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Risks of noncancer causes of death, particularly cardiovascular disease, associated with exposures to high-dose

ionizing radiation, are well known. Recent studies have reported excess risk in workers who are occupationally ex-

posed to low doses at a low dose rate, but the risks of moderately fractionated exposures, such as occur during

diagnostic radiation procedures, remain unclear. The Canadian Fluoroscopy Cohort Study includes 63,707 tuber-

culosis patients exposed to multiple fluoroscopic procedures in 1930–1952 and followed-up for death from non-

cancer causes in 1950–1987. We used a Poisson regression to estimate excess relative risk (ERR) per Gy of

cumulative radiation dose to the lung (mean dose = 0.79 Gy; range, 0–11.60). The risk of death from noncancer

causes was significantly lower in these subjects compared with the Canadian general population (P < 0.001).

We estimated small, nonsignificant increases in the risk of death from noncancer causes with dose. We estimated

an ERR/Gy of 0.176 (95% confidence interval: 0.011, 0.393) (n = 5,818 deaths) for ischemic heart disease (IHD)

after adjustment for dose fractionation. A significant (P = 0.022) inverse dose fractionation effect in dose trends of

IHD was observed, with the highest estimate of ERR/Gy for those with the fewest fluoroscopic procedures per year.

Radiation-related risks of IHD decreased significantly with increasing time since first exposure and age at first ex-

posure (both P < 0.05). This is the largest study of patients exposed to moderately fractionated low-to-moderate

doses of radiation, and it provides additional evidence of increased radiation-associated risks of death from

IHD, in particular, significantly increased radiation risks from doses similar to those from diagnostic radiation pro-

cedures. The novel finding of a significant inverse dose-fractionation association in IHD mortality requires further

investigation.

cardiovascular disease; dose fractionation; ionizing radiation; ischemic heart disease; noncancer diseases;

radiation dose-response relationship

Abbreviations: CI, confidence interval; CT, computed tomography; CVD, cardiovascular disease; ERR, excess relative risk; ICD,

International Classification of Diseases; ICD-9, International Classification of Diseases, Ninth Revision; IHD, ischemic heart

disease; LSS, Life Span Study; SMR, standardized mortality ratio.

The relationship between exposure to ionizing radiation
and subsequent development of cancer has been firmly estab-
lished in many studies (1). Therapeutic doses of ionizing ra-
diation to the heart and large arteries have long been shown to
be associated with several noncancer causes of death, partic-
ularly coronary heart disease, myocardial infarction, and
stroke, in studies of patients treatedwith radiotherapy for breast
cancer (2–5), Hodgkin disease (6–8), and peptic ulcer (9), as
well as in childhood cancer survivors (reviewed by Stewart

(10)). More recently, and controversially, there have been
emerging reports of excess mortality and morbidity from
circulatory disease—both cardiovascular disease (CVD) and
cerebrovascular disease—in a number of groups exposed to
moderate and low doses, in particular in the Life Span Study
(LSS) of Japanese atomic bomb survivors (11), but also in a
number of occupationally exposed cohorts (reviewed by
Little et al. (12)). However, the complicated, multifactorial
nature of CVD and possible contributions from unmeasured
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confounders and errors in dose estimates inevitably raise con-
cerns over whether the observed associations are causal (12).

It is still not clear whether the CVD risks in occupational
settings, characterized by small daily dose fractions, are asso-
ciated with lower risks than those for acute, high-dose expo-
sure in the way that would be expected for cancer (12, 13).
Even less is known about the risks of diagnostic low-dose ra-
diation imaging technologies such as computed tomography
(CT), radiation doses from which are sometimes higher than
cumulative lifetime occupational exposures (14). Given the
tripling in use of CT scans in the United States since 1993
(14), it is important to understand the risks of such exposures
received over a protracted time period. However, very limited
epidemiologic data exist to examine how dose fractionation
modifies noncancer risks (15).

The Canadian and US cohorts that administered fluoro-
scopic x-rays as part of treatment of tuberculosis have been
studied in relationship to cancer (16–19), but noncancer dis-
eases have not been examined. In light of the potential impor-
tance of such an association for radiological protection of the
general population, further epidemiologic studies, particu-
larly those that quantify dose and its fractionation, are needed
(20). The Canadian Fluoroscopy Cohort Study includes all
63,707 tuberculosis patients admitted to medical institutions
in Canada who received widely varying cumulative doses of
highly fractionated ionizing radiation. In this article, we as-
sess noncancer disease mortality between 1950 and 1987.
We decided a priori to concentrate on the relationship be-
tween cumulative lung tissue dose and several noncancer
causes of death in organs in the direct path of the fluoroscopic
beam, with particular emphasis on radiation-associated risks
of CVD and dose-fractionation associations.

