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HEALTH SURVEILLANCE OF GULF WAR I VETERANS
 
EXPOSED TO DEPLETED URANIUM: UPDATING THE COHORT
 

M. A. McDiarmid,*† S. M. Engelhardt,† M. Oliver,*† P. Gucer,*† P. D. Wilson,‡ 

R. Kane,†§ A. Cernich,†§ B. Kaup,†§ L. Anderson,** D. Hoover,** L. Brown,†,†† 

R. Albertini,‡‡ R. Gudi,§§ D. Jacobson-Kram,*** and K. S. Squibb†‡ 

Abstract—A cohort of seventy-four 1991 Gulf War soldiers 
with known exposure to depleted uranium (DU) resulting from 
their involvement in friendly-fire incidents with DU munitions 
is being followed by the Baltimore Veterans Affairs Medical 
Center. Biennial medical surveillance visits designed to iden­
tify uranium-related changes in health have been conducted 
since 1993. On-going systemic exposure to DU in veterans with 
embedded metal fragments is indicated by elevated urine 
uranium (U) excretion at concentrations up to 1,000-fold 
higher than that seen in the normal population. Health out­
come results from the subcohort of this group of veterans 
attending the 2005 surveillance visit were examined based on 
two measures of U exposure. As in previous years, current U 
exposure is measured by determining urine U concentration at 
the time of their surveillance visit. A cumulative measure of U 
exposure was also calculated based on each veteran’s past 
urine U concentrations since first exposure in 1991. Using 
either exposure metric, results continued to show no evidence 
of clinically significant DU-related health effects. Urine con­
centrations of retinol binding protein (RBP), a biomarker of 
renal proximal tubule function, were not significantly different 
between the low vs. high U groups based on either the current 
or cumulative exposure metric. Continued evidence of a weak 
genotoxic effect from the on-going DU exposure as measured 
at the HPRT (hypoxanthine-guanine phosphoribosyl trans­
ferase) locus and suggested by the fluorescent in-situ hybrid­
ization (FISH) results in peripheral blood recommends the 
need for continued surveillance of this population. 
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INTRODUCTION 

MILITARY USE of depleted uranium (DU) munitions and 
DU armored vehicles during and since the 1991 Gulf 
War has given rise to concerns regarding the long term 
health effects of DU through exposure pathways unique 
to combat conditions. Due to the pyrophoric nature of 
DU, inhalation and ingestion of aerosolized particles of 
DU, primarily oxides, occur when DU armored tanks or 
other armored vehicles are hit by DU projectiles 
(Parkhurst et al. 2005). Soldiers in or on tanks receive 
inhalation exposures, and may ingest DU particles as 
they are cleared from the lungs by coughing and swal­
lowing. Wound contamination can also occur under these 
conditions. In addition to these short term exposures, 
some soldiers may receive shrapnel wounds in which 
fragments of DU metal become embedded in muscle 
tissue. This unique exposure pathway can give rise to 
chronic systemic exposure to DU as the DU metal 
fragments oxidize in situ resulting in continued release of 
DU to the blood (Squibb and McDiarmid 2006). 

The chronic health effects of DU in soldiers exposed 
under combat conditions are not completely understood 
despite a wealth of information on the toxicity of 
uranium (U) in other occupational exposure settings. 
This is due to the unique properties of this radioactive 
heavy metal and the difficulty in determining initial and 
long term exposure doses in individual soldiers. There­
fore, since the early 1990’s, the Department of Veterans 
Affairs (DVA) and the Department of Defense (DoD) 
have conducted a medical surveillance follow-up pro­
gram for veterans and active duty soldiers involved in 
military DU friendly-fire incidents (Hooper et al. 1999; 
McDiarmid et al. 2001, 2004, 2006). 

DU, a man-made form of uranium, is created during 
the uranium enrichment process when the 235U and 234U 
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isotopes are removed from natural uranium, leaving a 
uranium metal with a lower 235U/238U isotopic ratio and 
approximately 60% of the radioactivity of natural ura­
nium (Army Environmental Policy Institute 1995). Thus, 
DU poses a lower radiological hazard than natural 
uranium, but a similar chemical hazard to human health 
(The Royal Society 2001, 2002). The tissue distribution 
and chemical toxicity of U in mammalian systems has 
been intensively studied and is similar to many other 
metals (ATSDR 1999; McDiarmid and Squibb 2001; 
Parkhurst et al. 2005). The kidney is the primary target 
organ following acute exposures to soluble U compounds 
(Leggett 1989), while pulmonary damage can occur 
following inhalation exposures (Leach et al. 1970, 1973; 
Cross et al. 1981; Mitchel et al. 1999). Uranium has been 
shown to accumulate in the kidneys with chronic expo­
sures; however, the level of accumulation depends upon 
whether the rate of exposure exceeds the tissue elimina­
tion rate (Squibb et al. 2005). 

Based on DU’s isotopic composition, its radiation 
effects are primarily due to alpha particle emissions, 
which travel short distances in tissue and thus generally 
have local effects (The Royal Society 2002). A smaller 
contribution to tissue dose rates is made by beta particles 
released from the progeny product 234mPa (protactinium), 
which is in secular equilibrium with 238U. Beta particles 
penetrate greater distances in tissue, but beta particle 
radiation dose rates are one-tenth those from alpha 
particle emissions (The Royal Society 2002). In addition 
to the type of radiation emitted, tissue dose over time is 
also a function of the solubility of the U and the rate of 
tissue elimination of the metal (Eckerman 1988; Army 
Environmental Policy Institute 1995; The Royal Society 
2002; Parkhurst et al. 2005). 

Although in vitro studies provide evidence that 
natural and DU can be genotoxic (Lin et al. 1993; Miller 
et al. 1998, 2002, 2003; Stearns et al. 2005; Coryell and 
Stearns 2006; Knobel et al. 2006), these forms of 
uranium do not appear to be highly carcinogenic. Some, 
but not all, in vivo studies have reported induction of 
tumors in exposed animals (Maynard and Hodge 1949; 
Tannenbaum 1951; Maynard et al. 1953; Hueper et al. 
1952; Leach et al. 1973; Cross et al. 1981; Hahn et al. 
2002). In addition, epidemiological findings of occupa­
tionally exposed cohorts do not support the extrapolation 
of the animal and in vitro study results to humans. There 
is poor evidence for an excess cancer risk specifically of 
lung, bone or kidney (the most likely targets) in occupa­
tional cohorts (ATSDR 1999; Institute of Medicine 
2000). The lung cancer excess observed in U miners has 
been well documented to be attributed to radon present in 
the mines (Samet et al. 1989; Samet 1989). Radon is a 
more intensely radioactive constituent than natural U 

(Kathren and Moore 1986; Kathren et al. 1989), and this 
by-product of U decay is not present in DU, since U 
decay products are removed during the processing of the 
U ore (Papastefanou 2002). 

