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HIGHLIGHTS

,

The estimation of systemic burdens from arinalyses has been the
most common and useful method of quantifying occupational exposares to

.

'

platoalam. Problems arise la using this technique, however, because of

inadegaste modeling of human retention, translocation, and excretion of
1

this element. Present methods for estimating the systemic burden from

arinalyses were derived to a large extent from patterns observed in the

first few months af ter exposare, but there is now evidence that these

same patterms do not persist over long periods. In fact, recent compar-

j isons of autopsy data with arinalyses suggest that extrapolation to

| extended periods based on these observed patterns assally leads to a

large overestimate of the systemic burden at times more than a few years
.

after exposare.

In this report we collect and discuss human and animal data for Pa

together with general physiological properties needed for the interpre-*

tation of bleassay results. This information is used to develop a

j mechanistic model of the movement, retention, and excretion of systemic |

Pa. This model appears to be a reasonably accurate predictor of excre-
tion for times ranging from one day to several decades after introduc-

! tion of soluble Ps to blood. The model may be used in conjaaction with
k existing models and/or case-specific information concerning transloca-

tion from the respiratory and gastrointestinal tracts or from wounds to

the bloodstream.

Despite the improvements over previous retention models, signifi-

| cast uncertainties remain regarding some aspects of the movement of Pa
in the body, particular1r its transport from the liver. An attempt has,

been made to constract and analyse the model la such a way as to eluci-' *

date those areas neediss further attention.

.

!

i
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I. INTRODUCTION

The potential health hazards of pintonina (Pa) have been recognized

since the early 1940's, when maall quantities of this radioelement were-

first produced. For several years concern about health effects from Pa>

i

were limited primarily to occupational exposures. Because of growing
'

'

inventories of Pa arising from its production in both thermal and

breeder reactors, there have been increasing concerns in recent years
'

over environmental as well as ocespational exposares to this element.1-4

The most common and useful method of quantifying occupational expo-
sares to Pa has b;en the estimation of systemic burdens from

arinalyses.s-e Problems in using this technique arise, however, because

j of inadequate knowledge of hansa retention, translocation, and excretion

of Pa. Present methods for estimating the systemic burden from arina-
lyses were derived to a large extent from patterns observed in the first

j few months after exposure.s,e Since there is now evidence that these same

j patterns do not persist over long periods,8-14 it is important to obtain
a better description of the retention of this element in the haman body.-,

In this report we collect and discuss data needed for the interpre-
tation of bioassay resnits for Pn. These data are used to develop a

.

model that describes the movement, retention, and excretion of systemic
Pa in the human body in terms of explicitly identified anatomical com-

par tment s. This model may be used in conjunction with existing models
and/or case-specific information concerning the translocation of Pa from
the respiratory or gastrointestinal tract or from wounds to the

blood stream. A discussion of these three modes of exposare, along with
numerons references, is given by Nenot and Stather.1 in the present i

j report attention is restricted to the behavior of Pa after it has gained

access to the bloodstream.

While we believe that there is now sufficient information on the*;

movement of Pa among the varions systemic compartments to provide an

improved retention model for Pn, there remain significant oncertainties'

,

concerning some aspects of the movement of Pa, partienlarly its translo-
cation from the liver. An attempt has been nede to constract the model

la such a way as to elucidate those areas needing further attention.

.
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II. BACEBROUND
; ,

Biomedical stadies with Pm were begna in 1944, when 11 milligrams
were alloested for studies in rats. Withis a few years a fairly clear

, ,

pietsre of the behavior of Ps la rodents had developed.s,ss Ps was
removed fairly quickly from the bloodstream and was deposited princi-
pally la the skeleton, with a significant fraction also depositing in' -

'

the liver. Moreover, it was clear that Ps had a long biological half-

time, at least in the skeleton. Only a small fraction of Angested Pa
was absorbed into the bloodstream, but a much larger fraction of inhaled.

Ps could reach the bloodstream over extended times following initial

f' deposition in the lang.
' In 1945 and 1944, 18 seriously ill persons were injected with

traser doses of pistoalam citrate or nitrate la order to determine the

relationship between stimary Ps excretion and body Ps content la
,

,

humans.s,s Although the life expectancies of these persons were judged to'

be short at the time of injoetion, eight of them servived at least eight

years and fome were still alive in 1975.18 Nessarements of Ps in excre-
,

tion and tissue samples of these 18 persons constitute a major portion

of our direct honan experience concerning the metabolism and excretion

of pistonium.
*

Numerous meassroments of Ps is seine and feces of these persons

were made in the first few weeks after injection, and some measure-'

seats were made with two of the patients at times up to 1645 days.8,17

Langham 31 31.s used these data, together with limited data from workers
who had been contaminated accidentally with Ps, to determine the follow-

f ins stimary and focal excretion carves for Ps:

-0.74Y,= 0.20t (t > 1) (1),

$ |

-1.09
| Yg = 0.63t (t > 1) (2).

:
,

t

k

I

i
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Bere. Y,-(Y ) . is the percentage of the inj ected amoaat of Pa in arineg

-(feces) daring day t after administratics.

For over 30 years Langham's egnation for Y, has served as the basis,

for estimating Ps body burdens from messarements of Ps in urine. In ,

recent years, however, evidence has seenmalated that this egnation may
' lead to large overestimates of the Pa body burden at times longer than

5 years after exposare. This is evident from Table 1, which shows two
*

types of estimates of the systemic burden of Pa in pistonine workers,
one based on appilcation of Langham's equation to observed values of Pa
in urine (generally taken over an extended period while the workers were

!- in good health) and a second based on tissas analyses performed on these
same workers af ter their deaths. He data in Table 1, which were taken

from Refs.13 and 18, exclude workers whose urinary Pa messarements were
below the minimum detectable level. For the most part, the workers

i

received exposures beginning 8 to 30 years before death. For such
j long-term body burdens, Langham's egnation leads to an estimate of Pa

! body burden that is assally 2 to 10 times the value determined from

| autopsy. It should be noted that the estimates of total body Pa .

obtained from autopsy may also tend to be slight overestimates (but by

) less than a factor of 1.5, we suspect) since skeletal data are generally
'

taken from vertebrae, sternam, or ribs, all of which tend tw show con-

centrations higher than the skeletal average.17,18,88
A problem inherent in Eq. (1) is that it is simply a fit to arinary

| data over a relatively short period af ter exposure and, in effect,

assumes that the continual removal of Pa from organs that occurs during
this time period will maintain the same pattern throughout the exposed

i person's lifetime. As we shall discuss later, however, some of the Pa

! buried in the skeleton will become ancovered after a few years due to
,

skeletal remodeling, and Pu throughout the skeleton may begin to become
ancovered after age 40 or 50 years due to normal bone loss. Thus, .

Eq. (1) becomes less accurate with increasing time and age. His is
illustrated by data of Hempelmann 11 11 11 for Nanhattan Proj ect workers

.

exposed to Pa around 1945. Urinary excretion of Pa by these persons
remained fairly constant during the period 1953-1957 but began to
lacrease some time af ter 1957 and continued to increase substantially
(usually by a factor of 2 to 5) over a fifteen year period (see Table 4

t

I
'
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Table 1. Comparison of systemic burdens as,

estimated from urine and autopsy samples

Estimated systemic
Ratio of estimateburden M MM ) g,,, ,,g,,g ,g,y

to estimatep p
autopsy urine an opsy

6.4 40 6.3
0.68 3.4 5.0
0.16 1 6.3

105 90 0.9
110 200 1.8

2.3 13.5 5.9
3.8 8.0 2.1

156 541 3.5
1.5 5.4 3.6.

2.0 6.4 3.2
8.7 19 2.2

46 65 1.4
- 8.8 30 3.4

10.5 25 2.4
0.05 6 120
0.63 6.3 10
1.0 4.5 4.5
2.3 5.5 2.4
1.8 13.5 7.5
1.9 18 9.5

23.3 77.5 3.3

" Maximum permissible systemic
burden (40 nCi). Data from McInroy1:
and Norwood and Newton.18 Table
excludes workers whose urinary Pu

*

was below the minimum detectable
level.

.
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of Ref. 11). Since these persons reportedly experienced little or no

occupational exposures to Pa after about 1946, their body burdens would
be expected to decrease constantly throughout the indicated period.

In 197.9 Rando measured urinary and focal excretion of Pu in two of ,

the persons injected with Pu in 1945-46.*-18 The urinary excretion rates

at 104 days after injection were 6-12 times higher than predicted by
Eq. (1), and the focal excretion rates were 19-38 times higher than -

predicted by Eq. (2). It becomes evident from consideration of these
and the previously discussed data that an improved description of the
long-term retention and excretion of Pu by humans is needed.

.,

.

6

i
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III. PHYSICAL AND BIOCHEMICAL PROPERTIES OF Pn

i

Of the 15 known isotopes of Pa, there are eight which are produced
in sufficient quantities to be of concern as a potential health hasard..-

Some of the physical properties of these eight isotopes are listed in

Table 2.1
' '

3 -
The terms " monomeric" and " polymeric" are of ten used in metabolic

; studies to describe the physical state of Pn compounds. Generally,
" monomeric" refers to laboratory preparations in which any particulates

. formed are below about 0.01 pm in diameter, while " polymeric" particles
are those of diameter 0.01 pm or greater. Pn deposited in the body has

a strong tendency toward polymerization, and much or all of the Pu that

enters the body in monomeric form may become converted to at least

minimally polymeric form.ss

Pintonina can exist in solutions mainly in four oxidation states:

Pn(III), Pu(IV), Pn(V), and Pn(VI). Biological evidence and chemical

properties of Pn suggest that most systemic Pu wonid be in the (IV)

state.ss The tendency to react with water (hydrolyze) decreases in the.

order Pn(IV) > Pn(VI) > Pu(III) > Pn(V).ss,ss Hydrolysis of Pn(IV) any
result in a change from the monomeric form to an insoluble polymeric

.

form of Pa. In high concentrations, Pu may begin to polymerize at pH 1.
In fairly dilute solutions such as those that might be expected in body
finids in typical exposure situations, pseudocolloidal formation begins

; at pH 2.8, and genuine aggregates form above about pH 7.5.ss,ss In the

human body, the pH of pure gastric juice it :ti at 1.0, of intrace11slar

fluid of muscle about 6.8, and of blood about 7.4, although the pH of *

blood can exceed 7.5 in some cases.';

Although it is conceivable that Pu in the body conid exist in s-

I wide distribution of solubility classes, we shall distinguish only two

j relative solubility classes for systemic Pa, namely, soluble Pa and par-*

tieniste or colloidal Pa. When soluble Pu reaches the bloodstream,

skeletal deposition is favored, and when partieniste Pn enters the |

.

bloodstream, aptake by the phagocytic cells of the liver and other

organs is favored.81 There is evidence that insoluble particles con-

talning Pn can reach the bloodstream from the innas or from wounds.s,ss,se

.. _ - _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ . _ . _ __ __ _ _ _ _
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Table 2. Physical proparties of the major isotopes of plutonian i

riaCips1 mode , " , ' , Specific act1vity"Isotope 1 ife ,g ,, _,(years) (NeV)
.

