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Comments on the petition “Reporting Nuclear Medicine Injection Extravasations as Medical Events” (NRC-2020-0141) 

I am an employee of Lucerno Dynamics, the petitioner. I appreciate the NRC’s interest in receiving feedback on the 
petition. 

In the request for public comment, NRC asks specifically “If the NRC requires reporting of extravasations that meet medical 
event reporting criteria, should a distinction be made between reporting extravasations of diagnostic and therapeutic 
radiopharmaceuticals?” I am troubled by some of the public comments regarding a possible distinction because they 
reveal what I would consider to be a fundamental misunderstanding of the physics of dosimetry. The clinical intent of a 
procedure does not inherently limit radiation exposure; diagnostic radiopharmaceuticals can impart significant dose, just 
as therapeutic ones can. 

The belief that diagnostic radiopharmaceuticals are inherently low-dose may stem from a tendency to consider these 
substances only in terms of nuclear imaging. The 511 keV photons produced by positron annihilation only occur after the 
positron itself has been depleted of energy. For the case of 18F, the average positron energy is 250 keV which will all be 
deposited within local tissue. Likewise, 99mTc emissions do not consist only of 140 keV gammas. There are several low-
energy and low-intensity emissions that all result in incremental deposition of energy in local tissue. Even though the non-
penetrating emissions may only be 17 keV, the aggregate energy can be substantial. 

Another important factor that is perhaps overlooked is how radiopharmaceuticals reabsorb after having been 
extravasated. For example, 18F-FDG tends to reabsorb quickly because it is a glucose analog and can easily cross cell 
membranes. It is common for 18F-FDG reabsorption half-lives to be between 30 and 60 minutes, dependent on the 
patient’s local vascularization. On the other hand, 99mTc-MDP is a charged molecule and is limited in its ability to cross cell 
membranes—resulting in slower reabsorption. Delayed reabsorption, along with a relatively higher half-life, means that 
99mTc tends to remain within tissue and continue irradiating it for hours. 

I am the corresponding author on a peer-reviewed multi-disciplinary paper which is now in-press with the Health Physics 
Journal. The paper describes an improved method of dosimetry for radiopharmaceutical extravasations. Since the paper 
is not yet in print, I have attached a primer of the basic concepts. I’ve also attached a practical step-by-step worksheet 
that can be used to estimate radiation dose from an extravasation.  

As previously described, two bits of information are particularly important when assessing an extravasation: the rate of 
reabsorption and the absorbed energy per decay. The attached primer describes a method of estimating the rate of 
reabsorption by using serial measurements of the injection site. This can be accomplished with existing equipment by 
imaging the injection site periodically throughout the time following injection. Alternatively, Lucerno manufactures 
technology that can serve this purpose. Our technology alleviates the need for extra imaging and also provides far more 
data for accurately estimating reabsorption rate.  

The other piece of important information is the amount of energy absorbed by tissue per decay of extravasated 
radioactivity. Assuming uniform distribution of the activity within a sphere of tissue, absorbed energy depends entirely on 
the isotope and the volume of tissue. Since I propose standardizing the tissue volume used for calculations (just as the 
occupational dose limits do for skin exposure), the absorbed energy calculation is simplified and depends only on isotope. 
I have pre-calculated and supplied absorbed energy values for common nuclear medicine isotopes. 

Attached to this comment are three examples where I have used the calculation worksheet to perform dosimetry for 
representative scenarios. Each scenario is based on actual clinical cases, and each results in significant dose to tissue. The 
first example describes an extravasation of 18F and results in 1.48 Gy of absorbed dose to 5 cm3 of tissue. The second 
example involves 68Ga and results in 5.9 Gy, and the third example uses 99mTc and results in 5.5 Gy. These three examples 
show clearly that diagnostic radiopharmaceuticals can in fact result in doses that would be reportable as a medical event 
if not for the reporting exemption. 