Based on this background knowledge, uranium’s 
chemical toxicity continues to be the primary focus of the 
surveillance of the Gulf War veterans, with emphasis on 
the target organs most likely affected by U and other 
heavy metals—the kidney, the central nervous system 
(Pellmar et al. 1999), and the reproductive system. In 
addition, genotoxic effects continue to be examined as an 
indicator of potential carcinogenicity of DU in this 
cohort. To date, six rounds of surveillance (1994, 1997, 
1999, 2001, 2003, and 2005) have been conducted on an 
in-patient basis at the Baltimore VA Medical Center 
(BVAMC). We report here results of the 2005 clinical 
assessment of this cohort, an almost 15-y follow-up since 
exposure first occurred during the Gulf War. 

For the first time, we are reporting an assessment of 
the relationship between health outcomes and cumulative 
exposure to DU, as well as the traditional current urine U 
metric used in past surveillance visits. Cumulative expo­
sure is an important consideration when addressing 
effects from a toxicant which has storage depots with 
long half lives, as is the case with many heavy metals 
(Jakubowski et al. 2002; Chia et al. 1997; Bleecker et al. 
2003) including U (Pellmar et al. 1999; Squibb et al. 
2005). 

MATERIALS AND METHODS 

A subset of 34 members of a larger dynamic cohort, 
which currently numbers 74 DU-exposed Gulf War I 
veterans who were victims of “friendly fire” (Squibb et 
al. 2005), underwent medical surveillance at the BVAMC 
between April and June of 2005. Four participants in this 
group were assessed for the first time; the others have been 
seen previously. 

Uranium exposure assessment 
Data analysis for this surveillance visit utilized two 

types of U exposure metrics. The first is consistent with 
the current exposure measure used for past surveillance 
visits (24 h urine U concentration at the time of the visit). 
The second is a cumulative U exposure metric that takes 
into account the duration of exposure as well as the 
intensity of exposure. 

Current urine U determination 
Twenty-four-hour urine specimens collected during 

the hospital surveillance visit were sent to the Armed 
Forces Institute of Pathology’s (AFIP) Department of 
Environmental Toxicologic Pathology (Washington, DC) 
for quantitative and isotopic composition analysis by an 
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Inductively Coupled Plasma-Dynamic Reaction Cell-Mass 
Spectrometer (ICP-DRC-MS) (Ejnik et al. 2000). A de­
tailed methodology was previously reported (McDiarmid et 
al. 2006). Briefly, urine samples were prepared for quanti­
fication by diluting the urine by a factor of four with 
deionized water. An internal standard at 500 pg 233U mL-1 

(CRM 111A, New Brunswick Laboratory, Argonne, IL) 
was used to correct for instrument drift and sample matrix 
effects. All solutions were prepared in 2% Optima grade 
nitric acid (Thermo Fisher Scientific Inc., 81 Wyman Street, 
Waltham, MA 02454). Quantification of U was achieved 
using an Elan 6100 DRC (Perkin-Elmer, 940 Winter Street, 
Waltham, MA 02451) ICP-MS. Each sample was measured 
in triplicate, and each measurement contained five repli­
cates of 49 sweeps. The ratio of 235U 238U-1 was calculated 
from the appropriate measured mass/charge signals. Urine 
U concentrations were corrected on the basis of urine 
creatinine concentrations to account for urine dilution to 
obtain µg U g creatinine-1 (Karpas et al. 1998; McDiarmid 
et al. 2000). 

Cumulative uranium exposure 
For the cumulative exposure measure, we con­

structed an integrated metric that is a function of the 
participant’s urine U value at each of the surveillance 
visits in which they participated and the time interval 
between each of the urine U concentration measure­
ments. An area under the curve (AUC) calculation was 
conducted by modifying the method reported by Chia et 
al. (1997) who utilized a linear formula for determining 
cumulative lead exposure. Modification of this formula 
resulted in an analogous integrated metric of U burden, a 
cumulative U index (CumU), based on urine U concen­
trations (UUr): 

CumU= 
njj-1 

[(ti+1 - ti) (UUri+1) + 0.5(ti+1 - ti) 
i = 0 

(UUri - UUri+1)], 

where UUri - UUri+1 are the ith and (i + 1)th UUr read­
ings and (ti+1 - ti) is the period between readings. 

Clinical assessment 
Thirty-four veterans participated in a 3-day, in­

patient hospital clinical assessment that included a de­
tailed medical history, an extensive exposure history, a 
thorough physical examination, and laboratory studies. 
The laboratory battery included hematological and blood 
clinical chemistry measures, neuroendocrine and geno­
toxicological parameters, and semen quality measures. 
Spot and 24-hour urine samples were obtained for 
measurement of clinical chemistry parameters related to 

renal function and for urine U determinations. Partici­
pants underwent a battery of neurocognitive tests as well. 

Hematological and renal toxicity measures 
Hematological parameters, serum and urine creatinine, 

Ca and PO4, and serum uric acid measures were evaluated 
by the VA clinical laboratory using standard methodologies. 
Aliquots of urine were taken and immediately neutralized 
using 0.5 N NaOH for f2-microglobulin analysis. They 
were analyzed by latex-enhanced nephelometry by Quest 
Diagnostics Incorporated (San Juan Capistrano, CA). Total 
protein was measured by Baltimore VA Clinical Laboratory 
using the M-TP microprotein assay from Beckman Coulter 
(Beckman Coulter, Inc., 4300 N. Harbor Boulevard, P.O. 
Box 3100, Fullerton, CA 92834-3100) that uses Pyrogallol 
Red for detection (Watanabe et al. 1986). The 24-h urine 
samples were collected in multiple containers per study 
participant and each container was analyzed separately for 
total protein. Due to fluctuations in protein excretion 
throughout the day, some of the individual samples con­
tained levels of protein below the limit of detection. In these 
instances, mean 24-h total protein values were calculated 
using one-half the detection limit (6 mg dL-1) divided by 
the sample creatinine concentration for samples with 
non-detectable protein concentrations. Markers of nephro­
toxicity were measured by the Department of Nephrology-
Hypertension, University of Antwerp (Edegem-Antwerp, 
Belgium). These measures included markers of glomerular 
or tubular dysfunction [urine retinol binding protein (RBP), 
and microalbumin (mAlb)], and cytotoxicity [urine 
intestinal alkaline phosphatase (IAP) and N-acetyl-D­
glucosaminidase (NAG)]. A detailed description of the 
methods used to test the markers of nephrotoxicity have 
been previously reported (McDiarmid et al. 2006). 