Platonium-236 2.9E 00 a 5.8 5.3E 08
Pintomine-237 1.2 E-01 E. C. 1.2E 10
Platonium-238 8.8E 01 a 5.5 1.7E 07
P1stonine-239 2.4E 04 a 5.2 6.1E 04 es
Pintonium-240 6.5E 03 a 5.2 2.3E 05,

Plutonium-241 1.5E 01 $ 9.9E 07
P1stoniam-242 3.8E 05 a 4.9 3.8E 03
Pintoniam-243 5.7 E-04 $ 2.6E 12

,

*1 pCi = 3.7 x IO* Bq = 3.7 x 10* disintegrations per second.

1
*

!

!

l

i
1

1

. . e * * '

l
.
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IV. PROCESSES 60 FERNING RETENTION AND TRANSLOCATION OF Pa IN TEE BODY

|
Pa and Fe apparently bear asificient chemical resemblance that Ps,

I
,

beoenes entrapped la some of the body's f rom transport and storage sys-
.,

tems. It has been shows that Pn(IV) la blood serem complexes with ;

!transferris, the f rom-transport protola.s s,se Thus Ps w!!! partially
'

trase the iros pathway, with the rossit that a substsatial fraction of |
-

systemic Ps is carried to the bone marrow and to the liver.s,as,ss,se-se

Apparently much of the Ps is released from transferria at these sites.

It has been shows that, la vitro at physiological p5, Ps(IV) may ;

transfer from transferris to ferritia, the major iros storage protein la

?. the liver, and that the ferritia complex may be more stable than the |
|I transferria complem.as In the skeletoa, Fa may be released safaly at !

sites of developing red se11s.84

DISAPPEARANCE FRON BIAOD

.
A large fraettom of Ps(IV) introduced into blood la monomeric form I

* is quickly bosed to transferria.st,se,se Simee Pu leaves blood more
! rapidly thea it is bosed to transferria or excreted, it would appear [
| that some of the Ps not promptly bossd to protein moves into the extra- I

,

ce11 star finid.** Apparently Pm slowly retsras to bloods sisce it is f
nearly completely bosed to protein af ter 1 kr, much of the binding may

j take place la the extravascular spaces, which costala nearly half the
body's transferria and the iros bonad to it.1' According to am smalysis !
by Darbia of heman Pu-injection date, blood volumes of patients with f
ciresistory impairments lost Ps more slowly than those of patient with

| normal ciresistion.1'
i It appears from experimental results for laboratory animals that Pa
i
j inj ected la particulate or colloidat form is cleared very rapidly from

,

* 1

blood and is deposited in cells of the reticulo-endothetist (RE) sys-
'

j tes.ss,st,se la fact, colloidal particles of any composition are rapidly
takom up by RE cells.ss These cells aro fosed in all tissues but are,

{ most concentrated la liver, spleen, lymph modes, erythropoletic marrow,
i
i

{ and Isas tissoas.ss
!
! !
' i

'

,.

I

!
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Data describing the rate of disappearance lof intravenossly inj ected

Pa from blood la four species are summarised in Table 3, where the

assumption is made that retention la blood can be adequately empressed

as the som of at most five exponential terms. The exponential terms
,

used to describe removal from blood skos1d not be interpreted as

; representing a coraesponding number of discrete physical campartments;

this is simply a convenient mathematical description of the total rossit -

1

of several processes. These processes may include: (1) bindlag of Ps to
transferria and transfer of Pu-transferris to the skeleton, liver, and

other iros depots; .(2) rotsen to blood of that Ps released from
,

transferris in the bone marrow and not attacking to bones (3) movement
of both bonad and sabosad Ps into and out of extracellular finids;

j (4) removal of a maall portion of Ps into selse and bile; (5) removal of

polymerised Ps by the reticulo-endothelial system.;

!
DIgitIBUTION AMONG 08GANS

| Three principle compartments will be considered la our discussion

i of the movement and retention of Ps: skeletos, liver, and soft tissue, *

where the sof t tissue compartment includes only sof t tissue not la the

: liver and skeleton. In addition to these three mala compartments,
,

1

several sabcompartments will be considered, such as cortical bone sur-

; face, cortical bone volsme, trabecstar bone surface, trabecular bone

! volume, and compartments costalaims trabe' estar marrow and cortical mar- ;

I
; row.

j Withis a few days af ter soluble Ps reaches the bloodstream of

! humans, approximately 80% of the activity is divided between the skele-
ton and liver, and most of the remainder is la sof t tissue.17 Only a

i small amoast, perhaps it, is excreted in erine and feces daring the

first 2 or 3 days. These valses are estimated f rom autopsy and excre-
* '

j tion data for several of the persons lajected with Ps in the 1940's.s

The values are la close agreement with ress1ts of experiments with bea-'

gle dogs.ss,se,4e except that the beagles excreted Pa more rapidly than ,

humans at early times af ter exposure.

.
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Table 3. Disappearance from circulating blood of intravenously injected Pn(IV) citrate 1'

Component

A B C D E
"I

Species 88t Sample
Half- Half- Half- Hal f- Half-

% time % time % time % time % time

(min) (hr) (days) (days) (days)

Rat 60.3 58 37.3 8.2 0.8 6.0 8

Dog 44 11-48 19.5 7.3 30 1.0 2.1 5.0 0.081 220 3,000

Sheep 68 24 25 2-5 5.8 1.6 1.1 4.9 10
Man 52.4 20 27.1 7.3 17.2 1.2 3.3 5.0 0.44 88 42

|

|
,

1

4

s
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In the beagle experiments, the division of Pa between the skeleton

and. liver depended on age, with initial aptake by the skeleton averaging
685 la javealles, 50% for yonas adults, and 40% is t nature
adults.ss,s',** Langhen 3131.' estimated that in humans injected with

.

Pa, approximately 66% was deposited in the skeleton and 23% in the
; liver. Darbim*' ressalyzed the human data to acconat for the non-

amiformity of Pa in samples of bone; she estimated that about 49% was in -

the skeleton and 31% in the liver at 4 to 457 days after injection. A

few years ago, a major portion of the skeleton of one of the injected
persons, a young woman injected at age 18 years and dying 17 months
later (case HP'4 of Ref. 5), was analyzed and foamd to contain about 55%

i

of the inj ected amoaat.se Since there was ample time for a small por-
tion of the Pa to be translocated from the skeleton before this woman's

'

death, the fraction originally deposited in her skeleton may have been
higher than 55%. It is possible that the woman's age at exposare led to,

; a higher skeletal deposition than was estimated for the older patients,
although this is only conjectural.

, .

f SKELETAL UPTAKE AND TRANSLOCATION

To describe the retentica and translocation of platonium in the
,

skeleton, it is convenient to view the skeleton as consisting of two
.

Principal compartments: cortical (or compact) bone and trabecular (or

spongy or cancelloss) bone. Tisse two bone types are asaally defined by
I their surface to volume ratios, which are much larger for trabeenlar

i bone.41-4s Both bone types are found in all bones, but the relative

amounts of each vary greatly from one bone to another. Nach of the
! cortical bone in the body is found in the shaf ts of the long bones,

I where it surrounds the marrow cavities. Trabecular bone is made up of a

network of fine interlacing partitions (trabeculae) enclosing cavities

1.
containing red or fatty marrow. Trabecular bone is found mainly in the *

j vertebrae, in the flat bones, and in the ends of the tous bones.**

Each of the two principal compartments of the skeleton is forther

subdivided into three parts: bone surf ace, bone volume, and bone cavity

contents, excluding blood and blood vessels (mainly bone a6 eow). For I

purposes of describing the translocation of Pa in the skeleton, it

!
l
!

i
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suffices to consider bone surface as an infinitely thin layer. Bone
surface includes the endosteal, periosteal, Haversian, and Volkmann sac-

faces of cortical bone and the endosteal surfaces of trabecular bone.
Bone volume is the mineralized skeleton bounded by bone surface; it does
not incinde the marrow or the space within Haversian or Volkmann canals,
for example (cf. Ref. 41). Bone marrow consists of both red (active.
blood-cell forming) and yellow or fatty (inactive) marrow. In young-

children, red marrow constitutes a significant portion of the marrow in
both cortical and trabecular marrow cavities, but by the third or fourth

j
idecade of life, almost all of the cortical marrow and about half of the '

trabecular marrow is inactive.4s In general, areas of active marrow are4

more highly vascularized than areas of inactive marrow.48
Cortical bone comprises about 80% of the adult mineralized skeleton

and trabscular bone sboat 20%, by volume, by mass, and by mineral con-
tent.41,47 Both bone types are constantly undergoing remodeling, which
involvos the elimination and replacement of bone mineral.* s-se

,

4

Factors Affecting the Distribution of Pa on Skeletal Surfaces,

j Platonian is deposited nonaniformly on bone surfaces, with the
highest deposition being at sites with red marrow and the lowest at,

sites of yellow marrow.48 Red marrow is more highly vascularized than
yellow marrow, and the degree of vascularity may play a role in the

j mmoaat of Pa deposited at a given location. For example, Humphreys,
Fisher, and Thorna i showad that the blood flow rate is nearly linearlyi s

related to the Pa deposition in nouse fenars (see Table 4). Darbin.
Horovitz, and Close * proposed that Ps is dissociated from transferrins

to a large extent in the red marrow, specifically at the surfaces of
developing red cells. Pa atoms released from transferrin in marrow
could either (a) diffuse to the nearest bons su face and be bound there,t

*
; (b) recombine with other transferrin moleentes and recircalete, or

(c) reenter blood as unbound Pa and possibly bind to bone surfaces at
other sites. It has been proposed that the relatively man 11 deposition

*

,

of Pa <a periosteal (exterior) surfaces may resatt from the centrifugal
flow of blood from the bone cavity carrying some of the Pa released in

! the marrow and not deposited locally on bone surfaces.ss

|
|'

| |
'

|
i
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Table 4. Comparison of blood flow rate with
Pu-239 deposition in nouse femurs

(i standard error)st

Pn-239 concentration
* * *** "3 ' " *Bone section (% of injected amount (ag/g ash / min)

*per gram ash)

Whole femur 46 1 4 510 1 21
Proximal end 3815 470 1 21 ,

Distal end 73 1 6 700 1 34
-Shaft 20 1 2 320 1 14

.

