAR I Committee, using the doubling dose/linear frame-
work, has been refined with recent advances allowing one 
to integrate between rates of radiation-induced mutation 
based on mouse studies and the risk of inducible genetic 
disease in people [Sankaranarayanan and Chakraborty 

2000a, b; Sankaranarayanan and Wassom 2008 (see Lyon 
2003 for an alternative view)].

In the case of somatic effects, cancer risks were esti-
mated via the use of a linear dose–response model. Assum-
ing linearity to zero, it was estimated that exposure of one 
rem to one million people each year would cause one to 
two new cases of leukemia on an annual basis for first dec-
ade of life (ICRP 1962; Sowby 1965; UNSCEAR 1962, 
1964). As with chemical carcinogenesis risk assessment, 
therefore, the foundations of the LNT modeling for ioniz-
ing radiation-increased cancer risks are directly traced back 
to Lea, Timoféeff-Ressovsky et al. and ultimately to Mul-
ler’s proportionality rule.

Chemical carcinogens

Five years after the publication of the BEAR 1 report, 
Mantel and Bryan (1961) published their influential paper 
entitled “Safety’ Testing of Carcinogenic Agents” based on 
the probit dose–response model in order to estimate tumor 
incidence for carcinogens. Biostatistical estimates of can-
cer risks were first provided by Bryan and Shimkin (1943) 
when they applied the probit model to estimate the cancer 
risk of three carcinogenic hydrocarbons (i.e., 20-methyl-
cholanthrene; 1,2,5,6-dibenzanthracene; 3,4-benzpyrene) in 
strain C3H male mice.

The motivation for Mantel and Bryan to develop the 
biostatistical model for predicting carcinogen risk was due 
to the fact that Mantel, a biostatistician at the US National 
Cancer Institute (NCI), was asked by the Director of the 
NCI to develop guidelines for the number of laboratory 
animals that would be needed to establish the safety of a 
test agent within the context of a hazard assessment. This 
response followed a request, after the Thanksgiving cran-
berry scare of 1959, by the Secretary of the Department 
of Health, Education and Welfare (HEW) to the NCI. The 
cranberry scare was a public relations nightmare in which 
trace residues of a cancer-causing herbicide [i.e., amitrole 
(3-amino-1,2,4-triazole)] were detected in some sources of 
cranberries just before the holiday. The secretary of HEW 
recommended against buying cranberries that year, lead-
ing to a consumer panic that threatened the industry. In 
order to avoid such situations in the future, the secretary 
of HEW requested the NCI to provide guidance on which 
cancer-causing substances were “safe” and at what dosage 
levels.

Mantel and Bryan (1961) noted the generality of their 
modeling approach and proposed the concept of a virtually 
safe dose with an estimated risk of 1/100 million. Some 
12 years later, the FDA would propose the use of the Man-
tel-Bryan (1961) model and recommend the 1/100 million 
safety guide in their July 19, 1973 risk assessment proposal 
in the Federal Register. When the rule was finalized in 
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1977, the Mantel-Bryan probit model was retained but with 
several modifications and with the acceptable (de minimus) 
risk being reduced to 1/million. This value was considered 
as the level below which no additional regulatory action 
would be taken within the context of the safety of animal 
carcinogen residues. The finalized Mantel-Bryan model of 
the FDA was the first quantitative risk assessment model 
approved by a regulatory agency. Two years later, the FDA 
(1979) significantly revised the cancer risk assessment 
policy, replacing the modified Mantel-Bryan model with 
a linear dose–response model based on multiple factors, 
including its more conservative risk estimation and ease of 
calculations (Anonymous, 1979). In the low-dose zone, the 
one-hit model discussed above is closely approximated by 
a simple linear model.

The US EPA strategy for assessment and regulation of 
carcinogens displayed a profound evolution during the 
1970s. Based on expert testimony during pesticide hear-
ings, EPA attorneys developed a legal brief that embodied 
“cancer principles” (NAS 1983). These “principles” sug-
gested that carcinogen exposures should be prevented. As 
the concept of “banning” carcinogenic agents was soon 
seen as unrealistic, EPA quickly adopted non-regulatory 
guidelines for a general risk assessment process (EPA 
1976). This process advocated the use of quantitative risk 
assessment as a means to differentiate risks among chemi-
cals and engineering processes. The guidance was very 
general, being limited to less than a page within the Fed-
eral Register. These guidelines were followed by a paper 
from the EPA Carcinogen Assessment Group (CAG) 
(Albert et al. 1977), which provided a strong endorsement 
of the LNT concept, arguing that linearity was supported 
by human epidemiological studies (e.g., ionizing radiation 
and cigarette smoking related lung cancer) and mutagenic-
ity studies that were also claimed to follow a linear dose 
response and believed to be the underlying mechanisms of 
carcinogenesis. In a March 15, 1979, Federal Register, the 
EPA Administrator Douglas Castle stated that “Risk assess-
ment from animal data is performed using the ‘one-hit’ 
model” based on the 1976 Interim Guidelines (EPA 1976). 
He went on to state that “the one-hit model was endorsed 
by the four agencies in the Interagency Regulatory Liai-
son Group” based on its highly conservative nature and the 
uncertainties in extrapolating from animal data to human 
responses and the possibility that humans may be more sus-
ceptible than the animal model, because of broad human 
interindividual variability in exposures and “other unknown 
factors”. The strongly clarifying and underlying statement 
of the administrator was due in part to the fact that EPA had 
used other cancer risk assessment models under other regu-
latory acts and by other US federal agencies.

According to Albert (1994), Chair of the EPA Can-
cer Assessment Group (CAG) during the 1970s, the EPA 

adopted the linear no threshold model (LNT) of the Atomic 
Energy Commission (AEC) that had been applied to esti-
mating risks from fallout from atomic weapon tests. The 
LNT model was attractive to EPA since it was very simple 
to apply; all that was needed in a toxicological sense was to 
identify the lowest dose of agent that induced a statistically 
significant response and draw a straight line to the origin of 
the graph for the dose versus cancer incidence. Its biologi-
cal plausibility was based on the linearity of mutation dose 
response within the framework of target theory. He noted 
that “any difference between chemical carcinogens and 
ionizing radiation could be waived aside as they both cause 
genetic damage…”

Statisticians would argue that the straight line extrapo-
lation to zero from the lowest statistically significant 
response ignored data at the high doses. Thus, during a 
meeting of leading statisticians called by the CAG, a deci-
sion was made to change from the single-hit model to the 
multi-stage model since it used all the data, while retain-
ing linearity at low dose and being compatible with the 
concept of cancer being a multi-stage process. Consistent 
with this assessment, the NAS Safe Drinking Water Com-
mittee (1977) recommended the adoption of LNT modeling 
for risk assessment using a multi-stage model. However, in 
1982, the Safe Drinking Water Committee (SDWC) was 
skeptical about LNT modeling for chemicals and rescinded 
its endorsement of the LNT model noting “…more confi-
dence could be placed in mathematical models for extrap-
olation if they incorporated biological characteristics of 
the animal studies… since the users of this volume will 
be likely to favor different varieties of the conventional 
extrapolation models or will have access to some of the 
newer developmental methodologies, it is premature at this 
stage to recommend any single approach by selecting it for 
calculations…” (p 8). However, since LNT modeling was 
already in use by EPA, in 1983, the SDWC again endorsed 
the LNT model and its subsequent use became the default 
methodology for chemical cancer risk assessment. Accord-
ing to Albert (1994), none of the possible models (single 
hit, multi-hit, logit, probit, multi-stage, others) were biolog-
ically credible. The agency simply needed one that would 
be acceptable. The agency applied LNT risk assessment 
methods using the multi-stage model for the regulation of 
trihalomethanes in drinking water in a November 29, 1979, 
notice in the Federal Register (EPA Environmental Protec-
tion Agency (US EPA) 1979a, b), a process that would be 
followed in subsequent EPA cancer risk assessments.

The parallel, yet converging linear dose–response strate-
gies of the EPA and FDA represent the regulatory origin 
of current cancer risk assessment practices throughout the 
world. They are directly traced back to the efforts of Lea 
(1946) and Timoféeff-Ressovsky et al. (1935), all of which 
stemmed from the “Proportionality Rule” of Muller (1930).
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Eugenics

While the LNT concept for mutation was born within the 
intellectual and scientific framework of the physics-based 
radiation target theory, its applications also found sup-
portive resonance within the philosophical, ideological 
and political frameworks of eugenics. German eugenicists 
expressed considerable concern that ionizing radiation may 
hurt the German germ plasm (Proctor 1999; Martius 1931). 
Educational programs based on these concerns cautioned 
against exposures to ionizing radiation that might adversely 
affect future generations of Germans. Recommendations 
as early as 1927 by the Bavarian Society for Pediatrics and 
Gynecology stated that women receiving excess X-rays 
during pregnancy should abort their fetuses. Pushing this 
concept even further, in 1930, Eugene Fisher, director of 
the Kaiser Wilhelm Institute for Anthropology, argued 
that women exposed to X-rays should be permanently pre-
vented from having children (Proctor 1999). Muller’s own 
history is replete with his highly visible association with 
national and international activities advancing eugenics 
philosophy and agenda. Even as late as 1955, Muller gave 
a strong eugenics advocacy presentation in Germany, test-
ing such ideas with a large audience of Nobel Prize winners 
(The Lindau Mediatheque 1955).

The biophysical concept of the gene had important 
eugenics implications. Since mutations could be induced 
by ionizing radiation in a linear at low-dose manner, this 
concept provided the principal foundation that all ioniz-
ing radiation—whether via medical diagnosis/treatment 
or industrially—was a concern for “genetic health”. The 
genetic toxicology studies of Timoféeff-Ressovsky et al. 
(1935) transformed these above-cited radiation health con-
cerns, providing biophysical models and the LNT-single-hit 
model risk assessment paradigm. Such actions provided 
a key vehicle by which eugenics would focus on radia-
tion protection for preventing the occurrence of genetic 
defects. In fact, the development and activities of the genet-
ics department of the Kaiser Willheim Institute under the 
direction of Timoféeff-Ressovsky was affected by such per-
spectives (Gausemeier 2010).

The concept of LNT for ionizing radiation-induced 
mutation was, therefore, built upon a scientific/cultural 
framework and applied to a range of health-related poli-
cies, especially those of eugenics during the early dec-
ades after the discovery of X-ray-induced mutations. 
In fact, the eugenics area would serve as an intellectual 
training ground for how ideas such as LNT could be 
“softened”, humanized and successfully integrated within 
a post-World War II society. Some aspects of eugenics 
advocacy and the LNT concept would morph into mod-
ern regulatory policy for carcinogen regulation, evolving 
from that of preserving the gene pool of certain racial 

subgroups or other targeted populations to a humanistic 
framework that would reduce mutational risks to entire 
populations.

Evolution and endogenous mutations

The LNT had its start in an attempt to explain evolution, 
finding other outlets in the world of eugenics and later 
public health regulatory policies. While Muller was a 
leader in these activities, he did not abandon his quest to 
determine those underlying factors that served to provide 
the novel mutations for natural selection. In fact, prior 
to his discovery of X-ray-induced mutations in 1927, 
Muller reported that temperature increases enhanced 
the mutation rate by about two-fold (Muller 1928c). 
However, the temperature hypothesis was placed on the 
research back burner when high doses of X-rays were 
found to markedly enhance mutation frequency. Muller 
would return to the temperature–evolution hypothesis 
some three decades later, completing an intellectual and 
professional circle, reflected in the comments of Plough 
and Ives (1934), his former colleagues at Amherst Col-
lege (1940–1945) who noted that “since Muller and 
Mott-Smith conclude that natural radiation is inadequate 
to account for mutations in nature, it seems possible 
to suggest that ubiquitous temperature variations may 
play that role”. If Muller had lived into the decades of 
the 1980s (he died in the 1967), he would have begun 
to appreciate the so-called other conditions suggested 
by Oliver (1931) as the cause of the overwhelming pro-
portion of spontaneously occurring mutations is now 
believed to be derived from endogenous metabolism, for 
which complex and integrative DNA repair processes 
have been selected for via natural selection (De Bont 
and van Larebeke 2004; Lindahl 1996).

Summary

The LNT concept was initially proposed to account for 
evolutionary change and then later applied for the assess-
ment of risks for some genetic diseases and cancer inci-
dence (Table 2). The initial data upon which the LNT 
concept was based were limited to a few studies of an 
acute nature and at very high doses. Within a decade, the 
LNT dose–response model was provided with a mecha-
nistic foundation via the integration of the single-hit 
concept within target theory. The LNT-single-hit model 
was then used by radiation geneticists to frame the intel-
lectual debate on low-dose ionizing radiation risk to the 
human genome. It provided the basis for the recommen-
dations of the US NAS BEAR I Committee in 1956 for 
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the switch from a threshold to a linear dose–response 
model for estimating ionizing radiation-induced germ 
cell mutation using the doubling dose concept. The LNT-
single-hit model was soon generalized to the process of 
cancer risk assessment and adopted by national and inter-
national committees concerned with ionizing radiation by 
the late 1950s and early 1960s. Five years later, Mantel 
and Bryan (1961), researchers at the US National Can-
cer Institute, proposed a probit model-based cancer risk 
assessment method. It was the Mantel and Bryan (1961) 
model that was proposed by the FDA in 1973 for can-
cer risk assessment procedures, being replaced with a 

LNT model by the FDA in 1979, the same year that EPA 
applied the LNT for the regulation of carcinogens (i.e., 
trihalomethanes) in drinking water. The LNT model and 
its single-hit explanation/mechanism theory, therefore, 
can be traced back to the concept of radiation-induced 
mutation target theory as proposed by Timoféeff-Resso-
vsky et al. (1935), which was founded on the proportion-
ality rule of Muller (1930) which itself had its origins in 
the 1928 paper of Olson and Gilbert that created the LNT 
concept following the seminal findings of Muller (1927) 
that ionizing radiation could induce mutation in the germ 
cells of fruit flies.

Table 2  LNT history: the temporal sequence leading to the LNT dose–response model for cancer risk assessment

References Specific temporal events

Muller (1927) Mutation findings—X-rays induce mutations in fruit flies
⇓

Olson and Lewis (1928) LNT model proposed to account for evolutionary changes following Muller’s discovery that 
X-rays can induce mutations in fruit fly germ cells
⇓

Muller (1930) Develops proportionality rule (i.e., linear dose response) for ionizing radiation-induced muta-
genicity
⇓

Timoféeff-Ressovsky et al. (1935) Application of radiation target theory for mutagens. Used target theory to propose a hit theory 
for ionizing radiation-induced mutation. The hit mechanism was used to explain the LNT 
dose response
⇓

BEAR I 1956 (Biological Effects of Atomic 
Radiation Committee, Genetics Panel)

Proposes the use of the linear dose–response model for germ cell mutation, using the “doubling 
rule”
⇓

Mantel and Bryan (1961) Develops carcinogen risk assessment model based on the probit model. This activity was 
undertaken to advise US governmental agencies on chemical risk assessment
⇓

FDA (1973) Proposes a probit-based quantitative risk assessment method for cancer risk based on the Man-
tel and Bryan 1961 paper. The proposal stated that an acceptable risk was 1/100 million
⇓

EPA (1976) (see Albert et al. (1977),  
Anonymous (1979)

Proposed guidelines for carcinogen risk assessment based on quantitative risk assessment. 
Recommended a linear dose–response model
⇓

FDA (1977) FDA rule finalized, retaining the Mantel-Bryan model with some modifications. The acceptable 
risk value was changed to 1/1 million (10−6)
⇓

U.S. NAS Safe Drinking Water Committee 
(1977)

Recommended that EPA adopt LNT for carcinogen risk assessment. This recommendation was 
profoundly significant given the widespread multimedia regulatory functions of EPA. Within 
2 years of the recommendation, EPA applied the LNT to the regulations of trihalomethanes 
(e.g., chloroform) in drinking water
⇓

FDA (1979) Replaced the modified Mantel-Bryan model with the LNT model for carcinogen risk assess-
ment, based on the following reasons: 1. Linear procedure is least likely to underestimate 
risk. 2. Linear extrapolation does not require complicated mathematical procedures. 3. No 
arbitrary slope is needed to carry out linear extrapolation. 4. Several significant limitations 
were found with the application of the Mantel-Bryan model (Anonymous 1979)
⇓

EPA (1979a, b) EPA established a national drinking water standard for trihalomethanes (including chloroform) 
based on an LNT methodology as recommended by the US NAS Safe Drinking Water Com-
mittee (1977)
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In 1956, the US National Academy of Sciences (NAS) pub-
lished their long-awaited reports addressing national con-
cerns about how ionizing radiation may affect such entities 
as oceans/fisheries, agriculture/food supply, meteorology/
atmosphere, medicine/pathology, genetics and disposal of 
radioactive wastes. As it turns out, the report that domi-
nated the attention of the scientific community and media 
was that of the Genetics Panel. It proclaimed there was no 
safe level of exposure to ionizing radiation and offered dire 
warnings about severe adverse biological effects occur-
ring in present and future generations. Societies, world 
governments and medical communities needed to heed the 
mutational risks that could persist across generations as 
a result of exposures to even low doses of ionizing radia-
tion. The panel emphasized that the then extant threshold 
dose–response model was wrong and misled society on the 
hazards of low doses of ionizing radiation. To better pro-
tect the public health and to provide more accurate predic-
tions, the report urged the risk assessment community to 
adopt a linear dose–response model. This recommendation 
represented no less than a paradigm shift that would alter 
the courses of both international environmental policy and 
cancer risk assessment to the present time. The LNT dose 
response was soon generalized from assessing the radia-
tion risk of mutation to the radiation risk of cancer and 
then generalized once again by the US EPA to assessing 
the chemical risk of cancer. In retrospect, the road to lin-
earity can be directly traced back to the BEAR Committee, 
Genetics Panel (Calabrese 2009, 2013).

Despite their tidal wave of success in 1956 and in the 
years following, the radiation genetics community had 

Abstract The NAS Genetics Panel (1956) recommended 
a switch from a threshold to a linear dose response for 
radiation risk assessment. To support this recommenda-
tion, geneticists on the panel provided individual estimates 
of the number of children in subsequent generations (one 
to ten) that would be adversely affected due to transgen-
erational reproductive cell mutations. It was hoped that 
there would be close agreement among the individual risk 
estimates. However, extremely large ranges of variability 
and uncertainty characterized the wildly divergent expert 
estimates. The panel members believed that sharing these 
estimates with the scientific community and general public 
would strongly undercut their linearity recommendation, as 
it would have only highlighted their own substantial uncer-
tainties. Essentially, their technical report in the journal 
Science omitted and misrepresented key adverse reproduc-
tive findings in an effort to ensure support for their linearity 
recommendation. These omissions and misrepresentations 
not only belie the notion of an impartial and independent 
appraisal by the NAS Panel, but also amount to falsification 
and fabrication of the research record at the highest pos-
sible level, leading ultimately to the adoption of LNT by 
governments worldwide. Based on previously unexamined 
correspondence among panel members and Genetics Panel 
meeting transcripts, this paper provides the first documen-
tation of these historical developments.
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already been seeking a switch from the threshold to the 
linear dose–response model for nearly 30 years (Cala-
brese 2013), i.e., starting from a time soon after Muller’s 
famous Nobel Prize winning discovery in 1927 that X-rays 
can induce mutations in the sperm of male fruit flies. Mul-
ler, Curt Stern and other prominent researchers from the 
radiation genetics community had long challenged the 
risk assessment methods for ionizing radiation and pro-
posed using the far more conservative linear dose–response 
model. However, at each turn in the road, another similarly 
recalcitrant medical committee opposed their challenges 
and supported the more lenient threshold dose–response 
model instead. This frustrated Muller and his kindred radia-
tion geneticist colleagues. In all major advisory committees 
to that point, the cards were “stacked” against them. How-
ever, with the creation of the NAS Committee, which was 
funded by the Rockefeller Foundation, the political tide 
turned their way. The decision to create an NAS Genetics 
Panel meant that Muller and his group would no longer be 
token geneticists on a committee oriented toward and dom-
inated by the medical community; they would now be the 
dominant force on a BEAR I Committee whose 17 mem-
bers included 13 notable geneticists. This may have seemed 
like a dream come true as the panel would now have no 
opposition to the big issue of the day: that is, finally getting 
linearity to drive the mutation risk assessment. The panel 
would soon proclaim that LNT was the new risk assess-
ment “law” of the land, with little, if any, need for discus-
sion, debate or evidence-based examination via scientific 
assessments. Thus, the panel moved to other challenges. 
Instead of debating the merits of the threshold vs LNT, the 
Chair of the Panel requested that all the geneticists on the 
panel provide their best estimates with upper and lower 
confidence intervals for the number of adversely affected 
children born to parents’ whose gonads were exposed to a 
certain dose of radiation.

Despite the fact that there was a wide range of geneti-
cists (e.g., human, fruit fly, bacterial, etc.) comprising the 
panel, it was hoped that there would be a high degree of 
agreement/consensus on what the specific population risks 
might be. If the panel members could independently come 
to a convergent agreement on risks, it would strongly sup-
port their risk assessment judgment and the linearity dose–
response paradigm that they wanted society to adopt.

It is here where the story gets interesting. Through a 
variety of unexpected discoveries, it was possible to deter-
mine that the panel of geneticist experts wildly differed 
among themselves on the estimates of population risks, 
and, in fact, felt very uncertain about their own estimates of 
mutation frequency in future generations. The emergence 
of such uncertainties rattled the leaders of the panel and 
eventually led the Genetics Panel to omit key data from the 
research record, all in an effort to disguise the vast uncer-
tainty that existed for the projected human risks. These fac-
tors and issues were known by the panel and are evident 
in the numerous letters that were exchanged between them 
and the Panel Chair; the panel even voted to hide the uncer-
tainty from the scientific community by omitting key data 
and misrepresenting the predicted risks. In effect, the NAS 
BEAR Committee, Genetics Panel committed scientific 
misconduct in their publication in the journal Science in 
June, 1956 (Anonymous 1956). By omitting and misrep-
resenting the actual data, the panel hoped to convince the 
scientific community and the public to adopt their linear 
dose–response model in the assessment of risks associ-
ated with exposures to ionizing radiation, especially at low 
doses. These falsifications and fabrications are detailed and 
presented for the first time in the supplemental data section; 
they expose the fraudulent actions of the Genetics Panel 
and call attention to the vast impact they have had on can-
cer risk assessment.
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ABSTRACT

The National Academy of Sciences Biological Effects of Atomic Radiation I (NAS BEAR I) Committee
Genetics Panel (1956) recommended that regulatory agencies switch from a threshold to a linear model
for radiation risk assessment of genomic endpoints. This recommendation was generalized to somatic
cells for cancer risk assessment and later applied to chemical carcinogens. At the heart of the
recommendation were independent estimates by panel geneticists of adverse reproductive effects in
humans exposed to a given radiation dose. This paper reveals both an enormous variance and
uncertainty in the independent estimates of genetic damage in reports submitted by six geneticists.
These estimates were far greater than reported in Science, substantially misrepresenting expert
disagreement. While the Science paper indicated that only six (of the 12) geneticists provided estimates,
nine did. The three excluded estimates indicated markedly lower damage than did the six. The censoring
of the three estimates and the mischaracterization of the uncertainty of the remaining six geneticists
deliberately and substantially overstated the degree of confidence and agreement in the estimates of
genetic harm. Based on internal correspondence, these actions were designed to ensure that linearity at
low dose would be adopted for risk assessment. The omission and misrepresentation of data intended
to represent the independent appraisal of panel experts is consistent with definitions of falsification and
fabrication of the research record. The principal scientific document therefore supporting the adoption
of the LNT was the product of scientific misconduct and that its adoption by regulatory agencies
worldwide was based on a process involving falsification and fabrication.

Key Words: linearity, dose response, risk assessment, threshold, mutation, cancer

Introduction
Cancer risk assessment policy in the United States (US) originated from the US National

Academy of Sciences (NAS) Biological Effects of Atomic Radiation (BEAR) I Committee, Genetics Panel, in
1956 when they recommended a shift from a threshold to a linear dose response model for the effects
of ionizing radiation on genomic mutations. This linearity recommendation was soon generalized to
somatic cells by the National Committee on Radiation Protection and Measurement (NCRPM) and
applied to cancer risk assessment (Whittemore 1986 – Page 608, Footnote 260). This perspective was
widely adopted in numerous countries by various regulatory and public health agencies (e.g.
International Committee for Radiation Protection ICRP) and continues to the present (Calabrese 2009,
2011a, 2013)

Historical reassessment of the BEAR I Genetics Panel report and its scientific foundations has
revealed a series of key scientific concerns, flaws, and misrepresentations that challenge the basis of the
original linearity recommendation (Calabrese 2011b, 2013). These findings provide substantial evidence
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that the switch from threshold to linearity occurred due to ideologically based deceptions of key papers
on ionizing radiation induced mutation by leaders in the radiation genetic community, most notably
Hermann J. Muller, Nobel Prize winner, and Curt Stern, University of California Berkeley professor.

The current paper extends this historical re evaluation into the activities of the BEAR I Genetics
Panel with particular focus on the key publication of that panel in Science, entitled “Genetic Effects of
Atomic Radiation”. The Science paper represents the “technical” publication (Anonymous 1956) of the
panel whereas a “popular” version (NAS/NRC 1956) was written for the media and public and included
summaries of each of the NAS BEAR I Committee Expert Panels. Each of the technical Panels published a
separate article in the journal Science in 1956. The present paper originated as a result of an unexpected
observation that the Science paper of the Genetics Panel reported genetic risk estimates of only six of
the 12 geneticist members of the Panel. Yet, an investigation of the personal correspondence and
unpublished technical writings of the Genetics Panel uncovered detailed assessments from nine
members of the Panel. This previously unrecognized discrepancy led to a further investigation resulting
in the present paper.

Estimating radiation induced genetic risk
A key finalizing activity of the Genetics Panel was to provide an estimate of the total number of

offspring (including embryonic/fetal deaths/stillbirths and those born but unable to reproduce) that
would be adversely affected by mutations (i.e. often referred to as “genetic deaths” –adversely affected
offspring that could not reproduce) assuming the entire adult reproducing population received a single
dose of 10 roentgens (R) (0.1 Gy) to the gonads. The specific charge to the Genetics Panel was given by
the chairman, Warren Weaver of the Rockefeller Foundation, the organization which funded the
assessment. This finalizing topic was extensively discussed on Feb. 6, 1956 in the Panel meeting,
occupying about 40 transcript pages (NAS 1956a). On Feb. 8, 1956 a memo was sent by Weaver to the
Genetics Panel with the subject heading of “Reminder” (Weaver 1956a). He stated the following:

“At the Chicago meeting it was agreed that every geneticist on the panel was invited and indeed
urged to undertake an estimation of the expressed damage due to detrimental mutations. The
estimation was to apply to the total number of children (say 160 million ?) which will in the future be
born to persons now alive in the U.S.; and to their children and so on. At least three estimates are
desired: 1) expressed damage to the first set of 160 million children due to a dose of 10r to the
persons now living; 2) expressed damage to the F1 through F10 generations of children due to a single
dose of 10r to the persons now living; 3) expressed damage to F1 through F10 due to a dose of 10r per
generation.

It would be most helpful also to have comparable estimates for 2) and 3) above when the
dose is 50r. Linearity applies to 1), so that it is trivially easy to adjust that estimate to any dose.

It was agreed that each would state the range which applies to the estimates entering the
calculation, and the range applying to the final result; and would state his reasoning in enough detail
so that the other members could intelligently weigh, criticise (criticize), and compare the various
estimates.

May I urge you that you undertake this as promptly as possible, and that you duplicate your
report and send it to every member of the panel?”

The basis for the charge conferred upon the geneticists by Weaver was a discussion of a written
position statement of geneticist Panel member Tracy Sonneborn that was read into the transcription
record on Feb. 5, 1956. In addition to a statement of genetic risk assessment principles, Sonneborn
raised the question as what would be the risk communication message for the general public based on
their Panel deliberations. This led Weaver to trace three possible options with the most desirable, being
the most explicit. That is, he wanted the Panel to provide reproductive risk estimates to the general
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public that were specific and quantitative, estimates that would build upon the belief that all doses of
radiation were harmful, cumulative, and irreversible.

On page 244 of the Feb. 6, 1956 transcribed proceedings of the Panel (NAS 1956a), Weaver
stated his desire to obtain the independent views of the geneticists for the prediction of radiation
induced genetic damage for subsequent generations of humans, using the US population as the working
example. This was viewed as a means to define the range of informed judgment and to ascertain how
much the Panel geneticists were in agreement, a key factor needed to support policy recommendations
of the Panel. On page 257 of that same transcript Sonneborn stated “that the thing of most value in all
this calculation would be to show how one can use different methods to make estimates, and see to
what extent methods, if possible, variations in approach, lead to different answers. So that if they
converge, or tend to converge, then we might have more willingness to put them forth.” Weaver and
Sonneborn were, of course, mindful of the fact that the geneticists brought differing technical abilities,
research experiences and judgments to the Panel. Panel geneticists were experts with Drosophila,
bacteria, paramecia, mice and human population genetics. Some of the Panel members were far more
mathematically oriented than others. Each was expected to independently consider the problem and
then document in writing their methods, assumptions and their estimated population based radiation
induced genetic harm. These estimates were to be collectively summarized and would define the range
of expert agreement/disagreement using the different but complementary approaches of each
contributing expert geneticist.

The Genetics Panel
There were 13 bona fide geneticists who were members of the Genetics Panel. These included:

George W. Beadle – California Institute of Technology; James Cotterman – Baylor University; James F.
Crow – University of Wisconsin; Milislav Demerec – Carnegie Institution of Washington; H. Bentley Glass
– Johns Hopkins University; Berwind P. Kaufmann – Carnegie Institution of Washington; Clarence C.
Little – Roscoe B. Jackson Memorial Laboratory; Hermann J. Muller – Indiana University; James V. Neel –
University of Michigan; William L Russell – Oak Ridge National Laboratory; Tracy Sonneborn – Indiana
University; Alfred Sturtevant – California Institute of Technology; and Sewall Wright – University of
Wisconsin. Other members of the committee were the chairman Warren Weaver, Rockefeller
Foundation, a mathematician; C. Failla, Columbia University, a health physicist; Alexander Hollaender, a
physical chemist and administrator of Oak Ridge National Labs; and Shields Warren, New England
Deaconess Hospital, a physician, who was also a member of the NAS BEAR I Pathology Panel. After the
meeting in Chicago (February 5/6, 1956), Cotterman resigned from the Panel due to academic work load
issues, leaving 12 geneticists on the committee. Of the 12 geneticist members, estimates of nine
members have been obtained via searching past committee communications and letter exchanges from
all members of the committee. The three members not providing estimates were Little, Neel, and
Sonneborn. While there is no record of Little’s actions on this matter, Sonneborn and Neel refused the
request of Weaver to provide estimates of genetic damage since they did not believe that they could be
reliably made. In fact, Neel argued that the scientific basis for such estimates were so uncertain that
providing them would be a violation of his obligation as a scientist to society, an unethical condition. On
April 6, 1956 he specifically addressed his concern with Chairman Weaver (Neel 1956a):

“The geneticist has social responsibilities, but he also has responsibilities as a scientist. One is
that in an area as critical as this one is, he must beware of letting his conjectures get too far in
advance of his facts. It is to me an exceedingly tenable position, having stated the general genetic
argument, to say flatly that we know so little about the quantitative aspects.” In fact, Neel was so
adamantly opposed to the decision to develop and provide such genetic estimates of damage that he
wrote Weaver on March 8, 1956 stating that he would “go down with flags flying and guns booming to
the last” (Neel 1956b).
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Organizing the estimates
The nine estimates were provided by the end of February, 1956. At a March 1, 1956 meeting of

the Genetics Panel, a decision was made on how the estimates would be processed. In a March 2, 1956
brief summary (Weaver 1956a) (Muller manuscripts (mss), Lilly Library) of the March 1 meeting, Weaver
indicated that “Jim Crow was made the chairman of a sub committee (he can commandeer help on
this if he wishes) to go through all the damage estimates, compare them, and display assumptions,
methods, input, and results in some sort of chart or graphic form.” This description did not indicate
that Crow was authorized to exclude individual contributions, nor to make judgments as to which
estimates were the most/least credible. Crow’s role as sub committee Chair was to organize and
integrate the submitted estimates in a coherent manner so that the entire Panel could intelligibly,
efficiently and objectively view the submitted estimates.

The Science journal article
In the Genetics Panel Science paper it was stated that “Six of the geneticists of this committee

considered the following problem: suppose the whole population of the United States received one
dose of 10 roentgens of radiation to the gonads. What is the estimate of the total number of mutants
which would be induced by this radiation dose and passed on to the next total generation of about
200 million children? Each geneticist calculated what he considered to be the most probable estimate,
and then bracketed this by his minimum and maximum estimates. Each thus said, in effect: I feel
reasonably confident that the true value is greater than my minimum estimate and less than my
maximum. My best judgment, as stated in a single figure, is what I have labeled the most probable
estimate.” Note that authors published an errata one month later indicating that the 200 million
number of children should have been 100 million (Errata Science, Volume 124, page 170, 1956). The
paper goes on to state that “the most probable estimates as thus calculated by the six gentcists
(geneticists) do not differ widely. They bunch rather closely around the figure 5 million. Four of the
six estimates are very close to that figure, and the other two differ only by a factor of 2.

These six geneticists concluded, moreover, that the uncertainty in their estimation of the most
probable value was about a factor of 10. That is to say, their minimum estimates were about 1/10,
and their maximum estimates about 10 times the most probable estimate.”

Inconsistencies emerge from the Science paper
A detailed evaluation of the Genetics Panel article in Science reveals a number of anomalies and

concerns.

1. The invitation to provide estimates was made with some urgency to all geneticists on the panel.
The reader is informed that only six provided estimates. The specific six geneticists were not
identified in the Science paper. The Science paper did not provide any description of the
biological models and methods used by the six geneticists to obtain their respective estimates.
While only six geneticists were stated as having “considered the …problem”, all 12 geneticists
were urged to take on this task. We also know that the number of geneticists providing written
assessments was nine. Based on a letter from James Crow to Warren Weaver on May 21, 1956
(Crow 1956a), he listed the names of six geneticists on the Panel who provided estimates. These
geneticists included Beadle, Crow, Glass, Muller, Russell and Sturtevant. It is this group of six
that the Science article values were based upon. However, detailed mutational estimates were
provided in a professional and timely manner consistent with the request of Weaver by three
other Panel geneticists [Demerec (2/14/56 letter; 2/11/56 document; and stamped received
2/16/56) (Demerec 1956); Kaufmann (2/27/56 letter to Weaver and stamped received 2/29/56)
(Kaufmann 1956); and Wright (2/22/56 letter to Weaver and stamped received on 2/24/56
(Wright 1956)]. Each of these three documents (Demerec, Kaufmann and Wright) were obtained
from the Lilly Library, papers of Hermann J. Muller at the University of Indiana as well from the
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files of multiple other members of the Panel. It therefore seems that Weaver received the
assessments and that they were distributed to Panel members, as expressly recommended in
the Weaver memo (Weaver 1956b). Thus, it is likely that all or most Genetics Panel members
saw the three assessments that were excluded from the reporting in the Science publication.
The question needs to be raised as to why didn’t the Science article incorporate the
independent findings from the other three Panel geneticists since they were professionally
addressed and completed in a timely manner?

2. The estimates of the six Panel geneticists were summarized by James Crow in three letters
[March 12, 1956 (Crow 1956b); March 29, 1956 (Crow 1956c); and May 21, 1956 (Crow 1956a)]
to Weaver. The March 12, 1956 letter provided a graph showing the minimum, maximum and
best estimates for total genetic damage expected from all descendants of the first generation of
parents exposed to 10r, the cumulative damage through ten generations for a single generation
exposed to 10r or the damage at the 10th generation from 10r per generation up to that time.
In this letter, Crow stated that he made a decision to exclude the estimates of Drs. Wright and
Demerec while the non cited report of Kaufmann was not mentioned. However, the estimates
of Wright were included in the March 12, 1956 graph. More specifically, in the final paragraph of
this letter, Crow writes that he did not provide “Dr. Wright’s methods which are greatly
different, but clearly given in his letter.” In the next sentence he then writes that “I haven’t
included Dr. Demerec’s estimate on the graph for it, too, is based on quite different
assumptions that lead to a greatly different value than the others obtained”. The only specific
comment that Crow offered for the Demerec estimation was that it "was based on bacterial
mutation rates". As for the Wright estimates, Crow stated that he "counted only mutations
causing conspicuous effects in postnatal life". However, the Wright document states that his
analysis included the "conspicuous detrimental effect on viability or fecundity". Thus, the
effects estimated by the Wright analysis would not have been restricted to only those occurring
in postnatal life, thereby contradicting the statement of Crow. Furthermore, the postnatal
effects estimated by Wright were not restricted to an age of the offspring to display the harmful
effect. However, Crow accepted the analysis of William Russell (1956) which restricted the age
of expressing damage to only three weeks, a limitation that Russell noted. The actions of Crow
to exclude the Wright and Demerec estimates are at variance with the instruction that he
present “all the damage estimates, compare them, and display assumptions, methods, input,
and results in some sort of chart or graphic form.”

3. In the March 29, 1956 letter to Weaver, (Crow 1956c), Crow stated: “The limits presented on
our estimates of genetic damage are so wide that the reader will, I believe, not have any
confidence in them at all.” He then makes the statement that “I recommend one of two
things: omit the estimates entirely, or b) give a single best estimate of the number of
mutations, or a narrow range of estimate, based on direct extrapolations from mouse and
Drosophila.” Crow then inexplicably states that “We then state that these are based on mouse
data and let the reader add his own uncertainty factor.” Basing estimates on Drosophila and
mice and then telling the reader that the estimates are based only on mice is deceptive. Asking
the reader to construct their own uncertainty factor with what is highly censored data lacking
upper and lower bounds is disingenuous. This recommendation followed from his earlier
comment in the March 12, 1956 letter (Crow 1956b) that “...the groups differ widely in their
confidence in the best estimate, as indicated by their grossly discrepant minimum and
maximum estimates.” In the May 21, 1956 letter, he again provided mutational estimates of the
six geneticists, including their best estimates and ranges (Crow 1956a). He stated in the letter
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that he did not support publishing the table. This issue was eventually considered for a vote by
the entire committee and the table was not included, only the summary statement as given
above.

4. Table 1 reveals that the best (i.e., most probable) estimates of affected children after 10
generations ranged from 2 to 10 million, a five fold range. The range of uncertainty varied
considerably amongst the geneticists. Beadle and Glass, for example, gave a 2,000 fold
uncertainty range while Muller’s estimate was 10 fold. In the Science paper, it was stated that
the uncertainty estimates were within 10 fold of the best estimates (i.e., 100 fold range).
However, in the case of Beadle, the bounded values range from 20 fold below to 100 fold above
his best estimate. For Glass, his range was from 40 fold below to 50 fold above his best
estimate. In the case of Muller, his bounded values were 4 fold below and 2.5 fold above his
best estimate. Similarly large variation in uncertainty estimates was also presented by Crow in
his March 12, 1956 (Crow 1956b) letter to Weaver for the damage expected in the first offspring
generation. In fact, the estimated number of affected individuals ranged from 5000 20,000,000,
a 4000 fold value. It is not possible to discern how the minimum and maximum values were
derived in some cases. In the case of Beadle, for example, the values are provided without any
explanation. As for Russell the best estimate was derived but lower and upper bound estimates
are not included. It is not known how Crow derived such values. The case of Crow’s own
estimate may also be instructive. He stated on March 29, 1956c (Crow 1956c) “I shall use as a
minimum estimate a direct extrapolation from Drosophila and as a maximum some
calculation from the sex ratio data in the Japanese cities. An estimate from mouse data turns
out to be just about half way between these, so I shall use it as the most probable estimate.”
With such non sequitur biological reasoning guiding the genetic risk estimates as well as with
estimates lacking any documentation, it is not surprising that the committee members did not
want to share their procedures with others. Furthermore, there was an absence of criticism of
the bizarre approach offered by Crow as well as the lack of documentation for upper and lower
bound estimates by Beadle, Russell and others despite the high priority placed on such values.
Even Sturtevant, whose lower and upper bound estimates were exactly ± 10 fold, stated on
February 20, 1956 to Weaver (Sturtevant 1956), “After going through these calculations I come
out with a feeling that they are rather futile. At almost every step it has been necessary to
make a guess, often with little to go on, and with no real basis for setting limits within which
the true value probably lies”. This statement raises the question that Sturtevant may even have
been open to the possibility that the true estimate was not even within his derived lower and
upper bounds. The statement of Sturtevant contradicts the earlier statement in the Science
article which claimed that “Each thus said, in effect, I feel reasonably confident that the true
value is greater than my minimum estimate and less than my maximum.” In fact, the term
guess was also used by other reporting geneticists. For example, Russell referred to his
extrapolation process also as a “guess” (Russell 1956).

5. According to Neel the closeness of the best estimates of the six geneticists selected by Crow was
due to the fact that they used essentially the same assumptions for gene number, mutation
rates, and other parameters (Neel 1956c). Neel thought that their scientific “agreement” was
illusionary since there was little independence of thought. In fact, once each of the six had to
think far more independently on the problem as with the case of estimating upper and lower
uncertainty bounds their “apparent” agreement strikingly disappeared, supporting the Neel
perspective. However, knowing that he had been overruled on genetic risk estimations, Neel



7

asked to be dissociated with any aspect of the report that provided quantitative estimates of
genetic damage or a recommended permissible dose (Jolly 2003 page 359).

6. The 100 fold range reported in the Science article to characterize the uncertainty about the best
estimate strikingly conflicted with and misrepresented the range of uncertainty of this group of
geneticists which had a mean value of 745 (uncertainty range 10 2000 – see Table 1) for the 10
generation estimate (median 180) and a mean of 756 (uncertainty range 100 2857) for the first
generation (median 312.5) (data from March 12, 1956 Crow Letter to Weaver) (Crow 1956b).

Draft BEAR I Genetics Panel Report of March 19, 1956
In this draft report (NAS 1956b), Weaver stated that the “estimates have been independently

furnished by seven of the geneticists of this Panel. Each estimated the total damage (that is to say, the
number of genetic deaths or extinctions) which would occur among our 100 million children. Each of
the seven geneticists stated his result in terms of a range of values, giving what he considered to be a
reasonable lowest figure and also a reasonable highest figure. Thus there were in all seven low
estimates and seven high estimates. The lowest of the low estimates was 5,000 damaged individuals
among our direct children. The highest of the high estimates was 20 million. This extreme range
simply reflects our lamentable lack of information on human radiation genetics.” This range of high to
low would indicate a 4000 fold range and probably reflected damage estimated in the first offspring
generation. This draft differed from the May 21, 1956 table of Crow which showed a maximum 2,000
fold range, reflecting damage after 10 generations. There is also no explanation why there were seven
geneticist estimates stated in this draft but only six were mentioned in the Science paper.

Chairman Weaver also raised the question that “The public may well ask, why were there only
seven such estimates when this Panel includes a larger number of geneticists? The answer is that
many highly competent geneticists would not wish to undertake a calculation of this sort, either
because they are not specifically experienced in the more mathematical aspects of genetics, or
because they doubt that such a calculation is very useful at the present state of knowledge.” The
response of Weaver failed to indicate that nine of the 12 geneticists provided estimates. He referred to
seven Genetics Panel members as providing estimates. At some point one of the seven reports was
reduced to six without explanation.

There were substantial differences as to what the trans generational mutation risk might be,
even amongst the six geneticist values that were used. The extent of the variation and the
acknowledgment of the “futility” in making the given estimates undercut the confidence in the process
and in its conclusions. Furthermore, this high degree of uncertainty would have been considerably
greater if these geneticists were not constrained by Weaver (in his memo directions to the geneticists)
to employ a linearity dose response assumption. The variability characterization estimates in the Science
article provide a distinctly different impression than the actual estimates of the six geneticists, reflecting
data censoring, and leading to false conclusions concerning the degree of uncertainty among the
participating geneticists and the extent to which the experts agreed/disagreed amongst themselves on
this matter.

On June 5, 1956 Chairman Weaver (1956c) wrote to the Genetics Panel informing them of the
results of the voting on an unresolved aspect of the final report. One of the key questions was whether
to include the table of Crow which showed the variation in genetic damage estimates between and
within subjects. This decision was accomplished by a vote of 15 members of the Panel. The results were
7 against including the table, 6 for publishing it, with two designated as “indifferent”. Thus, the
recommendation of Crow prevailed and the table was not included. Based on incomplete obtained
correspondence, it is known that Crow, Muller, Glass and Sonneborn voted against publishing the table.
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The Missing Expert Geneticist Estimates
1) What information did the three missing geneticist estimates provide?

Kaufmann: His report was six pages, providing a detailed mathematical derivation of mutation
frequency based on human mutation rates, providing all assumptions used in his calculations.
Three pages were text, two pages were tables and one page contained two summary figures. He
provided genetic damage estimates over 10 generations and expressed the number of affected
children per 200 million. Adjusting for 100 million, he reported 195, 000 affected children in
generation #1. In his February 27, 1956 letter (Kaufmann 1956) to Weaver, Kaufmann stated
that his “calculations show that under the defined conditions the visible genetic damage
resulting from chronic exposure to 10 r per generation is small in comparison with that of
spontaneous origin.” Kaufman noted that his estimates, based on research of the geneticist
Herman Moser, were quite complicated and he was not able to provide upper and lower
confidence intervals. Note that Crow (1956b) included estimates of “Moser” which were
subsequently dropped. These appear to be the estimates of Kaufmann.
Wright: His report provided a nine page detailed assessment and mathematical derivation of
genetic damage over 10 generations (Wright 1956). He also provided two estimates of damage
based on assumptions related to the proportion of dominant mutations. The estimates provided
in the report range from 34,000 to 67,000 (i.e. ~50,000 average) children affected in generation
#1 based on the assumptions used. Upper and lower bound estimates were provided.
Demerec: He provided a detailed, single spaced, three page assessment using E. coli as his
model. He presented evidence for spontaneous mutation rates for 26 genes and X ray induced
mutation rates for the same genes. He also indicates that similar data existed for multiple
chemical mutagens (Demerec 1956). The information that Demerec had developed on the E. coli
model far exceeded that of any of the other models presented including Drosophila, mice and
humans. His risk estimates were based on 160,000,000 as was originally proposed by Weaver.
He estimated that there would be 14,200 affected children in generation #1 due to spontaneous
mutation; in contrast, 8,320 additional children were estimated to be affected by the 10 r
exposure to their parents. This value was adjusted to 5,200 for a 100 million population.
Demerec stated that since he did not include “lethals” his estimate would need to be adjusted
to some degree upward. He also stated that “I do not wish to venture into speculations about
the genetic damage that would be sustained by subsequent generations, for such speculations
could only be based on assumptions not supported by experimental evidence.”

2) The three best estimates were 195,000 (Kaufman), 50,000 (Wright), and 5,200 (Demerec)
(83,000 mean) for the first generation. On balance these are lower (~70 %) than for the other
five geneticists (275,000 mean) (note that Beadle did not provide an estimate for generation
#1). If all geneticist estimates for generation #1 were included, the generation #1 mean
estimates would range from a low of ~ 5000 to a high of ~350,000, a ~70 fold difference, a value
reflecting considerable variation amongst the geneticists.

Discussion
The present assessment indicates that the US NAS BEAR I Committee Genetics Panel Science

paper included a series of significant misrepresentations relating to the central charge of the Panel, that
is, predicting the public health risks of ionizing radiation from all sources, such as medical, fall out and
other means of exposure. The Panel knowingly reported that only six of the 12 geneticists provided
estimates, when nine did. While reasons for this omission of data are speculative, two (i.e. Demerec and
Wright) of the three excluded views offered notably lower estimates of risk than the six geneticists
presented in the paper. If all geneticists’ estimates were presented, it would have markedly altered the
range of the best estimates; the range of the ~2 fold mean difference would increase to ~70 fold for



9

generation #1damage. If the experts were shown not to be in agreement, it would affect the credibility
of their report and most likely weaken support for its policy recommendations.

The decision by Crow to exclude the estimates of Demerec and Wright overstepped his
authority as given by Chairman Weaver. There was no documentation to support these actions. There is
no indication of why the estimates of Kaufmann were omitted. Despite such actions of Crow to exclude
these three, there is no evidence that such actions were disputed. This suggests that the affected
members and the entire Panel accepted this decision. If this is the case, then it is even more problematic
as the incorrect statement that only six geneticists provided estimates rather than the nine was known
and agreed to by all. Whether this was due to internal pressure to conform to the goal of displaying
highly consistent estimates is not known. Yet, the efforts of the three excluded geneticists were
substantial, with no evidence that they withdrew their estimates.

The Panel also stated that the uncertainty range (i.e., upper to lower bound) was about 100 fold
for the six geneticists used while the table of Crow had Beadle and Glass with ranges of 2,000 and a
mean of 745, and uncertainty values that were even higher after the first generation. This
misrepresentation, though different from omitted data, is consistent with the intention of creating the
appearance of greater agreement amongst the geneticists than actually existed. Furthermore, the
Science article failed to provide the reasons why three individuals (i.e., Little, Neel, and Sonneborn) did
not provide estimates. Given the critical significance for Panel agreement with respect to the acceptance
of policy recommendations, it was necessary to present the views of the entire group. In fact, the views
of Sonneborn and Neel were that such estimates could not be reliably done, with Neel being particularly
strident on this issue as quoted above. It is not clear what the opinions of Little were. Thus, if the broad
spectrum of views and risk estimates had been summarized in the Science article, it would have
undermined the conclusions and policy recommendations of the Panel even further. On this later
matter, it is worthy of note that in his May 21, 1956 letter to the Panel (Crow 1956a), Crow states that
"Once again, I urge that we not include the table at all..." He then displayed a table of the values of the
six geneticists and stated that "I include these values for Committee members' inspection because I
believe the only thing worse than publishing the estimates at all is to publish the wrong values". This
recommendation was adopted and the table showing the extremely wide differences between the
experts was dropped and was replaced with the above noted misrepresentation.

While the estimates of the panel members were clearly efforts in risk assessment speculation,
they contributed to the appearance of confident conclusions throughout the Science article. In
retrospect it appears that the exclusion of the Demerec and Wright estimates occurred because the
derived values were “different”, that is, far lower than the other six. This was assumed to be due to the
use of other methods, models or approaches. However, the charge of the Panel was to present the
range of independent estimates and to describe them along with their assumptions. If complementary
methods and models could be shown to have considerable agreement, it would bring added confidence
to the recommendations of the Panel as noted above by Sonneborn. However, if the expert estimates
were widely or wildly divergent, then it was feared that it would undermine acceptance and use of their
report. In many ways, the future course of action would be affected by the degree of concordance of
their estimates. When the estimates were found to be extremely variable, Crow and the other members
of the Panel refused to show this variability/uncertainty and in fact acted to exclude low estimates and
mischaracterize the estimates retained.

When placed in perspective what does this story reveal? The geneticists of the Panel firmly
believed their genetics mutation credo of nearly always harmful, cumulative, irreversible, and linear at
low dose. However, when challenged by Weaver to translate this credo into independent estimates of
societal harm, using their own research methods and experience, the results were unanticipated. That
is, the estimates revealed much quantitative variability and uncertainty between and within the experts.
So great was the range of estimates that actions were taken to prevent this from being exposed,
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deliberately creating the false impression of agreement that was not warranted, as seen in the omission
and mischaracterization of estimates. Comparing the message of the Science paper with the internal
correspondence of the Panel members, reveals a striking dichotomy and dishonesty of the Panel. The
falsification of the research record provided the vehicle for the acceptance of the Panel’s goal, that is,
the use of the LNT for risk assessment and ultimately its acceptance worldwide by regulatory and public
health agencies and within the legal system. In a highly ironic twist to the present story, it should be
noted that the US National Academy of Sciences building in Washington, D.C. has a statute of Albert
Einstein, which is accompanied by a series of his famous quotes. One of these captures of the essence of
the present paper and the intolerable actions of the Genetics Panel. “The right to search for truth
implies also a duty; one must not conceal any part of what one has recognized to be true.” In a
retrospective statement some 40 years later concerning the actions of the BEAR I Genetics Panel, Crow
(1995) confessed that he and especially Muller exaggerated the dangers of low level radiation and
should accept significant blame for an irrational emphasis on such matters by the public and regulatory
agencies.
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Table 1. Trans generational estimations of the NAS BEAR I Genetics Panel – Subcommittee –
The values represent "the total genetic damage expected among all descendants (through 10
generations) of a single (i.e., first) generation exposure to 10r". Source: Crow, 1956b March 12, 1956 of
Crow to Weaver; Letter of Crow provided the four columns to the right.

Min to Max Range
(uncertainty range)

Minimum Most Probable Maximum Author

2,000 fold 100,000 2,000,000 200,000,000 Beadle
2,000 fold 100,000a 4,000,000 200,000,000 Glass
260 fold 250,000 5,000,000 72,000,000 Crow
100 fold 600,000 6,000,000 60,000,000 Sturtevant
100 fold 700,000 7,000,000 70,000,000 Russell
10 fold 2,500,000 10,000,000 25,000,000 Muller

a On May 21, 1956 Glass wrote to Weaver indicating that his minimum estimate was in error and should
be 200,000 rather than 100,000. He stated that the reason for the error was that he based his estimate
on 1 r rather than 10 r in his calculations. He stated that his most probable and maximum values were
correct. Coincidently, Crow (1956d) wrote to Muller on that same day (May 21, 1956) with copies to
Weaver and Glass indicating that Glass’s minimum estimate needed to be adjusted to a 10 r exposure
(rather than 1 r), which when normalized to a population of 108, his value was 100,000, the same as
Glass originally reported. No changes were needed for his most probable and maximum values. Thus,
the memo of Crow did not agree with the recommended change in damage estimate of Glass. This
technical point was not resolved since the Panel decided not to provide the Table in their final report/
Science paper based on a vote by the Panel on May 29, 1956. Note that Glass received the copy of
Crow’s letter as it was in his files. Glass’s May 21, 1956 (Glass 1956) letter explanation seems unlikely as
his original genetic damage estimates included values for both 1 and 10 r, with the expected 10 fold
damage difference.
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Commentary

Key Studies Used to Support Cancer Risk
Assessment Questioned

Edward J.Calabrese*

Environmental Health Sciences Division, Department of Public Health,
School of Public Health and Health Sciences, University of Massachusetts,

Amherst, Massachusetts

This paper reassessed studies conducted under
the leadership of Drosophila geneticist Curt Stern
which played a pivotal role in the acceptance of
the linear dose-response model by the U.S.
National Academy of Sciences Biological Effects
of Atomic Radiation (BEAR) I Committee and the
subsequent generalization of their recommenda-
tions on the linearity dose-response paradigm for
ionizing radiation and chemically induced can-
cer. The analysis finds serious concerns and
flaws in important aspects of these experiments,
their assessment, and interpretation. Of particular
concern was the failure of Stern’s group to pro-
vide the necessary and promised experimental

documentation to support the findings of three
critical summarized experiments published as a
brief technical note in Science. While this analy-
sis questions the validity of the reported findings
and their interpretations, it raises an even more
serious concern about the process by which
leaders in the radiation genetics community
accepted such findings without requiring the
necessary documentation and then used this
information to support the acceptance of the lin-
ear dose-response in public policy matters as
affected by risk assessment practices that have
continued to the present. Environ. Mol. Mutagen.
52:595–606, 2011. VVC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

The most important publication in the history of risk

assessment was the 1956 report of the U.S. National

Academy of Sciences (NAS), called the BEAR I report

[U.S. National Academy of Sciences, 1956]. It achieved

this distinction since it directly lead to a dose-response

revolution, convincing governments worldwide to replace

the threshold dose-response model for assessing the risks

of ionizing radiation on germ cells with the linear dose-

response model. The key conclusions of the BEAR I

report that changed the dose–response default status from

threshold to linear at low dose are embodied in the fol-

lowing two quotes on page 17 of that document:

‘‘Any radiation dose, however small, can induce some

mutations. There is no minimum amount of radiation dose

which might be exceeded before any harmful mutations

occur.’’

‘‘. . .if we increase the radiation that reaches the repro-

ductive glands by X percent, the number of mutations

caused by radiation will also be increased by X percent.’’

