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ABSTRACT 

 

Depleted Uranium (DU) munitions were initially used by the United States (U.S.) 

military during the first Persian Gulf War in 1991 in order to penetrate heavily armored 

vehicles.  However, as a result of friendly fire, several U.S. military personnel received 

wounds from DU fragments and munitions.  One of the ongoing concerns for these 

wounded veterans is the potential long term exposure received from DU embedded 

fragments.  The United States Army Institute of Public Health (AIPH) is the first 

laboratory that analyzes the urine bioassays from Soldiers that are injured with DU 

fragments.  Many DU wounded personnel have been continuously monitored for urine 

uranium excretion for the past 24 years.  Urine uranium excretion data was evaluated in 

order to determine the efficacy of the NCRP 156 wound model and its default 

parameters.  The predicted urine uranium activity from NCRP 156 wound model 

parameters was compared to AIPH measured bioassay urine uranium activity.  The 

predicted urine uranium activity levels were within an average of 0.90 ± 0.95% of the 

actual measured urine uranium activity levels for the first four post-uptake sample days 

of 97, 162, 333, and 475; however, the predicted urine uranium activity levels were 

within an average of -38.09 ± 6.17% of the actual measured urine uranium activity levels 

for the last two post-uptake sample days of 499 and 518.  NCRP 156 predicted the 

measured levels of urine uranium activity within approximately 20% and was successful 

in predicting urine uranium activity from actual bioassay date from AIPH.  To date, there 

have been no clinical observations of deleterious consequences from embedded DU 

fragments and based on the NCRP 156 model predictions, there is a low probability of 

long-term effects associated with radiation exposure. 
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CHAPTER 1.  INTRODUCTION 

 

1.1  OVERVIEW 
 

Depleted Uranium (DU) munitions were first utilized by the United States (U.S.) 

military during the first Persian Gulf War in 1991 in order to penetrate heavily armored 

vehicles.  DU is a byproduct of the uranium enrichment process when 235U and 234U 

radionuclides are removed from naturally occurring uranium leaving 238U.  The end 

byproduct of enrichment is the creation of uranium metal having a content of radioactive 

material that is reduced to about 60% of natural uranium.  Natural uranium contains 

about 0.720% 235U (Parrington 1996).  DU contains 0.711% 235U by weight as defined by 

the Nuclear Regulatory Commission (NRC).  The Department of Defense (DoD) 

specifications state that DU used by the military will be 0.3% 235U by weight and claim 

the actual DU used in armaments is typically 0.2% 235U by weight.  Uranium mostly 

decays through alpha particle emission (ANL 2001).  The primary radiological hazard is 

associated with internal deposition of uranium.  This potentially arises through inhalation 

or wounds.  (Szrom 2004).  This thesis will focus on the contamination of wounds by DU 

metal, which is most frequently encountered when small DU fragments come in contact 

with the surrounding tissues at the wound site.   

DU is utilized as a kinetic energy munition in the form of a high-density rod, or 

penetrator, to pierce armored vehicles.  DU plays a vital component in military operations 

as it is twice the density of lead and relatively cheap to manufacture compared to other 

shielding and munition materials (Fetter 1999).  The DU munition is manufactured of 

solid DU and some alloyed materials within the body of the penetrator.  The tip of the 
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DU round is constructed from a non-DU plastic in order to improve the stability in flight.  

DU munitions undergo adiabatic shear and self-sharpen as they breach the armored 

targets.  In comparison, tungsten munitions become blunt, or “mushroom”, as they strike 

a target.  After impact, the extreme friction encountered during penetration causes very 

high temperatures and small particle fragmentation.  The particles in this extreme 

environment often ignite.  DU penetrators produce DU shrapnel and also target armor 

fragments as they penetrate a vehicle, thus disabling the vehicle and harming the crew 

(NCRP 2006).   

Several U.S. military personnel received wounds from DU fragments as a result of 

friendly fire.  Friendly fired DU munitions struck 6-Abrams tanks and 15-Bradley 

fighting vehicles during Operation Desert Storm (ODS) from the first Persian Gulf War.  

These DU accidents resulted in 11 deaths and approximately 50-severely wounded 

personnel in the form of burns, lacerations, fractured bones, and various internal injuries, 

many of which contained DU fragments.  One of the ongoing concerns for these 

wounded veterans is the potential long-term radiation exposure and biological effects 

received from DU embedded fragments (Fetter 1999).  The United States Army Institute 

of Public Health (AIPH) functions as the first laboratory that analyzes the urine bioassays 

from soldiers that are injured with DU fragments.  DU enters the body as fragments via 

shrapnel wounds as a DU round penetrates the target and causes shards of DU to injure 

the personnel inside.  DU may also enter the body as metal fume if the shield is ignited 

during combat.  Metal fumes present themselves as aerosols to be re-suspended if enough 

energy is added to a system, providing an inhalational hazard (NCRP 2006).   
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DU wound fragments may be surgically removed or left in place at the site of injury 

depending on the fragment size and location in respect to other anatomical structures.  

