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It has now been over 60 years since U.S. nuclear testing was
conducted in the Pacific islands and Nevada, exposing
military personnel to varying levels of ionizing radiation.
Actual doses are not well-established, as film badges in the
1950s had many limitations. We sought a means of
independently assessing dose for comparison with historical
film badge records and dose reconstruction conducted in
parallel. For the purpose of quantitative retrospective
biodosimetry, peripheral blood samples from 12 exposed
veterans and 12 age-matched (.80 years) veteran controls
were collected and evaluated for radiation-induced chromo-
some damage utilizing directional genomic hybridization
(dGH), a cytogenomics-based methodology that facilitates
simultaneous detection of translocations and inversions.
Standard calibration curves were constructed from six male
volunteers in their mid-20s to reflect the age range of the
veterans at time of exposure. Doses were estimated for each
veteran using translocation and inversion rates independent-
ly; however, combining them by a weighted-average generally
improved the accuracy of dose estimations. Various con-
founding factors were also evaluated for potential effects on
chromosome aberration frequencies. Perhaps not surprising-
ly, smoking and age-associated increases in background
frequencies of inversions were observed. Telomere length
was also measured, and inverse relationships with both age
and combined weighted dose estimates were observed.
Interestingly, smokers in the non-exposed control veteran
cohort displayed similar telomere lengths as those in the
never-smoker exposed veteran group, suggesting that chronic
smoking had as much effect on telomere length as a single
exposure to radioactive fallout. Taken together, we find that

our approach of combined chromosome aberration-based
retrospective biodosimetry provided reliable dose estimation
capability, particularly on a group average basis, for
exposures above statistical detection limits. � 2019 by Radiation

Research Society

INTRODUCTION

Biodosimetry entails assessment of biological markers of
ionizing radiation exposure and is typically performed for
the purpose of retrospectively reconstructing doses to
individuals or populations. While there is a high level of
interest in biodosimetry at short times after exposure (2–4),
there are also important applications for biodosimetry at
much longer times after exposure [see (5, 6)], particularly in
the context of assessing doses and understanding their
implications. Because the significance of a radiation
exposure may not be fully appreciated at the time, and/or
because other circumstances at the moment preclude
collection of biological samples, many years may pass
before such an assessment is undertaken. One of the few,
true biodosimetric techniques with the capability for
assessing dose many years after exposure is the quantitative
evaluation of chromosome aberrations (7, 8). To derive an
estimate of radiation dose received, aberration frequencies
are used in conjunction with a calibration function (standard
curve) that is specific to the population being studied.
Prudent derivation of the calibration function (including a
careful assessment of confounding factors that might affect
aberration rates in the absence of radiation) are needed to
derive realistic and reliable dose estimates.

Retrospective biodosimetry is of particular value in
circumstances where physical dosimeters were not present
at the time of exposure. This often applies to members of
the public, where physical dose measurements are chal-
lenging, as well as to situations where theoretical (model-
based) dose reconstruction is difficult. Furthermore, exter-
nal dosimeters (even when present) can vary in accuracy (9,
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10). Putting such obstacles aside, biodosimetry has intuitive
appeal in that it assesses actual biological effects resulting
from the radiation exposure. Biodosimetry-based dose
reconstruction can be useful in helping to determine short-
term care associated with acute radiation syndromes, as well
as for assessing possible long-term medical sequelae (11)
that may involve epidemiological studies, monetary com-
pensation or redesign of radiation protection programs.

Here, we report approaches and findings utilizing
chromosome aberration-based retrospective biodosimetry
for estimation of radiation doses to U.S. military personnel
who participated in nuclear testing activities after World
War II. This analysis was conducted in support of the
methodologic dose comparison study reported in a
companion article (1), which compared and contrasted
methods for assessing radiation dose decades after
exposure.

Selection criteria for participants in the study included
veterans of the U.S. armed forces or military contractors
who had received the largest doses (.200 mSv) recorded
by the Department of Defense and were still living (1).
Participants had been exposed to radioactive fallout at either
Rongerik Atoll, a site downwind of the Bikini Atoll test site
in the Marshall Islands, or had participated in activities at
the Nevada test site and/or the Pacific Proving Ground
(other than Rongerik) in the 1950s leading to gamma (and
occasionally, neutron) radiation exposure. These individuals
provide a unique opportunity to evaluate the degree to
which chromosome aberrations within a U.S. male adult
population exposed more than six decades ago are sustained
over time. Importantly, it also allows for comparisons to
physical dose estimates based on film-badge dosimetry and/
or model-based dose reconstruction (1).

The ‘‘gold standard’’ biodosimetric approach for
relatively recent exposures (,1 year) involves evaluating
frequencies of dicentric chromosomes in circulating
blood lymphocytes (12, 13). Micronuclei also represent
sensitive biomarkers of radiation exposure (14), and have
been reported to persist more than five years after
radioiodine therapy for papillary thyroid cancer (15).
However, as is well known, both dicentrics and
micronuclei result in large-scale loss of genetic informa-
tion, and since such losses are often lethal to the cell,
their frequencies decline over time (8, 16). Reciprocal
translocations on the other hand can persist with time, so
they have been used for exposures that occurred years to
decades in the past (17). However, this approach is
hampered by increases in translocation background
frequencies associated with increasing age (18), as well
as with lifestyle (e.g., smoking) and environmental (e.g.,
pesticides) factors, which complicate analyses (19).
Moreover, it is unclear how long after exposure that
chromosome aberrations can be evaluated and still result
in reliable estimates of dose.

