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Abstract Controversy regarding potential health risks
from increased use of medical diagnostic radiologic exam-
inations has come to public attention. We evaluated
whether chromosome damage, speciWcally translocations,
which are a potentially intermediate biomarker for cancer
risk, was increased after exposure to diagnostic X-rays,
with particular interest in the ionizing radiation dose–
response below the level of approximately 50 mGy. Chro-
mosome translocation frequency data from three separately
conducted occupational studies of ionizing radiation were
pooled together. Studies 1 and 2 included 79 and 150
medical radiologic technologists, respectively, and study 3
included 83 airline pilots and 50 university faculty mem-
bers (total = 155 women and 207 men; mean age = 62
years, range 34–90). Information on personal history of

radiographic examinations was collected from a detailed
questionnaire. We computed a cumulative red bone marrow
(RBM) dose score based on the numbers and types of X-ray
examinations reported with 1 unit approximating 1 mGy.
Poisson regression analyses were adjusted for age and labo-
ratory method. Mean RBM dose scores were 49, 42, and 11
for Studies 1–3, respectively (overall mean = 33.5, range
0–303). Translocation frequencies signiWcantly increased
with increasing dose score (P < 0.001). Restricting the
analysis to the lowest dose scores of under 50 did not mate-
rially change these results. We conclude that chromosome
damage is associated with low levels of radiation exposure
from diagnostic X-ray examinations, including dose scores
of approximately 50 and lower, suggesting the possibility
of long-term adverse health eVects.
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Introduction

There has been a rapid increase in the use of new radiologic
procedures, such as computed tomography (CT), that
deliver much higher doses than conventional exam types
(Ron 2003; Brenner and Hall 2007; Einstein et al. 2007;
Mettler et al. 2008). In fact, the per capita dose estimate to
the US population from medical radiation exposure in 2006
was six times greater than in 1982 (Mettler et al. 2008)
leading to concerns about the potential for increased
radiation-related cancer risks (Ron 2003; Berrington de
Gonzalez and Darby 2004; Brenner and Elliston 2004; Lee
et al. 2004; Hampton 2006; Martin and Semelka 2006;
Brenner and Hall 2007; Einstein et al. 2007; Mettler et al.
2008; Sodickson et al. 2009). Utilization data in Wve US
health care markets indicated that approximately 21% of
adults aged 18–64 years had eVective doses of 3 mSv or
higher annually from medical imaging procedures and 2%
of those exceeded 20 mSv per year (Fazel et al. 2009). Cer-
tain conditions, such as Crohn’s disease, require several
radiologic imaging follow-up procedures with the upper
25% of patients receiving eVective doses between 48 and
279 mSv over an average of 9 years (Peloquin et al. 2008).
In these dose ranges cancer risks are increased, but little is
known about the health eVects over a lifetime of medical
imaging, such as for annual screening, and not necessarily
to follow disease processes.

Because of the long time between exposure and disease,
problems in recalling past X-ray procedures reliably and
the relatively low radiation doses, epidemiologic studies of
cancer risks associated with diagnostic medical radiation
are diYcult to conduct. Since chromosome aberrations are
well-known markers of radiation exposure (Burak et al.
2001; Kodama et al. 2001; Tawn et al. 2004; Bhatti et al.
2007), may be markers of cancer risk (BoVetta et al. 2007;
Bonassi et al. 2008) and are much more common than can-
cer outcomes, they oVer a potentially informative alterna-
tive for study. Past studies have examined chromosome
aberrations in association with short-term, high-dose diag-
nostic X-ray exposures (Weber et al. 1995; M’Kacher et al.
2003), but only recently has chromosome damage been
associated with cumulative lifetime X-ray exposures from
typical diagnostic procedures (Bhatti et al. 2008; Sigurdson
et al. 2008a).