With the attached dosimetry primer, calculation worksheet, and demonstration examples, I hope I have shown that the 
process of calculating dose from extravasations does not have to be a complex and onerous task. By making reasonable 



assumptions and pre-calculating numerical values, the process can be reduced to simple arithmetic without the need for 
specialized software or image analysis. One goal of the injection monitoring process should be to enable prompt 
identification of those times when an extravasation may lead to significant tissue dose. If clinicians are able to promptly 
identify extravasation events, they can immediately begin mitigations in order to reduce the tissue dose (e.g., saline 
flushing, warming, elevation, massage) and then also perform dosimetry in order to document the event and learn from 
it. 

I hope that this information has been helpful regarding the idea that diagnostic radiopharmaceuticals are inherently low-
dose. Its’s true that when injected properly, diagnostic imaging results in very low whole-body dose, but that’s not always 
the case if the injection is extravasated. I urge the NRC to be guided by scientific principles in this matter and remove the 
extravasation reporting exemption.  

 

Thank you 

Josh Knowland 



Extravasation Dosimetry Primer 
When a radiopharmaceutical injection is extravasated, some or all of the injected substance is deposited into tissue 
surrounding the injection site. Factors influencing the resulting dose to tissue and skin include the isotope, the volume of 
affected tissue, and the time the radioactivity remains within the tissue. The body will clear the extravasation through a 
process called reabsorption wherein primarily the lymphatic system collects the radiopharmaceutical and returns it to the 
blood stream. From the time of extravasation until the radioactivity is completely cleared (through both decay and 
reabsorption), tissue near the injection site is irradiated and absorbs radioactive dose. 

In fundamental terms, dose is defined as absorbed energy divided by the mass of the tissue affected. In order to perform 
dosimetry for a dynamic scenario such as an extravasation, four bits of information are needed: 1) the initial amount of 
radioactivity, 2) the rate at which the radioactivity is changing (decay and reabsorption), 3) the mass of affected tissue, 
and 4) the amount of energy deposited in the tissue for each radioactive decay.  

For the dosimetry method discussed here, the initial amount of extravasated radioactivity and its rate of clearance are 
estimated using serial measurements near the injection site. A standard volume (and mass) of irradiated tissue is used as 
a reference to enable comparison of events across providers and patients—similar to how occupational radiation dose 
limits use 10 cm2 as a reference area for skin. And finally, the energy deposited per decay is pre-calculated for common 
isotopes using Monte Carlo simulation. 

 

Step 1: Calculate Clearance Rate 
In order to calculate the rate of biological clearance for the extravasated radioactivity, serial measurements should be 
taken of the injection site. The measurements do not need to be quantitative, but care should be taken that they are 
accurate relative to each other. This process is simplified by the use of an injection monitoring system that continuously 
records radiation near the injection site, but other methods are also adequate—for instance, repeatedly imaging and 
analyzing the injection site. 

If measurements taken during the uptake time are not quantitative (i.e. they are in relative units instead of absolute), a 
quantitative measurement must be made at imaging time. This one measurement is used to appropriately scale the non-
quantitative measurements. 

Correct the uptake-time measurements for physical decay of the isotope (Table 1) so that they depict only the effects of 
biological reabsorption. Next, fit an exponential function to the decay-corrected uptake time measurements and scale it 
such that it passes through the one quantitative measurement at imaging time. This exponential fit characterizes the rate 
of biological reabsorption and is of the general form 𝑨𝑨(𝒕𝒕) = 𝑨𝑨𝟎𝟎 ∗ 𝟐𝟐(−𝒕𝒕 𝑻𝑻⁄ ), where 𝑨𝑨𝟎𝟎 is the initial extravasation radioactivity, 
and 𝑻𝑻 is the half-life of biological reabsorption. 