More recently, chromosomal inversions (inverted
segments within the same chromosome) have been

proposed as potential retrospective biodosimeters (20).
Like reciprocal translocations (rearrangements between
chromosomes), inversions represent symmetrical rear-
rangements (i.e., they are balanced), so they persist over
time. However, due to the low-resolution of banding
techniques historically used for their detection, the
prevalence of inversions in disease and/or their value in
biodosimetry is largely unknown. The strand-specificity
of the emerging cytogenomics-based methodology of
directional genomic hybridization (dGH) enables detec-
tion of inversions at much higher resolution than
previously possible, while simultaneously also detecting
translocations (21). Analyses of in vitro irradiated human
cell lines and lymphocytes suggest that inversions are
induced at a greater rate per unit dose than translocations,
and further, that high-linear energy transfer (LET)
particles are more efficient at inducing inversions than
gamma rays (20, 22).

Telomeres, repetitive nucleoprotein caps that protect the
physical ends of linear chromosomes, have also been
proposed as biomarkers and/or predictors of radiation
sensitivity (23, 24). Telomere length is influenced by a
wide variety of cellular processes (e.g., cell division,
oxidative stress), lifestyle factors (e.g., smoking, nutrition
and exercise) and environmental exposures [e.g., ultraviolet
(UV) and ionizing radiations], and so is an informative
indicator of aging and overall health (25–27). We have
previously proposed monitoring of telomere length dynam-
ics (changes over time) together with inversion frequencies,
as a means of evaluating radiation toxicity and normal tissue
damage after radiation therapy (28).

In the context of the atomic veterans, we hypothesized
that inclusion of inversions would improve the robustness
of retrospective biodosimetry for estimating radiation
doses that were received decades ago, as the persistence
of inversions and their higher induction rate per unit dose
would be favorable and exploitable qualities for dose
estimation. Further, we speculated that telomere length
might also reflect such previous exposures, thereby
providing insight into long-term biological and overall
health implications. Considering the constraint that we
were limited to evaluations of chromosome aberrations
many decades after exposure, we investigated five areas of
interest: 1. whether persistent chromosome aberrations can
give reliable dose estimates of radiation exposures that
occurred in the past; 2. whether there is added value in
combining chromosomal inversion and translocation
frequencies for more reliable retrospective dose estima-
tion; 3. whether frequencies of inversions, like transloca-
tions, are influenced by the covariates of age and smoking;
4. whether there is any relationship between telomere
length and chromosome aberration based dose estimations;
and 5. whether our approach can be employed to more
reliably estimate individual or group doses received by
living U.S. military veterans exposed approximately 60
years ago.
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MATERIALS AND METHODS

Study Cohort

The study cohort consisted of two groups. One group (n¼ 12) was
comprised of 10 U.S. military veterans and two civilian contractors to
the military, all now 80–101 years of age, who, at the onset of this
study (;2013), were believed to have each received 200 mSv or more
from participation in nuclear testing-related activities, based on
historical records of the Department of Defense. The other group
served as a control group (n ¼ 12) matched on similar military
experience, gender and average age at time of enrollment. For
simplicity, we will refer to these 24 military veterans, contractors and
the control subjects, as ‘‘veterans.’’ In addition, six young adult males
were recruited to provide blood samples for assay calibration purposes
at approximately the same age (20–29 years of age) as the veteran
cohort when they were exposed.

While 24 veterans were ultimately enrolled, 32 were originally
selected. Of those, four were removed from the study due to illness or
death and, therefore, their age-matched controls were also removed.
Of the 24 veterans who ultimately participated, six were exposed to
early radioactive fallout on Rongerik Atoll from the 1954 Castle
Bravo detonation on Bikini Atoll, six others were believed to have
been exposed at the Nevada test site (NTS) or other Pacific Proving
Ground (PPG) locations, in various occupations, to prompt or delayed
gamma radiation (1) and 12 were unexposed age-matched veteran
control subjects. The subjects selected to participate in the control
group were chosen, in part, to establish the same smoking frequency
(58%) as among the exposed veterans (1). Typical of an aged cohort, a
number of conditions and cancers were reported, but no one had
received radiation therapy or chemotherapy (only surgery).

The young adult (control) group members selected by interview
were generally healthy with no history of smoking, cancer or radiation
exposure (e.g., radiotherapy or CT scans) and were of the same
approximate age as the 12 exposed veterans at the time of their
exposure in the 1950s. Three of the originally selected nine young
adult males were excluded from the study due to the inability to
stimulate their blood samples ex vivo. Thus, a total of six young adults
were enrolled for purposes of generating calibration curves.

Sample Collection and Blood Stimulation

Peripheral blood from consenting volunteers was drawn and
collected in 10-ml sodium heparin tubes (Becton, Dickinson and
Co., Franklin Lakes, NJ) in accordance with NIH institutional review
board approval [NIH Protocol 14CN170-C (SLS, PI)]. Samples were
shipped under ambient conditions and received within 24 h of blood
draw, then stimulated for 48–56 h at a 1:9 split in Gibcot PB-MAXe

Karyotyping Medium supplemented with phytohemagglutinin A
(PHA; Thermo Fisher Scientifice Inc., Rockford, IL). For directional
genomic hybridization, 5.0 mM 5-bromo-deoxyuridine (BrdU) and 1.0
mM 5-bromo-deoxycytidine (BrdC) were added to the media, as
described elsewhere (21, 29). At 4 h prior to harvest, KaryoMAXt

Colcemide (Thermo Fisher Scientific) was added to a final
concentration of 0.1 lg/ml. The stimulated blood was then harvested
and metaphase chromosome spreads prepared using standard
cytogenetic techniques (30, 31).

