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Studies involving atomic bomb survivors
have documented an increased incidence
of malignant neoplasm related to the radi-

ation exposure.1–4 Survivors who were farther
from the epicentre of the blast had a lower inci-
dence of cancer, whereas those who were closer
had a higher incidence.5 Similar risk estimates
have been reported among workers in nuclear
plants.6 However, little is known about the rela-
tion between exposure to low-dose ionizing radi-
ation from medical procedures and the risk of
cancer.
In the past six decades since the atomic bomb

explosions, most individuals worldwide have
had minimal exposure to ionizing radiation.
However, the recent increase in the use of med-
ical imaging and therapeutic procedures involv-
ing low-dose ionizing radiation has led to a
growing concern that individual patients may be
at increased risk of cancer.7–12 Whereas strict reg-
ulatory control is placed on occupational expo-

sure at work sites, no such control exists among
patients who are exposed to such radiation.13–16

It is not only the frequency of these proced -
ures that is increasing. Newer types of imaging
procedures are using higher doses of low-dose
ionizing radiation than those used with more tra-
ditional procedures.8,11 Among patients being
evaluated for coronary artery disease, for exam-
ple, coronary computed tomography is increas-
ingly being used. This test may be used in addi-
tion to other tests such as nuclear scans, coronary
angiography and percutaneous coronary interven-
tion, each of which exposes the patient to low-
dose ionizing radiation.12,17–21 Imaging proced ures
provide information that can be used to predict
the prognosis of patients with coronary artery dis-
ease. Since such predictions do not necessarily
translate into better clinical outcomes,8,12 the prog-
nostic value obtained from imaging procedures
using low-dose ionizing radiation needs to be bal-
anced against the potential for risk.
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Background: Patients exposed to low-dose ion-
izing radiation from cardiac imaging and ther-
apeutic procedures after acute myocardial
infarction may be at increased risk of cancer.

Methods: Using an administrative database,
we selected a cohort of patients who had an
acute myocardial infarction between April
1996 and March 2006 and no history of can-
cer. We documented all cardiac imaging and
therapeutic procedures involving low-dose
ionizing radiation. The primary outcome was
risk of cancer. Statistical analyses were per-
formed using a time-dependent Cox model
adjusted for age, sex and exposure to low-
dose ionizing radiation from noncardiac imag-
ing to account for work-up of cancer.

Results: Of the 82 861 patients included in the
cohort, 77% underwent at least one cardiac
imaging or therapeutic procedure involving

low-dose ionizing radiation in the first year
after acute myocardial infarction. The cumula-
tive exposure to radiation from cardiac proced -
ures was 5.3 milli Sieverts (mSv) per patient-
year, of which 84% occurred during the first
year after acute myocardial infarction. A total
of 12 020 incident cancers were diagnosed dur-
ing the follow-up period. There was a dose-
dependent relation between exposure to radi-
ation from cardiac procedures and subsequent
risk of cancer. For every 10 mSv of low-dose
ionizing radiation, there was a 3% increase in
the risk of age- and sex-adjusted cancer over a
mean follow-up period of five years (hazard
ratio 1.003 per milliSievert, 95% confidence
interval 1.002–1.004).

Interpretation: Exposure to low-dose ionizing
radiation from cardiac imaging and therapeu-
tic procedures after acute myocardial infarction
is associated with an increased risk of cancer.

Abstract
See related commentary by Mercuri and colleagues, page 413
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Authors of several studies have estimated that
the risk of cancer is not negligible among pa -
tients exposed to low-dose ionizing radiation.22–27

To our knowledge, none of these studies directly
linked cumulative exposure and cancer risk. We
examined a cohort of patients who had acute
myocardial infarction and measured the associa-
tion between low-dose ionizing radiation from
cardiac imaging and therapeutic procedures and
the risk of  cancer.

Methods

Patient population and data sources
The hospital discharge summary database in
Quebec (Med-Echo), which includes information
on all hospital admissions in the province, was
used to create a retrospective cohort of all pa -
tients admitted to hospital for the first time with
acute myocardial infarction between Apr. 1,
1996, and Mar. 31, 2006. Using the patients’
unique encrypted health insurance numbers, we
linked these data to data from the Régie de l’As-
surance Maladie du Québec (RAMQ) database.
Information on the patients’ vital status was
obtained from the Med-Echo and RAMQ data-
bases. Ascertainment of vital status has been val-
idated in previous studies.28 We included patients
if their principal diagnosis on admission was
acute myocardial infarction (code 410 in the 9th
revision of the International Classification of
Diseases and codes I21 and I22 in the 10th revi-
sion). The cohort construction has been previ-
ously described.28

We excluded patients if they had evidence of
a prior diagnosis of cancer in the year before and
the year after the admission date. We defined
such evidence as (a) admission to hospital with a
primary diagnosis of cancer, (b) a non–cancer-
related admission with cancer listed as a sec-
ondary diagnosis, (c) any outpatient visit with a
diagnosis of cancer and (d) any in- or outpatient
visit billed by an oncologist, regardless of the
diagnosis.
The final cohort comprised 82 861 patients.