Neurocognitive/psychiatric assessment 
Four neurocognitive and psychiatric impairment 

indices were constructed from a battery of neurocogni­
tive tests described previously (McDiarmid et al. 2004). 
Three indices were derived from selected measures of the 
Automated Neuropsychological Assessment Metrics 
(ANAM) test system; one index was derived from a 
battery of six traditional neurocognitive measures. The 
Accuracy Index (percent correct), Speed Index (median 
response time for correct responses) and Throughput 
Index (a computed score combining speed and accuracy) 
were derived from the ANAM test system. The Neuro­
psychological Index (NP) was constructed from the six 
traditional test measures. Norms for the ANAM indices 
were established from tests given to U.S. Marine Corps 
recruits, mean age 19 y (range 18–28), mean education 
12 y (range 12–17 y) (Reeves et al. 1995). The N varied 
by test (range 84–196). The impairment index for the 



63 Gulf War I veterans exposed to depleted uranium ● M. A. MCDIARMID ET AL. 

traditional tests was based on published norms (Delis et 
al. 2000; Heaton et al. 2004; The Psychological Corpo­
ration 1997). These indices represent the proportion of 
scores falling one standard deviation below the mean. 
Hence, a higher proportional value indicates poorer 
performance. 

In addition to the above index scores used in our 
previously published work, an additional index based on 
ANAM test performance was computed. This additional 
index is called the Index of Cognitive Efficiency (ICE). The 
ICE was derived by weighting throughput scores from the 
individual ANAM tests and then combining them into a 
single score reflecting overall performance on the test 
battery. The weighting was done so that each score contrib­
uted equally to the overall index. For this index, higher 
scores are indicative of better test performance. 

Reproductive health measures 

Neuroendocrine parameters. Serum follicle stim­
ulating hormone (FSH), luteinizing hormone (LH), 
prolactin, thyroid stimulating hormone (TSH), free thy­
roxine, and total testosterone were analyzed at the Bal­
timore VA Clinical Laboratory by enzyme immunoassay 
using a Beckman Coulter Access 2 Analyzer. 

Semen characteristics. Semen was collected from 
study participants who agreed to participate in the semen 
analysis portion of the 2005 assessment (n = 25), including 
two men not evaluated in prior visits. Data were obtained 
from only 24 of these men, as one participant was azosper­
mic for reasons unrelated to Gulf War service. Analysis of 
semen volume, sperm concentration, total sperm count, and 
functional parameters of sperm motility was conducted as 
previously described (McDiarmid et al. 2004); however, to 
accommodate a new semen quality measurement Sperm 
Chromatin Stability Assay (SCSA), the initial processing of 
semen was altered for this visit (2005) to limit elevated 
temperature exposure of the semen until after an aliquot was 
removed for the SCSA. Semen samples were held at room 
temperature for the first 45 min after receipt from each 
participant to allow for spontaneous liquefaction. At the end 
of this time, aliquots were taken for SCSA. Starting at 1 h 
after sample receipt, all specimens were incubated for 30 
min at 37°C prior to additional analyses. Samples that were 
not sufficiently liquefied for analysis at the end of the room 
temperature incubation (n = 12) were treated with enzyme 
followed by bovine serum albumin (BSA) (McDiarmid et 
al. 2004) during this 37°C incubation. In some cases (n = 
2), BSA was added after 15 min of enzyme treatment 
because liquefaction was sufficient. In the remaining cases, 
BSA was added at the end of the 30 min incubation at 37°C. 
Only one sample was not liquefied at the end of 30 min of 

enzyme treatment, for which liquefaction was achieved by 
limited syringe treatment. 

Sperm chromatin stability assay (SCSA). Air 
displacement pipettors were used to aliquot for SCSA. 
For semen samples that were not completely liquefied, 
the pipettor tip was widened to permit aspiration. To 
determine the appropriate volume and number of aliquots, 
sperm concentration was estimated by microscopic exami­
nation of a cover-slipped wet mount of semen on a conven­
tional slide. Two or three aliquots of semen (200 or 250 
mL each), containing a minimum of 100,000 sperm per 
aliquot, were transferred to cryogenic storage tubes and 
stored on site in a liquid nitrogen dry shipper. At the end 
of each week, semen aliquots were sent to SCSA Diag­
nostics (Brookings, SD) in the same container used for 
storage. Duplicate analyses were performed on the semen 
from each participant by previously published methods 
(Evenson et al. 1980, 2002) and all samples were 
analyzed in the same assay. SCSA results were reported 
as DNA Fragmentation Index (DFI) and as the incidence 
of sperm with High Density Staining (HDS). 

Genotoxicity measures 

Chromosomal aberration (CA). Peripheral blood 
lymphocytes were cultured for the examination of back­
ground frequencies of CAs using standard methods 
(Evans and O’Riordan 1975; Swierenga et al. 1991). 
Briefly, cells were cultured for 48 h. After staining, 50 
cells were examined from each sample for CAs. 

Hypoxanthine-guanine phosphoribosyl transferase 
(HPRT) mutation assay. For HPRT mutation analysis, 
venous blood samples (30 mL) were obtained in heparin­
ized vacuum tubes in Baltimore and sent at ambient 
temperature by overnight airmail to the BioMosaics labo­
ratory in Burlington, VT. On receipt, blood samples were 
centrifuged and the mononuclear cell fractions (containing 
the lymphocytes) were separated, washed, counted, and 
cryopreserved in liquid nitrogen. Samples were analyzed as 
described previously (McDiarmid et al. 2004) within 
approximately 2 wk. The ratio of cloning efficiency (CE) 
in the presence of 6-thioguanine to the CE in the absence 
of 6-thioguanine selection defined the mutation fre­
quency (MF). 

Fluorescent in-situ hybridization (FISH) assay. 
FISH analysis of metaphase cells for the detection of 
low-level chromosome abnormalities involving targeted 
chromosomes was conducted by the University of Mary­
land School of Medicine Cytogenetics Laboratory (Balti­
more, MD) using the method described by Zhang et al. 
(1998, 1999). In this study, metaphase cells from peripheral 
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blood specimens were prepared using standard cytogenetic 
procedures. FISH was performed using a D5S721(5p15.2)/ 
EGR1(5q31) probe set, an ELN(7q11.23)/D7S486(7q31) 
probe set, an MLL probe set at 11q23, and a D13S319 
probe at 13q14 to detect abnormalities involving chromo­
somes 5, 7, 11, and 13, respectively. These probe sets, 
which can detect both numerical and structural abnormali­
ties of the targeted chromosomes, were chosen for this assay 
based on their use for surveillance of other chemically 
exposed groups, such as for benzene-exposed workers 
(Zhang et al. 1998) or for the clinical management of newly 
acquired hematological disorders (Dewald et al. 2005) or 
second malignancies incurred from cytotoxic therapy 
(Pedersen-Bjergaard and Rowley 1994). One hundred 
metaphase cells from each subject were examined with each 
probe set. These probes were obtained from Vysis (Down­
ers Grove, IL), and were validated in accordance with the 
recommendations of the American College of Medical 
Genetics. The hybridization procedures were performed 
following the manufacturer’s instructions. The images were 
acquired using an Olympus Provis (Olympus America, Inc., 
Two Corporate Center Drive, Melville, NY 11747) fluores­
cence microscope and an Applied Imaging system and its 
software (Applied Imaging Corporation, 120 Baytech 
Drive, San Jose, CA 95134-2302). 