In order to fully characterize the extravasation with respect to both biological clearance and physical decay, the effective 
half-life is calculated as 𝑻𝑻𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒆𝒆𝒆𝒆𝒆𝒆 = �𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒑𝒑𝒑𝒑 ∗ 𝑻𝑻𝒓𝒓𝒆𝒆𝒑𝒑𝒓𝒓𝒑𝒑𝒓𝒓𝒑𝒑𝒕𝒕𝒆𝒆𝒓𝒓𝒓𝒓� �𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒆𝒆𝒆𝒆𝒑𝒑𝒑𝒑 + 𝑻𝑻𝒓𝒓𝒆𝒆𝒑𝒑𝒓𝒓𝒑𝒑𝒓𝒓𝒑𝒑𝒕𝒕𝒆𝒆𝒓𝒓𝒓𝒓�� . 

 

Step 2: Calculate Total Number of Decays 
Integration of the exponential function results in the total activity over time—known as the time-integrated activity. 
Because the function is exponential, integration is greatly simplified: 

𝒕𝒕𝒆𝒆𝒕𝒕𝒆𝒆 − 𝒆𝒆𝒓𝒓𝒕𝒕𝒆𝒆𝒊𝒊𝒓𝒓𝒑𝒑𝒕𝒕𝒆𝒆𝒊𝒊 𝒑𝒑𝒆𝒆𝒕𝒕𝒆𝒆𝒆𝒆𝒕𝒕𝒑𝒑 = �𝑨𝑨𝟎𝟎 ∗ 𝑻𝑻𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒆𝒆𝒆𝒆𝒆𝒆� 𝒑𝒑𝒓𝒓(𝟐𝟐)⁄ . 

The time-integrated activity has units of activity * time (e.g., mCi * minutes). Convert it to be in units of decays by changing 
activity to becquerels and time to seconds. The result is the total number of decays. 



Step 3: Calculate Total Absorbed Dose 
The final step is to calculate total absorbed dose by multiplying the total number of decays by the energy deposited per 
decay, and then dividing by the mass of the affected tissue. The amount of energy deposited per decay is dependent on 
both the isotope and the volume of tissue being considered. Since this method uses a standard tissue volume of 5 cm3 
(and a mass of 5 grams), the values have been pre-calculated for several common radiopharmaceuticals (Table 1). Select 
the appropriate value from Table 1 and multiply it by the total number of decays to find total absorbed energy. Finally, 
divide total absorbed energy by the tissue mass in kilograms to calculate absorbed dose. 

 

Practical Worksheet 
Attached is a practical worksheet that guides the user through the above dosimetry process step-by-step. It is designed to 
fit on one double-sided printed page. All required information is either provided on the worksheet or should be readily 
available in clinical records. 

Additionally, the worksheet includes a graph template that can be used to manually estimate the biological reabsorption 
half-life from a number of measurements. By plotting measurements onto the graph template, the reabsorption half-life 
can be determined without any need for numerical curve fitting software.  

Table 1. Pre-calculated data for physical half-life and absorbed energy per decay for commonly used isotopes. 

Isotope 
Physical 
Half-life 

(min) 

Absorbed 
Energy per 
decay (J) 

  Isotope 
Physical 
Half-life 

(min) 

Absorbed 
Energy per 
decay (J) 

C-11 20.4 5.94E-14   N-13 9.97 7.29E-14 
F-18 109.7 3.85E-14   O-15 2.04 1.02E-13 
Ga-67 4,696 7.19E-15   Ra-223 16,459 4.46E-12 
Ga-68 67.7 9.44E-14   Rb-82 1.27 1.66E-13 
I-123 793 6.63E-15   Sm-153 2,777 4.63E-14 
I-125 85,536 6.83E-15   Sr-89 72,821 8.33E-14 
I-131 11,550 3.19E-14   Tc-99m 360 2.79E-15 
In-111 4,039 7.99E-15   Tl-201 4,375 1.06E-14 
Lu-177 9,572 2.40E-14         

*Absorbed energy values were determined by Monte Carlo simulation of 100,000 decays uniformly distributed within a 5 cm3 sphere of water. 