Irradiations for Calibration (Dose Response) Curves

Prior to stimulation, blood samples from the six young adult males
were irradiated with acute doses of 137Cs c rays in a Mark I irradiator
(JL Shepherd & Associates, San Fernando, CA) located at Colorado
State University (Ft. Collins, CO). Chromosome aberration frequen-
cies (determined by the methods described herein) were used to derive
calibration curves at a series of dose points relevant to the expected
exposure determinations: 0, 0.15, 0.25, 0.50, 1.0 and 2.0 Gy, delivered
at a dose rate of 2.5 Gy/min. Sham-irradiated controls were kept under
similar conditions (e.g., room temperature).

Directional Genomic Hybridization and Imaging

To simultaneously identify translocations and inversions, single-
color whole chromosome 1, 2 and 3 dGH paints (KromaTiD Inc., Ft.
Collins, CO) were used as previously described (21, 29). Briefly,
slides containing metaphase spread preparations singly substituted
with bromodeoxynucleotides (BrdU and BrdC) were submersed in
Hoechst 33258 (Millipore Sigma, St. Louis, MO) for 15 min,
selectively photolysed using a SpectroLinkere UV Crosslinker
(Spectrolinet, Westbury, NY) equipped with 365-nm UV bulbs for
35 min, followed by exonucleolytic degradation of the nicked DNA
with Exonuclease III (New England Biolabst Inc., Ipswitch, MA) for
30 min. A hybridization mixture containing single-color (Cy-3 or Cy-3
equivalent, Atto-550) chromosome 1, 2 and 3 dGH paints (KromaTiD
Inc.) was applied to the slides, which were cover-slipped and sealed
with rubber cement, then denatured at 688C for 3 min. Slides were
hybridized overnight at 378C followed by five washes in 23 SSC at
438C prior to imaging. Metaphase spreads were imaged on a Nikon
Eclipse Ni-U epifluorescence microscope equipped with an Andor’s
Zyla 5.5 sCMOS camera and SpectraX LED light source. Stacked
images were taken of each metaphase spread composed of five images
per stack with a step size of 0.3 lm. Over 200 metaphase spreads per
veteran and 300 metaphase spreads per young adult were imaged and
analyzed. Any clonal rearrangement that appeared two or more times
was scored as one event.

DNA Isolation for Telomere Length Measurement

DNA was isolated from a minimum of 5 3 105 peripheral blood
mononuclear cells (PBMCs) with the DNeasy Blood and Tissue Kit
(QIAGENt, Valencia, CA). PBMCs were initially incubated in
proteinase K for 3 h at 378C, rather than 10 min at 568C as specified
by the manufacturer. An average of 19.15 6 3.41 ng/ll of DNA was
isolated from each sample.

Multiplexed Quantitative PCR Telomere Length Measurement

Multiplexed quantitative PCR measurements of telomere length
were performed as previously described (32). Briefly, a 22 ll of
master mix was prepared using SYBRt Green GoTaqt qPCR Master
Mix (Promega Inc., Madison, WI) combined with the telomere
forward primer (TelG; 5 0-ACACTAAGGTTTGGGTTT-
GGGTTTGGGTTTGGGTTAGTGT-3 0), telomere reverse primer
(TelC; 5 0-TGTTAGGTATCCCTATCCCTATCCCTATCCC-
TATCCCT AACA-3 0), albumin forward primer (AlbU; 5 0-
CGGCGGCGGGCGGCGCGGGCTGGGCGGA AATGCTGCA-
CAGAATCCTTG-3 0) and albumin reverse primer (AlbD; 5 0-
GC CC GG C CCG C CG CG CC CG TC CC GC CG G AA A AG -
CATGGTCGCCTGTT-3 0) at 10 lM per primer (Integrated DNA
Technologiest, Coralville, IA) and RNase/DNase-free water. To the
master mix, 3 ll of DNA at 3.33 ng/ll was added for a final volume
of 25 ll. The TelG/C primers were at a final concentration of 900 nM
and the AlbU/D primers at 400 nM.

Telomere length measurements were performed using a Bio-Radt

CFX-96 qPCR analysis machine (Hercules, CA). The cycle design
was comprised of several steps: for step 1, one cycle at 958C for 3 min
to heat-activate the Taq polymerase; for step 2, two cycles at 948C for
15 s and 498C for 15 s to anneal and extend the telomere primers; and
for step 3, 32 cycles at 948C for 15 s, 628C for 10 s, 748C for 15 s,
848C for 10 s and 888C for 15 s to melt the early-amplified telomere
products, followed by annealing and extension of the albumin primers.
The melt curve was established by a 72–958C ramp at 0.58C/s increase
with a 30-s hold. Multiplexing both telomere and albumin primers
using a single fluorescent DNA-intercalating dye is possible, since the
telomere primers amplify at a lower quantification cycle (Cq) than the
albumin primers. Standard curves were prepared using human
genomic DNA (Promega) with threefold dilutions ranging from 50
ng to 0.617 ng in 3 ll per dilution. Negative controls included a no-
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template TelG/C only and AlbU/D only, and a combined TelG/C and
AlbU/D control. Samples were normalized across plates using a
human genomic DNA standard. Each sample was run in triplicate on a
96-well plate format and relative telomere length was established
using a telomere (T) to albumin (A) ratio.