Statistical data analysis 

Urine uranium as a binary variable. Two expo­
sure groups, high (n = 10) vs. low (n = 24) were 
determined based on each individual participant’s current 
(2005) urine U results or their cumulative urine U 
exposure metric. As in previous years (McDiarmid 2001, 
2004, 2006), high exposure was defined as current urine 
U concentrations greater than or equal to 0.10 µg U g  
creatinine-1, a value between 0.034 [the 95th percentile 
reported for creatinine-adjusted urine U concentration in 
non-exposed populations in the U.S. (NHANES 2003)] 
and 0.35 µg U L-1 reported as a urine U upper limit that 
can occur naturally in areas with elevated U in water and 
food (ICRP 1974). Data were also analyzed using the 
cumulative U exposure metric using a cut point of 10 µg 
U g creatinine-1 years. This cut point was chosen based 
on the distribution of the data, which showed a natural 
break at this cumulative dose. This cut point gave the 
same “n” value for the high U group as the 0.1 µg U g  
creatinine-1 current U cut point, but the individual 
participants in each group differed by one participant. 

Tests of differences in high vs. low urine U 
groups. For each outcome, differences in outcome mea­
sures of distribution location (e.g., median) between high 
and low urine U groups were examined using the 

Mann-Whitney U test (Wilcoxon rank sum test), which 
assumes equally-shaped distributions (Woolson 1987), 
although they can differ in their means. SPSS 12.0 
(Statistical Products and Service Solutions 2003) was 
used for these tests. To test the assumption of equally-
shaped distributions we used the two-sample version of 
the Kolmorogov-Smirnov test to compare the shapes of 
the distributions. In none of the comparisons did we 
detect significantly unequal distribution shapes. Hence, 
the Mann-Whitney exact test was used for all compari­
sons of high vs. low U groups. Mean differences were 
considered statistically significant when p < 0.05. How­
ever, attention was paid to differences with p values of 
0.2 or less because this is a surveillance program and it is 
important to look for sentinels of effect and trends in data 
from year to year. 

HPRT MF means were adjusted for cloning 
efficiency (CE) and age. Correction factors for CE and 
age were derived by combining the data from all three 
time points (2001, 2003, 2005) and regressing the natural 
log of mutation frequency (lnMF) on the age at that time 
point, CE and time point (a categorical variable). Subject 
identification (ID) was included as a categorical random 
effect to take into account the correlation between 
multiple observations on the same person (some of which 
is due to exposure). 

The coefficients for CE and age were then used to 
adjust the lnMF values to the average CE (0.28) and age 
(39). The coefficients were very similar to those previ­
ously obtained for healthy individuals (Finette et al. 
1994), which is reassuring. The adjusted values were 
computed as follows: 

lnMF_a1 = lnMF - 1.648(0.28 - CE) 

lnMF_a2 = lnMF - 1.620(0.28 - CE) 

+ 0.0116(39 - age). 

Test of association between natural logarithm of 
continuous urine U [ln(urine U)] and health outcome 
measures. Because of the possible presence of outliers, 
robust regression, which down-weights outliers, was 
used to study the association between the neurocognitive 
indices and the ln(continuous current urinary U). Be­
cause any non-linearity of continuous current urinary U 
in the linear regression model for the outcome measures 
could produce apparent outliers, we also studied the 
association between urinary U and FISH and HPRT using 
fractional polynomial transformations of ln(continuous cur­
rent urinary U). We tested the relative contributions of 
covariates to the fit by the process of backward elimination 
to determine whether any covariate would become signifi­
cant, or by testing the linear association between each 
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potential covariate and each outcome. Robust regression 
and fractional polynomial transformations were done using 
STATA 2003 (StataCorp 2003). 

RESULTS 

Thirty-four members of a dynamic cohort of 74 
veterans involved in “friendly-fire” incidents during the 
1991 Gulf War elected to participate in the health 
surveillance visit held at the BVAMC in 2005. Demo­
graphic characteristics of this sub-cohort, presented in 
Table 1, are similar to those of the full cohort with 
respect to age and race. 

Biological monitoring for uranium 
The distribution of the 24-h total urine U analysis 

for the 2005 sub-cohort are presented in Fig. 1. Uranium 
concentrations for this group ranged from 0.002 µg U g  
creatinine-1 to 44.1 µg U g creatinine-1. Values at or 
above a cut point of 0.1 µg U g creatinine-1 were from 
participants with known retained shrapnel fragments and 
U isotopic signatures indicative of DU. 

A comparison of the current and cumulative U 
exposure metrics determined for this cohort of Gulf War 
veterans indicated that they were highly correlated, with 
an R2 value of 0.827 (p = 0.000). Fig. 2 displays the 
distribution of the current U exposure metric in µg U g  
creatinine-1 ranked from low to high, paired with the 
same participant’s cumulative U exposure metric in µg U  
g creatinine-1 years. The participants falling into the high 
U group based on their cumulative U exposure metric 
being 210 µg U g creatinine-1 years are shown in the top 
group of circled points. The participants in the high U 
group based on their current urine U concentration being 
20.1 µg U g creatinine-1 are shown in the lower group 
of circled points. Although the number of participants in 
each of these groups is the same, the arrows indicate two 
individuals who changed groups based on these two 
exposure metrics differing definitions. 

Table 1. Demographic characteristics of the 2005 participantsa 

compared to all participants.b 

2005 cohort All participants 
n (%) n (%) 

RACE 
African American 9 (26.4) 24 (32.4) 
Asian American 1 (2.9) 1 (1.4) 
Caucasian 21 (61.8) 40 (54.1) 
Hispanic 2 (5.9) 8 (10.1) 
Native American 1 (2.9) 1 (1.4) 

AGEc 40.8 ± 5.7 y 39.2 ± 5.0 y 

a n = 34.
 
b All participants enrolled in DU Follow-up Program (n = 74).
 
c Mean age at time of 2005 evaluation (±SE, standard deviation).
 

Clinical findings 
There were no statistically significant differences 

observed between the high and low urine U groups in the 
hematology, serum chemistry and neuroendocrine pa­
rameters (data not shown). 