MATERIALS AND METHODS

Cohort characteristics and follow-up

The methods used to assemble the cohort have been de-
scribed previously (18) and are summarized briefly below.
The medical records from all Canadian institutions that
treated tuberculosis patients in 1930–1952 were examined
to extract information on patient identification and treatment
for tuberculosis, including a detailed history of any artificial
pneumothorax (110,088 patient records from 46 institutions).
Multiple admissions to different institutions were identified
by computerized record linkage of the patient records (21),
resulting in 92,707 patients.

Deaths in the cohort were ascertained via computerized re-
cord linkage with the Canadian Mortality Database. Because
information on cause of death is available only since 1950,
we included in the cohort only those known to be alive at
the beginning of 1950. Exclusions were made for those
with incorrect age (n = 1,653), invalid last contact status or
year (n = 850), age of more than 100 years at the end of follow-
up (n = 2,392), and other record irregularities (n = 6), leaving
a cohort of 63,707 patients for analysis (24,932 radiation-
exposed subjects and 38,775 unexposed subjects).

The underlying causes of death were recoded from the
original International Classification of Diseases (ICD)
codes in use at the time of death to those of the International

Classification of Diseases, Ninth Revision (ICD-9). The anal-
ysis focuses on diseases involving organs that were in the di-
rect path of the fluoroscopic beam, including all respiratory
diseases (ICD-9 codes 460–519) and CVDs. All CVDs
(ICD-9 codes 390–448) were split into hypertensive disease
(ICD-9 codes 401–405), ischemic heart disease (IHD) (ICD-
9 codes 410–414 and 429.2), and other cardiovascular non-
stroke diseases. Stroke (ICD-9 codes 430–438) was excluded
because the relevant organs are largely out of the direct path
of the beam.

Dosimetry

Absorbed lung doses from fluoroscopy were estimated for
each patient for each year since first admission for treatment
for tuberculosis, as described byMiller et al. (22). Briefly, the
following 4 components were used to estimate total dose:
1) counts of the number of fluoroscopic procedures each pa-
tient underwent in each calendar year; 2) data on the output of
typical fluoroscopes used during the relevant period; 3) data
from human phantom experiments on the estimated organ
dose per unit of surface exposure, depending on shuttering
used and whether or not filtration was added to the x-ray
beam (23); and 4) interviews with 91 physicians who admin-
istered artificial pneumothorax during the relevant period to
ascertain contemporary fluoroscopy practices. Previously,
average parameters estimated from these interviews were
used in dose estimation models (18). In the current analysis,
for each lung dose to be estimated, 100,000 simulations were
carried out. In each simulation, a value of each parameter was
chosen at random from among the 91 physicians who admin-
istered artificial pneumothorax, weighted by their years of ex-
perience. The dose was then estimated as the arithmetic mean
of all simulations as the most appropriate for fitting a linear
dose-response relationship, somewhat analogous to regres-
sion calibration (24).

We used the lung dose as a central dose measurement of
interest because it should be a reasonable surrogate for doses
to the heart and associated major blood vessels. The lung tis-
sue doses were estimated as organ-absorbed doses in Gy. A
typical fluoroscopic examination delivered an average lung
dose of 0.0125 Gy (range, 0.010–0.016) at a dose rate of ap-
proximately 0.6 mGy/second (18).

Statistical analysis

Each patient contributed person-years at risk from the later
of the start date of treatment or the start date of follow-up, de-
fined as January 1, 1950, to the exit date of December 31,
1987, or the date of death, whichever occurred earlier. The
person-years at risk were classified by sex, Canadian prov-
ince of most admissions, type of tuberculosis diagnosis (pul-
monary/nonpulmonary), stage of tuberculosis (minimal,
moderate, advanced, or not specified), smoking status (un-
known, nonsmoker, or smoker), age at first exposure (0–4,
5–9, 10–19, or 20–87 years), attained age (0–24, 25–29,
. . . 80–84, or 85–100 years), calendar year at risk (1950–
1954, 1955–1959, . . . 1980–1984, or 1985–1987), dura-
tion of fluoroscopy screenings (0, 0.04–1, or 1–30 years),
and cumulative lagged lung dose. Doses were lagged by
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10 years, a minimal latent period that has been used in several
studies of long-term risks of radiation exposure on cancer and
noncancer mortality risk (12, 20); additional analyses were
conducted by using latent periods of 5 and 15 years. In con-
trast to studies by Howe (18) and Howe and McLaughlin
(19), which treated doses as instantaneous exposures, we
used time-dependent person-year–weighted mean cumulative
dose in each cross-classified cell in the regression analyses.
The first series of analyses compared the cohort with the