Numerical Analysis Methods

Extrapolation to whole-genome equivalency (WGE). Directional
genomic hybridization whole chromosome paints were used to visualize
translocations and inversions involving chromosomes 1, 2 and 3.
Mathematical corrections were then employed to express total damage
that was likely to have occurred throughout the genome (whole genome
equivalency). For translocations, the correction for WGE considers
exchanges between painted and unpainted (counterstained) chromo-
somes, as well as exchanges that occur among the uniquely painted
chromosomes, whereas for inversions, the correction to WGE considers
only intrachromosomal exchanges within the painted chromosomes
themselves. Values for the genomic content of chromosomes,
previously described elsewhere (33, 34), were used to determine the
proportion of the genome painted (chromosomes 1, 2 and 3) as 0.223,
which defined the correction factor applied to inversions. Using the
approach outlined by Loucas et al. (35), a correction factor of 0.346 was
employed for converting translocations to WGE. WGE correction is
useful in that it gives ‘‘intuitive context’’ to the raw data provided by
WCP (and dGH), and for that reason we have expressed the covariant
data in that form. Nevertheless, it should be made clear that conversion
of raw frequency data to WGE has no material effect on our ability to
reconstruct the doses received by the atomic veterans; i.e., our results
regarding dose reconstruction do not, in any way, rely on its use.
Therefore, the raw aberration numbers (Supplementary Table S1; http://
dx.doi.org/10.1667/RR15240.1.S1), rather than WGE, were used in the
dose assessment and uncertainty analyses.

Estimating individual bone marrow dose and related uncertainty.
Individual bone marrow dose is estimated due to fact that the
aberrations observed in peripheral blood lymphoctyes were derived
from exposed stem cells in the bone marrow. Radiation absorbed
doses were estimated based on chromosome aberration rates
(translocations or inversions) in each subject using the equation:

Di ¼ AFi � BF
� �

=CF ð1Þ

Where,

Di is absorbed dose (mGy) to bone marrow of individual I,
AFi¼measured aberration frequency (translocations or inversions)

in peripheral blood lymphocytes from exposed subject i,
BF ¼ average baseline aberration frequency derived independently

for ‘‘ever-smoker’’ and ‘‘never-smoker’’ control subjects, and
CF¼ calibration factor equal to the slope of derived dose-response

curve (aberration frequency/Gy).

Since each variable in the equation for dose estimation is
associated with a potential error, an uncertainty analysis using the
Monte Carlo method was employed to propagate the uncertainty by
assigning a probability density function to each parameter. The
observed counts of aberrations (AF) were assumed to follow a Poisson

distribution with a standard deviation equal to the mean, as was the
mean baseline frequency BF

� �
. The probability density function of the

calibration factor was determined directly from regression standard
error of the slope. The Monte Carlo analysis was run for 50,000
iterations and produced a distribution of alternative values from which
a mean and confidence interval could be derived directly from the
simulation results.

Combined translocation and inversion dose. Because we derived a
bone marrow dose using two independent3 assays (translocations and
inversions), we explored the possibility of estimating a single dose per
subject based on data combined from both assays. The purpose of the
combined assessment was to allow for the exploration of the strengths
of the relationship between each individual assay, as well as the
combined biodose, with other estimates of historical exposure, i.e., by
historical film badges and model-based dose reconstruction (1). To
estimate a single dose based on translocation and inversion frequencies
simultaneously, we constructed the best linear unbiased estimate by the
inverse variance weighting method (36). Basically, the dose estimates
from translocations and inversions for each subject were inversely
weighted by their respective measurement variance, thus incorporating
information from each, but giving greater weight to the estimate having
the greater precision, or conversely, the smaller uncertainty.

Estimation of the minimum detectable dose (MDD). Biodosimetry
dose estimates can vary among individuals, even with the same
exposure, because of the inherent biological variations among
individuals, i.e., their predisposition to form aberrations after
exposure, as well as statistical fluctuations associated with a finite
number of cells sampled (scored). These sources of variation
ultimately result in a MDD that can be detected for a specified
confidence level and the number of cells scored.

In this study, the control and exposed groups consisted of
individuals with similar life experiences, i.e., military service, gender,
no occurrences of cancer or of having received therapeutic radiation
treatments and of same approximate age. In addition, the exposed and
control groups were matched by proportion of ‘‘ever’’ and ‘‘never’’
smokers. Thus, it could be reasonably assumed that control and
exposed groups were subject to similar factors affecting the
background frequencies of chromosome damage. The MDD in this
particular study is the minimum acute dose of ionizing radiation
necessary to induce a statistically significant increase in the number of
aberrations or, equivalently, is the smallest dose at a specified
confidence level that can be said to differ from a condition of no added
exposure. We caution that the MDDs derived here are particular to the
groups as defined in this study (80–90-year-old military veterans) and
should not be generalized to other population groups.

Using the variability of aberration rates among the 12 nonexposed
control subjects, we separately derived the MDD (see Table 1) for

TABLE 1
MDD (Gy) as a Function of Age Group, Smoking Status and Certainty Level

25-year-old males 80–90-year-old males

Never-smokers Never-smokers Ever-smokers

95% (1.96 r) 99% (2.575 r) 95% (1.96 r) 99% (2.575 r) 95% (1.96 r) 99% (2.575 r)

Translocations 0.00 0.00 0.21 0.27 0.31 0.40
Inversions 0.50 0.66 0.16 0.21 0.18 0.24

Note. The MDD values apply specifically to the population groups studied.

3 Occasionally, a complex exchange aberration can simultaneously
involve a translocation and an inversion in such a way that they are
obliged to have shared common breakpoints during their formation.
In this case, the two end points may not be considered independent
events. However, in our measurements, there was no statistically
significant correlation between translocation and inversion frequen-
cies within the exposed group or within the control group. For that
reason, we considered the assays as statistically independent.
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translocations and inversions using the procedure described by Tucker

and Luckinbill (37), which generally follows the logic presented by

the National Bureau of Standards (38) and later by Altshuler and

Pasternak (39), as originally applied to estimates of minimum

detectable radioactivity. Similar to estimating minimum detectable

radioactivity, the main limiting factor is the variability of the

background. Here it simply refers to the frequency of aberrations in

the presumed absence of any added radiation exposure due to military

service.