9

1

-
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he strong association between sites of skeletal deposition of Pa

and of Fe is illustrated in Table 5, which is derived from data of

Rosenthal M A1.ss, - n is table compares the early distributions of Fe-59

and Pa-239 in the skeleton of the mouse. Nice inj ected with Fe-59 were
,

sacrificed 5 hours af ter injected, when preliminary studies had shown

the Fe-59 level in blood to be minimal. Nice inj ected with Pa were not

sacrificed antil 15 days after injection because Pa, particularly poly-'+

seric Pa, continues to accanalate for several days in the skeleton of

the mouse and then is removed only slowly. Except perhaps in the

extremeties of the body 'the head, the feet, and the tail) the fraction

of skeletal Fe associated with a particular bone would appear to be an

excellent predictor of the fraction of skeletal Pa in the same bone, for

Pa inj ected either in monomeric or polymeric form.
,

.
.no skeletal distributions of Pa and active marrow in humans are

'

compared in Table 6. ne data for Pa are from measurements made on the
skeletal remains of a woman injected with Pa in 1945 at age 18 years and

; dying 17 months late (s 2bj ect HP-4 of Ref. 5) .se Although this subj ect
; was suffering from Cushing's syndrome, a disease characterized by osteo-,
1

| porosis, it would appear that the distribution of Pu in this skeleton

was not abnormal, since limited measurements on the skeleton of a man
,

'

(subj ect HP-9 of Ref. 5) injected in 1945 at age 65 years and dying*

j 15 months later indicated a very similar distribution of Pa.8* n e dis-

tribution of active marrow in a 20 year-old human is estimated from cel-
i lalarity data presented by Cristy.4 s n e distributions of Pa and active
'

marrow in the skeletons of humans are similar, with largest differences
i

arising for the skall and sacrum.

Rosenthal M 11.s s reported that almost none of the monomeric Pa in

the skeleton of rabbits was located in marrow a few days after injec-
tion, while most of the skeletal borden of highly polymeric Pa was in
marrow. Moreover, polymeric Pu was as much as 30 times more concen-,

trated in red marrow than in f atty marrow, while monomeric Pa was 1.3- .

2.8 times more concentrated in red than fatty marrow. R ose data indi-
*

; cate the very different distributions of monomeric and polymeric Pa
shortly af ter injection; however, in species such as the mosse that show
a short residence time for Pa in liver, the two distributions will

,

'

|

1
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Table 5. Camparison of deposition of Pa and Fe
la the skeleton of the mossess

Percent of Pu-239
ercent of Fe-59 in bones af ter 15d

Bone (s) in bones after Sh .

Nonomeric Polymeric
t

Read 2.7 5.2 4.1
Dorsal ribs 2.3 2.1 1.7 -

Veatral ribs 0.3 0.25 0.24
Sternem 1.2 0.77 0.44
Clavicle 0.1 0.16 0.11
Scapela 0.86 1.0 0.68
Hameri 2.0 1.4 1.1
Femora 4.1 2.8 1.9
Radius and alma. 0.34 0.64 0.53
Tibia and fibula 1.9 2.0 1.4
Feet and ankles 0.4 1.1 1.2
Cervical vertebrae 1.0 1.4 1.0
Thoracic vertebrae 2.5 3.3 2.0
Lambar vertebrae 4.2 3.9 2.6
Sacral vertebrae 2.5 2.3 1.6
Tail vertebrae 1.3 3.2 3.2
Pelvis 3.6 2.3 1.8'

Total 31.3 33.8 25.6
.

.

Table 6. Comparison of distributions of active marrow
and skeletal Po deposition usin8 human data

I

Percent of Pa Percent of active marrow
"' after 1.4 y* estimated fram cellularity data

, Skull 16.3 8.5
! Mandible 0.8 0.85

Innominate 23.4 19.0
Vertebrae 20.7 29.1
Ribs 11.8 14.4
Scapula 4.7 3.1,

Clavicle 1.1 0.9 -

Sacrum 2.9 8.9
Sternam ' 1. 8 2.9
Femur 8.5 9.3

*
Numerus 2.0 3.15

From data of Larsen, Oldham, and Toohey.ne
' bFrom data of Cristy.*s Only bones assigned non-zero

active marrow values in Ref. 45 are considered.

|
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become more and more alike as the initially heavy burden of polymeric Pa
la the liver is gradually relocated.

Relative deposition of Ps on various types of bone surfaces (endos-
teal sarf aces of trabecstar bone and endosteel, Baversian, and perios-.

teal surfaces of cortical bone) has been messared la animals as well as
in the human subj ects IP-4 and EP-9 discussed earlier. In rabbits and
dogs, the deposition onto endesteal surfaces of a given bone is assally
about 3 times greater than on periosteal surfaces of the same bone.se,s4

,

In the distal end of the beagle femar, the relative concentrations on

| bone surfaces are metaphysest trabeestar, 3; endosteal, 2.6; epiphyseal
trabeestar,1.5; Eaverslam,1.23 and periosteal,1.s4,

In considerlag the distribution of Pa on bone sarfaces of humani

subjects EP-4 and EP-9, it mest be kept la mind that these persons lived
) 15-17 months af ter inj ection. Thas some burial, removal, and redistri-
; bation of Pa probably occurred. Schlesker and 01tmen88 describe two dis-

tinct types of esisting bone surfaces in these subjects, namely, ser-
,

. faces of labeled volume and surfaces of anlabeled volume. Labeled
{ volaas (LV) is that bone volume formed while Pa was in the blood. Umla-+

beled volume (UV) was formed before lajestion and remained sadisturbed4

satti death. Also, buried surface deposits were identified; these are
.

associated with bone surfaces that were esposed to Pa and were subse-
quently covered by the formation of new bone. Included in this category

4
would probably be surfaces that were already covered by osteoid at the

j time of inj ection.

| Schlenker and co-workerses,se found that periosteal, Reversian canal,
j and endosteal surfaces of malabeled cortical bone volume la long bone i

j midshaf ts showed about equal concentrations of Pa. Buried endosteal
surfaces that may have been covered with osteoid at the time of injec- L

tion showed about 12 times as much Pa as estating surfaces. t

* Relative concentrations of Pa fosed on the verlons types of bene [
surfaces in asbject EP-4 are listed la Table 7, based on a concentration !,

j of 1.0 for Reversian canal surf aces of salabeled volume of long-bone-,

midshafts. It appears from this table that the orignaal deposition may
i have Leem an order of magaltade higher on endosteal surfaces of the

asial skeleton than on surfaces of long-bone midshafts. In fact, la,

! messering the Pa concentration in whole bones of EP-4, Larsen, Oldham,
,

and Tookeyse fossd that about two-thirds of the skeletal Ps was la the
,*
,

1

I
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Table 7. Concentrations of Pu on buried and existing
bone surfaces of subject HP-484

Type of bone Type of surface Relative concentration

Long-bone midshaft Haversian canal (UV) 1.0
*

Long-bone midshaft Endosteal (UV) 1.1
Long-bone midshaft Periosteal (UV) 1.4
Proximal femur Netaphysis 1.5
Asial skeleton Endosteal (UV + LV) 4.2

*

Asial skeleton Endosteal (buried) 9.7
Asial skeleton Endosteal (LV) 1.7

.

.

|
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axial skeletoa, and only about 16% was in the appendicular skeleton-

(Table 8). These data on whole bones indicate that the relative depost- |

tion per gram of bone ask in the axial skeleton was about 10 times that

la the appendicular skeleton, assuming that there was lassificient time,

for a substsstial portion of skeletal Ps to move from one bone to

another. The data la Tables 7 and 8 are la general agreement with
*

results of beagle stadies.4s As indicated in Table 9, there is a large

variation la the concentration of Ps om different trabecular surfaces of

beagles soon af ter injection; however, this variation decreases consid-

erably daring the first year.*e Since the skeleton remodels much more
slowly la humans than la dogs, we expect that a much longer time is

'

required for a similar decrease in variation of Pa on trabeenlar sar-

faces in humans.
i For our purposes an important difference in the distribution of

skeletal Pa is that between trabecstar and cortical bone. These differ-
ences were messated in subject HP-9 (Table 10).se While the concentra-
tion on each type of surface varied widely from one bone to another, the-

ratio of Pa in trabecular bone to Pa la cortical bone remained between.

! 1.9 and 4.s in all bones (mean iS.D. = 3.3 1 1.1). Since there is about
1
~ 4 times as much cortical bone as trabeenlar bone by mass, this suggests

*

j that, at 1.3 years af ter injection, the total amount of Pa in trabecstar
i

; bone may not be any greater than the total amosat in cortical bone,

| despite lattially greater deposits on some trabeenlar surf aces.

I

Attachment to Bone Enrfaces
:

; There are several sabstances on bone surfaces capable of binding
Pa, including exposed mineral, collagen, and glycoproteins. Bowever,

: the mechanisms by which Pa is released from transferrin and binds to

bone surfaces are not completely understood. Herring, Vasshan, and Wil-,

t .

11anson ' fonad that Ps concentrations on endosteal surf aces in skeletonss

I of dogs are larger on resorbing surfaces than on resting surfaces and
are smallest on growing surf aces. It is thought that lysosomes are.

! ejected lato resorbing regions atoms with citric acid and other organic
' acids, and it is known that Pm can be taken up by lysosomes, at least in

the 11ver.88-81 Noreover, increased concentrations of citrate in seram may
,

....---..,-e..m- - . - . . . . .%. - . . , - - , _ ,-,~,--,.,,..e,-.,--%,_e.~ mm... , - . - - - ,- w w . . . - . , , , ..w-%-vy---
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Table 8. Summary of platonian distribution in the skeleton of HP-4se

Percent of total Relative
*

Bone Pu concentration
Pu Ash (Pu/ Ash)

Frontal" garietal 5.7 5.6 1.0
Occipital -parietal 3.6 3.0 1.2
Tempogal squamous 1.6 1.7 0.9
Sinus 5.4 1 1.3 5.0 1.1
Mandible, 0.8 1.8 0.4

Skull" 17.1 1 3.7 17.1 Nean 1.0

Innominate 23.4 7.2 2.1
Vertebrae" 20.7 6.2 3.3
Ribs 11.8 5.6 2.1
Scapula 4.7 2.5 1.9
Clavic{e 1.1 1.0 1.1
Sacrum 2.9 0.8 3.6
Sternam" 1.8 0.4 4.5

*

Azial 66.4 23.7 Nean 2.8
.

Femur 8.5 20.3 0.4
Patella 0.2 0.6 0.3
Tibia 2.0 13.7 0.15
Fibula 0.5 3.4 0.15
Foot 1.8 6.2 0.3
Homeras 2.0 7.2 0.3
Radius 0.4 2.2 0.2
U1na 0.4 2.8 0.15
Hand 0.5 2.7 0.2

Appendicular 16.3 59.1 Nean 0.27

" Values 81ven are for half of this bone.
.

.