These dose-response conclusions proved not to be re-

stricted to a narrow biological question; they were gener-

alized to radiation-induced cancer one year later by the

National Committee on Radiation Protection (NCRP) (and

soon thereafter most international advisory organizations)

and then generalized again for all genotoxic chemical car-

cinogens by the U.S. NAS Safe Drinking Water Commit-

tee [National Academy of Sciences, 1977; Calabrese,

2009]. The key societal element in the linearity transfor-

mation was that the presumed safety of a threshold dose-

response model was replaced with an ‘‘acceptable risk’’

concept of a linear dose-response model. With linearity as

the guide for cancer risk assessment, no exposure to a
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carcinogen would be without risk, no matter how low or

seemingly inconsequential. The present paper re-examines

key publications directed by the eminent geneticist Curt

Stern, upon which the linearity decision was, in large

measure, based. The present analysis will demonstrate the

presence of serious scientific and evaluation flaws in these

papers along with a failure of the investigators to provide

critical methodological and complementary research find-

ings to validate their conclusions. This paper will also

demonstrate that these flawed and unsupported findings

were broadly accepted by key leaders in the genetics

community and played an important role in the accep-

tance of linearity at low dose by the BEAR I Committee

for radiation induced germ cell mutation and its general-

ization to cancer risk assessment for radiation and chemi-

cal carcinogens for use by federal and state regulatory

agencies in the context of legislative requirements.

THE BEAR I COMMITTEE

The key issue for the BEAR I committee as it was cre-

ated in April 1955 was making a scientifically based deci-

sion on whether radiation-induced germ cell mutation fol-

lowed a threshold or linear dose-response model. As the

BEAR I Committee began its deliberations, data from two

biological models (i.e., fruit fly and mouse models) would

have its primary interest. Considerable mutational data

also existed on plants, some of which was directly related

to the nature of the dose response. However, plant data

were not given the same high priority as the animal find-

ings in committee deliberations.

GERMCELL MUTATION: DROSOPHILA ANDMICE

The fruit fly has long been a staple of mutational research,

starting in 1910 when Morgan reported on naturally occur-

ring mutations and the later application of this concept by

Muller, who in 1927, showed that high doses of ionizing

radiation induced germ cell mutations [Muller, 1927].

Research on the effects of ionizing radiation on the mouse

genome, especially in the low dose zone, occurred later. For

example, the U.S. federal government, under the Manhattan

Engineering District (MED), initiated large scale studies dur-

ing World War II, starting in 1943 under Donald Charles at

the University of Rochester. What came out of this massive

effort was disappointing as Charles published only a single

3.5 page note (lacking study methods) [Charles, 1950]. For-

mer members of his group published a similarly brief review

of the overall work in 1961, six years after Charles died of

leukemia [Charles et al., 1961]. This substantial investment

on mouse germ cell mutation research, involving more than

250,000 mice, had no noticeable impact on the BEAR I

Committee. Starting much later was mouse research under

Russell at Oakridge National Laboratories. While Russell

generated data in the early 1950s, the dosages were high, in

part due to model insensitivity, causing frustration about

whether new and more sensitive models were needed to pro-

vide insight on the nature of the dose response in the low

dose zone for radiation-induced germ cell mutation [Jolly,

2003]. According to Rader [2004], Russell’s mouse studies

by themselves were ‘‘literally unusable for determining ac-

ceptable risk’’ at the BEAR I meetings.

The focus of the scientific debate at this critical time

over whether ionizing radiation induced germ cell muta-

tions in a threshold or linear manner would be contested

with fruit fly data obtained largely following treatment of

mature sperm [Oftedal, 1964]. With its three decade head

start Drosophila research had the most data and numerous

geneticists studying ionizing radiation induced mutations.

Thus, there was considerable insight into the nature of the

animal model, its advantages and limits, how studies were

designed, what they might yield, how they could be ana-

lyzed, and their relevance to humans. Based upon

research with this Drosophila mature sperm model sys-

tem, the genetics community would conclude and promote

the belief that genetic damage caused by exposure to ion-

izing radiation was linear, cumulative, and deleterious.

This perspective was confirmed, consolidated, and signifi-

cantly extended in a series of highly influential studies

under the direction of Curt Stern.

THE STERNSTUDIES

The center of dose-response study was the laboratory

of Curt Stern, a professor of genetics at the University of

Rochester since 1939 before moving to the University of

California at Berkeley in August 1947. The Stern studies

were of considerable importance because they were part

of a major funded activity of the MED/Atomic Energy

Commission (AEC), were directed by a leader in the

genetics community, were assessing responses at the low-

est doses of ionizing radiation yet tested and offered the

best opportunity to clarify the nature of the dose response

for germ cell mutation. They would be key studies for not

only the scientific community but governmental advisory

and regulatory organizations in the U.S. and worldwide

for occupational, medical, and environmental risk assess-

ment and for broader atomic policy considerations.

There were three general research projects to assess the

nature of the dose response for ionizing radiation under

the direction of Stern, each lead by a different person.

The first project was lead by Warren P. Spencer, a profes-

sor on leave from the College of Wooster, with nearly 20

years research experience with Drosophila. The second

project was directed by a senior entomological behavioral

geneticist researcher, Ernst Caspari. The third project was

not originally planned but created after unexpected find-

ings from the Caspari study which challenged a linearity

dose-response interpretation. The third project was given
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to a recent graduate of Russell Sage College, Delta E.

Uphoff, a new master’s student at the University of Roch-

ester. The data collection of the three projects ran sequen-

tially: Spencer’s from December 1944 to June 1945, Cas-

pari’s from October 1945 to August 1946, while Uphoff’s

initial experiment, a partial replication of the Caspari

experiment, ran from September 1946 to April 1947. Dur-

ing the summer of 1947, Uphoff [Uphoff and Stern,

1947] conducted another experiment at the University of

Rochester, a ‘‘chronic’’ (i.e., 21 day) exposure to gamma

rays. The final Uphoff experiment was performed at the

University of California at Berkeley in the first half of

1948. Muller was an official consultant to the series of

projects, providing the Muller-5 strain flies which were

not susceptible to crossing-over genetic alternations. He

also guided the group on breeding practices, data interpre-

tation, and manuscript refinement.

SUPPORT FOR A THRESHOLD DOSE RESPONSE:
THE CASPARI ANDSTERNSTUDY

Caspari and Stern wrote a manuscript describing their

investigations for the AEC [Caspari and Stern, 1947]. This

manuscript was classified by the U.S. government until Au-

gust 12, 1947, after which it was submitted in November

1947 to the journal Genetics, where Stern was the editor

and published [Caspari and Stern, 1948]. While these two

manuscripts of Caspari and Stern [1947 1948] are nearly

identical, with no differences in the data tables, there are

some important changes. In the Caspari and Stern [1947]

paper, Hermann J. Muller is not included in the Acknowl-

edgments but he is included in the Acknowledgments of

Caspari and Stern [1948]. The most significant change

between the two manuscript versions is that a key sentence

in the Conclusion of the 1947-AEC [Caspari and Stern,

1947] version was dropped in the 1948 version [Caspari

and Stern, 1948]. The sentence is a follows: ‘‘From the
practical viewpoint, the results presented open up the pos-
sibility that a tolerance dose for radiation may be found,
as far as the production of mutation is concerned’’ (page
15). This change suggested support for a threshold dose

response and will be discussed later. The Spencer research

was published [Spencer and Stern, 1948] in Genetics fol-

lowing its declassification (i.e., March 5, 1947).

Spencer’s research under the direction of Stern assessed

the effects of X-rays on sex-linked recessive lethality in

Drosophila males from short term (2–40 min) exposures

(i.e., 10–96 r/hr). The cumulative doses ranged from a

high of 4,000 r to the lowest then yet tested of 25 r. The

study indicated a dose-response relationship that sup-

ported a linearity interpretation.

Caspari’s research under the direction of Stern assessed

the effects of gamma rays (i.e., radium needle) on Drosoph-

ila sex-linked recessive lethality. In contrast to the Spencer

and Stern [1948] study, females were mated and exposed to

radiation (2.5 r/day) for 21 days with sperm stored in the

female’s spermatheca. Cumulative doses were similar

between the studies, both �50 r. The females were fed a diet

that suppressed egg laying during the 21 day irradiation ex-

posure and then placed on a diet and altered environmental

conditions to facilitate egg laying and development. The

Caspari and Stern study using the aged sperm showed no

statistically significant treatment effect, findings supporting a

threshold rather than linear model. This finding created a sig-

nificant problem for Stern and Muller, both strong advocates

of a linear at low dose risk assessment model.

SUPPORT FOR THE THRESHOLDMODEL IS A‘‘PROBLEM’’

The findings of Caspari and Stern [1948] were of consid-

erable interest since they provided support for the threshold

dose-response model at the lowest dose rate of ionizing

radiation yet tested. A draft manuscript was shared with

Muller in early November 1946. Muller immediately recog-

nized their significance, challenging the linear perspective;

within a week he suggested that this experiment be repli-

cated even though he noted that he had no reason to dispute

the work of Caspari [American Philosophical Society,

1946]. Despite his knowledge of these novel findings, the

credibility of the investigators and his own role as a consul-

tant to Stern’s research, one month later, on December 12,

1946, Muller would deliver his Nobel Prize Lecture,

unequivocally affirming the validity of the linear dose-

response model and claiming still further that there was no

excuse any longer to accept a threshold perspective

[Muller, 1946]. During this same time period, Caspari also

sent a copy of his findings to the Milisav Demerec, the in-

fluential head of genetics at the Cold Spring Harbor.

According to Caspari, Demerec was not pleased that his

data challenged a linearity perspective, even suggesting

ways to circumvent this problem and to ‘‘save the hit

theory’’ [American Philosophical Society, 1947a].

So strong were mounting concerns over the challenge

to linearity that even Stern suggested to Caspari that his

data must be in error, due to spuriously high control

group values [American Philosophical Society, 1947b].

High control group responses would likely preclude the

detection of the radiation induced mutation effect at such

low dose rates. However, a search of the published litera-

ture by Caspari indicated that his mutation frequency was

in agreement with the observations of others, including

very experienced Drosophila geneticists. Stern was finally

forced to withdraw his control group mutation frequency

criticism after Muller provided him with a large body of

control group data for aging Drosophila sperm, confirming

the observations of Caspari.

The ‘‘final’’ version of the Caspari and Stern manu-

script [1948], as noted above, removed the sentence in

the Conclusions which had suggested a tolerance or
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threshold for the production of ionizing radiation induced

sex-linked recessive lethal mutations. In addition, the

entire discussion strangely, but strategically, centered on

why there was no radiation treatment effect in the Caspari

and Stern study [1948], whereas there was no questioning

the Spencer and Stern findings [1948] even though both

studies used the same cumulative dose. While this is a

legitimate area of inquiry, the authors knew from the start

that these two studies were fundamentally different and

not directly comparable. Despite the use of profoundly

different research methodologies between the two studies,

Caspari and Stern [1948] concluded by asserting that

before their findings could be accepted it would be neces-

sary to exclude all factors that differed between the

Spencer and Stern [1948] and Caspari and Stern [1948]

studies that could have lead to the lack of a treatment

effect in the Caspari and Stern paper [1948]. This was an

extraordinary statement. To notify the scientific commu-

nity not to accept the findings of your research unless and

until future research would convincingly demonstrate that

none of the methodological differences between the two

studies could account for the observation was highly un-

usual. It should be noted that more than six decades later

most of the methodological differences remain unex-

plained. The extensive experimental differences between

these studies are documented in Table I.

DIFFERENCES BETWEEN THE SPENCER AND
CASPARI STUDIES

Spencer and Stern exposed male fruit flies to x-rays,

with the entire dose administered over a few minutes,

with the flies held in plastic vials and reared at 248C. In
contrast, the Caspari and Stern study exposed females

with stored/aging sperm to the same cumulative dose over

21 days in stored glass vials at 188C at a dose rate about

1/6,000 to 1/15,000 of the Spencer and Stern treated flies.

The control data in the Spencer and Stern study [1948]

were poorly matched for their 50-r treatment group (i.e.,

the key treatment group comparison with the Caspari and

Stern study [1948]. In fact, Spencer and Stern [1948] had

two 50-r treatment subgroups. The control mutation rate

was averaged over 70 weeks of observation while the 50-

r treatment subgroup 1 was only tested over 11 weeks,

about 15.7% of the control group’s experimental duration.

The 50-r subgroup 2 was exposed over 45 weeks (i.e.,

61% of the control group experimental duration). The two

50-r subgroups were administered the x-rays with a dose

rate that inexplicably differed by about 1.722.5-fold. The

mutation data from both 50-r subgroups were then com-

bined into one 50-r treatment group for all group effects

without providing any information about the responses of

the two subgroups. Considerable data from Caspari and
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TABLE I. Differences Between Spencer/Stern (1948) and Caspari/Stern (1948)

Spencer/Stern Caspari/Stern

Exposure: X-rays Exposure: gamma rays (radium needle)

Animal Model: males exposed prior to mating Animal Model: females exposed after mating

Exposure Duration: acute exposure (minutes) Exposure Duration: chronic exposure (21 days)

Dose Rate: �15,000-fold greater than Caspari Dose Rate: �1/15,000 of Spencer

Plastic vials to hold flies Glass vials to hold flies

Temperature: 248C Temperature: 188C
Diet: cornmeal molasses Diet: honey yeast agar

Age (males): �7 days, most 2–4-days old Age (males): �5 days

Controls poorly matched with treatment exposure period. Controls closely matched with treatment exposure period.

Temperature Control: poor, highly variable based on external conditions. Temperature Control: good

50-r treatment group: 2 groups with different dose rates and exposure

periods all combined.

A single 50-r treatment group; all treated similarly.

Mold Control: used Moldex throughout study. Possibly less Moldex used in the 21 day radiation exposure period due

to the lower temperature (188C vs. 258C).
Not corrected for lethal clusters. If so, the treatment group (50 r) used

would have had its mutation rate decrease by 28% versus 4% for

controls.

Corrected for lethal clusters. No differences between control and

treatment.

Control radiation exposure not given. Control radiation exposure reported as 0.6 r.

50-r treatment group had 20,400 less flies than the Caspari experiment.

The study was not designed to affect the occurrence of lethal clusters. The study was designed to minimize the possibility of lethal clusters.

F0 Breeding Protocol Differed: 40 females/40 males; females – 2-days

old

F0 Breeding Protocol Differed: 50 females/100 males; females �16-

hours old.

Radiation Exposure Condition Differed: 20 males/capsule; no food in

capsule

Radiation Exposure Condition Differed: 50 females/capsule; food in

capsule.

Lethal Designation Protocol Differed: Used 6 heterozygote females in F2
generation to identify lethality.

Lethal Designation Protocol Differed: Used 2 female heterozygotes in F2
to identify lethality.

A single wild-type male offspring lead to a designation of a viable

culture.

A single wild-type male offspring lead to a designation of a semi-lethal.
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Stern [1948] and Uphoff and Stern [1947] had demon-

strated large monthly variation in control group mutation

rates. Such a lack of matching of control and low treat-

ment groups as well as the lack of matching by the two

50-r subgroups themselves calls into question the validity

of the Spencer and Stern [1948] study for the low dose

groups. These critical methodological limitations were

never discussed by Spencer and Stern [1948] nor in any

of the subsequent papers that have assessed the dose-

response findings of Spencer and Stern [1948]. Despite a

lack of an explicit discussion of how such methodological

weaknesses affected their interpretations, Spencer and

Stern [1948] nevertheless noted that ‘‘at low dosages in
the range of 25 r and 50 r . . .the control mutations may
equal or exceed in number those produced by the radia-
tion [by normal variation]. It is therefore important to col-
lect a large body of control data and to collect these data
in so far as possible at the same time and with the same
environmental and genetic conditions as the radiation
data to reduce errors from control fluctuation to a mini-
mum.’’ The comparison of the control and 50-r treatment

group data by Spencer and Stern [1948] did not satisfy

their own methodological criteria. In contrast to the

Spencer and Stern study [1948], the control and treatment

group data collections were properly matched in the Cas-

pari and Stern study [1948]. Consistent with the above-

quoted perspective of Spencer and Stern [1948], in the

Caspari and Stern study [1948], the control group dis-

played higher mutation rates than the 52.5-r treatment

group during three of the eight treatment months, indicat-

ing that natural background variation for this mutational

endpoint can be larger than a possible treatment effect at

low dose.

The Spencer and Stern study [1948] also used a fruit

fly diet that was intentionally different than that used by

Caspari and Stern [1948]. The Caspari and Stern diet

1948] was honey yeast agar while that of Spencer and

Stern [1948] was cornmeal molasses agar. The reason for

the change to honey yeast agar was to suppress egg laying

during the 21-day radiation treatment. In addition to egg-

laying suppression this diet also affected other parameters

with differences in the percent of sterile females (31.0 6
1.7 honey yeast agar vs. 42.2 6 2.7 cornmeal molasses)

and the average number of F1 females per culture (12.1

6 0.42 honey yeast agar vs. 19.27 6 1.27 cornmeal mo-

lasses). Furthermore, in the 11 weeks of collecting data

on the 50-r treatment subgroup the x-ray machine was

checked only once, yet at most other times in the study it

was checked on a weekly basis. Since the authors mention

the occurrence of errors in dosimetry, it is not possible to

detect the degree of error over the 11-week exposure pe-

riod for one of their 50-r treatment subgroups.

Other differences between the two studies should also

be noted. The studies used opposing strategies for sperm

selection. Caspari and Stern [1948] selected males that

were �5-days old whereas Spencer and Stern [1948]

selected for males that were �7-days old. The younger

male selection would tend to yield sperm with higher

mutation rates. Spencer and Stern [1948] noted that there

was inadequate temperature control at different seasons of

the year. The experimental test cultures used for the

detection of lethals were held on open shelves in a labora-

tory cabinet. The authors noted that there were wide fluc-

tuations in room temperatures at different times of the

year (December–June). These temperature differences

were said to have affected a number of processes, includ-

ing, for example, the time for emergence of the flies in

the culture. The temperature differences also clearly had

important mutation implications as certain mutants can

behave as semilethals at one temperature and as lethals at

another temperature. According to these authors, failure

to control temperature may adversely affect the accuracy

of the mutation scoring. They noted that if the cultures

had been reared at a constant temperature a larger group

of semilethal and delayed emergence mutants with visible

effects could have been included in the totals, increasing

mutation totals by 10% or more. In contrast to this con-

cern in the Spencer and Stern study [1948], temperature

control was tightly maintained in the Caspari and Stern

experiment [1948].

Another difference between these two experiments was

that lethal clusters were identified and removed in the sta-

tistical analysis of the Caspari and Stern experiment

[1948] as shown in [Uphoff and Stern, 1947, 1949],

whereas this was not done in the Spencer and Stern study

[1948] or even in the later reporting of its data [see Uph-

off and Stern, 1949]. While adjusting for the lethal clus-

ters had no effect on the outcome of the Caspari and

Stern study [1948], it would have had an impact to reduce

the treatment response in the Spencer and Stern study

[1948] by several percent. However, the authors never

indicated how such an adjustment would have affected

hypothesis testing or its impact dose-response modeling.

It should be noted that Caspari did raise the question of

why his data were being adjusted for the occurrence of le-

thal clusters by Uphoff but those of Spencer were not in a

letter to Stern [American Philosophical Society, 1949].

Stern never addressed the pointed question of why

Spencer’s research was treated differently only that it was

a needed adjustment for his work. Finally, it is also possi-

ble that the two experiments used different amounts of

mold suppressant (Moldex) since Spencer and Stern

[1948] conducted their experiment at 248C, whereas the

Caspari and Stern [1948] study was performed at 188C
during the 21 days of irradiation.

Given the large number of differences in experimental

protocol between the two studies as well as missing, mis-

matched, and recombined data in the Spencer and Stern

[1948] paper, there is little justification to speculate on

why the results in one study were different than the other,
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while holding acceptance of the Caspari and Stern [1948]

study in abeyance. Yet the discussion of Caspari and

Stern [1948] created in effect a type of scientific

‘‘Strawman’’ yielding impossible to resolve questions

before dose-response findings supporting a threshold

could be considered ‘‘valid.’’ In retrospect, the discussion

was misdirected and inappropriate. However, with Stern

as the editor of Genetics, this manuscript, with its obfus-

cated discussion, was fast tracked into publication, all

with the encouragement of Muller [American Philosophi-

cal Society, 1947c]. It also had the benefit (whether by

design or accident) of ‘‘buying time’’ for Uphoff and

Stern to complete a replication of the Caspari and Stern

study and providing a diversion for Muller’s Nobel Prize

Lecture comments concerning the impossibility of a

threshold response when he knew that data existed that

could refute his statements.

UPHOFF’S REPLICATIONOF THE CASPARI AND
STERN STUDY

The findings of the Uphoff experiment that was

designed to replicate the study of Caspari and Stern

[1947] were included along with the summary data of two

other experiments in a brief note in Science [Uphoff and

Stern, 1949]. However, an insight into the thinking that

motivated this research as well as how the authors viewed

the data is seen in their 1947 publication for the AEC

files [Uphoff and Stern, 1947]. Following the Caspari and

Stern study [1947], Uphoff and Stern [1947] replicated

that work as closely as possible except that the exposure

to the gamma rays was over 24 hr rather than the 21 days

of the Caspari and Stern [1947] study. In their data evalu-

ation, Uphoff and Stern [1947] adjusted the control and

treatment group responses of Caspari and Stern [1947] for

lethal clusters. This resulted in a modestly decreased con-

trol group mutation rate from 0.2738 to 0.2489 and simi-

larly so for the radiation treatment group mutation rate

(i.e., 0.3118–0.2848). Such changes did not affect the sta-

tistical analysis/conclusions of the Caspari study but were

performed to make the two studies as comparable as pos-

sible. In contrast to the Caspari and Stern experiment

[1947, 1948], a significant treatment effect was reported

by Uphoff and Stern [1947].

What could account for these two studies yielding a

different finding besides the obvious differences in expo-

sure rate? First, the mutation rates of the radiation treat-

ment groups between the two experiments were similar

(Caspari, 0.2848; and Uphoff, 0.2542), being within 11–

12% of each other. The principal difference between the

two studies was the control mutation rates (Caspari and

Stern, 0.2438; Uphoff and Stern, 0.1682). The Uphoff and

Stern [1947] control was nearly 40% lower than the Cas-

pari and Stern control [1947].

Uphoff and Stern [1947] addressed these differences by

first refloating the proposition that the controls of Caspari

and Stern [1947] displayed an abnormally/spuriously high

mutation rate. However, as discussed above, this was not

supported in several studies [Rajewsky and Timofeeff-

Ressovsky, 1939; Ray-Chaudhuri, 1944; Kaufmann, 1947]

showing that as sperm age they develop more sex-linked

recessive lethal mutations, with similar mutation rates as

were observed by Caspari and Stern [1947]. Furthermore,

since Muller sent Stern substantial data which supported

the findings of Caspari and Stern [1947], the Uphoff and

Stern criticism [1947] of Caspari and Stern [1948] was

withdrawn. The data indicated that it wasn’t that Caspari

and Stern [1947] had an unusually high control group

mutation rate but rather that Uphoff and Stern’s control

[1947] was unusually, perhaps aberrantly, low. Statistical

testing revealed that it was significantly different from the

Caspari and Stern findings [1948]. In their conclusion,

Uphoff and Stern [1947] stated that ‘‘in view of the for-
mer results on chronic irradiation (i.e., the Caspari and
Stern experiment [1947], as well as the fact that the con-
trol rate of the present report is unexpectedly low, a final
interpretation of the results cannot be offered.’’ Of further
interest in the report was the statement of potential ob-

server bias (i.e., presumably Delta E. Uphoff and not Curt

Stern). On page 3 (bottom), it is stated that ‘‘the earliest
control value is particularly low, and the question may be
raised whether at this initial stage of the project it may
reflect a personal bias of the experimenter.’’ In the final

analysis there was no clear answer whether there was bias

to see a lower control to detect a treatment effect, lack of

research experience or simply chance variation. However,

in an ironic twist, it should be noted that in 1928 Muller

reported his own failure to establish a control mutation

rate for the same lethal recessive sex-linked trait, attribut-

ing it to ‘‘inexperienced persons’’ in his laboratory

[Muller, 1928].

THE SCIENCE JOURNAL PUBLICATION: STERN’S
META-ANALYSIS

The findings of Uphoff’s three experiments were pub-

lished as slightly more than a one-page technical note in

Science [Uphoff and Stern, 1949]. The authors promised

to provide a detailed follow-up paper with the study

methods, analysis procedures, and other data. However,

no follow-up paper was ever published despite Stern’s

continued leadership in the field. In contrast to Uphoff’s

initial experiment, the first of Uphoff’s two remaining

experiments attempted to closely replicate the earlier Cas-

pari study, now using aged sperm within a so-called

chronic exposure of 21 days. The treated flies showed a

0. 2834 mutation rate which was similar to the other

52.5-r exposures, whether the exposure was acute or
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chronic. However, the control group mutation rate was

again problematic, being inexplicably low at 0.1765. No

manuscript has been found that was submitted to the AEC

on experiment two during the fall of 1947 as was done

with the acute experiment of Uphoff. The third and final

Uphoff experiment followed the Caspari design except

that the dose was about double (100 r vs. 52.5 r) that

used by Caspari. This experiment displayed a control

mutation rate of 0.2352, a value similar to the original

Caspari and Stern mutation rate [1947]. It also reported a

significant treatment effect consistent with a linear inter-

pretation. Before we address the issue of Uphoff’s aber-

rant controls, let us consider the third experiment.

Uphoff and Stern [1949] made a key assumption in the

assessment of their 100-r follow-up experiment. They

decided that its results could be most reliably compared

against the observed mutation rate per r based on the

Spencer and Stern study [1948]. These authors reported

that such a mutation rate per r was about 0.002%. If this

mutation rate were applied to the 100-r experiment of

Uphoff and Stern [1949], the control mutation rate of

0.2352 would increase by about 0.20% to 0.4352, a value

close to the observed 0.4658, a finding consistent with a

linear model. This interpretation played a pivotal role in

the conclusions offered in the Uphoff and Stern paper

[1949].

The critical flaw in this interpretation of Uphoff and

Stern [1949] was due to the numerous experimental dif-

ferences between it and the Spencer and Stern study

[1947] that could affect mutation rates. The best choice

for a standardized comparison for the Uphoff and Stern

[1949] 100-r experiment would have been the Caspari and

Stern paper [1948] since it was not only essentially identi-

cal to that of the 100-r experiment of the Uphoff and

Stern study [1949] it also had considerably greater statisti-

cal power.

While supporting most strongly a threshold interpreta-

tion, the data of Caspari and Stern [1948] was not incon-

sistent with a linear model. That is, there was a nonstatis-

tically significant increase in the mutation rate of about

11.5% (based on the seven months of direct matching of

control and treatment groups). If the 11.5% increase was

assumed to reflect a linear dose-response relationship

(although not detectable as a significant treatment effect

in hypothesis testing) and applied to the 100-r study, a

mutation rate of 0.3100 would have been predicted based

on its control value of 0.2352. These estimates are far

below the 0.4352 mutation rate of Uphoff and Stern

[1949]. In fact, the rate of increase of Uphoff and Stern is

2.66-fold greater than that predicted for a linear response

using the Caspari and Stern study [1948], an increase that

would be highly unlikely at this dosage [Edington, 1956].

Such an aberrant response could have reflected a third

case of an ‘‘unexpected’’ response by Uphoff. Two earlier

experiments resulted in ‘‘unexpectedly’’ aberrant control

group values, enough so that both Uphoff and Stern

[1947] even discounted their attempt to challenge the Cas-

pari experiment. These data also need to be viewed within

a framework that their documentation was never pub-

lished. Thus, there has never been a bonafide basis for

relying on it.

Despite these experimental inconsistencies, Uphoff and

Stern [1949] concluded that ‘‘it appears’’ that irradiation
at low dosage induces mutations in fruit fly sperm. One

sentence later they reached the general conclusion that

there is ‘‘no threshold below which irradiation fails to
cause mutation.’’ Given the importance of this conclusion

the scientific bases were too limited and inadequate. Just

how did Uphoff and Stern [1949] come to this conclu-

sion.

To achieve this goal, Stern had to marginalize Caspari

and Stern [1948] even further than attempted in its own

constraining discussion while at the same time repackag-

ing the discredited Uphoff and Stern [1947] paper. This

latter point was important for two reasons. First, a revital-

ized Uphoff and Stern paper [1947] would discredit Cas-

pari [Caspari and Stern, 1948]. Secondly, if Uphoff and

Stern [1949] could convince their peers that the aberrantly

low control group was normal variation, it would also

provide support for the second experiment of Uphoff,

again with an aberrantly low control group. Uphoff and

Stern [1949] failed to disclose or cite their Uphoff and

Stern [1947] AEC paper which concluded that these data

were un-interpretable due to the aberrantly low control

mutation rates. This 1947 AEC paper also had asserted

the validity of the Caspari and Stern [1947] control group

mutation rate. Their 1947 AEC paper [Caspari and Stern,

1947] was truncated in AEC archives with negligible or

no circulation within the scientific community. In fact,

their 1947 AEC paper has never been cited until now. Of

importance is that the mutation rate with the aging sperm

was estimated to rise by 0.05–0.08%/week [Uphoff and

Stern, 1947]. Over three weeks this would yield an

increase of 0.15–0.24% on top of a background of

�0.10%. This would lead to an estimated mutation rate

of 0.25–0.34%, a value consistent with the Caspari data.

These findings and the interpretation of their 1947 AEC

paper were disregarded by Uphoff and Stern [1949]. They

then used the Science paper to assess whether the Caspari

and Stern [1948] paper failed to detect a treatment effect

due to ‘‘errors of sampling,’’ a nuanced version of spuri-

ously high control values. Thus, the same ‘‘challenge the

control group’’ strategy was used again, although it had

been previously asked and addressed in detail about a

year before with no new findings having emerged to chal-

lenge it. Next came the major change in their perspective.

Uphoff and Stern [1949] now asserted that their controls

were not aberrant but part of the norm. In this way, their

uninterpretable data became interpretable. They were now

able to minimize and even discredit further the findings
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of Caspari and Stern [1948] while promoting the accep-

tance of their discredited experiment and enhancing the

linearity interpretation.

The question was whether Stern would be able to pull

off this scientific slight of hand without any debate or

controversy. It is a bit like science’s version of the fa-

mous ‘‘follow the pea game.’’ In this case we are trying

to follow the studies. In fact, he did pull it off. Subse-

quently published papers by leading researchers indi-

cated that he was indeed successful in this strategy. For

example, Higgins [1951] stated that low levels of radia-

tion produced mutations in fruit fly sperm and that the

apparent inconsistency of previous results (i.e., Caspari

and Stern [1948] were due to different experimental

techniques and ‘‘errors in sampling’’ by Caspari and

Stern [1948]. No evidence was produced to support this

now accepted conclusion. The use of the term ‘‘errors in

sampling’’ was lifted straight from Uphoff and Stern

[1949]. It is not clear where the basis of the statement

of errors in experimental techniques came from as there

was no documentation to support it. Likewise, Singleton

[1954] stated that Uphoff and Stern [1949] demonstrated

that the controls of Caspari and Stern [1948] were spuri-

ously high and that there actually was a treatment effect

at 2.5 r/day. This statement of Singleton [1954] was of

considerable value as he had been the leading opponent

of the linearity perspective within the geneticist commu-

nity. In effect, this statement by Singleton [1954]

cleared any remaining path of resistance to the accep-

tance of Uphoff and Stern [1949] just prior to the con-

vening of the BEAR I Committee. The data however

clearly contradicted the conclusion of Caspari and Stern

[1948]. In fact, it is odd that Caspari never responded

with a letter to the editor to present the data that would

have easily countered this view. Uphoff and Stern

[1949] had now, in effect, rid themselves of the Caspari

‘‘problem,’’ as Stern referred to the Caspari and Stern

[1948] findings, in a letter to Edward Noviski [American

Philosophical Society, 1948]. They made it ‘‘disappear’’

by wrapping it in a 1949 version of a meta-analysis

of only their data, redefining what was the norm for

control variation and never providing data to support

this position.

The continued success of the Stern strategy may be

seen in publications after the completion of the BEAR I

Report. The future Nobelist EB Lewis in 1957 published

a profoundly influential article in the journal Science
arguing that ionizing radiation induced leukemia with a

linear dose response. In this paper, Lewis [1957] used the

findings of Stern and his colleagues to reinforce his posi-

tion as follows:

Gene mutation has long been known to show a linear

relationship with respect to dose of ionizing radiation

from studies with Drosophila. This linearity has been

extended by Spencer and Stern [1948] to doses of 50

and 25 roentgens. Gene mutation is also known to be

directly proportional to the accumulated dose of radia-

tion, even when the radiation is chronically adminis-

tered at a relatively low dose rate, as in the studies of

Uphoff and Stern [1949].

A further comment was published by James V. Neal

[1958], member of the BEAR I Committee. He also used

the Stern findings to assert his belief in the linearity dose-

response paradigm. He stated that ‘‘In 1927, Muller for
the first time clearly demonstrated the mutagenic effects
of ionizing radiation. The first work on this subject was
done with rather considerable doses of radiation, but,
during the past decade, it has been demonstrated to the
satisfaction of most geneticists that in the fruit fly, Dro-
sophila, the mutagenic effects of radiation extend to doses
as low as 25 to 50 r Spencer and Stern [1948]; Uphoff
and Stern [1949]. Inevitably in work of this type the ques-
tion of a ‘threshold’ arises. For technical reasons, it is
rather difficult and extremely laborious to study the
genetic effects of x-ray doses very much lower than 25 r
in higher organisms, and no one has clearly demonstrated
the mutagenic effects of doses below this level. On the
other hand, in the face of all the evidence concerning the
straight line relationship between dosage and mutation
production, to me today the burden of proof is clearly on
him who assumes that there is a threshold as regards the
mutagenic property of x-rays.’’

Similar perspectives have been expressed by other lead-

ers in the radiation research community. For example,

writing in JAMA, Norwood [1958] noted that ‘‘Spencer
and Stern, using more than 50 million flies, showed that
genetic damage was proportional to dosage in the impor-
tant range of 25 to 50 r.’’ It is also notable that none of

these authors who highlighted the Spencer and Stern

[1948] and Uphoff and Stern [1949] research ever

acknowledged the findings of Caspari and Stern [1948] in

accordance with the recommendations of the discussion

of Caspari and Stern [1948] that their findings will not be

accepted until differences between their findings and

Spencer and Stern [1948] be resolved.

CONCLUSIONS

General

(1). Curt Stern assumed that the linear dose-response

model was accurate and critically important for pub-

lic policy. Consequently, Stern directed his scientific

efforts to ensure that experiments challenging a linear

at low dose perspective would need a higher degree

of scientific proof, being subjected to greater efforts

at replication and more scrutiny than results that sup-

ported a linearity perspective.
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(2). This conclusion is supported by (a) the decision to

only replicate the findings of Caspari and Stern

[1948] and not the Spencer and Stern paper [1948]

which supported the linearity perspective, (b) the

assertion that the Caspari and Stern findings could not

be accepted until it could be determined why they dif-

fered from that of Spencer and Stern; (c) the repeated

attempts to challenge the findings of Caspari under

the assumption that the control group data was spuri-

ously high despite substantial data to the contrary; (d)

attempts to enhance the credibility, mask the criticism

and further the acceptance of the series of Uphoff

experiments; and (e) failure to adjust the Spencer and

Stern study [1948] for lethal clusters as was the case

for the Caspari and Stern research [1948].

(3). The actions displayed by Stern raise questions about

whether and to what extent philosphopical/ideological

perspectives may have influenced his science. The

present analysis suggests that he used his very ele-

vated reputation, his associations with other leaders

in the genetics field, his relationship with key jour-

nals such as Science, and the complexity of his

research to mask his intentions and activities. He was

successful in achieving his goal of ensuring accep-

tance of the linear model via these multiple manipu-

lations and obfuscations as they reinforced similar

biases within the genetics community.

(4). The data from Spencer and Stern [1948] and Caspari

and Stern [1948] were actually in close agreement on

the nature of the dose response in the low dose zone,

even though one more strongly supported linearity

and the other a threshold interpretation. In both stud-

ies, it was clear that at the low doses tested they

were close to the limits of detection of a treatment

effect. In fact, Spencer and Stern [1948] noted that it

was not uncommon for control mutation rates to

exceed those seen at 25 and 50 r, due to background

variation. In a similar fashion, in three of the eight

months of the Caspari study, the controls displayed a

higher mutation rate than the treatment group. These

observations indicate that in this low dose area both

studies found it difficult to distinguish treatments

from controls. A treatment effect could become stat-

istically significant when a control group yielded an

uncharacteristically low value, something that could

happen by chance. This possibly happened in the

Uphoff replication of Caspari. The control response

was about 40% lowered than expected, leading to the

significant treatment effect. Although the control

mutation rate was so low in the Uphoff replication

experiment, Stern was initially committed to using it.

However, the literature research of Caspari which

disputed the Stern position and the surprising and co-

pious data of Muller forced him to back down, even

though only temporarily.

(5). While the evidence is circumstantial, it appears that

Stern was determined to suppress the acceptance of

the Caspari study. The discussion of Caspari and

Stern [1948] was, in retrospect, a professional oddity

despite its scholarliness, yet this discussion was

endorsed by Muller, another strong proponent of line-

arity. When viewed within the framework of promot-

ing the acceptance of linearity at low dose, the deci-

sion was another example of Stern placing a road

block in the path of acceptance of the Caspari data

while trying to appear reasonable and objective.

(6). Even the case of Spencer and Stern [1948], a study

that most geneticists of that era could support, had

serious methodological issues that challenge the va-

lidity of its low dose findings. Nonetheless, both the

authors themselves and the genetics community failed

to note weaknesses that are obvious in retrospect.

(7). The Stern papers represent a case study for assessing

scientific findings within a broader societal context.

Stern was an accomplished scientist but his actions

suggest strong ideological tendencies. While this his-

torical reassessment has academic interest, the princi-

pal significance is that the actions of Stern manipu-

lated the scientific appraisal and the quality of the

scientific record on the issue of the dose-response

default model, the results of which were to change

the course of risk assessment throughout the world

for the next 60 years.

Specific

(1). The Caspari and Stern study [1948] supported a

threshold dose response. The changing of its conclu-

sion from its initial publication by the AEC [Caspari

and Stern, 1947], and the misdirecting of its discus-

sion appears to have been designed to prevent a fair-

minded consideration of this possibility.

(2). In Uphoff and Stern’s attempt [1947] to replicate the

Caspari and Stern study [1947, 1948], the control

group was ‘‘unexpectedly’’ low, leading the authors

to deem the study findings as uninterpretable. This

rejection of the study data by Uphoff and Stern

[1947] was never revealed in subsequent publications

of Stern and colleagues. It was to a large extent hid-

den in the archives of the AEC.

(3). The Uphoff and Stern technical note [1949] in Sci-
ence included three experiments—two with aberrant

control values and one with an aberrantly high treat-

ment group response. The authors never explicitly

addressed the aberrant responses and their earlier

documentation (see Uphoff and Stern, 1947) which

supported the aberrant control group interpretation.

They simply reversed their position, without ever

mentioning this action, incorporated the discredited

data into their 1949 meta-analysis to support a linear-
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ity interpretation [Uphoff and Stern, 1947]. Promised

documentation to support these studies was never

provided.

(4). Uphoff and Stern [1949] also incorrectly used the

Spencer and Stern [1948] publication as the gold

standard comparison for the Uphoff and Stern 100-r

experiment to validate a linearity prediction. There

was no justification for its use in this manner given

the extensive protocol differences between the two

studies.

(5). Important new limitations have been identified in the

Spencer and Stern paper [1948]. This study failed to

properly match control exposure periods with those

of the key low dose comparison group (e.g., 50 r). It

employed two 50-r subgroups with differing matching

periods with the control and with different dose rates.

Yet these authors combined the data of the two sub-

groups to make a single 50-r treatment group without

providing any data to justify this course of action.

Detailed control mutation rate data of Caspari and

Stern [1948] and Uphoff and Stern [1947] demon-

strated wide monthly variability and strongly

supported the need to closely match control and treat-

ment exposure periods. The Spencer and Stern study

[1948] also explicitly reported poor temperature con-

trol which they indicated adversely affected the accu-

racy of mutation rates. The scoring criteria of

Spencer and Stern [1947] for lethality was to some

extent admittedly subjective. Yet, the scoring was not

single or double blinded. Since there was a strong

belief in the linear model and its affirmation, the pos-

sibility of a bias may be raised. These findings raise

important questions concerning the validity of conclu-

sions concerning low dose responses in the Spencer

and Stern [1947] paper, yet they were ignored in the

meta-analysis of Uphoff and Stern [1949]. The limita-

tions of the Spencer and Stern paper [1948] may also

reflect the high likelihood that this manuscript was

published without peer review. This 68-page, highly

detailed manuscript, was formally received by Genet-
ics on November 25, 1947, and published in January

1948(6) The conclusion of Uphoff and Stern [1949]

that ‘‘there is no threshold below which radiation
fails to induce mutations’’ was insufficiently sup-

ported and therefore not justified.

Lingering Questions

Stern’s (and Uphoff’s) broad and unequivocal conclu-

sion [Uphoff and Stern 1949] was as surprising as it was

unjustified, possibly due to the significance of the scien-

tific and societal implications. Trying to make sense out

of the Stern conclusion is disquieting and may lead to dis-

cussion which can be both speculative and judgmental.

There are some questions to consider:

� Why did Uphoff and Stern [1949] transition from a

very tentative statement that low doses of radiation

‘‘may’’ increase mutation rate but then offer such an

unequivocal general conclusion supporting linearity

regardless of how low the dose was?

� Why did Stern determine it was best to publish a one

page technical note in Science, knowing the experimen-

tal details that lay beneath a brief conclusionary ori-

ented summary?

� How did Stern go from dismissing the findings of Uph-

off and Stern [1947] in the replication of Caspari and

Stern [1948] to including it positively in his weight of

evidence perspective of Uphoff and Stern [1949]?

� Why didn’t Uphoff and Stern [1949] inform the Sci-
ence readership that the key data used in their analysis

had been recently discredited by them after a detailed

documentation of control group mutation incidence?

� Did Uphoff really agree with Stern on the key general

conclusion? Or was she somehow forced to agree?

� Why didn’t Caspari challenge the de facto dismissal/

ignoring of his findings?

� Why didn’t Stern raise any concern with the spuriously

high treatment response in the 100-r Uphoff study?

� Why did Stern use the Spencer and Stern [1948] study

as the gold standard for comparison with the Uphoff and

Stern [1949] 100-r study, knowing the long list of exper-

imental protocol differences between the two studies?

� Why did the ‘‘replication’’ study of Uphoff and Stern

[1947] reduce the sample size by about 40% and expect

to detect a treatment effect at low dose?

� Why didn’t Uphoff and Stern [1949] follow through

with their stated commitment to provide the detailed

paper documenting their methods, materials, and other

relevant data?

� Was there ever a real commitment to publish the fol-

low-up detailed paper or was this simply part of a

broader plan of floating the conclusion in the world’s

most visible scientific journal?

� Why did Science decide to publish a one page note and no

methods, with only a promise by the authors that they would

provide such information in a subsequent publication?

� Why did Stern apparently approve the highly unusual

criticism of possible experimental bias by Uphoff possi-

bly leading to the low control values [Uphoff and

Stern, 1947]?

� Why didn’t Spencer and Stern [1948] display their

weekly/monthly mutation rates for the controls and

treatments as did Caspari and Stern [1948] and Uphoff

and Stern [1949]?

� Did Stern misuse his role of journal editor in the publi-

cation of the Caspari and Stern [1948] paper?

� Why did the genetics community accept the undocu-

mented findings and general conclusions without

demanding that Stern follow through with his commit-

ment to provide the detailed paper?
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� Why didn’t Caspari and Stern [1948] list even more

potentially important differences between the studies

that they would claim have to be ‘‘explained.’’

� Wouldn’t the threshold model still be unacceptable to

Stern if the Uphoff and Stern study [1947] had sup-

ported the Caspari and Stern study [1948]? This would

not have answered why the Spencer and Stern [1948]

and the Caspari and Stern [1948] studies differed.

� Why would Stern apparently not submit the Spencer

and Stern and the Caspari and Stern manuscripts for

peer-review?

Final Thoughts

The scientific community had a major stake in the

assessment of studies published by Stern and colleagues

concerning the nature of the dose response of ionizing

radiation in the low dose zone yet remained strikingly

silent over this matter. Despite the centrality of these

findings and their broad acceptance by the scientific

community, there were numerous concerns with the

goals of the experiments, the capacity of the study

designs to resolve key scientific questions, how the data

were and were not reported, the scientific basis of con-

clusions, the publication of these papers, and finally

how such findings should affect policy and risk assess-

ment activities. The Stern Affair deserves a more

detailed reassessment based on its central importance in

the development of risk assessment policies and proce-

dures and whether these may have been affected by de-

ceptive actions by esteemed scientific leaders of the

genetics community.

While this article questions several important scien-

tific decisions by Curt Stern, such questioning is not

intended to challenge his ethics, as he was highly

regarded by his peers for his scientific and personal in-

tegrity [Bern et al., 1985]. Furthermore, there are also

important limitations in the historical record that lead to

informed but, nonetheless, speculative interpretations

about the basis of some of Stern’s actions. This is espe-

cially the case since it is not possible for Stern to

explain his actions/decisions. Nonetheless, the important

and challenging questions remain about the judgments

of Stern, raising the broader question of whether this

series of scientific decisions were the result of what

happens when one’s science becomes affected by trans-

cience concepts which in this case is what we now call

the ‘‘precautionary principle.’’ This issue raises a fur-

ther serious and general concern as ideology-driven sci-

ence represents a type of ‘‘intellectual’’ virus that can

undercut the integrity of data-driven processes needed

to guide critical societal decisions, and it can do so

very effectively in a disguised and difficult to discern

manner, as appears to be the case with the history of

low dose linearity.
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A B S T R A C T

This paper proposes that generic cancer risk assessments be based on the integration of the Linear Non-

Threshold (LNT) and hormetic dose–responses since optimal hormetic beneficial responses are estimated

to occur at the dose associated with a 10−4 risk level based on the use of a LNT model as applied to animal

cancer studies. The adoption of the 10−4 risk estimate provides a theoretical and practical integration of

two competing risk assessmentmodels whose predictions cannot be validated in human population studies

or with standard chronic animal bioassay data. This model-integration reveals both substantial protec-

tion of the population from cancer effects (i.e. functional utility of the LNT model) while offering the

possibility of significant reductions in cancer incidence should the hormetic dose–response model pre-

dictions be correct. The dose yielding the 10−4 cancer risk therefore yields the optimized toxicologically

based “regulatory sweet spot”.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The assessment of cancer risks from exposure to ionizing radi-

ation and chemical carcinogens by regulatory agencies worldwide

is typically performed via the use of linear at low dose modeling.

The linear non-threshold (LNT) approach for cancer risk assess-

ment was first proposed for cancer risk assessment by the U.S.

National Committee for Radiation Protection and Measurement

(NCRPM) in 1958, following the recommendation of the U.S. Na-

tional Academy of Sciences (NAS) Biological Effects of Atomic

Radiation (BEAR) I Genetics Panel to switch from a threshold to a

linear model for assessing genomic risk from ionizing radiation in

1956 (Jolly, 2003; Whitemore, 1986).

The LNT approach was later adopted by regulatory agencies start-

ing in the late 1970s assessing risks for chemical carcinogens in all

media (e.g. air, water, food and soil) (National Academy of Sciences

(NAS), 1977). The initial transition from the threshold to the LNT

approach in the mid 1950s was made prior to the discovery of DNA

repair, adaptive responses with chemical mutagens and ionizing ra-

diation, apoptosis, pre-conditioning and the resurgence of the

hormetic concept, all of which could affect the shape of the dose

response in the low-dose zone. The clarification of different mecha-

nisms of action for carcinogens has encouraged the development

of cancer risk assessment methods that incorporate knowledge of

species specificity and threshold. These approaches are often em-

ployed by the U.S. EPA and FDA and most European authorities for

non-genotoxic carcinogens (Page et al., 1997;Whysner andWilliams,

1992; Williams, 2001; Williams et al., 2012).

These developments have challenged the theoretical and mech-

anistic basis of the LNT, along with the recognition that

epidemiological methods are in effect not capable of detecting risks

below twice the normal background (Taubes, 1995). Furthermore,

the massive mega-mouse study that used 24,000 animals was only

able to estimate risk at the 1% level (ED01 study) (Bruce et al., 1981).

Similar limitations were reported for a cancer bioassay study with

>40,000 trout (Bailey et al., 2009). These methodological limita-
tions along with the more recent developmental insights on the

plethora of adaptive mechanisms that act at low doses have re-

vealed limitations of the LNT model.

2. Developments

The dose–response model that has been shown to have biolog-

ical plausibility, especially in the low dose zone, is hormesis, a

biphasic dose–response. Current interest in hormesis can be traced

back to the research of Thomas Luckey on radiation hormesis (Luckey,

1980) and on chemical hormesis by Tony Stebbing (Stebbing, 1982).

These researchers stimulated the electric power utilities of Japan
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and the U.S. to conduct the first hormesis conference in August, 1985.

These three events reactivated interest in the hormesis concept.

Since the initial hormesis conference mentioned here, multi-

ple books have been published on hormesis (Calabrese, 1992, 1994;

Costantini, 2014; Elliott, 2008; Luckey, 1992; Mattson and Calabrese,

2010; Rattan and LeBourg, 2014; Sanders, 2010; Stebbing, 2011).

Also, many chapters on hormesis in toxicology and pharmacology

texts have been produced; hormesis has been the focus of more than

a dozen conferences; multiple symposia at major society meet-

ings have addressed hormesis. It is the subject of more than 2000

scientific publications in peer-reviewed journals, and the object of

more than 30,000 citations in the Web of Science/Knowledge. Ex-

tensive documentations of hormetic dose responses have been

summarized from a large and continuously updated database

(Calabrese and Blain, 2005, 2009, 2011).

The hormetic dose–response was also found to make more ac-

curate predictions than the LNT or threshold dose–response models

in head-to-head comparisons using large, independent data sets

(Calabrese and Baldwin, 2003; Calabrese et al., 2006, 2008). De-

tailed mechanisms of 400 hormetic dose responses have recently

been summarized (Calabrese, 2013). Additionally, the hormetic dose

response therefore has been demonstrated to be highly generaliz-

able, being independent of biological model (i.e., phylogenetically

diverse – from bacteria to humans; in vitro and in vivo), level of bi-

ological organization (i.e., cell, organ and organism), endpoint,

inducing agent and mechanism.

3. Objective – Integration

Based on these features, it has been proposed that the hormetic

dose–response should become the default model for risk assess-

ment for both carcinogens and non-carcinogens. The hormesis

database provides strong evidence that dose–response relation-

ships for carcinogens (e.g., DDT, dioxin, multiple PAHs, ionizing

radiation) and non-carcinogens typically display hormetic dose re-

sponse patterns with similar quantitative features. While this line

of argument has beenmade (Calabrese, 2004), this is not the purpose

of this paper. The present paper proposes a “practical” and straight-

forward harmonization of both the LNT and hormetic models for

cancer risk assessment. As is customary in such convergences,

common ground is sought by various entities (e.g., regulatory agen-

cies and regulated industries), while differences are still recognized

and will remain unresolved for now.

We see the following reasons why integration of both models

would be beneficial. First, if hormesis describes low-dose expo-

sure impacts of chemicals/ionizing radiation more accurately than

the LNT-model does, then the regulatory authorities should apply

the best that the toxicological sciences have to offer. The hormetic

dose response requires rigorous study designs in order to be prop-

erly evaluated, with large numbers of doses, with proper dose

spacing, and often within a dose–time framework. When such data

are available, the hormetic dose response has far outperformed the

threshold and linearity dose response model for accuracy in esti-

mating low dose effects (Calabrese and Baldwin, 2003; Calabrese

et al., 2006, 2008).

Second, considering the developments in analytical chemistry,

increasingly lower levels of chemicals can be detected. We have

entered the realm of atto- (part per quintillion; 10−18) and zeptomoles

(part per sextillion; 10−21) of detectable analytes (Pagnotti et al.,

2011). Consequently, the unspoken ‘logic’ of the LNT-model infers

that a ‘clean bill of health’ can never be truly given (Hanekamp et al.,

2012). The technology-driven stringency of regulation in the context

of the LNT-model can be attenuated with the aid of the biphasic

dose–response model. As a result, regulatory expenditures will be

reduced along with benefit optimization (Keeney, 1997).

Third, the biphasic dose–response model underscores the ben-

eficial adaptability of organisms’ responses to chemical exposure,

whereby regulation that expresses the functional integration of both

the LNT and hormetic models is better able to address society’s fears

of carcinogen exposure.

4. Integration – Roadmap

How then do we envision this integration, that is, the harmo-

nization of the hormesis and LNT dose response models for cancer

risk assessment? The reconciliation of these two divergent models

can surprisingly be made in a direct and uncomplicated fashion.

1) The key aspect of the hormesis/LNT convergence is that when

risks are based on chronic animal bioassay studies, the optimal

protective effects (i.e., reduction in tumor incidence for the

affected below the control group) is predicted to occur at the

same dose at which the LNT predicts 10−4 risk.

2) To achieve this value, the hormetic-based approachwould first

estimate a 1% response from the animal bioassay via a BMD-

typemethodology.When this derived-dose is divided by factor

of 100, it yields slightly less than a risk of 10−4. This was shown

to be the case for ten highly diverse data sets by Gaylor (1989).

The hormetic risk assessment methodology of Calabrese and

Cook (2005), which is optimized at the same dose that the

LNT estimates a 10−4 risk level, predicts benefit while the LNT

estimates enhanced cancer risk.

3) We propose that cancer risk assessment adopt an accept-

able risk of 10−4 using the LNT model since this dose would

also yield the optimal hormesis dose response benefit. This

dose is the so-called regulatory “sweet-spot” that provides

substantial protection against theoretical low dose risks that

are far below the detection of even the most demanding epi-

demiological and toxicological studies/methods, while

including benefits predicted by the hormetic dose response

model (Fig. 1). This approach would also have the signifi-

cant societal benefit of affecting a profound reduction in costs

(i.e., financial and predicted adverse health), markedly af-

fecting cost/benefit analyses.

4) In a population of one million people, the 10−4 risk predicts

100 people (i.e., 106 people × 10−4 risk = 100) affected with an
organ-specific cancer (e.g., lung, kidney, bladder, etc.) by some

deleterious agent that is added to the background for cancer

of that organ (Fig. 1). Assuming a 25% tumor background
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Op�mized Benefit/Hormesis (9,350  bladder tumors)

10-4 Risk/LNT (12,599 bladder tumors)

Background (12,500 bladder tumors)

Fig. 1. Functional integration of hormesis and LNT for carcinogen risk assessment;
derivation of the optimal regulatory strategy.
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incidence, 250,000 of the one million people would be pre-

dicted to develop tumors. If the organ in question was

responsible for 5% (e.g., bladder) of the above 25% (i.e., 250,000

people), it would represent 12,500 of the 250,000 people with

cancer (i.e., 0.25 × 0.05 = 0.0125) (0.0125 × 106 = 12,500). Many
organ-specific tumors, including the bladder, affect about 3.5

to 6.0% of the tumor occurrence (National Cancer Institute

(NCI), 2014), thus the use of 5% for an organ like the bladder

would be a reasonable expectation. Organs affecting a notably

higher proportion of people (e.g., about 16–18% per cancer

type) are those cancers of the lung, breast and prostate. The

100 newly affected people with chemically induced bladder

cancer are then randomly distributed among the entire pop-

ulation of one million. This suggests that 25% of the 100 will

already be in the process of developing a background tumor,

with about 5% of those already targeted for a “spontane-

ous” bladder tumor (0.25 × 0.05 = 1.25%). The net result of
background (i.e. spontaneous) and tumor-induction via a

chemical carcinogen at 10−4 is 12,500 (“background”) plus 100

new chemically induced cases (i.e., 12,500 + 100 = 12,600)
minus 1 due to spontaneous and induced bladder tumors in

the same individuals. This would yield a total of 12,599 in-

dividuals with bladder cancer. The hormetic benefit is likely

to affect both background and induced tumor incidence, re-

ducing their incidence by roughly 25% (Calabrese and Blain,

2011), lowering the predicted total number of affected people

(12,500) by about 3150. There can be other situations in which

the chemical may affect multiple organs with different tumor

backgrounds and induced tumor incidence, affecting the

nature and complexity of the assessment. For example, in the

case of dioxin, it was shown in the Kociba et al. study (Kociba

et al., 1978) that has been widely used for cancer risk as-

sessment that hormetic effects appear to occur in multiple

organs (i.e., Females: liver, ovary, uterus, cervix/vagina,

mammary, pituitary and adrenal; Males: liver, pulmonary, pi-

tuitary, pancreas and adrenal). In such cases it may be possible

to select that dose which displays the lowest overall tumor

incidence for risk assessment purposes. In theory, this type

of situationmay be predicted to have a greater beneficial effect

than described for the bladder cancer. However, it would not

be unexpected for the optimal effect to vary by organ. Using

a financial metaphor, the convergence of the LNT/10−4 risk and

hormesis methodologies permits the protection of one’s “prin-

ciple” (i.e., impossible to detect chemically-induced increase

in cancer risk) while adding considerable benefit (i.e., large

reduction in cancer risk for those affected organs). This com-

promise strikes an optimized balance in which there is a very

low theoretical risk increase and a very high theoretical

benefit. Choosing a 10−6 acceptable risk would reduce 99 of

the 100 theoretically affected people while eliminating the

possible hormetic benefit. This type of strategy would prevent

the possibility of beneficial effects, which could be substantial.