Two studies conducted within the US Radiologic Tech-
nologists (USRT) cohort nearly a decade apart have
reported statistically signiWcant increases in chromosome
translocations, a persistent marker of long-term radiation
exposure, with an increasing number of cumulative diag-
nostic X-ray exposures (Bhatti et al. 2008; Sigurdson et al.
2008a). To conWrm these Wndings and to gain greater preci-
sion in determining the dose–response relationship, particu-
larly at doses under 50 mSv, we pooled data from these

studies with previously unpublished data on personal diag-
nostic X-ray examinations and chromosome translocations
collected as part of a recent study of cosmic radiation expo-
sure among airline pilots (Yong et al. 2009). Airline pilots
were of particular interest because they are in good health
and because their X-ray examinations were from annual
screenings that are required to maintain Xying status.

Materials and methods

Study population

Subject recruitment and design for all three studies have
been described in detail (Bhatti et al. 2007, 2008; Sigurdson
et al. 2008a; Yong et al. 2009). For each study, self-
reported demographic, occupational and medical history
data, including history of diagnostic and therapeutic radio-
logic procedures were obtained from participants. Whole
blood samples were also collected from participants and
shipped on ice overnight to a cytogenetics laboratory.

In study 1, 300 living radiologic technologists with a
wide range of occupational badge doses were approached
for enrollment until 90 subjects were successfully recruited
(Bhatti et al. 2008). Subjects were excluded if they reported
a previous cancer diagnosis other than non-melanoma skin
cancer. For the Wnal analysis, 11 participants were excluded
because of incomplete data on history of diagnostic X-ray
procedures from the cohort surveys. Of the remaining 79
study subjects, 65% were female.

In study 2, subjects were selected from a group of 3,441
radiologic technologists (not involved in study 1 and sepa-
rated in time by nearly a decade) with a wide range of occu-
pational badge doses who began working before 1950, were
alive and had a known address in 2003 (Sigurdson et al.
2008a). Two hundred and seven eligible technologists who
reported no previous cancer diagnosis other than non-mela-
noma skin cancer, no family history of chromosomal insta-
bility disorders and smoking less than 10 cigarettes per day
were approached for participation in the study. One hun-
dred and Wfty-nine subjects agreed to participate. The Wnal
study size was 150 individuals (69% female) because two
subjects died before interview, two blood samples were
unusable due to delays in shipment, and Wve samples did
not grow in cell culture.

In study 3, 83 full-time male pilots of a major US airline
were recruited from a list obtained from the union repre-
senting the pilots (Yong et al. 2009). As a comparison
group, 50 male university faculty members were also
recruited from the city where the airline was based. Study
eligibility was based on the following criteria: age 35–56
years; a never smoker or a very light smoker; no personal
history of cancer except for non-melanoma skin cancer;
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no history of chemotherapy or radiotherapy; and no family
history of chromosomal instability disorders.

All study participants provided informed consent. The
three studies were approved by the Human Subjects
Review Boards of the National Cancer Institute. Studies 1
and 2 also were approved by the University of Minnesota
and study 3 by the National Institute for Occupational
Safety and Health.

While analyses of chromosome aberrations in associa-
tion with diagnostic radiation exposure from studies 1 and 2
have been previously published (Bhatti et al. 2008; Sigurdson
et al. 2008a), such analyses from study 3 have not been
previously reported. In addition, for the Wrst time, pooled
analyses across the three studies are presented.

Assay for chromosome translocations

In all three studies (Bhatti et al. 2008; Sigurdson et al.
2008a; Yong et al. 2009), laboratory personnel determined
the frequency of translocations in peripheral blood lympho-
cytes using FISH (Xuorescent in situ hybridization) whole
chromosome painting without knowledge of the subjects’
radiation exposure history. Cell cultures were initiated on
blood collected in heparinized vacutainer tubes within 24 h
of phlebotomy and were processed according to routine
cytogenetic methods (Ramsey et al. 1995). The slide prepa-
ration, staining and cell scoring were performed using stan-
dardized chromosome painting protocols (Ramsey et al.
1995; Matsumoto et al. 1998). Because whole chromosome
paints are applied only to a portion of the genome, the
counted metaphases are converted to whole genome cell
equivalents (CEs) (Tucker et al. 1997). In study 1, single-
color painting of chromosomes 1, 2 and 4 was conducted
with an average of 432 CEs evaluated per person (FISH
method 1). In studies 2 and 3, chromosomes 1, 2, and 4
were painted red and chromosomes 3, 5, and 6 were simul-
taneously painted green with an average of 1,000 CEs eval-
uated per person (FISH method 2).