J
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Table 9. Variation in the concentration of Pu on
trabecular surfaces" in the beagle at

times to 1 year af ter injection *8*

Naximum concentration
Days after

Nean 1, standard deviation
inj ection'. Minimum concentration

7 '5.8 5.32260%
15 6.1 5.43 1 68%
28 8.6 5.12 1 69%
56 4.0 2.53 1 56%

133 2.8 3.13 1 34E
210 4.0 2.51 i $$%
365 3.0 1.58 i 40%

"Lambar vertebra, proximal humerus, pelvis, proximal ulna,
distal humerus.

.

Table 10. Plutonina concentrations in the cortical and trabeentrar
portions of selected bones from case HP-9 relative to

that in the femur shaft '8
.

Percent Relative concentration Concentration ratioone trabecular
trabecular / corticalbone Trabecular Cortical

Femur shaft (10 4.5 (1.00) 4.5
Femur head >75 2.7 1.19 2.3
Homeras shaft (10 2.9 1.12 2.6
Tarsal > 90 1.19 a
clavicle 50 3.3 0.92 3.6
Rib 2 (10 25 7.1 3.5 -

Rib 8 (10 29 6.1 4.8
Sternam >75 39 9.1 4.3
Vertebral body

Cervical >75 31 13.3 2.3*

Thoracic >75 43 22.2 1.9
Nean i S.D. 3.3 1 1.1

"No cortical portion could be isolated,

i
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facilitate the release of Ps from proteins such as transferris. Ps

released from transferris could be transported to bone surf aces by asse-
claties with the ej ected lysosomes.ss,s* Amy or all of these processes may
be involved in the release of Ps from transferria and its transport to .

resorbing surfaces, but they do not explaim the release sad transport of
;

Pm near resting and growing surf aces. ,

Translocation from Bose Surfaces
:

Deposits of Ps renais on bone surfaces satil removed by bone
resorption or buried by bone apposition during the bone grot tk and remo-

| dellas processes.ss,se Osteoclasts resorbing bone contaminated with Ps
progressively concentrate the Ps.es Messarements indicate that Ps is
retained in osteoclasts of rats with a half-time of a few days.es Some |

'

Ps released from the osteoclasts may be recycled to blood, but much of
it is concentrated by macrophages which may be fossd la the bone cavi-i

; ties, particularly la marrow.se Since there is no evidence that Ps
I citrate or Ps transferria is concentrated by macrophages, it appears

.

that Pa is released from osteoclasts la a particulate form that would be
;

engstfed by macrophages.88 In such an event Ps would probably remala la

; the macrophages satil the complex is digested.88 The length of time that !.

I

i Ps remains in macrophages in the marrow is not known with certainty, but

i experimental evidence suggests that the half-time is much less than two

| years is beagles.se
!

! Ps released from macrophases may be carried back to the bloodstream

and either recycled to bone, liver, and sof t tissse, or excreted. Also,
autoradiographic evidence suggests that, if Ps is released meer a bone
surface in a poorly vascularized area, then most of the Ps released from
macrophages will be redeposited locally onto surf aces.es,ss

.

IIPTAKE AND TRANSLOCATION BY 1ME LIVER

Pu partially traces the movement of f rom in the liver,8 8-8 s although
,

the time costse may be different for the two elements. Results of sts-

dies with beagles and ratsse-ts suggest the fo!!awlas scheme for hepatic
optake sad translocation of Pu reaching the bloodstream in soluble form.

iThe auclide is first picked up by transferrin and transported to the

|
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Ilver, where it may be released at the membranes of the pareschymal

sells.88 Within these cells Pu is assoelated at first with the solable

iroa-storage protein, ferritia. Within a few weeks Ps leaves the cyto-

sol and becomes assoelated with sabeellstar structures, principally=

lysosomes, alerosomes, and mitoekondria.e v,e s, ve-ss After several months the

hepatic cells die and their debris, isoleding Ps, is taken up by the
,

reticolo-endothelial (RE) ce11s.**,88 In the dog liver, Ps la RE cells is

associated with homosideria, an iron-storage composad.'8 Ps may be ;

retained for long periods within the RB cells.

There appear to be potentially two rostes of loss of Pu from the
liver: (1) in feces via bite produced in the liver, and (2) through the {

l

bloodstream. In rodents, such of the Ps in feces is apparently lost

from the liver via bile.f* The biological mechanisms by which Ps becomes |
incorporated in bile are not understood, but it is known that a substen- !,

tial portion of systemic Fe is escreted la bile.1,

! It is also not completely maderstood how Ps leaves the !!ver
throssh the bloodstream. Bruense r .31 A1. t s estimated that nearly all
(perhaps 90%) of originally particulate Ps which was mobilised from the*

I phasoeytic cells of the livers of beagles was transferred to the
bloodetream. This was estimated on the basis of a gradeel accumstation !

*
4

|
1 of Ps la the skeleton, corresponding to a gradsel decrease of Ps la i

|

| phagocytic cells. The retention time of originally monomeric Ps la the j
liver of beagles varies widely af ter the first year from one individual i

to another.88 This variation may be due to a similar variation in the1

1

j tros status of the salmals. Priest and Maines have shown that Ps is |

] retained losser la the livers of rats with excess storage tros than la
those with depleted circulatory iron.** Their results suggest that Ps la

j tron-depleted rats may be transported from the !!ver by macrophages and
! may be released to the blood la soluble form.

'
,

RE'1ENT10N OF Ps IN lilE SOFT TISSUE COMPAR11 TENT

.
Concentrations of Ps la various sof t tissues were measured la sin*

1

) Pa-inj ected persons who died from 4 to 456 days af ter injection.8.1'
,

| These concentrations are listed in Table 11 for verless organs in the ,

3 sof t tisese compartment, along with the percent of total-body iron per
i

i

!

!

- _ - , . , - . . _ _ _ - _ . . , _ _ _ _ _ _ _ . . _ . . _ . _ _ _ . . _ _ . . _ - - -_.
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Table 11. Concentrations of Pa in sof t tissues in humans at 4 to 456 days
,

* af ter inj ection, compared with typical Fe concentrations

'

Pa concentration
*

i Organ **"*******I'"a 4d 5d 17 d 151 d 160 d 456 d.''

i Spleen 0.0066 0.0048 0.0019 0.0012 0.0007 0.0025 0.0015

] Kidneys 0.0018 0.0015 0.0054 0.0002 0.0003E 0.0002
' Langs 0.004 0.0016 0.0016 0.0005 0.00058

Pancreas 0.0009 0.0022 0.0002 0.0002
1 Intestines 0.00046 0.00045 0.00065. 0.00015

Testes 0.0006 0.0012 0.0003 0.00052'

Thyroid 0.0015 0.0009 0.0034 0.0001
,

Adrenals 0.0007 0.0022 0.0004
Muscle 0.0009 0.0002 0.0004 0.0006 0.0002 0.00025 0.0002-
Skin 0.0003 0.0002 0.00058 0.0006

; Heart 0.001 0.001 0.00028
i

j Percent total body Fe per gram tissue.47
b
Percent injected Pa per gram tissue.8,15

i

4 .

.

. . . . . .
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gram tissue in each organ of a typical adalt kanan.4 7 It appears from

the data in Table 11 that the distribution of Pu in soft tissue at early
'

times is very similar to the distribution of Fe. Also, it is apparent

that a substantial portion of Pa is lost from soft tissues during the
.

first 5 months af ter injection.

EICRETION.

For bioassay purposes it is important to estimate the amount U of

circulating activity that is excreted each day in urine and the amount F

excreted each day in feces. For pistonina, the ratio U:F appears to'

; vary with time af ter contamination of blood. s,ss, a s It is convenient to

ralate U and F to the amount of Pn in blood and express clearances as

fttetjons of circulating Pa. This is done in Table 12, which summarizes

the renal and gastrointestinal clearance of circulating Pa in Langham's

subjects daring the first few weeks after injection. This table is

taken from an article by Darbin,15 who pointed ont that the renal clear-

ance of Pu was initially lower for persons with anemia or abnormal kid-
*

* ney function, and that focal clearance was lower for persons on res-
tricted diets or having a*onormal livers.

Vce1x 31 11.as recently investigated the urinary and focal clear-
,

ance of Pn in several persons who worked with Pu during the Manhattan
Proj ect. A sammary of renal and GI clearance of cirenisting Pu for
these persons is given in Table 13. Urinary clearance (as a fraction of

ciren1 sting Pa) was not markedly different in these persons, who had
been exposed approximately 30 years earlier, than from Langham's
patients at 3 weeks af ter exposure. Focal clearance at late times, how- |

ever, appears to be much lower than at early tLaes af ter exposare, so

that the ratio U:F appears to be much higher at later times than soon

after Pu initially reaches blood.
*

In 1973, measurements of Pn in blood, urine, and feces were made in

two of the persons (cases HP"3 and HP-6) inj ected in 1945-46.8,1* Uri-

, _
- nary and fecal clearance rates in these two persons compare reasonably
well with those estimated for tbr "tahattan Proj ect workers. The uri-

|
'

nary clearance was about 0.04 d-6 $ad the fecal clearance was about

O.015 d-1; again, these are expressed as fractions of ciren1 sting Pa.

-~ __ _ . _ . - . _ _ . _ _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ _ . . _ _ . _ _ . _ _ _ _ _ _ _ _ . . . - _ . . _ , _ _ .



w . . . . . . .. . . _ . _ _ _ __

t
E
y

Yr
L!
k=
1

Y

h
Table 12. Ranal and gastrointestinal clearance of circulating Pn in human -

1subj ec t s , expressed as fraction of circulating Pn 7

Renal clearance Fecal clearance (U/F)
1 to 6 19 to 24 9 to 24 1 to 6 19 to 24 35 to O J,,Subject Group Group
days days days days days days days 1

h

HP-1 A* 0.008 R* 0.009 0.9

HP-2 0.017 .031 0.020 0.061 0.8 0.5
HP-3 0.020 .070 Ab.L.* 0.011 0.037 1.8 1.9 e

E
HP-4 Ab.K.* 0.009 .029 0.010 0.030 0.9 1.0
HP-5 0.021 .098 0.034 0.095 0.6 1.0

''

g
*

HP-6 0.020 .130 0.020 0.100 1.0 1.3 _ . _

%
HP-7 A 0.011 025 R 0.008 0.027 1.4 0.9

HP-8 0.019 066 R 0.017 0.056 1.1 1.2 1.3 (
HP-9 A 0.007 .034 0.024 0.055 0.3 0.6 L

HP-10 0.013 .090 R 0.006 0.051 2.2 1.8 [
0.4 0.7 1.2 pHP-12 A

Kidney and crythropoiesis normal G.I. function normal 1
Mean 0.018 0.081 Mean 0.022 0.068 .'k

i S.D. 0.003 0.034 iS.D. 0.009 0.029 -g
E

Anemia and/or abnormal kidney Restricted diet and/or abnormal liver ;
:--

Mean 0.0088 0.029 Mean 0.010 0.034

iS.D. 0.0007 0.004 iS.D. 0.004 0.017
_-

"A = anemic, Ab.K. = abnormal kidney, R = restricted diet, Ab.L. = abnormal liver. 1
-_

.