general Canadian population. Standardized mortality ratios
(SMRs) were estimated by using sex-, attained age–, and cal-
endar year–specific Canadian general population mortality
rates for 1950–1987. Additional analyses examined variation
of SMRs by radiation dose categories (nonexposed, exposed
to 0–0.99 Gy, or exposed to 1.00–11.60 Gy).
In the second series of analyses, we used Poisson regres-

sion as follows:

RðDÞ ¼ R0 ×
�
1þ βDexp

�X
i

γiZi
��

ð1Þ

where R(D) is the disease rate at doseD, R0 is the background
(0 dose) parametric rate that depends on various possibly
confounding factors, β is the excess relative risk (ERR) per
1 Gy of lung dose (ERR/Gy), and γi are regression estimates
for association-modifying factors, Zi, such as age at first expo-
sure or dose fractionation. Because of the observed differ-
ences in background rates by sex, attained age, calendar
year, province of admission, type and stage of tuberculosis,
and duration of fluoroscopy screenings, all subsequent anal-
yses were adjusted for these variables by stratification.
The number of deaths used in the dose-response analysis is

smaller than that in the standardized mortality ratio analysis
because of different cutoff linkage weights used for comput-
erized linkage of the cohort with the CanadianMortality Data
Base. A lower cutoff value is used in the standardized mor-
tality ratio analysis in order for the cohort to be as comparable
as possible to the Canadian population. The increased cutoff
point for the internal dose-response analysis was used to
avoid dilution of any association due to the presence of
false positives (i.e., false linkages); it would not be expected
to bias estimates of relative risk.
Dose fractionation was calculated as a continuous variable

by using the ratio of cumulative lung dose and overall dura-
tion of fluoroscopy treatments and expressed in Gy/year. In
all subsequent analyses, dose fractionation was used as a
proxy for radiation dose protraction. The variable was not
time dependent and was centered so that the dose-association
parameter corresponded to the risk for a person with radiation
exposures at 0.2 Gy/year (∼16 fluoroscopic procedures/year).
The primary model used to evaluate the dose response as-

sumes a linear dose-response relationship, but we also eval-
uated several alternative forms, including linear-quadratic
and linear-exponential relationships. We also examined a
nonparametric model allowing the dose response to vary by
dose categories (0, 0–0.14, 0.15–0.49, 0.50–0.99, and 1.00–
11.60 Gy), which were chosen to evenly distribute cases.
Maximum likelihood techniques (25) were used to fit the

model via EPICURE software (HiroSoft International Corpo-
ration, Seattle, Washington). All tests were 2-sided with a

specified type I error of 0.05, and confidence intervals for
risk estimates were derived by the profile likelihood. Because
of the form of equation 1, the possible values of β are limited
by the requirement that the corresponding relative risk should
not be negative. If the likelihood optimum being sought for
a point or bound estimate attempted to converge below this
limiting value, the minimum value for β was used, given by
−1/Dmax, where Dmax was the maximum dose.

RESULTS

Table 1 presents characteristics of the 63,707 subjects in
the Canadian Fluoroscopy Cohort Study by exposure status.
Radiation doses from fluoroscopic procedures were generally
accumulated over a protracted period, with the majority of pa-
tients (85%) receiving doses over a period of less than 3 years
(data not shown) (median, 2 years) (Table 1). The mean cu-
mulative person-time–weighted lung dose for the entire co-
hort was 0.79 Gy. Among exposed patients, the mean lung
dose was 0.92 Gy (data not shown), and the median dose
fractionation was 0.36 Gy/year.
Table 2 demonstrates that the cohort was evenly split be-

tween men and women. Overall, 24,932 subjects (39% of
the cohort) were exposed to at least 1 fluoroscopic procedure
in association with artificial pneumothorax.
Approximately 21% of the nonexposed subjects did not

have pulmonary tuberculosis, whereas almost all of the ex-
posed subjects had pulmonary tuberculosis (Table 2). Rates
of smoking among those with smoking information were
similar for exposed and nonexposed subjects (76% and
74%, respectively). Because background mortality rates for
all noncancer diseases and CVD did not differ significantly
between smokers and nonsmokers after adjustment for radia-
tion dose, smoking was not used as an adjustment factor in
further analyses.
Based on 14,884 noncancer deaths (Table 3), the mortality

rate in the cohort was similar to that of the sex-, attained age–,
and calendar year–comparable Canadian general population