Radiation exposure
The patients’ records were examined for any car-
diac radiologic procedures for diagnostic or ther-
apeutic purposes after the acute myocardial
infarction. We obtained these data by capturing
physician billing codes for these procedures
from the RAMQ database. The procedures of
interest (and their average effective radiation
dose in milli Sieverts) were myocardial perfusion
imaging (15.6 mSv), diagnostic cardiac catheter-
ization (7.0 mSv), percutaneous coronary inter-
vention (15.0 mSv) and cardiac resting ventricu-

lography (7.8 mSV). These estimated doses were
obtained from previous reports.7,29

Patients were divided into five groups accord-
ing to their level of exposure to low-dose ioniz-
ing radiation after acute myocardial infarction
(no exposure [reference group], > 0–≤ 10 mSv,
> 10–≤ 20 mSv, > 20–≤ 30 mSv and > 30 mSv).

Diagnosis of cancer
Follow-up for incident cancers began one year
after the index admission related to acute myo -
cardial infarction. Because of the latency be -
tween exposure to low-dose ionizing radiation
and the development of cancer, a time lag of one
year was added to the time of each exposure.
Therefore, an incident cancer could be attributed
to an exposure to radiation only if the cancer was
diagnosed at least one year later. This time lag
minimized the risk of spurious associations
between low-dose ionizing radiation and cancer
diagnosed soon thereafter. It also decreased the
risk of work-up bias (imaging tests ordered in
the diagnostic work-up of cancer, notwithstand-
ing that cardiac imaging tests are seldom per-
formed as a diagnostic work-up for cancer).
Cancer diagnoses were identified on the basis

of codes from the 9th and 10th revisions of the
International Classification of Diseases. All diag-
nostic codes from hospital admissions and outpa-
tient visits were surveyed. A patient was consid-
ered to have cancer if at least one diagnostic code
for cancer was recorded during follow-up in any
of the following settings: (a) admission to hospi-
tal with a primary diagnosis of cancer, (b) a non–
cancer-related admission with cancer listed as a
secondary diagnosis and (c) any outpatient visit
with a cancer diagnosis.

Statistical analysis
We compared the clinical characteristics of pa -
tients with respect to their exposure to low-dose
ionizing radiation from cardiac imaging or ther -
apeutic procedures. In time-dependent Cox
 proportional hazards models, we explored the
possible independent association between such
exposure and risk of cancer. The following vari-
ables were adjusted for in the models: age, sex
and exposure to low-dose ionizing radiation
from noncardiac procedures. Variables for expo-
sure to radiation from cardiac and noncardiac
procedures were included both as continuous
variables centred on the mean and as binary vari-
ables for exposure status. We centred all contin-
uous variables for radiation exposure by sub-
tracting their respective means from the original
values for all patients exposed and attributing
zero for those not exposed. In such a model, the
coefficient of the continuous variable provides
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an estimate of the quantitative effect of this vari-
able among those exposed to radiation only.30

The relation between continuous variables in -
cluded in the model and the outcome was evalu-
ated for linearity. 
Sensitivity analyses were performed to ex -

plore different time lags (one, three and five
years) be tween exposure to low-dose ionizing
radiation and ascertainment of incident cancer,
as well as truncated follow-up periods (one, two
and three years) to ensure that the incident can-
cers were not occurring too soon after acute
myocardial infarction or exposure to  radiation.