5
.
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Table 13. Renal and gastrointestinal clearance of circulating Pu in
Manhattan Proj ect workers, approxiottely 30 years after exposure

(expressed as fraction of c'irc'ulating Pa)12

Subj ect nesber Renal clearance (d-1) Fecal clearance (d-2) U/F
-

;.

1 0.04 0.04 1.0
3 0.39 0.02 17.2
5 0.05 0.007 7.4
6 0.13 .

7 0.07 0.02 2.9
8 0.06 0.008 7.3 y

1 9 0.06 0.015 4.1 . -a

12 0 04 0.005 8.0

17 0.05
18 0.20

;

19 0.05 0.023 2.2
I 22 0.06 0.02 3.0

Nean i S.D. 0.10 1 0.10 0.02 1 0.01 5.9 4.9

"I;"oit";"sject ,3 o o7 o os a o2 o ot 45227
:

Value considered most
likely at times remote

I from contamination of 0.06 0.024 2.5
blood based on these data
and Refs. 5, 9, 10, 17

1

<
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Iron may be excreted in urine after filtration of low-molecniar

weight chelates, erfoliation of kidney, bladder, or urethra cells, leak-

age of transferrin-bound iron through the glomerulus or tubules, and

possibly transferrin catabolism in the kidney.17 Pu transferrin is less
,

stable than Fo transferrin;ss hence one might expect that a higher frac-

tion of Pu than Fe conid be filtered through the kidney. The daily uri-

nary clearance of iron is about 0.015-0.03 times plasma iron,78,77 which
|

*

appears to be less than the urinary clearance of Pa.8,18,11,17

Fecal clearance of iron may be about 0.10 times plasma iron,17 which |

is higher than fecal clearance of Pa, 8,18,13,17 particularly at times long
af ter inj ection. About ~one-third of fecal iron stems from biliary

secretions, with the remainder arising from desquamated intestinal

epithelial cells, and other digestive secretions.17 In rodents, much of

the fecal Pn comes from bile.?*

l

.

.

a

.

.

i-
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V. A NODEL FOR HE RETENTION AND-EXCRETION OF Pn BY HUMANS

In this section a mathematical model is described that quantifies

the processes described in the preceding section. A schematic diagram
> .

,

of the major compartments in the model and the main pathways among these
i

compartments is given in Fig.1. The model applies to persons'18 years
'

of age and older. Except where indicated by additional references, jus-.

tification for model components and parameters can be found in Section
IV. In this section we attempt to assign a most likely or most reason-

able " base case" vaine to each model parameter, and in the following

section we examine the sensitivity of the model to those parameters that
appear to be the most nacertain. Whenever a parameter appears to be a

function of the adult age, a separate vaine is assigned to the set of

ages 18, 24, 30, 40, 45, 55, 65, and 75 years; intermediate vaines are

estimated by linear interpolation between vaines at bounding ages from

this set.

t'

DISAPPEARANCE FRON BIAOD
.

Blood is regarded as a transfer compartment which feeds the skele- I

ton, liver, and sof t tissue compartments, and which receives Pu lost
,

from those compartments (except for a small amount of Pa lost in excre-
'

tion from the liver and from the cells of the urinary system). Although

blood is regarded as a single pool, removal of Pa from blood cannot be

approximated by a single exposential ters; this may result mainly from

the movement of Pu into and out of the extracellular finids, and to a

lesser extent from recycling of Pa from the major organs. Retention

R(t) of Pa in blood t days after introduction is estimated as
b

'
!

,

; R(t) = 0.52 exp(-50t) + 0.271 exp(-2.28t) + 0.172 exp(-0.58t).

+ 0.033 exp(-0.14t) + 0.004 exp(-0.0087t) .,

.

[ This retention function is based on data for humans as given in Table 3,

i but the coefficients were adjusted slightly to som to 1.0, and a long- |
term half-time of 80 days (rather than 88 days) was used since this

|

|
,
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Figure 1. Major compartments and pathways in the model for the .

retention and excretion of systemic Pa.
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1

half-time won 1d produce an apparent long-term half-time of about 88 days<

when recycling from skeleton, liver, and soft tissue is considered
explicitly. |

.
'

INITIAL DEPOSITION FRACTIONS IN THE THREE MAIN COMPARTMENTS

- For a given quantity of Pu reaching the bloodstream, a maall frac- ;
,

'

tion is excreted in urine and feces. It is assumed that eighty percent

of the non-excreted Pa is divided between the skeleton and liver, with |
the remainder going to sof t tissue.

.

The skeletal deposition fraction is assumed to vary slightly with

age before age 30 years. This feature is of marginal significance for

present purposes but is included for the sake of consistency with an
,
'

extension of this model that applies to children. (This extension will
appear elsewhere.)

It is assumed that the skeletal deposition fraction decreases

linearly from 60% at age 18 years to 50% at age 30 years and remains at
50% thereafter. These vaines also apply to Pu recycled from blood after

translocation from skeleton, liver, and soft tissues.*

1

THE MODEL FOR Pn IN THE SKELEION
~

.

Processes governing the uptake and translocation of Pa in the

skeleton, as discussed in Sect. IV, are summarized schematically in

Fig. 2. This figure shows the skeletal compartments used in the model,

and the pathways among these compartments. The model of the skeleton

will .be described through reference to the pathways indicated in this
,

figure.

<

Pa.thways L and K

*
It is assumed that 60% of the initial deposit in skeleton is on

trabeenlar surfaces and 40% is on cortical surfaces. These vaines

involve some arbitrariness but reflect the following considerations.
,

There is at least as much trabeenlar surface in the skeleton as cortical

surface, and possibly more.41-4s Thus, if Po deposited uniformly on all
surfaces, then at least 50% of the initial deposit in the skeleton

,

|

_ ._ _ _ _ . _ _ _ _ .. _ _..__ _ ____. _ _ _ _ . _ _ _ . _ . _ . . _ _ _
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Figure 2. Compartments and pathways in the model for the retention
and translocation of Pu in the skeleton.
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~ hon 1d be assigned to trabecular surfaces. Since it is known that Pns

deposits more heavily in areas of active marrow and since almost all

active marrow in admits is in trabeenlar bone, it seems reasonable to

assign more than 50% of the initial deposit to trabecular surfaces. On..

the other hand, the data in Tabic 10 suggest that trabecniar bone may

not contain any more Pa' than cortical bone af ter 1.3 years in a 65-
"

year-old man. Although there has been time for some translocation to.

occur (cf. Table 9 for beagles), the turnover rate for trabeenlar bone

in humans (as discussed later) is probably not high enough to have led

to a massive relocation during 1.3 years. Thus a 60%-40% division

between trabecular and cortical surfaces seems reasonable.

Pathways A, B, C, and D
,

Pintonium may be removed from surfaces either through burial by
formation of new bone (A and C) or through resorption by osteoclasts (B

and D). The rate of removal from surfaces by burial or resorption

depends on the age of the individual and on the bone-surf ace type (tra-
'

i
beenlar or cortical). There seems to be general agreement that cortical

turnover rates in adult humans average about 3% per year (but may vary
with age) and that trabecular turnover rates are at least 4 times higher.

than cortical rates.41,4 s, s* These are volume turnover rates; it is

assumed throughout that the surface turnover rate is the same as the

volume turnover rate for a given bone type.

j Bone formation rates used in this model are listed in Table 14 for
various ages. Formation rates chosen for cortical bone are based on

tetracycline studies of Frost for the sixth human rib.43 Cortical forma-

tion rates in the rib may be higher than in the long bones 17,41 and not

much different than in the 111am '' The rib may be a fairly representa-

tive bone for our purposes, considering that most of the initial deposit
.

of Pu is in the axial skeleton.

For ages 30 years and greater, it is assumed that trabecular bone

forms at a rate five times that of cortical bone. This approach is.

similar to that used in Publication 20 of the International Commission;

on Radiological Protection,42 where it was assumed that trabeenlar for-

nation rates are four times cortical formation rates on the basis of

- . - - . - . . . - - _ . . - . _ . - . . . - - - - - ._,..- - . - -..-. - . - . - - - . . . - -
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Table 14. Estimated bone formation and net bone loss rates at.various ages

Formation rate (y-1)" Net bone. loss rate (y-2)
,

Age (y)i

Cortical bone Trabecular bone Cortical bone Trabecular bone

18 0.135 0.285 0.0 0.0
| 24 0.067 0.255 0.0 0.0 w

#~30 0.018 0.09 0.0 0.0
40 0.018 0.09 0.0 0.0
45 0.037 0.185 0.007 0.007,

55 0.036 0.180 0.02- 0.02:.

65 0.040 0.20 0.01 0.01
75 0.044 0.22 0.005 0.005-

* Based on data of Frost 4 for cortical bone and on the assumptions
j given in the text for trabecular bone.

Crude estimates based on Refs. 82-86.

,
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similar differences in surf ace-to-volume ratios in the two bone types.

The higher vaine of five used here considers that some researchers now

estimate an even higher surface-to-volume ratio for-trabecular
.

"
bone . 4 3,4 s This vaine also leads to reasonable agreement with trabeca-.

lar tornover rates estimated using other approaches.s?,4 s,4 s, s4,se For ages

younger than 30 years, the assumption that the trabecniar formation rate
*

is a constant unitiple of the cortical formation rate at all ages does

not seen valid.se For ages 18-30 years we have used trabeenlar formation

rates based indirectly on strontium turnover rates in vertebrae (see
Refs. 80, 81).<

Bone resorption rates are calen1sted from Table 14 as bone forma-
tion rates pins net bone loss rates as estimated from various studies.e s-s e

Thus not bone loss is assumed to stem from resorption rates being higher

than formation rates. Cortical bone loss is assumed to equal trabeenlar

bone loss, and bone loss is assumed to be occur primarily from the mid-

die of the fif th decade to the middle of the seventh decade of life.as-se

In order to estimate rate constants for pathways A, B, C, and D, it

is necessary to understand the relationship between bone formation and-

bone resorption. There are two somewhat different pictures of this

relationship presented in the literature, depending (perhaps) on the
.

focus of the articles. In some articles, bone addition and resorption

are described as occurring on opposite sides of a bone (or bone tra-

beenla), so that the bone is continually "drif ting" in a given direc-

tion.48,s? Other authors describe resorption and addition as occurring in

the same location; first an area of bone is excavated by osteoclasts,

and then the same area is refilled with osteoid which is later mineral-,

ized.4s,se We believe that a suitable model that describes bone forma-

tion, loss, and replacement throughout life shon1d involve some combina-
!

tion of these models. Bone drif t may be the predominant process during
,

growth and perhaps into young admithood, but bone remodeling may not' -

invc1ve a great deal of drift after the skeleton has natured in11y.