Renal parameters 
Results examining renal function from the 2005 

sub-cohort are displayed in Table 2 both as a function of 
the current U exposure metric (the 2005 urine U value in 
µg U g creatinine-1) and the cumulative U exposure 
metric (in µg U g creatinine-1 years). There are no 
statistically significant differences between the low and 
high U groups for any of the parameters measured 
regardless of which U metric was used for the compari­
son, except for serum uric acid which was lower in the 
high group with a p value of 0.03 for the cumulative U 
exposure comparisons. The difference between groups is 
small, is still within the normal range, and is not of 
clinical concern. In particular, other markers of proximal 
tubular function, such as concentrations of glucose and 
the low molecular weight proteins measured in urine (f2 

microglobulin and RBP) were not statistically different 
between the high vs. low U groups using either U 
exposure metric. 

Neurocognitive evaluation 
Responses assessed by the neurocognitive indices 

shown in Table 3 were within normal ranges regardless 
of whether respondents were in the high or low U group. 
There were no significant associations between any of 
the adjustment variables (age, IQ, and depression) and 
index outcomes, so these variables were omitted from the 
robust regressions. Consistent with previous years, there 
were no statistically significant differences in any of the 
neurocognitive indices between the high and low U 
groups, as defined by current U exposure. There were 
also no differences observed when using the cumulative 
U exposure metric. However, attention is given to prob­
ability levels of 0.2 or less as potential effect indicators, 
and therefore it is noted that those in the high current U 
exposure group had a lower mean ICE than the low 
current U group (p = 0.158), indicative of poorer 
performance. This difference was not seen using the 
cumulative exposure metric. Fractional polynomial anal­
ysis of the NP index, the ANAM indices, and the ICE did 
not show evidence of a significant relationship between 
DU exposure and these neurocognitive outcome mea­
sures (data not shown). 

Semen characteristics 
No statistically significant differences between urine 

U groups were noted in the World Health Organization 
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Fig. 1. Distribution of the 24-h total urine uranium analysis for DU-exposed veterans of Gulf War I from the 2005 
evaluation. The top two solid lines (65.1 µg L-1 and 9.1 µg L-1) represent the mean total urine uranium found in a 
sub-cohort of uranium fabrication workers in 1975 and 1980, as reported in a study by Thun et al. (1985). The dashed 
line (0.8 µg L-1) depicts an occupational exposure decision level used at the Department of Energy’s Fernald 
Environmental Management Project (McDiarmid et al. 2000; Fernald Environmental Management Project 1997) as a 
trigger for investigating work areas for sources of elevated uranium exposure. The dotted line (0.365 µg L-1) is an upper 
limit for the dietary contribution of uranium in urine for a general population from drinking water (ICRP 1974; 
McDiarmid et al. 2000). This value was calculated by dividing the upper limit for 24-h uranium excretion for “reference 
man” by 1.4 L/24 h. It is assumed that corrections per gram creatinine and per liter urine are generally equal for 
“reference man” and for this group of veterans with normal renal function. The bold solid line (0.1 µg U g creatinine-1) 
indicates the cut point established by the DU Follow-up Program to identify low vs. high urine uranium concentrations 
(McDiarmid et al. 2000). 

(WHO 1987) criteria semen characteristics using either 
the current U or cumulative U exposure metrics (Table 
4). The mean values for the Percent Progressive Sperm 
and the Percent Rapid Progressive Sperm, however, were 
lower in the high U group compared to the low U group 
using the current exposure metrics (p = 0.15 and 0.12, 
respectively). This was not observed in previous years, 
and may be due to the changes in sample handling 
required during this visit for measurement of sperm 
chromatin stability (see detail in Methods). 

Slightly higher mean DFI values were observed in 
the high U groups established by either of the U exposure 
metrics (with p values of 0.15 and 0.19 for the current 
and cumulative U metrics, respectively) (Table 5). The 
HDS parameter, however, was lower in each of the high 
U groups compared to their respective low U group 
means. Since a higher HDS value is indicative of 
immature chromatin processing the lower mean HDS 

value observed in the high U group does not represent an 
adverse effect. 

Genotoxicity 

Chromosomal aberrations. No differences be­
tween the low and high U groups using either of the U 
exposure metrics was observed using the Mann-Whitney 
exact test for baseline chromosomal aberrations in pe­
ripheral blood lymphocytes. The same was true when 
provocative treatment of cells in culture with bleomycin 
or mitomycin was performed (data not shown). 

Hypoxanthine-guanine phosphoribosyl trans­
ferase (HPRT) mutation assay. The Mann Whitney 
Exact Test was used to examine differences in MF by 
low current urine U levels (<0.1 µg U g creatinine-1) vs. 
high (20.1 µg U g creatinine-1) levels, and between low 
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Fig. 2. Distribution of the current and cumulative urine U values for the DU Follow-Up Program 2005 Cohort. The 
current urine U value for each participant is expressed as µg U g creatinine-1 and participants are ranked from lowest 
to highest along the x-axis based on their current urine U concentration (depicted by diamonds and triangles). The 
cumulative urine U exposure metric (depicted by circles and squares) expressed as µg U g creatinine-1 years was 
calculated for each participant and is directly above the participant’s corresponding current urine U values. The “high” 
U groups are defined based on either the participant’s current urine U (urine U above 0.1 µg U g creatinine-1) or their 
cumulative urine U exposure (cumulative urine U above 10 µg U g creatinine-1 years) and are grouped by the two large 
circles. 

cumulative urine U measures (<10.0 µg U g creatinine-1 

years) vs. high (210.0 µg U g creatinine-1 years) (Table 
6). Although mean MF adjusted for age and cloning 
efficiency was higher in the high current U group 
(21.64 ± 7.39 vs. 11.94 ± 1.73), the difference between 
the two groups was not significant (p = 0.17). However, 
that probability is within the level that commands our 
interest in this surveillance program. The difference in 
mean MFs for low vs. high cumulative urine U exposure 
were also approximately 2-fold and not statistically 
significant (p = 0.28). 

An analysis of the association between lnMF and 
ln(urine U) was done using fractional polynomial trans­
formations of the log of the continuous urine U, both 
current and cumulative. The association with current 
urine U had a p value of 0.016. The pattern was similar 
to patterns reported in 2001 and 2003. We did similar 
analyses in which all covariates (blood cloning effi­
ciency, current smoking, recent x rays, age) were entered 

and with backward stepping were removed one at a time 
for the current U exposure variable. None was signifi­
cant. No association was seen between lnHPRT MF and 
ln(cumulative urine U) in the fractional polynomial test. 