Smaller DU particles and fragments are frequently left in place due to the potential of 

surgical morbidity (McDiarmid 2004).  The committed internal dose from DU fragments 

is a function of contact time, particle solubility, and excretion rate (Army Environmental 

Policy Institute 1995).  The ongoing health concerns for DU wounded veterans is derived 

from the small radiological effects of DU, but primarily from the greater risk of chemical 

and heavy metal toxicity from uranium (Bakhmutskya 2011).  DU is radioactive as 

demonstrated in the decay scheme seen in Figure 1.1, but is not considered highly 

carcinogenic.  This lack of carcinogenicity is evident in occupational cohort studies 

involving individuals with higher exposures than Gulf War veterans (ATSDR 1999).  The 

highest radiation dose estimates for DU exposed veterans based on ICRP 30 calculations 

are estimated to be in the range of 0.001 Sieverts (Sv) per year and 0.053 Sv for 50 years 

(McDiarmid 2000).  Because committed dose equivalents and dose equivalent rates are 

so small, the chemical toxicity of DU is the primary concern due to nephrotoxicity, 

neurotoxicity, and reproductive toxicity (McDiarmid 2004).      
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       Figure 1.1  DU decay scheme 

1.2  NCRP 156 BIOKINETIC WOUND MODEL 

 

 The National Council on Radiation Protection and Measurements (NCRP) report 

No. 156 biokinetic wound model (Figure 1.2) consists of seven compartments, five for 

the wound site and two for the radioactive material leaving the wound site.  The five 

wound site compartments are comprised of: 

1) fragment;  

2) particles, aggregates, and bound state (PAB);  

3) trapped particles and aggregates (TPA);  

4) soluble; 

5) colloid and intermediate state (CIS).   
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The NCRP 156 model wound compartments are considered independent of the 

anatomical location of a wound.  NCRP assumes that the nature of the majority of 

injuries is that they occur in the shallow skin tissue or muscle.  The NCRP 156 model 

does not distinguish between wounds resulting from punctures, abrasions, cuts, or burns; 

however, the model does note that the level of injury severity will affect the biokinetics 

of the radionuclide at the wound site.  The physical and chemical properties of the 

radionuclides in the wounds are the basis for each compartmental representation.  

Radioactive material in the wound site is described as a fragment, particulate, solution 

form, or in a colloidal state.  Transfer solubility compartments is described as being first-

order kinetics.  The default retention categories for the NCRP 156 wound model were 

established as weak (W), moderate (M), strong (S), and avid (A) (NCRP 2006).     

 

 Figure 1.2.  NCRP 156 biokinetic wound model 
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Fragments and particles are considered solids in the NCRP 156 model.  Particles 

are deemed smaller than fragments with an upper limit of 20-µm diameter.  Particles may 

come from fragments that are composed from corrosion products ultimately experienced 

as contaminated material in the body.  The soluble compartment of the wound model 

represents radionuclides that are introduced in soluble form or originate from the 

fragment or PABS compartments.  Wound data from animal studies suggests that 

radionuclides in solution form have a wide range of biokinetic behaviors; thus, three 

compartments (CIS, PABS, and soluble) are used to describe their interactions in the 

wound model.  The three soluble-based compartments allow the model more 

mathematical flexibility for various wounds and differing radionuclides.  Interactions 

between the CIS and soluble compartments are highly dependent on the radionuclides 

aqueous chemistry and the potential for radionuclides hydrolyzing within the wound site.  

A radionuclide’s propensity for hydrolyzing in the wound determines its persistence in 

the wound site as an example.  Highly charged ions would be expected to bind with fixed 

tissue constituents.  Radionuclides that are soluble in saline have a higher tendency to 

move to the CIS compartment.  The PABS compartment involves particles, and those 

compounds in the CIS compartment that have aggregated.  Radioactive compounds in the 

PABS compartment are highly retained at the wound site or they may be transported into 

the lymph nodes via tissue macrophages (NCRP 2006).   

The Trapped Particles and Aggregates (TPA) compartment represents the 

alternating and dissolution biokinetic nature of particles, or foreign-body reaction, 

leading to fibrous tissue encapsulation of radioactive materials at the wound site.  This 

foreign-body reaction is dependent on the amount and size of the particles in question at 
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the wound site.  The effects of irradiation on the surrounding tissue from the encapsulated 

radioactive particle have not been fully studied to date.  Radioactive material transport 

from a fragment in the wound is not likely to be a factor due to the slow rate of corrosion 

for fragments compared to particles.  Hence, a separate “trapped fragment” compartment 

was not included in the wound model (NCRP 2006).           