Table 1. Study Characteristics of the Canadian Fluoroscopy Cohort

Study (n = 63,707), 1950–1987

Characteristic No. Mean Median Range

Person-years of
follow-up

1,902,252

Follow-up, years 31 0–37

Age at end of follow-up,
years

65 1–99

Time since first
exposure, years

39 0–57

Number of fluoroscopic
proceduresa

64 1–2,041

Duration of fluoroscopy
screenings, yearsa

2 0–35

Dose fractionation,
Gy/yeara

0.36 0–7.30

Total dose, Gyb 0.79 0–11.60

a Exposed subjects only.
b Cumulative person-time–weighted lung dose.
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(SMR = 0.96, 95% confidence interval (CI): 0.94, 0.97,
P < 0.001). Of the CVD endpoints, IHD showed significantly
reduced SMRs compared with the general population. The
SMRs for each cause of death were similar for men and
women (results not shown). When the SMRs were examined
in 3 dose groups (unexposed, 0–0. 99 Gy, and 1.00–
11.60 Gy), we observed a 10% excess of CVD deaths in
those with any fluoroscopy exposure compared with those

with no exposure, but there appeared to be no dose-response
relationship (Table 3).

In the categorical analysis, risks of all noncancer and IHD
mortality were nonsignificantly increased compared with
those with dose 0 (Table 4, which also shows numbers of
deaths and person-years by dose category). Table 5 further
demonstrates that there were few indications of trends of non-
cancer disease mortality with radiation dose.

Table 2. Characteristics of Subjects in the Canadian Fluoroscopy Cohort Study, 1950–1987

Characteristic

Nonexposed
(n = 38,775)

Exposed
(n = 24,932)

Total
(n = 63,707)

No. % No. % No. %

Sex

Men 20,116 51.9 11,804 47.3 31,920 50.1

Women 18,659 48.1 13,128 52.7 31,787 49.9

Birth year

1853–1899 6,827 17.6 1,599 6.4 8,426 13.2

1900–1909 6,466 16.7 4,092 16.4 10,558 16.6

1910–1919 9,273 23.9 8,892 35.7 18,165 28.5

1920–1929 10,900 28.1 8,850 35.5 19,750 31.0

1930–1939 4,112 10.6 1,476 5.9 5,588 8.8

1940–1949 1,197 3.1 23 0.1 1,220 1.9

Year of first admission

1930–1934 2,389 6.2 1,932 7.7 4,321 6.8

1935–1939 3,938 10.2 4,766 19.1 8,704 13.7

1940–1944 9,370 24.2 7,689 30.8 17,059 26.8

1945–1952 12,957 33.4 8,184 32.8 21,141 33.2

Age at first admission, years

0–9 2,292 5.9 161 0.6 2,453 3.9

10–19 6,499 16.8 5,297 21.2 11,796 18.5

20–29 13,167 34.0 12,399 49.7 25,566 40.1

30–39 7,259 18.7 4,830 19.4 12,089 19.0

40–89 9,558 24.6 2,245 9.0 11,803 18.5

Province of most admissions

Nova Scotia 2,494 6.4 1,914 7.7 4,408 6.9

Other 36,281 93.6 23,018 92.3 59,299 93.1

Type of tuberculosis

Pulmonary 8,121 20.9 288 1.2 8,409 13.2

Nonpulmonary 30,654 79.1 24,644 98.8 55,298 86.8

Stage of tuberculosis

Minimal 11,703 30.2 3,561 14.3 15,264 24.0

Moderate 11,012 28.4 11,684 46.9 22,696 35.6

Advanced 7,143 18.4 9,110 36.5 16,253 25.5

Not assigned 8,917 23.0 577 2.3 9,494 14.9

Smoking status

Nonsmoker 1,928 5.0 1,528 6.1 3,456 5.4

Smoker 5,441 14.0 4,731 19.0 10,172 16.0

Unknown 31,406 81.0 18,673 74.9 50,079 78.6
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Table 3. SMRs for Various Causes of Death Compared With Canadian Population Rates, Canadian Fluoroscopy Cohort Study, 1950–1987