Ionizing radiation exposure

The methods used for estimating diagnostic X-ray exposure
have been described previously (Bhatti et al. 2008; Sigurdson
et al. 2008a; Yong et al. 2009). Based on numbers of self-
reported diagnostic X-ray procedures, a cumulative red
bone marrow (RBM) dose was estimated for each subject
using the mid-point RBM dose values (mGy) from a previ-
ous study in which published literature and expert judgment
were used to assign red bone marrow doses to a compre-
hensive list of examination types (Preston-Martin and
Pogoda 2003). From that assessment, there was no clear
evidence of temporal changes in per-procedure doses, so
we did not account for time period in our exposure

estimates. Total doses were summed over all procedures to
obtain an estimate of the cumulative personal diagnostic
RBM X-ray dose. We refer to this estimate as a dose score,
rather than a dose, because of uncertainties in the recall of
various procedures and in the dose estimates assigned to
each procedure. However, the intent of the score assign-
ment was to approximate mGy.

The estimation of occupational radiation exposure
among the study populations has also been described in
detail previously (Simon et al. 2006; Bhatti et al. 2007;
Yong et al. 2009). Subjects in the USRT cohort were pri-
marily exposed to X-rays and were monitored for these
exposures with badge dosimeters; yearly badge dose data,
however, were not available for all individuals, particularly
those that worked in earlier time periods. Yearly dose esti-
mates for those individuals without badge dose readings
were assigned using simulation techniques from probability
distributions describing the plausible range of exposures.
Yearly red bone marrow doses were derived from real or
simulated badge doses by applying dose conversion factors
and were summed to estimate cumulative occupational red
bone marrow dose for each person.

Individual dosimetry data for exposure to cosmic radia-
tion is not collected for pilots in the United States. A surro-
gate variable, duration of Xight experience in years (i.e.,
Xight years) was computed from commercial airline Xight
history reported by the pilots in the study questionnaire
(Yong et al. 2009).

Statistical analyses

In addition to mean translocation frequencies by categories
of covariates, we calculated translocation rate ratios (rate
and frequency are used interchangeably) for these catego-
ries relative to a reference category, such that we could
adjust for the strong eVect of age at blood draw (Sigurdson
et al. 2008b) to determine the age-independent association
of these categories with translocation levels. We used the
AMFIT module of EPICURE (HiroSoft, Seattle, WA) to
conduct multivariable linear Poisson regression analysis for
associations between cumulative medical diagnostic X-ray
RBM dose score and translocation frequency. A Pearson
scale factor was included in the analysis to account for
over-dispersion of the data.

When assessed individually in Poisson regression mod-
els, study group, occupation and FISH method all resulted
in the substantial alterations of the estimate for the associa-
tion between diagnostic X-ray exposure and chromosome
translocation frequency (i.e., changed the estimate of the
dose score-translocation association by more than 10%).
These variables, however, were highly correlated, and
because FISH method had the largest impact on the dose–
response estimate, only it was included along with categories
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of age at blood draw (as presented in Table 2) in the Wnal
analysis. Inclusion of occupational Xight years, bone mar-
row dose from occupational X-ray exposure, gender, prior
therapeutic radiation (yes/no) and military Xying (yes/no)
had little inXuence on the association between diagnostic
X-ray exposure and chromosome translocation frequency.