1.3  ANIMAL STUDIES:  RATS IMPLANTED WITH DU FRAGMENTS 

 

 Urinary uranium excretion from DU metal fragments was researched in rats 

extensively in 2002 by Hahn et al.  Six rats were implanted with four 2.6 ± 0.1g DU 

metal wafers, two in each thigh muscle.  Urinary uranium excretion was measured 

periodically over the animal’s lifespan, which happed to be 530 ± 166 days.  Urine 

samples were collected daily from 2-days pre-implantation to 7-days post implantation, 

then twice weekly up to 28 days, weekly up to 88 days, then bimonthly up to 564 days, 

followed by monthly up to 664 days.  The daily urinary uranium excretion increased 

steeply during the first 30 days from zero to a peak value of 0.003 to 0.01% of the 

implanted DU per day.  The daily urinary uranium excretion was observed to be greatest 

at approximately 90-days post DU implantation.  The average daily urinary uranium 

excretion rate was 2.4 x 10-5 (24 ppm) per day for the first five months, then decreased to 

a level of 1 x 10-6 (10 ppm) per day for the remaining days of the study.  Overall, urinary 

uranium represented approximately 90% of soluble uranium that was cleared from the 

wound sites.  The other 10% of the DU metal fragments was retained in the kidneys or 

bones.  The total DU absorbed was estimated to be equal to 1.1 times the cumulative 

uranium excretion.  The DU implanted wafer fragments became corroded and 

encapsulated within dense mineralizing fibrous tissue up to 0.5-mm thick within one year 
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of implantation.  This encapsulation of DU fragments hindered uranium solubility and 

particle movement to the lymph nodes.  The total uranium absorption for rats surviving 

longer than one year was calculated to be 72 ± 4% of the total uranium absorbed during 

the first year from the DU wafer implants.  By day 662-post implantation, or near the 

time of death, uranium absorption was estimated to be 0.96 ± 0.55% of the total amount 

of DU deposited in the tissue.  The uranium retention in the wound was calculated to be 

99.0 ± 0.55% of the total amount implanted.  Wound retention was measured as 100% 

minus that fraction systemically removed (i.e. via dissolved uranium absorbed by the 

blood) or translocated to the lymph nodes.  The research concluded that essentially all the 

solubilized uranium makes it to the blood or the lymph nodes with only a very small 

amount going from fragment to the PABS compartment.  The published transfer rates for 

the retention of DU at the wound site is shown in Figure 1.3 (Hahn 2002). 

 

  Figure 1.3.  DU transfer rates at the wound sites from Hahn wafer study (2002). 

 Pellmar et al (1999) implanted rats with small cylindrical DU pellets (2x1 mm 

diameter) varying in number as either 4, 10, or 20 DU pellets with inert tantalum pellet 

fragments for a total of 20 metal pellets per rat.  The DU implant surface area for 20 

pellets was approximately 31.4 mm2.  The DU implanted rats were sacrificed serially at 1 
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day, and 1, 6, 12, and 18 months after implantation and urinary uranium samples were 

collected at each sampling time.  The maximum daily urinary uranium excretion rate was 

seen at 150 days post implantation compared to 90 days in the Hahn study; however, the 

Pellmar study did not take additional urine samples during the 1 to 6 month period post 

implantation.  The Pellmar data was similar to that of Hahn’s in regards to the maximum 

kidney uranium concentrations being observed at six months post implantation with a 

decrease between 60 and 70% of the maximum concentration at 18 months (Pellmar 

1999).  NCRP 156 noted that the variations in urinary uranium excretion data were 

possibly due to the initial DU surface area of the implants, i.e. pellets versus wafer sizes.  

The DU surface area from the Hahn DU wafer fragment study was estimated to be 320 

mm2 compared to 31.4 mm2 in the Pellmar DU pellet study.  Discrepancies in the rate and 

degrees of corrosion and encapsulation rates of the DU fragments could have also 

contributed to the urinary uranium excretion rate differences.  Both studies demonstrated 

that the biokinetics of uranium in the kidneys paralleled the kinetics of soluble uranium 

released from the wound site to the blood. 

 The Hahn DU metal wafer study data calculated the pattern of DU wound 

retention based on the urinary uranium excretion rates (Figure 1.4).  This data set 

demonstrated that urinary uranium levels were exceeded by twice the background level 

within 3 to 5 days post implantation.  Linear interpolation was used for intervals between 

collection dates.  The wound retention urine data showed a slow, continual release to the 

blood compartment from a small fraction of the implanted DU wafer fragments of 0.96 ± 

0.55%.  The Hahn study further demonstrated that there was not a long-sustained release 

of solubilized uranium from the DU wafers into the blood, especially after one-year post 
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implantation (Figure 1.5).  As mentioned earlier, the urinary uranium excretion rate 

increased for the first 90 days, then stabilized and slowly decreased over the life span of 

the rats.      
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Figure 1.4.  Wound retention data from Hahn DU wafer study (2002). 
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Figure 1.5.  Wound retention fractions from Hahn DU wafer study (2002). 

 1.4  HEALTH EFFECT STUDIES OF DU EXPOSED GULF WAR VETERANS  

 

 Veterans from the first Persian Gulf War and the ensuing conflicts in Iraq and 

Afghanistan that suffered injuries or wounds containing DU as a result of friendly fire 

have been monitored for health effects on a periodic basis.  The Baltimore Veteran’s 

Administration Medical Center (BVAMC) has been conducting medical surveillance and 

monitoring since 1994 with biennial assessments.  Medical surveillance includes a 

clinical assessment consisting of a detailed medical history, exposure history, physical 

examination, laboratory tests, and radiographic procedures to confirm existing DU 
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fragments.  Laboratory procedures tested hematologic and blood chemistry, 

neuroendocrine, immunologic, and genotoxicologic parameters including semen quality.  