Cause of Death

Nonexposed Exposed to Dosea of 0–0.99 Gy Exposed to Dosea of 1.00–11.60 Gy Entire Cohort

No. of
Observed
Deaths

SMRb 95% CI
No. of

Observed
Deaths

SMRb 95% CI
No. of

Observed
Deaths

SMRb 95% CI
No. of

Observed
Deaths

SMRb 95% CI

All causes 16,811 1.28 1.26, 1.30 6,022 1.37 1.34, 1.41 9,930 1.40 1.37, 1.43 26,741 1.32 1.30, 1.34

All noncancerc 9,505 0.92 0.90, 0.93 3,364 1.03 1.00, 1.07 2,015 1.04 1.00, 1.09 14,884 0.96 0.94, 0.97

All CVDs 6,580 0.88 0.85, 0.90 2,361 1.01 0.97, 1.05 1,362 1.00 0.95, 1.06 10,303 0.92 0.90, 0.94

Hypertensive 58 0.66 0.50, 0.85 38 1.31 0.93, 1.79 18 1.03 0.61, 1.63 114 0.85 0.70, 1.02

Ischemic heart
disease

4,285 0.89 0.87, 0.92 1,585 1.03 0.98, 1.08 890 0.98 0.92, 1.05 6,760 0.93 0.91, 0.96

Stroke 1,054 0.74 0.70, 0.79 344 0.85 0.76, 0.95 187 0.83 0.71, 0.93 1,585 0.77 0.74, 0.81

Other (nonstroke)
CVDs

1,183 0.98 0.92, 1.03 394 1.09 0.98, 1.20 267 1.27 1.12, 1.43 1,844 1.03 0.99, 1.08

All respiratory
diseases

1,852 1.80 1.72, 1.88 638 2.01 1.86, 2.17 438 2.39 2.17, 2.63 2,928 1.91 1.85, 1.98

All infectious diseases 2,959 19.38 18.69, 20.10 1,180 21.53 20.32, 22.80 793 22.22 20.70, 23.82 4,932 20.28 19.72, 20.86

All tuberculosis 2,872 31.53 30.39, 32.71 1,154 34.57 32.60, 36.62 773 35.38 32.93, 37.96 4,799 32.80 31.88, 33.74

Other infectious
diseases

87 1.41 1.13, 1.74 26 1.21 0.79, 1.78 20 1.44 0.88, 2.23 133 1.37 1.15, 1.63

All solid cancers 3,002 1.02 0.99, 1.06 1,018 0.94 0.88, 1.00 1,807 1.01 0.96, 1.05 4,809 1.02 0.99, 1.05

Abbreviations: CI, confidence interval; CVD, cardiovascular disease; SMR, standardized mortality ratio.
a
“Dose” refers to the cumulative person-time–weighted lung dose.

b Standardized by sex, attained age, and calendar year.
c Excludes deaths attributed to tumors that were benign or of uncertain nature, infectious diseases, and external causes.
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By contrast, models with adjustment for modification by
dose fractionation had generally larger ERR/Gy estimates
and, for IHD, this was statistically significant (P = 0.031,
ERR/Gy = 0.176, 95% CI: 0.011, 0.393). The trend was lin-
ear; tests for quadratic and exponential deviations from the
linear dose response were not significant (P = 0.178 and
P = 0.241, respectively, results not shown). When analyses
were restricted to patients with cumulative doses of less
than 0.5 Gy, we estimated an ERR/Gy of 0.149 (95% CI:
−0.284, 0.670) based on 4,734 IHD deaths among 61,063
subjects (results not shown). The modifications by dose frac-
tionation, age at first exposure, and time since first exposure
were not statistically significant in this subset (all P > 0.2, re-
sults not shown).

Results of analyses using 5- and 15-year lags in lung doses
are presented in Appendix Table 1. Similar trends were ob-
served in analyses with adjustment for dose fractionation, al-
though the findings for IHD were no longer significant. The
ERR/Gy of all respiratory diseases increased with increasing
lag time.