5) The example presented above addresses the risk of a single

complete carcinogen. However, humans live in a highly

complex environment involving exposure to a vast array of

complete carcinogens, tumor promoters, chemoprotective

chemicals and physical agents, all superimposed on dynamic

metabolic processes, numerous adaptive mechanisms and

complex exposure dynamics. Predicting cancer incidence of

complex mixtures from experimental and epidemiological

studies is problematic, if not impossible. A very limited, sim-

plified and yet mechanistically oriented approach to assess

complex carcinogenic mixtures is the toxic equivalent factor

(TEF) that assumes additive processes that act identically (e.g.

same receptor) for similarly grouped agents (e.g. dioxins, PAHs

and PCBs). The TEF concept was integrated within a LNT per-

spective. Epidemiological evaluations of complex mixtures

reveal the failure of predictions of animal studies to predict

human responses. For example, a cup of coffee contains >1000
chemicals of which approximately 30 have been tested for

cancer. Of these the majority were carcinogenic in standard

rodent model testing. Each cup of coffee contains >10 mg of
rodent carcinogens, with American adults drinking three cups

per day (Ames and Gold, 2000; Gold et al., 1992). The situ-

ation gets more complex as more carcinogens are added via

the roasting process. However, despite such exposures to

natural and roasted process-related carcinogens, compre-

hensive epidemiological studies reveal neutral or beneficial

effects from lifetime coffee drinking depending on the organ

(Bohn et al., 2014; Crippa et al., 2014). Thirty-two occupa-

tional epidemiological studies (i.e. case–control – 19 studies;

cohort – 13 studies) of gasoline exposure which is a highly

complex and variable mixture of >500 saturated/unsaturated
hydrocarbons revealed no pattern or clear association between

gasoline and any cancer (Keenan et al., 2010). Furthermore,

dose responses of complexmixtures [e.g. petroleum (Laughlin

et al., 1981), waste-water treatment effluents (De Nicola et al.,

2004; Mendoza-Figueroa, 1973; Walsh et al., 1982), complex

organochlorinemixtures (Aube et al., 2011)] over a broad dose

response often conform to an hormetic dose response. These

findings support the conclusion that complex mixtures can

induce hormetic dose responses and can be evaluated within

the framework proposed here.

6) An important implication of model uncertainty is that it has

the potential to undermine and challenge the use of LNT in

toxic tort litigation cases. The acknowledgement of substan-

tial and unresolved uncertainty in risk assessment may

preclude causation judgments with low dose exposures. In

fact, the use of LNT in toxic tort cases in the United States has

been successfully challenged in numerous litigations

affecting ionizing radiation, asbestos as well as chemical car-

cinogens, principally due to its lack of validation capacity,

inconsistency with published findings and the recognition of

substantial adaptive mechanisms that undermine an LNT in-

terpretation (Milward v. Acuity Specialty Products Groups, Inc,

2013; Sutera v. Perrier Group of America Inc, 1997; Whiting

v. Boston Edison Co, 1995).

5. Discussion

The search for public health common ground via the integra-

tion of opposing risk assessment models is a new approach in the

process of risk assessment harmonization. It permits the strengths

of opposing perspectives to be incorporated into a unified risk as-

sessment approach. It is recognized that estimates of low risk is a

speculative activity, especially when the data are derived from high

dose toxicology studies and that there is no current practical way

around this limitation. The present recommendation is viewed as

substantially conservative, creating the opportunity to benefit from

the induction of adaptive responses while recognizing and incor-

porating model uncertainty into the risk assessment process. We

believe that this is a sound foundation upon which to base envi-

ronmental public health policy.

The precautionary principle, which is at the core of modern gov-

ernmental environmental health policies, is founded on a

toxicological assumption that lower is always safer/better and that

zero exposure, especially for carcinogens, is the goal [maximum con-

taminant level goal (MCLg)] as seen for EPA drinkingwater standards.

The precautionary principle was strongly influenced during its for-

mative development by belief in LNT predictions. Harmonizing of

the LNT and hormesis dose response models can provide a vehicle

not only for cancer risk assessment but also a novel means, along
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with a more biologically based foundation, to guide a broad range

of precautionary principle applications.
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Introduction

It was recently discovered that the 1946 Nobel Prize Lec-
ture for Biology and Medicine by Laureate Hermann 
J. Muller misled the audience on the nature of the dose 
response in the low-dose zone concerning the effects of 
ionizing radiation on germ-cell mutagenicity to advance 
an ideologically motivated risk assessment policy (Cala-
brese 2011a, b, 2012). Evidence to support this conclu-
sion is found in Muller’s own words from letters he sent 
to Professor Curt Stern of the University of Rochester, an 
expert in radiation genetics. Stern sent Muller a manu-
script by Ernst Caspari and himself on November 6, 1946, 
for review as Muller was a paid consultant to the project 
(Calabrese 2011c). This manuscript demonstrated sup-
port for a threshold dose response, while challenging the 
linear dose-response single-hit mutagenicity mechanism 
model, based on an extensive study of ionizing radiation on 
mutation in the germ cells of male fruit flies. On Novem-
ber 12, 1946, Muller acknowledged receipt, noting that the 
findings strongly challenged the linearity dose-response 
concept and, given their importance, needed to be rep-
licated as soon as possible (Calabrese 2011c). This long-
term study used the lowest ionizing radiation dose rate yet 
reported. Despite this new information, Muller would go 
on to deliver his Nobel Prize Lecture some 5 weeks later 
(December 12, 1946), proclaiming that one could no longer 
consider the possibility of a threshold dose response for 
germ-cell mutagenicity. The only option, he argued, was to 
switch to a linearity dose-response model for risk assess-
ment (Muller 1946a).

Muller, of course, made these public claims while know-
ing that the most extensive and relevant testing supported 
a threshold interpretation. A letter from Muller to Stern 5 
weeks after the Nobel Prize Lecture (January 14, 1947) 
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confirmed his support for study replication, that he had no 
technical criticisms of the Caspari study, and supported 
publication especially in view of the caveats worked into 
the discussion, hopefully preventing acceptance of a thresh-
old interpretation (Calabrese 2012; Lilly Library 1947a, 
January 14 letter). In effect, Muller told the Nobel Prize 
Lecture audience one story while in private correspond-
ence he revealed a profoundly different view. According to 
his former student, friend, and colleague, Crow (1995), it 
was well known that Muller would try to win arguments by 
exaggeration and overstatement. Crow found this behavior 
exasperating as Muller would often end up hurting his case 
by unnecessarily misrepresenting facts and circumstances, 
incorrectly thinking it would help him win his argument. 
This same behavioral trait was evident at the Nobel Prize 
Lecture.

Before his Nobel Prize Lecture, Muller sought to 
raise concern over the public health implications of ion-
izing radiation and to change the risk assessment process 
for ionizing radiation from the use of a threshold dose-
response model to the far more conservative linear dose 
response. This goal was essentially shared by the entire 
radiation geneticist community. Following his Lecture, 
Muller would now have two goals: Protecting his reputa-
tion by ensuring that his misleading comments would not 
be discovered while still aggressively pushing acceptance 
of the linearity agenda. Both goals were entangled; being 
such an important scientist and leader any fall in Muller’s 
status would have a devastating impact on the acceptance 
of the linearity dose response, especially if it involved an 
ideological misrepresentation about the linearity concept. 
Muller achieved both goals due to decisions of Stern that 
discredited the findings of his colleague and co-author 
Ernst Caspari, thus saving Muller from criticisms about 
his Nobel Prize Lecture while supporting the question-
able findings of Delta Uphoff, another co-author. Mul-
ler’s misleading comments and the Stern’s apparent data 
obfuscations would not be revealed for more than 60 years 
while the linearity acceptance goal by regulatory agencies 
worldwide was attained. The present paper extends the 
recent reports of Calabrese (2011a, b, 2012) with newly 
discovered findings that demonstrate a carefully focused 
and timed set of inexplicable scientific judgments by Mul-
ler concerning the nature of the dose response. These 
actions reinforced his Nobel Prize Lecture comments and 
the actions of Stern that enhanced the goal of achieving 
a switch from threshold to linearity. This paper also dem-
onstrates the profound impact of the Stern/Muller actions 
on the radiation genetics community based on the scien-
tific publication record and dose–response recommenda-
tions/conclusions supporting a linearity dose–response risk 
assessment model by the highly influential NAS BEAR I 
Committee, Genetics Panel.

Part 1—Stern’s plan to promote linearity

Curt Stern was a long-time supporter of the idea that ion-
izing radiation affected germ-cell mutation in a linear dose-
response manner. He expected that this would be observed 
in studies he was directing under the aegis of the Manhat-
tan Project using fruit flies. While a linearity dose-response 
was reported in acute studies with X-rays (Spencer and 
Stern 1948), the most significant test would take place 
with the research of Ernst Caspari when gamma radiation 
would be administered up to a 13,200-fold lower rate than 
in the Spencer research. In a troubling development, Cas-
pari reported to Stern that his findings did not support a 
linear interpretation but rather a threshold dose response. 
Based on letter correspondence between Stern and Caspari, 
Stern initially refused to accept this interpretation, arguing 
that the mutation threshold response was most likely due 
to unusually high control group values (i.e., spontaneous 
mutations in sperm stored in the spermatheca of the female 
for 3 weeks) which masked a radiation-induced treatment 
effect (Calabrese 2011b). Caspari then researched this 
issue by exploring the literature and obtaining substantial 
unpublished data on this specific issue from Muller based 
on research during his appointment at Amherst College 
(1940–1945). Caspari argued that his control group muta-
tion data were not aberrant but consistent with the litera-
ture and Muller’s data for aged sperm whether stored in 
the spermatheca of the female or in the male. As a result 
of the Caspari analysis, Stern withdrew his objection and 
accepted the conclusion that the control group spontaneous 
mutation values were within the normal range. Since Stern 
could not dismiss the findings of Caspari due to the con-
trols, he then opted for an alternative but bizarre strategy to 
marginalize the threshold dose-response conclusion. Stern 
directed the manuscript discussion to explain why these 
data should not be accepted and utilized until it was deter-
mined why Caspari’s findings differed from those of Spen-
cer and Stern’s acute study which they claimed supported 
linearity. It was this manuscript of Caspari that was sent to 
Muller for review just prior to his Noble Prize Lecture.

It is odd that investigators reporting on striking new 
findings, using the most advanced methods and the low-
est dose rate yet studied, would demand the reader not take 
the data seriously. Stern placed no such restriction upon the 
Spencer paper, a study with considerable methodological 
limitations [e.g., inadequate control groups, inappropriate 
data combining for statistical analysis, lack of adequate 
X-ray instrumentation calibration, poor temperature con-
trol, and dose rates differing by as much as 10-fold (10 
and 100 r/min) between treatments, thereby creating two 
experimental variables within one experiment] (Calabrese 
2011b). Furthermore, there were at least two dozen signifi-
cant methodological differences between the two studies 



2065Arch Toxicol (2013) 87:2063–2081 

1 3

making them not directly comparable. Stern published the 
manuscript (Caspari and Stern 1948) with its misdirected 
discussion, without apparent independent, peer review in 
the journal for which he was the editor, that is, Genetics.

Comment

Based on this temporal sequence, it would appear that the 
principal driving force to challenge the Caspari findings 
that supported a threshold interpretation was his advisor 
and co-author, Curt Stern. It was Muller who indicated 
that the findings of Caspari needed to be replicated since 
they were contrary to a linear single-hit dose-response 
interpretation. Of particular note, however, was that the 
only changes made to the Caspari manuscript following 
the review of Muller was to add the name of Muller to the 
acknowledgments section and to remove the statement 
from the conclusion that the findings supported a tolerance 
or threshold interpretation (Calabrese 2011b).

Part 2—the replication studies

Since Ernst Caspari and Warren Spencer were no longer 
available to continue experimentation, Stern engaged the 
services of a Master’s student, Delta Uphoff, to assess why 
the Caspari study did not support a linear interpretation. 
The results of the initial experiment were deemed by Stern 
as not usable as her control group spontaneous mutation 
rate was strikingly low, being outside the expected range 
for aged sperm (~40 % lower than expected); no conclu-
sions could be drawn from the study (Uphoff and Stern 
1947). A similar very low control group spontaneous muta-
tion rate response for aged sperm in her second experi-
ment would also make such data uninterruptable. In her 
third and final experiment, Uphoff reported control values 
in the normal range for aged sperm but the radiation treat-
ment response was itself aberrant, far exceeding predicted 
responses assuming low-dose linearity (Calabrese 2011b).

Stern: What to do next

Finding a way to support linearity was the prevailing 
theme. For example, when Caspari had shared his data with 
the Head of Genetics at the Brookhaven National Labora-
tory and future member of the BEAR I Committee/Genet-
ics Panel, Milislav Demerec, he wrote to Caspari asking 
what can be done to save the single “hit” linearity dose-
response paradigm (Calabrese 2011b; American Philosoph-
ical Society 1947f, September 25). The “hit theory” for 
ionizing radiation-induced mutation was first postulated by 
Timoféeff-Ressovsky et al. (1935), providing a theoretical 

mechanistic foundation for the LNT dose-response model. 
Given his goals and ideology, Stern had little choice. 
Another experiment was not going to be practical as Uphoff 
would leave for a position with the NIH. In the absence of 
new data, Stern decided upon a new strategy to “save” the 
single-hit linearity dose response. In order to achieve this 
goal, he would have to do two things: (1) Reverse his posi-
tion on the Uphoff control group data, declare that they 
are normal, not aberrant, making the Uphoff experiments 
now interpretable and (2) challenge further the credibil-
ity and acceptance of the Caspari study (i.e., beyond the 
misdirected discussion of the Caspari/Stern paper). Stern 
took the bold action of asserting that the Uphoff control 
group data were part of the normal distribution. He offered 
no explanation or assessment of the literature to justify 
this conclusion. This would not be difficult as only very 
few people would have known about his earlier concerns 
with the Uphoff control group data, since the manuscript 
(Uphoff and Stern 1947) detailing such concerns was never 
submitted for publication but was placed in the Atomic 
Energy Commission (AEC) archives, initially as a classi-
fied manuscript. Thus, the written critique of the Uphoff 
control group data and letter communications on this topic 
were generally not known or available.

The Uphoff and Stern (1949) paper also raised a num-
ber of doubts about the Caspari paper such as whether its 
non-treatment effect/threshold finding was the result of 
“errors in sampling.” Given standard professional proto-
col, the “errors in sampling” hypothesis was a surprising 
and unexpectedly harsh challenge to the work of Caspari, 
a University of Rochester team member, especially since 
this criticism had never been raised previously by Stern, 
Muller, or others in previous detailed evaluations. In fact, 
there was never any documentation to support this possi-
bility. Further, Stern also raised the specter of the Caspari 
control being elevated by unnecessarily stating that his 
control group was higher than each of the controls of the 
three Uphoff experiments. Stern neglected to state that two 
of the Uphoff studies had aberrantly low control group val-
ues based on the published literature and Muller’s data. 
This decision by Stern would now make the Uphoff experi-
mental data “interpretable,” whereas several months before 
he judged it as “uninterpretable.” Also, the third Uphoff 
experimental control data were indistinguishable statisti-
cally from the Caspari control (0.2489 vs. 0.2352 %). Such 
actions helped to achieve the above-stated goals of enhanc-
ing the credibility of the Uphoff data while marginalizing 
the Caspari findings.

The Uphoff and Stern (1949) paper changed the way the 
Caspari data (Caspari and Stern 1948) were perceived and 
accepted by members of the scientific community. Below 
are quotes from several papers (Higgins 1951; Singleton 
1954a, b) and a dissertation (Jolly 2004) that address very 
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clearly how the Uphoff and Stern (1949) paper marginal-
ized the research of Caspari. Of particular significance is 
that the judgments drawn by each of these papers were fac-
tually and interpretationally incorrect.

Higgins (1951) stated that “Uphoff and Stern 
(1949)…concluded that low-level radiation does produce 
mutations in fruit-fly sperm and that the apparent inconsist-
encies of previous results were due to different experimen-
tal techniques and errors in sampling” (page 10, column 1).

Singleton (1954a) stated that “Caspari and Stern (1948) 
studying chronic gamma radiation found no increase over 
controls for doses of 2.5 r/day for 21 days. However, it was 
later documented by Uphoff and Stern (1949) that the con-
trols used by Caspari and Stern had an abnormally high sex 
linked lethal frequency and that actually there was an effect 
of the chronic gamma radiation of 2.5 r/day.” (page 599)

Jolly (2004) stated (1) that “Stern and Caspari initially 
detected no significant difference in the mutation rates on 
the controls and the irradiated flies, though later they cor-
rected for experimental errors and got a statistically signifi-
cant difference.” (pages 78–79) (2) “The results of Stern’s 
initial experiment failed to support the linear hypothesis for 
genetic injury. Assuming that something must have been 
wrong with the experiment, he eventually identified experi-
mental errors, which, when corrected for, supported linear-
ity.” (pages 80–81).

Caspari’s control group data were therefore once again 
challenged by Stern; the once aberrantly low controls 
of Uphoff were now seen as being in the normal range. 
With these changes, the dose response of the collective 
grouping of the Stern Drosophila experiments would 
appear linear. This is the conclusion of what Uphoff 
and Stern published in their one-page technical note in 
the 1949 Science article summarizing the Spencer and 
Stern (1948) and Caspari and Stern (1948) papers and 
the three Uphoff experiments. This 1949 paper, as noted 
above, did not include mention that the previous conclu-
sions (Uphoff and Stern 1947) about the Caspari and the 
Uphoff control groups that had been reversed by Stern 
and the role of the Muller data assessment in the deci-
sion-making process. Since the Uphoff and Stern (1949) 
brief technical paper lacked any information on research 
methods and other relevant data, the authors promised 
a detailed follow-up publication to correct this critical 
limitation, a promise never fulfilled. Given the lack of 
information provided in the Science paper and the pres-
tige of this journal, it raises a question about the circum-
stances surrounding its publication within this context. 
It should be noted that Hermann J. Muller’s first gradu-
ate student (i.e., H. Bentley Glass) became an editor at 
Science in 1948, only months prior to the submission 
of the Uphoff and Stern manuscript. Glass also had a 

relationship with Stern with whom he had been awarded 
a National Research Council post-doctoral fellowship at 
the Kaiser Wilhelm Institute in Berlin (Erk 2009). Since 
Glass was an expert on Drosophila radiation genetics, it 
is likely that he oversaw the evaluation of the manuscript. 
One must also question to what extent Muller/Stern may 
have exploited their relationship with Glass to facilitate 
the publication of such a limited paper and used the jour-
nal to advance an ideological perspective.

Muller’s post Nobel Prize dose–response comments 
about the Caspari and Stern (1948) study

Muller’s statement

In his 1950 article entitled “Some present problems in 
the genetic effects of radiation” in the Journal of Cellular 
and Comparative Physiology Muller (1950a) provided an 
explicit characterization of the Caspari and Stern (1948) 
findings. Muller stated on page 10 “A recent paper by 
Spencer and Stern…….extends the principle (i.e., one-
hit principle) down to total doses of 50 r and 25 r.” In the 
next paragraph, he stated: “It is true, in a parallel paper…
.Caspari and Stern have reported results somewhat deviat-
ing from the above.”

Comment

Muller trivialized the significant challenge of the Caspari 
study to the linearity dose-response paradigm. The key 
Muller phase concerning the Caspari data is “somewhat 
deviating”. The Spencer and Stern (1948) study involved an 
acute exposure, that is, all doses of radiation were admin-
istered within a few minutes to a few hours. In contrast, 
the Caspari and Stern (1948) study provided the same 
total dose as in the Spencer and Stern study but spread 
over 21 days, at a dose rate up to 13,200-fold lower. The 
“somewhat deviating” results were such that at the lower 
dose rate of the Caspari and Stern study, the data supported 
a threshold interpretation, not the expected linear propor-
tionality response. Muller was quite concerned with the 
Caspari study as it represented a potentially significant 
challenge to linearity, repeating this perspective in letters 
(Lilly Library 1947a, January 14; American Philosophi-
cal Society 1946, November 12) to Stern and emphasizing 
the need to replicate this study, despite the requirement for 
additional funding and the efforts of multiple scientists and 
staff for about 1 year. It is also important to note that Mul-
ler never mentioned any of the numerous methodological/
analysis limitations/flaws of the Spencer and Stern (1948) 
in any of his publications.



2067Arch Toxicol (2013) 87:2063–2081 

1 3

Muller’s statement

In footnote 1 on page 10 of the above-cited article, Mul-
ler (1950a) stated that “Uphoff and Stern have published 
a report of further work, with doses as low as 50 r, given 
an intensity as low as 0.0165 r per minute. The results 
obtained are entirely in conformity with the one-hit prin-
ciple. A consideration of these results, together with the 
early work, leads to the conclusion that the deviation first 
referred to (the Caspari and Stern 1948 findings) was 
caused by a value for spontaneous mutation rate that hap-
pened to be unusually high.”

Comments

Muller claims that the research of Delta Uphoff and Curt 
Stern is “entirely in conformity with the one-hit principle” 
(Timoféeff-Ressovsky et al. 1935). What Muller neglected 
to state was: (1) Uphoff’s first experiment displayed an 
aberrantly low control group response based on Muller’s 
own extensive data involving some 200,000 fruit flies 
(Muller 1946b). A letter from Curt Stern to Ernst Caspari 
(undated) (American Philosophical Society Undated, circa 
July-Aug 1947) addressed the control group issue. It states: 
“The radiation data continues to be puzzling. Delta’s dif-
ference between control and exper[imental group] appears 
to be due mainly to a much lower control group value than 
yours. However, Muller informs me that his data give an 
aged control value close to yours. Thus, my first idea that 
your results could be “explained away” by assuming that 
your control value happened to be unusually high, seems 
unlikely. Rather does Delta’s control appear too low. Well, 
we’ll have to meet.” Muller provided this information to 
Stern twice in letters dated February 3, 1947, and August 
4, 1947 (Lilly Library 1947b, c). It should be noted that 
the occurrence of increased mutations in aged sperm in 
the control group as reported by Caspari was not a new 
concept to Stern. In fact, when Timoféeff-Ressovsky first 
presented such data in the late 1930s, Stern corresponded 
with Demerec specifically addressing these findings. These 
letter exchanges reveal not only Stern’s knowledge of the 
findings, but also of his knowledge that the findings had 
been subsequently replicated (Lilly Library 1938a, b, c). 
The report of Rajewski and Timofeeff-Ressovsky (1939) 
on this topic would most likely have considerable scientific 
weight as Timoféeff-Ressovsky was on par with Muller for 
scientific reputation in the area of radiation genetics.

In the Atomic Energy Commission (AEC) manuscript 
by Uphoff and Stern (1947) concerning her replication of 
the Caspari study, the low response control group issue 
was explicitly addressed as follows in their “Discussion” 
section. “In his extensive studies on the effect of aging on 
the mutation rate in sperm, H.J. Muller (unpublished) has 

found a weekly increase of about 0.07 % for sex-linked 
lethals in various stocks kept at 25 °C. At 18 °C, the temper-
ature used for aging in the laboratory, the weekly increases 
may be assumed to be slightly less, perhaps 0.05 %. Taking 
a value of 0.10 %, similar to that of Spencer and Stern’s 
control rate, for sperm before aging, the expected control 
rate after aging should be approximately 0.25 %. This fig-
ure is much closer to the control rate observed by Caspari 
and Stern than to that found in the present work.” In their 
acknowledgments of this manuscript, Uphoff and Stern 
stated that “we are very grateful to Dr. H. J. Muller for his 
permission to quote from his unpublished data.” Thus, Mul-
ler would have known that his research was used to evalu-
ate the reliability of the Caspari and Uphoff control groups. 
The control group response of Uphoff and Stern (1947) 
was sufficiently low such that they stated that the data were 
uninterpretable (i.e., “a final interpretation of these results 
cannot be offered.”). Uphoff and Stern (1947) explicitly 
raised the possibility that the low control group values 
“may reflect a personal bias of the experimenter.” The man-
uscript did not identify whether the bias concern statement 
was directed to Stern, Uphoff or both, or the type of bias. 
(2) Uphoff’s second experiment also displayed a similarly 
aberrant low control group response, likewise affecting the 
possible utility of the data. (3) The third (and final) Uphoff 
experiment obtained control values in the normal range but 
an aberrantly high treatment response, even assuming a 
linearity dose response (see Calabrese 2011a for a detailed 
evaluation). “Appendix” section provides the temporal let-
ter exchange between Stern and Muller on the key ques-
tion of control group mutation frequency upon which the 
acceptance of the Caspari and Uphoff studies are based.

Muller (1950b) discredits the conclusion of Caspari 
and Stern (1948) by asserting that the control group val-
ues were unusually high. (1) Muller failed to state that 
the “high” control value of Caspari and Stern (1948) was 
first put forward as a criticism by Stern in the fall of 1946, 
when Caspari informed Stern that his findings supported a 
threshold, rather than a linearity interpretation. (2) He also 
did not report that Caspari successfully rebutted Stern by 
presenting data on control group responses from published 
studies in the literature and from unpublished data provided 
by Muller himself. Muller failed to state that he had pub-
lished a summary of the mutation rate of sperm stored in 
the spermatheca for several weeks (Muller 1945). This is 
the information that he sent to Stern that supported the reli-
ability of the Caspari control group data and marginalized 
the Uphoff study control group (see “Appendix” section). 
Later studies by Muller and his student Helen L. Byers at 
the University of Indiana also supported the Caspari control 
group mutation frequency (Byers 1954; Byers and Mul-
ler 1952). Nonetheless, Muller (1954b) would inexplica-
bly continue his criticism of the Caspari and Stern (1948) 
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study, repeating the “unusually high control frequency” 
(page 476) conclusion as a basis to reject its challenge to 
linearity. The question may be raised as to why Muller 
would directly contradict himself on such a serious mat-
ter and never be exposed to criticism. While any answers 
to this question must be speculative, Sankaranarayanan 
and Wassom (2008) unequivocally state that Muller was an 
“unquestioned authority,” suggesting that it would be quite 
difficult to challenge him or even consider doing so.

It should be noted that in early 1949, Muller became 
concerned that Robley Evans of MIT was publishing a 
paper in the journal Science on the mutagenic effects of 
ionizing radiation and the nature of the dose response in the 
low-dose zone. Muller had reviewed the manuscript prior 
to publication and was upset that Evans had given credibil-
ity to the Caspari and Stern (1948) paper. Muller wrote to 
Stern (Lilly Library 1949, February 5) requesting that Stern 
contact Evans and try to convince Evans to withdraw his 
support for the Caspari and Stern (1948) findings. There 
is no evidence that Stern did this based on correspondence 
records. However, it is possible that the subsequent attack 
of Muller (1950a, b) on the Caspari and Stern (1948) find-
ings was stimulated by this Evans paper (1949) which 
would need to be “neutralized.”

Muller (1954b) also further criticized the Caspari and 
Stern (1948) paper in a vague manner as being “more 
doubtful than the others on some other grounds” (page 
476), which he never clarified. Such criticism may have 
referred to the fact that Uphoff and Stern (1947) introduced 
a modified method of counting sex-linked recessive lethals, 
one that was different than reported by Caspari and Stern 
(1948) and also different than Spencer and Stern (1948). 
Uphoff and Stern (1947) recounted (i.e., adjusted) the Cas-
pari and Stern (1948) data with the new counting method 
in order for it to be as directly comparable to their study 
as possible. The results of those adjustments were deemed 
by Uphoff and Stern to be insignificant in their 1947 paper, 
resulting in control and treatment responses that were, in 
fact, even more similar than before the adjustment (i.e., 
without a treatment effect). The published paper of Caspari 
and Stern (1948) did not incorporate this adjustment (per-
haps resulting in the veiled criticism of Muller 1954a, b), 
whereas the Uphoff and Stern (1947) manuscript presented 
the original and adjusted data; only these adjusted data 
were used for the Caspari and Stern (1948) data as sum-
marized in the 1949 paper in Science by Uphoff and Stern. 
Regardless, the adjustment for differing lethality estimation 
techniques did not affect the study interpretation. In a letter 
on February 9, 1949, to Caspari in anticipation of the Sci-
ence publication, Stern (American Philosophical Society 
1949, February 9) stated that “It will be shown below (the 
Science manuscript) that the difference in defining a lethal 
is of no significance in the evaluation of the results.”

In his 1950 papers, Muller never addressed any of these 
critical issues that might affect a decision on the nature of 
the dose response (Muller 1950a, b). He also failed to state 
that the Uphoff and Stern (1949) paper was only a one-page 
summary, has very low control group values, no presenta-
tion of research methods and that Uphoff and Stern (1949) 
promised to publish a detailed paper with all the missing 
methods and data but had not (and never did). By discredit-
ing the Caspari and Stern (1948) paper and restoring the 
Uphoff data, Muller was able to protect his scientific repu-
tation, his ethical standing and to give strong support to the 
linearity single-hit theory dose-response model.

In a second paper in 1950 entitled Radiation Damage 
to the Genetic Material in the American Scientist, Mul-
ler (1950b) used the findings of Stern and his colleagues 
to extend “the principle of proportionality of mutation fre-
quency to dose down to doses of 50 r and 25 r and of less 
than 0.001 r per minute, with a time-intensity relation dif-
fering by over 400,000 times from that of our high intensity 
dose.”

Comment

By using the now revitalized data of Uphoff, Muller made 
the claim of linearity over a 400,000-fold dose range. This 
was a major conclusion as it gave an assertion of linearity 
at low dose by a Noble Prize winner who had great author-
ity within the field. Furthermore, Stern (1960) continued to 
affirm the findings of Uphoff and Stern (1949) in the sec-
ond edition of his acclaimed genetics textbook, published 
in English, German, Japanese, Polish, Russian, and Spanish 
(American Philosophical Society 1973, November) (auto-
biographical statement), by stating that the dose rate had no 
impact on the mutation incidence in Drosophila, whether 
administered acutely or given “slowly and continuously, that 
is, ‘chronically,’ given over a long period.” In order for Stern 
(1960) to have reached this conclusion, he had to diminish 
the findings of Caspari and Stern (1948) and accept those 
of Uphoff and Stern (1949). A further note is that the Mul-
ler (1950b) paper contradicted his 1950a paper on the dose 
rate: The two papers used a different lowest dose rate: 0.001 
r/min (Muller 1950b) versus 0.00165 r/min (50 r/30240 min 
in 21 days) (Muller 1950a)—a 65-fold difference. Muller 
(1950b) rounded down the 0.00165 r/min rate to 0.001 r/
min, increasing the extrapolation range from approximately 
250,000- to 400,000-fold. Why Muller rounded the num-
bers down is not known, nor was it necessary. Secondly, if 
rounding was to occur it would normally have been rounded 
up to 0.002 r/min. This action of Muller reveals an effort 
to exaggerate the linear extrapolation range. Third, Muller 
(1950b) makes an error in his statement that the linearity 
was shown with a dose rate “less than 0.001 r per minute” 
when the actual value was 0.00165 r/min.
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Impact of the Stern and Muller deceptions

Effect on the radiation genetics literature/community

In the aftermath of his Nobel Prize Lecture, Muller pub-
lished his Lecture in the Journal of Heredity in 1947 
(Muller 1947), assuring its broader distribution. Within 
4 months of the Noble Prize Lecture, he gave a lecture 
to the New York Academy of Medicine during which he 
affirmed his Nobel Prize Lecture message, stating that 
there was “absolutely no threshold dose” for mutations 
and that induced mutational response was proportional to 
the total dose (Table 1). This presentation was published in 
the Academy’s journal (Muller 1948) soon thereafter. Stern 
(1950) also cited Spencer and Stern (1948) and Uphoff and 
Stern (1949) in his acclaimed textbook, emphasizing that 
the dose response for mutations was linear (Table 1).

These follow-up activities by Stern and Muller had an 
impact on other leading radiation geneticists influencing 
them to adopt the linearity dose-response interpretation. 
Table 2 provides a series of quotations from subsequent 
publications of leading contemporary radiation geneticists. 
The quotes are numerous, varied, and a fair representa-
tion of what each author stated. These comments strongly 

support the conclusion that there was a generally consist-
ent view that the nature of the dose response in the low-
dose zone for mutations was linear. Most of these quotes 
directly cite the research of Stern and his colleagues as pro-
viding the key evidence supporting linearity, especially that 
of Spencer and Stern (1948) and Uphoff and Stern (1949). 
This demonstrates the significance and success of the Stern 
mediated manipulation of the Caspari and Uphoff studies 
in affecting mutation dose-response beliefs of key research 
leaders of the radiation genetics community.

Effect on the BEAR I Committee/Genetics Panel

Crow (1995) noted the following in his historical recount-
ing of the BEAR I Committee Genetics Panel: “the debate 
over the nature of the dose response for ionizing radiation 
and mutations had been decided before the convening of the 
BEAR Committee in November 1955.” The accepted view 
was clear and unified; the answer for the dose response 
question for mutagenicity was “linearity at low dose.”

When reading the transcripts of the BEAR I Committee 
Genetics Panel, one is struck by the absence of debate and 
even discussion on the issue of dose response (e.g., linear-
ity vs. threshold). To illustrate the fact that the decision on 

Table 1  Hermann J Muller and Curt Stern quotes on low-dose linearity

References Quote

Muller (1948) Page 462
“…the frequency of the mutations induced will be proportional to the total dose of radiation received over an unlimited period 

of time.”
“There is then absolutely no threshold dose, unlike what is true of many other biological effects of radiation, and even the 

most minute dose carries a definite chance of producing mutations—a chance exactly proportional to the size of that dose.”

Muller (1952) Page 317
“In making our calculations it is safe, as both the earlier (6–10) and the more recent (11–15) works have agreed, to accept 

the principle that the frequency of the gene mutations produced is simply (linearly) proportional to the amount of the total 
accumulated dose received, as expressed in r units. Moreover, as some of these same studies show, this relation holds within 
wide limits, regardless of how short and concentrated or dilute and protracted the exposure may have been, or whether it was 
given in one treatment or many.”

“There are good theoretical grounds for inferring that these principles hold true no matter how small the total dose, or the 
dose per unit time. Of course, such a sweeping conclusion necessarily involves an extrapolation from actual data. Not until 
recently has it been possible, because of technical difficulties, to test the mutagenic effectiveness of doses lower than about 
13 r per day, totaling 400 r (11–13), and even the most recent work goes down no lower than about 2.5 r per day, totaling 25 
r (14, 15).”

Stern (1950) Page 433
“The proportionality rule has been proven to hold over a wide range. Figure 155 shows that, for Drosophila, the relation is 

essentially linear over the range from 25 r to several thousand r. It has further been shown that the frequency of induced 
mutations is independent of the time over which the radiation is applied.”

Stern (1960) Page 491
“It has been established for a variety of experimental organisms that the number of mutations induced by radiation is propor-

tional to the dose. This proportionality has been proven to hold over a wide range of dosages. Figure 202 shows that, for 
Drosophila, the relation is essentially linear over the range 25–12,500 r (insects, unlike mammals, can survive after exposure 
to many thousands of roentgens). It would be desirable to extend the data toward dosages lower than 25 r, for instance, to 
10 r, 5 r, and still lower. Since, however, the expected differences are small between the rate of mutations in not-artificially 
irradiated control organisms and that in organisms exposed to low artificial doses, it is difficult to obtain significant results 
even with large experiments.”
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Table 2  Radiation genetics quotations about the mutation dose-response following Hermann J Muller’s Nobel Prize and Curt Stern’s (with 
Spencer, Caspari and Uphoff) mutagenicity papers

References Quotes

Catcheside (1950) Page 592
“The induced mutation is proportional to the total dose over the whole range investigated, down to total doses as small 

as 25 r. There is good reason to conclude that there is no threshold dose, i.e., no dose so small that it gives no muta-
tional effect. Also, the intensity of the radiation appears to be without effect on the frequency of mutation induced by 
a given total dose. A dose of 50 r given in a fraction of a minute appears to give no greater effect than the same dose 
given in the course of a few weeks. There is no threshold, no time factor, and no recovery, the effects being cumula-
tive.”

Glucksmann (1950) Page 42
“The induction of gene mutations is linearly proportional to dose even down to levels of 25 r (Spencer and Stern 1948).”

Lefevre (1950) Page 341
“It has been amply verified that the number of mutations produced by X-rays is linearly proportional to the total dose 

applied, even when the total dose received is very small (see Spencer and Stern 1948). Further, the number of muta-
tions produced is independent of the rate of dosage (Uphoff and Stern 1949).”

Sax (1950) Page 332
“The early work by Muller and by Timoféeff-Ressovsky showed a linear relationship between X-ray dosage and muta-

tion frequency in Drosophila. It was also found that the induced mutation rate was independent of radiation intensity. 
From these observations it was concluded that the X-ray-induced mutations are produced by single 'hits,' and that 
there is no threshold effect. Spencer and Stern (2) found no increase over the spontaneous mutation rate by irradiating 
Drosophila for 21 days at 2.5 r/day, but later experiments by Uphoff and Stern (3) indicated that low intensities are 
effective.”

Higgins (1951) Page 9
“As a result of exhaustive experiments on the genetics of the fruit fly, of mice and of many plants, it is held that the 

number of induced mutations bears a linear relationship to the total amount of radiation absorbed by the sensitive 
volume of the cell and is independent of either the duration or the intensity of exposure. Consequently, a long exposure 
to low-level radiation would have the same genetic effect as shorter exposure to a higher level. Experiments of Spencer 
and Stern (1948) on the fruit fly show that the percentage of sperm containing a sex-linked lethal mutation is increased 
about .002 per r of radiation exposure and that 50 r exposure is required to double the natural mutation rate.”

“Spencer and Stern (l.c.) conclude their exhaustive study of the validity of the linear relationship between radiation 
exposure and mutation frequency with the statement (p. 64): ‘…for radiation with X-rays, dosages as low as 25 r 
produce mutations as drastic in their effects and in the same proportion to the dosage as do exposures to high dosages. 
If an extrapolation is permissible, one may assume that there exists no tolerance dose below which mutations are not 
induced.”

“The classical hit theory of induction of mutations, particularly the linear relation between dosage at low levels and 
mutation rate, has been questioned by Caspari and Stern (1948), who found no significant difference in mutation rates 
in the sperm of the fruit fly between controls and experimentals exposed to 2.5 r per day for 21 days. Uphoff and 
Stern (1949), however, after further tests, concluded that low-level radiation does produce mutations in fruit-fly sperm 
and that the apparent inconsistencies of previous results were due to different experimental techniques and errors in 
sampling.”

Stone (1952) Page 657
“There is no threshold for genetic mutations…” (cited Muller reference 1950, J Cell Comp Physiol 35(suppl 1):9–70.)

Singleton (1954a) Page 598 (Discussion)
“That a non-linear relationship exists between dose rate of chronic gamma radiation and mutation rate of endosperm 

characters seems to have been well established by these experiments. This was shown quite conclusively by dispro-
portionately higher mutation rates at the higher dosages, and was definitely indicated by the fact that there seems to be 
a threshold of dosage required to raise the mutation rate from the spontaneous level to a detectable increase over that 
level.”

Page 599
“These data (i.e., data shown in Singleton 1954a study) showing a definite threshold are in contrast to the Drosophila 

data of Spencer and Stern (1948), where no threshold was indicated even when low doses of radiation were used. 
In their experiments the effects of acute radiation were studied. Caspari and Stern (1948), studying chronic gamma 
radiation, found no increase over the controls for doses of 2.5 r/day for 21 days. However, it was later demonstrated 
by Uphoff and Stern (1949) that the controls used by Caspari and Stern had an abnormally high sex linked lethal 
frequency and that actually there was an effect of the chronic gamma radiation of 2.5 r/day.”

Kelner et al. (1955) Page 36
“The linear mutation-dose curve indicated for X-ray induced drosophila lethals (Lethals-Dros:X) is perhaps best 

exemplified by the data of Spencer and Stern (53) for sex linked lethals and may be considered as the classical type of 
mutation-dose relation. Interpreted within the target theory, the linear relation indicates that a single hit is sufficient to 
produce a mutation.”
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LNT had already been settled prior to the creation of the 
BEAR I Committee, there was no discussion of the scien-
tific foundations of the LNT, including any documenting 
of its theoretical basis and experimental support, including 
its strengths and limitations. As noted above, the Genet-
ics Panel placed a high priority on the chronic exposure 
experiments published under the leadership of Curt Stern. 
Yet these studies, even ignoring the control group problems 
of the Uphoff and Stern experiments, had little or no risk 
assessment relevance. That is, these were sex-linked reces-
sive lethality studies in which the spermatozoa were depos-
ited in the spermatheca of the female. The females were 
then placed into a type of specialized experimental “hiber-
nation” in which there was a profound alteration of the 
diet and a lowering of the temperature, changes designed 
to prevent egg production. The females (with the deposited 
spermatozoa) were then exposed for 21 days (24 h/day) to 
gamma irradiation. After the 21 days, the dietary and envi-
ronmental conditions were changed to permit egg laying 
so that the testing for sex-linked recessive lethal mutations 
could take place. In effect, Stern exposed the spermatozoa 
to ionizing radiation for the equivalent of an entire lifespan, 
something comparable to a 70–80-year human lifespan. 
The spermatozoa are known to be highly compromised, 
having lost much of their normal repair capability. The 
study represented a worse case exposure scenario, that is, 
selection of a very susceptible developmental stage linked 

to a profoundly extended and highly unrealistic exposure 
period. In effect, the study was a chronic exposure to a cell 
type that has only a very short developmental stage. The 
basic concept of the study was not appropriate for a chronic 
exposure with risk assessment application. The BEAR I 
Committee incorrectly accepted Stern and Muller’s concept 
of “chronic” for risk assessment purposes as did the entire 
field and regulatory agencies.

While the BEAR I committee relied upon the findings 
of the Drosophila research directed by Curt Stern, it failed 
to cite other similarly large-scale Drosophila studies (Bon-
nier and Lüning 1949; Bonnier et al. 1949) in which the 
lowest total dose was 8 r, below the lowest dose (25 r) of 
the Spencer and Stern (1948) findings. These papers docu-
mented the response of several single genetic loci (e.g., 
white and forked loci) to which their detailed statistical 
analysis for mutational studies was applied. The analysis 
revealed a linear dose response in the dose range of 700–
2,800 r, whereas the linearity response was not observed 
in the low-dose range (8–16 r), where the data were sup-
portive of a threshold response. The authors also sug-
gested that the difference in the shape of the dose response 
between high and low doses was indicative of differing 
dose-dependent mechanisms. At the high doses, the lin-
ear dose response was consistent with the target theory of 
Timoféeff-Ressovsky et al. (1935), whereas at lower doses 
mutational effects could be due to the effects of chemical 

References Quotes

Nybom et al. (1956) Page 81
“In this connection references may be made to the concordant results of Uphoff and Stern (1949) who did not find any 

threshold in Drosophila after low dose rates. A similar result was published by Sax (1950) using chronic irradiation of 
Tradescantia pollen.”

Lewis (1957)
(This Science article 

was reprinted in  
Congressional  
Testimony)

Page 971 (columns 2 and 3)
“Gene mutation has long been known to show a linear relationship with respect to dose of ionizing radiation from stud-

ies with Drosophila. This linearity has been extended by Spencer and Stern (43) to doses of 50 and 25 roentgens. Gene 
mutation is also known to be directly proportional to the accumulated dose of radiation, even when the radiation is 
chronically administered at a relatively low dose rate, as in the studies of Uphoff and Stern (44).”

Norwood (1958) Page 1929
“Several geneticists4 have sketched the background which has lead to the concern of this study. Briefly, realization that 

radiation increases the mutation rate dates back 30 years to Muller’s experiments with fruit flies4e. Spencer and Stern,5 
using more than 50 million flies, showed that genetic damage was proportional to dosage in the important range of 
25 to 50 r. Concern has been heightened by recent findings4f that exposure of mice to a given quantity of radiation 
increases the mutation rate by about 15 times as much as does an equal exposure of Drosophila, which had formerly 
served as the sole basis for inferring human risks.”

Spear (1958) Page 20
“There is general agreement, however, that mutations can be produced with very low dosage down to a level which 

approaches natural background (Uphoff and Stern 1949).”

Newcombe (1960) Page 331
“One basic premise which has not so far been seriously challenged is that the number of gene mutations resulting from 

irradiation varies in direct proportion to the dose. In other words, there is no threshold level of radiation below which 
the mutations will not be produced.”

“In the fruitfly the curve has, by dint of considerable work, been pushed to within 25 roentgens of the origin (Caspari 
and Stern 1948; Spencer and Stern 1948; Uphoff and Stern 1949) (3, 4, 5).”

Table 2  continued
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mutagens (i.e., hydroxyl radicals from the hydrolysis of 
water). The dose-dependent mechanism-based hypothesis 
of Bonnier and colleagues (Bonnier and Lüning 1949; Bon-
nier et al. 1949) was soon supported with experimental data 
(Haas et al. 1950; MacKey 1951; Lüning 1954; Barron 
1954). According to Barron (1954), “it is dangerous, how-
ever, to extrapolate from experimental data with large doses 
of radiations to what might take place with small doses. In 
biological systems the effect of ionizing radiations differs 
qualitatively when the radiation dose is changed. Small 
doses act by indirect action and produce mainly oxidations. 
Large doses act by two mechanisms,” that is, free radical 
formation via water hydrolysis and by a direct collision, 
which is consistent with the target theory.

The Bonnier and Lüning (1949) (Bonnier et al. 1949) 
papers were also critical of the use of sex-linked recessive 
lethal experiments for estimating responses in the low-dose 
zone due to the “impossibility of differentiating between 
true lethals and semi lethals, and the fact that there are sev-
eral hundreds of targets per chromosome ready for lethal 
mutations…” The lack of target specificity would repre-
sent an important limitation in the interpretation of dose-
response relationships and their potential application to a 
mechanism-based risk assessment process. Bonnier et al. 
(1949) also provided a detailed statistical reanalysis of 
the Spencer and Stern (1948) data challenging the broadly 
accepted conclusion that the linearity response applied 
across the entire dose-response range, including the lower 
dose range. None of these fundamental technical issues 
were discussed by the BEAR I committee.

Another relevant aspect of the discussion on the nature 
of the mutation dose response involved the research 
of Arnold H. Sparrow and W. Ralph Singleton of the 
Brookhaven National Laboratory. Chairman Warren 
Weaver introduced their research and its relevance to the 
BEAR I Committee/Genetics Panel (Weaver W., Febru-
ary 5–6, 1956, see page 110—Transcript) (BEAR I 1956). 
The discussion of the Sparrow and Singleton data was then 
led by Committee member Berwind D. Kaufmann, who 
claimed to have copied several tables from their paper. 
He stated that Sparrow and Singleton showed that 0.41 r 
per day yielded a modestly elevated (i.e., less than twice 
the control values) but statistically significant effect on 
micronuclei formation. What Kaufmann failed to inform 
the Committee was that Sparrow and Singleton (1953) spe-
cifically stated that a threshold response had been observed 
at a lower dose. In fact, there was no discussion concern-
ing their threshold dose-response statement by the BEAR 
I Committee/Genetics Panel. The data in Table 2 (page 35) 
of the published paper by Sparrow and Singleton (1953) 
show that 0.084 r per day caused no significant increase in 
micronuclei. This recounted activity of the BEAR I Com-
mittee/Genetics Panel demonstrates that it either ignored or 

was misled on the published findings of Sparrow and Sin-
gleton as the data did not support the pre-determined linear 
dose-response conclusion. This analysis also suggests that 
the BEAR I Committee/Genetics Panel was very selec-
tive in their choice of what data to consider and that such 
decisions reveal a prevailing bias supportive of LNT model 
acceptance.

Since 0.41 r per day of radiation in the Sparrow and Sin-
gleton (1953) hypothesis study is more than 1,000 times 
greater than the naturally occurring intensity, these data 
do not support the theory that the spontaneously occurring 
micronuclei are produced by naturally occurring ionizing 
radiation. The findings of Sparrow and Singleton (1953) 
were similar to that of Giles (1940) from Harvard who 
showed that when Tradescantia were “subjected to irradia-
tion 1,000 times that due to natural radiation….no increase 
in aberration was found.” Other experiments by Giles indi-
cated that even using ionizing radiation at some 1,800-fold 
above background no impact on the occurrence of sponta-
neous mutations occurred.

It is possible to obtain a sense of the personal views of a 
number of the members of the BEAR I Committee/Genet-
ics Panel on the matter of dose response via two contempo-
rary publication avenues: Testimonies at a 1957 Congres-
sional Hearings (Table 3) and journal publications in the 
open literature (Table 4) such as a special issue of Scientific 
American on ionizing radiation and several other journals. 
Based on these collective comments, it follows that the 
BEAR I Committee/Genetics Panel report and an article in 
the journal Science (Table 5) summarizing the report of the 
Genetics Panel were replete with statements asserting lin-
earity at low dose.

Placing the new Muller and BEAR I Genetics Panel 
developments in perspective

The story of Muller’s Nobel Prize Lecture is important 
for its history of science implications, as well as its role 
in affecting the decision of the US National Academy of 
Sciences (NAS) to recommend a linearity dose-response 
policy for assessing risks to the genome from ionizing 
radiation, replacing the threshold dose-response model. 
This formal recommendation initiated a series of advi-
sory and regulatory dominoes in essentially all countries 
to adopt linearity and apply it to somatic effects, that is, 
cancer risk assessment, for ionizing radiation and later for 
chemical carcinogens (Calabrese 2009). The linearity deci-
sion of the NAS BEAR I Committee/Genetics Panel was 
strongly championed by Muller, the titular leader of radia-
tion geneticists and with strong ties to all radiation geneti-
cists on the BEAR I Committee/Genetics Panel. In fact, the 
switch to linearity, which was ushered into the international 



2073Arch Toxicol (2013) 87:2063–2081 

1 3

Table 3  BEAR I Committee Genetics Panel member quotes at Joint Committee on Atomic Energy—1957

References Quotes

Muller (1956) Page 392
“In material of varied kinds, but more especially in Drosophila, there is good evidence that over a considerable range 

of dose (in Drosophila, from some 50 r to more than 1,000 r, a more than 20-fold range) the frequency of point muta-
tions (like that of chromosome breaks) is directly proportional to dose.”

Crow (1957a) Page 1013
“4. Evidence from experimental animals, principally Drosophila, indicates that the number of mutations produced is 

strictly proportional to the amount of radiation received. There are departures from this straight-line relationship at 
high doses, but these are too high to be likely to be encountered in any ordinary human situation. It is technically 
impossible to test this relationship for the very lowest doses, but the straight-line relation holds down to the smallest 
amounts that have been studied.”

“For these reasons a simple proportionality between the amount of radiation and the number of mutations is fully 
accepted by geneticists.”

“The proportionality between dose and mutation production holds irrespective of the intensity or spacing of the dose.”
Representative Holifield (page 1013) questions Dr. Crow:
“This, then, would establish as far as the majority of the geneticists are concerned the principle of linear progression in 

deleterious effects of radiation regardless of amount?”
Dr. Crow answers:
“That is correct. A nonthreshold situation, to put this in yesterday’s vocabulary.”
“This means that there is no such thing as a safe dose of radiation to the population. Any amount of radiation, however, 

small, that reaches the gonads—testes or ovaries—of a person who may later reproduce, involves a risk proportional 
to that amount.”

Glass (1957a) Page 1030
“The data are most extensive for the fruitfly and the lowest dose that has actually been studied is 25 r.”
Page 1031
“Because a mutation can be produced by a single ionization in the right place, there is no threshold below which the 

amount of radiation is too small to produce mutations—that is, every dose produces mutations with a probability 
equal to its magnitude.”

“This is to repeat what Dr. Crow said, that there is no safe dose of mutation. This curve continues down without any 
threshold until it hits the zero point…”

Muller (1957a) Page 1052
“In respect to the fact that probably there is no threshold, that these effects are proportional to the dose, in this respect 

these effects of radiation—and also the leukemia—on the exposed individual himself resemble those produced by the 
radiation in weakening descendants.”

“You have heard Dr. Glass and Dr. Crow say that geneticists are convinced that there is no threshold for the genetic 
effects and that others, too, now accept that principle for the genetic effects.”

“If this is true of these other effects, and it is certainly time we knew whether it was—I think the evidence is convincing 
that it is—then this important resemblance between the effects on later generations and on the exposed generation is 
probably not an accidental resemblance. For there is growing reason to infer that this shortening of life and the other 
long delayed damage done to an exposed individual have their basis in damage done to the genetic material—the 
chromosomes and their contained genes—of the body’s ordinary cells, those of the blood, skin, glands, and so forth, 
similar to the damage done in his reproductive cells that is passed on to later generations.”

Page 1056
“Through work on the fruitflies where we have the most exact knowledge to date, unless Dr. Russell has more exact 

knowledge on mice now, we can get a kind of minimum estimate of the amount of damage to the children by a given 
amount of irradiation of the parents.”

Muller (1957b) Page 1066
“Since there is much evidence indicating a linear relation between the radiation dose and the frequency of the induced 

point mutations, even at extremely low doses, and the exactly cumulative nature of these radiation effects, it becomes 
possible to arrive at probable estimates of the minimum damage done to subsequent generations by any given chronic 
or acute exposure of parents.”

Page 1067
“…leukemia and some other malignancies, the induction of which may also be linearly dependent upon radiation 

dose…”

Joint Committee  
on Atomic Energy 
(1957)

Page 12
“…geneticists believe that the direct proportion applied down to zero dose—that is, that there exists no safe “threshold” 

below which the dose produces no damage, and that damage occurs from any irradiation of the genetic cells, no mat-
ter how small the dose.”
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community by the BEAR I Committee Genetics Panel, is 
the most significant action in regulatory environmental 
public health history with ever expanding social, political, 
economic, and public health implications (Hamblin 2007).

The present paper provides the first documentation of 
how Muller (Muller 1950a, b, 1954a, b) himself used the 
carefully constructed activities of Stern (described in detail 
in Calabrese 2011b) to enhance the concept of linearity and 
to protect his reputation. Muller lent credibility to the tech-
nical note of Uphoff and Stern (1949) while further mar-
ginalizing the Caspari and Stern study results (Caspari and 
Stern 1948). The stakes were high on multiple levels and 
these core individuals knew it. Stern and Muller needed 
to prevent the acceptance of the Caspari and Stern (1948) 
study findings in order to sustain the single-hit linearity 
model. They also needed any criticisms of the Spencer and 
Stern (1948) and Uphoff and Stern (1949) papers to be 
muted. They were successful as other leaders of the radia-
tion genetics community simply failed to address the seri-
ous limitations of the Spencer and Uphoff findings while 
incorrectly asserting that the Caspari and Stern (1948) 
paper suffered from an aberrantly high control value, sim-
ply re-stating the demonstrably incorrect, but authoritative 
conclusion of Muller (1950a).