Twenty-four urine samples were collected to evaluate the total urinary uranium levels and 

kidney function (McDiarmid 2004). 

 The clinical results in 2001 from the ten year follow-up study conducted at the 

BVAMC showed that veterans with confirmed DU fragments demonstrated higher mean 

urine uranium excretions compared to those veterans only exposed to DU without 

fragments and those with no DU exposures, either externally or internally.  Elevated 

urine uranium concentrations were more likely a result of very slow movement of DU 

particles from fragments in situ.  The other laboratory examinations revealed only a few 

abnormalities.  Kidney function tests were normal with only negligible perturbations in 

some of the proximal tubules of the kidneys.  It was noted in the ten-year follow up group 

that genotoxic tests showed a small association with hypoxanthine-guanine 

phosphoribosyl transferase (HPRT) mutations and higher urine uranium levels 

(McDiarmid 2004). 

 Another study involving seventy-four 1991 Gulf War veterans with known DU 

exposures was conducted in 2005 at the BVAMC.  Urinary uranium concentration levels 

were still elevated for those with DU fragments when compared to non-DU exposure 

populations.  Genotoxic tests in this cohort exhibited a weak association between HPRT 

mutations and elevated urinary uranium levels.  Overall, the clinical and medical 

examinations revealed no evidence of adverse health effects from DU retained fragments 

(McDiarmid 2007).  Thirty-five veterans from a cohort group of 77 Gulf War veterans 

were re-evaluated in 2007.  This group of DU exposed veterans demonstrated similar 
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results as the previously mentioned groups from 2001 and 2005.  However, this group 

demonstrated no statistically significant association between HPRT mutations and 

elevated urinary uranium levels (McDiarmid 2009).  The 20-year follow-up study group 

continued to demonstrate similar findings as the previous studies with sub-clinical 

observations and no clinical significant DU health effects (McDiarmid 2013).  

 Depleted uranium’s effects on the reproduction and development of a fetus have 

been studied as well.  The primary toxicity from DU comes from the chemical 

carcinogenic component only.  One study reported a correlation between increasing 

maternal DU levels in rats and elevated uranium levels in the maternal kidneys, placenta, 

and fetus, suggesting DU does cross the mammalian placental barrier.  However, DU 

dose levels were not reported during this study (Domingo 2001).  Another study on the 

effects of DU on mice fetuses was conducted in 2013.  This study concluded that DU 

concentrations greater than 5 mg/kg/day could cause toxicity in the form of decreasing 

the skull ossification of the mouse fetus (Mirderikvand 2014).  However, the DU doses 

administered daily to the mice is high when compared to the minimal DU fragment 

exposure a veteran may receive.  To date, no significant reproductive effects have been 

reported in veterans with embedded DU fragments.                    

1.5  OBJECTIVES 

 

The primary objective of this research is to evaluate the efficacy of the intake 

retention factors (IRFs) in modeling embedded DU fragments as listed in Appendix D 

Table D.4 in NCRP Report No. 156.  The IRFs in NCRP 156 are based on rat data 

collected from urine uranium concentrations.  Data from six urine bioassay samples, from 

an injured soldier with DU shrapnel fragments located in the leg and foot areas 
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bilaterally, obtained over a fourteen month period was received from AIPH in order to 

evaluate NCRP No. 156 IRFs.  This research study compared the injured soldier’s human 

urine uranium concentrations during this fourteen month span to predicted values 

obtained from the NCRP 156 wound model to determine if the published IRFs based on 

rat studies are consistent with the measured human urine bioassay data.  

 The secondary objective of this research was to determine if any adjustments to 

the NCRP 156 wound model would be necessary to better fit the actual human bioassay 

results.  Since human studies are difficult to conduct due to ethical concerns, the chance 

to compare human data from an actual wound case to the published wound model animal-

study-values is considered valuable and appropriate for future military operations and 

long-term healthcare of wounded veterans. 

 1.6  HYPOTHESIS TESTING 

 

NCRP Report No. 156 wound intake retention factor values are expected to 

accurately predict the residual urine DU bioassay levels from a wounded soldier with DU 

fragments, using the methods employed within the IMBA Dosimetric software and 

corresponding models.  

Null hypothesis (H0):  The NCRP Report No. 156 intake retention factors do 

accurately predict the urine uranium concentration levels of wounded veterans with 

embedded DU fragments. 