Results

Table 1 shows the clinical characteristics of the
82 861 patients stratified by their level of expo-
sure to low-dose ionizing radiation from cardiac
imaging and therapeutic procedures in the first
year after acute myocardial infarction. The
median age was 63.2 years (interquartile range
53.1–74.0), and 31.7% were women. In general,
the exposure groups differed little with respect to
clinical characteristics. Patients with higher lev-
els of exposure tended to be younger males with
fewer comorbidities. The level of exposure was

higher among patients whose treating physician
was a cardiologist than among those whose treat-
ing physician was a general practitioner. There
was no consistent relation between exposure to
radiation from cardiac procedures and exposure
to radiation from noncardiac  procedures.
The cumulative exposure to low-dose ioniz-

ing radiation from all cardiac procedures was
5.3 mSv per patient-year, of which 84% oc -
curred during the first year after acute myocar-
dial infarction. Table 2 shows the frequency dis-
tribution of the cardiac procedures performed in
the first year after acute myocardial infarction:
33.8% of patients had at least one myocardial
perfusion imaging test, 40.7% had at least one
percutaneous coronary intervention, 10.6% had
at least one cardiac resting ventriculography, and
31.1% had at least one diagnostic cardiac cath -
eterization not followed by percutaneous coro-
nary intervention. Invasive procedures (diag -
nostic cardiac catheterization and percutaneous
coronary intervention) accounted for 63.9% of
the radiation from cardiac procedures.
Table 3 shows the frequency distribution of

the 12 020 incident cancers that were detected
during follow-up, by site of cancer. There was a
wide distribution, although cancers affecting the

Table 1: Characteristics of patients according to their level of exposure to low-dose ionizing radiation from cardiac imaging and 
therapeutic procedures in the first year after acute myocardial infarction 

 Level of exposure; % of patients* 

Characteristic 
None 

n = 19 039 
> 0 to ≤ 10 mSv 

n = 12 331 
> 10 to ≤ 20 mSv 

n = 25 310 
> 20 to ≤ 30 mSv 

n = 11 091 
> 30 mSv 

n = 15 090 
Total 

n = 82 861 

Age, yr, median (IQR) 72.2 (57.4–82.5) 63.8 (54.0–73.0) 61.0 (52.1–71.5) 61.9 (52.8–71.5) 59.5 (51.5–69.0) 63.2 (53.1–74.0) 

Sex, male 59.5 68.9 71.6 70.9 71.6 68.3 

Treating physician       

General practitioner 50.9 42.9 37.8 39.3 38.8 41.9 

Cardiologist 38.9 46.0 53.8 51.2 52.8 48.7 

Hypertension 32.9 35.3 33.7 33.9 34.2 33.9 

Diabetes mellitus 21.1 22.7 18.5 22.2 20.7 20.6 

Heart failure 20.2 16.0 11.7 15.3 13.3 15.0 

Arrhythmia 17.5 14.1 14.0 15.5 15.4 15.3 

Chronic renal failure 9.5 5.1 4.6 5.2 4.4 5.8 

Cerebrovascular 
disease 

6.6 4.6 3.1 3.6 3.1 4.2 

Acute renal failure 4.4 2.5 2.1 2.4 2.1 2.7 

Pulmonary edema 1.3 1.1 0.5 0.7 0.5 0.8 

Shock 0.6 0.8 0.8 1.0 1.0 0.8 

Low-dose ionizing 
radiation from 
noncardiac procedures, 
mSv, mean (SD) 

1.26 (4.05) 1.94 (6.09) 1.46 (4.84) 1.75 (5.55) 1.90 (5.84) 1.61 (5.18) 

Note: IQR = interquartile range, mSv = milliSieverts (unit of measurement for radiation exposure), SD = standard deviation. 
*Unless stated otherwise. 
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abdomen/ pelvis and thorax were the most com-
mon, accounting for about two-thirds of the
 cancers.
Figure 1 shows the relation between the cumu-

lative exposure to low-dose ionizing radiation
from cardiac procedures after acute myocardial
infarction and the risk of cancer during the follow-
up period. Cumulative exposure from cardiac pro-
cedures was an independent predictor of incident
cancer (hazard ratio [HR] 1.003 per milliSievert,
95% confidence interval [CI] 1.002–1.004). For
every 10 mSv of radiation, there was a 3%
increase in risk of age- and sex-adjusted cancer
over a mean follow-up of 5.0 years.
When stratified by sex, the adjusted HR for

incident cancer was 1.005 (95% CI 1.003–1.007)
among women and 1.002 (95% CI 1.001–1.003)
among men exposed to low-dose ionizing radia-
tion. The interaction term for sex and radiation
exposure was added to the multivariable Cox
model and was found to be statistically signifi-
cant (p < 0.001).
In the sensitivity analyses of the effect of dif-

ferent time lags on estimates of cancer risk, time
lags of one, three and five years yielded similar
results as those from the primary analysis. In the
sensitivity analysis of the effect of different trun-
cated follow-up periods, cumulative exposure to
radiation from cardiac procedures was no longer
a significant predictor of incident cancer when
follow-up was truncated to one or two years.
This finding is not surprising given that the link
between exposure to low-dose ionizing radiation
and incident cancer in such a short period is
assumed to be biologically implausible.