Fluorescent in-situ hybridization (FISH). Mann-
Whitney tests revealed that the total number of chromo­
somal abnormalities as measured by FISH were higher 
among those in the high cumulative U exposure group 
(mean of 0.9) vs. those in the low U group (mean of 0.5) 
with a p value of 0.08 (Table 7). Although those in the 
high cumulative exposure group were, on average, 1.7 
years older (not a statistically significant difference), this 
age difference was too small to clinically account for the 
group difference in total mutations. No significant asso­
ciations were found between total abnormalities and the 
natural log of continuously measured U exposure, either 
the current or cumulative, using the fractional polyno­
mial statistical technique. Of the potential confounders, 
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Table 2. Renal parameter comparison of low vs. high U groups determined by current and cumulative urine U in the 
2005 cohort. 

Low uranium High uranium Mann- Low cumU High cumU Mann-
a b c dgroup group Whitney group group Whitney 

Laboratory test (normal range) (mean ± SE) (mean ± SE) p (mean ± SE) (mean ± SE) p 

Urine creatinine (1.5−2.6 g/24h) 2.03 ± 0.09 1.91 ± 0.29 0.24 2.06 ± 0.09 1.85 ± 0.29 0.08 
Creatinine clearance (97−137 130.21 ± 7.14 135.21 ± 12.13 0.70 130.87 ± 7.26 133.58 ± 11.79 0.90 

mL/min) 
Urine calcium (100−300 mg/24h) 158.90 ± 21.83 199.04 ± 43.75 0.59 158.33 ± 21.65 200.28 ± 44.07 0.56 
Urine PO4 (0.4−1.3 g/24h) 3.04 ± 2.01 1.11 ± 0.34 0.29 3.06 ± 2.01 1.07 ± 0.33 0.27 
Urine glucose (0−0.5 g/24 h) 34.45 ± 33.37 0.26 ± 0.14 0.59 34.45 ± 33.37 0.26 ± 0.14 0.59 
Urine f2 microglobulin (0−160 µg/g 63.25 ± 6.75 71.05 ± 11.56 0.22 66.34 ± 6.80 64.25 ± 11.54 0.83 

creatinine) 
Urine intestinal alkaline phosphatase 0.34 ± 0.11 0.46 ± 0.15 0.67 0.33 ± 0.11 0.48 ± 0.14 0.52 

(IAP) (<2 U/g creatinine) 
Urine N-acetyl-f-glucosaminidase 1.51 ± 0.27 1.24 ± 0.15 0.96 1.50 ± 0.27 1.27 ± 0.15 0.90 

(NAG) (<5 U/g creatinine) 
Urine total protein (1−150 mg/24 h) 122.75 ± 26.80 89.30 ± 17.79 0.50 124.79 ± 26.73 84.40 ± 17.34 0.25 
Urine micro-albumin (<25 mg/g cre) 15.17 ± 9.88 3.55 ± 0.62 0.40 15.20 ± 9.88 3.47 ± 0.61 0.32 
Urine retinol binding protein 64.73 ± 6.59 71.45 ± 11.49 0.25 66.46 ± 6.80 67.65 ± 10.98 0.56 

(<610µg/g cre) 
Glucose (70−105 mg/dL) 107.00 ± 6.92 109.20 ± 7.41 0.67 107.75 ± 6.89 107.40 ± 7.60 1.00 
Serum creatinine (0−1.4 mg/dL) 1.06 ± 0.05 0.99 ± 0.03 0.72 1.06 ± 0.04 0.98 ± 0.04 0.56 
Serum calcium (8.4−10.2 mg/dL) 9.32 ± 0.06 9.46 ± 0.09 0.24 9.33 ± 0.06 9.42 ± 0.09 0.56 
Serum PO4 (2.7−4.5 mg/dL) 3.52 ± 0.15 3.47 ± 0.15 0.70 3.53 ± 0.16 3.43 ± 0.12 0.64 
Serum uric acid (3.4−7 mg/dL) 6.14 ± 0.27 5.35 ± 0.45 0.10 6.19 ± 0.26 5.22 ± 0.46 0.03 

a <0.10 µg g creatinine-1 (n = 24). 
b 20.10 µg g creatinine-1 (n = 10). 
c CumU <10.0 µg U g creatinine-1 y (n = 24). 
d CumU 210.0 µg U g creatinine-1 y (n = 10). 

Table 3. Comparison of measures of neurocognitive function in low vs. high U groups determined by current and 
cumulative urine U in the 2005 cohort. 

Low uranium High uranium Mann- Low CumU High CumU Mann-
groupa groupb Whitney groupc groupd Whitney 

Laboratory test (mean ± SE) (mean ± SE) p (mean ± SE) (mean ± SE) p 

NP index 0.08 ± 0.027* 0.09 ± 0.04 0.89 0.08 ± 0.027* 0.09 ± 0.04 0.89 
ANAM accuracy index 0.28 ± 0.05 0.36 ± 0.12 0.84 0.28 ± 0.05 0.36 ± 0.12 0.84 
ANAM speed index 0.22 ± 0.05 0.10 ± 0.04 0.24 0.22 ± 0.05 0.10 ± 0.04 0.24 
ANAM throughput index 0.24 ± 0.05 0.36 ± 0.12 0.62 0.26 ± 0.05 0.33 ± 0.12 0.90 
Index of cognitive 366.34 ± 14.272* 316.53 ± 32.61 0.16 359.62 ± 14.739* 331.97 ± 33.47 0.55 

efficiency—Revised 2005 

a <0.10 µg g creatinine-1 (n = 24 except * n = 23). 
b 20.10 µg g creatinine-1 (n = 10). 
c CumU <10.0 µg U g creatinine-1 y (n = 24 except * n = 23). 
d CumU 210.0 µg U g creatinine-1 y (n = 10). 

only age had any association with total mutations, so it 
was retained in the fractional polynomial models. No 
significant associations were seen in any of the statistical 
tests between the current measure of U exposure and total 
chromosomal abnormalities measured by FISH. 

It is difficult to interpret a result from so few cases, 
but this discrepancy between the Mann Whitney and 
fractional polynomial results for the cumulative exposure 
and total number of chromosomal abnormalities could be 
described as an association that is not linear or curvilin­
ear, but rather a general grouping of those with higher 
numbers of abnormalities (i.e., a threshold) in the high 
cumulative exposure group. This observation provides 
suggestive evidence of an association and in this surveil­
lance program is sufficient incentive to continue to 

monitor the association as the cumulative U dosage 
increases. 

DISCUSSION 

The principal finding from this DU Follow-up Pro­
gram medical surveillance visit continues to be that urine U 
excretion is significantly higher in veterans with confirmed 
retention of metal fragments in soft tissue compared to 
either those DU-exposed veterans without fragments 
(Hooper et al. 1999; McDiarmid et al. 2000, 2001; Squibb 
and McDiarmid 2006) or a comparison population of Gulf 
War deployed, but not DU-exposed veterans (McDiarmid et 
al. 2000). Multiple smaller fragments remain in some 
veterans despite surgeries because the fragments are not 
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Table 4. Comparison of sperm characteristics in low vs. high U groups determined by current and cumulative urine U 
in the 2005 cohort. 