Table 6 shows estimated risks for noncancer outcomes
separately for 3 categories of dose fractionation. Dose frac-
tionation was a significant modifier of risks of IHD mortality
(P for heterogeneity = 0.022). The highest risks were esti-
mated for those with dose fractionation of 0–0.14 Gy/year
or 0–11 fluoroscopic procedures/year (ERR/Gy = 0.592, 95%
CI: 0.004, 1.400), and lower risks were estimated for those
exposed to doses fractionated at 0.15–0.29 Gy/year (ERR/
Gy = 0.145, 95% CI: 0.007, 0.320) and 0.30–7.30 Gy/year
(ERR/Gy = 0.010, 95% CI: −0.043, 0.078). There were sim-
ilar trends of higher risks with increasing dose fractionation
for all CVDs and all noncancer outcomes combined, but they
were not statistically significant. In the whole cohort, cumu-
lative person-time–weighted lung radiation dose was only
moderately associated with dose fractionation (Pearson’s
r = 0.314).

In the analysis of radiation dose–modifying associations
(Table 7), we observed a significant decrease in ERR of
IHD with increasing time since first exposure (P = 0.013)
and increasing age at first exposure (P = 0.004). The

Table 4. Relative Risks for Noncancer Causes of Death From the Categorical Analysis, Canadian Fluoroscopy Cohort Study, 1950–1987

Dosea Category,
Gy

Mean Dose,
Gy

Person-years
All Noncancer Deathsb Ischemic Heart Disease Deaths

No. RRc 95% CI No. RRc 95% CI

0 0 1,231,110 8,299 1 3,716 1

0.01–0.14 0.06 144,709 1,149 1.25 0.97, 1.60 526 1.35 0.92, 1.97

0.15–0.49 0.32 146,841 1,081 1.23 0.96, 1.58 492 1.33 0.91, 1.93

0.50–0.99 0.74 157,004 964 1.17 0.91, 1.51 456 1.23 0.84, 1.82

1.00–11.60 2.40 222,590 1,442 1.20 0.93, 1.55 628 1.20 0.81, 1.76

Total 0.79 1,902,254 12,935 5,818

Abbreviations: CI, confidence interval; RR, relative risk.
a
“Dose” refers to the cumulative person-time–weighted lung dose.

b Excludes deaths attributed to tumors that were benign or of uncertain nature, infectious diseases, and external causes.
c All analyses are adjusted for categories of sex, attained age, calendar year, Canadian province of admission, type (pulmonary vs. non-

pulmonary) and stage of tuberculosis diagnosis, and duration of fluoroscopy screenings by stratification.

Table 5. Excess Relative Risks per Gy for Noncancer Causes of Death, Canadian Fluoroscopy Cohort Study, 1950–1987

Cause of Death No. of Deaths ERR/Gyc 95% CI P Valuea
Dose-Fractionation
Adjusted ERR/Gyc,d

95% CI P Valueb

All noncancere 12,935 0.032 −0.006, 0.078 0.104 0.042 <−0.087, 0.159 0.779

All CVDs 8,877 0.020 −0.025, 0.074 0.413 0.069 −0.050, 0.219 0.472

Ischemic heart disease 5,818 0.007 −0.044, 0.072 0.800 0.176 0.011, 0.393 0.031

Hypertensive and
other (nonstroke)
CVDs

1,697 0.027 −0.064, 0.167 0.609 0.034 <−0.087, 0.161 0.464

All respiratory 2,658 0.081 −0.002, 0.197 0.058 0.060 <−0.087, 0.259 0.551

Abbreviations: CI, confidence interval; CVD, cardiovascular disease; ERR, excess relative risk.
a P for departure of ERR/Gy from 0.
b P for significance of dose-fractionation modification.
c All analyses are adjusted for categories of sex, attained age, calendar year, Canadian province of admission, type (pulmonary vs. nonpulmo-

nary) and stage of tuberculosis diagnosis, and duration of fluoroscopy screenings by stratification.
d Additionally adjusted for continuous dose-fractionation modifications (i.e., ERR/Gy at 0.2 Gy/year or 16 fluoroscopic procedures/year).
e Excludes deaths attributed to tumors that were benign or of uncertain nature, infectious diseases, and external causes.
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estimates for dose fractionation after adjustment for age at
first exposure and time since first exposure were still signifi-
cant (P = 0.061 and P = 0.007, respectively) (results not
shown). Risks did not differ by sex, type or stage of tubercu-
losis, attained age, or smoking status (all P > 0.2).