Extravasation Dosimetry Worksheet 

Instructions Result Units Box # 
Take repeated measurements of radioactivity near the injection site. 
Measurements should be corrected for physical decay. n/a n/a 1 

Using curve-fitting software or the attached graph template, estimate the 
half-life of reabsorption in minutes. Record the value in Box_2.  min. 2 

Using Table 1, record in Box_3 the physical half-life in minutes for the 
isotope being used.  min. 3 

Calculate the effective half-life in minutes using the equation 
(Box_2 * Box_3) / (Box_2 + Box_3). Record the value in Box_4.  min. 4 

Record in Box_5 a quantitative measurement of extravasated radioactivity 
in mCi and in Box_6 the time it was taken relative to the injection in 
minutes. 

 mCi 5 

 min. 6 

Calculate the initial extravasation radioactivity in mCi using the equation 
Box_5 * 2(Box_6 / Box_4). Record this value in Box_7.  mCi 7 

Convert the initial extravasation radioactivity to units of bequerels by 
multiplying Box_7 by 37,000,000. Record the result in Box_8.  Bq 8 

Convert the effective half-life to units of seconds by multiplying Box_4 by 
60. Record this value in Box_9.  sec. 9 

Calculate the total number of decays using the equation 
(Box_8 * Box_9) / ln(2). Record the result in Box_10.  decays 10 

Using Table 1, record in Box_11 the absorbed energy per decay for the 
isotope being used.  J/decay 11 

Calculate total absorbed energy by multiplying Box_10 and Box_11 . Record 
the result in Box_12.  J 12 

Calculate total absorbed dose by dividing Box_12 by 0.005. Record the 
result in Box_13.  Gy 13 

 

Table 1. Pre-calculated data for physical half-life and absorbed energy per decay for commonly used isotopes. 

Isotope 
Physical 
Half-life 

(min) 

Absorbed 
Energy per 
decay (J) 

  Isotope 
Physical 
Half-life 

(min) 

Absorbed 
Energy per 
decay (J) 

C-11 20.4 5.94E-14   N-13 9.97 7.29E-14 
F-18 109.7 3.85E-14   O-15 2.04 1.02E-13 
Ga-67 4,696 7.19E-15   Ra-223 16,459 4.46E-12 
Ga-68 67.7 9.44E-14   Rb-82 1.27 1.66E-13 
I-123 793 6.63E-15   Sm-153 2,777 4.63E-14 
I-125 85,536 6.83E-15   Sr-89 72,821 8.33E-14 
I-131 11,550 3.19E-14   Tc-99m 360 2.79E-15 
In-111 4,039 7.99E-15   Tl-201 4,375 1.06E-14 
Lu-177 9,572 2.40E-14         

*Absorbed energy values were determined by Monte Carlo simulation of 100,000 decays uniformly distributed within a 5 cm3 sphere of water. 



Manual determination of biological reabsorption half-life from a set of relative measurements. 

Record measurements of injection-site radioactivity and correct them for physical decay of the isotope. For each decay-corrected measurement, draw a point onto 
the graph template. Always place the first measurement at the top left corner (0,1). 

For all subsequent measurements, calculate their value as a percent of the first measurement and draw their y-value at this percentage. When complete, determine 
the half-life of reabsorption by using the provided exponential curves as a guide. Each curve has its half-life value labeled. 



Extravasation  Dosimetry  Worksheet 


Units 
 Rox  # 
Result 
Instructions 


Take  repeated  measurements  of  radioactivity  near  the  injection  site 

1 
n/a 
n/a 


Measurements  should  be  corrected  for  physical  decay 


Using  curve  -fitting  software  or  the  attached  graph  template,  estimate  the 
 min 


half-life  of  reabsorption  in  minutes.  Record  the  value  in  Box  2 


Usign  Table  1,  record  in  Box  3  the  physical  half-  life  in  minutes  for  the 

3 
67.7 
isotope  being  used 


Calculate  the  effective  half-life  in  minutes  using  the  equation 

4 
min 


(Box_2  *  Box_3)  /  (Box  _2  +  Box_3).  Record  the  value  in  Box  4. 