Alternate hypothesis (H1):  The NCRP Report No. 156 intake retention factors do 

not accurately predict the urine uranium concentration levels of wounded veterans 

with embedded DU fragments.    
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 The null hypothesis will be supported if the NCRP Report No. 156 intake 

retention factors predict the urine uranium concentration levels of wounded veterans with 

embedded DU fragments within 10% relative error.  A relative error of 5% would be 

considered a great fit to the model, while a 20% relative error would indicate a very poor 

fit.  A relative error of 10% or a large p-value would be consistent with the model, and a 

p-value of 1% would be strong evidence that the model is not valid with the data.  The 

alternate hypothesis will be supported if the NCRP Report No. 156 intake retention 

factors do not predict the urine uranium concentration levels of wounded veterans with 

embedded DU fragments outside a relative error greater than the 10% parameter.    
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CHAPTER 2.  METHODS AND MATERIALS 

 

2.1  DU BIOASSAY COLLECTION PROTOCOL 

 

 DU urine bioassays are collected from wounded veterans based on criteria of 

injury or suspected exposure to DU while conducting military operations while in 

garrison or deployed situations.  The U.S. military has established guidelines for DU 

exposures which involves organizing soldiers into three categories based on their 

potential of being internally exposed.  Level I DU exposures involve military personnel 

being directly injured while inside or near combat vehicles during the time of DU 

munition impact and also includes personnel entering a vehicle immediately after being 

hit by DU munitions.  Personnel in Level 1 may have been exposed to DU fragments 

through direct impact, inhalation of DU aerosols, ingestion, or settling of DU particles on 

open wounds, burns, or breaks in skin.  The Level 1 category also includes individuals 

being injured while inside a DU armored vehicle being attacked by non-DU munitions 

(Szrom 2004). 

 Level II DU exposures are comprised of military personnel or DoD civilian 

employees whose job requirements involve them working in and around military vehicles 

that contain DU particles or fragments.  This exposure group was not in the vehicle when 

struck by DU munitions and did not immediately enter the damaged vehicle after the 

incident.  Personnel entering DU damaged vehicles in the Level II category performed 

repairs, battle damage assessments, intelligence gathering, and explosive ordinance 

disposal; thus, the exposure times were kept to a minimum.  Suspended DU particles 

within the damaged vehicles had nearly already dissipated or settled before entering.  The 
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likely route of DU exposure for Level II was inhalation of DU re-suspension, ingestion 

via hand to mouth, or contamination from uniforms (Szrom 2004). 

 Level III DU exposures are essentially everyone else whose DU exposure was 

brief or incidental.  The Level III DU group includes those individual entering DU-

contaminated vehicles or equipment, or those who were downwind from burning vehicles 

and equipment struck by DU munitions, or downwind from burning DU munitions.  The 

Level III DU category route of exposure basically consists of inhalation of airborne DU 

particles.  Personnel in the Level III category may have received an exposure via 

inhalation; however, adverse health effects from this type of exposure are highly unlikely 

(Szrom 2004).              

 Soldiers returning from deployments must undergo several medical screenings 

after coming home.  One of the medical screenings involves a post-deployment health 

assessment (PDHA), DD Form 2796 found in Appendix A, which entails enquiring about 

the soldier’s exposure to a number of potential hazards while deployed downrange.  One 

of the questions asks if the soldier was exposed to DU directly and if they were involved 

in inspecting destroyed military vehicles.  If they answer yes to either question, the 

soldier will complete a DU questionnaire, which will determine their level of DU 

exposure as mentioned above.  If they are in the Level I category, then a 24-hour 

urinalysis is conducted.  The U.S. AIPH conducts the 24-hour urine collection and 

urinalysis.  If the soldier tests positive for uranium in the urine, they are referred to 

BVAMC for ongoing follow-up assessments (Szrom 2004). 

 I received DU urine bioassays results for Army personnel with suspected DU 

fragments from the U.S. AIPH and Mr. Gerald Falo of the Health Physics Department.  
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An estimated 2,500 individuals were sampled; only 8 people had positive results for DU 

in urine.  The data for those 8 positive results is listed in Table 2.1.  Note, the exposure 

date and summary exposure information were taken from reviews of the DU 

questionnaire and miscellaneous paperwork accompanying the specimens.  Some of the 

information provided was based on the recollections of the soldiers; therefore, some 

information was not available for proper review and research analysis. 
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Table 2.1 DU Urine Bioassay Positive Result Data from AIPH 
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2.2  DATA ANALYSIS 

 

 Considering the eight positive DU bioassay results from AIPH with suspected DU 

fragments, individual #5 provided the most complete data and information to test the 

NCRP 156 wound model IRFs.  The six DU urine bioassay values from the wounded 

soldier were modeled over a fourteen month period using published IRFs from NCRP 

Report No. 156 in order to test the predictive capacity of the IRFs listed in Appendix D, 

Table D.4.  The predicted (or calculated) urine DU bioassay values from the modeled 

period was compared to actual DU urine bioassay values collected during the fourteen 

month period from the data received from the AIPH regarding the wounded soldier with 

DU fragments.  The residuals between the modeled urine DU bioassay levels and actual 

urine DU bioassay levels were calculated for each specimen collected during the fourteen 

month collection period using the following equation: 

Percent Deviation = 
(𝑁𝐶𝑅𝑃 156 𝑀𝑜𝑑𝑒𝑙 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐷𝑈 𝑢𝑟𝑖𝑛𝑒 𝑏𝑖𝑜𝑎𝑠𝑠𝑎𝑦 𝑑𝑎𝑡𝑎)−(𝐴𝑐𝑡𝑢𝑎𝑙 𝐷𝑈 𝑢𝑟𝑖𝑛𝑒 𝑏𝑖𝑜𝑎𝑠𝑠𝑎𝑦 𝑑𝑎𝑡𝑎)