Interpretation

We found a relation between the cumulative ex -
posure to low-dose ionizing radiation from car-

diac imaging and therapeutic procedures after
acute myocardial infarction, and the risk of inci-
dent cancer. Although most patients were ex -
posed to low or moderate levels of radiation, a
substantial group were exposed to high levels
and in general tended to be younger male pa -
tients with fewer comorbidities.
Previous studies have shown increased rates

of use of imaging tests and therapeutic proced -
ures involving low-dose ionizing radiation in
North America.7–12 This trend is particularly evi-
dent among patients with known or suspected
coronary artery disease. There has been a
marked increase in the number of imaging tests
used to screen for this disease, including com-
puted tomography angiography and radioisotope
nuclear scans. In many centres, these types of
tests have supplanted earlier tests that do not use
radiation, such as exercise treadmill and stress
echocardiography.12,17,21,31,32 Magnetic resonance
imaging of the coronary arteries does not use
radiation, but it is not being used as extensively
as computed tomography angiography.
Although there is a paucity of data in the litera-

ture, our results are generally consistent with prior

Table 2: Frequency of cardiac imaging and therapeutic procedures in the first year after acute 
myocardial infarction 

No. of tests performed;  
% of patients 

Procedure 
Mean effective 

radiation dose, mSv 0 1 ≥ 2 

% of all low-dose 
ionizing radiation 

from cardiac imaging 

Myocardial perfusion imaging 15.6 66.3 29.4 4.4 29.9 

Percutaneous coronary 
intervention* 

15.0 59.3 36.3 4.4 40.3 

Cardiac resting ventriculography† 7.8 89.4 9.7 0.9 6.3‡ 

Diagnostic cardiac catheterization 7.0 68.9 29.1 2.0 23.6 

Note: mSv = milliSieverts (unit of measurement for radiation exposure). 
*In Quebec, only percutaneous coronary intervention is billed when both a catheterization and a percutaneous coronary 
intervention are done at the same time. This has been incorporated in the estimation of radiation dose. 
†One-year rates decreased from 18% to 4% during 1996–2007. 
‡Proportion is the average over a 10-year period. 

Table 3: Frequency of 12 020 incident cancers, 
by site 

Site 
No. (%) of  

incident cancers* 

Abdomen and pelvis 5 039   (41.9) 

Thorax (including breast cancer) 3 216   (26.8) 

Bone, soft tissue and skin 2 642   (22.0) 

Head and neck 1 085     (9.0) 

Hematologic 987     (8.2) 

*The total number is greater than 12 020 because the cancers 
are not mutually exclusive. 
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estimates of the risk of cancer associated with
exposure to low-dose ionizing radiation. Specifi-
cally, the US Scoliosis Cohort Study involving
young patients exposed to serial radio graphic
studies showed a relative risk of 1.6 for breast
cancer for an average dose of 108 mSV33 (extrapo-
lation from our model generated an HR of 1.353
for all cancers for this same dose). The Japanese
Life-Span Study involving atomic bomb survivors
showed a relative risk of 1.1–1.2 for solid cancers
for an average dose of 200 mSv3 (HR 1.751 in
extrapolation from our model). A pooled analysis
of data for children exposed to external radiation
showed a relative risk of 2.5 for thyroid cancer for
an average dose of 50 mSv34 (HR 1.150 among
adults in extrapolation from our model). The
higher effect among children is thought to be due
to higher radiation sensitivity at a lower age.

It has been argued that patients who undergo
frequent testing involving low-dose ionizing
radiation tend to be older patients who are more
likely to experience an adverse outcome related
to their primary disease (e.g., coronary artery
disease) rather than a radiation-related cancer. In
our cohort, the median age was 63.2 years, and
younger patients were more likely to be exposed
to higher doses of radiation. Although mortality
is increased among patients with acute myocar-
dial infarction, disease-specific mortality has
been decreasing since the 1960s.35,36 For the aver-
age patient surviving an acute myocardial infarc-
tion, life expectancy is substantial.36,37 Our results
suggest that exposure to low-dose ionizing radia-
tion directly affects the likelihood of cancer. Al -
though these patients most likely will die of car-
diac-related causes, the increased exposure to

Decreased 
risk

Increased
risk

HR (95% CI)

(1.007–1.011)
(1.006–1.010)

1.009
1.008

Radiation from noncardiac 
procedures (per milliSievert)
Unadjusted
Adjusted

(1.008–1.097)
(1.073–1.166)