Despite the fact that Caspari had successfully rebutted 
the first challenge of Stern concerning the control group 

spontaneous mutation rate, there is no evidence that he 
disputed the control group mutation rate reversal decision 
of Stern barely a year later and of Muller’s equally strange 
affirmation of Stern’s position as well (Muller 1950a, b). 
A January 27, 1949, letter from Caspari to Stern supported 
the publication of the Uphoff and Stern (1949) paper now 
adopting part of the mantra of Stern, that is, that there is 
considerable variability in the mutagenic frequency of 
sperm prolongedly stored in the spermatheca. This conclu-
sion provided the opportunity to rehabilitate the inexplic-
itly low control group values of Uphoff. Caspari, however, 
would not go so far as to also state that his control values 
were unusually high. At the time of the Uphoff and Stern 
(1949) article, there were only two papers published in the 
literature (Rajewski and Timofeeff-Ressovsky 1939; Kauf-
mann 1947) on aged sperm and mutation and the published 
abstract of Muller (1946b). Each supported the mutation 
frequency of Caspari. These findings are consistent with 
subsequent mutation frequencies in aged sperm stored in 
the spermatheca of female Drosophila (Byers 1954; Byers 
and Muller 1952; Rinehart 1969; Graf 1972; Muller et al. 
1961). Muller et al. (1961) stated that “The data clearly 
showed a rise in mutation frequency (averaging some .06 
percent of recessive lethals in the X chromosome per week) 
resulting from storage of the mature spermatozoa in the 
female” (page 213). Note the striking similarity of how 

Table 4  BEAR I Committee Genetics Panel member quotes on low-dose linearity in journals after the BEAR I Committee

References Quotes

Crow (1957b) Page 19 (column 2)
“2. The number of mutations produced is directly proportional to the dose in roentgens. The linear propor-

tionality over wide dose ranges has been shown in several organisms, especially in Drosophila.”
“Experimental verification in Drosophila has been carried to as low as 25 r…”
Page 20 (column 1)
“The proportionality between dose and mutation production holds irrespective of intensity or spacing,…”
Page 20 (column 2)
“The conclusions of the previous section imply that there is no such thing as a “safe” dose. Any increase in 

radiation, however, small, involves a risk proportional to that amount.”

Glass (1957b) Page 956
“Our present evidence indicates that the frequency of these point mutations always increases linearly with 

the radiation dose (Fig. 1). In Drosophila studies this holds over the range from 25 r to 6,000 r. In some 
plants, the linear range has been extended down to about 5 r. In mice, the linearity in relation to dose 
holds over the range from 300 r to 600 r, and there is no sign that it does not hold at lower doses. This 
linear proportionality to dose, over and above the spontaneous frequency of mutation, implies that (a) 
as long as dosage is measured in terms of roentgens, that is, in terms of the ionization produced by the 
radiation, absorbed quanta do not interact to produce effects, but are individually effective; and (b) there 
is no sign of a threshold dose below which mutations are not produced. Rather, even the lowest doses are 
proportionally mutagenic, and all doses, however, distributed, are additive or cumulative in effect.”

Beadle (1959) Pages 225 and 226
“…thus there is probably no threshold below which radiation will produce no mutations. Since there is no 

repair mechanism, once the mutation process is complete, mutations induced at different times will tend 
to accumulate in a line of descent…”

Hollaender and Stapleton (1959) “In sum, cell studies have served to elucidate the basic mechanism by which ionizing radiation damages 
the living organism. They have provided no evidence that there is a true threshold of dosage below which 
ionizing radiation produces no harmful effects…”
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Uphoff and Stern (1947) characterized Muller’s data some 
14 years earlier, “a weekly increase of about 0.07 %…” 
The 0.06 % increase would yield an estimated 0.28 % 
(i.e., 0.06 % × 3 weeks + 0.10 % background = 0.28 %) 
mutation incidence after 3 weeks, consistent with the Cas-
pari and Stern (1948) findings, the logic used in Uphoff 
and Stern (1947) and with the Muller (1946b) statement 
that “spermatozoa aged several weeks in the female may 
contain several times as many mutations as they originally 
had.” Furthermore, the reported inter-study variability for 
mutations of aged sperm and/or stored sperm aged in the 
spermatheca appears modest with 95 % confidence inter-
vals typically being about ±25–30 % of the mean. The 
attempt by Stern, therefore to assert that the very low val-
ues of Uphoff reflected a highly variable response endpoint 
was not supported in the contemporary and subsequent lit-
erature. Stern never argued his case by a comparative data 
assessment nor did he address the apparent contradiction 
with the Muller data and comments which he (i.e., Stern) 
previously used when he concluded that the Caspari data 
were credible while those of Uphoff were not. He simply 
made an authoritative declaration that was accepted without 
question or comment by the radiation genetics community.

BEAR I Committee/Genetics Panel

The BEAR I Committee/Genetics Panel was comprised 
of outstanding scientists and national leaders. Despite 
their significant individual accomplishments in scientific 

and radiation genetics domains, the committee as a whole 
lacked extensive experience in conducting low-dose, 
dose–response studies. Only two of the members had 
extensive direct experimental dose-response experience 
(i.e., Demerec and Russell) up to the time of the BEAR I 
meetings. This experience was essential for evaluating the 
nature of the dose response in the low-dose zone. Of these 
two, Demerec had the most extensive and varied experi-
ence having dealt with multiple models and agents as well 
as different types of radiation. His research experience 
on dose response was spread over a 25-year period start-
ing about 1931. Nonetheless, his dose-response experience 
with Drosophila was limited to only a few high dose stud-
ies during the 1930s, a key limitation. Despite his signifi-
cant and prolonged career at Oak Ridge, Russell was rela-
tively new to the dose-response research area, with about 
5–6 years experience at the start of the BEAR I Commit-
tee in 1955. In the case of Russell, his developing research 
findings with mice were still somewhat premature, having 
little impact on BEAR I Committee/Genetics Panel con-
clusions. Among the remaining members of the commit-
tee, Muller’s principal dose-response experience is found 
in the research of Hanson and Heys (1929), and Oliver 
(1930, 1931) at the University of Texas and Ray-Chaudhuri 
(1944) at Edinburgh (completed in 1939), as well as his 
consultant role with Stern from 1943 to 1946. Limited rel-
evant low dose-response research based on the publication 
record experience was found for Berwind Kaufmann. Alex-
ander Hollaender, PhD in physical chemistry, had made 

Table 5  Low-dose linearity quotation in the journal Science from article summarizing the findings of the BEAR I Committee Genetics Panel

References Quotes

BEAR I (1956) Page 1159 (column 2)
“…the genetic damage done, however, felt and, however, measured, is roughly proportional to the total mutation rate.”
Page 1160 (column 1)
“3) Any radiation dose, however, small, can induce some mutations. There is no minimum amount of radiation dose, that is, 

which must be exceeded before any harmful mutations occur.”
Page 1160 (bottom column 1)
“The probable number of additional induced mutations occurring in an individual over a period of time is by and large 

proportional to the total dose of extra radiation received, over that period, by the reproductive organs where the germ cells 
are formed and stored.”

Page 1160 (top column 2)
“The total dose of radiation is what counts, this statement being based on the fact that the genetic damage done by radiation 

is cumulative.”
Page 1162 (column 2)—how harmful are radiation-induced mutations?
“1) Thus the first and unanimous reply to the question posed by the title to this section is simply this: Any radiation is 

genetically undesirable, since any radiation induces harmful mutations. Further, all presently available scientific informa-
tion leads to the conclusion that the genetic harm is proportional to the total dose… This tells us that a radiation dose of 
2X must be presumed to be twice as harmful as a radiation dose of X…”

Page 1164 (column 1)
“…for there is no such figure other than zero.” [referring to whether there is an amount of radiation which is genetically 

harmless (preceding phase)]
Page 1164 (column 1)
“As geneticists we say: keep the dose as low as you can.”
Page 1165 (last sentence)
“From the point of view of genetics, they are all bad.” (referring to the effect of exposures to ionizing radiation)
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important contributions on the effects of UV wavelengths 
specificity on mutation in bacteria and fungi. He became 
the director of radiation biology research at Oak Ridge, hir-
ing Russell. Hollaender had no experience with Drosophila 
research. H. Bently Glass’ low-dose experimental research 
experience was quite limited during BEAR I, becoming far 
more extensive only after BEAR I. Importantly, very lim-
ited to no meaningful dose-response research experience is 
apparent for the remaining 11 members [George W. Bea-
dle, Charles W. Cotterman, James F. Crow, Gioacchino 
Failla, Clarence C. Little, James V. Neel, Tracy M. Sonne-
born, Alfred H. Sturtevant, Sewall Wright, Warren Weaver 
(Chair), and Shields Warren] of the BEAR I Committee/
Genetics Panel. This situation resulted in the “senior” dose-
response experience to reside with Demerec and Muller, 
two individuals on record to save the “hit” model.

The geneticists on the BEAR I committee were princi-
pally basic researchers; their experimental approaches were 
neither dose response nor risk assessment oriented. Even 
Muller (1950a, b) claimed that the work of Spencer and 
Uphoff (with Stern) at low doses would markedly extend 
his and his students’ (e.g., Hanson and Oliver) research 
conducted at very high doses. Further, in the detailed com-
ments that Muller sent to Stern about the Spencer (Lilly 
Library 1946, September 13) and Caspari (Lilly Library 
1947a, January 14) manuscripts, nearly all dealt with fun-
damental biological/genetic questions with little direct 
relevance to risk assessment. Multiple study design issues 
and other methodological/analysis problems documented in 
Calabrese (2011b) for the Spencer and Stern (1948) paper 
were not identified by Muller (Lilly Library 1946, Septem-
ber 13). The members of the BEAR I Committee/Genetics 
Panel looked to Muller for leadership on matters related to 
the dose–response. However, Muller displayed critical lim-
itations in assessing such studies based on his written state-
ments. Thus, the methodological and analysis limitations of 
the Spencer and Stern (1948) paper and the serious flaws 
of the Uphoff and Stern (1949) paper were missed by the 
radiation genetics community and the BEAR I Committee/
Genetics Panel, a condition that continues (Lipshitz 2005). 
Of further note is that Muller (1946b) and Kaufmann 
(1947) published findings on the control group mutation 
rate of aged Drosophila sperm that supported the findings 
of Caspari and Stern (1948). Kaufmann worked closely 
with and under the direction of Demerec at Cold Spring 
Harbor at that time. Furthermore, an October 7, 1947, letter 
(i.e., 6 weeks before submitting his paper to Genetics) from 
Caspari to Stern (American Philosophical Society 1947g, 
October 7) stated that “I have discussed the paper (the 
Caspari/Stern manuscript) with Demerec and Kaufmann. 
Both did not find very much to suggest……Both Demerec 
and Kaufmann were impressed by the amount of material 
which we have. The ageing effect in our experiments is 

of the same order of magnitude as that found by Timofé-
eff and Kaufmann.” In fact, Caspari and Stern (1948) cited 
a 1947 paper by Kaufmann as support for control group 
values of their study. Muller and Kaufmann, both BEAR I 
committee members, therefore, reported research on muta-
tion incidence of Drosophila aged sperm findings con-
sistent with the findings of the Caspari and Stern (1948) 
paper. Thus, the BEAR I Committee/Genetics Panel should 
have been informed on the issue of control group valid-
ity by Demerec, Kaufmann, and/or Muller as it related to 
the research of the Caspari and Uphoff studies. However, 
based on the transcripts of the BEAR I Committee/Genet-
ics Panel, Demerec, Kaufmann and Muller did not provide 
this information. Knowledge of the mutation rates in aged 
Drosophila sperm should have led to a reconsideration of 
the Caspari and Stern (1948) paper as well as generated 
serious questions about the findings and interpretations 
of the Uphoff and Stern (1949) data. This was a key issue 
affecting which study would be relied upon by the BEAR I 
committee. By their actions, the BEAR I committee Genet-
ics Panel came to the erroneous conclusion that the Cas-
pari study was unreliable due to its “unusually high control 
group value.”

The future of ionizing radiation risk assessment was 
largely determined by the actions of a few, by the failure of 
the scientific community, especially the radiation genetics 
community, to probe deeper into the key findings of Stern 
and his colleagues and journals such as Science that pub-
lished influential but poorly documented findings (Uphoff 
and Stern 1949). As has been pointed out, the linear-
ity paper of Spencer and Stern (1948) was burdened with 
numerous methodological limitations that only recently 
have been documented, as well as statistical analysis limita-
tions that challenged the conclusion of linearity at low dose 
(Bonnier and Lüning 1949; Bonnier et al. 1949) while the 
Caspari and Stern (1948) findings supporting a threshold 
perspective were unfairly marginalized (Calabrese 2011b). 
Furthermore, the BEAR I Committee/Genetics Panel failed 
to require Stern to provide the promised detailed account-
ing for the Science article (Uphoff and Stern 1949) upon 
which they so heavily relied.

According to Muller (1950a, b), by 1950, the radiation 
genetics community had accepted the linearity risk assess-
ment paradigm (Table 2). Their belief was based largely 
on the fruit-fly work of Stern and his associates as well as 
the leadership, prestige, and authority of Muller, as few of 
the geneticist members of the BEAR I Committee/Genet-
ics Panel had relevant experience with low-dose research. 
By the time, the National Academy of Sciences BEAR I 
Committee/Genetics Panel convened, therefore, the deci-
sion over the nature of the response in the low-dose zone 
had been decided by the radiation genetics community 
as there was no dispute or even debate within the BEAR 
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I Committee/Genetics Panel over the adoption of linearity 
to replace the threshold model for germ-cell mutagenic-
ity (Crow 1995). The actions of Stern and Muller had led 
the way, assuring that the ends (i.e., linearity) justified the 
means (i.e., unfair/improper scientific evaluation). In fact, it 
is from this heritage and upon this foundation that regula-
tory cancer risk assessment theory and practice in the USA 
and throughout the world was built.

Conclusions

1. This paper provides specific documentation of how 
Hermann J. Muller supported and extended the like 
actions of Curt Stern to prevent the scientific com-
munity from discovering Muller’s Nobel Prize lecture 
deception and to promote his ideological goal of line-
arity at low dose for ionizing radiation risk assessment 
(Table 6).

2. Muller strengthened the questionable actions of Stern 
in key publications in early 1950s while improperly 
discrediting the threshold findings of Caspari and sup-

porting the “uninterpretable” data of Uphoff to achieve 
a linearity interpretation. The bases of these actions are 
documented in this paper.

3. The paper shows how the actions of Stern and Muller 
affected numerous publications and the dose–response 
beliefs of leaders of the radiation genetic community 
and the NAS BEAR I Committee/Genetics Panel, 
affecting the adoption of linearity at low dose for ion-
izing radiation-induced mutation and eventually for 
carcinogen risk assessment for ionizing radiation and 
chemical carcinogens.

4. The findings demonstrate that the adoption of the LNT 
model for risk assessment lacked a proper scientific 
foundation, yet was accepted by regulatory and public 
agencies worldwide.

Unresolved issues

1. Why didn't Stern publish the follow-up detailed paper 
containing the entire methodology for all the relevant 
data for the Uphoff three experiments?

Table 6  A summary concerning Muller’s actions that affected the discrediting of Caspari’s findings and acceptance of the Uphoff and Stern 
conclusions

A five-page detailed letter sent from Muller to Stern dated January 14, 1947, concerning scientific strengths and limitations of the Caspari and 
Stern manuscript provided no comment on the control group lethality data

Muller was actively researching the area of spontaneous mutations in sex-linked recessive lethality studies using aged sperm stored in the sper-
matheca of female fruit flies. This was the research method of the Caspari and Stern paper. Muller had been doing extensive research on this 
topic since the early 1940s. He was a leading authority on the topic

Muller provided his spontaneous control group data to Stern (“Appendix” section) in order to address the concern that Stern expressed about the 
apparently high control group values of Caspari

Based on the data of Muller, Uphoff and Stern (1947) determined that the average weekly spontaneous mutation rate in Drosophila sperm 
stored in the spermatheca of the female was about 0.07 %, yielding an additional mutation increase in about 0.21 % by 3 weeks, the length of 
the Caspari sperm storage time. The 0.21 % increase would be added to a background value of about 0.10 %, yielding an estimated control 
group value of about 0.31 %. The 95 % confidence intervals were about ±0.07 %, with an approximate range of 0.24–0.38 %. The values 
were obtained when studies were conducted at about 25 °C. At the lower temperature of 18 °C used by Caspari, it was estimated by Stern (and 
Uphoff) that the rate of increase might be reduced to 0.05 % per week. This would result in an estimated value for the Caspari control of about 
0.25 %, nearly identical to his final adjusted value (i.e., 0.2489 %)

Based on these data, Uphoff and Stern (1947) concluded that the Muller data supported the Caspari conclusion that his control data were well 
within the normal range and not unusual or aberrant. The Muller data lead Uphoff and Stern (1947) to conclude the Uphoff findings were 
uninterpretable

Continued research in the area of spontaneous mutation in sperm stored in the spermatheca by Muller and his graduate students at the University 
of Indiana were consistent with this conclusion and quantitative assessment (Byers 1954; Byers and Muller 1952; Graf 1972). These findings 
were also consistent with that published by other researchers as well (Kaufmann 1947; Rinehart 1969)

Based on this information, the statements of Muller that Caspari’s control group data were unusually high are inconsistent with: (1) His own data 
and that published by other researchers; (2) his previously detailed assessment of the Caspari data; (3) how Uphoff and Stern (1947) evaluated 
the Muller data, an evaluation that Muller was knowledgeable of, based on an acknowledgment in the Uphoff and Stern (1947) paper, and (4) 
internal written correspondence between Stern and Caspari

This assessment indicates that Muller’s statements that Caspari’s control group data were unusually high and adversely affected Caspari’s thresh-
old interpretation are contradicted by the body of evidence

While Muller repeatedly challenged the credibility of the Caspari findings by attacking his control group data, he made no statement about the 
reliability of the extremely low control group data of Uphoff. In fact, he would consistently cite the Uphoff and Stern (1949) paper as being a 
critical reference to support a linearity perspective

The collective findings on these matters indicate that Muller displayed compromised scientific judgment, having a significant impact on the 
scientific literature and national and international risk assessment policy that continues to the present
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2. Why didn't the radiation geneticist community demand 
that Stern publish these findings?

3. Why didn't Stern address the scientific basis, if any, 
of why he reversed his position on the Uphoff control 
group data?

4. Why didn't Caspari challenge any of the multiple 
papers that claimed that the Caspari control group data 
were unusually/abnormally high or that their paper 
displayed “different techniques” or had “errors in sam-
pling” that accounted for their threshold-like findings?

5. Why did Muller agree to let Uphoff and Stern (1947) 
acknowledge the use of his aged sperm data that sup-
ported the Caspari control groups findings and then 
repeatedly claim that Caspari’s control group values 
were unusually high, adversely affecting the credibility 
of this paper?
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Appendix

Stern–Muller temporal letter exchange concerning the 
aged-stored sperm control mutation rate (Source: Lilly 
Library, Stern–Muller correspondence)

Curt Stern wrote a letter to Hermann J. Muller on January 
22, 1947 (American Philosophical Society 1947a), inform-
ing him that “At the present time it looks as if our new con-
trol data (probably the results of the first 3 months of the 
first Uphoff experiment; note that her first month’s reading 
was an especially low mutation rate of 0.005 %) for aged 
sperm are considerably below those of Caspari’s.” He then 
asked Muller to “send me your figures on rate of sex-linked 
lethal in sperm aged several weeks, (most desirably, if you 
have them, data on 3 weeks), in comparison to control data 
from non-aged sperm?”

On February 3, 1947 (Lilly Library 1947b, February 3), 
Muller answered by stating that “…. sperm of males which 
are about a week old and have been copulating freely (as in 
Caspari’s experiment) during that period have only about 
.07 or .08 % of lethal. Thus, the latter sperm, after 3 weeks, 
should contain something like .28 % of lethal.”

On July 23, 1947 (American Philosophical Society 
1947b), Stern writes Muller again stating that “I have mis-
laid your letter of some months ago (February 3, 1947, let-
ter) in which you gave me some details of your own on the 

mutation rate under various physiological conditions. May 
I therefore ask you two questions and will you permit me to 
use your answers in a report which I am just preparing for 
the Manhattan Project? Obviously, full credit for it would 
be given. The questions are: (1) What is the spontaneous 
mutation rate in sperm derived from Canton-special males 
of from 3- to 6 days old? (2) What is the weekly increase in 
mutation rate of sperm from such males stored in females?”

On August 4, 1947 (Lilly Library 1947c), Muller 
responds “When sperm were stored in females, there was a 
weekly increase in the mutation frequency of about 0.07 %, 
on the average.” On August 7, 1947 (American Philosophi-
cal Society 1947c), Stern cabled Muller asking him the 
temperature used and on August 8, 1947 (American Philo-
sophical Society 1947d), Muller answered via cable indi-
cating “25 °C.” A subsequent undated letter, but most likely 
prior to September 9, 1947 (American Philosophical Soci-
ety 1947e), Muller noted “A recalculation of my data gives 
the figure of 0.08 % instead of 0.07 % as the frequency 
of lethal accumulating in mature sperm per week.” Since 
Uphoff and Stern (1947) did not include this correction in 
their report to the AEC it suggests that this undated letter 
was received after submittal of their report to the AEC.

The control value therefore used by Uphoff and Stern 
(1947) of 0.07 % for the estimated mutation rate of the 
sperm stored in the spermatheca was based on the earlier 
letter correspondence-supplied estimates of Muller (Lilly 
Library 1947b, c, February 3 and August 4) which Muller 
later clarified as being slightly in error.

The Caspari and Uphoff studies used Drosophila mela-
nogaster fruit flies, breeding Canton-wild-type (S) males 
with Muller-5 females. Muller claimed (Lilly Library 
1947c, August 4) that he never conducted mutation experi-
ments with aged males of the Canton-wild-type stock. 
Muller stated that he had tested the aged sperm mutation 
frequency in “a number of different stocks (of Drosophila 
males) without finding any difference.” The rate of increase 
on a weekly basis was said to be 0.07 % on average. This 
value of 0.07 % is believed to be prior to the correction 
to 0.08 %. This suggests that Muller did not observe sig-
nificant inter-stock variation in mutation rates of the stored 
sperm.

Stern seems to have completed his Uphoff and Stern 
(1947) paper for the Manhattan Project during August, 
1947. Stern knew that Uphoff’s mean mutation fre-
quency was 0.1682 % (0.1365–0.2097 %). This suggests 
a weekly mean increase in mutation rate of 0.0227 % 
(0.0122–0.0366 %), far lower than the 0.07 or 0.08 % 
mean weekly increase in Muller. When Stern wrote to 
Muller on September 9, 1947, he stated that for the Can-
ton-special stock “…the weekly increase is considerably 
less than that found by you and others. It seems to be 
much more of the order of 0.03–0.05.” This September 9, 
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1947, letter was written probably just after the submission 
of the Uphoff and Stern (1947) paper to the AEC, and 
definitely before the submission of the Caspari and Stern 
(1948) paper for publication by Genetics (i.e., November 
25, 1947). Thus, the judgments of Uphoff and Stern that 
found that Uphoff’s data were “uninterpretable” and that 
supported the reliability of the Caspari control data were 
made with the information provided by Muller during the 
summer of 1947. The apparent argument that Stern seems 
to be suggesting in his September 9, 1947, letter to Muller 
is that the Canton-wild-type stored sperm in the female 
may yield uniquely lower control mutation values. The 
argument is tenuous as the far higher weekly rate was 
consistently shown by multiple investigators, and with 
multiple Drosophila stocks, only being low in two Uphoff 
experiments. In fact, significant inter-strain differences on 
the frequency of dominant lethal mutations as induced by 
radiation were not reported in various Drosophila strains, 
including the Canton-special wild-type strain (Demerec 
and Fano 1944; Strömnaes 1951). This suggestion by 
Stern was not included in the Uphoff and Stern (1947) 
report.

This letter exchange between Stern and Muller fails to 
provide support for the later statements of Muller that Cas-
pari’s control group was unusually high. The Muller data 
and statements also do not provide support for the con-
clusion that the low Uphoff control data were in a normal 
range. None of this information was provided by Stern in 
his Science publication to permit the scientific community 
to better evaluate the Uphoff and Caspari control group 
data.

References

American Philosophical Society (1946) Muller letter to Stern. Stern 
Papers, Muller File—Box 16, 12 Nov

American Philosophical Society (1947a) Stern letter to Muller, 22 Jan 
1947

American Philosophical Society (1947b) Stern letter to Muller, 23 
July 1947

American Philosophical Society (1947c) Stern letter to Muller 
(cable), 7 Aug 1947

American Philosophical Society (1947d) Muller letter to Stern, 8 Aug 
1947

American Philosophical Society (1947e) Stern letter to Muller, 9 Sept 
1947

American Philosophical Society (1947f) Caspari letter to Stern. Stern 
Papers, 25 Sept 1947

American Philosophical Society (1947g) Caspari letter to Stern. Stern 
Papers, Box 21, 7 Oct

American Philosophical Society (Undated) Stern letter to Caspari, 
July-Aug 1947

American Philosophical Society (1949) Stern letter to Caspari. Stern 
Papers, 9 Feb 1949

American Philosophical Society (1973) A geneticists’ journey, pp 
1–19, Stern Nov 1973

Barron ESG (1954) The effect of x rays on systems of biological 
importance. In: Hollaender A (ed) Radiation biology, volume I: 
high energy radiation, chapter 5. McGraw-Hill Book Company, 
New York, pp 283–314

Beadle GW (1959) Ionizing radiation and the citizen. Sci Am 
201:219–232

BEAR I (1956) Genetic effects of atomic radiation. Science 
124:1157–1164

Bonnier G, Lüning HG (1949) Studies of X-ray mutations in the 
white and forked loci of Drosophila melanogaster. I. A Statistical 
analysis of mutation frequencies. Hereditas 35:116–189

Bonnier G, Lüning HG, Perje AM (1949) Studies of X-ray muta-
tions on the white and forked loci of Drosophila melanogaster. 
II. A study of the formation of Gynandromphs and other kinds of 
mosaics. Hereditas 35:301–336

Byers L (1954) Thermal effects on the spontaneous mutation rate in 
mature spermatozoa of Drosophila melanogaster. Caryologia 
Suppl 1(6):694–696

Byers L, Muller HJ (1952) Influence of ageing at two different tem-
peratures on the spontaneous mutation rate in mature spermato-
zoa of Drosophila melanogaster. Genetics 37(5):570–571

Calabrese EJ (2009) The road to linearity: why linearity at low doses 
became the basis for carcinogen risk assessment. Arch Toxicol 
83:203–225

Calabrese EJ (2011a) Toxicology rewrites its history and rethinks its 
future: giving equal focus to both harmful and beneficial effects. 
Environ Toxicol Chem 30(12):2658–2673

Calabrese EJ (2011b) Key studies to support cancer risk assessment 
questioned. Environ Mol Mutagen 52(8):595–606

Calabrese EJ (2011c) Muller’s Nobel lecture on dose-response 
for ionizing radiation: ideology or science? Arch Toxicol 
85(12):1495–1498

Calabrese EJ (2012) Muller’s Nobel Prize lecture: when ideology pre-
vailed over science. Toxicol Sci 126(1):1–4

Caspari E, Stern C (1948) The influence of chronic irradiation with 
gamma rays at low dosages on the mutation rate in Drosophila 
melanogaster. Genetics 33:75–95

Catcheside DG (1950) Radiations and genetics. Practitioner 
165(990):590–593

Crow JF (1957a) Testimony—Statement of Dr. James F. Crow, Pro-
fessor of Genetics and Zoology, University of Wisconsin. Hear-
ings before the Special Subcommittee on Radiation of the Joint 
Committee on Atomic Energy, Congress of the United States. 
85th Congress, 1st session, part 1. United States Government 
Printing Office, Washington DC

Crow JF (1957b) Genetic considerations in establishing maximum 
radiation doses. Radiology 69(1):18–22

Crow JF (1995) Quarreling geneticists and a diplomat. Genetics 
140:421–426

Demerec M, Fano U (1944) Frequency of dominant lethal induced 
by radiation in sperms of Drosophila melanogaster. Genetics 
29:348–360

Erk FC (2009) Biographical memoirs. H. Bentley Glass. Proc Am 
Philos Soc 153(3):327–339

Evans RD (1949) Quantitative inferences concerning the genetic 
effects of radiation on human beings. Science 109:299–304

Giles N (1940) Spontaneous chromosome aberrations in Tradescantia. 
Genetics 25:69–87

Glass B (1957a) Testimony—Statement of Dr. Bentley Glass, Profes-
sor of Biology, the Johns Hopkins University. Hearings before the 
Special Subcommittee on Radiation of the Joint Committee on 
Atomic Energy, Congress of the United States. 85th Congress, 1st 
session, part 1. United States Government Printing Office, Wash-
ington DC

Glass B (1957b) The genetic basis for the limitation of radiation 
exposure. Am J Roentgen Radium Ther Nucl Med 78(6):955–960



2080 Arch Toxicol (2013) 87:2063–2081

1 3

Glucksmann A (1950) Cytological aspects of protection from ionizing 
radiations. Br J Radiol 23(265):41–45

Graf U (1972) Spontaneous mutations in Drosophila melanogaster. 
Humangen Hum Genet 16(1):27–32

Haas Fl, Clark JB, Wyss O, Stone WS (1950) Mutations and muta-
genic agents in bacteria. Am Nat 84(817):261–274

Hamblin JD (2007) A dispassionate and objective effort: negotiating 
the first study on the biological effects of atomic radiation. J Hist 
Biol 40(1):147–177

Hanson FB, Heys F (1929) An analysis of the effects of the different 
rays of radium in producing lethal mutations in Drosophila. Am 
Nat 63:201–213

Higgins E (1951) Atomic radiation hazards for fish. J Wildl Manag 
15(1):1–12

Hollaender A, Stapleton GE (1959) Ionizing radiation and the living 
cell. Sci Am 201(3):94–100

Joint Committee on Atomic Energy (1957) 85th Congress, 1st session. 
Summary-analysis of hearings 27–29 May, and 3–7 June, 1957 
on the nature of radioactive fallout and its effect on man. United 
States Government Printing Office, Washington DC, Aug 1957

Jolly JC (2004) Thresholds of uncertainty: radiation and responsibil-
ity in the fallout controversy. Ph.D. Dissertation. Oregon State 
University, Corvallis

Kaufmann BP (1947) Spontaneous mutation rate in Drosophila. Am 
Nat 81:77–80

Kelner A, Bellamy WD, Stapleton GE, Zelle MR (1955) Symposium 
on radiation effects on cells and bacteria. Bacteriol Rev 19:22–44

Lefevre G Jr (1950) X-ray induced genetic effects in germi-
nal and somatic tissue of Drosophila Melanogaster. Am Nat 
84(818):341–365

Lewis EB (1957) Leukemia and ionizing radiation. Science 
125(3255):965–972

Lilly Library (1938a) Indiana University, Bloomington, IN. Stern let-
ter to Demerec, 21 Jan 1938

Lilly Library (1938b) Indiana University, Bloomington, IN. Demerec 
letter to Stern, 16 Mar 1938

Lilly Library (1938c) Indiana University, Bloomington, IN. Stern let-
ter to Demerec, 31 Mar 1938

Lilly Library (1946) Indiana University, Bloomington, IN. Muller let-
ter to Stern, 13 Sept 1946

Lilly Library (1947a) Indiana University, Bloomington, IN. Muller 
letter to Stern, 14 Jan 1947

Lilly Library (1947b) Indiana University, Bloomington, IN. Muller 
letter to Stern, 3 Feb 1947

Lilly Library (1947c) Indiana University, Bloomington, IN. Muller 
letter to Stern, 4 Aug 1947

Lilly Library (1949) Indiana University, Bloomington, IN. Muller let-
ter to Stern, 5 Feb 1949

Lipshitz HD (2005) From fruit flies to fallout: Ed Lewis and his sci-
ence. Dev Dyn 232:529–546

Lüning KG (1954) Effect of oxygen on irradiated males and females 
of Drosophila. Hereditas 40(3–4):295–312

MacKey J (1951) Neutron and x-ray experiments in barley. Hereditas 
37(3):421–464

Muller HJ (1945) Age in relation to the frequency of spontaneous 
mutations in Drosophila. Yearb Am Philos Soc 150–153

Muller HJ (1946a) The production of mutations. Nobel Lecture, 1946. 
Nobleprize.org. http:www.nobelprize.org/nobel-prizes/medicine/
laureates/1946

Muller HJ (1946b) Age in relation to the frequency of spontane-
ous mutations in Drosophila. In: Year book 1 Jan 1945, 31 Dec 
1945. The American Philosophical Society, Philadelphia, PA, pp 
150–153

Muller J (1947) The production of mutations. J Hered 38(9):259–270
Muller HJ (1948) Mutational prophylaxis. Bull N Y Acad Med 

24(7):447–469

Muller HJ (1950a) Some present problems in the genetic effects of 
radiation. J Cell Comp Physiol 35(suppl 2):9–70

Muller HJ (1950b) Radiation damage to the genetic material. Am Sci 
38(1):32–59, 126

Muller HJ (1952) Genetic effects of cosmic radiation. Chapter XVII. 
(Reprinted from Physics and Medicine of the Upper Atmosphere)

Muller HJ (1954a) The nature of the genetic effects produced by radi-
ation. In: Hollaender A (ed) Radiation biology. Volume I: high 
energy radiation, chapter 7. McGraw-Hill Book Company, New 
York, pp 351–473

Muller HJ (1954b) The manner of production of mutations by radia-
tion. In: Hollaender A (ed) Radiation biology. Volume I: high 
energy radiation, chapter 8. McGraw-Hill Book Company, New 
York, pp 475–626

Muller HJ (1956) How radiation changes the genetic constitution. In: 
Proceedings of the international conference on the peaceful uses 
of atomic energy. Volume 11, biological effects of radiation, held 
in Geneva Aug 1955. United Nations, New York, NY, pp 387–399

Muller HJ (1957a) How radiation changes the genetic constitution: 
congressional testimony [reprinted from the Bulletin of the 
Atomic Scientists, Nov 1955]

Muller HJ (1957b) Potential hazards of radiation—congressional 
testimony. Hearings before the Special Subcommittee on Radia-
tion of the Joint Committee on Atomic Energy, Congress of the 
United States. 85th Congress, 1st session, part 1. United States 
Government Printing Office, Washington DC

Muller HJ, Carlson E, Schalet A (1961) Mutation by alteration of the 
already existing gene. Genetics 46:213–226

Newcombe B (1960) Genetic effects of ionizing radiation. Can J Bio-
chem Physiol 38(3):330–337

Norwood WD (1958) Common sense approach to the prob-
lem of genetic hazard due to diagnostic radiology. JAMA 
167(16):1928–1935

Nybom N, Gustafsson A, Granhall I, Ehrenberg L (1956) The 
genetic effects of chronic-gamma irradiation in barley. Hereditas 
42(1–2):74–84

Oliver CP (1930) The effect of varying the duration of x-ray treatment 
upon the frequency of mutation. Science 71:44–46

Oliver CP (1931) An analysis of the effect of varying the duration of 
x-ray treatment upon the frequency of mutations. Doctor of Phi-
losophy Thesis, University of Texas. Austin, Texas

Rajewski BN, Timofeeff-Ressovsky NW (1939) Höhen-Strahlung 
und die Mutationsrate von Drosophila melanogaster. ZIAV 
77:488–500

Ray-Chaudhuri SP (1944) The validity of the Bunsen-Roscoe law in 
the production of mutations by radiation of extremely low inten-
sity. Proc R Soc Edinb 62:66–72

Rinehart RR (1969) Spontaneous sex-linked recessive lethal frequen-
cies from aged and non-aged spermatozoa of Drosophila mela-
nogaster. Mutat Res 7:417–423

Sankaranarayanan K, Wassom JS (2008) Reflections on the impact 
of advances in the assessment of genetic risks of exposure to 
ionizing radiation on international radiation protection recom-
mendations between the mid-1950s and the present. Mutat Res 
658:1–27

Sax K (1950) The cytological effects of low-intensity radiation. Sci-
ence 112(2908):332–333

Singleton WR (1954a) The effect of chronic gamma radiation on 
endosperm mutations in maize. Genetics 39:587–603

Singleton WR (1954b) Radiation effect on living systems. J Hered 
45:58–64

Sparrow AH, Singleton WR (1953) The use of radiocobalt as a source 
of gamma rays and some effects of chronic irradiation on grow-
ing plants. Am Nat 87(832):29–48

Spear FG (1958) Some biological aspects of experimental radiology. 
A historical review. Intern Rev Cytol 7:1–77



2081Arch Toxicol (2013) 87:2063–2081 

1 3

Spencer WP, Stern C (1948) Experiments to test the validity of the 
linear R-dose/mutation at low dosage. Genetics 33:43–74

Stern C (1950) Principles of human genetics. WH Freeman and Com-
pany, San Francisco

Stern C (1960) Principles of human genetics, 2nd edn. WH Freeman 
and Company, San Francisco

Stone RS (1952) The concept of a maximum permissible exposure. 
Radiology 58(5):639–661

Strömnaes O (1951) X-ray induced lethal mutations in several strains 
of Drosophila melanogaster. Hereditas 37:533–559

Timoféeff-Ressovsky NW, Zimmer KG, Delbruck M (1935) Uber die 
Natur der Genmutation und der Genstruktur. Nachrichten von der 
Gesellschaft der Wissenschaften zu Gottingen:Mathematische-
Physikalische Klass, Fachgruppe VI, Biologie 1(13):189–245

Uphoff DE, Stern C (1947) Influence of 24-hour gamma-ray irradia-
tion at low dosage on the mutation rate in Drosophila. MDDC-
1492, US Atomic Energy Commission, pp 1–6. Hathi Trust Digi-
tal Library. Available at http://www.hathitrust.org

Uphoff DE, Stern C (1949) The genetic effects of low intensity in 
irradiation. Science 109:609–610



HHealth Physics Journal
 

THE INTEGRATION OF LNT AND HORMESIS FOR CANCER RISK ASSESEMENT
OPTIMIZES PUBLIC HEALTH PROTECTION

--Manuscript Draft--
 

Manuscript Number:

Full Title: THE INTEGRATION OF LNT AND HORMESIS FOR CANCER RISK ASSESEMENT
OPTIMIZES PUBLIC HEALTH PROTECTION

Article Type: Forum Article

Keywords: hormesis;  LNT;  risk assessment;  cancer

Corresponding Author: Edward J Calabrese, Ph.D.
University of Massachusetts Amherst
Amherst, Massachusetts UNITED STATES

Corresponding Author Secondary
Information:

Corresponding Author's Institution: University of Massachusetts Amherst

Corresponding Author's Secondary
Institution:

First Author: Edward J Calabrese, Ph.D.

First Author Secondary Information:

Order of Authors: Edward J Calabrese, Ph.D.

Dima Yzaji Shamoun, Ph.D.

Jaap C. Hanekamp, Ph.D.

Order of Authors Secondary Information:

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Submission Form



1 
 

Health Physics Forum Article: Low Dose Symposium 

 

THE INTEGRATION OF LNT AND HORMESIS FOR CANCER RISK ASSESSMENT 

OPTIMIZES PUBLIC HEALTH PROTECTION 

 
 
Edward J. Calabrese, Ph.D.* ; Dima Yazji Shamoun, Ph.D. ; Jaap C. Hanekamp, Ph.D.  

 
 
 

 

 

Conflicts of Interest and Source of Funding: Authors declare no conflict of interest. Effort 
sponsored by the Air Force Office of Scientific Research, Air Force Material Command, USAF, 
under grant number FA9550-13-1-0047 (to EJC). The U.S. Government is authorized to 
reproduce and distribute for governmental purposes notwithstanding any copyright notation 
thereon. Long-term research activities in the area of dose response have been supported also by 
awards from ExxonMobil Foundation over a number of years. The views and conclusions 
contained herein are those of the authors and should not be interpreted as necessarily 
representing the official policies or endorsement, either expressed or implied, of the Air Force 
Office of Scientific Research, U.S. Government, or Exxon Mobil Foundation. 

 
 
 

*Corresponding Author 
 
 
  

Final Manuscript (Abstract, Text, References, Footnotes, List of Figure Captions)



2 
 

ABSTRACT 

This paper proposes a new cancer risk assessment strategy and methodology which optimizes 

population-based responses by yielding the lowest disease/tumor incidence across the entire dose 

continuum. We argue that the optimization can be achieved by integrating two seemingly 

conflicting models, i.e., the linear no-threshold (LNT) and hormetic dose-response models. The 

integration would yield the optimized response at a risk of 10-4 with the LNT model. The 

integrative functionality of the LNT and hormetic dose response models provides an improved 

estimation of tumor incidence through model uncertainty analysis, and major reductions in 

cancer incidence via hormetic model estimates. This novel approach to cancer risk assessment 

offers significant improvements over current risk assessment approaches by revealing a 

regulatory sweet-spot that maximizes public health benefits while incorporating practical 

approaches for model validation. 

 

Keywords: hormesis, LNT, risk assessment, cancer 
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INTRODUCTION 

Over the past three decades there has been a resurgence of scientific interest in the hormetic dose 

response model. The resurgence has been largely driven by the major switch from whole animal 

to cell culture investigations, which has created the opportunity to efficiently and inexpensively 

test up to 11 concentrations (plus a control group), replicate it eight times, and evaluate the 

consistency of responses using a 96 well-plate. This improvement in study design has therefore 

provided opportunities to explore a broad concentration/dose range in considerable detail, 

standing in marked contrast to a typical high dose, whole animal bioassay using two to three 

treatment doses. In fact, from 1990 to 2010, the proportion of in vitro studies entered into the 

hormesis database rose from 47% to 70% of the total entries (Calabrese and Blain 2011).  

The in vitro experimental transition occurred in parallel with marked advances in the 

specification of pharmacology/toxicological mechanisms, including the identification of a 

plethora of receptor and cell signaling pathways that mediate a vast array of hormetic dose 

responses. For example, Calabrese (2013) reported specific mechanisms for 400 different 

hormetic dose responses. This assessment indicated that the quantitative features of the hormetic 

dose response are independent of mechanism. In addition, several large-scale head-to-head 

comparisons amongst the hormetic, threshold, and the linear no-threshold (LNT) models 

revealed that the hormetic dose response far outperformed the other two models in making 

reliable predictions in the low-dose zone (Calabrese and Baldwin 2001, 2003; Calabrese et al. 

2006, 2008, 2010). 

 These developments are significant since they indicate that the hormetic dose response is 

a central concept that can describe how biological systems respond to low stimulatory doses or to 

disruptions in homeostasis when the damage induced has been minimal to moderate. Based on 
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the evidence accumulated over the past 30 years (Calabrese 2008, 2011), a convincing case can 

be made that hormesis deserves not only formal consideration along with the LNT and threshold 

models in risk assessment applications, but having repeatedly outcompeted these two models, 

perhaps an even more prominent position.  

A recent historical study (Calabrese 2015) indicates that the evidence used by the U.S. 

NAS BEAR I Committee, Genetics Panel in 1956 to usher LNT into its dominant position in 

cancer risk assessment is highly problematic. The Genetics Panel did not base its assessment on 

appropriate studies as well as falsifying and fabrication of the research record to enhance 

acceptance of its LNT recommendation. The Genetics Panel also failed to provide a justification 

for the switch from the threshold to the linear model. However, as a regulatory tool, LNT had 

two attractive features, namely, ease of application and likelihood to consistently overestimate 

risk (The U. S. Interagency Staff Group 1986). Therefore, once the NAS recommendation for 

LNT was accepted, risk estimates became highly sensitive to the LNT model, making the latter a 

regulatory gold standard without adequate validation.  

In the case of the threshold dose response model, it had been adopted by the regulatory 

and medical communities in the 1930s, yet, during the 20th century, it was never validated for 

making accurate predictions in the low dose zone (Calabrese 2011). Further, when tested about 

60 years later, it performed very poorly (Calabrese and Baldwin 2001, 2003; Calabrese et al. 

2006, 2008, 2010).   

Having disregarded objective scientific protocol, the dose response judgments of 

regulatory agencies that have led to the adoption of the LNT and threshold models have therefore 

been seriously flawed. The hormetic dose response, on the other hand, has not only outperformed 

the alternative models in direct comparisons, it also best describes responses in cancer bioassays 
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for numerous high profile agents such as DDT (Sukata et al. 2002), dioxin (Kociba 1978), 

ionizing radiation (Ootsuyama and Tanooka 1991; Cheda et al. 2006; Mitchell 2006; Ishii-Ohba 

et al 2007; Lacoste-Collin et al. 2007; Tanooka 2011; Nomura et al. 2013), in the 24,000 mega 

mouse study with acetyl aminoflurene (Society of Toxicology 1981), and in numerous studies at 

various early stages in the process of tumor development (Koana et al. 2007, 2012; Elmore et al. 

2011a, 2011b).  

 

INTEGRATION OF LNT AND HORMESIS 

Despite the above arguments criticizing LNT, the present paper is not proposing replacing the 

LNT model with the hormetic model. Instead, it presents the LNT and hormetic models under 

the light of model uncertainty analysis. We propose a unique scientific way to reconcile the two 

models in a manner that defines the so-called regulatory sweet spot for optimal public health 

protection; both models are needed to achieve this goal. This paper extends earlier work of 

Calabrese et al. (2015) by illustrating a practical means to harmonize the LNT and hormetic 

models for cancer risk assessment. As might be expected under such circumstances, conflicting 

entities or scientists with differing perspectives may seek at times a common goal (i.e., 

optimization of public health responses), all the while recognizing that scientific and/or policy 

differences would remain. 

 Given their contrasting implications, it may at first glance seem impossible to reconcile 

the LNT and hormetic dose response models. A type of convergence occurs, however, when the 

integration of the two models displays a dose where public health gains are optimized as 

compared to responses at other doses. The optimal dose is at the nadir of the hormetic dose-
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response, which occurs at approximately the dose corresponding to 10-4 risk using the LNT 

model (Calabrese et al. 2015). This regulatory sweet spot provides the lowest tumor incidence 

based on an integration of the risk estimates of both models. 

 In order to derive such a convergence estimate, the hormetic-based dose corresponding to 

a 1% response from a specific chronic animal bioassay is estimated, using a standard benchmark 

dose (BMD) method. This BMD is then divided by 100 (or the product of two standard 10-fold 

EPA/FDA uncertainty factors for interspecies and interindividual variability) as is typically the 

case for non-carcinogenic regulatory risk assessment. This process yields a dose that also 

corresponds to a 10-4 risk using the LNT for a substantial number of data sets (Gaylor 1989). The 

nadir of the normal population response according to the hormetic model coincides with this 10-4 

risk, whereas the optimal dose for the high-risk group using the hormetic model coincides with 

the 10-5 risk of the LNT (Calabrese and Cook 2005). Since the size of the high-risk segment with 

unique genetic predisposition features is uncertain, but is assumed to be approximately < 1-5% 

of the population (Calabrese 1978), the overriding population-based optimized benefit would 

employ the 10-4 risk value. 

 The reconciliation of the hormetic and LNT models in this manner reasonably 

characterizes the model uncertainty range for cancer risk estimation. The convergence point at 

10-4 M yields the lowest estimated population-based cancer risk by a considerable margin. If the 

dose was decreased to the 10-5 M value, the LNT would estimate proportionately (i.e. 90%) 

fewer cancers (i.e., few in absolute terms) but essentially all the considerable “absolute” benefits 

of the hormetic estimates would be lost based on the most likely range of the hormetic curve 

(Calabrese and Blain 2005, 2011).  
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 To illustrate, suppose we use a bladder cancer model, with a background effect of 12,500 

cases per year in a population of 106 people. The 10-4 risk estimates 100 new chemically-induced 

cancers in the same population. At the same time, the hormetic model predicts a 25% decrease in 

risk, thereby reducing the number of new bladder tumors by 3,150 (Calabrese et al. 2015). Loss 

of the hormetic benefit to the general population by lowering the dose to a 10-5 risk would push 

the population-response far outside the optimal zone. More specifically, while the LNT model 

would estimate 90 less affected people, approximately 3,150 new people would be predicted to 

develop this cancer, thereby creating a large net negative response at the lower dose 

corresponding to the 10-5 LNT risk.  

 The proposed new cancer risk assessment methodology is superior even if the hormetic 

dose response was incorrect and the LNT theoretically correct, as risk at 10-4 is far below the 

capacity to be detected even in the most powerful epidemiological studies. Like the current 

federal cancer risk assessments, the proposed scheme is not verifiable in light of the limitations 

with experimental/epidemiological methods, but, unlike the current federal cancer risk 

assessments, it serves to minimize model error. Thus, the proposed scheme can provide an 

objective basis for regulation. 

The present study applies only to chronic animal bioassays which strongly dominate the 

chemical risk assessment domain. Incorporating the hormetic dose response model offers several 

significant additional functional components which support its usage, as described here. The 

hormetic model contains both threshold and hormetic features allowing for the dose response 

assessment to maintain flexibility if follow up experimental validation tests are undertaken.  

Though the hormetic model is complex, it could, if needed, readily default to a threshold 

model with a long history of use in the risk assessment community and federal regulations. 
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Additionally, as inferred above, the hormetic dose response can be tested to determine whether it 

can be confirmed or discredited. A practical example of efficient validation is seen with the 

research of Sukata et al. (2002) who retested the capacity of DDT to produce liver tumors using 

liver foci in the F344 male rat. This short-term study involved a large number of doses and it 

confirmed the cancer-causing effects of DDT at high doses while identifying the hormetic 

response at low doses. This capacity for validation is not present with the LNT model, where low 

levels of risk (e.g., less than 1%) cannot be confidently detected and render the LNT model 

unfalsifiable. The capacity to verify scientific models, even when using short-term predicted 

biomarker endpoint as in the case of Sukata et al. (2002) is an essential feature of any science. 

This new proposal brings this important feature back to cancer risk assessment.  
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Hormesis in high-throughput
screening of antibacterial compounds
in E coli

Edward J Calabrese1, George R Hoffmann2, Edward J Stanek3 and
Marc A Nascarella4

Abstract
This article assesses the response below a toxicological threshold for 1888 antibacterial agents in Escherichia
coli, using 11 concentrations with twofold concentration spacing in a high-throughput study. The data set had
important strengths such as low variability in the control (2%–3% SD), a repeat measure of all wells, and a built-
in replication. Bacterial growth at concentrations below the toxic threshold is significantly greater than that in
the controls, consistent with a hormetic concentration response. These findings, along with analyses of pub-
lished literature and complementary evaluations of concentration-response model predictions of low-
concentration effects in yeast, indicate a lack of support for the broadly and historically accepted threshold
model for responses to concentrations below the toxic threshold.

Keywords
hormesis, biphasic, dose response, U-shaped, adaptive response, antibiotics

Introduction

Since the later part of the 19th century, the threshold

concentration/dose response has been widely accepted

as the dominant and most fundamental concentration/

dose-response model across a broad range of biologi-

cally based disciplines.1 However, the capacity of the

threshold concentration/dose-response model to pre-

dict accurately low-concentration/dose responses, that

is, responses below the threshold, has been challenged

over the past decade. The challenge is based on numer-

ous published reports demonstrating that biphasic con-

centration/dose responses (i.e., hormetic concentration/

dose responses) are common in the literature regardless

of biological model, endpoint measured, and chemical

class/physical stressor.1-5 In addition, several large-

scale direct comparisons of the threshold and the

hormetic models using a priori entry and evaluative cri-

teria have been published, indicating that the threshold

model poorly predicts responses in the below-threshold

zone, while the reverse is the case for hormesis.2,3,6,7

The present study evaluates the capacity of the

threshold and hormesis concentration response

models to predict below-threshold responses in a

high-throughput bioassay in which 1888 prospective

antibacterial compounds were tested for effects on

growth in Escherichia coli. The design of the

concentration responses provides a rich opportunity

to evaluate effects above and below the toxic thresh-

old, in that there were 11 concentrations spaced at

twofold intervals and built-in replication procedures.

We analyze these data to identify the pattern of

responses at concentrations below the estimated

threshold.

Materials and methods

The study data came fromMcMaster University, HTS

Laboratory, Hamilton, Ontario, Canada. E coli strain
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MC10618, containing plasmid pET26b(þ), was used

to screen for toxicity in 50,000 small molecules that

had been acquired from Maybridge plc (Cornwall,

UK). This strain has chromosomal and plasmid-

borne genes that confer resistance to streptomycin and

kanamycin, respectively, and it exhibits enhanced

permeability to chemicals relative to that of wild-

type E coli. The initial screen of 50,000 compounds

involved testing at a single concentration (50 mM)

to assess cell killing. Hits, which were defined in the

McMaster study as those compounds that reduced

bacterial growth to 75% as compared to solvent-

treated controls, occurred with 1925 compounds. The

OD600 at time zero was not measured for about 2% of

the 1925 compounds, reducing the number of chemi-

cals that were initially assessed in the present article

to 1888.

Single colonies were picked from culture plates of

E coli MC1061 pET26(þ) and grown overnight in

Luria-Bertani broth (3 mL) containing 50 mg/mL

kanamycin (LB-kan), then diluted 100-fold into LB-

kan, and grown at 37�C with shaking until OD600

reached ca. 0.5. This subculture was diluted 103-fold

into screening broth (LB-kan containing 50 mg/mL

streptomycin and 1 mM isopropyl-b-D-thiogalacto-
pyranoside) and used for concentration-response

determination. Concentration-response evaluations

were carried out in duplicate in separate 96-well

plates with 190 mL screening broth and 10 mL test

compound dissolved in DMSO. Eleven concentra-

tions (0.244 mM; 0.488 mM; 0.976 mM; 1.95 mM;

3.91 mM; 7.81 mM; 15.6 mM; 31.2 mM; 62.5 mM;

125 mM; and 250 mM) of each compound were eval-

uated. The solvent DMSO had a final concentration

of 5% v/v. Solvent and positive controls (four of each)

in each 96-well plate contained DMSO or ampicillin

(100 mg/mL) and chloramphenicol (25 mg/mL)

instead of tested compounds, respectively. All trans-

fers were performed using a Biomex FX liquid hand-

ler (Beckman-Doulter Inc., Fullerton, CA). Upon

mixing the bacteria with the tested compounds, the

OD600 of each plate was measured with a SpectraMax

Plus384 plate reader (Molecular Devices Corp., Sun-

nyvale, CA, USA; OD600zero). Plates were then incu-

bated at 37�C, 85% humidity, for ca. 20 hours, after

which OD600 was measured again (OD600growth).

Evaluation of growth kinetics indicated that the bac-

teria were in log growth phase at 20 hours when the

measurements were taken. The responses reported are

the fraction of growth of E coli exposed to the com-

pound relative to the growth of the solvent controls.

Replication procedure

Each chemical was tested twice at the same 11 con-

centrations on a different 96-well plate on the same

day. The study was conducted on 11 days between

20 January 2005 and 3 February 2005. The highest

concentration (250 mM) was always placed in column

1 on the left edge of the well plate. Each progressively

lower concentration was placed in the next well pro-

gressing to the right side. Eight different chemicals

were tested over the same concentration range on one

plate, leaving the eight wells adjacent to the low treat-

ment group on the right edge (column 12) of the plate

for controls (Figure 1). Of the eight control wells, four

were allocated to solvent controls (i.e., DMSO) and

four to controls using ampicillin and chlorampheni-

col. Since E coli MC1061 pET26(þ) is sensitive to

these agents, the concentration response was deemed

invalid if growth occurred in their presence.

Optical density (OD) measurements were taken at

time zero and after 20 hours of incubation. The time

zero readings were subtracted from those made at

20 hours, correcting for possible absorbance by tested

chemicals at 600 nm. The response data for each con-

centration consisted of a ratio of the OD600 of the well

for the treatment, divided by the mean of the OD read-

ings of three solvent controls in rows A–C. The con-

trol response in row Dwas not used due to an apparent

calibration error in the OD reader for that row.

Controls and treatments for row D were found to be

systematically low by approximately 20% in the time

0- and time 20-hour readings, thereby supporting the

decision to eliminate row-D chemicals and controls

Figure 1. Layout of 96-well plates. Each chemical was
tested at the same 11 concentrations on a different 96-
well plate. The highest concentration (250 mM) was always
placed in column 1 on the left edge of the well plate, with
lower concentrations placed in the next well progressing
to the right side. The column on the far right was used for
controls. See the text for details.
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from the analysis. As a result of this calibration error,

all chemicals (i.e., 236) and controls tested in row

D were dropped from the analysis.

Evaluation strategy

Individual concentration-response relationships were

used to evaluate whether there is nonrandom biologi-

cal activity, measured by cell proliferation, below the

toxicological threshold as estimated by a benchmark

dose (BMD) approach. In the 11-concentration proto-

col, the concentration-response study should ideally

have at least one concentration in the toxic domain

(i.e. above the BMD), a concentration with a response

that approximates the control response, and several

lower concentrations that would be evaluated for bio-

logical activity below this threshold-like value. The

McMaster University data are useful for this purpose,

in that most experiments show toxicity but also have

multiple concentrations below an estimated toxicolo-

gical threshold.

For a concentration-response to be included in the

analysis, we required evidence of toxicity at high con-

centrations (i.e. response � 80% of the controls),

along with one or more concentrations below the

threshold concentration, subsequently defined as the

benchmark dose BMD(5). In addition, concentration

responses had to pass a screening for response outliers

in the below-BMD(5) range based on the standard

deviation of responses below the BMD(5).