In simple terms, a multiple of the standard error, derived by the t
distribution, is used to derive the minimum detectable radioactivity or

MDD. Three sigma (r¼ standard deviation of background) represents

a confidence level of 99.7%. Less restrictive constraints, as shown in

Table 1, are 95% confidence (1.96 r) and 99% confidence (2.575 r).

For the weighted translocation and inversion dose, an average of

the MDD for the individual assays was used. Because the standard

deviation of the translocation or inversion rate was found to vary

according to smoking status, we derived a separate MDD according to

smoking status.

Minimum detectable doses are typically estimated for 95% or 99%
confidence. MDD values are presented for both certainty levels in
Table 1 with the 99% level used in all analyses. MDD values derived
for translocations in this work (approximately 270 mGy for never-
smokers at 99% certainty) were only slightly larger than published
values [approximately 240 mGy (37)] involving larger data sets (18).
To our knowledge, no estimates of the MDD for inversions have been
previously reported.

RESULTS

Calibration (Dose Response) Curves

To establish radiation-induced dose-response relation-

ships for translocations and inversions, whole peripheral

blood samples from six young adults of approximately the

same age as the study subjects at the time of exposure, were

exposed in vitro to incrementally increasing acute doses of
137Cs c rays ranging from 0 Gy (controls) to 2.0 Gy.

Translocations and inversions were quantified on metaphase

spreads hybridized with whole chromosome 1, 2 and 3 dGH

paints. On normal chromosomes devoid of structural

rearrangements, dGH chromosome paints label a single

sister chromatid (Fig. 1A); inversions are detected as a

double signal ‘‘switch’’ between sister chromatids (Fig.

1B), and translocations identified by signal exchanges

between chromosomes (Fig. 1C).

At the dose range interrogated for establishing calibration

curves, both inversions and translocations individually

displayed a dose response that was statistically consistent

with linearity (Fig. 2). Consistent with previously reported

in vitro findings (20), inversions were produced at a greater

rate-per-unit dose than translocations, but also exhibited a

higher spontaneous background rate. No translocations were

identified in any of the young adult nonirradiated control

samples analyzed (average age ¼ 25 years, non-smokers),

while inversions were detected at a background rate of

0.223 6 0.124 aberrations per WGE.

FIG. 1. Directional genomic hybridization (dGH). Representative images of metaphase spreads labeled with dGH whole chromosome 1, 2 and
3 paints (red) and counter stained with DAPI (blue). Panel A: A normal metaphase spread free of any structural rearrangements. dGH chromosome
paints uniformly label a single sister chromatid of a chromosome. Panel B: An inversion (double signal switch; yellow arrow) on chromosome 2.
Panel C: Translocation involving chromosome 3 and a second, unpainted chromosome (white arrows).

FIG. 2. Calibration (dose-response) curves for young adult males;
blood samples were exposed in vitro (137Cs c rays). The linear
equations were y ¼ 0.4037x þ 0.3162 for inversions (blue) and y ¼
0.1281x þ 0.022 for translocations (red). R-squared values were
0.9098 and 0.9091 for inversions and translocations, respectively.
Error bars represent the standard deviation.
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Covariate Influence on Background Aberration Rates

Positive correlations of age and smoking with transloca-

tion frequencies are well established, with age being the

greatest contributor to increases in background rates (18,
19). However, little is known regarding the influence of age

and/or environmental and lifestyle factors on inversion

frequencies. Here, baseline frequencies of translocations

and inversions were established in the young adult and

veteran control subjects according to covariate status

(smoking and age) so that radiation doses among the

exposed subjects could be derived with the greatest

reliability. Table 2 summarizes the aberration frequencies

observed in each subgroup.

Considering the influence of age alone between the young

adult and veteran controls (Fig. 3), we observed a

statistically significant increase in both inversion and

translocation frequencies. Translocations increased by

0.065 6 0.043 (P ¼ 0.0024) between 25 and 85 years of

age (average current age of exposed subjects). The increase

cannot be quantified as a percentage increase since no

translocations were detected in the 25-year-old group.

Inversions increased by 0.289 6 0.035 per WGE (P ¼
0.0013) between 25 and 85 years of age (average), i.e.,

approximately twofold among ‘‘ever’’ smokers, but could

not be quantified as a percentage increase for ‘‘never’’

smokers. Baseline frequencies of both inversions and

translocations (Fig. 4) in the 85-year-old control group

was found to be larger among ‘‘ever’’ smokers compared to

‘‘never’’ smokers. A comparison of the aberration rates

between ‘‘ever’’ smokers and ‘‘never’’ smokers suggested a

15% increase in baseline inversions, and a 3.8% increase in

baseline translocation rates due to smoking. Comparisons

were only made in the veteran control cohort since none in

the young adult cohort reported smoking. Previously

reported studies also support no statistically significant

changes between smokers and non-smokers in their mid-20s

(18).