Low uranium High uranium Mann- Low cumU High cumU Mann-
Laboratory test groupa groupb Whitney groupc groupd Whitney 
(normal range) (mean ± SE) (mean ± SE) Test (p) (mean ± SE) (mean ± SE) Test (p) 

Days abstinence (2−5) 4.89 ± 0.86 4.25 ± 0.75 0.98 4.74 ± 0.82 4.57 ± 0.78 0.61 
Semen volume (2−5 mL) 3.40 ± 0.64 4.08 ± 0.99 0.26 3.38 ± 0.60 4.22 ± 1.14 0.33 
Sperm concentration 159.66 ± 39.19 168.75 ± 66.77 0.74 156.64 ± 36.93 177.37 ± 76.45 0.71 

(>20 million/mL) 
Total sperm count (>40 466.96 ± 110.27 535.78 ± 185.40 0.98 459.25 ± 103.87 564.33 ± 211.52 0.95 

million) 
Percent motile sperm 60.38 ± 3.42 49.75 ± 7.44 0.24 59.76 ± 3.27 49.71 ± 8.59 0.32 

(>50%) 
Total progressive sperm 138.34 ± 44.71 149.70 ± 72.11 0.61 133.17 ± 42.32 163.88 ± 81.64 0.76 

(>20 million) 
Percent progressive 28.94 ± 3.12 20.38 ± 4.81 0.15 28.12 ± 3.04 21.14 ± 5.48 0.29 

sperm (>50%) 
Total rapid progressive 80.70 ± 26.72 95.33 ± 50.50 0.53 77.14 ± 25.35 106.07 ± 56.98 0.66 

sperm (>10 million) 
Percent rapid progressive 18.44 ± 2.66 11.63 ± 3.54 0.12 17.71 ± 2.61 12.43 ± 3.98 0.23 

sperm (>25%) 

a <0.10 µg U g creatinine-1 (n = 16). 
b 20.10 µg U g creatinine-1 (n = 8). 
c CumU <10.0 µg U g creatinine-1 y (n = 17). 
d CumU 210.0 µg U g creatinine-1 y (n = 7). 

Table 5. Comparison of sperm chromatin stability measures in low vs. high U groups determined by current and 
cumulative urine U in the 2005 cohort. 

Semen parameter 

Low uranium 
groupa 

(mean ± SE) 

High uranium 
groupb 

(mean ± SE) 

Mann-
Whitney 

p 

Low cumU 
groupc 

(mean ± SE) 

High cumU 
groupd 

(mean ± SE) 

Mann-
Whitney 

p 

DNA fragmentation index 
High density staining 

18.28 ± 2.01 
10.34 ± 1.21 

18.95 ± 7.66 
7.88 ± 2.32 

0.15 
0.15 

18.06 ± 1.90 
10.00 ± 1.19 

19.59 ± 8.81 
8.36 ± 2.62 

0.19 
0.38 

a <0.10 µg U gcreatinine-1 (n = 16). 
b 20.10 µg U g creatinine-1 (n = 8). 
c CumU <10.0 µg U g creatinine-1 y (n = 17). 
d CumU 210.0 µg U g creatinine-1 y (n = 7). 

Table 6. HPRT mutation frequency comparisons of low vs. high U groups determined by current and cumulative urine 
U in the 2005 cohort. 

Cumulative uranium exposure through 
Current uranium exposure 2005 2005 

Low uranium High uranium Mann- Low cumU High cumU Mann-
a b c dgroup group Whitney group group Whitney 

(mean ± SE) (mean ± SE) p (mean ± SE) (mean ± SE) p 

Mutation frequency (MF) 12.12 ± 1.84 22.77 ± 7.52 0.27 12.30 ± 1.84 22.33 ± 7.59 0.40 
MF adjusted for cloning efficiency 12.14 ± 1.73 22.32 ± 7.54 0.22 12.23 ± 1.73 22.09 ± 7.57 0.29 
MF adjusted for cloning efficiency 11.94 ± 1.73 21.64 ± 7.39 0.17 12.09 ± 1.72 21.28 ± 7.44 0.28 

and age 

a <0.10 µg U g creatinine-1 (n = 24). 
b 20.10 µg U g creatinine-1 (n = 10). 
c <10.0 µg U g creatinine-1 y (n = 24). 
d 210.0 µg U g creatinine-1 y (n = 24). 

easily accessible or due to risk of excessive surgical mor­
bidity associated with their removal. 

From the onset of this surveillance program, the U 
exposure metric employed to assess relationships be­
tween DU exposure and health effects has been the 
veteran’s current 24-h urine U concentration measured in 

µg U g creatinine-1. While we have previously demon­
strated that a participant’s urine U value is relatively 
constant from measure to measure over time (McDiarmid 
et al. 2004), this cross-sectional metric does not take 
duration of exposure into account, which more accurately 
reflects a cumulative burden and thus an integrated 



70 Health Physics July 2007, Volume 93, Number 1 

Table 7. Comparison of abnormal metaphases detected by FISH analysis of chromosomes 5, 7, 11, and 13 in low vs. 
high U groups determined by current and cumulative urine U in the 2005 cohort. 

Mean abormal metaphases Current uranium exposure Cumulative uranium exposure 

Chromosome (100 
metaphases counted per 

subject per chromosome) 

Low uranium 
groupa 

(mean ± SE) 

High 
uranium 
groupb 

(mean ± SE) 

Mann-
Whitney 

p 

Low cumU 
groupc 

(mean ± SE) 

High cumU 
group d 

(mean ± SE) 

Mann-
Whitney 

p 

Chromosome 5 0.08 ± 0.06 0.10 ± 0.10 0.96 0.04 ± 0.04 0.20 ± 0.13 0.14 
Chromosome 7 0.13 ± 0.07 0.30 ± 0.15 0.45 0.13 ± 0.07 0.30 ± 0.15 0.23 
Chromosome 11 0.17 ± 0.08 0.10 ± 0.10 0.78 0.17 ± 0.08 0.10 ± 0.10 0.62 
Chromosome 13 0.17 ± 0.08 0.30 ± 0.15 0.56 0.17 ± 0.08 0.30 ± 0.15 0.39 
Summary findings 
Proportion of subjects with 

any mutation 
Mean number of total 

0.42 ± 0.10 

0.54 ± 0.16 

0.70 ± 0.15 

0.80 ± 0.20 

0.21 

0.24 

0.38 ± 0.10 

0.50 ± 0.16 

0.80 ± 0.13 

0.90 ± 0.18 

0.06 

0.08 
mutations per subject 

a <0.10 µg U g creatinine-1 (n = 24). 
b 20.10 µg U g creatinine-1 (n = 10). 
c CumU <10.0 µg U g creatinine-1 y (n = 17). 
d CumU 210.0 µg U g creatinine-1 y (n = 7). 