Once eligible concentration responses were identi-

fied with one or more concentration below the

BMD(5), we describe the response pattern in two

ways. First, we calculated the mean response for con-

centrations below the BMD(5) for a concentration

response and summarized these average responses

over concentration responses. Our summary stratified

the concentration responses according to the number

of concentrations below the BMD(5).

The second analysis accounted for replicate con-

centration responses for a chemical, and plate effects

using a mixed model analysis using SAS PROC

Mixed. In the model, random effects were included

for plates, chemicals, and replications. Fixed effects

corresponded to the number of concentrations below

the BMD(5), as well as concentration effects and their

interaction. This analysis accounts separately for var-

iation due to plates, chemicals, and replicates, and it

more closely parallels the physical experimental

structure. The p values for tests of hypotheses that the

average response differs from 100% of control are

based on the mixed model analyses.

Since the controls were located in column 12, an

edge, the most direct comparison of response with con-

trols is for chemicals that were also assigned to an edge

(rows A and H; see Figure 1). We report results for

these chemicals first, followed by results for chemicals

assigned to ‘internal’ rows (i.e. rows B, C, E, F and G)

versus the controls. Emphasizing edge rows in our

analysis has the advantage of eliminating the possible

influence of edge effects, that is, differences in results

ascribable to positioning on edges or in interior wells.

Edge effects have been reported to occur in high-

throughput screening, but they are not consistent with

respect to whether responses on edges are higher or

lower than those of interior wells.9,10 Because of the

uncertainty, we thought it prudent to emphasize edge

rows, thereby maximizing the equivalency between

treatment groups and controls.

Threshold estimation strategies

A Benchmark Dose (BMD) methodology was

adopted to estimate the toxicological threshold in a

manner identical to that reported earlier.7 The BMD

concept, which was first proposed by Crump,11 is a

widely accepted general approach for estimating

threshold responses in toxicology. In contrast to a lin-

ear or nonlinear regression approach to calculating a

BMD,11 the procedure that we used, as described

below, is ‘local’ in the sense that the BMD is calcu-

lated using only the responses at concentrations that

are adjacent to the BMD.

The toxicological threshold was estimated using a

BMD(5) as the threshold estimate. This value repre-

sents the concentration at which the response is esti-

mated to have decreased 5% below control values.

This BMD was selected since it closely reflected the

variability (SD) of the E coli controls on 96-well

plates. Since our goal is to classify toxicity, a lower

bound of a confidence interval for that concentration

was not calculated as may be performed in a risk

assessment process. The BMD approximates the con-

trol response but probably includes a low degree of

toxicity. That is, it corresponds to a concentration that

is slightly higher than the toxicological threshold.

This suggests that a concentration immediately below

and very close to the BMD may itself be within the

toxic zone (i.e. its concentration may be higher than

the actual toxicological threshold). This would

become less likely with increasing distance between
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the BMD and the concentration below the BMD. For

example, for agents with a BMD near 0.488 mM, the

0.244 mM concentration would be close to the toxicity

threshold. In contrast, for agents with a BMD

approaching 31 mM, the 0.244 mM concentration

would be approximately two orders of magnitude

below the toxicity threshold.

BMD values were estimated for concentration

responses where the response was less than 80% of

control at a higher concentration, which we call a

‘toxic concentration.’ Using concentrations lower

than the toxic concentration, the BMD(5) was deter-

mined by the following procedure:

1. The largest concentration with a response

below 95.0% is identified. Let this concentration

be Cbelow, and let the associated response be

Rbelow.

2. If the response at the next smallest concentration

is at least 95.0%, then let this concentration be

Cabove, and let the associated response be Rabove.

The BMD(5) is determined to be in the concen-

tration range between Cabove and Cbelow.

3. If the average response at the next lowest concen-

tration below Cbelow is less than 95.0%, then let

this concentration be Cbelow with response Rbelow,

and return to step two.

The concentrations defining theBMD(5) rangewere not

included in analyses of responses below the BMD(5).

Results

Figure 2 shows concentration-response relationships

for the data satisfying the entry criteria. Two curves

are presented, one for all analyzed rows (A–C and

E–H) and the other for edge rows A and H. The

concentration-response relationships are similar, with

slightly smaller responses at low concentrations in the

edge rows. Analysis of the edge rows (i.e. A and H)

and internal rows (i.e. B, C, E, F, and G) follows in

separate sections.

Edge row chemical assessment

We first report results for chemicals where the

concentration response occurred on the edge of a plate

(row A or H). A total of 471 plates were eligible for

analysis. Two plates were analyzed for each of 235 sets

of eight chemicals, and one set of chemicals occurred

on a single plate. This resulted in a total of 472 chemi-

cals whose concentration responses were on an edge of

a plate, of which replicate concentration responses

were available for 470 chemicals. The total number

of concentration responses for these chemicals was

942. Among the 942 concentration responses, 36 did

not satisfy the toxicity (�80% of control at high

concentration) requirement. Of the remaining 906 con-

centration responses, 51 were highly toxic, with no

concentrations below the BMD(5) range. A total of

855 concentration responses had one or more concen-

tration below the BMD(5), including replicate

concentration responses on 411 chemicals and a single

concentration response on 33 chemicals.

We examined concentration responses for possible

outliers by calculating the standard deviation of

response among concentrations below the BMD(5)

for the 827 concentration responses with more than

one concentration below the BMD(5) and reviewing

the entire response profile for the 42 concentration

responses where the standard deviation was greater

than 8.85 (corresponding to the 95th percentile). The

median standard deviation was 2.39, while the 75th

percentile standard deviation was 3.83. Among the

42 concentration responses with high standard devia-

tions, 40 concentration responses were for chemicals

where a replicate concentration response had a

standard deviation below the 95th percentile. Two

concentration responses were for the same chemical,

with the high standard deviation apparently due to

precipitation at high concentrations. When replicate

concentration responses were available for a chemi-

cal, profiles of both concentration responses were

Figure 2. Mean responses (% of control growth) by dose
in the Escherichia coli database: The curves compare the
dose-response relationship for edge rows (rows A and H)
with that for all evaluated rows (rows A–C and E–H).
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reviewed to identify outlier responses for individual

wells. Based on this review, we decided to eliminate

concentration responses with standard deviations

greater than 10 since there was evidence of one or more

outlier response. This excluded 30 concentration

responses (3.5% of the855). The remaining825concen-

tration responses included replicate concentration

responses on 384 chemicals and a single concentration

response on 57 chemicals. This corresponds to 87.5%
of the concentration responses conducted in an edge

row, and it includes one ormore concentration response

on 93.4% of the chemicals assigned to a plate edge.

Assessment of edge-row replication consistency

Of the edge chemicals, 384 had replicates with at least

one concentration response that satisfied the toxicity

requirement, had a local BMD(5) and at least one con-

centration below the BMD(5), while 57 chemicals had

only one replicate meeting these criteria. We compared

the BMD(5) range for the 384 chemicals with replicates

to assess consistency. Chemicals were judged as to how

close each chemical’s BMD(5) was to its replicate’s

BMD(5) based on whether they were within the same

or different twofold concentration increment. Of the

384 chemicals, 198 (52%) hadBMD(5) values thatwere

within the same twofold concentration range. An addi-

tional 146 chemicals (38%) were within the next two-

fold concentration increment, while 97% were within

two, twofold concentration increments. We inspected

the 11 replicated concentration responses where the

BMD(5) range differed bymore than two adjacent con-

centrations and concluded that the differences were a

result of normal variability that was a consequence of

relatively low toxicity. For this reason, all 825 concen-

tration responses were included in subsequent analyses.

Edge rows: concentration response analysis

We summarize the average response below the

BMD(5) for concentration responses (Table 1) and

chemicals (Table 2, Figure 3) depending on the num-

ber of responses below the BMD(5). The data indicate

a general inverted U-shaped concentration response,

which becomes progressively more prominent when

there are 3–8 concentrations below the BMD(5) cate-

gory. The results in Table 1 provide a simple sum-

mary using a concentration response as a unit. This

analysis does not account for the fact that some of the

concentration responses are replicates on the same

chemical, but it allows each concentration response

to be uniquely assigned to a column corresponding

to the number of concentrations below the BMD(5).

The results in Table 2 are based on a mixed model

analysis that accounts for variation between plates,

chemicals, and replications estimated as 6.57, 4.34,

and 11.71, respectively. The estimated means in

Table 2 show the pattern of response for concentra-

tions below the BMD(5) depending on the number

of concentrations below the BMD(5), with means

that are statistically significantly different from the

control 100% so indicated. As seen in Table 2, the

first concentration below the BMD(5) tends to have

an average response that is slightly less than that of

lower doses, suggesting that the BMD(5) was likely

to be slightly below the true threshold (i.e. display-

ing slight toxicity). At progressively lower concen-

trations, there is evidence of an increase in the

proliferation response and then a decrease toward

control values, conforming to the inverted U-shape.

Figure 3 summarizes the estimates from Table 2

when there were more than 50 concentration

responses with the given number of concentrations

below the BMD(5).

Table 1. Edge row analysisa

Number of concentrations below BMD(5)

1 2 3 4 5 6 7 8 9

Median 97.68 99.03 99.72 101.09 102.00 101.31 101.96 100.78 100.33
Mean 97.59 98.70 99.64 101.08 101.90 101.60 103.50 101.46 100.33
Standard deviation. 3.85 3.32 3.77 3.45 3.65 3.89 5.02 4.62 3.34
Maximum 104.58 108.87 107.62 114.42 113.88 113.23 117.85 106.38 102.69
# Concentration responses 28 78 135 188 224 142 25 3 2

a Summary of median/mean percentage of control response by number of concentrations below the BMD(5) averaged over concen-
tration responses for 825 concentration responses on 441 chemicals.
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Table 2. Edge row analysisa

Concentrations (mM)

# of Conc. Below BMD (5) 0.244 0.488 0.976 1.95 3.91 7.81 15.6 31.2 62.5

1 98.41
2 98.75 98.76b

3 98.90 99.61 100.12
4 100.07 101.45 101.79 100.79b

5 99.78 101.78 102.96 102.44b 101.48b

6 99.64 101.58 103.18 102.62b 103.13b 101.78b

7 100.73 101.59 102.82 103.68b 104.00b 103.86b 101.35
8 95.64 101.63 108.09 104.57 107.17b 103.72 102.13 98.33
9 98.54 105.27 101.33 103.38 104.86 103.96 97.74 96.54 94.73

a Estimated mean percentage of control response by number of concentrations below the BMD(5) based on mixed model analysis with
random plate, chemical, and replications for 467 plates, 441 chemicals, and 825 concentration responses.
b p Value < .05.

Figure 3. Edge row mixed model analysis. Estimates of the average response [y-axis; expressed as percentage deviation
from the control (100%)] over the concentration of antibacterial agent (x-axis; see Table 2) and number of
concentrations below the BMD(5) (panel variable). The figure is based on chemicals in an edge row (A and H) of a
96-well plate (with controls placed in column 1, rows A–C). Data are only shown (in panels) when there were >50
concentration responses in the respective category (see number of concentration responses in Table 1).
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Internal row chemical assessment

There were 1180 chemicals assayed on 471 plates in

internal rows (rows B, C, E, F, and G), of which

replicate assays were available for 1125 chemicals. The

total number of concentration responses for these che-

micals was 2355. Among the 2355 concentration

responses, 60 did not satisfy the toxicity (�80% of con-

trol at high concentration) requirement. Of the remain-

ing 2295 concentration responses, 110 were highly

toxic, with no concentrations below the BMD(5) range.

A total of 2185 concentration responses had one ormore

concentration below the BMD(5), including replicate

concentration responses on 1031 chemicals, a single

concentration response on 111 chemicals, and four con-

centration responses on three chemicals.

We examined concentration responses for possible

outliers by calculating the standard deviation of

response among concentrations below the BMD(5)

for the 2185 concentration responses with more than

one concentration below the BMD(5) and reviewing

the entire response profile for the 106 concentration

responses where the standard deviation was greater

than 11.65 (corresponding to the 95th percentile). The

median standard deviation was 3.30, while the 75th

percentile standard deviation was 5.36. Among the

106 concentration responses with high standard

deviations, 94 chemicals had a single concentration

response with a high standard deviation, while six

chemicals had two concentration responses with stan-

dard deviations above the 95th percentile. When

replicate concentration responses were available for

a chemical, profiles of both concentration responses

were reviewed to identify outlier responses for indi-

vidual wells. Based on this review, we decided to

eliminate concentration responses with standard

deviations greater than 13 since there was evidence

of one or more outlier response. This excluded

80 concentration responses (3.7% of the 2185). The

remaining 2105 concentration responses included

replicate concentration responses on 961 chemicals,

a single concentration response on 171 chemicals, and

three chemicals with four concentration responses

each. This corresponds to 89.4% of the concentration

responses conducted in internal rows, and it includes

one or more concentration response on 96.2% of the

chemicals assigned to these internal rows.

Assessment of replication consistency for
internal rows

Of chemicals in internal rows, 961 had two replicates

with at least one concentration response that satisfied the

toxicity requirement, had a local BMD(5), and had at

least one concentration below the BMD(5), while 171

chemicals had only one replicate meeting these criteria

and three chemicals had four replicates. We compared

the BMD(5) range for the 961 chemicals with replicates

to assess consistency. Chemicals were judged as to how

close each chemical’s BMD(5) was to its replicate’s

BMD(5) based on whether they were within the same

or different twofold concentration increment. Of the

961 chemicals, 433 (45%) hadBMD(5) values that were

within the same twofold concentration range. An addi-

tional 367 chemicals (38%)werewithin the next twofold

concentration increment, while 94% were within two of

the twofold concentration increments. We inspected

the 28 replicated concentration responses where the

BMD(5) range differed bymore than three adjacent con-

centrations and concluded that the differences were a

result of normal variability that was a consequence of

relatively low toxicity. For this reason, all 2105 concen-

tration responses were included in subsequent analyses.

Internal rows: concentration response analysis

We summarize the average response below the

BMD(5) for concentration responses (Table 3) and

Table 3. Internal row analysisa

Number of concentrations below BMD(5)

1 2 3 4 5 6 7 8 9

Median 98.11 99.68 103.08 103.94 105.16 106.27 106.72 104.05 97.52
Mean 98.56 100.27 103.10 103.43 104.83 105.84 106.61 106.52 96.91
Std. Dev. 9.21 5.99 5.64 5.74 5.43 6.06 5.04 5.33 5.77
Maximum 146.40 126.00 121.32 116.25 123.66 122.35 119.53 115.78 105.31
# Conc. Responses 72 140 245 407 652 465 104 13 7

a Summary of median/mean percentage of control response by number of concentrations below the BMD(5) averaged over concen-
tration responses for 2105 concentration responses on 1135 chemicals.
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chemicals (Table 4, Figure 4) depending on the num-

ber of responses below the BMD(5). The data indicate

a general inverted U-shaped concentration response

that becomes progressively more prominent when

there are 3–8 concentrations below the BMD(5) cate-

gory. The results in Table 3 provide a simple

Table 4. Internal row analysisa

Concentrations (mM)

# of conc. below BMD(5) 0.244 0.488 0.976 1.95 3.91 7.81 15.6 31.2 62.5

1 101.50b

2 102.47b 102.94b

3 101.99b 104.31b 103.36b

4 102.65b 104.54b 103.96b 102.39
5 102.62b 105.31b 105.44b 104.38 102.56
6 103.21b 105.51b 106.25b 105.92 105.09 102.99
7 102.68b 106.16b 107.28b 106.91 106.48 105.15 103.08b

8 103.38b 106.70b 106.87b 108.14 107.54 106.68 102.86b 96.41b

9 101.74 97.26 103.13 100.64 103.60 104.31 97.93 86.05b 91.03b

a Estimated mean % of control response by number of concentrations below the BMD(5) based on mixed model analysis with random
plate, chemical, and replications for 471 plates, 1135 chemicals, and 2105 concentration responses.
b p Value < .05.

Figure 4. Internal row mixed model analysis. Estimates of the average response [y-axis; expressed as percentage
deviation from the control (100%)] over the concentration of antibacterial agent (x-axis; see Table 4) and number of
concentrations below the BMD(5) (panel variable). The figure is based on chemicals in interior rows (B, C, E, F, and G) of
a 96-well plate (with controls placed in column 1, rows A–C). Data are only shown (in panels) when there were >50
concentration responses in the respective category (see number of concentration responses in Table 3).
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summary using a concentration response as a unit.

This analysis does not account for the fact that some

of the concentration responses are replicates on the

same chemical, but it allows each concentration

response to be uniquely assigned to a column corre-

sponding to the number of concentrations below the

BMD(5). The results in Table 4 are based on a mixed

model analysis that accounts for variation between

plates, chemicals, and replications estimated as

26.08, 4.92, and 21.06, respectively. The estimated

means in Table 4 shows the pattern of response for

concentrations below the BMD(5) depending on the

number of concentrations below the BMD(5), with

means that are statistically significantly different

from 100% so indicated. The responses in Table 4

conform to an inverted-U curve, as described above

for Table 2. Figure 4 summarizes the estimates from

Table 4 when there were more than 50 concentration

responses with the given number of concentrations

below the BMD(5).

Discussion

These results extend the findings of Calabrese and

Baldwin2,3 and Calabrese et al.6,7 that the hormetic

concentration response is commonly observed in

studies with rigorously defined a priori entry and

evaluative criteria. The average stimulatory response

was highly statistically significant but modest, usually

being about 1%–4% above the controls in the analysis

of edge rows (Tables 1 and 2; Figure 3). These values

were somewhat lower than the stimulatory profile

seen with yeast,7 but both data sets support the

hormesis model.

While low-concentration stimulation was a com-

mon response for edges and internal rows, the internal

rows of replication 2 showed a greater difference

between treatment wells and controls than did similar

rows with the same chemicals in replication 1. Such

differences between replications 1 and 2 were not

seen for the edge comparisons. It is possible that an

unknown methodological factor may have caused the

larger difference in replication 2. Because of the posi-

tional correspondence of the edges to the controls and

the greater consistency of the stimulatory response

between replicates, we place greater confidence in the

edge rows than the interior rows. We note, however,

that both support the occurrence of hormesis.

The findings support the conclusion that the thresh-

old concentration-response model does not accurately

predict bacterial growth responses to chemicals at

concentrations below the toxicological threshold, and

they are consistent with another large-scale study

that was based on 57,000 concentration response rela-

tionships for 2200 chemicals in 13 yeast strains.7 That

study used BMD criteria (2.5, 5.0, 7.5, 1.0, and 12.5)

and a NOEL criterion. Previous publications applying

statistical evaluative criteria to published findings in

the toxicological and pharmacological literature

also support the hormesis model.12,13 Analyses of

published literature1-4,14 show that hormesis is a com-

monly observed concentration response, broadly

applicable across biological models, end points mea-

sured, and chemical classes. The finding of hormesis

in the E coli data set is consistent with thousands of

examples of hormetic concentration responses in pub-

lished literature and a large hormesis database.15,16

The McMaster bacterial database is notable for the

large number of chemicals tested, the use of 11 con-

centrations with twofold concentration spacing, low

variability in the control (2%–3% SD), a repeated

measure of all wells at time zero and 20 hours, and

built-in replication. The large number of closely

spaced concentrations represents an advantage over

the yeast study,7 which has only five concentrations

per replication. The low degree of variability of the

control responses is an important factor, especially

in light of the use of a study design that included all

concentrations and controls on the same 96-well plate.

The low variability minimizes the possibility of posi-

tive bias that might otherwise occur. In the yeast data

set, this possible source of bias was eliminated

because each concentration of a concentration

response was on a separate plate with separate

plate–specific controls.7 The consistency of the yeast

and bacterial findings add to the weight of evidence

for hormesis.

Since column 12 controls would have one control

well with a ‘double’ edge, something not present in

chemical-treatment wells at low concentrations, we

tested this well against the two ‘single’-edged control

wells. There was no significant difference between

the ‘double’ edged control and the two ‘single’ edged

controls.

While our analysis was designed to compare the

below-threshold predictive capacity of the threshold

and hormetic concentration response models, these

findings also may have implications for drug develop-

ment, especially in the case of antibacterial agents.

While antibacterials are usually administered with the

intention of killing or inhibiting bacteria, the data

indicate that a substantial proportion of these
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compounds may stimulate E coli proliferation in the

low-concentration zone. That antibacterials can stimu-

late bacterial growth under some conditions has been

known since the mid decades of the 20th century.17-23

Although there is growing recent awareness of the

implications of this phenomenon,24,25 its clinical impli-

cations and relevance for drug development deserve

greater consideration.

In conclusion, our findings document the inability of

the threshold-concentration response model to accu-

rately predict responses in the low-concentration zone

in a large-scale high-throughput study in E coli. They

also support the predictions of the hormesis

concentration-response model. The large database with

nearly 2000 agents, favorable study-design features,

and general consistency of replicated responses add

weight to the findings. Likewise, the consistency of the

E coli findings with those of a complementary analysis

in yeast7 challenges the continued use of the threshold

model in study design and in predicting effects in the

low-concentration zone. The findings suggest that the

hormetic concentration-response model provides more

reliable estimates of responses in the low-concentration

zone than does the threshold model.
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a b s t r a c t

In 2005 we published an assessment of dose responses that satisfied a priori evaluative criteria for inclu-
sion within the relational retrieval hormesis database (Calabrese and Blain, 2005). The database included
information on study characteristics (e.g., biological model, gender, age and other relevant aspects, num-
ber of doses, dose distribution/range, quantitative features of the dose response, temporal features/repeat
measures, and physical/chemical properties of the agents). The 2005 article covered information for
about 5000 dose responses; the present article has been expanded to cover approximately 9000 dose
responses. This assessment extends and strengthens the conclusion of the 2005 paper that the hormesis
concept is broadly generalizable, being independent of biological model, endpoint measured and chem-
ical class/physical agent. It also confirmed the definable quantitative features of hormetic dose responses
in which the strong majority of dose responses display maximum stimulation less than twice that of the
control group and a stimulatory width that is within approximately 10–20-fold of the estimated toxico-
logical or pharmacological threshold. The remarkable consistency of the quantitative features of the hor-
metic dose response suggests that hormesis may provide an estimate of biological plasticity that is
broadly generalized across plant, microbial and animal (invertebrate and vertebrate) models.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hormesis is a dose–response phenomenon in which opposite
effects are observed at low, compared to high, doses for the same
measured parameter. This will result in either an inverted U-
shaped or a J-shaped dose–response curve. The concept of horme-
sis has received considerable interest in the toxicological, pharma-
cological and general biomedical areas over the past 10–15 years
(Calabrese, 2008; Calabrese and Baldwin, 2001a, 2003b). For exam-
ple, in the entire decade of the 1980s the Web of Science database
reported about 10–15 citations per year for the terms hormesis or
hormetic. However, in 2010 alone the number of citations was
3269 with publications in over 100 journals covering a broad range
of biomedical disciplines. In 1997 Calabrese and Baldwin (1997a)
reported on the creation of a relational retrieval hormesis database
along with a priori entry criteria and numerous study parameters
on which data would be entered. In 2005, Calabrese and Blain pub-
lished the results of a detailed assessment of the database which
contained nearly 5000 dose responses (Calabrese and Blain,
2005). The findings indicated that hormetic dose responses were
observed in a broad range of biological models (i.e., from plant to
human), occurring over a diverse set of biological endpoints and

across a wide range of chemical classes. The analysis also revealed
that the stimulation in the low-dose zone was typically modest
with the maximum stimulation being generally 30–60%. The
overall findings were important since they demonstrated that hor-
metic dose responses were reproducible and broadly generalized.
Several related publications extended these findings, providing a
frequency estimate of hormesis within the toxicological and phar-
macological literature (Calabrese and Baldwin, 2001b, 2003a; Cala-
brese et al., 2006, 2008). These studies also revealed that the
hormetic dose response was far more common than the threshold
and linear dose response models in direct comparisons using the
same a priori entry and evaluative criteria. The present paper
extends the 2005 study of Calabrese and Blain by presenting an up-
dated analysis of the hormesis database that has approximately
9000 dose responses. The updated analysis strengthens the basic
findings of the original paper (Calabrese and Blain, 2005) with re-
spect to the conclusion that hormesis is highly generalized with no
apparent restriction to biological model, endpoint, or chemical
classes.

1.1. Database entry criteria

The hormesis database was created using a specific set of a pri-
ori criteria designed to:
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(1) identify probable cases of hormesis,
(2) assess the quantitative features of the hormetic dose

response, and
(3) assess the generalizability of the hormetic phenomenon

according to biological model, endpoint, and chemical class
and physical stressor agents.

The hormesis database inclusion criteria have been previously
published (Calabrese and Blain, 2005) and will only be discussed
briefly. They include: (1) a minimum of 10% stimulation (i.e., in-
verted U-shaped dose response) or a 3% depression of response
(i.e., J-shaped dose response). (2) If the 10% or 3% selection criteria
were not satisfied, a dose response could have been entered into
the database if the response achieved statistical significance in
hypothesis testing. (3) The study had to employ an adequate con-
current control for comparison. As a general rule, dose responses
that satisfied the above three criteria, satisfied hypothesis testing
requirement, and provided the most detailed assessment of re-
sponse both above (toxic zone) and below (hormetic stimulatory
zone) the threshold were prioritized for selection into the data-
base. Such dose responses offered the best opportunity to provide
more detailed quantitative assessment of the broader dose re-
sponse continuum, as well as a more robust assessment of overall
dose responses.

1.2. Database scoring methodology

Each dose response entered into the hormesis database was
scored according to Calabrese and Baldwin (1997a,b) and Calabrese
and Blain (2005) in which numerical values were awarded based
on the quality of the study design, response magnitude, statistical
analysis, and reproducibility of the response in order to evaluate

the capacity of an experiment for demonstrating hormesis (i.e.,
strength of evidence). Points were awarded for (1) the number of
doses below the zero equivalent point (ZEP; location where re-
sponse crosses the control value), (2) estimation of a ZEP (i.e., curve
crosses the control value or was such that the curve would esti-
mate where it would cross the threshold), (3) the number of statis-
tically significant responses below the ZEP, (4) the magnitude
(percent of control value) of the stimulatory response, and (5)
reproducibility of the data by other studies with data provided
(in other publications or within the same publication). The points
are summed and the evidence of hormesis is awarded as indicated
in Table 1.

This scoring methodology rewarded studies that explicitly con-
sidered below zero equivalent point (ZEP) or NO(A)EL doses in
their study designs with the balance of the points being skewed
in favor of response over design. While only a single point is
awarded for dose responses that identify or could estimate a ZEP,
the points for response progressively increase from one for a min-
imal entry starting at 10% (or 3%) up to four points for 400% (or 0%)
of the control. Because increases of 400% or greater than the con-
trol may represent a different phenomenon than hormesis, the
points were arbitrarily capped at four for responses 400% of the
control or greater. Statistical significance was also emphasized in
the scoring since hypothesis testing considers the sample size, var-
iability, and magnitude of response in a reliable and nonbiased
manner.

1.3. Description of the database

The hormesis database contains 2527 citations with 8962
dose responses (i.e., endpoints). The articles have been obtained
mainly through extensive searches through numerous journals,

Table 1
Summary of criteria with assigned point values used in the quantitative evaluation of hormesis.

Doses below ZEP (n) Point value ZEP determined/estimated Point value

Study design criteria
1 1 Yes 1
2 2 No 0
3 3 – –
4 4 – –

>5 5 – –

Doses statistically significant (n) Point value Reproducibility Point value

Response criteria
1 2 Yes 3
2 4 No 0
3 8 – –

>4 16 – –

Inverted U-shaped curve J-shaped curve Point valuea

Magnitude of response (percentage control value)

>110% 6 125% 697%P 92% 0.5

>125% 6 150% <92%P 84% 1
>150% 6 200% <84%P 68% 2
>200% 6 400% <68%P 5% 3
>400% <5% 4

Total point range Hormesis evidence category

Summary of total point ranges
1–2 No–low
>2–8 Low
>8–12 Low–moderate
>12–16 Moderate
>16–20 Moderate–high
>20 High

a The point value is multiplied by the number of experimental doses falling within the corresponding percentage range. For example, if an experiment has three doses
exhibiting stimulatory responses within the 125–150% range with the curve approaching the ZEP and two of the responses achieve statistical significance and one does not,
the total number of points would be: 3 � 1 = 3 (Doses below the ZEP; study design criteria); 1 (estimated ZEP; study design criteria); 4 (response criteria, statistically
significant); 3 � 1 = 3 (magnitude of response), for a total of 11 points. The 11 points would achieve the categorization of hormesis evidence of ‘‘low–moderate’’.
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cross-referencing journal citations, MEDLINE, Web of Science and
other database searches using multiple words such as hormesis,
hormetic stimulation, inverted U-shaped, J-shaped, biphasic, bell-
shaped, and others. The articles have occurred in a diverse array
of journal publications (nearly 500 different journals), although
several books (51 citations), theses and dissertations are in-
cluded. Information on the citation, chemical, biological model,
study duration, treatment, endpoint, and dose–response curve
are entered into the database (see Calabrese and Blain, 2005
for specific entry fields). Queries can be conducted using any
of the fields. The query system was employed to yield the
descriptive assessments offered in this article.

1.4. General

The database is arranged so that each citation is associated with
studies (i.e., experiments). Data on gender and different species are
considered separate studies as are different variations in study de-
sign. Each study may have examined several endpoints (e.g., body
weight, survival). Each endpoint has a dose response associated
with it. Any search performed with the database provides the num-
ber and percent of total for citations, studies, and endpoints. The
database includes experimental findings from 1899 to the present

(Table 2). However, the majority (85%) of the articles in the data-
base were published after 1970.

Reproducibility was difficult to implement because of the
uncertainty over what constitutes a bona fide case. It was decided
that reproducibility should only be claimed in cases where the fol-
low-up study was essentially identical to the original study. This
would explain why only nine citations (with a total of 15 re-
sponses) were determined to be reproducible between publica-
tions. Reproducibility reported within the same article occurred
with 258 dose responses in 133 different articles. However, a dose
response is only considered reproducible when the article provided
the results of the separate experiments. Cases where data were
combined and reported as averages or where the study author
claimed that the results were reproducible and only the results
from a representative study were provided were not considered
reproducible in the database due to lack of data for confirmation.

2. Study design considerations

2.1. Agent

Nearly 2000 different agents from approximately 245 different
chemical classes have been entered into the database, about twice
as many as reported in 2005. While 81% (i.e., 7216) of the 8962
dose responses entered into the database used a chemical agent,
19% (i.e., 1746) employed radiation or radioactive material. Table
3 provides the chemical classes and physical agents with the great-
est frequency in the database. Calabrese and Blain (2004) have
examined the hormetic response of metals in greater detail
elsewhere.

2.2. Model

In the 2005 publication, plants and animals were equally repre-
sented in the database. However, in the last 5 years more animal
studies have been entered with animal models predominating

Table 2
Articles in the hormesis database by year of publication.

Publication year Number of articles Percent of total (2527)

<1930 39 1.5
1930–1939 30 1
1940–1949 45 2
1950–1959 95 4
1960–1969 158 6
1970–1979 429 17
1980–1989 505 20
1990–1999 706 28
2000–2010 520 20.5

Table 3
Most prevalent chemical classes and physical agents in the hormesis database.

Chemical class/physical agents Number of dose responses % of total (8962)

Inorganics (including elements and metals) 1717 19
Radiation/radionuclides 1746 19
Organics 5499 62
Organophosphate/pesticides/herbicides/fungicides 573 6
Hormones/amino acids/fatty acids/enzymes/protein/neurotransmitters/neuropeptides/peptides/steroids 425 5
Alcohols/phenols 410 5
Carboxylic acids 349 4
Heterocyclic compounds 233 3
Chlorinated hydrocarbons/halogenated hydrocarbons/chlorinated furanone 202 2
Organometals 171 2
Nitrate/nitrile/nitro compounds/nitrofurans/nitrosamines/nitroso compounds/nitrosoureas 163 2
Hydrocarbons/PAHs/aromatic hydrocarbons 152 2
Amides/amines/imides/imines 143 2
Antibiotics/antifungals/antivirals/antiprotozoals/antiseptics 132 1.5
PCB/PBB 102 1
Antineoplasics 89 1
Azo compounds/azo dyes/ azoic dye fragment/dye intermediates 89 1
Plant extracts/alkaloids/alkaloid derivatives/pyrrolizines alkaloids 79 1
Dioxins 73 1
Flavanols/Flavones/flavanones/flavonoids 67 1
Carbamates 59 1
Polymer/polyamine/polynucleotide/polysaccaride 55 1
Aldehydes 47 0.5
Ester/ethers 42 0.5
Mycotoxins 38 0.4
Sulfonic acids 35 0.4
Miscellaneousa 631 7

a Miscellaneous chemical class refers to complex chemicals or chemicals that could not be placed in a specific chemical class.
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the database (54% animals as compared to 35% plants). Rats (1085
dose responses) and mice (1218 dose responses) followed by hu-
mans (794 dose responses) are the most commonly used animal
models, which is similar to that observed in 2005. Although no par-
ticular plant species predominates wheat was the most common
(188 dose responses). In addition, fungi (167 dose responses), algae
(219 dose responses), and yeast (110 dose responses) were also
broadly represented. Ninety-four (4%) of the citations compared
the effects of an agent on a certain endpoint across different ages.
The conclusion remains that hormesis occurs in all different devel-
opmental and age related stages.

Most of the dose responses in the database (i.e., 5889) either did
not specify the gender studied or gender does not apply to the
model (e.g., plants or cell lines). Males (2196 dose responses) and
females (1804 dose responses) were used in approximately the
same number of studies. Because males and females were used to-
gether in some in vivo studies but the results were not separated
by sex, the total number of dose responses by sex will not equal
the total number of dose responses in the database because the
study will be counted under both male and female results. If re-
sults were separated by sex, they are reported as separate studies.
The sexes were compared in 128 (5%) of the citations in the
database.

2.3. Test system

In contrast to the 2005 publication, where in vivo experiments
predominated, there are similar amounts of dose responses in the
database conducted in vivo (4698; 52%) and in vitro (4284; 48%) in
the present analysis. This may be due to the increase in animal
studies conducted in vitro (Table 4). Animal models were con-
ducted at a similar rate in vivo and in vitro, while plants were con-
ducted more often in vivo (Table 4). Study durations varied greatly
(i.e., from a few minutes to a few years) because of differences be-
tween in vivo and in vitro studies. Even in vivo studies can vary
greatly from a single injection or a few seconds of radiation to a
lifetime of repeated exposures. Because of the variety of methods
employed, the type of control used also varied greatly; however,
the control used was an adequate control to study the effect.

2.4. Time course

Because hormesismay be related to an adaptive response, it may
only be observed at certain times after or during exposure. Studies
that examine an effect over different time periods demonstrate that
in many cases, the hormetic effect is observed only at certain time
points, while in other cases the hormetic effect is consistent over
the time points measured. There are 1324 dose responses in the
database that examined an endpoint at more than a single time
point. Only one of the repeated measurements is entered into the

database. While 36% of the 1324 dose responses only had two mea-
surements, 64% of the 1324 endpoints had three or more measure-
ments obtained.

2.5. Hypothesis testing

A dose response was considered to have hypothesis testing if
the study authors provided statistical results comparing the treat-
ment group to the control. While only 45% of the dose responses
had hypothesis testing that fit the criteria of the database, there
were instances where statistical analysis was performed but the
study authors did not provide comparisons between treatment
and control. Mutagenicity studies have often used a twice above
control value as an indication of a positive effect instead of hypoth-
esis testing. However, mutagenicity studies had a similar use of
hypothesis (47%; i.e., 422 of 892 dose responses) testing as the gen-
eral database (45%). Table 5 demonstrates an increase in hypothe-
sis testing after 1970 compared to before 1970 with the greatest
use of hypothesis testing occurring in more recent years.

2.6. Transgenerational

The database includes 168 dose responses from studies that
examined transgenerational effects. Each generation fitting the cri-
teria is entered into the database as a separate study. There were
45 citations that examined generations indicating that more than
one generation from a citation had a hormetic effect. Sometimes
studies examined the transgenerational effects, but only reported
results for the second generation and not the generation exposed.
Therefore, the number of generations is considered only one in the
database. This occurred in 5% of the dose responses, however, the
majority (83%) of the studies examined two generations.

2.7. Subjects

The number of dose responses in which subjects were pre-
sented for inclusion in the database is 5576 (62% of the dose re-
sponses) (Table 6). Because some of the dose responses include a
different number of subjects for different doses (e.g., controls had
twice as many subjects or the endpoint was only measured in sur-
vivors and each group had a different number), the total (i.e., 5915)
will not be equal to the number of dose responses (i.e., 5576) that
included the number of subjects. The number of subjects was con-
sidered the number that the study authors provided in the tables
or figures and could include the number of experiments, the num-
ber of cultures, or the number of individuals. Table 6 demonstrates
that there are only slightly more in vivo studies than in vitro stud-
ies, but that in vivo studies were more likely to have >10 subjects
per group.

Table 4
Experimental models by year of publication and test system.

Year of publication Experimental model

Animal Plant Bacteria

Total In vitro In vivo Total In vitro In vivo Total In vitro In vivo

Before 1970 323 (7%)a 104 (32%)b 219 (68%) 981 (31%) 350 (36%) 631 (64%) 151 (19%) 142 (94%) 9 (6%)c

1970–1979 604 (12%) 252 (42%) 352 (58%) 912 (29%) 150 (16%) 762 (84%) 78 (10%) 78 (100%) –
1980–1989 1119 (23%) 568 (51%) 551 (49%) 451 (14%) 131 (29%) 320 (71%) 352 (44%) 352 (100%) –
1990–1999 1639 (34%) 763 (47%) 876 (53%) 452 (46%) 139 (31%) 313 (69%) 91 (11%) 88 (97%) 3 (3%)
2000–2010 1183 (24%) 823 (70%) 360 (30%) 370 (12%) 103 (28%) 267 (72%) 134 (17%) 132 (99%) 2 (1%)
Total 4868 (10%) 2510 (52%) 2358 (48%) 3166 (100%) 873 (28%) 2293 (72%) 806 (100%) 792 (98%) 14 (2%)

a Number in parentheses is the percent of the total row (e.g., 323/4868 = 7%).
b Number in parentheses is the percent for that year group (e.g., 104/323 = 32%).
c Bacteria experiments were considered in vivo when the bacteria was injected into a host (e.g., rat).
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2.8. Endpoints

The dose–response relationships are divided into two different
sections for endpoint (endpoint type – e.g., growth; and endpoint
parameter – e.g., body weight). Thirteen endpoint types were se-
lected for generalized search capacity (Table 7). Since the 2005
publication, a neuroscience endpoint was added and the database
was re-evaluated by endpoint parameter to add the neurological
endpoint type. Although growth was the endpoint type associated
with the most dose responses, there were numerous dose re-
sponses in each of the endpoint types. In addition, studies may
examine multiple endpoint parameters that predict the same or
closely related process (e.g., cell proliferation), but it is estimated
via a different endpoint parameter (e.g., DNA synthesis, tritiated
thymidine uptake, cell numbers, etc.) and each that meets the cri-
teria is listed as a separate endpoint within the study. As is ex-
pected, the endpoint type measured the most frequently in
plants was growth and mutagenic was the most frequently studied

endpoint in bacteria. Animals had a more uniform distribution by
endpoint type.

2.9. Hormetic curve

The majority of the dose–response relationships were inverted
U curves (82%). Table 8 describes the width of the 5668 dose
responses in which a range could be determined. The majority of
the dose responses displayed a stimulatory response range less
than 10-fold wide. However, the response range could be highly
variable with a low percentage (7%) displaying a stimulatory range
that exceeded 1000-fold. There was only a slight variation in the
stimulatory range between the models with bacteria having a
greater proportion of the dose responses having a stimulatory
range between 10- and 100-fold (Table 8). Although stimulatory
ranges of P1000-fold occurred at the lowest frequency for all
endpoints, this range occurred at a greater frequency in neurolog-
ical and immune responses than the other endpoints (Table 9). The

Table 5
The number of dose responses with hypothesis testing by publication year.

Publication year Number of dose responses Number with hypothesis testing Percent of yearly total

Before 1970 1470 212 14
1970–1979 1625 690 43
1980–1989 1950 729 37
1990–1999 2213 1308 59
2000–2010 1704 1136 67
Total 8962 4075 45

Table 6
Number of subjects per treatment group.

Number of subjects per treatment group Number of dose responses In vitro In vivo

610 3632 (61%)a 2165 (60%)b 1467 (40%)
11–50 1483 (25%) 297 (20%) 1186 (80%)
51–100 355 (6%) 74 (21%) 281 (79%)
101–1000 371 (10%) 68 (18%) 303 (82%)
>1000 74 (1%) 22 (30%) 52 (70%)
Total 5915 (100%) 2626 (44%) 3289 (56%)

a Number in parentheses is the percent of the total row (e.g., 3632/5915 = 61%).
bNumber in parentheses is the percent for that number of subjects grouping (e.g., 2165/3632 = 60%).

Table 7
The number of dose responses by endpoint.

Endpoint type Number of dose responses Percent of total dose–response relationships (8962) Plants (3166) Animals (4868) Bacteria (806)

Growth 3353 37 2197 (69%)a 922 (19%) 186 (23%)
Metabolicb 1996 22 598 (19%) 1157 (24%) 199 (25%)
Mutagenicc 892 10 51 (2%) 498 (10%) 342 (42%)
Immune response 581 6.5 – 581 (12%) –
Survival 568 6 60 (2%) 415 (8.5%) 74 (9%)
Reproductiond 534 6 179 (6%) 342 (7%) 4 (0.5%)
Neurological 285 3 0 (0%) 285 (6%) 0 (0%)
Behaviorale 266 3 – 265 (5%) –
Cancer 161 2 – 161 (3%) –
Longevity 152 2 1 (0.03%) 148 (3%) 1 (0.1%)
Diseasef 68 0.8 60 (2%) 8 (0.2%) –
Damageg 61 0.7 19 (0.6%) 42 (0.9%) –
Developmentalh 45 0.5 1 (0.03%) 44 (0.9%) –

a Number in parentheses is the percent of the total for that specific model (e.g., 2197/3166 = 69%).
b Examples: DNA repair, enzyme activity, hormone levels, ROS production, ATP response, oxygen uptake, or urine volume.
c Examples: number of revertants, micronucleus frequency, incidence of bent humeral bristles, chromosome aberrations, drug resistance, or DNA integrity.
d Examples: fecundity, hatching rate, eggs/female, number of young, number of resorptions, seed germination, or number of flowers.
e Examples: distance travelled, flinches/min, number of bites, rearings, or head dips, or number of correct choices.
f Disease in plants refers to rot or spoilage of fruit, diseased plants, or number of weeds; disease in animals refers to infection (e.g., kidney infection) or parasites.
g Damage in plants refers to disintegrating roots, decay, number of holes caused by insects or oxidation; damage in animals refers to cell rounding, ALT or LDH release,

lesions, lipid peroxidation, or hyperplasia.
h Examples: adult eclosing rate or malformations.
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higher frequency of mutagenic endpoints with a stimulatory re-
sponse between 10- and 100-fold supports the finding that bacte-
ria were more likely to have a stimulatory range between 10- and
100-fold. Although the majority of dose responses had a stimula-
tory range less than 10-fold, there were some endpoint types
(i.e., mutagenic, immune response, behavioral, cancer, disease,
and damage) that had a greater frequency of dose responses with
stimulatory ranges between 10- and 100-fold.

The relative proportions of maximum stimulatory responses for
J-shaped curves were more evenly distributed than in inverted U-
shaped curves (Table 10). The maximum stimulatory response
range in inverted U-shaped curves was between 110% and 150%
of the control; 79% of the dose responses had a maximum stimula-
tory response less than 200% of the control regardless of model or
endpoint (Tables 10–12). The majority of J-shaped curves had a
maximum stimulatory response between 50% and 100% of the con-
trol (Table 10). While this range is maintained regardless of the
model employed (Table 10), certain endpoints had a greater ten-
dency to have % of control values 650% of the control (i.e., immune
response, disease, and developmental) while other endpoints (i.e.,
survival and cancer) were more evenly distributed across the max-
imum stimulatory response ranges (Table 11).

Information on the distance from the maximum stimulatory
response and the dose where the curve would cross the zero equiv-
alence point (i.e., response equal to control; ZEP) is provided in
Table 13. To calculate the point, the curve must have peaked and
crossed the control value again. This occurred in 5331 (59%) of
the dose responses. In the majority (62%) of cases the maximum
stimulatory response is within a factor of five from the ZEP, which
occurs regardless of biological model used (Table 13) or endpoint
examined (Table 14). In plants, the majority of the dose responses
are in vivo regardless of the distance from the maximum stimula-
tory response and the ZEP. In animals, however, as the distance

between the maximum stimulatory response and the ZEP in-
creased, the more likely the study was to be in vitro (Table 13).

2.10. Strength of evidence

Calabrese and Baldwin (1997a,b) provided a numerical scoring
system to determine the strength of evidence for assessing to what
extent the dose response was consistent with the hormetic dose–
response model, which is described above in the scoring method-
ology section. Table 15 indicates that the majority of the responses
(57%) had low evidence of hormesis. After entering nearly 9000
dose responses, this is more likely a limitation of the scoring sys-
tem than in the quality of the dose responses. Although there are
some dose responses with only one or two doses in the hormetic
region, Table 16 indicates that there are as many curves with three,
four, or five doses in the hormetic range. The low evidence results
are due to a limited maximum stimulatory response in the pre-
dominantly inverted U-shaped curves and the lack of hypothesis
testing in approximately 50% of the dose responses. In plants, the
studies were generally conducted in vitro and this did not change
with the number of doses below the ZEP. In animals, however, the
in vivo studies were more likely to have fewer doses below the ZEP.
As the number of doses below the ZEP increased, more of the ani-
mal studies were found to be in vitro (Table 16).

3. Discussion

Since the publication in 2005 3400 new dose responses have
been added to the database, approximately 40% of the database
(Calabrese and Blain, 2005). Despite the substantial entry enlarge-
ment of the database the quantitative aspects of the hormetic
curve (i.e., maximum stimulatory response, stimulatory range,

Table 8
Width of stimulation range by model.

Width (-fold) Number of dose–response relationships Number in plants Number in animals Number in bacteria

P1 < 10 2450 (43)a 922 (54%)b 1290 (48%) 197 (35%)
P10 < 100 2054 (36) 572 (34%) 572 (21%) 233 (42%)
P100 < 1000 760 (13) 149 (9%) 484 (18%) 113 (20%)
P1000 404 (7) 58 (3%) 326 (12%) 18 (3%)
Total 5668c 1701 (100%) 2672 (100%) 561 (100%)

a The number in parentheses is the % of total dose–response relationships.
b The number in parentheses is the % of total for that model.
c The value of 5668 differs from the total number dose–response relationships (i.e., 8962) because calculation of the range was not possible for all dose responses for

various reasons (e.g., data presentation precludes exact determination of range).

Table 9
Width of stimulatory range by endpoint.

Endpoint type Number of dose responses with ranges available Width of the stimulatory range

P1 < 10 P10 < 100 P100 < 1000 P1000

Growth 1971 1074 (54%)a 587 (30%) 201 (10%) 109 (6%)
Metabolic 1213 455 (38%) 435 (36%) 208 (17%) 115 9%)
Mutagenic 755 173 (23%) 402 (53%) 145 (19%) 35 (5%)
Immune response 304 100 (33%) 118 (39%) 51 (17%) 35 (11%)
Survival 465 277 (60%) 149 (32%) 32 (7%) 7 (2%)
Reproduction 313 163 (52%) 116 (37%) 24 (8%) 10 (3%)
Neurological 202 68 (34%) 58 (29%) 42 (21%) 34 (17%)
Behavioral 166 52 (31%) 82 (49%) 24 (14%) 8 (5%)
Cancer 75 18 (24%) 43 (57%) 9 (12%) 5 (7%)
Longevity 84 43 (51%) 36 (43%) 5 (6%) 0 (0%)
Disease 9 1 (11%) 5 (56%) 2 (22%) 1 (11%)
Damage 35 11 (31%) 16 (46%) 4 (11%) 4 (11%)
Developmental 37 15 (41%) 7 (19%) 13 (35%) 2 (5%)

a Number in parentheses is the percent of the total for that specific endpoint (e.g., 1074/1971 = 54%).
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number of doses below the ZEP, etc.) have remained consistent.
The data, in general, reveal that the literature basis is both quite
extensive and broadly distributed across the range of biologically
based sub-disciplines that utilize dose–response relationships. Pre-
viously it had been concluded that studies with more doses/con-
centrations resulted from the use of less expensive biological
models such as plants. While this may have been true in earlier
years when in vitro cell lines were hard to maintain and obtain,
the shorter duration and ease of study designs have lead to more
use of in vitro models, which in the database have more often been
animal models. Although it is not clear whether the increase in
in vitro animal models entered in the database is an artifact of sub-

ject interest, it is noted that there were more endpoints using
in vitro animal models that demonstrate hormesis published in
the last 10 years than any other time point.

The point system was developed along with the database in
order to provide a framework to assess whether hormesis was a
viable toxicological hypothesis. Although the point system has lim-
itations, the database has provided the opportunity to assess the
quantitative features of the dose–response curve. As was noted
in the 2005 publication, the majority of the inverted U-shaped
curves are 110–150% of the control with nearly 80% of the maxi-
mum responses less than 2-fold greater than the control. There-
fore, the stimulatory responses, mainly in inverted U-shaped

Table 10
Maximum stimulatory response by model.

Maximum stimulatory response (% control) Number of dose–response relationships Number in plants Number in animals Number in bacteria

J-shaped curve
6100 > 75 583 (37%)a 47 (26%)b 314 (30%) 219 (64%)
675 > 50 526 (33%) 63 (35%) 372 (35%) 91 (27%)
650 > 25 277 (18%) 32 (18%) 224 (21%) 21 (6%)
625 193 (12%) 40 (22%) 144 (14%) 9 (3%)
Total 1579 (100%) 182 (100%) 1054 (100%) 340 (100%)

Inverted U-shaped curve
P100 < 110 42 (0.6%) 11 (0.4%) 30 (0.8%) 1 (0.2%)
P110 < 150 4379 (59%) 1913 (64%) 2147 (56%) 253 (54%)
P150 < 200 1443 (20%) 572 (19%) 754 (20%) 98 (21%)
P200 < 500 1191 (16%) 397 (13%) 694 (18%) 73 (16%)
P500 < 1000 190 (3%) 62 (2%) 102 (3%) 22 (5%)
P1000 138 (2%) 29 (1%) 87 (2%) 19 (4%)
Total 7383 (100%) 2984 (100%) 3814 (100%) 466 (100%)

a The number in parentheses is the % of total dose–response relationships.
b The number in parentheses is the % of total for that model.

Table 11
Maximum stimulatory response in a J-shaped curve by endpoint.

Endpoint type Number of dose responses with ranges available Maximum stimulatory response

6100 > 75% of control 675 > 50% of control 650 > 25% of control 625% of control

Growth 42 13 (31%)a 13 (31%) 6 (14%) 10 (24%)
Metabolic 157 66 (42%) 60 (38%) 25 (16%) 6 (1%)
Mutagenic 830 406 (49%) 284 (34%) 93 (19%) 47 (6%)
Immune response 44 8 (18%) 6 (14%) 14 (32%) 16 (36%)
Survival 43 7 (16%) 9 (21%) 16 (37%) 11 (26%)
Reproduction 55 17 (31%) 19 (35%) 13 (24%) 6 (11%)
Behavioral 81 10 (12%) 44 (54%) 18 (22%) 9 (11%)
Cancer 153 33 (22%) 45 (29%) 42 (27%) 33 (22%)
Disease 67 2 (3%) 12 (18%) 17 (25%) 36 (54%)
Damage 48 6 (12.5%) 21 (44%) 15 (31%) 6 (12.5%)
Developmental 37 8 (22%) 5 (13.5%) 11 (30%) 13 (35%)

a Number in parentheses is the percent of the total for that specific endpoint.

Table 12
Maximum stimulatory response in an inverted U-shaped curve by endpoint.

Endpoint type Number of dose
responses with ranges available

Maximum stimulatory response

P100 < 110%
of control

P110 < 150%
of control

P150 < 200%
of control

P200 < 500%
of control

P500 < 1000%
of control

P1000%
of control

Growth 3311 25 (0.8%)a 2175 (66%) 588 (18%) 423 (13%) 68 (2%) 32 (1%)
Metabolic 1839 5 (0.3%) 895 (49%) 395 (21%) 399 (22%) 79 (4%) 66 (4%)
Immune response 537 1 (0.2%) 272 (51%) 145 (27%) 100 (19%) 11 (2%) 8 (1%)
Survival 525 2 (0.4%) 397 (76%) 72 (14%) 45 (9%) 6 (1%) 3 (0.6%)
Reproduction 479 0 (0%) 292 (61%) 81 (17%) 76 (16%) 11 (2%) 19 (4%)
Neurological 265 0 (0%) 143 (54%) 67 (25%) 41 (15%) 9 (3%) 5 (2%)
Behavioral 185 0 (0%) 69 (37%) 41 (22%) 68 (37%) 5 (3%) 2 (1%)
Longevity 150 7 (5%) 82 (55%) 39 (26%) 22 (15%) 0 (0%) 0 (0%)
Mutagenic 62 1 (2%) 36 (58%) 10 (16%) 12 (19%) 1 (2%) 2 (4%)

a Number in parentheses is the percent of the total for that specific endpoint.
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curves, observed in the hormesis database still exhibit a modest
magnitude and width in the majority of the cases. These features
are biologically significant since they occur across biological mod-
els, endpoints, and chemical class/physical agent.

Although the majority of the dose responses in the database dis-
played low evidence of hormesis, the findings reflect both the
strength of the data supporting hormesis as well as the evaluative

criteria applied to the studydesign and response data and their eval-
uation (e.g., statistical analysis). The hormesis–frequency database
(Calabrese and Baldwin, 2001b) provides an absolute judgment on
whether the evaluative criteria of hormesis were satisfied or not. If
such criteria were satisfied, then hormesis was judged as present.
In contrast, the hormesis database, which is the subject of the
present paper, makes no absolute judgment on the existence of

Table 14
Distance to the maximum stimulatory response to the ZEP by endpoint.

Endpoint type Number of dose responses with distance available Distance from maximum stimulatory response to the ZEP

P1 < 5 P5 < 10 P10 < 100 P100

Growth 1832 1167 (64%)a 308 (17%) 252 (14%) 105 (6%)
Metabolic 1128 621 (55%) 205 (18%) 232 (21%) 70 (6%)
Mutagenic 731 475 (65%) 107 (15%) 122 (17%) 27 (4%)
Immune response 323 157 (49%) 49 (15%) 64 (20%) 53 (16%)
Neurological 193 91 (47%) 37 (19%) 48 (25%) 17 (9%)
Survival 439 323 (74%) 61 (14%) 46 (10%) 9 (2%)
Reproduction 296 208 (70%) 43 (15%) 0 (0%) 13 (3%)
Behavioral 151 105 (70%) 25 (17%) 17 (11%) 4 (3%)
Cancer 78 60 (77%) 7 (9%) 9 (12%) 2 (3%)
Damage 36 28 (78%) 4 (11%) 3 (8%) 1 (3%)
Developmental 36 27 (75%) 5 (14%) 2 (6%) 2 (6%)
Longevity 82 64 (78%) 9 (11%) 8 (10%) 1 (1%)

a Number in parentheses is the percent of the total for that specific endpoint.

Table 15
Evidence of hormesis as used in the hormesis databasea.

Evidence of hormesis Number of dose–response relationships Percent of total dose–response relationships (8962)

High 859 10
Moderate–high 403 4
Moderate 907 10
Low–moderate 1616 18
Low 5137 57
No–low 40 0.4

a For a description of the quantitative methodology used to derive evidence of hormesis see Calabrese and Baldwin (1997a) and/or Table 1.

Table 13
Distance from the maximum stimulatory response to the ZEPa by model.