5 
mCi 

Record  in  Box_5  a  quantitative  measurement  of  extravasated  radioactivity 


in  mCi  and  in  Box  _6  the  time  it  was  taken  relative  to  the  injection  in 


minutes. 

6 
min 


Calculate  the  initial  extravasation  radioactivity  in  mCi  using  the  equation 

7 
mCi 


0.8 
Box  5  *  2(Box,  _6  /  Box_4)  Record  this  value  in  Box  7 


Convert  the  initial  extravasation  radioactivity  to  units  of  bequerels  by 

8 


7 
 Bq 
1x1 
multiplying  Box  _7  by  37,000,  000.  Record  the  result  in  Box_8 


nvert  the  effective  half-  -life  to  units  of  seconds  by  multiplying  Box_4  by 


17 
 9 
Sec 

Record  this  value  in  Box  9 


culate  the  total  number  of  decays  using  the  equation 

10 
decays 
I 


7.85x1o 
(Box_  _8  *  Box_9)  /  ln(2).  Record  the  result  in  Box  _10 


Using  Table  1,  record  in  Box  11  the  absorbed  energy  per  decay  for  the 

'4 
 J/decay 
 11 


isotope  being  used 


2 


Calculate  total  absorbed  energy  by  multiplying  Box  10  and  Box  11  .  Record 

12 


0.0074 
the  result  in  Box  12 


Calculate  total  absorbed  dose  by  dividing  Box  _12  by  0.  .005.  Record  the 

13 
Gy 


result  in  Box  13 


Table  1.  Pre-calculated  data  for  physical  half-life  and  absorbed  energy  per  decay  for  commonly  used  isotopes 


Absorbed 
Physical 
 Physical 
 Absorbed 
O 


Half-lifeBnergy  per 
 Haif  -life  Energy  Per 

(min) 
 (min) 
 decay  (J) 


20.4 
 5.94E-14 
 9.97 
 7.29E-14 


109.7 
 3.85E-14 
 2.04 
 1.02E-13 


4,696 
 7.19E-15 
 16,459 
 4.46E-12 


67.7 
 9.44E-14 
 1.27 
 1.66E-13 


793 
 6.63E-15 
 SD 
 2,777 
 4.63E-14 


85,536 
 6.83E-15 
 72,821 
 8.33E-14 


11,550 
 3.19E-14 
 360 
 2.79E-15 


4,039 
 7.99E-15 
 4,375 
 1.06E-14 


9,572 
 2.40E-14 


*Absorbed 
 cnergy  values  were  determined  by  Monte  Carlo  simulation  of  100,000  uniformly  distributed  within  a  5  cm'  sphere  of  water. 




Manual  determination  of  reabsorption  half-life  from  a  set  of  relative  measurements 


Record  measurementsof  injection-site  radioactivity  and  correct  them  for  physical  decay  of  the  isotope.  For  each  decay-  -corrected  measurement,  draw  a  point  onto 


the  graph  template.  Always  place  the  first  measurement  at  the  top  left  corner  (0,1) 


For  all  subsequent  measurements,  calculate  their  value  as  a  percent  of  the  first  measurement  and  draw  theiry-  value  at  this  percentage.  When  complete,  determine 


the  half-life  of  reabsorption  by  using  the  provided  exponential  curves  as  a  guide.  Each  curve  has  its  half-life  value  labeled 
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Extravasation  Dosimetry  Worksheet 


Box  # 
Units 
Result 
Instructions 


Take  repeated  measurements  of  radioactivity  near  the  injection  site 

n/a 
 1 


n/a 


Measurements  should  be  corrected  for  physical  decay 


sing  curve-  -fitting  software  or  the  attached  graph  template,  estimate  the 