If bone formation and resorption always occurred on opposite sur-
.

faces of a bone segment, then the removal rate for Pa on bone surface

wonid be approximately the som of the resorption rate A and the forma-g

tion rate A . On the other hand, if formation represented only the2
'

immediate replacement of resorbed bone, then the removal rate would be

.
.._. __ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . . . . . . _ _ _ . .
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i

approximately 1 and Pu wonid be buried in volume only by depositing in1
namineralized osteoid and moving to the mineralized surface maderneath

the.osteoid. In this model, an intermediate scenario is assumed as a

" base case," with the burial rate in bone volume being estimated as .

0.5 A , and the removal rate from bone surface being estimated as2

Ag + 0.5 1 *-

2
*

Pintonium resorbed by osteoclasts may be released and concentrated
by macrophages in bone cavities, particularly in marrow.88 The length of

time that Pu remains in these macrophages is not known. In beagles

receiving low doses of Pa, peak labeling of macrophages in bone marrow
was at two years post inj ection, and all labeled macrophages had disap-

peered at four years post inj ection.se This suggests a half-time in

beagles that is very short compared with two years, perhaps 0.25 years

or less. For lack of better information we have arbitrarily assigned a

" base case" vaine of 90 days as the ).alf-time in this compartment.

Some fraction of the Pu in re , orbed bone may be dissolved and recy-
cled erstemically without being takea -- by macrophages, and with little

or no sojourn time in the marrow. Since our model channels all resorbed -

Pu through the marrow with a 90-day half-time and since bone marrow

receives much of its absorbed dose from Pu on bone surfaces (at least
.

for the important Pa isotopes), the assumed half-time probably would not
lead to a significant naderestimate of dose to marrow. Moreover, as we

shall discuss later, estimates of activity in other sensitive tissues

are fairly insensitive to the estimate of the half-time in marrow, pro-

vided this half-time is relatively short compared with residence times

in other compartments of the skeleton.

|

| Pathways E and F

Pu buried in bone volume may eventually become volume distributed
i

as the bone section "drif ts" due to remodeling. The time required for

Pn to become volume distributed is assumed to depend on the bone turn-

over rate. If the resorption rate for trabecular bone is k per year -

(see Table 14), then some buried Pa might be resorbed in about

'1/k years, and it is assumed that all buried Pu is equally likely to be

resorbed by 2/k years after exposure. Here account anst be taken of the

___ _ _ . - . _ . _ . . . _ _ . - _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . - _ _ _ .. _
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fact that k varies with age. Because of the slow turnover time for-

cortical bone, much of the Pa buried in cortical bone may never be recy-
cled.

.

Pathways G, H, I, and J

Astoradiographs soggest that both local (G and H) and systemic (I,

and J) redeposition onto bone surfaces occars.es,s If Pa is released in

a highly vascularized area and more remote from bone surfaces, then,

removal in the bloodstream and possible systemic redeposition is likely.
If Pa is released in a less vascularised area, it is likely that some

' local redeposition will occur. The short time required for redistriba-
tion of Pa on bone surfaces in beagles (see Table 9, for example) is one
indication of the large amount of systemic redeposition that apparently
occurs. For a " base case" value we assume that 100% of the Pa in the

; transfer compartments is carried back to the bloodstream, from where it
may still be deposited on bone surfaces. Any error inherent in this
assumption is partially negated by the model because some of the Pa

*

assumed to be recycled via blood will be assigned to surfaces that
should have been assigned local redeposition.

*
i

HE N0 DEL FOR Pa IN HE LIVER

The retention and renoval of Pa by the liver canact be quantified
with much confidence on the basis of available data. However, the major
pathways for Pu in the liver are known; these pathways are shown
schematically in Fig. 3. It is known from animal studies that some Pa
may leave the liver in bile, that Pa is taken up by hepatocytes but

; later transferred to RE cells, and that Pa may reside for years in the
RE system, with the residence time possibly depending on the iron status

of the animals.es-va It is also suggested by autopsies of persons exposed.

to Pa several yetra previously that this nuclide may reside for many
years in the human liver.za,as

*

In this model three subcompartments are associated with the liver,
two associated with the hepatocytes, and the thf rd with the retienloen-
dothelial system. Pa is transferred initially from the bloodstream to
the hepatocytes, where it may be released and taken op by the first

{ __-. . .- . .-. -- - - - - - - - - - - - - - - - - - - ~ ~ ' ~ ~ ~ ~ ~ ~ ~'~
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j Ffgure 3. Compartments and pathways in the model for the retention
and translocation of Pu in the liver.
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subcompartment, consisting principally of the cytosol but also including
the cell membrane and extracellular spaces. Pu may leave this subcom-

partment either in bile at souc rate a day-1, or through its movement
into the second subcompartment, consisting of the subcellular organelles.

(particularly the mitochondria, microsomes, and lysosomes), at a rate of
; about 30s day-1 The ratio of removal rates (1:30) was determined from

a differential egnation describing the rate ef change of activity in the

" cytosol" compartment, assuming steady-state conditions. To determine
the ratio in this way, one needs to apply the following assumptions or
estimates: (1) at times remote from injection, the effective removal
rate from blood is about 0.9 day-1, and about 30% of Pu removed from
blood enters the "cytoso!" compartment; this compartment incIndes the
cytosol and cell membranes of the hepatocytes, pins extracellular spaces
around the hepatocytes; (2) one-third of fecal Pu reaches faces via bile

I formed in the cytosol compartment; (3) the daily clearance of Pu in
' feces represents about 0.024 times the activity in blood at times remote

{ from inj ection. The second assumption arises from the observations

that, even in rodents, much of the injected Pu reaches feces by non-*

biliary secretions and, in humans, about one-third of fecal iron stems

from biliary secretions. (Whenever overriding evidence is absent, it is
assumed that Pu behaves the same as Fe.) The third assamption is based
on data in Refs. 5, 9, 10, 12, and 17. Data on beagles indicate that

the removal of Pu from cytosol ocents with a half-time of a few days or
weeks.'1,78 Since the particular choice of a is not important as long as

| the removal rate fram the first compartment is large compared with that

; from the RE cells, we have arbitrarily assumed that the first compart--
; ment clears to the subcellular organelles at a rate of 20 times per
| year. It is assumed that Pn leaves the subcellular organelles and
|

| entsrs the third subcompartment, the RE system in the liver, upon death
*

of the hepatocytes, which is assumed to occur with a half-time of one

year; this approximates the turnover time of hepatic cells in rats and

mice.as,s* The value chosen for retention half-time in the subcellular
.

organelles is also not particularly important, as long as it remains
small compared with the half-time in the RE cells.

I
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The biological half-time of Pu in the liver in general, and in the

RE cells in partienlar, is not known but appears to be at least 5 or

10 years and possibly more on the basis of autopsy data. The net half-

time of Pn in the liver of beagles exposed to low levels of Pu is about -

10 years,8' and since the liver may receive Pu released from. the skeleton

and other organs (including the liver itseli), the actual half-time for
.

a single sojourn in the liver may be much less than 10 years. In this

model we assume that Pu is released from the RE cells to the bloodstream
with a half-time of 10 years, as a " base case" estimate (cf. Ref. 75).1

THE NDDEL FChi Pu IN THE SOFT TISSUE

Sof t tissue is assumed to consist of a single compartment which

receives approximately 20% of the Pu in the blood compartment. Pu is

assumed to be removed from sof t tissue back into blood with a half-time

of 500 days (cf. Refs. 5, 17).

'IHE NODEL FOR RECYCLING OF SYSTENIC Pa .

Pu reaching the bloodstream af ter removal from skeleton, liver, or

soft tissue is assumed to behave the same as the initial deposit in
,

blood.

THE NODEL FOR URINARY AND FECAL EXCRETION OF Pa

Pu in urine is assumed to come from two sources. Each day 2% of

the integrated activity in blood is assumed to pass directly into urine,

and 4% of the integrated. activity in blood is assumed to move into tis-

sees of the urinary pathway (kidneys, bladder, arethra), from which Pa

is eventually removed to urine with a half-time of 500 days (the half-

time of the soft tissue compartment). These vaines arise from the .

observations that, at equilibrina, perhaps 6% of the activity of blood

is excreted daily in urine (see Table 13), but soon af ter inj ection only
*

2% of the activity in blood is removed daily in urine (see Table 12), ,

Although removal from blood to urine is assumed to be independent of

age, the marked decrease in renal blood flow and glomerular filtration

rate that begins at about age 30 years *2,88 could lead to some age depen-

dence in this process.

I
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Ps in feces is assumed to come from two sources. First, 1.6% of

the integrated activity in blood is assumed to be removed via feces.

Second, approximately 3.5% per day of the activity removed from the

cytosol compartment of- the liver-is assaned to be removed to feces via
9

bile. Removal rates from blood to feces and frou cytosol to feces were

determined from the conditions that, at times remote from injection, (1)

two-thirds of the Pa in facss should arise from non-biliary secretions,.

and (2) an amount equivalent to 2.4% of the integrated activity in blood

should be removed each day in feces. These conditions were discussed
'

earlier.

The " base case" vaines for all pathway fractions and rate constants

appearing in the model are given in Table 15 for selected ages. The

ages chosen are those which are considered explicitly in the computer

code corresponding to our model; that is, the ages and " base case"

parameter values given in Table 15 are entered explicitly into the com-

pater code, and parameter values for intermediate ages are calculated by

linear interpolation. The ancertainties involved in choosing the " base

case" vaines have been emphasized throaghout the report. In the follow-
,

ing section we attempt to gain some understanding of the sensitivity of
model predictions to estimates of pathway fractions and rate constants.

.

|
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Table 15. Base case values of parameters for varions ages.