Distance
(-fold)

Number of dose–response
relationships

Number in
plants

In vitro studies
in plants

In vivo studies
in plants

Number in
animals

In vitro studies in
animals

In vivo studies in
animals

Number in
bacteria

P1 < 5 3331 (62%)b 1065 (69%)c 757 308 1905 (60%) 923 982 307 (58%)
P5 < 10 862 (16%) 257 (17%) 166 91 492 (16%) 191 301 99 (19%)
P10 < 100 837 (16%) 175 (11%) 98 77 543 (17%) 213 330 103 (19%)
P100 304 (6%) 57 (4%) 37 20 222 (12%) 65 157 21 (4%)
Total 5331 (100%)d 1554

(100%)
1058 496 3162 (100%) 1392 1770 530 (100%)

a ZEP = zero equivalent point (i.e., the highest dose showing a response equal to the control response).
b The number in parentheses is the % of total dose–response relationships.
c The number in parentheses is the % of total for that model.
d The value of 5331 differs from the total number of dose–response relationships (i.e., 8962) because calculation of the distance was not possible for all dose responses for

various reasons (e.g., data presentation precludes exact determination of ZEP).

Table 16
The number of doses below the ZEP.

Number
of doses

Number of dose responses (% of the
8962 dose responses)

Number of dose
responses in plants

In vitro plant
studies

In vivo plant
studies

Number of dose
responses in animals

In vitro
animals
studies

In vivo
animal
studies

1 1417 (16%) 472 142 330 804 362 442
2 1946 (22%) 697 198 499 1045 483 562
3 1975 (22%) 722 181 541 1056 513 543
4 1439 (16%) 491 132 359 805 433 372
5 979 (11%) 349 90 259 520 267 253

6+ 1206 (13%) 435 130 305 638 452 186
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hormesis; instead, it applied different evaluative criteria, which re-
sult in dose responses being characterized according to thedegree to
which they are consistent with the hormetic–biphasic dose re-
sponse. Given that these databases were constructed for different
purposes and used different evaluative criteria, it is important to
note that when all 245 dose–responses that satisfied the evaluative
criteria (i.e., hormesis) in the hormesis–frequencydatabasewere as-
sessed using the scoring system employed on the dose responses in
the hormesis database, the distribution of the ranked scores were
similar (Calabrese and Blain, 2005). This is significant since it was
our strong general impression before conducting this inter database
comparison that the entry criteria of the hormesis–frequency data-
base (Calabrese and Baldwin, 2001b) was considerably more strin-
gent than the hormesis database, but this is not the case.

The overall findings indicate that the quantitative features of
the hormetic dose response are consistent across biological model
and endpoint. These observations suggest that this feature has
been highly conserved within an evolutionary context. It also sug-
gests that the hormetic dose response may provide a quantitative
estimate of biological plasticity that is broadly generalizable
(Calabrese and Mattson, 2011; Calabrese, 2010).
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Abstract

A relational retrieval database has been developed compiling toxicological studies assessing the occurrence of hormetic dose responses

and their quantitative characteristics. This database permits an evaluation of these studies over numerous parameters, including study design

and dose–response features and physical/chemical properties of the agents. The database contains approximately 5600 dose–response

relationships satisfying evaluative criteria for hormesis across over approximately 900 agents from a broadly diversified spectrum of chemical

classes and physical agents. The assessment reveals that hormetic dose–response relationships occur in males and females of numerous

animal models in all principal age groups as well as across species displaying a broad range of differential susceptibilities to toxic agents. The

biological models are extensive, including plants, viruses, bacteria, fungi, insects, fish, birds, rodents, and primates, including humans. The

spectrum of endpoints displaying hormetic dose responses is also broad being inclusive of growth, longevity, numerous metabolic

parameters, disease incidences (including cancer), various performance endpoints such as cognitive functions, immune responses among

others. Quantitative features of the hormetic dose response reveal that the vast majority of cases display a maximum stimulatory response less

than two-fold greater than the control while the width of the stimulatory response is typically less than 100-fold in dose range immediately

contiguous with the toxicological NO(A)EL. The database also contains a quantitative evaluation component that differentiates among the

various dose responses concerning the strength of the evidence supporting a hormetic conclusion based on study design features, magnitude

of the stimulatory response, statistical significance, and reproducibility of findings.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

The concept of hormesis has generated considerable

interest in recent years. While this interest is broadly

based in the biological and biomedical sciences

(Calabrese and Baldwin, 2001, 2003), it is also of

considerable importance to the area of environmental

risk assessment (Kaiser, 2003). This is principally

because the hormetic dose–response model challenges

the linear at low-dose model employed by regulatory

agencies such as the EPA and FDA in cancer risk assessment

activities.

Of particular importance is the need to consider in

detail the toxicological evidence that allows the hormetic

hypothesis to be assessed. Within this framework, it is

necessary to have the capacity to explore the general-

izability of the hormesis concept. Two separate databases

assessing the concept of hormesis have been developed.

One was designed to address the frequency of hormesis

(i.e., Hormesis-Frequency Database) within the toxico-

logical literature employing rigorous a priori entry and

evaluative criteria (Calabrese and Baldwin, 2003). An

assessment of this database, which evaluated over 21,000

toxicological articles from the mid-1960s to the present in

three different journals (Life Sciences , Bulletin of

Environmental Contamination and Toxicology, and Envi-

ronmental Pollution), determined that hormetic responses

were observed in nearly 40% of dose responses in which

the a priori entry criteria were satisfied. The second

hormesis database (i.e., Relational Hormesis Database,

hereafter called the Hormesis Database), which comple-

ments the Hormesis-Frequency Database, is based upon a

different set of a priori evaluative criteria and was

designed:

(1) to identify likely cases of hormesis with the intention

of assessing the quantitative features of the hormetic

dose response;

(2) to assess the generalizability of the hormetic hypothe-

sis according to biological model, endpoint, and nature

of the chemical and physical stressor agents inducing

hormetic responses;

(3) to assess historical aspects of toxicological research

designed to assess various features of the hormetic

dose response;

(4) and to create a resource of possible hormesis articles in

a relational retrieval system to assess a variety of

toxicologically based hypotheses and/or questions.

The following paper provides a detailed description of

the Hormesis Database and how it permits unique insight

into the nature of the dose response in the low-dose

zone.

Database entry criteria

The Hormesis Database inclusion criteria were a mini-

mum of 10% stimulation of response (i.e., inverted U) in at

least one dose when a depression is expected (e.g., growth)

or a 3% (rounded down from 3.3%) depression (i.e., J-

shaped) in response when stimulation is expected (e.g.,

cancer). The J-shaped dose–response criteria were struc-

tured to be proportionally similar to that of the inverted U-

shaped dose response. The reason for the different values

between the inverted U and J-shaped dose response (3 vs.

Table 1

The 20 most cited journals in the hormesis database

Journal title Number

of citations

Bulletin of Environmental Contamination

and Toxicology

121

Radiation Research 100

Environmental and Experimental Botany

(formerly Radiation Botany)

92

Environmental Pollution (including Series A) 84

Stimulation Newsletter 59

International Journal of Radiation Biology 56

NTP Toxicity Report Series 45

Environmental Toxicology and Chemistry 29

American Journal of Botany 25

Biochemical Pharmacology 23

Life Sciences 19

Nature 18

Ecotoxicology and Environmental Safety 17

Molecular Pharmacology 14

Toxicology and Applied Pharmacology 14

Science 13

Physiologia Plantarium 11

Journal of Biochemistry 11

Carcinogenesis/Journal of Bacteriology/Soil Science/

Journal of Immunology/Toxicological Sciences

Each were

cited 10 times
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10%) was that maximum stimulatory response boundaries

for the two different curves differ by 3-fold. That is, the

stimulation could increase in absolute terms by 300% from

100% to 400% for the inverted U, while the J-shaped curve

could decrease from 100% to 0.0%. If the 10% or 3%

selection criteria were not satisfied, a dose response could

have been entered into the database if the response achieved

statistical significance in hypothesis testing. In addition, the

study had to employ an adequate concurrent control for

comparison.

Description of the database

The Hormesis Database contains the findings of

approximately 5600 dose responses obtained from approx-

imately 1450 articles where a stimulatory response

consistent with the above noted criteria has been observed.

The articles have been obtained mainly through extensive

searches through numerous journals, cross-referencing

journal citations, MEDLINE, and other database searches

using multiple words such as hormesis, stimulation,

inverted U-shaped, J-shaped, biphasic, and others. The

studies have been principally found in a diverse array of

journal publications (over 300 different journals; the 20

most cited journals are provided in Table 1 below)

although several books (42 citations), theses, and disserta-

tions (six citations) are included. Information entered into

the database is specified in Table 2 below. Queries can be

conducted using any of these fields. The query system was

employed to yield the descriptive assessment offered in this

article.

Database scoring methodology

Each dose response entered into the database was

scored according to the design of Calabrese and Baldwin

(1997 provides detailed description) in which numerical

values were given to various specific components of the

study design, response magnitude, statistical analysis, and

reproducibility of the response to evaluate the capacity of

an experiment for demonstrating hormesis (i.e., strength of

evidence). Points were awarded for (1) the number of

doses below the NO(A)EL up to a total of 5 points, (2)

experimental determination or estimation of a NO(A)EL,

(3) the number of statistically significant responses below

the NO(A)EL, (4) the magnitude (percent of control value)

of the stimulatory response, and (5) reproducibility of the

data by other studies with data provided (in other

publications or within the same publication). The scheme

by which specific point values are applied is given in

Table 3.

This scoring methodology was designed to take into

account and to reward studies that explicitly considered

below NO(A)EL doses in their study designs, but also to

ensure that the balance of the points be strongly skewed in

favor of response over design. A point was awarded if aT
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NO(A)EL or Zero Equivalent Point [ZEP, place where

response crosses the control (100%) value] was identified

or could be estimated since this was important with respect

to identifying below NO(A)EL doses but also in identifying

the quasi threshold of the dose response. The points for

response were progressively increased from a minimal entry

starting at 10% (or 3%) up to 400% (or 0%) greater than

controls. Because increases greater than 400% of the

control may represent a different phenomenon than

hormesis, which tends to display more limited maximum

stimulatory responses, the points were capped at 4 for

responses 400% of control or greater. Points were still

applied to these responses due to the likelihood that a

response of this magnitude is real and more likely to be

reproducible.

Some dose responses also have hypothesis testing

applied to the data. In these cases, additional points were

provided for each response displaying statistical signifi-

cance (up to 4 doses for a total of 16 points). The

Table 4

Articles in the hormesis database by year of publication

Publication

year

Number of

articles

Percent of total

articles (1443)

b1930 37 2.6

1930–1939 30 2.1

1940–1949 42 2.9

1950–1959 86 6.0

1960–1969 140 9.7

1970–1974 166 11.5

1975–1979 166 11.5

1980–1984 150 10.4

1985–1989 160 11.1

1990–1994 204 14.1

1995–1999 224 15.5

2000–2003 39 2.7

Table 5

Most prevalent chemical classes and physical agents

Chemical class Number of

responses

% of total

(5632)

Inorganics (including elements and metals) 1308 23

b1970 254 (19%)

1970–1979 240 (18%)

1980–1989 352 (27%)

1990–1999 392 (30%)

Radiation/radionuclides 1654 29

b1970 447 (27%)

1970–1979 697 (42%)

1980–1989 254 (15%)

1990–1999 251 (15%)

Organics –

Organophosphate/pesticides 285 7

PBBs/PCBs 86 1.5

Carboxylic acids 232 4

Chlorinated hydrocarbons/

halogenated hydrocarbons

105 2

Alcohols/phenols 302 5

Heterocyclic compounds 113 2

Antibiotics/antivirals 73 1

Hydrocarbons/PAHs/aromatic hydrocarbons 86 2

Carbamates 35 1

Amides/amines/imides 56 1

Hormones/amino acids/

enzymes/neuropeptides/peptides/steroids 161 3

Nitrosamines/nitrosoureas 28 0.5

Dioxins 42 1

Antineoplastics 33 0.5

Alkaloids 26 0.5

Mycotoxins 22 0.5

Miscellaneousa 269 5

a Miscellaneous chemical class refers to complex chemicals or chemicals

that could not be placed in a specific chemical class.

Table 3A

Summary of total point ranges for hormesis evidence categories used in the

quantitative evaluation of articles for evidence of hormesis

Total point

range

Hormesis evidence

category

1–2 No–low

N2–8 Low

N8–12 Low–moderate

N12–16 Moderate

N16–20 Moderate–high

N20 High

Table 3

Summary of criteria with assigned point values used in the quantitative

evaluation of hormesis

Study design criteria

Doses below

NO(A)EL (n)

Point

value

NO(A)EL

determined

Point

value

1 1 Yes 1

2 2 No 0

3 3 – –

4 4 – –

z5 5 – –

Response criteria

Doses statistically

significant (n)

Point

value

Reproducibility Point

value

1 2 Yes 3

2 4 No 0

3 8 – –

z4 16 – –

Magnitude of response (percentage control value)

Inverted U-shaped curve J-shaped curve Point valuea

z100% V 125% V97% z 92% 0.5

N 125% V 150% b92% z 84% 1

N 150% V 200% b84% z 68% 2

N 200% V 400% b68% z 5% 3

N 400% b5% 4

a The point value is multiplied by the number of experimental doses falling

within the corresponding percentage range. For example, if an experiment

has three doses exhibiting stimulatory responses within the 125% to 150%

range and two of the responses achieve statistical significance and one does

not, the total number of points would be: 3 � 1 = 3 (study design criteria); 4

(response criteria, statistically significant); 3 � 1 = 3 (magnitude of

response), for a total of 10 points. The 10 points would achieve the

categorization of hormesis evidence of blow–moderateQ (Table 3A).
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magnitude of points was also weighted more heavily for

statistical significance than magnitude of response. This is

because hypothesis testing takes into account sample size,

variability, and magnitude of response in a reliable and

nonbiased manner. Thus, response criteria were much more

heavily weighted than study design criteria with studies

displaying statistical significance receiving the greatest

consideration. The summation of the points was then

categorized from low (N2–8) to high (N20) to the

consistency of the dose response with the hormetic

hypothesis (Table 3A).

General

The database is such that each citation is associated with

studies (i.e., experiments). Each experiment may have

examined several endpoints (e.g., body weight, survival,

serum chemistries). Each endpoint will have a dose response

associated with it. Any search performed with the database

provides the number and percent of total for citations,

studies, and endpoints.

The database includes experimental findings from 1899 to

present (Table 4). Twenty-three percent (i.e., 335) of the

articles were published before 1970 with 21 publications

before 1920. From 1970, the results are given in 5-year

intervals to discern potential time-related trends within the

experimental findings. In general, entries are not provided for

articles published since 2000 due to the lack of completion of

the 5-year interval, although in several instances available

data are provided. Since the articles reviewed reflected

numerous factors including availability of specific journals

at the UMASS/Amherst library, efficiency and availability of

interlibrary requests, and specific area of interests (e.g.,

immunotoxicology), no evaluative judgment as yet should be

placed on the relative frequency of entries per time period or

journal citation frequency.

Reproducibility of findings is critical in establishing

causality. However, the concept of reproducibility was

difficult to implement because of the uncertainty over what

constituted a bona fide case. It was decided that reprodu-

cibility could only be claimed in cases where the follow-up

study was essentially identical as the original. This would

explain why only seven citations (with a total of 7 dose

responses) were determined to be reproducible between

publications. Reproducibility reported within the same

article occurred with 197 dose responses in 92 different

Table 7

Experimental models by year of publication and test system

Year of

publication

Experimental model

Plant Animal Bacteria

Total In vitro In vivo Total In vitro In vivo Total In vitro In vivo

Before 1970 948 (37%)a 342 (36%)b 606 (64%) 295 (11%) 89 (30%) 206 (70%) 126 (36%) 117 (93%) 9 (7%)c

1970–1974 415 (16%) 46 (11%) 369 (89%) 164 (6%) 71 (43%) 93 (57%) 30 (9%) 30 (100%) –

1975–1979 453 (17%) 87 (19%) 366 (81%) 255 (10%) 100 (39%) 155 (61%) 24 (7%) 24 (100%) –

1980–1984 208 (8%) 46 (22%) 162 (78%) 434 (17%) 177 (41%) 257 (59%) 34 (10%) 34 (100%) –

1985–1989 162 (6%) 27 (17%) 135 (83%) 275 (11%) 122 (44%) 153 (56%) 60 (17%) 60 (100%) –

1990–1994 112 (4%) 32 (29%) 80 (71%) 473 (18%) 152 (32%) 321 (68%) 41 (12%) 41 (100%) –

1995–1999 230 (9%) 62 (27%) 168 (73%) 584 (22%) 252 (43%) 332 (57%) 31 (9%) 28 (90%) 3 (10%)

2000–2003 66 (3%) 5 (8%) 61 (92%) 121 (5%) 92 (76%) 29 (24%) 2 (0.5%) 2 (100%) –

Total 2594 (100%) 647 (25%) 1947 (75%) 2601 (100%) 1055 (41%) 1546 (59%) 348 (100%) 336 (97%) 12 (3%)

a Number in parentheses is the percent of the Total row (i.e. 948/2594).
b Number in parentheses is the percent for that year group (i.e. 342/948).
c Bacteria experiments were considered in vivo when the bacteria was injected into a host (e.g. rat).

Fig. 1. Percent of total plant or animal hormetic dose responses by time

period.

Table 6

The number of dose responses by experimental models

Experimental

model

Number of

dose–response

relationships

Percent of total

dose–response

relationships (5632)

Plant 2596 46.0

Animal 2601 46.2

Bacteria 348 6.2

Protozoa 31 0.6

Microcosm 23 0.4

Phytoplankton 17 0.3

Virus 10 0.2

Mesocosm 5 0.1
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articles. However, it should be noted that a dose response is

only considered reproducible when the article provides the

results of the separate experiments. Cases where the data are

combined and reported as the average of several studies or

where the study authors claim that the results were

reproducible and only the results from a representative

study that were provided were not considered reproducible

in the hormesis database due to the lack of data for

confirmation.

Study design considerations

Agent

There have been about 900 different agents from

approximately 75 different chemical classes that have been

entered into the database. While 71% (i.e., 3978) of the 5632

dose responses entered into the database used a chemical

agent, 29% (i.e., 1654) employed radiation or radioactive

material. Table 5 provides the chemical classes and physical

agents with the greatest frequency in the database. Calabrese

and Blain (2004) have examined the hormetic response of

metals in greater detail elsewhere.

Model

Plant and animal models are similarly represented in the

database (approximately 45% for each; Table 6). Rats (562

dose-responses) and mice (642 dose-responses) have been

the most commonly used animal models. Human models

(generally in vitro) have also been commonly employed

(i.e., 340 dose responses). Although no particular plant

species predominated, many common species were noted

including: wheat (187 dose-responses); fungi (127 dose-

responses); and algae (139 dose–responses). Although plant

and animal models were equally represented in the database,

there has been a shifting over time in the frequency of cited

studies from plant to animal models as is indicated in Table

7 and Fig. 1. More than one species were examined and

compared in 344 (24%) citations.

The age of the models varied widely depending on the

model system. Although there are too many different

specific ages in the database that would be biologically

meaningful to list in a table, the essential conclusion is that

hormetic effects occurred in all different stages of develop-

ment from in utero to elderly conditions. Seventy-five (5%)

of the citations compared the effects of an agent on a certain

endpoint across different ages.

Most of the dose responses in the database (i.e., 3919)

either did not specify the gender studied or gender did not

apply to the model (e.g., plant or cell lines). Males (1155 dose

responses) and females (1057 dose responses) were used in

approximately the same number of studies. Because males

and females were both used together in some in vivo studies,

but the results were not separated by sex, the total number of

dose responses by sex will not equal the total number of dose

responses because the study will list both the males and

females together. If males and females are both examined in

in vitro studies, the sex is listed as not applicable (N/A) unless

the results are reported separately. The sexes were compared

in 102 (7%) of the citations in the database.

Test system

The majority of the dose responses were obtained from in

vivo (63%) experiments while the remainders (37%) were

from in vitro experiments. The % of in vitro studies varied

slightly by year and did not vary greatly between animal and

Table 10

The number of generations observed

Number of

generations

Number of dose–responses

(% of the 151 dose–responses)

1 9 (6%)

2 124 (82%)

3–5 12 (8%)

N5 6 (4%)

Table 11

Number of subjects per treatment group

Number of subjects

per treatment group

Number of

dose responses

(% of total; 3250)

In vitro In vivo

V10 1904 (59%)a 907 (48%)b 997 (52%)

11–50 1018 (31%) 184 (18%) 834 (82%)

51–100 247 (8%) 28 (11%) 219 (89%)

101–1000 263 (8%) 15 (6%) 248 (94%)

N1000 38 (1%) 4 (11%) 34 (89%)

a Number in parentheses is the percent of the total dose–responses.
b Number in parentheses is the percent of the dose–responses for that

number of subjects grouping.

Table 9

The number of dose responses with hypothesis testing by publication year

Publication

year

Number of

dose–responses

Number with

hypothesis testing

Percent of

yearly total

Before 1970 1382 202 15

1970–1974 624 252 40

1975–1979 746 313 42

1980–1984 685 357 52

1985–1989 508 186 37

1990–1994 640 319 50

1995–1999 855 547 64

2000–2003 190 150 79

Table 8

The number of repeat measures obtained during time course studies

Number of repeat

measures

Number of dose–responses

(% of the 923 dose–responses

with time courses)

2 274 (30%)

3–5 448 (49%)

N5 201 (22%)
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plant models; there was no significant change in the % of in

vitro studies until 2000 in animal models (Table 7). Because

both in vivo and in vitro systems may be used, the study

duration can vary from a few minutes to a few years

depending on the system and endpoint. The exposure

duration can vary just as extensively with exposures of a

single injection or a few seconds of radiation to a lifetime of

repeated exposures. Because of the variety of methods

employed and both in vivo and in vitro studies included, the

number of different controls employed and the exposure

routes used are numerous.

Time course

Because hormesis may be related to an adaptive

response, it may only be observed at certain times after

or during exposure. Studies that examine an effect over

different time periods demonstrate that in many cases, the

hormetic effect is observed only at certain time points,

while in other cases the hormetic effect is consistent over

the time points measured. There are 923 dose responses

in the database that examined an endpoint at more than a

single time point. Table 8 indicates the time-course

studies by the number of repeat measurements that were

obtained. However, only one dose response was selected

of the several comprising the dose–time-response relation-

ship. The selected dose response typically was one that

had the greatest conformity to the quantitative features of

the hormetic dose response. Generally, this meant the

dose response with the highest stimulation in the low

dose range along with evidence of a high dose inhibitory

response.

Table 12

The number of dose responses by endpoint

Endpoint type Number of

dose–responses

Percent of total

dose–response

relationships (5632)

Plants

(2596)

Animals

(2601)

Bacteria

(348)

Growth 2632 46.7 1859 (73%)a 595 (23%) 143 (41%)

Metabolicb 1382 24.5 465 (18%) 725 (28%) 168 (48%)

Reproductionc 420 7.5 169 (7%) 236 (9%) 6 (2%)

Immune response 431 7.8 – 431 (17%) –

Survival 270 4.8 30 (1.2%) 194 (7%) 29 (8%)

Longevity 139 2.5 1 (0.04%) 137 (5%) 1 (0.3%)

Cancer 148 2.6 – 148 (6%) –

Diseased,e 57 1.0 49 (2%)d 8 (0.3%)e –

Damagef,g 36 0.6 18 (0.7%)f 18 (0.7%)g –

Behavioralh 44 0.8 – 46 (2%) –

Mutagenici 59 1.0 5 (0.2%) 52 (2%) 1 (0.3%)

Developmentalj 14 0.2 – 14 (0.5%) –

a Number in parentheses is the percent of total for that specific model.
b Examples: DNA repair, enzyme activity, hormone levels, ROS production, ATP response, oxygen uptake, or urine volume.
c Examples: fecundity, hatching rate, eggs/female, number of young, number of resorptions, seed germination, fruit weight/plant, number of pods, seeds/plant,

or number of flowers.
d Disease in plants refers to rot or spoilage of fruit, diseased plants, or the number of weeds.
e Disease in animals refers to infection (e.g., kidney infection) or parasites.
f Damage in plants refers to disintegrating roots, decay, number of holes caused by insects or oxidation.
g Damage in animals refers to cell rounding, ALT or LDH release, lesions, lipid peroxidation, or hyperplasia.
h Examples: distance traveled, flinches/min, number of bites, rearings, or head dips, or number of correct choices.
i Examples: micronucleus frequency, incidence of bent humeral bristles, chromosome aberrations, drug resistance, or DNA integrity.
j Examples: adult eclosing rate, or malformations.

Table 13

Dose–response relationships by width of stimulation range

Width (-fold) Number of

dose–response

relationships

Percent of total

dose–response

relationships (2516)a

z1 b 10 1293 51.4

z10 b 100 877 34.9

z100 b 1000 232 9.2

z1000 114 4.3

a The value of 2516 differs from the total number of dose–response

relationships entered into the database (i.e. 5632) because calculation of the

range was not possible for all dose responses for various reasons (e.g., data

presentation precludes exact determination of range).

Table 14

Width of the stimulation range by model

Width (-fold) Number

of

dose

responses

Number in

plants

Number in

animals

Number in

bacteria

z1 b 10 1293 628 (59%)a 554 (45%) 89 (54%)

z10 b 100 877 333 (31%) 469 (38%) 60 (37%)

z100 b 1000 232 77 (7%) 138 (11%) 13 (8%)

z1000 114 26 (2%) 85 (7%) 3 (2%)

Total 2516 1064 (100%) 1222 (100%) 165 (100%)

a The number in parentheses is the % of total for that model.
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Hypothesis testing

A dose response was considered to have hypothesis

testing if the study authors provided statistical results

comparing the treatment group to the control. While only

41% of the dose responses had hypothesis testing that fit the

criteria of the database, there were instances where

statistical analysis was performed but the study authors

did not provide comparisons between treatment and control.

Table 9 demonstrates a fairly consistent frequency of

statistical analyses from 1970 to 1994; there were fewer

dose responses with hypothesis testing before 1970 and a

greater percent after 1995.

Transgenerational

The database includes 151 dose responses from studies

that examined transgenerational effects (Table 10). Each

generation fitting the criteria is entered as a separate study in

the database. Sometimes, studies examined the transgenera-

tional effect, but only reported the second generation and

not the generation exposed. Therefore, the number of

generations is considered only one in the database.

Subjects

The number of subjects was present for inclusion in the

database in 3250 (58%) of the dose responses (Table 11).

Because some dose responses included a different number

of subjects for each dose (e.g., controls had twice as many

subjects or the endpoint was measured only in survivors and

each group had a different number), the total will not be

equal to the number of dose responses (i.e., 3250) that

included the number of subjects. The number of subjects

was considered the number that the study authors provided

in the tables or figures and could include the number of

experiments, the number of cultures, or the number of

individuals. Table 11 demonstrates that the strong majority

of the studies were performed in vivo, when the number of

subjects was N10 subjects per treatment group.

Endpoints

The dose–response relationships are divided into two

different sections for endpoint (endpoint type, e.g., growth

and endpoint parameter, e.g., body weight). Twelve

endpoint types were selected for generalized search

capacity. The 12 types are listed in Table 12 with the

number and percent of dose–response relationships.

Although growth (e.g., increase in cell number, body

weights, or organ weight) was the type of endpoint

measured most frequently, there were experiments that

Table 15

Width of stimulatory range by endpoint

Endpoint type Number of dose–responses Width of the stimulatory range

with ranges available z1 b 10 z10 b 100 z100 b 1000 z1000

Growth 1155 681 (59%)a 355 (31%) 82 (7%) 37 (3%)

Metabolic 618 283 (46%) 231 (37%) 79 (12%) 25 (4%)

Reproduction 183 107 (57%) 63 (35%) 11 (6%) 2 (2%)

Immune

response

212 61 (29%) 70 (33%) 38 (18%) 43 (20%)

Survival 158 89 (56%) 62 (39%) 5 (3%) 2 (1%)

Longevity 60 28 (47%) 27 (45%) 5 (8%) 0

Cancer 66 18 (27%) 36 (55%) 9 (14%) 3 (5%)

Disease 3 0 2 (75%) 1 (25%) 0

Damage 13 3 (23%) 7 (54%) 1 (8%) 2 (16%)

Behavioral 22 12 (55%) 8 (36%) 2 (9%) 0

Mutagenic 24 9 (38%) 13 (54%) 1 (4%) 1 (4%)

Developmental 4 2 (50%) 2 (50%) 0 0

Total 2516 1293 877 232 114

a The number in parentheses is the % of total for that endpoint.

Table 16

Dose–response relationships by maximum stimulatory response

Maximum stimulatory

response (% control)

Number of

dose–response

relationships

Percent of total

dose–response

relationshipsa

J-shaped curve

V100 N 75 104 23.8

V75 N 50 121 27.7

V50 N 25 118 27.1

V25 93 21.3

Inverted U-shaped curve

z100 b 110 25 0.5

z110 b 150 3028 58.3

z150 b 200 1032 19.8

z200 b 500 840 16.2

z500 b 1000 147 2.8

z1000 119 2.3

a Total number of dose–response relationships for J-shaped curves = 436;

total number of dose–response relationships for inverted U-shaped curves =

5196.
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Table 17

Maximum stimulatory response by model

Maximum stimulatory

response (% control)

Number of

dose–response

relationships

Plants Animals Bacteria

J-shaped curve

V100 N 75 104 13 (14.4%)a 90 (26.2%) 1 (50%)

V75 N 50 121 25 (27.8%) 96 (27.9%) 0

V50 N 25 118 20 (22.2%) 97 (28.2%) 1 (50%)

V25 93 32 (35.6%) 61 (17.7%) 0

Total 436 90 (100%) 344 (100%) 2 (100%)

Inverted U-shaped curve

z100 b 110 25 9 (0.4%) 16 (0.7%) 0

z110 b 150 3028 1594 (63.6%) 1225 (54.2%) 162 (46.4%)

z150 b 200 1032 486 (19.4%) 454 (20.1%) 81 (23.4%)

z200 b 500 840 334 (13.3%) 422 (18.7%) 66 (19.1%)

z500 b 1000 147 55 (2.2%) 70 (3.1%) 19 (5.5%)

z1000 119 28 (1.1%) 70 (3.1%) 18 (5.2%)

Total 5196 2506 (100%) 2257 (100%) 346 (100%)

a Number in parentheses is the percent of total for that model.

Table 18

Maximum stimulatory response in a J-shaped curve by endpoint

Endpoint type Number of

dose–responses

with ranges

available

Maximum stimulatory response

V100 N 75 % of control V75 N 50 % of control V50 N 25 % of control V25 % of control

Metabolic 37 17 (47%)a 14 (39%) 6 (14%) 0

Reproduction 29 12 (41%) 8 (28%) 8 (28%) 1 (3%)

Immune response 28 4 (14%) 5 (18%) 5 (18%) 14 (50%)

Survival 31 7 (23%) 5 (16%) 10 (32%) 9 (29%)

Cancer 146 33 (23%) 44 (30%) 41 (28%) 28 (19%)

Disease 57 2 (3.5%) 9 (16%) 14 (25%) 32 (56%)

Damage 36 3 (8%) 13 (36%) 14 (39%) 6 (17%)

Mutagenic 52 21 (40%) 20 (38.5%) 10 (19%) 1 (2%)

Developmental 10 2 (20%) 1 (10%) 5 (50%) 2 (20%)

Total 436 104 (24%) 121 (28%) 118 (27%) 93 (21%)

a The number in parentheses is the % of total for that endpoint.

Table 19

Maximum stimulatory response in an inverted U-shaped curve by endpoint

Endpoint type Number of

dose–responses

Maximum stimulatory response

z100 b110 %

of control

z110 b 150 %

of control

z150 b 200 %

of control

z200 b 500 %

of control

z500 b 1000 %

of control

z1000 %

of control

Growth 2630 16 (1%)a 1709 (65%) 481 (18%) 343 (13%) 53 (2%) 28 (1%)

Metabolic 1345 0 630 (47%) 286 (21%) 290 (22%) 72 (5%) 67 (5%)

Reproduction 391 0 232 (59%) 61 (16%) 70 (18%) 12 (3%) 16 (4%)

Immune response 403 1 (0.3%) 201 (50%) 115 (29%) 76 (19%) 5 (1%) 3 (1%)

Survival 239 0 155 (65%) 46 (19%) 31 (13%) 5 (2%) 2 (1%)

Longevity 139 7 (5%) 74 (53%) 36 (26%) 22 (16%) 0 0

Behavioral 36 0 21 (56%) 8 (20.5%) 7 (20.5%) 0 0

Total 5196 25 (0.5%) 2963 (58%) 1006 (20%) 830 (16%) 146 (3%) 116 (2.5%)

a The number in parentheses is the % of total for that endpoint.
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examined a parameter within each of the 12 endpoint types.

In many cases, the endpoint parameters may predict the

same or closely related process (e.g., cell proliferation), but

it is estimated via a different predictive means (e.g., DNA

synthesis, tritiated thymidine uptake, cell numbers, etc.) and

each is listed separately as an endpoint parameter.

Hormetic curve

The majority of the dose–response curves were inverted

U curves (92%). Table 13 describes the width of the 2516

dose responses in which a range could be determined.

Because any stimulation of adequate magnitude was

considered for entry into the database and the curve did

not have to provide a return to control values, the curve did

not pass the 110% (or 97%) point twice in many cases for a

range to be determined. In general, the majority of the dose

responses displayed a stimulatory response range less than

10-fold wide. However, the response range could be highly

variable with a low percentage displaying a stimulatory

range that exceeded 1000-fold. While the width of the

stimulatory range did not noticeably vary by biological

model (Table 14), it did vary by endpoint (Table 15). Nearly

one fifth of immune responses displayed a stimulatory range

z1000-fold, a value far exceeding all other endpoints with a

robust comparison number.

The relative proportions of maximum stimulatory

responses for J-shaped curves were fairly evenly distrib-

uted while the maximum stimulatory response for inverted

U-shaped curves were generally within 150% of the

controls with nearly 80% of the dose responses being less

than 200% of the control (Table 16). There were slight

differences noted in the maximum stimulatory response for

J-shaped curves between plants and animals. With respect

to J-shape dose responses plants were more likely than

animal models to have a maximum stimulatory response

less than 25% of control while animals were more likely

Table 20

Dose–response relationships by distance from the maximum stimulatory

response to the ZEPa

Distance (-fold) Number of

dose–response

relationships

Percent of total

dose–response

relationships (2345)b

z1 b 5 1625 69.3

z5 b 10 350 14.9

z10 b 100 278 11.9

z100 92 3.9

a ZEP = zero equivalent point (i.e. the highest dose showing a response

equal to the control response).
b The value of 2345 differs from the total number of dose–response

relationships entered into the database (i.e., 5358) because calculation of the

distance was not possible for all dose responses for various reasons (e.g.,

data presentation precludes exact determination of ZEP).

Table 21

Distance from the maximum stimulatory response to the ZEP by model

Distance (-fold) Number of

dose–responses

Number in plants Number in animals Number in bacteria

z1 b 5 1625 681 (71%)a 805 (68%) 114 (72%)

z5 b 10 350 163 (17%) 154 (13%) 26 (16%)

z10 b 100 278 85 (9%) 168 (14%) 15 (9%)

z100 92 29 (3%) 60 (5%) 4 (3%)

Total 2345 958 (100%) 1187 (100%) 159 (100%)

a The number in parentheses is the % of total for that model.

Table 22

Distance from the maximum stimulatory response to the ZEP by endpoint

Endpoint type Number of

dose–responses

with ranges

available

Distance from the maximum stimulatory response to the ZEP

z1 b 5 z5 b 10 z10 b 100 z100

Growth 1063 733 (69%)a 185 (17%) 107 (10%) 38 (4%)

Metabolic 578 372 (64%) 95 (16%) 97 (17%) 14 (2%)

Reproduction 171 133 (78%) 21 (12%) 14 (8%) 3 (2%)

Immune response 194 103 (53%) 23 (12%) 35 (18%) 33 (17%)

Survival 154 131 (85%) 13 (8%) 8 (5%) 2 (1%)

Longevity 54 43 (80%) 4 (7%) 6 (11%) 1 (2%)

Cancer 69 55 (80%) 6 (9%) 7 (10%) 1 (1%)

Damage 10 7 (70%) 2 (20%) 1 (10%) 0

Behavioral 20 17 (85%) 0 3 (15%) 0

Mutagenic 30 26 (87%) 2 (7%) 1 (3%) 1 (1%)

Total 2345 1625 350 278 92

a The number in parentheses is the % of total for that endpoint.
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than plants to have a maximum stimulatory response

between 75% and 100% of the controls (Table 17). The

maximum stimulatory response distribution in inverted U-

shaped curves was fairly consistent across biological

models (Table 17). There were also some variations across

endpoint types in J-shaped curves (Table 18). Although

there were also some variations across endpoint types for

inverted U-shaped curves, the majority of the maximum

stimulatory responses for all endpoint types were less than

200% of controls (Table 19).

Information on the distance from the maximum stim-

ulatory response and the dose where the curve would cross

the zero equivalence point (i.e., response equal to control;

ZEP) is provided in Table 20. To calculate this point, the

curve must have peaked and crossed the control value again.

Generally, more than 70% of the cases in which this

occurred were within a factor of five from the ZEP, which

occurred regardless of biological model used (Table 21) or

endpoint examined with the notable exception of immune

responses which were 53% (Table 22).

Strength of evidence

Calabrese and Baldwin (1997) provided a numerical

scoring system to determine the strength of evidence for

assessing to what extent the dose response was consistent

with the hormetic dose–response model, which is described

above in the scoring methodology section. Table 23

separates the dose–responses by the evidence of hormesis

using the Calabrese and Baldwin system. Table 24 indicates

that the points are evenly distributed throughout the years,

but between 1995 and 1999 when there was a notable

increase in statistical analysis, there was also the greatest

number of high scores.

Comparison of hormesis-frequency database with hormesis

database (present paper)

Although the majority of the dose responses entered into

the database had low evidence of hormesis, the results

reflect both the strength of the data supporting hormesis as

well as the evaluative criteria applied to the study design

and response data and their evaluation (e.g., statistical

analysis). The Hormesis-Frequency Database (Calabrese

and Baldwin, 2001) makes an absolute judgment on whether

the evaluative criteria of hormesis were satisfied or not. If

such criteria were satisfied, then hormesis was judged as

present. In contrast, the Hormesis Database, which is the

subject of the present paper, makes no absolute judgment on

the existence of hormesis; rather it applies different

evaluative criteria, which result in dose responses being

characterized according to the degree to which they are

consistent with the hormetic–biphasic dose response.

Despite the fact that these databases were constructed for

different purposes and used different evaluative criteria, it is

important to note that when all 245 dose–responses that

satisfied the evaluative criteria (i.e., hormesis) in the

Table 23

Evidence of hormesisa as used in the hormesis database

Evidence of hormesis Number of

dose–response

relationships

Percent of total

dose–response

relationships (5632)

High 551 9.8

Moderate–high 250 4.4

Moderate 566 10.0

Low–moderate 1040 18.5

Low 3185 56.6

No–low 39 0.7

a For a description of the quantitative methodology used to derive evidence

of hormesis see Calabrese and Baldwin (1997), Hum. Ecol. Risk Assess.

3:545–554.

Table 25

Comparison of the scores for the dose–responses in the hormesis frequency

database with the general hormesis database

Frequency

database

(Calabrese and

Baldwin, 2001)

Hormesis

database

(present paper)

Number % Number %

Total 245 100 5632 100

Performed

hypothesis

testing

87 36 2309 41

Low 130 53 3185 57

Low–moderate 65 27 1040 19

Moderate 28 11 566 10

Moderate–high 12 5 250 4

High 10 4 551 10

Table 24

Evidence of hormesis by publication year

Publication year High Moderate–high Moderate Low–moderate Low

Before 1970 127 (23%)a 51 (20%) 156 (28%) 262 (25%) 765 (24%)

1970–1974 61 (11%) 32 (13%) 64 (11%) 130 (13%) 337 (11%)

1975–1979 59 (11%) 48 (19%) 56 (10%) 158 (15%) 423 (13%)

1980–1984 41 (7%) 28 (11%) 75 (13%) 126 (12%) 408 (13%)

1985–1989 53 (10%) 20 (8%) 45 (8%) 81 (8%) 308 (10%)

1990–1994 53 (9%) 24 (10%) 70 (12%) 104 (10%) 383 (12%)

1995–1999 129 (23%) 39 (16%) 84 (15%) 135 (13%) 465 (15%)

Total 551 (100%) 250 (100%) 566 (100%) 1040 (100%) 3185 (100%)

a The number in parentheses is the % of total for that evidence of hormesis.
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Hormesis-Frequency Database were assessed using the

scoring system employed on the dose responses in the

Hormesis Database, the distribution of the ranked scores

were similar (Table 25). This indicates a high degree of

evaluative concordance between the two different but

complementary evaluative methodologies. This is important

since it was our strong general impression before conduct-

ing this inter database comparison that the entry criteria of

the Hormesis-Frequency Database (Calabrese and Baldwin,

2001) was considerably more stringent than the Hormesis

Database, but this is not the case.

Discussion

The present assessment provides insight on the general

robustness of published studies used to establish support for

the hormetic dose–response hypothesis. The data reveal that

the underlying literature basis is both quite extensive and

broadly distributed across the range of biologically based

sub-disciplines that utilize dose–response relationships.

Dose responses receiving the highest numerical score in

the evaluation scheme will possess the strongest features of

study design most likely accompanied with statistically

significant findings. Consequently, those studies providing

the most support for the hormetic dose–response hypothesis

are usually those with the strongest study designs and

statistical power.

The heightened requirement for study designs with many

doses has resulted in the consideration of biological models

which are generally less expensive. This requirement has

yielded a database consisting of nearly 50% of its dose–

response relationships based on plants. More expensive

investigations that involve lifetime studies with rodents

using two or three dosages are generally inadequate to

evaluate hormesis. Likewise, it is not uncommon for

investigators to omit hypothesis-testing procedures of the

hormetic response or fail to provide results in their analysis

of data. Such studies would also have a markedly reduced

likelihood of receiving a high score in the current system.

Despite these factors, the range and frequency of the

biological models and endpoints studied is very substantial

and permits biological insights into factors affecting the

nature of the hormetic dose–response relationship that

appear to be well founded based on the consistency of their

occurrence in the database.

When the present Hormesis Database was initiated, it

was created and designed with the intent of providing a type

of evaluative framework to assess whether hormesis was a

viable toxicological hypothesis. However, the information

comprising the database is useful in a number of additional

ways. Most notably, it has permitted an opportunity to

assess some of the quantitative features of the hormetic dose

response. These findings provide insight on the magnitude

of the stimulatory response, the width of the stimulatory

response, and the relationship between the maximum

stimulatory response and the NO(A)EL. These findings

indicate that the maximum stimulatory response is generally

approximately 30–60% greater than the concurrent control

with nearly 80% of the maximum responses being less than

two-fold greater than the control. Nearly 90% of the dose–

response relationships display a stimulatory width that is

less than 100-fold of the dose range immediately below the

NO(A)EL. Thus, the stimulatory responses seen within the

vast majority of cases within the hormetic database are

typically of both modest magnitude and width. These dose

response characteristics are biologically significant since

they occur independent of biological model, endpoint, and

chemical class and physical agent.

The toxicological mechanisms to account for these

quantitative features of the hormetic dose response are not

well understood. Calabrese and Baldwin (2001) hypothe-

sized that the stimulatory response resulted from a modest

overcompensation response to an initial disruption of

homeostasis. While they provided substantial evidence to

support this conclusion, only 17% of dose–response studies

within the Hormesis Database include a temporal compo-

nent that could be used to examine the overcompensation

hypothesis.

The width of the stimulation range, which is typically

quite narrow (i.e. b a factor of 10 from the NO(A)EL),

may also extend well beyond a 1000-fold range depending

on the experimental conditions. One possible contributory

explanation relates to the heterogeneity of the population

studied. The more homogeneous the population is, the

narrower the range of the stimulatory response. Simula-

tions of dose–response relationships using a wide range of

assumed sensitivities revealed that one could readily

contract or expand the width of the stimulatory zone

(Calabrese, unpublished data). These activities suggest that

the principal reason for the relatively narrow range of

stimulation is due to the highly homogeneous nature of the

sample populations under study. Since many experimental

models are highly homogenous and experimental condi-

tions are uniform except for the variable being tested, it

creates the framework for more uniform (i.e., narrow

stimulatory dose range) responses.

A major potential use of the hormetic database is its

capacity to identify examples of hormetic dose–response

relationships that can be selected for further evaluation. That

is, the database permits one to efficiently explore a wide

range of topic areas very efficiently. For example, the

database could be useful in facilitating an assessment of age

and/or gender on the occurrence of hormetic responses.

Likewise, the database could enhance an evaluation of

hormetic response by chemical class and endpoints of

interest. This is particularly noteworthy since it is not easy

to identify examples of hormesis in the biological and

biomedical literature with routine searches. While the

hormesis database should not be considered an exhaustive

accumulation of data-based articles on hormesis, it is

comprehensive however, thereby providing a very useful
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starting point in project development. Finally, the Hormesis

Database is a dynamic entity that is continuously being

expanded. Thus, it is likely that such new entries will alter to

some extent the summary percentages for different catego-

ries within the database. Nonetheless, the size of the current

database is substantial and should provide reasonable

stability for many of the categories presented.
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This study evaluated characteristics of the concentration-
response relationships of chemicals from the U.S. National Cancer
Institute (NCI) Yeast Anticancer Drug Screen database with re-
spect to the threshold and the hormetic dose-response models. The
database reported concentration-response studies of 2189 chem-
icals from a broad range of chemical classes. The biological end
point was growth in 13 strains of yeast (Saccharomyces cerevisiae),
most of which contain genetic alterations affecting DNA repair or
cell cycle control. The analysis was limited to studies that satisfied
a priori entry criteria for evaluation, including having two or more
concentrations in the nontoxic zone (below a Benchmark Dose).
The mean growth response compared to untreated controls of these
doses was significantly greater than 100% in all 13 yeast strains,
ranging from ∼105% to ∼111%. Under a threshold model, one
would expect values more closely approximating 100%. Moreover,
the distribution of responses below the BMD5 for chemicals was
shifted upwardly from the expectations of a threshold model for
all strains. These results indicate that for the chemicals and yeast
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strains studied, the responses are more consistent with a hormetic
model than a threshold model, and they strengthen previous re-
sults presented by Calabrese et al. (2006, Toxicol. Sci. 94:368–378).
Taken together, the analyses provide strong evidence for hormesis,
a phenomenon with a broad range of biomedical and toxicological
implications.

Keywords Antitumor, Biphasic, Hormesis, Low Dose, Threshold,
Yeast

Critical analysis and validation of low-dose-zone predictions
by dose-response models, especially the threshold model, are
important because this model has long been used as the default
model for toxicological risk assessment in the United States
for all noncarcinogenic chemicals entering commerce and food
products (Beck et al. 2001). In some countries the threshold
model may also be considered in assessing risks for carcino-
genic agents (Seeley et al. 2001). The use of different default
models has important implications in many areas, including the
establishment of limits for chemical exposures. A better under-
standing of hormesis can also be important for the prevention
of degenerative diseases and the development of safe, effec-
tive regimens for the treatment of cancer and other disorders.
The implications of hormesis for a broad range of biomedical
sciences and for risk assessment in toxicology and radiation bi-
ology have recently been reviewed (Calabrese 2008; Arumugam
et al. 2006).

In a recent study Calabrese et al. (2006) used the U.S. Na-
tional Cancer Institute (NCI) Yeast Anticancer Drug Screen
database to compare the ability of a hormetic model and a
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threshold model to predict responses to prospective antitumor
drugs at concentrations below estimated toxic thresholds. A
Benchmark Dose (BMD) methodology was used to estimate
toxic thresholds. The NCI database contains 2189 chemicals,
with each agent studied over five concentrations with approxi-
mately half-log concentration spacing (1.2 to 100 μM). Thirteen
yeast strains, including strains with unique genetic alterations
that affect cell cycle regulation or DNA repair functions and
their wild-type counterparts, were used to test the 2189 chemi-
cals under similar conditions. Analysis of patterns of response
below a broad range of BMDs (2.5% to 12.5%) showed that the
patterns were more consistent with a hormetic model than with
a threshold model. These findings were consistent with earlier
analyses of below-threshold responses in published literature,
showing the hormetic dose-response model to be more broadly
applicable than the threshold model in assessments made across
a range of environmental and pharmaceutical agents, biological
models, and end points (Calabrese and Baldwin 2001, 2003). A
limitation of the pattern analysis used in Calabrese et al. (2006)
is that it did not evaluate the magnitude of the hormetic effect
below the toxic threshold or the consistency of individual chem-
ical responses with hormesis. The current investigation extends
the analyses applied to the U.S. NCI Yeast Anticancer Screen
database in Calabrese et al. (2006) by estimating the average
magnitude of the hormetic effect for each strain and the distri-
bution of the hormetic effect over chemicals.

METHODS
A detailed description of the NCI database, experimental de-

sign, and evaluation methods is given in Calabrese et al. (2006).
Briefly, data from stage 2 of the NCI testing procedure were
evaluated on 2189 compounds considered prospective antitu-
mor agents based on preliminary testing. Each agent was tested
at 1.2, 3.7, 11, 33, and 100 μM.

The chemicals were tested in 13 strains, 11 of which con-
tain mutations in genes that can affect susceptibility to tox-
icants and radiation by altering the capacity for DNA re-
pair or cell cycle controls (Simon 2001; Holbeck and Si-
mon 2007). The genetic alterations of interest are bub3, mec2,
mgt1, mlh1, rad14, rad18, rad50, rad52, sgs1, and overex-
pression of CLN2. None of the strains are wild type in a
strict genetic sense, but the strains designated “wild type,”
also called SPY50644 (MATa erg6�::LEU2 pdr1�::LEU2
pdr3�::hisG::URA3::hisG ade2 ade3 leu2 ura3), and
SPY50780 (MAT α erg6�::TRP1 pdr1�::LEU2 pdr3�::
hisG ade2 ade3 leu2 trp1 ura3) carry the wild-type alleles of the
genes of interest in the other strains (Holbeck and Simon 2007;
http://dtp.nci.nih.gov/yacds/index.html; http://dtp.nci.nih.gov/
yacds/spy50644.html; http://dtp.nci.nih.gov/yacds/spy50780.
html). With the exception of strain rad50EPP+, the strains
have enhanced susceptibility to chemicals owing to muta-
tions in erg6, pdr1, and pdr3 (Dunstan et al. 2002). The
erg6 mutation confers enhanced permeability by depleting

membrane ergosterol, whereas the pdr1 and pdr3 mutations
eliminate transcription factors required for the expression of
chemical-efflux transporters and thereby confer pleiotropic drug
resistance.

The responses in the NCI database were obtained from the
growth of the yeast strain exposed to the compound relative to
the growth of the same yeast strain in a solvent (i.e., DMSO)
control. Yeast cells in the exponential phase of growth were
inoculated into synthetic complete medium containing 2% glu-
cose and the test chemical. The initial cell density was 104

cells per well containing 200 μl of medium. Each agent was
assessed four times at the same five concentrations in each
yeast strain. Chemicals were tested in 96-well plates, with
80 chemicals at the same concentration on one plate. The re-
maining 16 peripheral wells were used as controls, of which
4 were unexposed controls, 8 solvent controls, and 4 controls
containing cycloheximide. The assay was deemed invalid if
growth occurred in the presence of cycloheximide. All con-
centrations of a drug were incubated over the same 12-h pe-
riod on different plates such that there were five plates run
on the same chemical at the same time. The chemical loca-
tion in the 96-well plate was systematic rather than randomly
allocated. Employing a different source of chemical on each
day and different daily yeast cultures maximized variability in
response.

The response data consisted of a ratio of the optical den-
sity (OD) of the response well for the treatment divided by
the mean of the OD readings of eight solvent-control wells for
each concentration. OD readings were at 600 nm. This process
was repeated on a second day, and the ratios from the 2 days
were averaged. We refer to the average response as the repli-
cation response. Two replication responses were produced for
each concentration in each strain. Although the data on the NCI
website give the average of the two response values and the dif-
ference between the two values, the original OD values are not
available due to a computer malfunction at the Fred Hutchinson
Cancer Research Center (FHCRC) facility. In light of the loss
of the original data, special efforts were made to ensure that a
detailed understanding of the entire research methodology and
all quantitative methods was obtained prior to undertaking our
analyses and that our written understandings were confirmed by
the Principal Investigator (Julian Simon) of the original yeast
study (Calabrese et al. 2007).

Identifying Chemicals with High Concentration Inhibition
The concentration-response patterns for chemicals with

concentrations below an estimated BMD were evaluated in
order to estimate the average magnitude of response below the
toxic threshold. To achieve this goal within a five-concentration
study design, a priori entry criteria were created. Evidence of
toxicity (i.e., a response of �80% of the control, called the
inhibition response) at the highest concentration (100 μM) was
required, in addition to having either two or three concentrations
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(1.2 and 3.7 μM or 1.2, 3.7, and 11.0 μM) below the BMD,
excluding concentrations used to determine the BMD. The
BMD5 was estimated by a linear interpolation on the log scale
between the concentration immediately above and below the
95% response, similar to Calabrese et al. (2006). Concentrations
used to derive the BMD were not used in the assessment of
the predictions of the threshold and hormetic dose-response
models.

Setting the Benchmark Dose (BMD)
The BMD5 is the concentration at which the response is

estimated to have decreased 5% below the control value (Crump
1984). The BMD5 was chosen for the primary analysis because
5% is near the midpoint for the standard deviation of the yeast
strains (which ranged from 3.0% to 7.5% for the 13 strains).

A BMD5 was calculated for each of the 28,457 concentration-
response experiments (2189 chemicals and 13 strains) using the
average of two replications as the response. The BMD5 was
estimated through the following procedure:

1. The largest concentration with an average response below
95% was identified. Let this concentration be Cbelow, and let
the associated response be Rbelow.

2. If the average response at the next smallest concentration
was at least 95%, then let this concentration be Cabove, and
let the associated response be Rabove. The BMD5 is estimated
by linear interpolation on the log concentration scale:
BMD5 = exp[log(Cabove)+ (0.95 −Rabove)(log(Cbelow)−
log(Cabove))/(Rbelow– Rabove)].

3. If the average response at the next lowest concentration below
Cbelow was less than 95%, then let this concentration be Cbelow

with response Rbelow, and return to step 2.

Selection of Studies and Concentrations below the BMD5

We identified all studies where there was one or more concen-
tration below the concentration corresponding to Cabove, which
we refer to as the low-concentration range. We then constructed
a set of data that included only the studies with one or more
concentration in the low concentration range, and we analyzed
responses from these studies for different chemicals for each
strain of yeast. We report analyses for sets of chemicals with two
concentrations below Cabove separately from analyses for sets of
chemicals with three concentrations below Cabove. Our analy-
sis does not include an assessment of chemicals with only one
concentration below the estimated BMD5 because such data are
less robust than those for agents with two or three concentrations
below the BMD5 and because the only available concentration
(i.e., 1.2 μM) is so close to the estimated toxic threshold that re-
sponses for some of these agents are apt to reflect residual (i.e.,
carryover) toxicity (Calabrese and Baldwin 2003). Data sup-
porting the basis of this exclusion were published in Calabrese
et al. (2006).

Evaluating Responses for Concentrations in the
Low-Concentration Range

The response at each concentration was reported as the mean
response constructed from two replications. The response for
individual replications was not recorded, but the absolute value
of the difference in response between the replications was re-
ported. We added and subtracted one half of this difference to
the mean response to form the basic replicate responses at each
concentration.

For each yeast strain we use a linear mixed model to predict
the average response in the low concentrations range for chem-
icals. In our models, response is reported as percent of control,
as indicated in the methods. The model is specified in the con-
text of a large population of possible chemicals, indexed by
s = 1, . . . , N , where for each chemical, measures of response
indexed by k = 1, . . . , r are made at each low concentration
indexed by t = 1, . . . , d. In the yeast study, we fit separate
models for chemicals with d = 2 low concentrations and for
chemicals with d = 3 low concentrations. At each concentra-
tion, there are two replicates, such that r = 2. We represent a
model for the kth measure of response at concentration t for
chemical s as

Ystk = μst + Estk

where E (Ystk) = μst corresponds to the expected response at
concentration t for chemical s. We represent var (Estk) = σ 2

st .
We allow the response variance to depend on the chemical and
the concentration.

Our primary interest is in the average response for low
concentrations, which we define for chemical s as μs =
1
M

∑M
t=1 μst . Using this definition, we define a concentration ef-

fect for chemical s as δst = μst −μs . We use the mean response
over all chemicals, which is given by μs = 1

M

∑M
t=1 μst to define

the chemical effect as αs = μs − μ. With these definitions, we
can represent response for the kth replication of chemical s at
concentration t by

Ystk = μ + αs + δst + Estk [1]

The only random term in the model is the replication error term,
Estk .