2 
min 


half-life  of  reabsorption  in  minutes.  Record  the  value  in  Box  2 


able  1,  record  in  Box  3  the  physical  half-  life  in  minutes  for  the 

3 
min 


6 
isotope  being  used 


Calculate  the  effective  half-life  in  minutes  using  the  equation 

4 
min 


(Box_2  * 
 Box_3)  /  (Box_2  +  Box_3).  Record  the  value  in  Box_4 


mCi 

7.1 
Record  in  Box_5  a  quantitative  measurement  of  extravasated  radioactivity 


in  mCi  and  in  Box  _6  the  time  it  was  taken  relative  to  the  injection  in 


minutes. 

min 


Calculate  the  initial  extravasation  radioactivity  in  mCi  using  the  equation 
 mCi 

21.5 
Box  5  *  *  2(Box  _6  /  Box_4)  Record  this  value  in  Box  7 


* 


Convert  the  initial  extravasation  radioactivity  to  units  of  bequerels  by 

8 
Bq 


multiplying  Box  _7  by  37,  000,000.  Record  the  result  in  Box  8 


Convert  the  effective  half-  life  to  units  of  seconds  by  multiplying  Box_4  by 

9 
Sec 


60.  Record  this  value  in  Box  9 


26 


Calculate  the  total  number  of  decays  using  the  equation 

10 
ecays 


9.92x10 
(Box_8  * 
 Box_9)  /  ln(2).  Record  the  result  in  Box  10 


Using  Table  1,  record  in  Box  11  the  absorbed  energy  per  decay  for  the 

/decay 
 11 


isotope  being  used 


2 


Calculate  total  absorbed  energy  by  multiplying  Box_  10  and  Box  11  .  Record 

12 


J 
0.02% 
the  result  in  Box  12 


Calculate  total  absorbed  dose  by  dividing  Box  _12  by  0.  .005.  Record  the 

3 
Gy 


result  in  Box  13 


Table  1.  Pre-calculated  data  for  physical  half-life  and  absorbed  energy  per  decay  for  commonly  used  isotopes 


Physical 
 Absorbed 
 Physical 
 Absorbed 


-life  Energy  per 
 life  Energy  per 
Isotope 


ecay  (D) 
(min) 
 (min) 
 decay  (J) 


20.4 
 5.94E-14 
 9.97 
 7.29E-14 


109.7 
 3.85E-14 
 2.04 
 1.02E-13 


4,696 
 7.19E-15 
 16,459 
 4.46E-12 


67.7 
 9.44E-14 
 1.27 
 1.66E-13 


793 
 6.63E-15 
 Sm-1458 
 2,777 
 4.63E-14 


85,536 
 6.83E-15 
 72,821 
 8.33E-14 


3.19E-14 
11,550 
 360 
 2.79E-15 


4,039 
 7.99E-15 
 4,375 
 1.06E-14 


9,572 
 2.40E-14 


*Absorbed  energy  values  were  determined  by  Monte  Carlo  simulation  of  uniformly  distributed  within  a  5  cm  sphere  of  water 




Manual  determination  of  reabsorptionhalf-life  from  a  set  of  relative  measurements 


Record  measurements  of  injection-site  radioactivity  and  correct  them  for  physical  decay  of  the  isotope.  For  each  decay-corrected  measurement,  draw  a  point  onto 


the  graph  template.  Always  place  the  first  measurement  at  the  top  left  corner  (0),1) 


For  all  subsequent  measurements,  calculate  their  value  as  a  percent  of  the  first  measurement  and  draw  their  y-value  at  this  percentage.  When  complete,  determine 


the  half-life  of  reabsorption  by  using  the  provided  exponential  curves  as  a  guide.  Each  curve  has  its  half-  life  value  labeled 
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