We determined the lowest dose score range at which a
consistent and signiWcant exposure–response could be
detected by restricting the pooled analysis to sequentially
lower and lower dose scores. To assess the sensitivity of the
pooled point estimate by individual study, the analysis was
repeated excluding one study group at a time. To evaluate
study heterogeneity, we added a dose score by study group
(study 1, study 2, study 3-pilots, study 3-faculty) cross-
products term to the regression model. By using a likelihood
ratio test comparing the model including the cross-products
term to a model without this term, we assessed if there was
a statistically signiWcant (P · 0.05) improvement in the Wt
of the model to the data, which would indicate the presence
of heterogeneity of the dose score-translocation association
between the study groups. We checked for evidence of non-
linearity in the dose–response by adding a quadratic dose
score term and comparing the Wt of the model to a model
without the quadratic dose score term and for stability in
the estimate by removing potential outliers which were
identiWed by visual inspection of scatter plots.

Results

Table 1 provides descriptive statistics for age, translocation
frequency and cumulative medical diagnostic radiation
bone marrow dose score for each of the study groups sepa-
rately and for the pooled analysis. In the pooled analysis,
subjects ranged in age from 34 to 90 years (mean 62)
and had translocation frequencies ranging from 0 to 4.5

translocations/100 CE (mean 1.0). Cumulative medical
diagnostic radiation bone marrow dose scores for partici-
pants ranged from 0 to 303.3 (mean 33.5).

Descriptive features of the pooled study population
(n = 362) are provided in Table 2, including mean translo-
cation levels by covariate categories and age-adjusted
translocation rate ratios comparing categories of these
covariates. The age-adjusted rate ratios indicate lower
translocation levels in studies 2 and 3 compared to study 1,
which may be attributed to FISH method, and increasing
translocation levels with increasing cumulative RBM X-ray
dose scores.

After adjusting for age at blood draw and FISH method,
a 10 unit increase in medical diagnostic radiation dose
score was associated with a statistically signiWcant increase
of 0.04 excess translocations/100 CE (95% CI: 0.02, 0.06;
P < 0.001). Translocation frequencies plotted as a function
of diagnostic RBM dose score are shown in Fig. 1 with the
superimposed multivariable dose–response trend line that is
speciWed for FISH method 2 because it was the most com-
monly used method in the pooled study population and for
the 60–<65 age category because the mean age of the study
population was 62. The dose–response was consistent with
linearity, and removal of potential outliers (i.e., those 12
individuals with greater than 4.0 translocations/100 CE or
dose scores greater than 200) did not aVect the estimate.

When restricting the analysis to the 287 participants with
dose scores below 50, we detected a statistically signiWcant
dose–response relationship consistent with the association
observed using the full dose range [0.05 excess transloca-
tions/100 CE/10 dose score units (95% CI: 0.001, 0.1;
P = 0.04)] (Fig. 2a). At lower dose ranges, the dose–
response relationship became increasingly large and incon-
sistent with the overall estimate. At dose scores of 20 and
lower (n = 196), the magnitude of the association was 0.08
translocations/100 CE/10 dose score units (95% CI:

Table 1 Descriptive statistics for age at blood draw, translocation frequency and cumulative medical radiation diagnostic dose score by study
population and for the pooled analysis

a The total number of translocations and cell equivalents evaluated for each population are: Study 1—489 and 34,197; Study 2—2,096 and
153,528; Study 3 Pilots—339 and 86,645; Study 3 Faculty—161 and 51,592
b SD = Standard Deviation, Min = Minimum, Max = Maximum