The mixed model that we fit is parallel to model (1). The
difference is that we make the additional assumption that the
chemicals included in the analysis correspond to a simple sample
from the larger set of chemicals, and the concentrations below
the BMD5 are a simple random sample of concentrations from
that range. We distinguish the chemicals in the population from
a selected chemical by the subscript i, and index the selected
concentration by the subscript j . Representing the chemical
effect and the corresponding concentration effects as random

 at UNIV MASSACHUSETTS AMHERST on September 2, 2015ijt.sagepub.comDownloaded from 



372 E. J. CALABRESE

TABLE 1
Number of chemicals satisfying the BMD5 entry criteria according to strain

No. chemicals No. chemicals No. chemicals
with 3 with 2 with 1

concentrations concentration concentration below Total no. of
Strain below BMD5 below BMD5 BMD5 chemicals

CLN2oe 263 389 332 984
SPY50780 258 489 387 1134
bub3 215 433 408 1056
mec2 228 426 393 1047
mgt1 226 461 369 1056
mlh1 189 482 412 1083
rad14 178 479 411 1068
rad18 142 387 369 898
rad50 157 360 383 900
rad50EPP+ 74 215 321 610
rad52 157 338 379 874
sgs1 111 382 441 934
Wild type 253 394 311 958

effects, the resulting model is the mixed model given by

Yijk = μ + Ci + Dij + Eijk [2]

TABLE 2
Frequency description of chemicals by the number of strains

where the response at 100 μM was less than or equal to 80% of
the control and there is at least one concentration below the

BMD concentration interval

No.
strains with

concentrations
below the Cumulative Cumulative

BMD5 Frequency Percent frequency percent

0 253 12.49 253 12.49
1 225 11.11 478 23.60
2 117 5.78 595 29.38
3 122 6.02 717 35.41
4 113 5.58 830 40.99
5 88 4.35 918 45.33
6 112 5.53 1030 50.86
7 114 5.63 1144 56.49
8 106 5.23 1250 61.73
9 125 6.17 1375 67.90

10 154 7.60 1529 75.51
11 168 8.30 1697 83.80
12 210 10.37 1907 94.17
13 118 5.83 2025 100.00

Note. The 164 chemicals with no inhibitory response in any strain
are not included in this table.

where E(Ci) = 0, E(Dij ) = 0, var(Ci) = σ 2
C and var(Dij ) =

σ 2
D , with var(Eijk) = σ 2

e , corresponding to the average replica-
tion variance over concentrations and chemicals (as indicated in
Stanek and Singer [2004]). This model is a nested mixed model
and is fit using SAS Proc Mixed (Littell et al. 2006).

There are three variance components in model (2), and each
has meaning. The first variance component σ 2

C is the variance
of the distribution of mean response for chemicals. The size
of this component provides evidence of the variability of re-
sponse across chemicals. Relative to the average response for a
chemical, σ 2

D provides a measure of how variable concentration-
specific responses are from the chemical mean. This variance is
formed by averaging the chemical-specific concentration vari-
ances over chemicals in the population. The third variance com-
ponent, σ 2

e , is the replication variance, averaged over chemicals
and concentrations.

We fit this model to the yeast data for chemicals that have
concentrations below the BMD5 and estimated the mean re-
sponse in addition to variance components for each strain of
yeast. In addition, we used the results to predict the average
response for each of the sample chemicals using the best lin-
ear unbiased predictor (BLUP), and we generated confidence
intervals for these predictors.

RESULTS
Using the criterion of rinhib = 80, concentration-response

relationships were identified that met the criterion of a high-
concentration inhibition (�80% of control value at the highest
concentration tested). The results indicate that 77% (21,977 of
28,457 studies) satisfied the criterion for inhibition at the highest
concentration.
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TABLE 3
Summary of average response by strain for BMD5 with three low concentrations based on a mixed model treating chemicals as

random effects

Standard Chemical Concentration Replication
Strain N Mean serror SD SD SD

CLN2oe 263 106.52 0.65 9.80 0.20 8.76
SPY50780 258 111.47 0.97 15.13 0.00 9.81
bub3 215 108.99 0.86 11.87 0.36 9.09
mec2 228 109.67 1.08 15.74 0.00 9.87
mgt1 226 108.80 0.99 14.29 0.36 9.50
mlh1 189 108.04 1.12 14.65 0.43 10.87
rad14 178 110.32 1.11 14.29 0.00 9.65
rad18 142 111.11 1.33 15.28 0.00 10.59
rad50 157 106.87 1.14 12.99 0.00 14.46
rad50EPP+ 74 111.62 1.69 12.31 1.09 15.08
rad52 157 109.47 1.24 15.12 0.00 8.27
sgs1 111 111.08 1.50 14.86 0.42 11.97
Wild type 253 109.00 0.86 13.04 0.00 10.51

The concentration-response studies that were eligible showed
some differences among strains. The strain designated “wild
type” had the lowest proportion of chemicals satisfying the in-
hibition entry criterion at 67%, and the rad50 strain had the
highest value (83%). The result for the wild-type strain is con-
sistent with the fact that the genetic defects in most of the other
strains would be expected to confer increased sensitivity to the
toxic effects of some chemicals. In the case of rad50, which
is deficient for recombinational repair by homologous recom-
bination and nonhomologous end joining (Holbeck and Simon
2007), the enhanced sensitivity would encompass many agents
that cause DNA damage.

Before exploring the low-concentration zone, we tabulated
numbers of chemicals that gave a toxic response at the high-
est concentration. Nearly half the chemicals (1093 of 2189)
had an inhibitory response equal or below rinhib = 80 at their
highest concentration (100 μM) for all the strains. In contrast,
164 chemicals had no concentration-response studies with an
inhibitory response equal or below rinhib = 80 at their high-
est concentration in any strain. There were 338 chemicals for
which an inhibitory response was not apparent at the high-
est concentration for only one strain. Of these 338 chemicals,
229 (67.8%) occurred with the rad50EPP+ strain, which has
wild-type membrane permeability and an efficient efflux trans-

TABLE 4
Summary of average response by strain for BMD5 with two low concentrations based on a mixed model treating chemicals as

random effects

Standard Chemical Concentration Replication
Strain N Mean error SD SD SD

CLN2oe 389 104.96 0.52 9.22 0.00 9.34
SPY50780 489 109.79 0.66 13.93 0.00 8.87
bub3 433 107.64 0.59 11.23 0.00 10.03
mec2 426 108.60 0.77 14.94 0.00 11.20
mgt1 461 108.41 0.68 13.76 0.00 9.75
mlh1 482 109.16 0.74 15.42 0.00 9.60
rad14 479 109.16 0.63 12.89 0.00 9.22
rad18 387 108.11 0.72 13.13 0.00 10.93
rad50 360 107.01 0.72 12.39 0.00 11.65
rad50EPP+ 215 109.30 1.15 15.33 0.00 14.12
rad52 338 109.32 0.86 14.93 0.00 10.68
sgs1 382 108.85 0.74 13.29 0.00 11.88
Wild type 394 109.61 0.74 13.79 0.00 10.16
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FIGURE 1
Distribution of predicted mean response and 95% prediction interval values of
the 253 chemicals satisfying the a priori entry criteria for the wild-type strain

with three responses below the BMD5. These findings are compared to
expectations for a threshold model.

porter system, thereby reducing susceptability relative to the
other strains tested.

Of the 21,977 studies that satisfied the high concentration
toxicity requirement, 12,602 (57.3%) had at least one concen-
tration below the BMD5. There were 2451 studies that met
the inhibition criterion at the highest concentration and had
three concentrations below the BMD5, whereas 5235 studies
had two concentrations below the BMD5, and 4916 studies had
one concentration below the BMD5.

FIGURE 2
Distribution of predicted mean response and 95% prediction interval values of
the 394 chemicals satisfying the a priori entry criteria for the wild-type strain

with two responses below the BMD5. These findings are compared to
expectations for a threshold model.

FIGURE 3
Comparison of the response distributions when 2 (N = 394 chemicals) or 3

(N = 253 chemicals) chemical concentrations are below the BMD5.

Among the studies that showed evidence of high-
concentration inhibition, the strain with the largest number of
studies with concentrations below the BMD5 is SPY50780,
whereas rad50EPP+ had the lowest number (Table 1). The low
number for rad50EPP+ is consistent with this strain’s chemical
efflux pump and diminished permeability reducing susceptibil-
ity to toxicants. The high number for SPY50780 is consistent
with its wild-type repair and cell cycle control having led to
fewer concentration responses being eliminated for reasons of
excessive toxicity. The strain-specific responses reflect the en-
try criteria whereby responses are eliminated for nontoxicity at
high concentration or excessive toxicity at low concentration.

We were also interested in differences among chemicals for
numbers of studies where there was one (or more) concentration

FIGURE 4
Summary of the predicted means for each yeast strain in the below-BMD5

zone when there are three responses below the BMD5 compared to the
hypothetical threshold-model prediction. The data are in Table 5.
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below the BMD5 (Table 2). We only used concentration-
response curves that met the high-concentration inhibition cri-
terion. Of the 2189 chemicals in the database, 2025 chemicals
had one (or more) concentration-response with an inhibition at
the highest concentration. Of these, 118 chemicals had an inhi-
bition for all strains, along with concentrations below the BMD5

range.
Table 3 summarizes the mean responses of each yeast strain

for all chemicals with a BMD5 value between 33 and 100 μM.
For these chemicals, there are three concentrations below the
BMD. The estimate, standard error, and variance components
were evaluated by fitting model (2) to each strain. There was
considerable variation among strains for numbers of chemi-
cals with three concentrations below the BMD5, with CLN2oe,
SPY50780, and wild type having the most and rad50EPP+ hav-
ing the fewest. The mean values for the 13 yeast strains range
from 106.5% to 111.6%, compared to 100% for the control
group’s cell proliferation. Table 3 provides information on vari-
ation for each yeast strain indicated by the SD for chemical,
concentration, and replication separately and their integration
in the standard error value. Notice that the estimated variance
of response for concentrations about the mean response, σ̂D , is
zero for most strains. The estimate of zero is most likely due to
the small number of observations per chemical and the similar
response for concentrations relative to the variability in repli-
cated response at a concentration. For all strains except rad50
and rad50EPP+, the standard deviation between chemicals is
larger than the response variance. A similar assessment was
made for chemicals with BMD5 values within the concentration
range beginning at 11 μM but less than 33 μM. These chemicals
have two concentrations (i.e., 1.2 and 3.7 μM) below the BMD
and gave results consistent with those in Table 3 with respect

to the mean increase across strains (i.e., ∼5% to 9.5%) and the
standard error (Table 4).

Figure 1 shows a graph of the predicted responses of 253
chemicals with three concentrations below the BMD for the
wild-type strain. The figure was constructed by first ordering
from smallest to largest the predictor of each chemical (con-
sidered to be a realized random effect in model (2)), and then
plotting the predictor along with the 95% prediction interval
(PI) in increasing order. The abscissa represents the response
(in percent) under or over 100. The ordinate has been scaled
to 100%, representing 100% of the chemicals in the analysis.
Each of the 253 horizontal lines in the plot represents a 95%
prediction interval for a chemical. The dark line at the center
of the prediction intervals connects the predictors for adjacent
chemicals.

The continuous line on the left (black line with a value of 0 at
50%) is a plot of the mean response for the chemicals under the
assumption that a threshold model holds for each chemical in the
analysis. The departure of that line from the vertical line at 0 (on
the abscissa) is due to replication and concentration variability.
It is calculated by multiplying the percentile from a standard

normal distribution by
√

1
d

(σ̂ 2
D + σ̂ 2

e

r
), the estimated standard

deviation of the chemical mean. Note that the threshold model
predicts that some chemicals will display responses greater than
100% (upper end of the distribution) and that others will display
responses less than 100% (lower end of the distribution). Such
deviations from 100% are ascribable to chance.

A comparison of the actual data for the wild-type strain with
the predicted responses of the threshold model indicates a con-
sistent shift to the right across the entire distribution of 253
chemicals with three concentrations below the BMD5 (Figure 1).
These findings indicate that the threshold model does not match

TABLE 5
Percentiles of the responses by yeast strain in the below-BMD5 zone when there are three responses below the BMD5

Strain P1 P10 P20 P30 P40 P50 P60 P70 P80 P90 P99

bub3 −6.8 −0.1 2.3 3.2 4.5 5.4 6.9 8.4 13.2 23.6 49.6
CLN2oe −6.9 0.3 1.2 2.1 3 4.2 5.4 9.9 16.8 25.5 53.8
mec2 −6 −0.7 0.9 1.8 2.8 3.7 4.7 6.9 16.5 32.5 65.4
mgt1 −6.8 −0.3 1.2 2.2 3.1 4 4.7 6.5 12.7 29.1 57.9
mlh1 −14 −2 0.4 1.3 2.2 3.1 4 8.3 15.3 25.7 58.8
rad14 −11 −1.1 1 2.3 3.5 4.9 7.5 14.1 20.9 30.5 54.9
rad18 −9.1 −0.4 1.4 2.7 3.9 5.8 8.2 11.9 19.3 34.2 59.5
rad50 −14 −2.7 −0.5 0.9 2 3.4 5 8.6 13.1 20 57
rad50EPP+ −18 −0.5 2.8 4.7 5.3 9.7 13.6 15.9 18.9 28.6 56.2
rad52 −15 −1.1 0.8 1.7 2.4 3.6 4.6 6.8 19.8 33.2 55.7
sgs1 −9.1 0.8 1.7 2 3.2 4.4 7.4 14.9 20 31.7 50.7
SPY50780 −6.9 0.3 1.2 2.1 3 4.2 5.4 9.9 16.8 25.5 53.8
Wild type −6.9 0.3 1.2 2.1 3 4.2 5.4 9.9 16.8 25.5 53.8
Threshold −9.4 −5 −3.1 −1.6 −0.3 0 2.3 3.9 4.9 6.2 9.4

Note. Responses are percent difference from control growth. The hypothetical distribution based on a threshold model is shown in the last
row of the table. These data are shown graphically in Figure 4.
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FIGURE 5
Summary of the predicted means for each yeast strain in the below-BMD5

zone when there are two responses below the BMD5 compared to the
hypothetical threshold-model prediction. The data are in Table 6.

the responses in the low-concentration (i.e., subtoxic) zone for
this set of data. The upshift in response occurs across the entire
distribution of chemicals. All chemicals gave responses com-
patible with a hormetic dose-response relationship. Below the
65th percentile, the overall upshift in response is about 4% to
5%. However, there is a marked and progressive increase in
the upshift starting around the 65th to 74th percentile of the
chemicals.

A similar comparison is presented in Figure 2 for the wild-
type strain for 394 chemicals with two concentrations below the
BMD5. The overall shape and quantitative features of the plotted
data are very similar to Figure 1. Figure 3, which superimposes

FIGURE 6
Assessment of the impact of the BMD criterion (2.5, 5.0, 7.5, or 10.0) on the

cumulative distribution of mean responses for 253 chemicals with three
responses below the BMD that satisfied a priori entry criteria for the wild-type

strain.

Figures 1 and 2 on each other, demonstrates that the findings
are quantitatively very similar. Thus, the hormetic dose response
predominated regardless of whether there were two or three con-
centrations below the BMD5, situations that reflect the grouping
of agents that differ in toxic potency by about threefold. As in
the previous case, a response compatible with hormesis was
observed for all chemicals assessed. Similar results for each of
the remaining 12 yeast strains are given in Figure 4/Table 5 and
Figure 5/Table 6. All responses are upshifted from the estimates
based on a threshold dose-response model regardless of whether
there were two or three concentrations below the BMD5.

TABLE 6
Percentiles of the responses by yeast strain in the below-BMD5 zone when there are two responses below the BMD5

Strain P1 P10 P20 P30 P40 P50 P60 P70 P80 P90 P99

bub3 −12 0 1.7 2.5 3.8 4.6 6.7 8.4 12.9 20.4 44.6
CLN2oe −10 −2.2 −0.2 1 2.6 3.4 4.6 5.8 7.8 14.9 36
mec2 −6 −0.7 0.6 1.5 2.4 3.7 5 7.2 15.1 24.7 66.8
mgt1 −7.5 0 1.4 2.3 2.7 3.6 4.9 6.7 12.9 25.4 60
mlh1 −8.3 −0.6 0.8 1.7 2.2 3.5 4.5 8.1 17.2 29.1 71
rad14 −6.1 −0.3 1 1.9 2.8 4.1 5.9 10.8 17 29 46.3
rad18 −7.7 −0.5 1.2 2.1 2.9 3.8 5.5 8.4 13.6 23.8 50.6
rad50 −9 −2.4 0 1.3 2.1 3.3 5.4 7.8 12.3 21.1 52
rad50EPP+ −7.9 −1.3 1 2 3.3 4.5 6.6 10.3 16.9 26 60.2
rad52 −7.8 −0.7 1.1 1.5 2.4 3.7 5 9.5 17.9 29 68
sgs1 −11 −0.2 1.5 1.9 2.7 4 5.2 9.8 15.2 26.5 56.1
SPY50780 −6.4 −0.5 0.9 1.8 2.7 4.1 5.9 10.9 20.4 30 48.6
Wild type −8.1 −0.6 1.1 2 2.9 4.2 6 11.7 18.3 28.4 50.9
Threshold −11 −6.3 −4.1 −2.6 −1.3 0 1.3 2.6 4.1 6.3 11.3

Note. Responses are percent difference from control growth. The hypothetical distribution based on a threshold model is shown in the last
row of the table. These data are shown graphically in Figure 5.
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A similar response trend is seen for each of the 13 strains
of yeast regardless of the BMD criterion (i.e., 2.5, 5.0, 7.5, or
10.0) and number of concentrations examined. Although the
findings using different BMD criteria all support the occurrence
of hormesis, there is an increase in the strength of the evidence
for hormesis as the BMD criterion decreases from 10 to 2.5
(Figure 6). The most likely explanation is that the BMD10 re-
flects a low level of toxicity. This residual toxicity diminishes
as the BMD criterion decreases toward 2.5. All 13 yeast strains
gave responses supportive of the hormesis model, regardless of
their diverse genetic alterations.

DISCUSSION
The present analysis indicates that the distribution of pre-

dicted responses in the low-concentration range is upshifted in
a manner that is inconsistent with the threshold dose-response
model. Although this was the case across the entire distribution
of chemicals, it was most striking for the upper 20% to 40%
of chemicals. The upshift was consistent across the 13 strains
and did not appear to depend on the inherent toxicity of the
chemicals, as indicated by comparisons of chemicals with two
or three concentrations below the BMD5. Figure 7 demonstrates
the consistency in the wild-type strain of this upshifted distribu-
tion of responses relative to the threshold model predictions for
chemicals with two or three concentrations below the BMD5.
These findings are consistent across all strains. The general up-
shift in the predicted responses is consistent with a hormetic
dose-response model. The findings confirm and extend an ear-
lier report of Calabrese et al. (2006) in which a different mode
of analysis of the same database showed that the hormetic dose-
response model better predicted below-threshold responses than
did the threshold dose-response model. Taken together, the two
analyses provide a more substantial and integrative perspective
of hormesis in this large yeast database.

The data reveal that about 20% to 40% of the chemicals, de-
pending on the yeast strain, show strong evidence of hormesis on
an individual basis. The remaining 60% to 80% give responses
that also support the hormetic model, in that they consistently
differ from the prediction of the threshold model in the direc-
tion expected for hormesis. The strong evidence of hormesis for
some chemicals suggests that beyond a general stress response
there may be effects dependent on chemical structure. How-
ever, the NCI study protocol used only one time point for the
measurement of cell proliferation; therefore one cannot discern
whether differences in response magnitude are more likely to
be related to chemical structure or to temporal factors that can
affect adaptive responses.

The methodology that we used adjusts for the likelihood
that variability apparent with small sample sizes will regress
toward the average variation with repeat testing/sampling. This
approach, commonly referred to as best linear unbiased pre-
diction (BLUP) or empirical Bayes, provides more accurate
predictors of the true chemical mean response than the simple
mean. The regression towards the mean affects only chemicals
whose predictor differs from the mean, not the mean itself.

The present methodology compared the distribution of the
predicted response in the low-concentration region to results
anticipated on the basis of the threshold dose-response model
with the same concentration and response variances. Although
the actual data were consistently upshifted compared to ex-
pectations of the threshold model, some treatments yielded re-
sults not only <110% of control responses but also less than
100%. Although such low values would not normally be con-
sidered to display a hormetic effect, we regard chemicals with
such responses as consistent with hormesis because they dis-
played a clear upshift in response compared to the threshold-
model distribution. Thus, the below-BMD treatments were
shown to be upshifted across the entire population of chemical
agents.

FIGURE 7
Histogram of mean wild-type (WT) yeast strain responses and expected threshold responses for 647 chemicals with two or three concentrations below the BMD5.
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We had hoped that the use of genetically altered yeast strains
with well-characterized genetic alterations affecting DNA repair
processes and cell cycle control might provide mechanistic in-
sight into the hormetic stimulatory process, but the 13 strains
were similar to one another in showing responses consistent
with hormesis. However, further analysis of specific chemi-
cals and yeast strains and their interactions may provide an
opportunity to better define hormetic response pathways. The
fact that the distribution of predicted responses consistently
supported a hormetic model suggests that the hormetic re-
sponse is general and not strongly affected by the diverse ge-
netic changes built into the yeast strains of the NCI screening
program.

These findings clearly indicate that elevated responses (over
100%) are to be expected for chemicals at concentrations in
the low-concentration range in yeast, a conclusion consistent
with the hormetic dose-response model. The threshold dose-
response model was adopted in the 1930s and became accepted
by national regulatory agencies for safety assessments without
thorough critical evaluation with respect to the low-dose zone
(Calabrese 2005a). In addition to the present findings, a large
volume of peer-reviewed literature and experimental data are
more consistent with a hormetic model than the threshold model
for predicting responses to low-dose exposures (Calabrese and
Blain 2005; Calabrese 2005b). These results further support
calls for a reexamination of the threshold dose-response model
and its use by regulatory agencies and suggests that the hormetic
dose-response model may be useful for interpreting responses
in the low-dose zone. Finally, these data suggest that antitumor
drugs have the potential to enhance tumor cell proliferation at
low concentrations. A recent comprehensive review of the pub-
lished literature concerning human tumor cell lines is consistent
with this perspective (Calabrese 2005c).

REFERENCES
Arumugam, T. V., M. Gleichmann, S.C. Tang, and M.P. Mattson. 2006. Horme-

sis/preconditioning mechanisms, the nervous system and aging. Ageing Res.
Rev. 5:165–178.

Beck, B. D., T. M. Slayton, E. J. Calabrese, L. Baldwin, and R. Rudel. 2001.
The use of toxicology in the regulatory process. In: Principles and methods
of toxicology, ed. A. W. Hayes, 23–76. Philadelphia: Taylor & Francis.

Calabrese, E. J. 2005a. Historical blunders: How toxicology got the dose-
response relationship half right. Cell. Mol. Biol. 51:643–654.

Calabrese, E. J. 2005b. Paradigm lost, paradigm found: The re-emergence of
hormesis as a fundamental dose response model in the toxicological sciences.
Environ. Pollut. 138:378–411.

Calabrese, E. J. 2005c. Cancer biology and hormesis: Human tumor cell lines
commonly display hormetic (biphasic) dose responses. Crit. Rev. Toxicol.
35:463–582.

Calabrese, E. J. 2008. Hormesis: Why it is important to toxicology and toxicol-
ogists. Environ. Toxicol. Chem. 27:1451–1474.

Calabrese, E. J., and L. A. Baldwin. 2001. The frequency of U-shaped dose-
responses in the toxicological literature. Toxicol. Sci. 62:330–338.

Calabrese, E. J., and L. A. Baldwin. 2003. The hormetic dose response model is
more common than the threshold model in toxicology. Toxicol. Sci. 71:246–
250.

Calabrese, E. J., and R. Blain. 2005. The occurrence of hormetic dose responses
in the toxicological literature, the hormesis database: an overview. Toxicol.
Appl. Pharmacol. 202:289–301.

Calabrese, E. J., J. W. Staudenmayer, E. J. Stanek III, and G.R. Hoffmann. 2006.
Hormesis outperforms threshold model in NCI anti-tumor drug screening
data. Toxicol. Sci. 94:368–378.

Calabrese, E. J., J. W. Staudenmayer, E. J. Stanek III, and G. R. Hoffmann. 2007.
Hormesis and high throughput studies: Crump’s analysis lacks credibility.
Toxicol. Sci. 98:602–603.

Crump, K. S. 1984. A new method for determining allowable daily intakes.
Fundam. Appl. Toxicol. 4:854-871.

Dunstan, H. M., C. Ludlow, S. Goehle, M. Cronk, P. Szankasi, D. R. H. Evans,
J. A. Simon, and J. R. Lamb. 2002. Cell-based assays for identification of
novel double-strand break-inducing agents. J. Natl. Cancer Inst. 94:88–94.

Holbeck, S. L., and J. Simon. 2007. The FHCRC/NCI yeast anticancer drug
screen. In: Yeast as a tool in cancer research, ed. J. L. Nitiss and J. Heitman,
347–374. New York: Springer.

Littell, R. C., G. A. Milliken, W. W. Stroup, R. D. Wolfinger, and O.
Schabenberger. 2006. SAS for Mixed Models, second edition. Cary, NC:
SAS Institute.

Seeley, M. R., L. E. Tonner-Navarro, B. D. Beck, R. Deskin, V. J. Feron, G.
Johanson, and H.M. Bolt. 2001. Procedures for health risk assessment in
Europe. Reg. Toxicol. Pharmacol., 34:153–169.

Simon, J. A. 2001. Yeast as a model system for anticancer drug discovery.
Emerg. Therap. Targets 5:177–195.

Stanek, E. J., and J. M. Singer. 2004. Predicting random effects from finite
population clusted samples with response error. J. Am. Stat. Assoc. 99:1119–
1130.

 at UNIV MASSACHUSETTS AMHERST on September 2, 2015ijt.sagepub.comDownloaded from 



The Frequency of U-Shaped Dose Responses
in the Toxicological Literature

Edward J. Calabrese1 and Linda A. Baldwin
Department of Environmental Health Sciences, School of Public Health and Health Sciences, University of Massachusetts, Amherst, Massachusetts 01003

Received November 17, 2000; accepted April 17, 2001

Hormesis has been defined as a dose-response relationship in
which there is a stimulatory response at low doses, but an inhib-
itory response at high doses, resulting in a U- or inverted U-shaped
dose response. To assess the proportion of studies satisfying cri-
teria for evidence of hormesis, a database was created from pub-
lished toxicological literature using rigorous a priori entry and
evaluative criteria. One percent (195 out of 20,285) of the pub-
lished articles contained 668 dose-response relationships that met
the entry criteria. Subsequent application of evaluative criteria
revealed that 245 (37% of 668) dose-response relationships from 86
articles (0.4% of 20,285) satisfied requirements for evidence of
hormesis. Quantitative evaluation of false-positive and false-neg-
ative responses indicated that the data were not very susceptible to
such influences. A complementary analysis of all dose responses
assessed by hypothesis testing or distributional analyses, where the
units of comparison were treatment doses below the NOAEL,
revealed that of 1089 doses below the NOAEL, 213 (19.5%) satis-
fied statistical significance or distributional data evaluative criteria
for hormesis, 869 (80%) did not differ from the control, and 7
(0.6%) displayed evidence of false-positive values. The 32.5-fold
(19.5% vs 0.6%) greater occurrence of hormetic responses than a
response of similar magnitude in the opposite (negative) direction
strongly supports the nonrandom nature of hormetic responses.
This study, which provides the first documentation of a data-
derived frequency of hormetic responses in the toxicologically
oriented literature, indicates that when the study design satisfies a
priori criteria (i.e., a well-defined NOAEL, > 2 doses below the
NOAEL, and the end point measured has the capacity to display
either stimulatory or inhibitory responses), hormesis is frequently
encountered and is broadly represented according to agent, model,
and end point. These findings have broad-based implications for
study design, risk assessment methods, and the establishment of
optimal drug doses and suggest important evolutionarily adaptive
strategies for dose-response relationships.

Key Words: hormesis; compensatory responses; overcompensa-
tion; U-shaped; J-shaped; dose response; low doses; risk assess-
ment; extrapolation.

The occurrence of hormesis in the toxicological sciences has
a long and controversial history (Calabrese and Baldwin,
2000a,b,c,d,e). Evidence supporting the existence of hormesis
is substantial, with numerous reproducible examples suggest-
ing potential broad generalizability (Calabrese et al., 1999).
However, little information exists concerning the frequency of
hormesis within the toxicological literature; that is, how often
one would expect to observe hormesis given appropriate study
design parameters. Two databases were previously created
from the published literature to quantify aspects of hormetic
responses in toxicological studies. In the case of Davis and
Svendsgaard (1994), an attempt was made to estimate the
incidence of hormetic responses based on the frequency of
deviation from control responses independent of study design,
NOAEL (no observed adverse effect level), and statistical
significance. The second database (Calabrese and Baldwin,
1997a,b) focused on describing the quantitative features of the
hormetic dose response and issues relating to generalizability
rather than frequency in the toxicological literature.

Taking into consideration the limitations of the previous
databases and incorporating suggestions by Crump (2001), a
new database was created to assess the proportion of studies in
the toxicological literature satisfying criteria for evidence of
hormesis consistent with the definition of Stebbing (1998).
Rigorous a priori entry criteria were established based on study
design characteristics to identify data sets with the potential to
detect a hormetic effect. Data sets meeting these criteria, in-
dependent of outcome, were entered into the database. Subse-
quent application of a priori evaluative criteria identified those
dose-response relationships satisfying requirements for evi-
dence of hormesis.

METHODS

Journal selection. Because a broad range of experimental models, end
points, and agents, including mixtures, was desired, two environmentally-
oriented toxicological journals (Environmental Pollution, 1970–1998; The
Bulletin of Environmental Contamination and Toxicology, 1966–1998) and
one pharmacologically oriented toxicological journal (Life Sciences, 1962–
1998) were selected. Use of these journals ensured broad coverage of the
toxicological literature without truncated end-point selection associated with
more specialized journals. This was viewed as a desirable and necessary
journal selection strategy at this stage of project development, as it would offer

The views and conclusions contained herein are those of the authors and
should not be interpreted as necessarily representing the official policies or
endorsements, either expressed or implied, of the Air Force Office of Scientific
Research or the U.S. Government.
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greater opportunity to address issues of generalizability. Furthermore, inclu-
sion of approximately 30 years of articles from each journal ensured the
opportunity to incorporate independent peer review over prolonged periods,
studies reflecting changes in toxicological funding priorities (thereby enhanc-
ing the range of chemicals, end points, and hypotheses assessed), improve-
ments in study design, analysis, and technical developments as the field
evolved, and assessment of historical trends if needed.
Screening protocol. All articles were initially screened in ascending chro-

nological order beginning with volume 1, number 1 of each journal through
1998, with the exception of Life Sciences. Due to the increasingly large number
of articles published per year in this journal (by the end of 1979 approximately
6000 articles had been screened with an annual publication rate increasing to
over 600 articles), a decision was made to limit additional screening to 6 years,
approximately equally spaced over the remaining 19 years of publication
(1982, 1985, 1988, 1992, 1995, 1998). During the initial screening, exclusion
and entry criteria described below were applied to all dose-response relation-
ships reported in tabular or graphical form in each article. Dose-response
relationships meeting the entry criteria were later examined with evaluative
criteria described below for satisfying or not satisfying evidence of hormesis.
The initial screening and the subsequent application of evaluative criteria were
performed by the two authors; the results of the application of evaluative
criteria were examined a second time by one of the authors.
Exclusion criteria. Only studies with experimental data were considered.

Review articles, abstracts, non-English language articles, epidemiologic stud-
ies, and field studies were excluded. Studies lacking any of the following
conditions were excluded: (1) a concurrent control; (2) the capacity to achieve
responses greater than (or less than, depending on end point) the control
response (e.g., studies where the end point was survival and the control
response was 100% or where the end point was tumor incidence and the
control response was zero); (3) at least two doses below the NOAEL; and (4)
at least one dose showing a priori criteria-based inhibition.2

NOAEL designation. The NOAEL designation represents a unique dose
that can be satisfied by only one dose. In the hormesis database this dose is
satisfied by definitional determinants such that this dose represents the highest
dose not differing from the control and having defined decrements at imme-
diately higher doses. Any dose lower than this designated NOAEL that
displays a response below that of the control would be interpreted as displaying
either variability or error. As a result of this definition of NOAEL and applying
it consistently throughout the database, possible subjective reinterpretation and
designation of the NOAEL dose was prevented. The implications of this
scheme were to allow for the inclusion of negative variability/error in the
dose-response relationship below a designated NOAEL to permit false-positive
estimation. If this approach had not been followed, some dose-response rela-

tionships could have been eliminated from satisfying entry criteria, ultimately
resulting in a higher proportion of studies satisfying the evaluative criteria.

Residual bias may occur as a result of the NOAEL designation used in this
assessment. Some doses that are characterized as NOAELs may in fact display
evidence of low/modest toxic responses. However, if the decrement does not
achieve a certain designated level (e.g., statistical significance, percent decre-
ment), a determination could be made for that dose being the NOAEL. Thus,
it is possible to inappropriately designate a bona fide LOAEL (lowest observed
adverse effect level) as a NOAEL. This concern is widely recognized in
regulatory toxicology and is one of the reasons why the NOAEL has been
broadly criticized with respect to its no adverse effect designation. This
possible limitation has led to proposals for application of statistical procedures,
such as the benchmark dose (BMD), to estimate the NOAEL. If a NOAEL is
actually a LOAEL in the current hormesis database, this would have implica-
tions for detection of hormesis at lower doses in the dose response spectrum.
In fact, it could limit the potential detection to possibly one dose under certain
study design scenarios. Again, even this one dose may still actually represent
a type of LOAEL, if in fact it too had low residual deficits. This suggests that
for dose responses in the present hormesis database where the NOAEL reflects
a dose with a slight/modest toxic response, a false-negative potential for
hormesis estimation may exist.

A decision was made in the development of the criteria to include as
NOAELs for evaluative purposes doses that could satisfy evaluative criteria for
evidence of hormesis. Although it is possible that one could have eliminated
NOAELs within an evaluative designation, this approach was rejected, since
the NOAEL, when it exceeds the control value, could be considered as being
in the hormetic zone. This is because the designation of the NOAEL is not a
perfect representation of the zero equivalent point (i.e., the highest dose with
a response equal to the control response), but could err on either side of the
control for real biological effect purposes. For this reason, it was decided that
it would be unfair to bias a determination against a hormetic perspective. It
should be noted that it was argued above that mischaracterization of a LOAEL
with a NOAEL could lead to false-negative representation. However, allowing
a NOAEL to be positively identified as a hormetic response is not a misrep-
resentation.

Entry criteria. The entry criteria were designed to ensure consistency with
the U (or inverted U) shape of the hormetic dose-response relationship. That is,
all studies needed to have sufficient evidence to demonstrate the occurrence of
high-dose inhibition based on statistical and/or quantitative criteria, a NOAEL,
and doses below the NOAEL that were to be evaluated for the potential of a
low-dose stimulatory response based on statistical and/or quantitative criteria.
Studies satisfying these general criteria were placed into one of three entry
criteria tiers (T1, T2, T3) presented in Table 1: T1 includes dose-response
relationships subjected to hypothesis testing; T2 was designed to identify
dose-response relationships lacking hypothesis testing but reporting standard
deviation (SD) or standard error of the mean (SEM) information, thereby
providing information on the distribution of the data. T3 was designed to
identify dose-response relationships defined only by data points reflecting
mean/median values with no reference to variation.

Evaluative criteria. All dose-response relationships meeting the entry
criteria were then subjected to evaluative criteria for evidence of hormesis
(Table 1). An outcome satisfying criteria for evidence of hormesis is consid-
ered indicative of a dose-response relationship demonstrating stimulation at
low doses and inhibition at higher doses. (See Fig. 1 for examples of data sets
satisfying evaluative criteria.)

Where no hypothesis testing was performed, a difference of at least two SD
or two SEM between the control and treatment group was considered indica-
tive of potential statistical significance. Although our intent was to standardize
all such data to conform to a similar distribution (i.e., SEM), this was not
possible because of considerable variability in the nature and specificity of the
information provided (e.g., out of a total of 196 dose-response relationships in
category T2, 66 distributions were reported as SEM, 60 were reported as SD,
and 70 were not identified). Consequently, we used the distribution provided in

2 For purposes of this study, the NOAEL was defined as the highest dose
with a response not statistically significantly different with respect to adverse
responses from the control in studies where hypothesis testing was performed;
in studies lacking hypothesis testing and in studies where hypothesis testing
was performed but statistical significance was not observed with respect to
adverse effects, the NOAEL was defined as the highest dose with a response �

90% of the control for inverted U-shaped dose-response relationships or as the
highest dose with a response � 110% of the control for U- or J-shaped
dose-response relationships. Inhibition was defined as occurring when: (1) the
response for at least one dose higher than the NOAEL was statistically
significantly different from the control in studies where hypothesis testing was
performed; (2) the response for at least one dose higher than the NOAEL
showed no 2� SD/SEM overlap with the control response in studies where
only data distribution was reported; or (3) in the absence of statistical signif-
icance or nonoverlapping distributions, the response for at least two doses
higher than the NOAEL was � 90% of the control for inverted-U shaped
dose-response relationships or � 110% of the control for U- or J-shaped
dose-response relationships.
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the paper, recognizing that the comparison between studies would lack the
intended uniform comparability.

In cases where data were graphically represented, on some occasions error
bars were depicted for treatment data points, but not for the control. In those
cases the dose responses were considered indicative of potential statistical
significance if the error bars (SD/SEM � 2) of the treatment did not cross the
control value.

In order to avoid exclusion of potentially relevant data below the NOAEL
and to enhance the rigor of evaluative criteria, dose-response relationships with
at least three doses with responses � 110% of control (or with responses �

90% for J- or U-shaped curves), i.e., alternative quantitative criteria were
considered satisfying evidence of low-dose stimulation in the absence of
statistical significance or potential statistical significance as determined by data
distribution.

In order to avoid exclusion of potentially relevant data due to absence of a
statistically significant or potentially statistically significant inhibitory re-
sponse at high doses, dose-response relationships with at least two doses with
responses � 90% of control (or � 110% for J- or U-shaped curves) were
considered satisfying evidence of inhibition in the absence of statistical sig-
nificance or potential statistical significance as determined by data distribution.
Assessment of false-positive responses. An indication of the frequency of

false-positive responses (i.e., to what extent the positive findings could be
accounted for by chance or random variation) was obtained by assessing the
responses of treatment doses below the NOAEL and comparing the proportion
of negative findings to positive findings. This is based on the assumption that

if chance or random variation was responsible for the positive findings (i.e., a
hormesis designation) then the number of negative responses should approx-
imate the number of positive responses. It should be noted that although the
NOAEL dose was included when assessing dose-response relationships with
the evaluative criteria (Table 1), only treatment doses below the NOAEL were
evaluated for false-positive responses. The NOAEL by definition cannot dis-
play an adverse (or negative) response, and its inclusion in the assessment of
false-positives would therefore bias the outcome. By excluding the NOAEL
values in this assessment, bias favoring false-positive estimation was mini-
mized. This approach therefore provides a rate of false-positive/negative
estimates that could be applied to the total rather than deriving the absolute
number by direct estimation.

When the evaluative criteria were based on the response of single doses, the
proportion of false-positive findings was derived by dividing the total number
of doses below the NOAEL showing significant or potentially significant
negative responses by the total number of significant or potentially significant
responses of a positive and negative nature for both the hypothesis testing (T1)
and distributional data (T2) categories. A similar procedure was employed to
estimate false-positive findings when alternative quantitative criteria were
used.
Assessment of false-negative responses. An indication of the frequency of

false-negative responses was obtained by assessing the proportion of dose-
response relationships satisfying the alternative quantitative evaluative criteria
to the total number of dose-response relationships not satisfying evaluative
criteria in the hypothesis testing category T1. This procedure was also applied

TABLE 1
Summary of a Priori Entry and Evaluative Criteria with Descriptions of Outcomes Satisfying Evidence of Hormesis

Category T1 T2 T3

Entry criteria
Hypothesis testing Yes No No
Data distribution reported Not relevant Yes No
Minimum no. doses below NOAELa 2 2 2
Minimum no. doses above NOAELb 1 dose with a statistically

significant response or 2
doses with responses �
90% of control

1 dose with a response showing no
2 � SD/SEM overlap with
control or 2 doses with
responses � 90% of control

2 doses with responses
� 90% of control

Evaluative criteriac

Outcome satisfying evidence of hormesisd

Including and/or below the NOAEL
responses

At least 1 stimulatory dose
with a statistically
significant response or
at least 3 doses with
responses � 110% of
control

At least 1 stimulatory dose with a
response showing no 2 � SD/
SEM overlap with control or at
least 3 doses with responses �

110% of control

At least 3 doses with
responses � 110%
of control

Note. T1, dose-response relationships subjected to hypothesis testing; T2, designed to identify dose-response relationships lacking hypothesis testing but
reporting SD or SEM, thus providing data distribution information; T3, designed to identify dose-response relationships defined only by data points reflecting
mean/median values with no reference to variation.

aNOAEL, no observed adverse effect level. For the purposes of this study the NOAEL was defined as the highest dose with a response not statistically
significantly different from the control with respect to adverse effects in studies where hypothesis testing was performed; in studies lacking hypothesis testing
and in studies where hypothesis testing was performed but statistical significance was not observed with respect to adverse effects, the NOAEL was defined as
the highest dose with a response � 90% of the control for inverted U-shaped dose-response relationships or as the highest dose with a response � 110% of the
control for U- or J-shaped dose-response relationships.

bFor the purposes of this study inhibition must be demonstrated as follows: at least one dose higher than the NOAEL with a response statistically significantly
different from the control in studies where hypothesis testing was performed; at least one dose higher than the NOAEL with a response showing no 2 times
SD/SEM overlap with the control in studies where data distribution was reported; or at least 2 doses higher than the NOAEL with responses � 90% of the control.

cPlease note that these descriptions apply to inverted U-shaped dose-response relationships; in the case of J- (or U-) shaped dose-response relationships the
evaluative response criterion value including and/or below the NOAEL is � 90% of control and the evaluative response criterion above the NOAEL is � 110%
of control.

dConsistent with the U- (or inverted U-) shape of the hormetic dose-response relationship.
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to dose-response relationships that failed to satisfy evaluative criteria for the
distributional data category T2.

RESULTS

Frequency of Hormetic Effects

Table 2 presents the results of application of the entry
criteria organized by journal and year of publication. Of the

20,285 articles screened, 195 articles (1%) contained 668 dose-
response relationships meeting the entry criteria. The number
of articles screened was equally divided between the environ-
mentally oriented journals (51.5%; 10,462 articles published in
Environmental Pollution and The Bulletin of Environmental
Contamination and Toxicology) and the more pharmacologi-
cally oriented journal (48.4%; 9823 articles published in Life
Sciences). Approximately 1% of the articles in each journal

FIG. 1. Hypothetical data sets com-
prising a control (C, hatched lines) and
five treatment groups (doses) satisfying
entry criteria; data sets showing evidence
of hormesis for each evaluative approach
(statistical significance, data distribution,
and alternative quantitative) and cate-
gory. See Table 1 for category descrip-
tions. NOAEL dose is indicated by cross-
hatching; arrows indicate response(s)
satisfying evaluative criteria for horme-
sis; *statistical significance at p � 0.05.
Error bars represent the mean � 2 SD.
Please note that these descriptions apply
to inverted U-shaped dose-response rela-
tionships; in the case of J- (or U-) shaped
dose-response relationships, the evalua-
tive response criterion value including
and/or below the NOAEL is � 90% of
control.
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contained dose-response relationships meeting the entry crite-
ria (Environmental Pollution, 1.2% 38⁄3058; The Bulletin of
Environmental Contamination and Toxicology, 0.8% 62⁄7404;
Life Sciences, 1.0% 95⁄9823). The number of dose-response
relationships meeting the entry criteria was approximately
equally divided among the three journals (Environmental Pol-
lution, 37.5% 251⁄668; The Bulletin of Environmental Contami-
nation and Toxicology, 30.8% 206⁄668; Life Sciences, 31.5%
211⁄668).

Figure 2 presents the results of application of the evaluative

criteria to the 668 dose-response relationships satisfying the
entry criteria organized by category. Two hundred forty-five
(245) dose-response relationships (36.7% of 668) from 86
articles (0.4% of 20,285) satisfied the requirements for evi-
dence of hormesis. Eighteen articles containing 118 dose-
response relationships were in Environmental Pollution; 28
articles containing 68 dose-response relationships were in The
Bulletin of Environmental Contamination and Toxicology; and
40 articles containing 59 dose-response relationships were in
Life Sciences.

TABLE 2
Summary of Results of Application of a Priori Entry Criteria for Articles, Organized by Journal and Publication Year

Environmental Pollution Bulletin of Environmental Contamination and Toxicology Life Sciences

Year Published Entered No. d-r Year Published Entered No. d-r Year Published Entered No. d-r

1962 127 0 0
1963 162 0 0
1964 217 0 0
1965 333 1 1

1966 38 1 4 1966 299 1 1
1967 46 0 0 1967 350 0 0
1968 45 0 0 1968 349 0 0
1969 45 0 0 1969 344 1 1

1970 13 0 0 1970 103 0 0 1970 170 2 3
1971 23 0 0 1971 100 1 4 1971 168 1 2
1972 28 0 0 1972 130 0 0 1972 131 2 4
1973 52 2 17 1973 136 1 2 1973 247 1 1
1974 54 2 6 1974 234 1 1 1974 444 6 7
1975 58 0 0 1975 259 4 9 1975 459 0 0
1976 53 2 6 1976 246 3 11 1976 438 2 4
1977 88 0 0 1977 235 0 0 1977 494 5 8
1978 80 1 1 1978 247 2 10 1978 643 9 26
1979 83 0 0 1979 428 3 5 1979 593 4 9
1980 83 0 0 1980 312 1 3
1981 86 0 0 1981 270 3 11
1982 83 2 9 1982 248 2 6 1982 741 5 9
1983 65 2 3 1983 213 0 0
1984 109 0 0 1984 210 1 2
1985 107 3 50 1985 254 2 11 1985 623 11 27
1986 51 3 14 1986 283 1 2
1987 138 2 66 1987 322 0 0
1988 180 4 11 1988 260 3 5 1988 610 8 13
1989 159 2 3 1989 271 6 12
1990 161 4 25 1990 276 3 17
1991 115 2 8 1991 283 1 1
1992 133 0 0 1992 277 5 27 1992 596 13 33
1993 150 1 2 1993 271 0 0
1994 152 1 11 1994 277 3 7
1995 168 0 0 1995 267 6 26 1995 658 12 20
1996 162 1 4 1996 289 4 14
1997 127 1 1 1997 279 4 14
1998 297 3 14 1998 250 1 2 1998 627 11 42
Total 3058 38 251 Total 7404 62 206 Total 9823 95 211

Note. Environmental Pollution was divided into two series during the years 1980–1986 (Series A, Ecological and Biological; Series B, Chemical and Physical).
Series A was selected for screening. Life Sciences was divided into two parts during the years 1970–1973 (Part 1, Physiology and Pharmacology; Part 2,
Biochemistry, General, and Molecular Biology). Part 1 was selected for screening. Due to the increasingly large number of articles published per year in this
journal additional screening was limited to 6 years (1982, 1985, 1988, 1992, 1995, 1998); d-r, dose-response relationships meeting a priori entry criteria.
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Table 3 presents the results of the 245 dose-response rela-
tionships satisfying evaluative criteria for evidence of hormesis
organized by experimental model, end point, and agent, includ-
ing mixtures. A total of 73 different agents and mixtures from
a broad range of chemical classes is represented.

Assessment of False-Positive Responses

Tables 4 and 5 present the results of the assessment of
false-positive responses for each entry/evaluative criteria cat-
egory. The collective findings indicate that the false-positive
rate from the various categories was approximately 4%. When
the false-positive/negative values were totaled, it yielded a net
1.4% false-positive estimate. This would reduce the 36.7%
hormesis frequency to 35.3% (Table 6). These findings indicate
that the methodology was not very susceptible to false-posi-
tive/negative error.

Assessment of False-Negative Responses

There were 139 dose-response relationships in T1 that sat-
isfied entry but failed to satisfy evaluative criteria for hormesis.
Thirteen of these 139 dose-response relationships satisfied the
alternative quantitative evaluative criteria. This value provides
an estimate of the false-negative rate for hormesis of 9.3%
within the hypothesis testing criteria (category T1, Fig. 2). A
similar procedure applied to the distributional data revealed a
false-negative rate of 10.1% (category T2, Fig. 2). A direct
comparison of dose-response relationships satisfying evalua-
tive criteria for both hypothesis testing and alternative quanti-
tative criteria revealed that such dose responses were approx-
imately twice as likely to satisfy the evaluative criteria for
hypothesis testing than for alternative criteria (i.e., of the 75
dose-response relationships satisfying hypothesis testing crite-
ria, 38 also satisfied alternative criteria). That is, it is twice as
difficult to have three doses at and/or below the NOAEL with
responses � 110% of the control response as to have one of
these doses with a responses statistically significantly greater
than the control. These findings not only strongly support the

use of the methodology to estimate false-negative rates, but
also indicate that the actual false-negative rates are likely to be
higher than estimated. These results also suggest that the
findings provided in the alternative criteria for hormetic esti-
mates are considerably more rigorous than the hypothesis
testing and distributional methods.

DISCUSSION

The findings indicate that in studies satisfying entry criteria,
36.7% satisfied the evaluative criteria for a hormetic response.
Although the above assessment indicates that the study find-
ings cannot be accounted for by false-positive responses or by

TABLE 3
Summary of the Dose-Response Relationships Satisfying a Pri-

ori Entry and Evaluative Criteria for Evidence of Hormesis Or-
ganized by Experimental Model, Endpoint, and Agent, Including
Mixtures

No. of dose-response relationships

Satisfying
entry criteria

Satisfying
evaluative criteria %

Experimental model
Plant 309 138 45 (138/309)
Vertebrate 266 83 31 (83/266)
Invertebrate 48 9 19 (9/48)
Microbe 43 15 35 (15/43)
Protozoan 2 0 0 (0/2)
Total 668 245

Endpoint analyzed
Metabolic 231 97 42 (97/231)
Growth 183 72 39 (72/183)
Reproductive 124 43 35 (43/124)
Molecular 64 11 17 (11/64)
Behavioral 36 17 47 (17/36)
Physiologic 17 3 18 (3/17)
Survival 13 2 15 (2/13)
Total 668 245

Agent and Mixtures
Effluents 116 67 58 (67/116)
Pesticides 114 30 26 (30/114)
Metals 85 30 35 (30/85)
Petroleum products/

constituents 24 15 62 (15/24)
Alcohol production wastes 19 16 84 (16/19)
Polycholorinated biphenyls 17 11 65 (11/17)
Solvents 10 6 60 (6/10)
Miscellaneous 283 70 25 (70/283)
Total 668 245

Note. % � no. satisfying evaluative criteria/ no. satisfying entry criteria.
Metabolic endpoints include enzyme activities, photosynthesis rate, respiration
rate, protein synthesis, etc. Physiologic endpoints include muscle contraction/
relaxation, blood pressure, heart rate, etc. Pesticides include insecticides,
herbicides, fungicides and ectoparasiticides. Miscellaneous includes a variety
of agents and mixtures (e.g., pharmaceutical products, receptor agonists and
antagonists, detergents, etc.).

FIG. 2. Summary of application of the evaluative criteria to the 668
dose-response relationships satisfying the entry criteria, organized by category.
See Table 1 for category descriptions.
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random variation, there are fundamental limitations in the
current study methodology that are likely to yield a tendency
for false-negative conclusions (values lower than actual horme-
sis estimates). The false-negative rate was nearly three times
greater than the false-positive rate (i.e., 9.7% vs 3.5%). The
false-negative criteria were established as being twice as rig-
orous as the false-positive estimation procedure. Finally, while
false-positive evaluation was able to be applied to all possible
instances for positive responses, this was not the case for the
170 negative dose responses in the alternative quantitative
criteria for which no validation procedure is available. Given
these three factors, it is likely that the 36.7% estimate of
hormetic dose-response frequency is conservative and is likely
somewhat higher.

In addition, the study did not take temporal factors into
consideration. Numerous investigations exist that demonstrate
stimulatory responses occur only following a disruption in
homeostasis, that is, after an initial decrement in response
(Stebbing, 1998; Calabrese, 2001). If responses were not taken
at multiple times during the experiment, possible stimulatory
responses could be missed, leading to false-negative conclu-
sions.

It is interesting to note that of 1089 treatment doses below
the NOAEL using hypothesis testing and distributional data
entry criteria (Table 4), 213 (19.5%) of the treatment doses
were determined to satisfy hormesis evaluative criteria. Only
seven treatment doses (7/1089 � 0.6%) were significantly
below the control. This suggests that hormetic responses in
these categories occurred approximately 30-fold (19.5%/0.6%
� 32.5) more frequently than a response of similar magnitude
in the opposite (negative) direction. This finding, which em-
ploys the treatment doses below the NOAEL as the unit of
comparison, provides striking support for the position that
hormetic effects cannot be attributed to chance.

The data further revealed that the general occurrence for
hormetic dose responses was widely incorporating of biologi-
cal model, end points, and chemical classes. These findings
represent the first attempt to assess the frequency of hormetic
responses within the context of a biological/toxicological
model based on study design, dose response, and statistical
features. The results are particularly noteworthy, as they di-
rectly challenge the long-held view that hormetic responses
should be seen as statistical exceptions, paradoxical findings,
or otherwise unexpected events.

TABLE 5
Assessment of False Positive Responses in Cases Where a Priori Evaluative Criteria Were Based on the Response

of Multiple Doses below the NOAEL

Criteria

Category

Number dose responses with � 3 doses below NOAEL

False positive rateEntry Evaluative Total
Positive

hormesis evidence
Chance

positive evidence

Hypothesis testing Alternative quantitative T1 49 7 2 2/9 � 0.222 (22.2%)
Data distribution Alternative quantitative T2 68 10 1 1/11 � 0.09 (9%)
Alternative quantitative Alternative quantitative T3 104 40 0 0 (0%)

221 75 3 3/78 � 0.038 (3.8%)

Note. The values of 110% and 90% refer to inverted U-shaped dose-response relationships; the values would be reversed in the case of U- (or J-) shaped
dose-response relationships. Positive hormesis evidence, total number of dose-responses with at least 3 doses below the NOAEL with a response � 110%. Chance
positive evidence, total number of dose-responses with at least 3 doses below the NOAEL with a response � 90%. False positive rate, false positive/positive �
false positive.

TABLE 4
Assessment of False Positive Responses in Cases Where a Priori Evaluative Criteria Were Based on the Response

of Single Doses below the NOAEL

Criteria

Category

Number treatment doses below NOAEL

Entry Evaluative Total
Positive

hormesis evidence
Chance

positive evidence False positive rate

Hypothesis testing Statistical significance T1 551 129 1 1/130 � 0.008 (0.8%)
Data distribution Data distribution T2 538 84 6 6/90 � 0.067 (6.7%)

1089 213 7 7/220 � 0.032 (3.2%)

Note. Positive hormesis evidence, treatment doses below NOAEL with statistically significant or potentially significant stimulatory responses. Chance positive
evidence, total number of treatment doses below NOAEL with statistically significant or potentially significant inhibitory responses. False positive rate, false
positive/positive � false positive.

336 CALABRESE AND BALDWIN

 at U
niv. of M

assachusetts/A
m

herst Library on Septem
ber 2, 2015

http://toxsci.oxfordjournals.org/
D

ow
nloaded from

 



Although the above findings suggest that hormetic responses
are quite common if assessed with the appropriate study design
criteria, only 1% of the more than 20,000 published articles
contained data meeting the study design criteria for entry into
the database. This emphasizes the fact that very few published
studies have the potential for detecting hormetic responses in
the low-dose region of dose-response relationships. In fact, the
criteria used in the present study ignored temporal features. If
adequate temporal features were required, the proportion of
studies satisfying entry criteria would have been far less than
the 1%. Yet, if hormetic effects are to be adequately charac-
terized, multiple appropriately spaced doses need to be as-
sessed over multiple periods. The dual combination of multiple
doses and periods places extraordinary demands on the inves-
tigation and are generally ignored, at least in part, thereby
affecting the opportunity to assess hormetic effects. Thus, it is
not surprising that hormetic effects have been considered ex-
ceptions or paradoxical responses, as our findings indicate that
only 1 of 100 studies has the appropriate dosage design needed
to assess this hypothesis.