Observed Aberration Frequencies

Whole chromosome 1, 2 and 3 dGH paints were

employed for simultaneous evaluation of both transloca-

tions and inversions. An average of 200 metaphase spreads

per exposed veteran or age-matched control were scored

(Supplementary Table S1; http://dx.doi.org/10.1667/

RR15240.1.S1). Age-matched controls had an average of

TABLE 2
Summary of Control Cohort Demographics and

Covariate Influence on Background Translocation
and Inversion Rates

Young adults

Veteran control
subjects (age-matched
with exposed group)

Average age (years) 27 6 2.3 85.75 6 2.76
Smoker frequency 0/6 7/12
Non-smoker frequency 6/6 5/12
Ever-smokers

Translocations per WGE n/a 0.066 6 0.053
Inversions per WGE n/a 0.541 6 0.192

Never-smokers
Translocations per WGE 0 0.0636 6 0.030
Inversions per WGE 0.223 6 0.124 0.471 6 0.104

Note. Aberration frequencies are corrected for whole genome
equivalency (35).

FIG. 3. Influence of age on background frequencies of inversions
(blue) and translocations (red).

FIG. 4. Influence of smoking on background frequencies of
inversions (blue) and translocations (red). The ratio of aberration rates
between smokers and non-smokers in the veteran age-matched control
cohort was used to obtain the proportional change in inversions and
translocations. Error bars represent the standard error of the mean
(SEM).
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4.25 6 2.98 translocations and 22.08 6 8.08 inversions,
while the exposed veterans had an average of 6.58 6 4.62
and 26.08 6 6.96 translocations and inversions, respective-
ly. Notably, no translocations were seen in the 25-year-old
group. However, an average background frequency of 2.5
6 1.4 inversions was observed. While it is well established
that age and smoking status influences translocation
frequencies (18), this is the first report of age and
smoking-related increases in background frequencies of
inversions.

The observed aberration frequency is an important
parameter, as it was directly used for dose and uncertainty
estimations. Historically, this is one of the most common
practices among published biodosimetric assessments (12,
40, 41).

Biodosimetry Assessment of Radiation Exposure to the
Atomic Veterans

To estimate bone marrow doses based on inversion and
translocation frequencies for each individual, the covariate
influences on baseline frequencies were subtracted from the
observed aberration frequencies, as in Eq. (1), Di ¼ (Ri –
BF)/CF. Estimated radiation absorbed doses to active bone
marrow (mGy) were established based on observed
inversion or translocation frequencies independently (Fig.
5).

Estimates of a negative dose for either assay were below
the MDD, although other dose estimates were found to be
less than the MDD as well. Three out of six Rongerik
veterans were below the MDD at the 95% confidence level,
while four out of six were below the MDD at the 99%
confidence level. Four out of six NTS/PPG veterans were
below the MDD at both the 95% and 99% confidence level.
We found that imputing one half the MDD for values
,MMD, as suggested by the National Research Council
(1989), significantly improved the comparison of group
mean values of chromosome-based dose estimates with
dose estimates based on film badges and dose reconstruc-
tion (1). This appears to be a useful strategy for replacement
of values ,MDD. Translocation and inversion rates (as
assessed) were not correlated. Even so, many of the 95%
confidence intervals (determined from uncertainty analysis)
of inversion and translocation rates overlapped for individ-
ual veterans, suggesting that the dose estimates derived
from the two aberration types were statistically comparable.

In an effort to possibly improve the reliability of dose
estimates, we combined radiation-induced chromosome
aberration frequencies for inversions and translocations
(Fig. 5). As described earlier, we determined a weighted
dose estimate as a best linear unbiased estimator where the
inverse variance of each aberration rate was used as a
weighting factor. Biodosimetry estimates of bone marrow
dose for the Rongerik group and NTS/PPG groups,
without correction for the ,MDD, ranged from –47 to
740 mGy and –41 to 410 mGy, respectively. Negative

estimates could occur whenever the true dose was less than
the MDD. After correction for ,MDD (by imputation of
one half the MDD for ,MDD values), doses ranged from
120 to 740 mGy with a mean of 310 mGy for the Rongerik
group, while the dose estimates for the NTS/PPG group
ranged from 120 to 410 mGy with a mean of 225 mGy for
the NTS/PPG group.

The weighted dose improved the chromosome aberration-
based dose estimation (biodose) as judged by improved
agreement between the biodose estimates and the model-
based dose reconstruction; this approach was most success-
ful after substituting one half the MDD value for weighted
biodose estimates when they were less than that of the
MDD. The correlation coefficient between the badge
reading and dose reconstruction with translocation-based
dose (r¼0.30) and inversion dose (r¼0.02) increased to r¼
0.41 when the dose estimates were combined using the best
linear unbiased estimator, and further increased to 0.58
when neutron exposures experienced by two of the 12 were
accounted for in the dose reconstruction (1). These results
suggest that for exposures that occurred decades in the past,
a retrospective biodosimetry approach combining chromo-
somal inversion and translocation frequencies can provide a
more reliable, and possibly more accurate, estimation of
dose than translocations or inversions alone, although true
doses must be above the MDD of the assay. Furthermore,
the correlations suggest that agreement between biodosim-
etry and other methods is most successful at the group
average level rather than at the individual level. Agreement
of dose estimates from different methods for the same
individual is greatly limited by measurement imprecision
and, in many cases, missing data.

FIG. 5. Dose estimates and 90% confidence intervals for the
Nevada Test Site, Pacific Proving Ground and Rongerik Atoll
veterans. Each group of three estimations separated by a vertical
dashed grid line represents a single individual. Dose estimates (Gy) for
inversions (gold) and translocations (gray) were established indepen-
dently. A combined estimate (red) was obtained by weighting
inversion and translocation frequencies by their own inverse variance.
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Estimation of Minimum Detectable Dose

Multiple assessments of inversion and translocation
background frequencies were made utilizing samples from
the six mid-20-year-old male control subjects. The standard
error of the mean aberration rate was determined as an
estimate of the standard deviation of the ‘‘mean sampling
distribution.’’ This analysis suggested that the MDD for the
exposed veterans varies for the experimental design
described above, from approximately 0.21 to 0.40 Gy for
translocations, depending on the certainty level and
smoking status. It varied from approximately 0.16 to 0.24
Gy for inversions, depending on certainty level and
smoking status (Table 1).