DISCUSSION

In this analysis based on the largest cohort of patients ex-
posed to low-to-moderate fractionated doses of ionizing radia-
tion, we found that risks of all CVDs and individual outcomes
generally were somewhat lower or similar to those of the gen-
eral Canadian population. However, subjects with any fluo-
roscopy exposure had a small, statistically nonsignificant
excess CVDmortality risk compared with thosewith no expo-
sure. Significantly increased radiation-related risks of IHD
were estimated for dose fractionation below 0.3 Gy/year (<24
fluoroscopic procedures/year). We estimated a statistically sig-
nificant inverse dose-fractionation association for IHD (i.e., the
highest radiation risks were observed for the highest dose frac-
tionation). Radiation-related risks of IHD decreased signifi-
cantly with increasing time since first exposure and age at
first exposure.
In light of the importance of an observed association for

radiological protection of the general population exposed to
potential risks of CT scans and other radiation diagnostic
techniques, it is important to understand the mechanism of
the association between low-dose ionizing radiation and
IHD. IHD is the leading cause of death in the United States
(26) and worldwide (27), so even small elevations in relative
risk caused by low-level exposure may be of considerable
public health concern. Approximately a quarter of the Cana-
dian Fluoroscopy Cohort Study subjects with at least 1 fluo-
roscopy procedure (n = 144,709 person-years) were exposed
to doses of less than 0.15 Gy and thus provide direct evidence
of risks from low-dose exposures such as CT scans, which,
for an appreciable proportion of the US population, are in ex-
cess of 0.05 Gy/year (28). Although a typical dose to the lung
from fluoroscopic examination (0.0125 Gy) is similar to a
lung dose from a chest CT scan (0.0224 Gy) (29), the maxi-
mum dose in our study, 11.60 Gy (Table 1), is much higher
than any expected from CT scans. We estimated a signifi-
cantly increased risk of IHD among those exposed at a rate
of 0–11 fluoroscopic procedures per year (ERR/Gy = 0.592,
95% CI: 0.004, 1.400).
This study has a number of strengths. The results are based

on a long-term follow-up of a very large cohort of subjects of
both sexes exposed at different ages.Wewere able to evaluate
the risks of low-to-moderate radiation doses protracted over
time. To account for various uncertainties in radiation dose
estimation, we estimated lung doses by using Monte Carlo
simulation techniques, which sampled from probability dis-
tributions of various data sources and should provide a rea-
sonable estimate of radiation doses to the lung and heart.
This analysis focuses on those organs that would have been
in the direct path of the fluoroscopic beam and for which the
lung tissue doses should be reasonable surrogates for the rel-
evant organ dose, in particular for IHD and nonmalignant re-
spiratory diseases. The outcome and exposure informationT
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are both register-based, so most biases (e.g., due to misclas-
sification of exposure or outcome) are unlikely.

The most important limitation is the lack of data on poten-
tial confounders, particularly socioeconomic status and
smoking. Unfortunately, a limited amount of smoking infor-
mation is available for only approximately 20% of the cohort
(Table 2). However, separate analyses of IHD deaths among
those who had information on smoking status showed similar
radiation-related risks for smokers and nonsmokers (P =
0.389, Table 7), suggesting that smoking did not mask an as-
sociation between radiation and IHDmortality. Our finding is
similar to those in the LSS of Japanese atomic bomb survi-
vors (11) and in the study of workers of the Mayak Produc-
tion Association in the Southern Urals region of the Russian

Federation (30), neither of which found an interaction of
smoking with radiation-associated heart disease. We also
lacked information on other important CVD risk factors,
such as family history of heart disease, diabetes, high blood
pressure, obesity, andcholesterol plasma levels (31, 32).How-
ever, because these factors are unlikely to be associated with
radiation dose, they are unlikely to have confounded the ob-
served association. Risk analyses of Mayak workers showed
little impact on radiation risk estimates from adjustment for
blood pressure and body mass index (weight (kg)/height (m)2)
(30), and therewas similarly little evidence of modification of
radiation-related risk of IHD by a variety of medical and life-
style factors in a Nordic cohort of women treated for breast
cancer (5).