𝑁𝐶𝑅𝑃 156 𝑀𝑜𝑑𝑒𝑙 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐷𝑈 𝑢𝑟𝑖𝑛𝑒 𝑏𝑖𝑜𝑎𝑠𝑠𝑎𝑦 𝑑𝑎𝑡𝑎
 x 100% (1) 

 The initial uptake activity for DU was calculated using the published IRFs from 

NCRP 156 and the 238U urine concentration data obtained from AIPH.  The least squares 

fit method was utilized to estimate the amount of initial activity uptake for the DU 

wounded individual.   

 R2 = 
∑ 𝐼𝑅𝐹 𝑥 𝐷𝑈 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑈𝑟𝑖𝑛𝑒 (𝐵𝑞)𝑛

𝑖=1

∑ 𝐼𝑅𝐹2𝑛
𝑖=1

                                            (2) 
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The DU activity in the urine was calculated by multiplying the concentration of 

238U by the American standard value for the specific activity of DU, which is 12.4 kBq/g 

according to Argonne National Laboratory (ANL 2001). 

DU Activity (Bq) = 238U conc.(mg/L) x DU SA(12.4 Bq/mg)                 (3) 

 The estimate of the initial uptake of radioactivity obtained from Equation 2 was 

used along with the NCRP 156 wound model to determine the predicted rate of DU 

excretion and the estimated exposure of each soldier up to 10,000 days post intake.  A 

plot of the urine uranium activity (Bq) as a function of time post uptake was created using 

the NCRP 156 wound model along with Integrated Modules for Bioassay Analysis 

(IMBA) software.  Plotted against the predicted values were individual measured 

excretion values over the same time period.  Hence, the published IRFs listed in 

Appendix D, Table D.4, of NCRP 156 were used to predict the urinary uranium activity 

for up to 10,000 days post intake using the following equation: 

 Urine Act.(d) = A(intake) x IRF(d) (Bq)                                             (4) 

   The DU activity in urine obtained from Equation 3 using human urine bioassay 

data from Army Institute of Public Health (AIPH) was plotted along with the predicted 

urine activity values from Equation 4.   

2.3  AIPH DU CASE SELECTION 

 

 Considering the approximately 2,500 AIPH individuals who were sampled for 

suspected DU exposures, only 8-cases provided positive results for DU in the urine along 

with associated DU fragments suspected in the wounds.  The most suitable case for 

testing the NCRP 156 IRFs from the information in Table 2.2 provided by AIPH was 
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individual #5.  This individual case had the most complete data set that included six data 

points over a 14 month period, a known exposure date, and confirmed DU fragment in 

the leg and foot.  The other seven cases from AIPH listed in Table 2.2 were provided 

with incomplete collection dates, an unknown exposure date, conflicting DU fragment 

confirmation, or incomplete urine data.   

2.4  AIPH DU CASE ANALYSIS 

 

 Case analysis was conducted using the Integrated Modules for Bioassay Analysis 

(IMBA) Professional Plus bioassay analysis software, version 4.1.49.  The IMBA 

software was created by the United Kingdom’s (U.K.) Health Protection Agency in 

association with ACJ & Associates, Inc.  IMBA1 software uses the current ICRP 

biokinetic and dosimetric models for estimating internal doses and initial uptakes.  The 

IMBA software program has undergone extensive quality assurance tests and is 

considered routine in evaluating internal dose exposures by the Approved Dosimetry 

Services in the U.K. and is also supported by several organizations in the U.S. and 

Canada including the United States Department of Energy and the National Institutes of 

Occupational Safety and Health Administration (Birchall 2007). 

 The IMBA software, employed by Idaho State University IMBA Academic 

Edition package which allows the user to build and employ advanced dosimetry models 

within the IMBA suite, used NCRP 156’s biokinetic wound model and ICRP intake 

retention functions for DU fragments to calculate approximate intakes from urine 

uranium concentration laboratory measurements in order to provide bioassay predictions 

                                                           
1 Health Protection Agency; ACJ & Associates, IMBA Biomathematics Group, Chilton Didcot Oxon, OX11 
0RQ, United Kingdom 
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from the DU fragment case.  The IMBA Academic Edition also permits the user the 

ability to load the NCRP 156 wound model default parameters along with the bioassay 

data specific cases, in this instance case #5 from AIPH.  Therefore, IMBA computed the 

systemic circulation of DU from the fragment site to the blood and the removal of DU via 

excretion using the NCRP 156 biokinetic wound model.  IMBA also determined the total 

DU activity initially deposited in the wound site by taking into account the intake 

retention functions and uptake rates into the blood compartment based on the generic 

NCRP 156 wound model.               