measure of chronic exposure over the years since expo­
sure began. Measuring exposure to heavy metals in terms 
of cumulative exposure, however, should be considered. 
This approach has been used to evaluate human health 
effects such as the neurobehavioral effects of chronic 
lead exposure (Lucchini et al. 2000). Jakubowski et al. 
(2002) have also used integrated indices of exposure to 
evaluate the dose-effect and dose-response relationships 
between cadmium exposure (Cd blood concentrations in 
µg L-1 X years of exposure), and RBP excretion in urine 
(RBP-U) and beta2-microglobulin concentration in se­
rum (beta2M-S). Bleecker et al. (2003) have also noted 
that a cumulative dose metric is the traditional measure 
of chronic toxicity for lead (Pb). 

In the sub-cohort of our population that carries 
retained DU metal fragments in their bodies, exposure is 
ongoing as evidenced both physically by imaging of 
metal fragments on x ray and by the continuously 
elevated urine U biomonitoring results. Thus, in this 
study, we looked for statistical differences between low 
vs. high U exposed groups determined by both their 
current measure of U exposure (as in previous years) and 
their cumulative U exposure metric. We tested the 
hypothesis that effects on organ systems known to 
accumulate U, such as kidney, bone and brain (Pellmar et 
al. 1999; Squibb et al. 2005), would be more highly 
associated with the cumulative U exposure metric, while 
changes in other health outcome measures, such as sperm 
production, would be more influenced by recent expo­
sure intensity. The benefit of our application of the 
cumulative U metric was to examine and refine the 
historic method used to stratify our population into low 
and high U groupings. Examining the urine U distribu­
tions from low to high has yielded some obvious cut 

points which we have typically used (0.1 µg U g  
creatinine-1) to separate the population. However, there 
have been some few individuals who have hovered on the 
border of that cut point and, on occasion, moved from 
one side to the other. The cumulative U exposure metric 
was employed to obtain a more integrated accounting of 
the U burden in hopes of clarifying the true classification 
of those borderline cohort members. However, there 
were only two changes in group membership when this 
was done; one participant moved into and one moved out 
of the high U group. We therefore see little difference in 
outcomes when the different exposure metrics are used. 

Of particular interest in these studies is the impact of 
the accumulation of U on renal function in veterans with 
ongoing DU exposure (i.e., those with retained DU metal 
fragments) (Squibb et al. 2005). The kidney is thought to 
be the most sensitive target organ of U toxicity 
(Parkhurst et al. 2005; The Royal Society 2002). Results 
from past surveillance visits (McDiarmid et al. 2004, 
2006) have shown increased urinary excretion of the low 
molecular weight protein, RBP, in the high U exposed 
group compared to the low U group, which is consistent 
with predicted effects of U on proximal tubular cell 
protein reabsorption. Results from this visit showed only 
a small, non-significant increase in RBP in the high vs. 
low group based on the current U exposure, however. 
Also, when RBP urine concentrations were compared 
based on the veterans’ cumulative U exposure burden, 
there was again no difference between the groups, 
despite the hypothesis that this exposure metric would be 
a better measure of renal U concentrations and thus renal 
effects. Thus, there is little evidence of an impact of DU 
exposure on renal function in this cohort. 
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Similarly, there were no significant differences ob­
served in the measures of neurocognitive function when 
examined using either the current or cumulative U 
exposure metric, indicating no progression of small 
differences observed in earlier years and no better rela­
tionship apparent when cumulative U exposure was 
considered. 

The weak genotoxicity results obtained from this 
surveillance visit are consistent with the low risk of 
increased cancer predicted by The Royal Society (2001, 
2002) for Gulf War exposures and with radiation dose 
estimates measured for Gulf War veterans with shrapnel 
which were close to the annual occupational exposure 
limit of 5 rem y-1 (McDiarmid et al. 2000). The 2-fold 
elevation in HPRT mutations in peripheral blood lym­
phocytes of the most highly DU-exposed Gulf War 
veterans contributes to the body of evidence document­
ing the genotoxic nature of DU. We have observed a 
positive correlation (although not consistently statisti­
cally significant) between lnMF and ln(urine U) levels 
now over three successive biennial assessments in 2001, 
2003, and 2005. In the most recent assessment (2005), 
the effect was dampened as compared to previous years. 
In this most recent assessment, we also observed a trend 
toward increased mean abnormal metaphases, as detected 
by FISH analysis of chromosomes in peripheral blood, in 
the high vs. the low current U groups. When a cumulative 
measure of U exposure was used, the mean number of 
chromosomal abnormalities per subject (summed across 
four different chromosome markers) was higher in the 
high U group as compared to the low U group (p = 0.07). 
The increased significance observed with the cumulative 
U exposure metric is consistent with what would be 
expected for this measure of stable aberrations. 

Despite increasing evidence for the genotoxicity of 
DU, the mechanism of action by which DU damages 
DNA remains to be determined. Recent in vitro studies 
have begun to elucidate the mechanism of genotoxic 
action of DU as related to its radioactivity and/or 
chemical toxicity. In a study of the effects of DU on 
plasmid DNA, Yazzie et al. (2003) observed increased 
strand breaks in the PBluescript SK+ plasma when in the 
presence of ascorbic acid, suggestive of a direct chemical 
mechanism. These results support earlier work by Miller 
et al. (2002), which demonstrated that DU induced 
oxidative DNA damage in the absence of significant 
alpha particle decay. More recently, the formation of 
U-DNA adducts have been observed in CHO (Chinese 
Hamster Ovary) cells under conditions that induce HPRT 
mutations and DNA strand breaks (Stearns et al. 2005), 
again suggesting a chemical mechanism for the genotox­
icity of DU. This was further supported by molecular 
analysis of HPRT mutations generated by DU (Coryell 

and Stearns 2006). Initial results from mutational analy­
sis of the HPRT mutations in the cohort of Gulf War 
veterans provides weak but suggestive evidence of a 
radiation effect (McDiarmid et al. 2006). Thus, continued 
work is needed to fully understand the mechanism of 
DU’s genotoxicity. 

Although no clinically significant U-related health 
effects were observed in DU-exposed Gulf War veterans 
participating in this surveillance visit, the HPRT and 
FISH data from this subcohort provide evidence of a 
weak genotoxic effect of DU derived from their ongoing 
exposure. These results indicate a need to continue close 
monitoring of this cohort for evidence of more pro­
nounced adverse effects as their exposure duration in­
creases. 
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