Influence of Age, Smoking and Radiation Exposure on
Telomere Length

Telomere length represents an informative and particu-
larly relevant biomarker of aging, general health, lifestyle
factors and stresses, as well as environmental exposures
(42). However, very little is known in regard to the long-
term effects on telomere length in human populations after
exposure to ionizing radiation, as highlighted by conflicting
results in the few studies that have been reported (26, 43).

Here, a multiplexed quantitative PCR (qPCR) based
approach (32) was employed to establish relative telomere
length for each sample. As expected, comparison of
telomere length between the young adult controls (mid-20
years of age) and the veteran controls (.80 years of age)
demonstrated that age was the largest contributing factor to
telomere shortening, irrespective of smoking status or
radiation exposure (Fig. 6). A 35.3% and 39.4% decrease
in telomere length was observed between the unexposed (0
Gy) young adult controls and the unexposed (P , 0.0001)
and exposed veterans (P , 0.0001), respectively. Although
not statistically significant, a 6.3% decrease in telomere
length occurred between the 0 and 2.0 Gy in vitro c-ray
irradiated young adult control samples. Similarly, a 6.4%
decrease was observed between the unexposed and in vivo
exposed veterans.

Assessment of the influence of smoking status on
telomere length in the unexposed compared to the exposed
veterans also proved interesting. Age-matched veteran
controls who reported a history of chronic smoking
appeared to have decreased telomere length (T:A ratio ¼
0.874 6 0.163) that was similar to both the exposed non-
smoker (T:A ratio 0.871 6 0.285) and exposed-smoker
(T:A ratio¼ 0.865 6 0.165) veteran cohorts (Fig. 7). These
results suggest that chronic smoking over several decades
results in telomere attrition similar to that of individuals
exposed to a low-dose nuclear event. There did not appear
to be any additive effect of a history of chronic smoking and
radiation exposure.

Lastly, there was a weak negative correlation (r¼ –0.399)
between telomere length and the weighted combined
translocation and inversion dose estimations (Fig. 8),
lending support to the notion that low-dose ionizing
radiation exposures have long-lasting effects on overall
health. Atomic veterans with a negative dose estimation
were considered to be below the limits of detection, and so
were removed from the analysis.

DISCUSSION

The most intuitive method to confirm biodose estimates
would be to directly compare individual estimates against
measurements from physical dosimeters. In the case of U.S.
veterans exposed in the 1950s and 1960s, personnel
monitoring badges were often not issued on an individual
basis, and only approximately 25% of men were issued
badges (44). Many men were assigned readings based on a
single badge for a member of their military unit in which all
members tended to perform similar duties. In addition to the
problem of a lack of physical measurements on an
individual basis, badges do not necessarily reflect bone
marrow dose since, not only is the badge located
superficially on the body, there may be differences in
shielding of individuals during the time of exposure. For
these reasons, there is little opportunity for direct compar-
isons of our biodose estimates with physical dosimetry

FIG. 6. Relative telomere length in cohorts based on age and radiation exposure; young adults (red) and veterans (blue). Values between bars
represent percentage change between groups. Error bars represent SEM.
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measurements. Herein, we compare our biodose estimates

with dose estimates from Simon et al. (1) that were based on

film badge readings when available and supplemented by

dose reconstruction calculations. As discussed, comparisons

of our biodose estimates also depend on recognition of

those estimates ,MDD and replacement of those values

with the most unbiased values. Even considering such

constraints, several significant findings emerged from the

use of our chromosome-based approaches for retrospective

biodosimetry on exposed U.S. atomic veterans.

Chromosomal signatures of radiation exposure remain
for more than 60 years. We find that U.S. military veterans

exposed to radioactive fallout and gamma radiation from

activities associated with atomic bomb testing still exhibit a

biological signature that includes chromosomal transloca-
tions, as well as inversions, and to a lesser extent, telomere
shortening. Our findings are consistent with a published
study of Japanese fishermen exposed to the same nuclear
test near Bikini Atoll (CASTLE Bravo) in 1954 as the
Rongerik veterans, in which stable chromosome aberrations
(evaluated by G-banding) remained elevated above back-
ground levels (45). Moreover, Simon et al. (1) has shown
that after correction for those estimates ,MDD, the
chromosome aberration-based estimates correlated well
with dose estimates determined by other strategies. These
various findings support that radiation exposure signatures
in the form of chromosome aberrations are still detectable
approximately 60 years after exposure and, with proper
interpretation strategies, can provide reliable or, at least,
consistent estimates of radiation dose.

Chromosome inversion and translocation combinations
improve dose estimation. Although translocations have been
evaluated extensively for the purpose of retrospective
biodosimetry, e.g., in atomic bomb survivors (46), Cher-
nobyl clean-up workers (47) and for occupational exposures
(8), to our knowledge, this is the first reported study
utilizing inversions as informative biomarkers of prior
radiation exposure in a human population. Consistent with
our previously published in vitro studies (20), we found that
inversions were induced at a greater rate-per-unit dose
(0.404/WGE/Gy) than translocations (0.133/WGE/Gy). Of
relevance to radiation-related cancer risk, we note that
inversions and their alternative outcome, interstitial dele-
tions, are the two most common mutational signatures
associated with radiation-induced secondary malignancies
(48). It is worth noting that background frequencies of
inversions were significantly higher than those of translo-

FIG. 7. Relative telomere length and smoking status and/or radiation exposure in the veteran cohorts. Error bars represent SEM.