Age (years)
Parameter

3 24 30 40 45 55' 65 75

Cortical bone formation rate (y-a) 0.135 0.067 0.018 0.018 0.037' O.036 0.0 40 0.0 44

Trabeenlar bone formation rate (y-8) 0.285 0.255 0.09 0.09 0.185 0.18- - 0.20 0.22

Removal rate from marrow (y-8) 2.77 2.77 2.77 2.77 2.77 2.77- 2.77 2.77

Removal rate f rom sof t tissue (y-5) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Rate of net loss of cortical bone (y-1)- 0.0 0.0 0.0 0.0 0.0067 0.02 0.01 0.005

Rate of net loss of trabecular bone (y-8) 0.0 0.0 ' 0.0 0.0 - 0.0067 0.02 -0.01 0.005

Fraction of non-excreted Pu in 0.6 0.55 0.5- 0.5 0.5 0.5 0.5 0.5
blood going to the skeleton

Fraction of non-escreted Po in 0.2 0.25 0.3 0.3 0.3 0.3 0.3 0.3
blood going to liver (hepatocytes)

Fraction of non-escreted Pu in 0.2 0.2 0.2 0.2 0.2 0.2' O.2 0.2
blood scing to other soft tissue

Fraction of bone remodeling 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 |$
attributed to "drif t"

Fraction of skeletal Po going 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
to trabecular surfaces

Fraction of Pu released from 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
marrow going to blood

Removal rate from liver (y-8) 0.0693 0.0693 0.0693 0.0693 0.0693 0.0693 0.0693 0.0693

Removal rate from cytosol to subcellular 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
organelles in liver (y-8)

Removal rate f rom cytosol to bile (y-8) 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71

'"'',[***f[",','{**,# 0.693 0.693 0.693 0.693 0.693 0.693 0.693 0.693"
,,,, gy_,3

Removal rate from cells of 0.5 0.5 0.5- 0.5 0.5 0.5 0.5 0.5
urinary system to urine (y 8)

Fraction per day of integrated activity 0.06 0.06 C.06 0.06 0.06 0.06 0.06 0.06
in blood removed in erine (equilibrium)

Fraction per day of integrated activity 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024
in blood removed in feces (equilibrism)

__
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i

:VI. SENSITIVITY ANALYSIS |

The model describing the retention, translocation, and excretion of

Ps is a mechanistic model as opposed to a model derived simply fran
*

carve-fitting techniques. We first identified the processes governing

the translocation of Pa, and we then identified several physical enti-

ties, called compartments, that play some part in these processes.
,

'

Finally, we appealed to experimental data and physiological considera-
tions to gaantify the moyencat of Pa among these compartments. There
are sufficient experimental studies on both humans and non-hanans to;

justify the basic framework of our model, but in many cases there are

substantial ascertainties involved in assigning pathway fractions and

rate constants. To emphasize these nacertainties, we have referred to

cur estimates of the various model parameters only as " base case"
i values. In order to w,derstand how reliable the model is, it is neces-

sary to first determine how sensitive model output is to the various

model parameters, particularly those that are most ancertain.
'

In Figs. 4-12 we hase attempted to illustrate graphically the sen-
*

| sitivity of model output to the various model parameters. In each case
we have allowed one or two modci parameters to vary among conceivably

,

i realistic values (indicated in the legends) while holding all other.

parameters at the base case values givan in the preceding section.

Clearly this method does not give a complete picture of the nacertain-

ties associated with model predictions. However, the model involves

; several parameters, and it wonid be prohibitive to vary more of the

model parameters simultanoonsly in any meaningful way.
,

: In each of the figures, the " base case" vaine(s) of the varied

parameter (s) is given first, and this valas is used to produce the solid

carve in the figure. Thus, in each of the figures, the solid carve

reprocents model predictions based on all the " base case" parameter

!' vaines. Model predictions are expressed as fractions of an original

activity of 1.0 amit in blood (of a young admit, age 25 years) at time

zero..

i

The names of the input parametern in the following discussiont

correspond to the names in Fiss. 4-12 and in the computer program used
i

to calculate model output. These names are descriptive to same extent.

+

r
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iAn "A" at the beginning of a name indicates that the parameter is
. assumed to be age dependent. Names involving " LAM" (for lambda) indi-

cate renoval rates, and the last letter in such names indicate a pathway
indicated in Fig. 2 or 3. Names involving " FRAC" are pathway fractions..

ABPRAC--
.

ABFRAC (Fig. 4) is the fraction of (non-excreted) activity in blood
deposited in the skeleton. It is not surprising that an increase or

decrease-in ABFRAC resnits in a corresponding increese or decrease in

the activity'in the skeleton throughout life following exposure.
Activity in the liver wonid very in the opposite direction, since it is
assened that the som of the skeletal and hepatic depositions is constant,

at all times. Variation in ABFRAC has little effect overall on activity
in urine or total body under our assanptions, because of the large
amount of recycling between skeleton and liver and the fairly similar
biological half-times for a large portion of activity in the two organs.

,

,

IFRAC

TFRAC (Fig. 5) is the fraction of activity deposited in the skele-
.

ton that goes to trabecular bone. Higher vaines of TFRAC result in more

rapid loss of activity from skeleton and total body but generally higher
activity in liver. . These effects stem from the much higher turnover
rate for trabecular tone than for cortical bone. The larger the frac-

tion that goes to cortical bone (1.0 - TFRAC), the longer activity will
be retained in the skeleton and kept ont of the recycling and excretion
pathways.

IFRAC, JFRAC
.

IFRAC is the fraction of resorbed activity leaving cortical marrow
!

and spaces and being returned to blood, with 1.0 - IFRAC being redepo-
sited locally on cortice' surfaces. This is the pathway fraction.

corresponding to pathway I in Fig. 2. JFRAC is the analogous value for
activity removed from trabeenlar marrow and spaces. Only qualitative

information is available concerning IFRAC and JFRAC, and it is suggested
i

. .. . . - . .- . . - _ - - - . . . , . - - . . - - - _ - . - ~ . - ~ . , . - . . . . - . - - . - . - _ , . - -
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that both IFRAC and JFRAC are closer to 1.0 than to 0.0. As " base case"

vaines, we have chosen IFRAC = JFRAC = 1.0. Because of recycling from

blood to bone, any error in estimating local redeposition as zero is
overridden to soue extent. Decreasing both IFRAC and JFRAC leads to -

higher activity in the skeleton and total body and lower activity is
liver and urine (Fig. 6).

.

ACHI

ACHI (Fig. 7) is the fraction of remodelling attributed to "drif t. "
Thus, if ACHI = 0.2, then 80% of bone remodelling presumably would
involve bone addition at a recently resorbed location, while 20% wonid '

involve addition on one side of a bone element (such as a trabecula) and
resorption on the opposite side. Perhaps surprisingly, the general
location of activity as a function of time after exposure is affected
only slightly by the assumption concerning the partienlar form of bone
remodelling.

.

ALAMA, ALANC

ALAMA is the formation rate (yr-1) of cortical bone and ALANC is ,

the formation rate (yr-2) for trabeenlar bone. Activity in skeleton and
liver are fairly sensitive to these parameters (Fig. 8), which are known
only within a f actor of perhaps two for most ages. It would not be

surprising, for example, if the model predictions for activity in skele-
ton are too high or too low by a factor of 1.5 at times remote from
exposure because estimated bone turnover rates are too low or too high
by a corresponding factor.

ACLOSS, ATLOSS
.

ACLOSS is the rate of net loss (yr-1) of cortical bone; it is

assumed to be the difference between cortical formation and resorption
rates. ATLOSS is the analogous vaine for trabecniar bone. Higher -

values of ACLOSS and ATLOSS lead to lower activity in skeleton and total

body and higher activity in liver and urine af ter age 40 years (Fig. 9).

. _

- .
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ALAN

AL&E (Fig.10) is the removal rate (yr-1) of activity from both
. yellow and red marrow. Within a reasonable range of vaines, activities

in skeleton, liver, total body, and arine are all fairly insensitive to

ALANY since removal rate from marrow is fairly rapid compared with remo-
4

val rates from the major compartments..

ALAW

ALANN (Fig. 11) is the rate of removal (yr-1) of activity from sof t
tissue. Within a reasonable range of vaines of ALAIN, model output is
not particularly sensitive to ALAM since this vaine is short compared
with removal rates of the preponderance of activity in skeleton and
liver.

LANDAU

LANDAU (Fig. 12) is the rate of removal (yr-1) of activity from the,

liver (RE system) to blood. The vaine of LAMDAU is perhaps the most
significant nacertainty among all model parameters. Activities in

i liver, skeleton, total body, and urine are all strongly infinanced by*

LANDAU.

i

i

f

.

.

|
|

.
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VII. -COMPARISON OF MODEL PREDICTIONS WIIB HUMAN DATA;

There are three main sources of human data on the distribution, |

retention, and excretion of pistonism: (1) excretion and autopsy data f
for humans injected with Pu for experimental purposes; (2) excretion and |

*

,

autopsy data for perseas occupationally exposed to Pn; (3) and autopsy
data for persons exposed only to extremely low levels of pintonian fall-

,_

1out from nuclear weapons tests. Nach of this collection of data, par-

ticularly that from the experimental inj ection cases, was used in choos-

ing vaines of model parameters. Thus, in evaluating the model on the

basis of comparing observed data with model predictions, the dependence

(if any) of predictions on corresponding observations must be kept in

mind.

THE RATIO OF Pn IN SKELETON 10 Pu IN LIVER '

A crude estimate of the ratio of activity in the skeleton to

; activity in the liver several years after exposure to Pn can be made

from autopsy data for persons occupationally exposed or exposed only to,

low levels of radioective fallout. Of course, these data have the prob-

.
1em that the exposures were generally not acute and the time-course of

f* exposure is not known with much precision. (The preponderance of the
exposure to fallout occurred in the mid-1960's, and some estimate of the

i time and amount of occupational exposure is sometimes available.) A '

i related problem is the inhomogeneity of Pu distribution in the skeleton.

Autopsy samples from the skeleton are generally small and are asas117
: taken from the vertebrae, ribs, or sternam. Depending on the time since

Iexposure, the concentration of Pn in these bones may be much higher than
the skeletal ave, rage, or they may be f airly close to the skeletal aver-

I - age. In fact, data for beagles indicate that the distribution of skele-

tal Pu tends toward uniformity within a few years of exposure;4s,se,es,s4 ..

similar occurrence in humans might be expected to require many years,
however, because of slower skeletal remodeling in humans. Some esti-

*

mates of skeletal burden of Pu have been adjusted for skeletal inhomo-

geneity using data from humans, monkeys, and dogs,17,as,se while others
i3

have been based on the assumption of a uniform distribution in the

skeleton. Thus it wonid not be surprising if any estimate of the ratio

_ - -= .-- . - . _ _ _ - _ . - - . - . . - . _ . . - . - - . . _ . _ . - - - . . . . . . . - . - - - . - - - . - _ . - - -
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of _ skeletal burden to liver borden were in error by a factor of as much

as two. (The estimates for the henan injection cases shon1d be reason-

ably accurate, considering the extensive theoretical and experimental

analyses that have been done for those cases.s,ss,se,s s) A third problem is
,

that Pu concentrations in the autopsy samples, particularly those for

exposures from fallost, are extremely maall and may approach limits of

'detectability in many cases. Because of these varlons problems, it is -

clear 'that one shon1d not attempt any detailed comparison of model pred-
ictions with these autopsy data, although some broad comparisons may be

instructive.