Population n Age Translocations/100 cell 
equivalentsa

Dose score

Mean SDb Minb Maxb Mean SD Min Max Mean SD Min Max

Study 1 79 55.0 10.9 34 76 1.6 1.1 0.0 4.4 41.7 45.0 0.8 264.9

Study 2 150 79.3 4.5 71 90 1.4 0.8 0.0 4.5 49.4 54.4 0.0 303.3

Study 3 133 46.4 5.2 36 56 0.4 0.3 0.0 1.7 10.8 13.8 0.2 80.7

Pilots 83 46.7 5.3 37 55 0.4 0.3 0.0 1.7 10.9 12.2 0.2 60.3

Faculty 50 45.8 5.0 36 56 0.3 0.3 0.0 1.5 10.6 16.3 0.4 80.7

Pooled 362 61.9 16.4 34 90 1.0 0.9 0.0 4.5 33.5 45.1 0.0 303.3
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¡0.002, 0.02, P = 0.1; Fig. 2b). At dose scores of 10 and
lower (n = 131), the estimate of the dose–response relation-
ship was 0.3 excess translocations/100 CE/10 dose score
units (95% CI: 0.06, 0.5, P = 0.02) (Fig. 2c). The low-dose
range estimates remained essentially unchanged when we
additionally excluded those individuals with translocation
frequencies greater than 3.0 translocations/100 CE.

The association also remained consistent after exclud-
ing one study group at a time. Our test for heterogeneity of
the dose–response associations from the study populations
was highly statistically signiWcant (P < 0.001), which can
be attributed to the lack of a dose–response from the uni-
versity faculty [¡0.03 excess translocations/100 CE/10
dose score units (95% CI: ¡0.07, 0.02)]. The estimates
from study 1, study 2, and among the pilots in study 3,
however, were consistent with each other (0.07, 0.04 and

0.07 excess translocations/100 CE/10 dose score units,
respectively).

Discussion

In this pooled analysis, we found a statistically signiW-
cant linear increase in translocation frequency
(P = <0.001) with increasing cumulative medical diag-
nostic RBM radiation dose score after adjustment for
age at blood drawing and FISH method. This association
remained signiWcant and consistent with the overall
association even when limiting the analysis to the lowest
dose scores (under 50) and excluding outliers with high
translocation frequencies. In vitro experiments with
lymphocytes have demonstrated signiWcantly increased

Table 2 Distribution of covari-
ates and age-adjusted transloca-
tion rate ratios by covariate 
categories for pooled study pop-
ulation

Characteristic Subjects
n = 362 (%)

Mean number of 
translocations/
100 cell equivalents

Translocation 
rate ratios
(95% CI)a

Studyb

Study 1—Rad Techs, FISH 1 79 (22) 1.6 1.0

Study 2—Rad Techs, FISH 2 150 (41) 1.4 0.4 (0.2, 0.7)

Study 3—Pilots, FISH 2 83 (23) 0.4 0.4 (0.3, 0.5)

Study 3—Faculty, FISH 2 50 (14) 0.3 0.3 (0.2, 0.4)

Age at blood collection (years)

<40 20 (6) 0.4 1.0

40–<45 41 (11) 0.3 1.1 (0.6, 2.2)

45–<50 57 (16) 0.7 1.7 (0.9, 3.2)

50–<55 49 (14) 0.5 1.7 (0.9, 3.1)

55–<60 12 (3) 1.5 3.0 (1.4, 6.3)

60–<65 13 (4) 1.8 5.6 (2.8, 11.4)

65–<70 16 (4) 2.2 6.9 (3.6, 13.1)

70–<75 18 (5) 1.0 3.4 (1.8, 6.4)

75–<80 72 (20) 1.4 4.6 (2.6, 8.1)

80–<85 43 (12) 1.4 4.8 (2.7, 8.7)

¸85 21 (6) 1.9 6.5 (3.4, 11.7)

Sex

Female 155 (43) 1.3 1.0

Male 207 (57) 0.8 1.1 (0.9, 1.3)

Cumulative bone marrow X-ray dose scorec

<10 131 (36) 0.6 1.0

10–<30 108 (30) 1.0 1.1 (0.9, 1.4)

30–<50 48 (13) 1.2 1.2 (1.0, 1.5)

50–<70 26 (7) 1.4 1.2 (0.9, 1.6)

70–<90 14 (4) 1.6 1.1 (0.7, 1.6)