1.051
1.119

Per 40-mSv increase
Unadjusted
Adjusted

(1.006–1.072)
(1.054–1.122)

1.038
1.088

Per 30-mSv increase
Unadjusted
Adjusted

(1.004–1.047)
(1.036–1.080)

1.025
1.058

Per 20-mSv increase
Unadjusted
Adjusted

(1.002–1.023)
(1.018–1.039)

1.013
1.028

Radiation from cardiac 
procedures*
Per 10-mSv increase

Unadjusted
Adjusted

(1.000–1.002)
(1.002–1.004)

1.001
1.003

Radiation from cardiac procedures 
(per milliSievert)*
Unadjusted
Adjusted

(1.037–1.040)
(1.043–1.047)

1.039
1.045

Age (per year)
Unadjusted
Adjusted

(0.963–1.042)
(1.443–1.568)

1.002
1.504

Sex, male
Unadjusted
Adjusted

HR (95% CI)Variable

1.0 1.2 1.50.9

Figure 1: Relation between cumulative exposure to low-dose ionizing radiation (measured in milliSieverts)
from cardiac imaging and therapeutic procedures after acute myocardial infarction and the risk of cancer
during a mean follow-up period of 5.0 years. Hazard ratios (HRs) above 1.0 indicate an increased risk of
cancer. Adjusted HRs were derived from models adjusted for age, sex and exposure to low-dose ionizing
radiation from noncardiac procedures. *Among patients who were exposed to more than 0 mSv of radia-
tion. Note: CI = confidence interval, mSv = milli Sieverts.
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low-dose ionizing radiation increases their risk
of cancer and perhaps mortality.
The potential increase in cancer-related death

associated with exposure to radiation from car-
diac imaging and therapeutic procedures has to
be weighed against the potential risk of death
from cardiovascular diseases for which these
procedures are indicated and the resulting de -
crease in mortality expected with their use. Al -
though we think that our results are important for
identifying and quantifying possible harms, we
also think that a valid evaluation to determine
where the balance between these competing risks
falls is not possible from our study, given its rel-
atively short time horizon and the potential for
residual  confounding.

Limitations
A number of limitations of our study should be
noted. First, we did not directly measure the
doses of low-dose ionizing radiation in our co hort
of patients. Instead, we used an administrative
database to identify the cardiac imaging and ther-
apeutic procedures that patients underwent and
then used estimated doses7 to calculate the cumu-
lative exposure for each patient. There is variabil-
ity in these estimates.38,39 Technical as pects of
these tests vary with the centre and operator, and
perfect estimation of dose is not possible. We
relied on a well-cited, recently published source
to attempt to minimize this source of measure-
ment error.7,29

Second, potential confounders entered into the
models were limited to variables collected in the
administrative database; therefore, there is a risk
of residual confounding by indication. This risk is
lowest for the association between exposure to
radiation from cardiac procedures and cancer
because cardiac imaging and therapeutic proced -
ures are seldom indicated for the work-up of can-
cer, which makes it an ideal setting to test our
hypothesis. The opposite is true for the associa-
tion between exposure to radiation from noncar-
diac procedures and cancer (as supported by the
HR observed in our model). Confounding by
indication remains  significant.
Third, we did not ascertain the difference

between high, acute exposure to low-dose ioniz-
ing radiation after acute myocardial infarction
and low, repeated exposure.
Fourth, we examined a cohort of patients who

had acute myocardial infarction in Canada be -
tween 1996 and 2006. Canadian patients under go
fewer imaging and therapeutic proced ures than
American patients.40 Furthermore, the ex plosion
of imaging techniques and therapeutic procedures
has been rather recent.32,41 Thus, our cohort likely
had lower levels of exposure to low-dose ionizing

radiation than current patients with acute myocar-
dial infarction in North America. Consequently,
the numbers that we present may be underesti-
mates of the level of exposure to radiation that
current patients are  experiencing.

Conclusion
We found that a substantial proportion of pa -
tients were exposed to high levels of low-dose
ionizing radiation from cardiac imaging and
therapeutic procedures after acute myocardial
infarction. We were able to show that exposure
to radiation from cardiac imaging was associated
with an increased risk of cancer in this patient
population. Even moderate levels of exposure
were associated with an increased risk of cancer. 
These results call into question whether our

current enthusiasm for imaging and therapeutic
procedures after acute myocardial infarction
should be tempered. We should at least consider
putting into place a system of prospectively doc-
umenting the imaging tests and procedures that
each patient undergoes and estimating his or
her cumulative exposure to low-dose ionizing
 radiation.42
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