Nenot and Stather1 complied a table of Pu concentrations in autopsy

tissues of ocenpationally exposed workers. It can be estimated from

their raw data that, as an average, the skeletons of these autopsy cases

contained about 1.6 times as much Pn as the livers, assuming sulform

distribution cf Pn in the skeleton. Since the time from possible first

exposure to death varied fram 1 to 30 years, it is probable that the

assumption of nalform distribution in the skeleton leads to an overesti-

mate of the skeletal burden in many of these cases (those whose primary ,

exposuree occurred only a few years before death).
An extensive study of the distribution of fallout pistonine in per-

sons in the United States was performed by McInter 3131.e s,es It is
*

apparent from these studies that the ratio of Po in skeleton to Po in

1'iver depends on the stage of life at which exposure ocentred, being4

near 1.0 for persons whose median age at death was about 60 years but

lying between 2.0 and 4.0 (depending on assanptions concerning unifor-
mity of distribution in the skeleton) for persons whose mean age at

death was near 28 years. Similar resnits for median age 28 years were

found by Fisenne 31 31.''

The autopsy data suggest the following: for persons exposed to Pu

during childhood or early admithood, the quotient R = Pu in skeleton /Pn ,

in liver may remain much greater than 1.0 for several years; for persons

exposed af ter early adnithood, R may not vary too far from 1.0 af ter
'

most of the activity has first reached blood. As indicated in Fig. 13,

these rather weak conditions are met by the model predictions.

_ _ _ . _ _ _ _ _ . . _ _ _ . _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ .
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Figure 13. Model predictions of the ratio of Pu in skeleton to Pui

in liver as a function of time after injection, for two different agus
at injection.
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Pa IN URINE AND. FECES

Parameter vainea for clearance of Pa in urine and feces were based
on data for Manhattan Project workers taken approximately 30 years after

'

exposure, together with data for injected hatans taken the first several .

weeks af ter inj ection. Comparison of model predictions for the first
138 days after injection with data from the injected patients are shown

*

in Fiss. 14 and 15. Since data points in these figures played some role
in the choice of model parameters, the curves (predictions) are not com-
plately independent of the data. On the other hand, the curves are pro-
deced by a mechanistic model and involve considerably more information
than is furnished by the data, so that the curves shon1d not be con- <

sidered empirical fits to the data.

Urinary and fecal clearance data have been obtained from one of the
inj ected patients at approximately 1.5, 4.5, and 27 years af ter inj ec-
tion and for a second patient at approximately 4.5 and 27 years after,

f inj ec tion. ',1* Nessured vaines are compared with model predictions in

Table 16. It appears from these limited comparisons that the model is a

reasonably good predictor of Pn excretion through 27 years af ter expo- -

sure.
1

Voeltz 31 31.s estimated body burdens, amounts in blood, and ari-
.

j nary and fecal clearance of Pn in Manhattan Project workers at approxi-
mately 32 years af ter exposure. Although estimates of total body-

activity were based partially on Langham's equations, " calculations were
' revised to give a more favorable comparisos of body burdens based on

urinalysis data and on available autopsy tissue vaines. "18 Voelz and

co-workers estimated that daily urine excretion of Pn ranged from

0.0002% to 0.0019% and averaged 0.0007% of the current body burdens.

Assaming approximately 75% of the original body burden of Pn is still
retained three decades af ter exposure (cf. the " base case" for total

body retention in Fig. 4), these estimates wonid correspond to a range -

of 0.00015% to 0.0011% of the original body burdens currently being

cleared each day in urine. Our model wonid predict a daily urinary
.

clearance that is near the apper limit of the estimates by Voels and

co-workers.
,

, ... - - - - - - . - - . _ , -.,.n.-.,,,,|.,-,-,,. ,.w..n.--~,--,---~n, - , , _ . - , , , - - - ,,,,_,__-.,,,,_n.n. . . , - . . . _ , , , - - - , , . .
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Table 16. Comparison of model predictions of urinary and fecal excretion of
Pa with observations on inj ected patients at 1.4 to 27 years af ter injection

Percent of inj ected Percent of injected j
Po in urine per day Po in feces per day |

Age of subj ect at time Days after

of measurement (yr) inj ection
Predicted Predicted

Measured Measuredby modd nodd

46 532 0.0020 0.0029
49 1,610 0.0011 0.0017'

53 1,645 0.0008 0.0017
76 9,934 0.0025 0.0012 0.0011 0.0005
72 10,008 0.0014 0.0012 0.0005 0.0005

. _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ .___ __ - - - _ _ - -
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It is interesting that our model predicts a temporary rise in
excretion of Ps beginning a few years af ter introduction to blood. In

fact, such a rise has been observed in Manhatt:in Proj ect workers. A
comparison of the trend in the observed data for one subj ect** with that

.

predicted by the model is made in Fig. 16. Since the total body burdens
of the Manhattan Project workers are not known very accurately, we have
normalized the. carve to agree with the data at age 40, which is near the .

minimum valso of both observations and predictions.

!
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VIII. SUMARY AND CONCLUSIONS

For several years occupational exposures to Pa have been estimated

using Langhen's arinary excretion carve
.

p

Y, = 0.20t-0.74 (t > 1) ,

I
- where Y, is the percentage of the inj ected quantity of Pa in urine dar-*

ing day t after introduction to blood. H is power fonction is an empir-4

ical fit to data obtained principally from injected humans op to 138
days after exposure and to a lesser extent from occupationally exposed
persons up to 1750 days after exposare. Thus, this curve should yield
fairly acesrate estimates of systemic bardens of Pa at times up to a few
months and reasonable estimates at times up to a few years after Pa has

j

first reached the bloodstream.
In recent years it has become evident from a variety of excretion

and autopsy data that Langham's equation will usually yield large
overestimates of the systemic burden of Pa at times much greater than
five years after exposure. The failure of this equation at times remote.

! from inj ection results from radical gaantitative changes with time in

: the processes governing the retention and excretion of Pa.
*

In the first few months af ter inj ection most of the inj ected Pa

resides on the bone surfaces and in the parenchymal cells of the liver

(hepa tocytes) . Activity on bone surfaces is gradually removed by bone
I remode111ag which serves to bury part of the activity in bone volume and

,

remove part of the activity to blood. Activity in the hepatocytes grad-

sally transfers to the reticoloendothelial system of the liver although

a small fraction of this activity may be lost in feces via bite.
,

: Activity initially taken up by other sof t tissues is returned to blood
,

'

i
with an average half-time of perhaps a few months or years, and thisI

! activity is available for early arinary or focal excretion, or for.

transfer to skeleton, liver, or other soft tissue.

Langham's equation was derived from data obtained principally dar-
*

ing the time that these initial processes were dominating, so that this

egaation reflects a gradast receding of much of the activity from poten-

| tial excretion pathways into the bone volume and liver RE system. After |

! a few years, however, much of this " buried" Pa may regain access to

r

i
. ._ . _ _ . _ _ , _ _ _ _ , _ _ _ _ . _ . . . . . _ _ _ , , , . _ _ . _ , - ,_
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blood, thereby increasing the urinary and focal excretion rates. In

particolar, the continual remodeling of bone gradually resnits in the

ancovering of Pa buried in the thin trabecalme on which much of the

skeletal Pa first deposited. Also, depending on the age of the exposed; ,

person, there may be a significant amount of osteoporosis (not bone

loss) that leads to removal of Pa from both cortical and trabecatar
bone. Less is known about the removal of Pa from the EE cells in the -

liver, bat evidence suggests that, eventually, much of the activity will

be removed from these cells to blood, perhaps in response to iron needs.

In this report we have attempted to develop a mechanistic model for

the retention and excretion of systemic Pa that quantifies these con--

trolling processes throughout admit life after introduction of Pa into

blood. It is evident from our discussion and sensitivity analysis that

there are substantial sacertainties related to some model parameters.
However, with our "best estimates" of model parameters, model pre.fic-
tions compare well with observations at times from one day to 32 ysars
after exposure.

j Our model predicts a total body retention of Pa that agrees well .

I with that predicted by Langham's egnations ur to about one year af ter
esposure. Beginning at about one year af ter injection, car model,

I *predicts a higher excretion rate than do Langham's equations. A c ompa r-
ison of total body retention of Pa over several years as predicted by

|

| our model and Langham's egnations is made in Fig. 17.
t As we have indicated throughost this report, the fraction R(t) of

j systemic Pa retained t days af ter introduction into the bloodstream

depends to some extent on the age of the individsal at exposure.

| Differences in R(t) with age at exposure, as estimated using our model,
are indicated in Fig. 18. The major differences with age that are

accounted for in our model are the decreased bone resorptica rate ir .se
;

i fourth decade cf life and the increased met bone loss after the fif th .

| decade, both of which rossit in generally larger valses of R(t) for

| yonager (adult) ages at exposure. However, since much of the decrease
*

in R(t) oceses daring the first year af ter exposure, due largely to

processes which are assneed to be independent of age, the effect of age

at exposare on R(t) is not great.

|

!
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d

*

It will be convenient for many purposes to provide a single expli-
cit retention function R(t) for gystemic Pa that is fairly representa-

tive of all adult. ages at exposare. The function

.

.

R(t) = 0.012 exp(-0.693t) + 0.02 exp(-0.03t) + 0.042 exp(-0.0028t)
+ 0.926 exp(-0.0000216t)

.

is a good approximation to model predictions of the retention of sys-
temic Pa any time t days af ter an igj ection which occurs during the mid- |

die years of life. Thus this expression might be assumed to hold for an;

I average adult. We emphasize strongly that this expression is simply a
fit to model predictions and that the individual terms have no apparent

j physical meaning whatever. The last term, which accounts for 92.6% of

the initial activity, would indicate a total body retention halftime of
about 90 years for the preponderance of injected Pa.

; In this report we have dealt only with the retention and excretion
of Pa siter its entry into the bloodstream. Typical occupational or
public exposures to Ps will be through inhalation or ingestion, or,

through womads. Thus, af ter exposare there will be some delay before Pa
'

reaches the bloodstream. In the case of ingestion this delay is short
and may be ignored. However, the fraction of ingested Pa that is*

absorbed into the bloodstream appears to depend strongly on chemical
j form and other f actors, and is not known very accarately even sader the

} most favorable conditions. In any case of exposare through weands, the
j delay in reaching the bloodstream and the amount that reaches the
! bloodstream depend totally on the conditions of the given case and can-
' not be discussed meaningfully in a general setting. Inhalation is by

far the most common and important exposare pathway for Pa. Retention of
three different solubility classes of Pa in the respiratory tract and
their translocation to blood can be estimated using the Task Group Lang,

'

Nodel of the ICRP, which was described in Ref. 98 and modified in ICRP

Publication 19.ss Discussions of the transport of Pa from the respira-
* tory or gastrointestinal tract or from wounds to the bloodstream, along

with numerons references, can be found in Refs.1, 21, and 22.

!
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