2.5  STATISTICS 

 

 A chi-square test (χ2) is used to measure fit.  If the p-value associated with the 

chi-square test statistic is large, greater than 10%, the data fits the NCRP model well.  If 

the p-value is less than 1%, the model does not fit the data well at all.  The chi-square 

statistic describes the goodness of fit to a data set by measuring the disparity between 

observed data point and the predicted data point on a curve (Derryberry 2015).  The chi-

square equation used in evaluating the DU data was: 

 χ2 = 
1

µ′
∑ (𝑥𝑖 −  µ′)𝑁

𝑖=1
2                                                   (5) 

where µ’ represents the experimental data mean and 𝑥𝑖 represents a particular value in the 

set of data.  A chi-square of zero occurs when the predicted function matches perfectly 

with the expected data points; however, a perfect match is highly improbable due to 

measurement errors, so a “good” agreement is thought to exist when the chi-square value 

is approximately equal to the number of degrees of freedom (Knoll 2010).   
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 The chi-square test does not detect a non-random scatter bias around the fit of the 

curve to the data points; therefore, an autocorrelation coefficient value was applied to the 

data set.  The autocorrelation coefficient (ρ) was calculated using the following equation: 

  ρ = 
∑ 𝑅𝑖𝑅𝑖+1

𝑁
𝑖=1

∑ 𝑅𝑖
2𝑁

𝑖=1

                                                              (6) 

where N equals the number of residuals, Ri represents the ith residual in N residuals and ρ 

is a value between -1 and 1.  The autocorrelation coefficient is expected to be close to 

zero in totally random circumstances and a ρ value of 1 or -1 represents a less random 

scatter of data points around the fitted function curve.  The autocorrelation coefficient 

statistic can reveal a “poor” model fit to data resulting from non-randomness in bioassay 

data residuals and has been observed to be a useful statistical tool in bioassay analysis.  

The autocorrelation coefficient statistical test thereby offers a more rigorous evaluation to 

the fit of the case data than just the chi-square test by itself (Knoll 2010).  In general, if 

there is little autocorrelation in the data, ρ ≈ 0, then the interpretation of the p-value from 

the chi-square statistics is unproblematic.  However, if ρ is significantly different from 0, 

the p-values from the chi-square statistics are almost always biased.  If autocorrelation is 

a problem, the p-value from the chi-square statistic must be interpreted with caution 

(Derryberry 2015).  
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CHAPTER 3.  RESULTS AND DISCUSSION 

 

3.1  INITIAL DU UPTAKE CALCULATION ESTIMATE 

 

 The initial activity from the uptake of DU for the AIPH case #5 was calculated to 

be approximately 4.43 x 104 ± 3.12 x 104Bq (1.20 ± 0.84 µCi) based on the least squares 

fit method when inputted into an Excel spreadsheet using Equation 2.  The initial activity 

of DU uptake followed a Poisson distribution within two standard deviations and a 

confidence interval of 95%.   

Table 3.1 Calculation of Initial Activity Uptake from DU Shrapnel 

Days between sample collection IRF value Initial uptake 238U Conc.  

(Bq) 

Initial Activity 

 (µCi) 

97 2.46 x 10-5 4.16 x 104 1.12 

162 1.81 x 10-5 4.76 x 104 1.29 

333 7.07 x 10-6 3.86 x 104 1.04 

475 4.27 x 10-6 4.98 x 104 1.35 

499 3.93 x 10-6 6.97 x 104 1.88 

518 3.80 x 10-6 7.35 x 104 1.99 

 Least squares fit 4.43 x 104 1.20 

 

3.2  AIPH CASE #5:  PREDICTED VS. MEASURED URINE ACTIVITY 

RESULTS 

 

The initial uptake from the DU shrapnel as calculated using the least squares fit 

method was used to calculate the predicted urine uranium excretion over time. The 

predicted values were compared to the actual measured urine uranium activity excretion 

over time.  The predicted urine uranium activity levels were within an average of 0.90 ± 
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0.95% of the actual measured urine uranium activity levels for the first four post-uptake 

days of 97, 162, 333, and 475.  The predicted urine uranium activity levels in contrast 

were within an average of -38.09 ± 6.17% of the actual measured urine uranium activity 

levels for the last two post-uptake days of 499 and 518.  The values of the predicted 

uranium activity levels and the measured values in urine are provided in Table 3.2.  The 

corresponding percent differences associated with each measurement show the nature of 

predicted excretion compared to measured observations.  Figure 3.1 is a plot of the 

predicted urine uranium activity levels versus the actual measured urine uranium activity 

levels.  Figure 3.2 is a plot showing the percent difference between the measured urine 

activity versus the predicted urine activity.  The uranium activity level in the urine increased 

in the AIPH case on days 499 and 518.  This increase in uranium activity levels on days 

499 and 518 may be due to differences in diets and metabolic rates between humans and 

animals.  Chelating acting drugs or agents could also contribute to the larger percent 

difference seen in the predicted and measured values in the latter days.  Medication and 

nutritional information was not available for review and therefore was not considered in 

determining or adjusting urine activity values. 
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Table 3.2 Predicted vs. Measured Urine Uranium Activity Levels 

Days 

post 

uptake 

IRFs Predicted Urine 

Act. (Bq) 

Measured Urine 

Act. (Bq) 