90–<110 13 (4) 1.5 1.3 (0.9, 1.8)

110–<130 7 (2) 2.2 1.6 (1.1, 2.4)

130–<150 3 (1) 3.7 3.6 (2.2, 5.8)

¸150 12 (3) 2.2 1.7 (1.3, 2.3)

a Poisson regression of translo-
cation frequency by categories 
of covariates (category 1 is the 
reference group), adjusted for 
age at blood draw where appro-
priate
b Rad Techs = Radiologic Tech-
nologists; FISH 1 = FISH meth-
od 1 (single-color painting of 
chromosomes 1, 2 and 4 with 
average of 432 cell equivalents 
per person); FISH 2 = FISH 
method 2 (chromosomes 1, 2 
and 4 painted red and 3,5 and 6 
painted green with average of 
1,000 cell equivalents evaluated 
per person)
c One unit is approximately 
1 mGy
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unstable chromosome aberrations at X-ray doses below
50 mGy, but not at doses below 20 mGy (Lloyd et al.
1992). While we observed a signiWcant dose–response
relationship when restricting dose scores to 10 and
under, the estimate of the dose–response relationship
increased by an order of magnitude and was inconsistent
with the overall estimate of 0.04 excess translocations/
100 CE/10 dose score units. It is estimated that a cumu-
lative dose score of 50 would be received from just three
to Wve CT procedures (Sigurdson et al. 2008a), and
recent data indicate that certain segments of the US pop-
ulation are receiving cumulative doses of ionizing radia-
tion at and above this level (Peloquin et al. 2008). The
observed magnitude of 0.04 excess translocations is also
consistent with the expected estimate of 0.05 excess
translocations/100 CEs/10 mGy, which was previously
derived by extrapolation from excess translocation fre-
quencies observed in studies of high-energy gamma rays
(Bhatti et al. 2007, 2008), suggesting that the increase in
translocation frequency per unit dose score is reliably
reXecting the extent of ionizing radiation exposure from
diagnostic X-rays.

In our analysis for heterogeneity, we found that the
association observed among university faculty members
was inconsistent with the estimates from the three other
study groups. While the estimated cumulative medical
diagnostic RBM dose scores among faculty (mean = 11)
were low compared to radiologic technologists
(mean = 46) this is unlikely to be the sole reason for the

Fig. 1 Translocation frequency as a function of the cumulative diag-
nostic red bone marrow radiation dose score (n = 362). The trend line
with 95% upper and lower conWdence bounds is from multivariable
Poisson regression analysis, speciWed for ages 60–<65 and FISH meth-
od 2. [0.04 excess translocations/100 CE/10 bone marrow dose score
units (95% CI: 0.02, 0.06; P < 0.001); R2 = 0.7]. Dose score approxi-
mates mGy

Fig. 2 Translocation frequency with successive truncation of cumula-
tive diagnostic red bone marrow radiation dose score ranges at 50 or
less, 20 or less and 10 or less. Trend lines with 95% upper and lower
conWdence bounds are from multivariable Poisson regression analyses
and are speciWed for ages 60–<65 and FISH method 2. a ·50 dose score
units [0.05 excess translocations/100 CE/10 bone marrow dose score
units (95% CI: 0.001, 0.1; P = 0.04); R2 = 0.7]. b ·20 dose score units
[0.08 excess translocations/100 CE/10 bone marrow dose score units
(95% CI: ¡0.02, 0.2; P = 0.1); R2 = 0.7]. c ·10 dose score units [0.3 ex-
cess translocations/100 CE/10 bone marrow dose score units (95% CI:
0.05, 0.5; P = 0.02); R2 = 0.7]. Dose score approximates mGy
123
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heterogeneity because a similarly low mean dose score
was observed among pilots (mean = 11). As seen in the
previous study among airline pilots and university faculty,
there are no diVerences in lifestyle factors that would seem
to account for the heterogeneity (Yong et al. 2009). We
speculate that university faculty members may not be as
able to accurately recall past diagnostic X-ray procedures
because they may not have undergone regular examination
(pilots typically have annual physicals) or because they are
not medical professionals (radiologic technologists proba-
bly are more aware of their radiographic examination his-
tory). This suggests that studies of diagnostic radiation
exposure based on recall of past procedures may not be
feasible in the general public.