Although there are multiple reasons why entry criteria were
not satisfied, the most likely reason is that the hormetic eval-
uation has high study design criteria requirements, especially
with respect to the number of doses and doses below the
NOAEL. At a minimum, four doses plus a concurrent control
are required, with two of the four doses being below the
NOAEL. Historically, there has been a strong emphasis on
high-dose evaluation, as these responses are often more defin-
itive and publishable for defining the NOAEL. These factors
minimize the proportion of experiments that emphasize below-
NOAEL responses. Likewise, there has been the long-standing
belief that responses below the NOAEL are most likely due to
normal variation and not reproducible treatment effects. It is
this very central assumption of modern experimental and reg-
ulatory toxicology that the present findings challenge. Yet, it is

this historically controlling assumption that has strongly influ-
enced past toxicological study designs and contributes to the
observation that 99% of studies do not satisfy the entry criteria
for hormetic responses.

The selection of the three journals noted in the Methods
section was designed to achieve a broad representation of
biological models, agents tested, and end points assessed.
Although this approach was generally successful in achieving
these goals, there were several important omissions or under-
representations in certain categories. For example, the number
of microbiological models was minimally represented; like-
wise, studies involving various types of radiation were also
minimal. Nonetheless, areas such as microbiological responses
and effects of radioactivity have been extensively documented
and are represented in the earlier and separate database devel-
oped by Calabrese and Baldwin (1997a,b). Such underrepre-
sentation in the present study is believed to be a result of the
journal selection rather than a biological restriction of the
hormetic response.

The findings presented here add to and strengthen the earlier
reports on the potential widespread generalizability of horme-
sis. They provide a useful complement to the Calabrese and
Baldwin (1997a,b) hormesis database, which includes several
thousand examples of dose-response relationships satisfying
quantitative criteria for assessing hormesis, as well as study
replication and mechanistic findings that account for the bi-
phasic nature of the dose and temporal responses of the
hormetic phenomenon. Although numerous examples of ap-
parent hormetic responses exist independent of chemical, bio-
logical model, and end point, the previous database cannot
address the issue of frequency of occurrence of hormetic re-
sponses. The current study addresses this limitation and sug-
gests that hormetic responses are commonly encountered if the
study design is appropriate.

The present findings have important implications for the

TABLE 6
Adjustment for Potential False Positive Responses of the Number of Dose-Response Relationships Satisfying Evidence of Hormesis

Criteria

Categories
Unadjusted

positives/total
Est. false

positive potential
No. false
positive

Adjusted
positives/totalEntry Evaluative

Hypothesis testing Statistical significance T1 74/213 0.8% 1 (0.8%�74) 73 (74–1)
Hypothesis testing Alternative quantitative T1 13/139a 22.2% 3 (22.2%�13) 10 (13–3)
Data distribution Data distribution T2 55/196 6.7% 4 (6.7%�55) 51 (55–4)
Data distribution Alternative quantitative T2 14/139a 9.0% 1 (9.0%�14) 13 (14–1)
Alternative quantitative Alternative quantitative T3 89/259 0% 0 89 (89–0)

245/668 �36.7% 236/668 � 35.3%

Note. The unadjusted positives/total value (i.e., 245/668 � 36.7%) includes correction for potential false negatives (i.e., positive responses with alternative
quantitative criteria in categories T1 and T2).

aThis is based on the assumption that these categories adjust for false negative responses by employing alternative quantitative evaluative criteria in cases
where the data do not satisfy statistical significance (T1) or potential statistical significance as indicated by data distribution (T2). The estimated potential false
negative responses are 9.3% (13/139) for dose-response relationships satisfying hypothesis testing entry criteria and 10.1% (14/139) for dose-response
relationships satisfying distributional data entry criteria.
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design, conduct and interpretation of toxicological investiga-
tions as well as the potential to alter current concepts of
NOAEL and challenge findings of risk assessment modeling
activities commonly used for regulatory practices that assume
linearity in low-dose areas. More specifically, for hormetic
effects to be properly assessed, it is important that consider-
ation be given to animal model and end-point selection. For
example, an assessment of end points such as mutagenicity,
carcinogenicity, and teratogenicity within a hormetic frame-
work cannot be made using models with zero or negligible
background/control incidence. It is also important to establish
in a reliable manner the NOAEL for end points of interest and
to include multiple and carefully spaced doses below the
NOAEL. Furthermore, it may be necessary to include a tem-
poral component within the study design if the hormetic mech-
anism represents an overcompensation response (Hart and
Frame, 1996; Morré, 2000; Stebbing, 1998). The above sug-
gestions are not trivial recommendations, as they require the
commitment of substantial additional resources. Nonetheless,
these features are necessary to more properly determine the
nature of the dose response in the low-dose zone.

These findings address fundamental aspects of the nature of
the dose response in the low-dose zone and suggest the need to
incorporate U-shaped features in future modeling aspects of
biological responses. Although the current investigation has
focused on toxicologically derived data, sufficient data exist
within the original hormesis database to indicate that this
phenomenon is operational and similarly significant across the
broad spectrum of biological, pharmacological, and other bio-
medical disciplines.
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The threshold dose-response model is widely viewed as the most
dominant model in toxicology. The present study was designed to
test the validity of the threshold model by assessing the responses
of doses below the toxicological NOAEL (no observed adverse
effect level) in relationship to the control response (i.e., unexposed
group). Nearly 1800 doses below the NOAEL, from 664 dose-
response relationships derived from a previously published data-
base that satisfied a priori entry criteria, were evaluated. While the
threshold model predicts a 1:1 ratio of responses “greater than” to
“less than” the control response (i.e., a random distribution), a
2.5:1 ratio (i.e., 1171:464) was observed, reflecting 31% more re-
sponses above the control value than expected (p < 0.0001). The
mean response (calculated as % control response) of doses below
the NOAEL was 115.0% � 1.5 standard error of the mean (SEM).
These findings challenge the long-standing belief in the primacy of
the threshold model in toxicology (and other areas of biology
involving dose-response relationships) and provide strong support
for the hormetic-like biphasic dose-response model characterized
by a low-dose stimulation and a high-dose inhibition. These find-
ings may affect numerous aspects of toxicological and biological/
biomedical research related to dose-response relationships, includ-
ing study design, risk assessment, as well as chemotherapeutic
strategies.

Key Words: hormesis; biphasic; risk assessment; dose response;
linear; threshold.

It is widely accepted in essentially all disciplines dealing
with dose-response relationships that the threshold model is the
overwhelmingly dominant paradigm (Hayes, 2001; Klaassen,
2001). This model can affect numerous aspects of research
activities including biological model selection, endpoint mea-

sured, and study design. It may also affect the interpretation
and modeling of dose-response relationships. The threshold
model has long been used by regulatory agencies such as the
FDA and EPA in establishing acceptable exposures to non-
carcinogens.

Despite its clear dominance, the threshold model has been
receiving strong challenges over the past decade. Perhaps the
most notable challenge has been from the hormetic dose-
response model (i.e., the biphasic model characterized by a
low-dose stimulation and a high-dose inhibition). This model
appears to be quite common in the biomedical and toxicolog-
ical literature, with responses highly generalizable according to
biological model, endpoint measured, and chemical and phys-
ical stressor agents tested (Calabrese and Baldwin, 2001a,b,c,d,
2002a,b; Calabrese and Baldwin, in press; Calabrese et al.,
1999).

The present study, which was designed to assess the capacity
of the threshold model to predict responses of doses below
apparent toxicological thresholds, demonstrated that not only
was the threshold model unable to adequately account for the
data, but also that the responses were consistent with the
hormetic model.

METHODS

A previously described database created from the published toxicological
literature, using rigorous a priori entry criteria (Calabrese and Baldwin,
2001a), was employed for the evaluation. The a priori entry criteria required
the dose-response relationships to have a lowest observed adverse effect level
(LOAEL), a NOAEL, at least two doses below the NOAEL, and a concurrent
control. The database is comprised of 664 dose-response relationships from
195 articles and contains 1791 doses below the NOAEL. All responses were
converted to values representing a percentage of their respective control
response. In the calculation of responses as percentage of control, fractions
were rounded to whole numbers (e.g., the category 100% contains values
ranging from 99.6% to 100.4%.

RESULTS

For simplification purposes, the ratio of responses “greater
than” (or above) the control response to responses “less than”
(or below) the control response are referred to as an A/B ratio
(above/below).
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Doses below NOAEL. The mean response (calculated as
the percentage of control) of the 1791 doses below the NOAEL
was 115.0% � 1.5 (SEM) and the median response was 105.0.
Eleven hundred seventy-one responses were greater than the
control response, 156 were equal to (i.e., rounded to) the
control response, and 464 responses were less than the control
response. The A/B ratios were 2.5:1 (1171/464). Table 1 sum-
marizes the response distribution by experimental model, end-
point, and agent. The A/B ratios were 3.4:1 (557/162) for plant
and 2.1:1 (487/229) for vertebrate models. The mean (� SEM)
and median responses for plant models were 118.4% � 1.2 and
110.0%, respectively. The mean (� SEM) and median re-
sponses for vertebrate models were 109.0% � 0.8 and 103.0%,
respectively.

NOAEL doses. The mean response (calculated as % con-
trol) of the 664 NOAEL doses was 107.1% � 2.1 (SEM) and
the median response was 98.0. Two hundred seventy-three
NOAEL responses were greater than the control response, 37
NOAEL responses were equal to the control response, and 354

NOAEL responses were less than the control response. The
A/B ratio was 0.8/1 (273/354). Table 2 summarizes the
NOAEL response distribution by experimental model, end-
point, and agent. The A/B ratios were 1.1:1 (157/140) for plant
and 0.5:1 (84/163) for vertebrate models. The mean (� SEM)
and median NOAEL responses for plant models were 111.5%
� 1.7 and 101.0%, respectively. The mean (� SEM) and
median NOAEL responses for vertebrate models were 98.0%
� 1.3 and 95.0%, respectively.

Effect of NOAEL response on the A/B ratio of responses of
doses below the NOAEL. The A/B response ratio for doses
below the NOAEL was markedly affected by the value of the
NOAEL (Table 3). When the NOAEL response was greater
than the control response the A/B response ratio of doses below
the NOAEL was 6.7:1 (572/85); when the NOAEL response
was equal to the control response the A/B response ratio was
2.5:1 (56/22), and when the NOAEL response was less than the
control response the A/B response ratio was 1.5:1 (549/356).

TABLE 2
Responses (Calculated as % Control) of 664 NOAEL Doses

from 664 Dose-Response Relationships Evaluated by Model, End-
point, and Agent

Number of responses

A/B ratioTotal �100% 100% �100%

Experimental model
Plant 309 140 12 157 1.1/1.0
Vertebrate 262 163 15 84 0.5/1.0
Invertebrate 49 36 3 10 0.3/1.0
Microbe 42 14 7 21 1.5/1.0
Protozoan 2 1 0 1 1.0/1.0
Total 664 354 37 273 0.8/1.0

Endpoint analyzed
Metabolic 232 118 13 101 0.9/1.0
Growth 177 80 6 91 1.1/1.0
Reproductive 128 70 12 46 0.6/1.0
Molecular 64 45 3 16 0.3/1.0
Behavioral 33 20 1 12 0.6/1.0
Physiologic 17 13 1 3 0.2/1.0
Survival 13 8 1 4 0.5/1.0
Total 664 354 37 273 0.8/1.0

Agent and mixtures
Effluents 115 27 2 86 3.2/1.0
Pesticides 111 59 9 43 0.7/1.0
Metals 84 50 7 27 0.5/1.0
Petroleum products/
constituents 24 12 0 12 1.0/1.0
Alcohol production wastes 16 6 1 9 1.5/1.0
Polychlorinated biphenyls 17 8 1 8 1.0/1.0
Solvents 9 4 1 4 1.0/1.0
Miscellaneous 288 188 16 84 0.4/1.0
Total 664 354 37 273 0.8/1.0

Note. In the calculation of responses as % control, fractions were rounded to
whole numbers (e.g., the category 100% contains values ranging from 99.6%
to 100.4%).

TABLE 1
Responses (Represented as % Control Response) of 1791 Doses

below the NOAEL from 664 Dose-Response Relationships Evalu-
ated by Model, Endpoint, and Agent

Number of responses

A/B ratioTotal �100% 100% �100%

Experimental model
Plant 773 162 54 557 3.4/1.0
Vertebrate 795 229 79 487 2.1/1.0
Invertebrate 111 50 9 52 1.0/1.0
Microbe 108 22 14 72 3.3/1.0
Protozoan 4 1 0 3 3.0/1.0
Total 1791 464 156 1171 2.5/1.0

Endpoint analyzed
Metabolic 637 168 49 420 2.5/1.0
Growth 425 87 26 312 3.6/1.0
Reproductive 329 99 33 197 2.0/1.0
Molecular 231 64 31 136 2.1/1.0
Behavioral 91 24 10 57 2.4/1,0
Physiologic 51 14 5 32 2.3/1.0
Survival 27 8 2 17 2.1/1.0
Total 1791 464 156 1171 2.5/1.0

Agent and mixtures
Effluents 275 15 11 249 16.6/1.0
Pesticides 263 92 22 149 1.6/1.0
Metals 208 74 26 108 1.5/1.0
Petroleum products/constituents 58 10 1 47 4.7/1.0
Alcohol production wastes 47 0 0 47 —
Polychlorinated biphenyls 51 10 0 41 4.1/1.0
Solvents 23 3 0 20 6.7/1.0
Miscellaneous 866 260 96 510 2.0/1.0
Total 1791 464 156 1171 2.5/1.0

Note. In the calculation of responses as % control, fractions were rounded to
whole numbers (e.g., the category 100% contains values ranging from 99.6%
to 100.4%).

247HORMETIC MORE COMMON THAN THRESHOLD

 at U
niv. of M

assachusetts/A
m

herst Library on Septem
ber 2, 2015

http://toxsci.oxfordjournals.org/
D

ow
nloaded from

 



Effect of position of dose less than the NOAEL on response
and A/B ratio. Table 4 summarizes the responses and A/B
ratios of doses below the NOAEL, based on the position of the
dose from the NOAEL (i.e., first dose, second dose, or third
and greater doses less than the NOAEL). Although the mean
and median responses are similar as the position of the dose
relative to the NOAEL decreases, the response decreases (i.e.,
the highest response was observed in the dose closest to the
NOAEL, the next highest in the second dose, and the lowest in
the third and greater doses from the NOAEL). In contrast, the

A/B ratio was observed to increase as the position of the dose
from the NOAEL increased.

DISCUSSION

The findings indicate that the responses of doses below the
NOAEL, where there is a transition between adaptation and
toxicity, are nonrandomly distributed, with the strong majority
having values greater than the control response. This observa-
tion is further supported by the mean response of 115.0% � 1.5
(SEM) of below NOAEL responses. These findings challenge
the long-held belief that treatment-related effects below the
NOAEL are unexpected and, if observed, are simply normal
variation.

Despite the fact that the data are at variance with predictions
of the threshold model, it is important to emphasize that there
is considerable overlap in the low-dose stimulatory zone be-
tween the threshold and hormetic model predictions. That is,
for those doses with responses greater than the control value, it
is not possible to distinguish between the two models. This is
because the magnitude of the low-dose stimulation of the
hormetic model is quite modest (i.e., 30–60% greater than
controls at maximum) and consistent with a response often
regarded as normal variability depending on the model em-
ployed and endpoint measured. Thus, the principal manner by
which the two models can be differentiated is the nonrandom
distribution of responses greater than the control response as
seen in this study. In fact, it is the high degree of overlap
between the two models that makes it very difficult to differ-
entiate the threshold and hormetic models when only data from
a single dose response are considered.

An assessment of dose-response relationships without evi-
dence of hormesis suggests that this may be due, at least in
part, to responses occurring at doses less than the identified
NOAEL. Even though the NOAEL, by definition, does not
differ in a statistically significant manner from the control, it is
still quite possible that doses less than the NOAEL, especially
that dose closest to the NOAEL, may display a distinct but
lesser degree of toxicity than the NOAEL. If this were true, it
would affect the capacity to detect hormetic responses in such
dose-response relationships. This concept was evaluated by

TABLE 3
Relationship of the NOAEL Response (Calculated as % Control)

to the A/B Ratio of Responses below the NOAEL

Response

Number of responses

A/B ratioTotal �100% 100% �100%

�110 421 36 13 372
110 16 5 2 9
109 20 1 2 17
108 22 4 0 18
107 19 6 0 13
106 21 1 2 18 6.7 (572/85)
105 20 4 1 15
104 26 2 3 21
103 46 6 2 38
102 43 14 7 22
101 37 6 2 29
100 100 22 22 56 2.5 (56/22)
99 44 16 4 24
98 58 16 6 36
97 57 15 6 36
96 58 16 10 32
95 104 37 11 56
94 70 27 6 37 1.5 (549/356)
93 99 37 6 56
92 100 29 9 62
91 30 9 2 19
90 86 34 14 38

�90 294 120 21 153

Note. In the calculation of responses as % control, fractions were rounded to
whole numbers (e.g., the category 100% contains values ranging from 99.6%
to 100.4%).

TABLE 4
Effect of Position of Dose below the NOAEL Dose on Response (Calculated as % Control) and A/B Ratio

Position below NOAEL

Number of responses

Mean � SEM (%) Median (%) A/B ratioTotal �100% 100% �100%

1st dose 664 191 41 432 118.7 � 3.7 107 2.26
2nd dose 664 173 58 433 113.5 � 1.3 106 2.50
�3rd doses 463 100 57 306 111.8 � 1.1 105 3.06

Note. Below the NOAEL dose, less than the NOAEL dose. In the calculation of responses as % control, fractions were rounded to whole numbers (e.g., the
category 100% contains values ranging from 99.6% to 100.4%).
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assessing the responses of doses from dose responses not
satisfying our functional definition of hormesis, in which the
NOAEL was equal to or less than 95% of the control. In such
circumstances it was hypothesized that the “residual (i.e., car-
ryover) toxicity” response would progressively diminish with
the lower doses. This suggests that the likelihood of observing
a response greater than the control would increase as the dose
decreased (at least within the optimal hormetic response zone).
As seen in Table 5, this is the trend that is observed. There was
a 25–30% increase (i.e., 121 vs. 94) in the number of responses
equal to or greater than the control response when comparing
the responses of the first and second doses less than the
NOAEL. This observation suggests the occurrence of residual
toxicity in such dose-response relationships. Since nearly 70%
of vertebrate toxicology studies assessed here had NOAELs
less than the control, it suggests the possibility of residual
toxicity in a certain percentage of such dose-response relation-
ships, a factor that could significantly underestimate the fre-
quency of hormesis in the vertebrate toxicological literature.
This observation also suggests why toxicologists may have
mistakenly dismissed a hormetic hypothesis in favor of a
threshold hypothesis.

An alternative interpretation to the residual toxicity hypoth-
esis could involve the assumption that the population studied is
highly heterogeneous, being comprised of a variety of sub-
groups with differential susceptibility. Under such a scenario,
it is possible that one could account for such responses of doses
less than the NOAEL based on subgroup-specific responses
rather than the residual toxicity hypothesis. Numerous exam-
ples exist within the hormesis database in which hormetic
responses occurred when the NOAEL was equal to or less than
95% of the control response. This suggests the possibility of
population heterogeneity as a factor explaining the dose-re-

sponse relationship (Calabrese and Baldwin, 2002a). In addi-
tion, it is possible that differences in study design, especially
those relating to dose spacing below the NOAEL, could also be
a critical determinant affecting the interpretation of the dose
response. Further assessment in this area is necessary to clarify
the factors affecting the nature of the dose response in the
sub-NOAEL zone.

The threshold model is not only challenged by the nonran-
dom distribution of responses of doses below the NOAEL, but
is further weakened by the data supporting the residual toxicity
hypothesis in circumstances in which hormesis was not even
observed. These findings raise the critical question of how the
field of toxicology could have accepted the threshold model
over the past century (Klaassen, 2001). This is particularly
important since the concept of the dose response is the most
central feature in toxicology.

The use of the NOAEL to provide a quasi-estimate of the
threshold has both strengths and limitations. Most notably, it
provides a statistically based framework by which a consistent
comparison across the large number of dose responses may be
evaluated. However, the precision by which the NOAEL pro-
vides a close approximation of the actual threshold is affected
by the quality of the study design, especially with respect to the
number of doses used and the nature of the dose spacing. Since
the a priori entry criteria for the present study required a
LOAEL, NOAEL, at least two doses below the NOAEL, and a
concurrent control, the study designs were generally quite
robust with respect to the number of doses, such that concerns
dealing with adequacy of the NOAEL to provide a reasonable
estimate of the threshold were minimized.

The findings are broadly generalizable according to endpoint
measured, since the below NOAEL stimulatory response was
the most dominant response for all general endpoint response
categories and chemical classes (Table 1). These findings,
along with the average magnitude of stimulation, are consistent
with the published literature dealing with hormesis (Calabrese
and Baldwin, 2001a,b,c,d, 2002b; Calabrese and Baldwin, in
press; Calabrese et al., 1999).

The implications of the findings are striking and challenge
the fundamental teachings of the dose response and textbook
treatment of this concept. They may affect study designs as-
sessing dose-response relationships, risk assessment proce-
dures for carcinogens and noncarcinogens, strategies for che-
motherapeutic applications, and the selection of biological
model and endpoints measured.
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Which dose-response model best explains low-dose responses is

a critical issue in toxicology, pharmacology, and risk assessment.

The present paper utilized the U.S. National Cancer Institute

yeast screening database that contains 56,914 dose-response

studies representing the replicated effects of 2189 chemically

diverse possible antitumor drugs on cell proliferation in 13 dif-

ferent yeast strains. Multiple evaluation methods indicated that

the observed data are inconsistent with the threshold model while

supporting the hormetic model. Hormetic response patterns were

observed approximately four times more often than would be ex-

pected by chance alone. The data call for the rejection of the

threshold model for low-dose prediction, and they support the

hormetic model as the default model for scientific interpretation of

low-dose toxicological responses.

Key Words: hormesis; threshold; dose-response; yeast; NCI;

U-shaped; J-shaped; bell-shaped; risk assessment; carcinogens;

chemotherapeutics; cell proliferation; Saccharomyces.

The threshold dose-response model has long been recognized
as the dominant dose-response model in the biological sciences,
including pharmacology and toxicology (Clark, 1926, 1933,
1937). The threshold model dominates discussion in the leading
pharmacological (Hardman and Limbird, 2001) and toxicolog-
ical textbooks (Eaton and Klaassen, 2001; Hayes, 2001),
development of study designs that drive hazard assessment
procedures for pharmaceutical and chemical agents, and risk
assessment processes used by regulatory and public health
agencies worldwide. Despite this fact and a history of broad
acceptance in many biological disciplines, the assumption that

the threshold model should be used has been recently chal-
lenged. An alternative model, the hormesis model, has been
proposed based on evidence of its generalizability by biological
system, endpoint measured, chemical class tested (Calabrese,
2004, 2005; Calabrese and Baldwin, 2001a,b,c, 2003; Calabrese
and Blain, 2005; Calabrese et al., 1999), and high frequency in
the toxicological literature (Calabrese and Baldwin, 2001b).
Using a priori entry and evaluative criteria, Calabrese and
Baldwin (2003) reported that the hormesis model far out-
performed the threshold model in a toxicological assessment
using approximately 800 dose-response relationships that were
broadly representative of commonly employed biological
models, endpoints, and chemical agents. The present paper
extends these findings by a systematic in-depth analysis of
56,914 dose-response studies in yeast. The analyses demon-
strate that the hormesis dose-response model strongly outper-
forms the threshold model when applied to the extensive and
highly standardized National Cancer Institute (NCI) tumor drug
screening database using yeast as the test organism.

MATERIALS AND METHODS

This study utilized data from the NCI yeast anticancer drug screen,

described in detail by Holbeck (2004) and at the NCI Web site (http://www.

dtp.nci.nih.gov/yacds/index.html). Briefly, data from stage 2, which contains

the most promising compounds based on preliminary testing, were selected for

evaluation; the agents were tested at five concentrations (1.2, 3.7, 11, 33, and

100lM) in 13 yeast strains. The yeast comprises a panel of Saccharomyces

cerevisiae strains altered in DNA damage repair or cell cycle control genes,

along with the wild-type (wt) strain without such genetic alterations. The NCI

Web site contains a description of the genotype of each yeast strain used. The

responses reported are derived from the fraction of growth of the yeast strain

exposed to the compound relative to the growth of the same yeast strain treated

with solvent (i.e., DMSO) control. Yeast cells in the exponential phase of

growth were inoculated into synthetic complete medium containing 2% glucose

and the test chemical. The starting cell density was 104 cells per well containing

200 ll of medium. (Julian Simon, personal communication).

This study, like any analysis of preexisting data, has limitations based on the

data that are available. Factors limiting the range of questions that we could

analyze were the fact that the NCI database provides the average of two

responses and the difference between them but not original optical densities or
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raw data permitting us to match chemicals to plates. Possible sources of

variation were differences among columns or rows in 96-well plates and the

lack of randomization of treatments within plates, plates within stacks, and

stacks within the incubator. In the main, however, the large size, apparent

quality control, and internal consistency of the NCI database minimize risks

associated with experimental protocols, and we restricted our analysis to

questions where experimental variation can be properly analyzed. Moreover, in

each instance where such factors may be relevant to our analysis, we

specifically point it out. Whenever a choice of assumptions was possible, we

made assumptions so as to ensure that our analysis was conservative, in the

sense that the bias, if any, would reduce the chance of observing hormesis.

Replication Procedure

Each chemical was tested four times at the same five concentrations in each

of the 13 yeast strains (Table 1). Ninety-six–well plates were used, with

80 chemicals being tested at the same concentration (1.2, 3.7, 10, 33, or 100lM)

on one plate, leaving the 16 peripheral wells for controls. Each concentration

for that drug was incubated over the same 12-h period on a different plate such

that there were five plates run on the same chemical at the same time. Of the 16

control wells, four were allocated to unexposed controls, eight to solvent

controls, and four to controls using cycloheximide. All strains were cyclohex-

imide sensitive, and the assay was deemed invalid if there was growth in the

presence of cycloheximide. The order of the plates in the growth chamber with

respect to chemical tested was systematic and not randomly allocated. The

relative position of the controls on each plate was constant. The variability in

response was designed to be maximized by using a different source of chemical

on a different day and different yeast cultures in each different test (Julian

Simon, personal communication). Slightly greater evaporation from the

peripheral wells containing the controls may have caused control values to be

several percentage points above a normal background. This potential bias was

systematic for all plates and, if present, would introduce a negative bias with

respect to discerning possible stimulatory responses (Faessel et al., 1999). To

ensure that our analysis was conservative with respect to the detection of

hormesis, no correction was made for this factor. Factors other than evaporation

from peripheral wells may contribute to variation in data from 96-well plates.

An analysis of such factors by Faessel et al. (1999) found that differences

associated with positions of plates in stacks and of stacks in an incubator tended

to be smaller than differences between the middle and edges of plates.

Moreover, the importance of these sources of variation is minimal for our

purposes as each plate contained its own set of controls.

The response data consisted of a ratio of the optical density (OD) of the

response well for the treatment divided by the mean of the OD readings of the

eight solvent control wells for each concentration. OD readings were at 600 nm.

This process was repeated on the second day, and the ratios from the 2 days

were averaged. We refer to the average response as the replication response.

Two replication responses were produced for each concentration and for each

strain/experiment. Data on the NCI Web site provide the average of the two

response values and the difference between the two values, but the original OD

values are not available. Data were also not available to match chemicals to

plates to take advantage of plate effects. It is known that even if the control and

treatment responses have the same mean, then the mean of their ratio will be

greater than 100%, and the mean of the ratio approaches 100% as the variance

of controls gets smaller (Casella and Berger, 2002). This creates a slight bias in

favor of a hormetic model, but since the design used eight controls for each

response, the effect is slight. Assuming a lognormal model, if the coefficient of

variation is 10%, then the mean of the ratio of a control and treatment response

with the same mean is 100.1%.

Evaluation Strategy

Since the goal of this research is to evaluate whether there is nonrandom

biological activity as measured by cell proliferation below the toxicological

threshold, it is necessary to evaluate individual dose-response relationships. In

the five-concentration protocol of NCI, the dose-response study should ideally

have at least one concentration in the toxic (i.e., above threshold) domain,

a concentration with a response that approximates the control response (i.e., the

so-called no observed effect level [NOEL] or the highest dose that does not

differ in a significant manner from the control) and several lower concentrations

that would be evaluated for biological activity below this NOEL or threshold-

like value. The NCI yeast database is unique and useful for this purpose but not

ideal, in that some experiments show toxicity but insufficient doses below the

toxicologic threshold. Our a priori entry criterion required at least one

measurement at a concentration below that that was used to estimate the

TABLE 1

NCI Yeast Screening Replication Methodology

Replication 1 Replication 2

Day 1 d Five concentrations, each single

concentration on a different 96-well plate

d Eight solvent control wells per 96-well plate

d The single treatment value for each

concentration is divided by the average of the eight

solvent control values for each well plate

Day 2 d Five concentrations, each single

concentration on a

different 96-well plate

d Eight solvent control wells per 96-well plate

d The single treatment value for each concentration is

divided by the average of the eight solvent

control values for each well plate

The average of day 1 and 2 values creates what is

designated as replication 1

Days 3 and 4 d The procedures on days 3 and 4 were identical to

those on days 1 and 2

The average of day 3 and 4 values

creates what is designated as replication 2
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toxicological threshold. A response in the toxic zone at the highest concen-

tration was considered desirable but not essential since lack of toxicity at the

highest concentration in a screening bioassay may simply reflect an inadequate

concentration range.

A two-stage approach was used to assess possible below–toxic threshold

biological activity. The first involved estimation of the toxic threshold, while

the second assessed the distribution of responses at concentrations lower than

the estimated threshold concentration.

Threshold Estimation Strategies

Two strategies were used to estimate the toxicological threshold: the

Benchmark Dose (BMD) and the NOEL. Since the results were similar, we

only present the BMD results here. The Benchmark Dose 10 (BMD(10)) is the

dose at which the response is estimated to have decreased 10% below control

value (Crump, 1984). The BMD(10) was selected since 10% bounded the

variability of the most variable yeast strain (i.e., response SD ranged from 3.0 to

7.5% for the 13 strains). Use of a BMD based on less than 10% (e.g., 2.5–7.5%)

would yield progressively higher estimates of the frequency of hormesis for all

parameters estimated (see ‘‘Results’’ section, Fig. 3 and ‘‘Supplementary Data’’

section), suggesting that the current approach (i.e., BMD(10) method) would

lead to an overall underestimation of hormesis frequency. An identical analysis

using the BMD(2.5) for all parameters reported for the BMD(10) analysis is

given within the ‘‘Supplementary Data’’ section. Our method of estimating

a BMD(10) is explained below (Fig. 1). Since our goal is to classify toxicity, we

did not calculate the lower bound of a confidence interval for that dose. The

BMD(10) approximates the control but probably entails a low degree of

toxicity. It corresponds to a dose that is slightly higher than the toxicological

threshold. This suggests that a dose immediately below and very close to the

BMD(10) may itself be within the toxic zone (i.e., a slightly higher

concentration than the actual toxicological threshold). This would become

less likely with increasing distance between the BMD(10) and the concentra-

tion below the BMD(10). For example, for agents with a BMD(10) near 3.7lM,

the 1.2lM dose would be close to the toxicity threshold. In contrast, for agents

with a BMD(10) approaching 100lM, the 1.2lM dose would be nearly two

orders of magnitude below the toxicity threshold.

A BMD(10) was calculated for each of the 28,457 (2189 chemicals and 13

strains) dose-response experiments using the average of two replications as

response. The BMD(10) was estimated through the following procedure.

1. The largest concentration with an average response below 90% is

identified. Let this concentration be Cbelow, and let the associated response be

Rbelow.

2. If the average response at the next smallest concentration is at least 90%,

then let this concentration be Cabove, and let the associated response be Rabove.

TheBMD(10) is estimated by linear interpolation on the log concentration scale:

BMDð10Þ¼ exp½logðCaboveÞþð0:90�RaboveÞðlogðCbelowÞ
� logðCaboveÞÞ=ðRbelow�RaboveÞ	:

3. If the average response at the next lowest concentration below Cbelow is

less than 90%, then let this concentration be Cbelow with response Rbelow and

return to step 2.

If all responses for a particular chemical-strain experiment were above or below

90% then ‘‘greater than 100lM’’ or ‘‘less than 1.2lM,’’ respectively, was

reported.

In contrast to a linear or nonlinear regression approach to calculating BMD,

the procedure described above is ‘‘local’’ in the sense that the BMD(10) is only

calculated using the responses at concentrations that are adjacent to the

BMD(10). Further, when this approach is used, the two concentration-response

pairs that surround the BMD(10) are chosen using only concentrations above

the BMD(10) and one concentration below the BMD(10). Responses at

concentrations used to estimate below-threshold responses were not used in

the estimation of the BMD.

Assessing the Distribution of Responses below the Toxic Threshold

We used two approaches to assess evidence of stimulated biological activity

at concentrations below the estimated threshold of toxic response. The first is

a pattern analysis that counts how often both replicates in each experiment were

above and below (or equal to) 100% and compares those counts to expected

values, assuming a threshold model. The second approach compares the

frequency of responses at various levels above and below 100%.

Pattern analysis. This approach categorized each concentration-response

replication for all chemical-strain combinations and analyzed the patterns of

responses at each concentration that were above and below (or equal to) 100%.

In this approach, each chemical-strain repetition can express one of two

different responses: H (response above 100%) and L (response less than or

equal to 100%). A simple ‘‘fair coin’’ model was posited for the responses

below the BMD(10) where each single replication would have a 50% chance of

being above or below (or equal to) 100% and there is statistical independence

across responses. This model assumes that the responses at concentrations

below the BMD(10) have a median of 100%. It therefore describes a threshold

model with minimal distributional assumptions. The fidelity between the

observed data and this hypothesized model was tested.

Comparison of above/below-control values in the subtoxic zone of the

dose-response. The threshold dose-response model predicts that responses

below the toxicological threshold should randomly vary on either side (i.e.,

above or below) of control group values (100% response). The hormetic model

predicts that there should be a nonrandom stimulatory response (i.e., responses

greater than 100%) below the toxic threshold. In order to test which model best

accounts for the observed data, above-control (> 100% response) to below-

control (� 100% response) ratios were detailed for all yeast strains in the

various BMD(10) classifications. The nonrandom distribution predicted by

the hormesis model would be reflected in a greater frequency of responses

above than below the control and in the magnitude of the deviation from the

control.

Comparisons were made to responses above 100, 105, 110, 115, and 120%

and then to below-the-appropriate-control group response using the formula:

Control

Above Response Level
¼ Below Response Comparison

e:g:;
100%

120%
¼ 83:33%

� �
:

This methodology is based on the observation that the 100% control value is

83.33 of 120%. This model indicates that a 20% increase in response over the
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FIG. 1. General scheme used for the derivation of the BMD(10) used in the

present paper.
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100% value is equivalent to a 16.7% decrease from the control. Using this

approach, ratios of counts comparing the following levels were made >

100%/� 100%, > 105%/� 95.24%, > 110%/� 90.91%, > 115%/� 86.96%,

and > 120%/� 83.33%. This methodology was used to take into account the

possibility of an unrestricted stimulatory response while the maximum

inhibitory response was fixed at zero.

RESULTS

Figure 2 describes the concentration-response relationships
of the 13 yeast strains to the 2189 chemical agents tested.
While there was little change on average from the control
response at the lowest concentration (1.2lM), indications of
average toxicity start to become evident at 3.7lM, progressing
in dose-dependent fashion over the next three concentrations
(11, 33, and 100lM). Table 2 shows the number of chemicals
with BMD(10) values within each of six BMD(10) classifica-
tion ranges for each of the 13 strains. The more toxic chemicals
are included in the low BMD(10) range (e.g., < 1.2lM), while
the chemicals with the lowest toxic potential comprise the
highest BMD(10) categories. The data indicate that the wild
type and SPY50780 yeast strains had the lowest number (139/
2189 and 143/2189) of concentration-responses with
BMD(10)s < 1.2lM, indicating that they were the least
susceptible strains, a perspective that is supported by plotting
of the overall data in Figure 2. In contrast, strains carrying

rad50, rad50EPPþ, rad18, rad52, and sgs1 were the most
susceptible (Fig. 2, Table 2).

Table 3 is a summary of the below-BMD(10) mean
responses and SD for each of the 13 yeast strains. The numbers
of chemical-concentration relationships satisfying a priori
entry criteria using the BMD(10) methodology are shown in
Table 2. Of 28,457 concentration-responses to the 2189
chemicals, 16.7% (4763) gave no evidence of toxicity, having
BMD(10) values � 100lM. Assessments were performed on
this subgroup of responses under the assumption that at higher
concentrations, a toxic response would have occurred. When
the BMD(10) is less than 3.7lM, there is no concentration that
can be assessed for biological activity below the BMD(10),
thereby not satisfying our entry criteria. There were 7558 such
responses (3798 with BMD(10) < 1.2lM and 3760 with 1.2 �
BMD(10) < 3.7), accounting for 26.6% of the total responses.
Therefore, 73.4% of the total dose-responses were evaluated.
Similar findings were observed with the NOEL methodology
(data not shown).

BMD(10) Response Evaluation

We averaged responses at concentrations when the concen-
tration was below the BMD(10) for each strain. This resulted in
averages of between 196 and 572 responses, with the mean and
SD (Table 3). The below-BMD(10) mean values (Table 3) are
generally consistent across each of the 13 yeast strains within
a specific BMD(10) classification as well as across BMD(10)
classifications. However, the mean values are modestly lower
in the 3.7 � BMD(10) � 11lM group than in the other groups
(p < 0.001), which do not differ significantly from each other.
These trends are consistent with median values as well.
Consequently, all 13 strains with each of the four BMD(10)
classifications had average responses significantly greater than
the control (p < 0.001 for each of the four columns in Table 3).
These findings are consistent with a nonrandom distribution of
responses in the direction of the hormetic dose-response.
Findings with the NOEL methodology were similar (data not
shown) except that the responses were usually several percent-
age points higher per strain than for the BMD(10) methodo-
logy. Similarly, if a smaller BMD(2.5–7.5) cutoff point were
used instead of the BMD(10), the mean responses become
progressively higher as the BMD value decreases (Fig. 3 and
supplementary data, Table S1).

According to the threshold dose-response model, the distri-
bution of responses below the estimated threshold (e.g.,
BMD(10)) should approach a 1:1 ratio for above- and below-
control values. This was assessed for each BMD(10) classifi-
cation group for responses > 100/� 100%, > 105/� 95.24%,
> 110/� 90.91%, > 115/� 86.96%, and > 120/� 83.33%.
Alternatively, one could use a different model and assume
the equivalency of a symmetrical response (e.g., > 120%/�
80% rather than > 120%/� 83.3%), but this paper used the
prior and more conservative approach. This approach was

FIG. 2. Average concentration-response of 2189 chemicals on the 13 yeast

strains.
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selected in order to make hormesis more difficult to detect.
Table 4, A–D, indicates the distribution of responses below the
BMD(10) for the chemicals in the various BMD(10) ranges.
For example, the distribution of responses in the 33 �
BMD(10) < 100lM classification range (Table 4, C) for the
13 yeast strains is nonrandomly distributed in the direction of
a hormetic response regardless of the degree of variability in
the data. The findings are inconsistent with the threshold
model, which predicts a ratio closely approximating 1:1. A
comparison of the respective BMD(10) classification groups
reveals that in the large variation comparisons (i.e., > 110%/�

90.91%), the proportion of stimulatory responses exceeds those
on the ‘‘below’’ side by threefold to over 10-fold. The
comparisons are generally similar among the 11 � BMD(10)
< 33lM, 33 � BMD(10) < 100lM, and BMD(10) � 100
classifications. While the 3.7 � BMD(10) < 11lM classifica-
tion (Table 4, A) also shows an excess of above-control values,
the magnitude of the above/below differential is notably less.
The most likely explanation for the reduced response in the 3.7
� BMD(10) < 11lM classification is that responses at the
1.2lM concentration in these experiments may have displayed
toxicity for some of the chemicals since 1.2lM is very close to

TABLE 2

Number of Chemicals Tested Per Yeast Strain Classified on the Basis of BMD(10)

Yeast strains

BMD(10)

< 1.2

1.2 � BMD(10)

< 3.7

3.7 � BMD(10)

< 11

11 � BMD(10)

< 33

33 � BMD(10)

< 100

BMD(10)

� 100 Totals

Wild type 139 249 365 443 462 531 2189

SPY50780 143 253 411 536 430 416 2189

CLN2oe 236 246 379 456 428 444 2189

mgt1 218 256 408 551 380 376 2189

mec2 259 269 399 462 446 354 2189

mlh1 227 265 417 572 363 345 2189

rad14 227 285 423 550 361 343 2189

bub3 244 274 453 488 363 367 2189

rad50EPPþ 414 367 405 330 196 477 2189

sgs1 435 291 454 498 241 270 2189

rad52 424 334 398 452 289 292 2189

rad18 419 321 403 464 302 280 2189

rad50 413 350 411 464 283 268 2189

Totals 3798 3760 5326 6266 4544 4763 28457

TABLE 3

Below-BMD(10) Mean Responses (%) by Yeast Strain and BMD(10) Groupinga

Mean SD Mean SD Mean SD Mean SD

Yeast strains 3.7 � BMD(10) < 11 11 � BMD(10) < 33 33 � BMD(10) < 100 BMD(10) � 100

Wild type 102.6 (12.7) 107.2 (15.1) 105.8 (12.9) 105.1 (11.1)

SPY50780 106.1 (13.6) 108.3 (15.0) 108.8 (14.7) 105.5 (11.8)

CLN2oe 101.7 (10.3) 103.7 (11.4) 104.6 (10.8) 104.8 (10.2)

mgt1 102.7 (13.1) 106.6 (14.6) 106.5 (13.9) 105.0 (11.2)

mec2 105.4 (16.8) 107.3 (16.4) 105.8 (14.4) 106.0 (14.7)

mlh1 103.8 (15.2) 107.2 (15.5) 105.9 (14.7) 104.5 (11.0)

rad14 103.9 (12.9) 107.4 (13.7) 106.5 (13.3) 106.4 (12.5)

bub3 104.8 (13.0) 106.0 (12.5) 106.8 (12.2) 106.0 (10.6)

rad50EPPþ 102.2 (10.5) 105.3 (16.1) 106.3 (14.4) 107.7 (15.4)

sgs1 103.3 (11.0) 106.7 (14.4) 106.8 (14.9) 104.8 (11.4)

rad52 103.6 (12.6) 106.8 (15.3) 105.9 (13.6) 104.0 (10.8)

rad18 103.9 (12.5) 106.2 (14.2) 106.5 (14.2) 106.6 (12.2)

rad50 102.9 (12.7) 105.5 (13.8) 104.4 (14.9) 104.7 (11.4)

Overall 103.6 (13.0) 106.6 (14.5) 106.2 (13.7) 105.5 (12.1)

aThe number of concentration-responses for each mean value is given in Table 2. The average number of concentration-responses on which a single mean value

is based is 402 (196–572 range). The 3.7 � BMD(10) < 11 column is based on responses at 1.2lM, the 11 � BMD(10) < 33 column is based on responses at 1.2

and 3.7lM, the 33 � BMD(10) < 100 column is based on responses at 1.2, 3.7, and 11lM, and the BMD(10)�100 column is based on responses at 1.2, 3.7, 11,

and 33lM.
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the BMD(10) value. Figure 4 provides a simplifying summary
of the information in Table 4. The comparisons in Table 4 were
also used to compute weighted average estimates of overall
ratios of above-control responses to below-control responses.
For experiments in the 3.7 � BMD(10) < 11lM classification
range, above-control responses were seen 1.96 times as often as
below-control responses. For the 11 � BMD(10) < 33lM, 33
� BMD(10) < 100lM, and BMD(10)� 100lM classifications,
above-control responses were seen 4.64, 4.22, and 6.94 times
as often as below-control responses, respectively. A weighted
average calculated across all four BMD(10) classifications
revealed that the above-control responses predicted by the
hormesis model are 4.39 times as frequent as below-control
responses. A similar assessment was performed using the
BMD(2.5) (see supplementary data—Table S2A–D and Figure
S1) with findings consistent with the BMD(10) analysis but
even more supportive of the hormetic model.

Pattern Analysis

Patterns of response below the BMD(10) were compared for
six log-spaced ranges of BMD(10)’s. Figure 5 presents these
comparisons, based on observed responses that were not used
in the calculation of the BMD(10), along with the expected
counts under the fair coin threshold model. For instance, for

BMD(10)s in the range 3.7 � BMD < 6.3, the responses at
3.7lM and 11lM were used to calculate the BMD(10)s, and
the figure summarizes the pattern of three responses for the
replicates at 1.2lM. For the 11 � BMD < 33lM range, there
were five possible patterns for the four replicates at 1.2lM: 4H
0L, 3H 1L, 2H 2L, 1H 3L, and 0H 4L. Under the fair coin
threshold model, we would expect the fractions of responses
that fit those patterns to be 1/16, 4/16, 6/16, 4/16, and 1/16,
respectively. Similar procedures were used with BMD(10)
values ranging from 33 to 100lM.

Strikingly, for each BMD(10) category, the observed
responses markedly skew toward patterns that have more
‘‘H’’ (> 100%) responses, and the skewness increases as the
BMD(10) increases and toxicity decreases (p < 0.0001).
Considering the all-H patterns (left most pattern in each panel),
the observed patterns are 1.3, 1.7, 5.3, 6.8, 20.7, and 25.1 times
more frequent than the expected counts as the BMD(10)
increases from the lowest range (3.7–6.3lM) up to the highest
(57–100lM), where 57lM is halfway between 33 and 100lM
on the log scale. Further, there is a strong general pattern with
the BMD(10) ranges with counts tending to decrease mono-
tonically as the number of Ls in the pattern increases. An
assessment using the BMD(2.5) reveals similar findings to the
BMD(10) (Fig. 5) but even more supportive of the hormetic
model (supplementary data, Figure S2).

Figure 6 plots the fraction of H responses for each strain at the
lowest concentration (1.2lM) as a function of the log distance
below theBMD(10). As the distance of the 1.2lMconcentration
below the BMD(10) increases, the frequency of having both
replicated responses at this first concentration (1.2lM) being
greater than 100% increases to almost 60%, while only 25%
would have been expected by chance assuming a threshold
model. The figure shows that as the 1.2lM concentration
reaches a value of � 1/4th of the BMD(10), the probability of
responses consistent with the hormesis model become far more
common than chance for all strains; for the more highly toxic
agents in the lowest BMD(10) category, the response at 1.2lMis
often below control values. A similar assessment was performed
using the BMD(2.5). It revealed similar findings to the
BMD(10) which were even more supportive of the hormetic
model (supplementary data, Figure S3).

DISCUSSION

The data indicate that responses to concentrations below the
toxicological threshold for each of the 13 yeast strains tested
with many hundreds of chemically diverse agents are non-
randomly distributed with respect to the control. A variety of
complementary methodological evaluations (Tables 3 and 4,
Figs. 4–6) support the same interpretation. These findings
indicate that the threshold dose-response model inadequately
accounts for biological activity below the threshold. However,
the results are consistent with predictions of the hormesis

FIG. 3. BMD cutoff point influence on mean yeast growth for 13 yeast

strains. (Data table for all yeast strains is found in supplementary data, Table S1).
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dose-response model. The conclusions based on this large
database in yeast are similar to those made in earlier reports of
Calabrese and Baldwin (2001b, 2003) using toxicological data
representative of a broad range of biological models, endpoints,
and chemical agents. The evidence of hormesis in yeast, along
with the previous studies, is biologically significant and has
potentially important implications for essentially all drug and
chemical hazard assessment studies and risk assessments
worldwide.

The similar overall response patterns below the toxic zone in
all 13 yeast strains for the large number of chemicals in this
extensively evaluated public database is a novel finding.
Previous publications (see Holbeck, 2004, for a review) with
this database have focused on the nature of the above-threshold
(rather than below-threshold) responses and their underlying
toxicological mechanisms since the goal of the NCI has been
principally oriented toward identifying possible antitumor
drugs rather than assessing the nature of the dose-response in
the low-dose zone.

The pattern analysis assessment indicated that the total
number of concentration-responses below the BMD(10) are
skewed strongly in the direction predicted by the hormesismodel
(Fig. 5). These findings are consistent with the earlier reports of

Calabrese and Baldwin (2001b, 2003) indicating a similar
relationship for data derived from the toxicological literature.

The quantitative nature of the dose-response in the hormetic
zone in the present study is also consistent with findings
reported for hormesis with other biological models, endpoints,
and chemical agents. That is, the hormesis response is usually
modest, with the maximum response typically being only 30–
60% greater than the controls (Calabrese and Blain, 2005). For
example, the data for the wild-type yeast strain in the 11 �
BMD(10) < 33lM and 33 � BMD(10) < 100lM classifica-
tions indicate that the proportion of responses exceeding 120%
was 26.3 and 16.5%, respectively. In the case of strain
SP47080, the respective proportion of responses >120% were
26.2 and 23.7%, respectively.

The present findings illustrate the importance of study design
in the assessment of hormesis. A comparison of the lowest
concentration (1.2lM) to the BMD(10) revealed that the
chance of a stimulatory response becomes greater as the
difference between 1.2lM and the BMD(10) increases. Ap-
proximately 60% of the time, both replicate responses at 1.2lM
exceeded control values for BMD(10) values between 50 and
100lM, compared to only 16% for BMD(10) values between
1.2 and 3.7lM. These findings are consistent with the

TABLE 4

Evaluation of Below–Concentration Threshold Responses Based on Threshold Dose-Response Model Predictions.

The Table Summarizes the Distribution of Responses Below the BMD(10) Level, Comparing the Frequencies of Levels Above

and Below the 100% Control Value. The Above and Below Cutoffs that We Consider Are Comparison 1, > 100%/£ 100%; Comparison 2,

> 105%/£ 95.2%; Comparison 3, > 110%/£ 90.9%; Comparison 4, > 115%/£ 87.0%; and Comparison 5, > 120%/£ 83.3%.

The Threshold Model Predicts a Ratio Closely Approximating 1:1 in Each of the Five Comparisons

Comparison 1

(> 100%/� 100%)

Comparison 2

(> 105%/� 95.2%)

Comparison 3

(> 110%/� 90.9%)

Comparison 4

(> 115%/� 87.0%)

Comparison 5

(> 120%/� 83.3%)

(A) 3.7 � BMD(10) < 11lMa

Observed above/below–control group ratios 0.995/1 1.70/1 3.08/1 4.78/1 6.13/1

Number of responses above the designated percentile 2656 (49.9%) 1282 (24.1%) 850 (16.0%) 627 (11.8%) 472 (8.9%)

Number of responses below the designated percentile 2670 (50.1%) 754 (14.2%) 276 (5.2%) 131 (2.5%) 77 (1.4%)

(B) 11 � BMD(10) � 33lMb

Observed above/below–control group ratios 1.75/1 3.29/1 6.81/1 11.67/1 15.77/1

Number of responses above the designated percentile 7930 (63.3%) 4072 (32.5%) 2866 (22.9%) 2182 (17.4%) 1687 (13.5%)

Number of responses below the designated percentile 4602 (36.7%) 1239 (9.9%) 421 (3.3%) 187 (1.5%) 107 (0.8%)

(C) 33 � BMD(10) < 100lMc

Observed above/below–control group ratio 2.03/1 3.78/1 6.58/1 9.85/1 11.01/1

Number of responses above the designated percentile 9133 (67.0%) 4217 (30.9%) 2755 (20.2%) 2099 (15.4%) 1596 (11.7%)

Number of responses below the designated percentile 4499 (33.0%) 1116 (8.2%) 419 (3.1%) 213 (1.6%) 145 (1.1%)

(D) BMD(10) � 100lMd

Observed above/below–control group ratio 1.96/1 4.60/1 40.79/1 Ratio can not

be calculated

Ratio can not

be calculated

Number of responses above the designated percentile 12618 (66.2%) 4961 (26.0%) 3141 (16.5%) 2399 (12.6%) 1849 (9.7%)

Number of responses below the designated percentile 6434 (33.8%) 1078 (5.7%) 77 (0.4%) 0 (0.0%) 0 (0.0%)

aTotal of 5326 responses at 1.2lM.
bTotal of 12,532 responses; 6266 responses each at 1.2 and 3.7lM.
cTotal of 13,632 responses; 4544 responses each at 1.2, 3.7, and 11lM.
dTotal of 19,052 responses; 4763 responses each at 1.2, 3.7, 11, and 33lM.
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observations of Calabrese and Baldwin (2001b) that there is an
optimal range of hormetic responses starting at about 1/3–1/4
of the estimated toxic threshold. It is likely that the low
response at the concentration below the BMD(10) in the 3.7 �
BMD(10) < 11lM classification (Table 3) was due to there
being a substantial proportion of such responses within the
toxicity zone. The likelihood of a hormetic response increases
as the distance from the BMD(10) increases, at least up to the
limits presented in the present database. Since the semilog
concentration spacing covered only a 100-fold concentration
range, usually including toxicity at the high concentrations, it
was not possible to explore the concentration-response range at

which a return to control values would be expected. This would
have required several concentrations lower than 1.2lM. Based
on the hormesis database (Calabrese and Blain, 2005), about
80% of the hormetic responses are within 100-fold of the dose
of the toxic threshold. Regardless of the genetic differences
among the 13 yeast strains, the overall response to the 2189
chemicals was similar. These findings suggest that the hormetic
response is a general one, unrelated to a specific cell cycle
regulatory mechanism or DNA repair pathway. Similar quan-
titative features of the hormetic dose-response occur in models
representing broad phylogenetic diversity and various cancer
and noncancer-related endpoints (Calabrese and Baldwin,

FIG. 4. Distribution of responses below the BMD(10). Shaded panels represent above-control responses, and clear panels are below-control responses.
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FIG. 5. Pattern analysis of below-BMD(10) responses: a test of threshold and hormetic dose-response model predictions. The levels 3.7, 6.3, 11, 19, 33, 57.5,

and 100lM are approximately evenly spaced on the log scale. For example, take the panel labeled 11� BMD(10) < 19. There are responses at two concentrations

below the BMD(10) (1.2 and 3.7uM) and two replications at each concentration. An experiment falls into the 3H 1L pattern if three replication responses were

greater than 100%, and one was less than or equal to 100%. The dark bar is the observed count in that pattern, and the lighter bar is the expected count assuming

a threshold model holds where H and L each occur with a probability of 1/2 at each replication below the BMD(10).
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2001b, 2003). The findings with yeast are consistent with those
seen with NCI cancer drug screening data for 70 human tumor
cell lines and up to 55,000 chemicals, involving over 3.3
million dose-responses (Calabrese, Staudenmayer, and Stanek,
in preparation) (http://dtp.nci.nih.gov). Our present findings are
drawn from the U.S. NCI database for screening of potential
antitumor agents, and the consistently observed stimulation of
proliferation in the below-threshold zone may have significant
implications for the design of new antitumor drugs, drug
testing, and the management of patients in clinical settings
(Calabrese et al., 2006).
The current findings are particularly important because they

demonstrate the inadequacy of the traditional threshold dose-
response model in predicting below-threshold responses. They
also indicate that the hormetic model is consistent with these

subtoxic responses. The findings suggest that the hormetic
responses are more fundamental than threshold responses and
support recent arguments that the hormesis model should be
considered as the default dose-response model for scientific
interpretation of toxicological responses (Calabrese, 2004).
Several features of the study design and/or methodological
evaluation (e.g., peripheral placement of controls on the 96-
well plate, use of a nonsymmetrical model to assess above/
below 100% responses, use of the BMD(10) instead of the
NOEL or BMD’s with lower cutoff points [2.5, 5.0, and 7.5])
favored conservative estimates and may have caused an
underestimation of the frequency of hormesis. Thus, the
inadequacies of the threshold model are probably greater than
presented, while the predictive capacity of the hormesis model
in the below-threshold zone exceeds that reported. The findings

FIG. 6. Frequency of a hormetic response at 1.2lM in relation to the distance from the BMD(10).
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argue for a paradigm shift in our understanding of the dose-
response relationship, the central pillar of pharmacology and
toxicology.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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