%  

Difference 

97 2.46 x 10-5 1.0916 1.0238 6.62 

162 1.81 x 10-5 0.8018 0.8610 -6.87 

333 7.07 x 10-6 0.3134 0.2728 14.87 

475 4.27 x 10-6 0.1891 0.2125 -11.03 

499 3.93 x 10-6 0.1743 0.2742 -36.43 

518 3.80 x 10-6 0.1686 0.2797 -39.75 
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Figure 3.1.  Predicted Urine Uranium Activity Levels vs. Actual Measured Urine Uranium 

Activity Levels from DU Shrapnel Wounds of AIPH Case #5 
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Figure 3.2.  Percent Difference about the Predicted Urine Activity 

The percent difference for the first four data points comparing the predicted 

versus the actual urine uranium activity level resulted in an average difference of 0.9%, 

which supported the null hypothesis that the NCRP Report No. 156 model does 

accurately predict the urine uranium concentration levels of embedded DU fragments.  

Long term predictions increasingly deviated from measured values.  This difference was  

-39.75% by day 518.   

 Several factors could explain the larger percent difference for the latter post-

uptake days as seen in Table 2.4.  The NCRP 156 wound model prediction values are 

based on rat models with a specific amount of DU implanted into their musculature under 
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a controlled setting; whereas, the soldier in question from AIPH received his DU from 

shrapnel wounds with an unknown exact amount of DU throughout areas of his legs and 

feet to include muscles, bones, and other supportive tissues.  Hence, there may be 

important physiological differences in the way DU was embedded into different types of 

tissues.  The AIPH case may have involved uptakes into different body compartments 

with different retention rates which would not match the rat model specifically.  The 

larger uranium activity in the urine at days 499 and 518 may be a result of the uranium 

leaching into the blood compartment and thusly into the urinary system due to the 

different excretion rates of DU in bone versus muscle.  Also, the IRFs published in 

NCRP 156 were based on the predicted life expectancy of rats which have a much slower 

metabolism as they age; hence, the later IRF’s may not account for the life expectancy of 

humans and their metabolic functions as they age.   

Encapsulation rates and DU fragment mobility may also contribute to the 

disparity in the predicted versus actual urine uranium activity levels seen in this study.  

Encapsulation of DU fragments in the rat studies showed a resultant approximate 99% 

retention of uranium post one year implantation.  AIPH case #5 did not reflect those same 

results as urine uranium excretion actually increased fourteen months after receiving the 

DU wound.  Several factors altering encapsulation may attribute to the increased urine 

uranium excretion such as physical activity, medical procedures, chelating acting 

medications, or diet and nutritional changes.  Therefore, more information would need to 

be obtained to better understand the function of DU encapsulation and excretion rates.     

 The intake retention factors may need to be adjusted to better fit the human data 

and account for the differences in rat and human physiology.  More urine uranium 



32 
 

bioassay data is required to further validate the later published compartmental clearance 

rates in NCRP 156 in order to provide a better conclusion.      

The AIPH case #5 (Σχ2 = 1.31, p = 0.934) results indicated that an “optimum” fit 

to human DU contamination wound bioassay data is plausible when using the NCRP 156 

wound model parameters.  The AIPH DU bioassay data along with the NCRP 156 wound 

model was consistent with the null hypothesis.   

3.3 IMBA RESULTS AND FRAGMENT VERIFICATION 

  

The AIPH DU data was also tested with the IMBA software to verify that case #5 

was an actual fragment case and not a particle (avid, weak, moderate, or strong) or 

colloidal situation.  The NCRP 156 wound model fragment coefficients were modified 

with the appropriate coefficients for a particle, avid, weak, moderate, strong, or colloid 

wound model.  The urine uranium activity of the DU fragment using the different model 

coefficients was plotted over time and compared to the actual measured urine uranium 

activity level (Appendix B).  The IMBA results verified that the AIPH DU case #5 was a 

fragment case as the plotted urine uranium activity level curve most closely resembled the 

fragment curve model and not the particle, avid, weak, moderate, strong, or colloidal curve 

models.       
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CHAPTER 4.  CONCLUSION 

 

 Depleted Uranium (DU) munitions have been used with great success and also 

unfortunate detriment during the Persian Gulf Wars by U.S. military personnel.  Friendly 

fire accidents are a part of war and will continue to cause deaths, injuries, and ongoing 

concerns for wounded veterans wounded with DU and who are left with DU embedded 

fragments.  NCRP Report No. 156 was successfully used to predict uranium activity in 

urine.  The quantity of DU in these cases is very small and is thought to present no 

immediate or long-term adverse health effects.  Long term study of DU excretion in this 

and similar cases will provide valuable information for validating NCRP 156.   

 The urine uranium bioassay data from AIPH validated NCRP 156 based 

predictions of uranium urine excretion within 10% for periods of time up to 475 days 

post uptake.  NCRP 156 predicted the measured levels of urine uranium activity within 

approximately 20%.  More data corresponding with much longer post-uptake periods 

should be collected and analyzed to validate long term model performance, specifically 

considering physiological changes known to occur with age.   
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