Our ability to detect a low-dose relationship (even below
a dose score of 50) was enhanced by the large number of
study subjects obtained by pooling data from three separate
studies and the scoring of extremely large numbers of cell
equivalents (approximately 1,000) per person in studies 2
and 3. The pilots, particularly, provided a large group of
individuals exposed to low levels of medical radiation that
can be attributed to screening (such as chest X-rays as part
of annual physicals) rather than following any active dis-
ease process, since the latter would restrict them from
Xying and would have made them ineligible for this study.

Recall error of past diagnostic X-ray procedures is a con-
cern, but because study subjects had no knowledge of their
translocation frequencies, the recall error would be non-
diVerential and unlikely to result in Wnding a false associa-
tion. While it might have been preferable to report dose in
mGy, we ultimately decided on dose score as more appro-
priate because mGy would convey an unwarranted level of
accuracy and precision for the dose estimates. In addition to
the uncertainty in assigning representative dose scores for
speciWc procedures, there is also the issue of reporting
errors, since the numbers and types of diagnostic proce-
dures were self-reported by study subjects. Thus, character-
izing the nature and magnitude of errors or uncertainties
associated with the radiation exposure estimates for this
study is multiply complex.

FISH method was included as a covariate in our models;
as seen in Table 2, diVering laboratory methods may account
for the large diVerence in translocation rate ratios when com-
paring study 1 to studies 2 and 3. A recent international pool-
ing eVort to assess chromosome translocations in
“unexposed” human populations found evidence that inter-
laboratory diVerences may have contributed to variability in
translocation frequencies (Sigurdson et al. 2008b) and there-
fore should be taken into account analytically.

Because we derived genome-equivalent translocation
frequencies from translocations measured in only a subset
of chromosomes, the potential sensitivity of particular chro-
mosomes to radiation-induced damage over others may

have resulted in a systematic error in the translocation val-
ues used in this study. While a study of radiation-induced
breakpoints in human chromosomes found evidence sup-
porting a non-random breakpoint distribution in certain
chromosomes, the authors concluded that the eVect was
insuYcient to invalidate cytogenetic analysis using a subset
of the genome for biodosimetry (Johnson et al. 1999).

With the increasing use of new diagnostic X-ray proce-
dures, such as CT, the collective radiation dose to the pub-
lic from medical procedures is rising and may be an
underappreciated health risk. Individual doses from these
procedures are approaching magnitudes that have been
associated with increased risk of cancer in other settings
(Brenner and Hall 2007). While the beneWt of radiation use
in disease diagnosis and patient treatment remains undis-
puted, the current pooled study demonstrates that low-dose
diagnostic X-rays are associated with measurable cumula-
tive chromosome damage. This includes procedures that
were performed in healthy individuals for annual screening
purposes rather than to follow-up active disease processes.
The relationship between chromosome damage and speciWc
disease outcomes remains uncertain, but there is supporting
evidence that chromosome damage is associated with an
increase in cancer risk (BoVetta et al. 2007; Bonassi et al.
2008). Potential adverse health outcomes from various rela-
tively high-dose imaging procedures such as CT scans or in
the scenario of repeated examinations to monitor chronic
conditions has become appreciated recently by the medical
community (Ron 2003; Berrington de Gonzalez and Darby
2004; Brenner and Elliston 2004; Lee et al. 2004; Hampton
2006; Martin and Semelka 2006; Brenner and Hall 2007;
Einstein et al. 2007; Mettler et al. 2008; Peloquin et al.
2008; Fazel et al. 2009; Sodickson et al. 2009) but eVects
from very low doses related to screening examinations may
also be an emerging concern.
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