FIG. 8. Relative telomere length as a function of weighted
combined chromosome aberration dose among exposed veterans. The
linear equation is y ¼ –0.0004x þ 1.0324 and R2 ¼ 0.1599.
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cations (0.223 6 0.124/CE vs. 0), possibly reflective of the
proposed role spontaneous inversions play in reorganizing
the genome (49).

Covariates of age and smoking influence inversion
frequencies. Interestingly, age and smoking status influ-

enced both translocation as well as inversion background
frequencies. Compared to the young-adult controls, the
veteran controls showed a 0.289 6 0.035/WGE increase in
inversions and a 0.065 6 0.043/WGE increase in
translocations. That is, inversions increased 2.3-fold in
the .80-year-old individuals compared to the young

adults. Likewise, smoking status was directly correlated
with background aberration frequencies, as a 15% (0.0706/
WGE) increase in inversions and a 3.77% (0.0024/WGE)
increase in translocations was attributable to smoking
alone.

While advancing age and smoking are known to
increase translocation frequencies, to our knowledge this
is the first reported study of age and smoking status

influencing background inversion frequencies. While these
confounding factors would be expected to negatively
affect the utility of inversions for retrospective biodosim-
etry, the greater induction rate of inversions per unit dose
appeared to be advantageous in that, when combined with
translocation rates, more reliable dose estimates were

obtained.

Inverse relationship between telomere length and
weighted combined dose estimates. Telomere length was
measured for all exposed and control participants in the
study. It is well established that telomere length erosion
occurs with cellular division and, therefore, with aging,

limiting the replicative lifespan of somatic cells. This
reduced replicative capacity has been proposed as a tumor
suppressor mechanism, since it prevents aberrant cell
survival (50). Not only have short telomeres been associated
with a host of age-related diseases, such as cardiovascular
disease (51) and cancer (52), they are also indicative of
radiosensitivity (23, 24), suggesting value for the use of

telomere length dynamics as an informative biomarker of
general health, as well as environmental exposures.

Consistent with reports from atomic bomb survivors (43),
an inverse relationship between telomere length and
exposure to ionizing radiation was observed, further
supporting the use of telomeres as valuable biomarkers to
be included in the context of radiation exposure. Telomere

length averaged across all exposed samples suggested an ;

6% decrease compared to unexposed controls. Moreover,
when telomere length for each individual was evaluated
compared to their weighted average utilizing both translo-
cations and inversions to estimate dose, the inverse
relationship with escalating dose was readily apparent.

Interestingly, long-term, chronic smoking shortened telo-
meres as much as a single exposure to ionizing radiation
from atomic bomb testing. We also believe this to be the
first report of telomere shortening associated with human

exposure to radioactive fallout, as evidenced by the
exposures of the Rongerik group.

Inversions improve individual radiation dose estimates.
To estimate radiation doses for exposed study participants,
doses were based on independently-assessed translocation
and inversion frequencies using an inverse-variance
weighted method that combined both data sets. Effects of
both age and smoking were adjusted prior to estimating
dose and propagating uncertainty. Depending on the
certainty level chosen for the MDD, 50% to 67% of the
estimates were ,MDD, making interpretations of point
estimates and confidence intervals difficult. Regardless,
nine of 12 analyzed samples had overlapping mean values
and/or variances, suggesting that both aberrations were
statistically comparable. In contrast, three individuals did
not have overlapping variances, suggestive of differences
in individual susceptibilities. To improve sensitivity and
minimize variance, both translocations and inversion dose
estimates were combined by a best linear unbiased
estimator based on inverse variance weighting. In general,
compared to inversions, translocations had a lower
variance relative to the mean across all samples, thus,
more weight was placed on the translocation rate than on
the inversion rates.

As per our published companion piece (1), the inverse
variance-weighted estimates were better correlated with
estimates from dose reconstruction and had the smallest
systematic differences on a group level than either
translocations or inversions alone. While this finding
tends to suggest that combined translocation and inversion
rates provide more reliable and potentially more accurate
dose estimations for retrospective biodosimetry than either
end point alone, this analysis needs to be evaluated in other
studies before a firm conclusion can be drawn. There is a
possibility that this finding may be unique to this situation
where exposures occurred many years in the past.

Finally, we have estimated the average absorbed doses for
the Rongerik and NTS/PPG veterans to be approximately
310 mGy and 225 mGy, respectively, both in good
agreement with dose reconstruction (inclusive of a neutron
RBE when necessary) and reported as equivalent doses
(mSv) in (1). Details of the comparisons between
chromosome-based dose estimates and various retrospective
dose estimation strategies (for the same study participants)
can be found in Simon et al. (1).

We conclude that chromosome aberration-based retro-
spective biodosimetry gave acceptable dose estimation
capability, on average, for exposures above the statistical
detection limits, even if received more than six decades
earlier. Moreover, we conclude that these techniques may
be useful in other radiation scenarios, e.g., those that might
occur today or in the future involving accidental or
intentional exposures. This research responds to the
challenge set forth by Simon and Bouville (53) for the
development and improvement of methods that can be used
at long times after radiation exposure. Additional experi-
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ence in applying these and similar techniques will
undoubtedly improve our capability to more reliably
estimate past exposures.

SUPPLEMENTARY INFORMATION

Table S1. Observed translocations and inversions per 200
cells for whole chromosome 1, 2 and 3 dGH paints and
estimated bone marrow doses (mGy).
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