Table 7. Summary of Results for Risk Models with Interaction Terms for Ischemic Heart Disease, Canadian

Fluoroscopy Cohort Study, 1950–1987

Dose-Response Modifier
No. of Deaths
(Total n = 5,818)

Person-years
(n = 1,902,252)

Dose-Fractionation Adjusted
P Valuea

ERR/Gyb 95% CI

Sex

Men 4,217 871,353 0.251 0.028, 0.539 0.298

Women 1,601 1,030,899 0.019 −0.177, 0.406

Age at first exposure, years

0–9 23 83,833 0.817 <−0.194, 8.605 0.004c

10–19 362 372,174 0.144 −0.153, 0.608

20–87.4 5,433 1,446,245 0.175 0.006, 0.403

Time since first exposure, years

0–19 1,885 1,001,202 0.766 0.204, 1.658

20–29 1,758 486,066 0.335 0.024, 0.826 0.013c

30–39 1,718 347,068 0.053 −0.061, 0.154

40–57 457 67,916 −0.108 <−0.117, 0.376

Type of tuberculosis

Pulmonary 5,077 1,644,842 0.178 0.013, 0.400 0.598

Nonpulmonary 741 257,410 <−0.222 Not estimated

Stage of tuberculosisd

Minimal 1,105 504,109 0.512 −0.185, 2.263 0.769

Moderate 2,193 697,296 0.150 −0.087, 0.557

Advanced 1,675 409,286 0.176 −0.024, 0.462

Attained age, years

4–49 487 972,902 −0.031 <−0.111, 0.800 0.650c

50–69 2,978 763,075 0.162 −0.037, 0.452

70–98 2,353 166,275 0.262 −0.030, 0.738

Smoking statusd

Nonsmoker 275 108,735 0.166 <−0.101, 0.655 0.389

Smoker 1,214 290,243 0.365 <−0.103, 0.871

Abbreviations: CI, confidence interval; ERR, excess relative risk.
a P for likelihood ratio test for interactions unless otherwise stated.
b Analyses are adjusted for categories of sex, attained age, calendar year, Canadian province of admission, type

(pulmonary vs. nonpulmonary) and stage of tuberculosis diagnosis, and duration of fluoroscopy screenings by

stratification, as well as continuous dose-fractionation modifications (i.e., ERR/Gy at 0.2 Gy/year or 16 fluoroscopic

procedures/year).
c P for linear trend test.
d Results from analyses restricted to those with known stage of tuberculosis and smoking information.
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Another limitation of the results is that there are few
grounds a priori for expecting an inverse dose-fractionation
association. In general, ERRs per Gy of circulatory disease
are similar in groups exposed occupationally to moderate
or low doses at low dose rates, in atomic bomb survivors ex-
posed to moderate or low doses at high dose rates, and in
medically exposed groups exposed at high doses and high-
dose rates (12). This suggests that there should be no large
(inverse or positive) dose-fractionation association. The un-
expected finding could also be due to multiple comparisons.
However, the observation of a clear monotonic decrease in
risks with decreasing dose fractionation argues against it
being simply a chance finding.
Competing mortality risks could influence the results of

the study. For example, if those who were more susceptible
to tuberculosis death were also more susceptible to, for exam-
ple, radiation-induced CVD death, radiogenic excess risks of
subsequent radiation-induced CVD could be reduced in the
surviving population. However, all analyses were adjusted
for confounding by stage of tuberculosis, so bias from this
hypothetical mechanism is unlikely. Study findings are lim-
ited by the end of follow-up in 1987, although the majority of
study subjects were older than 60 years at the end of follow-
up,sofewextraCVDdeathswouldbeexpectedwerefollow-up
to be extended. The impact of measurement errors in dosim-
etry was estimated in previous studies and shown to be rela-
tively small and primarily of Berkson type (19) and therefore
unlikely to introduce a substantial bias in risk estimates (24).
Studies of the association of radiation incurred during

treatment for cancer and noncancer diseases with the risk of
subsequent noncancer diseases have primarily concerned
partial-body radiation exposures and subjects exposed to
much higher radiation doses than observed in this study. In
general, excess CVD risk has been observed in many groups
of breast cancer survivors, in which radiation doses to the
heart are expected to be high (3–5). Radiation-related risks
of IHD were also increased in patients given mediastinal irra-
diation for Hodgkin disease (7, 8). A cohort study of peptic
ulcer patients, in whom exposures would be somewhat lower
than in those treated for cancer, found that radiation therapy
increased the risk of diseases of the circulatory system, spe-
cifically IHD (9). Nearly a quarter of subjects in our study
were first exposed before age 20 years. Studies of survivors
of childhood cancer have reported increased risks of CVD
outcomes, but lower doses were not significantly associated
with increased risks (33, 34).
Analysis of the mortality of tuberculosis fluoroscopy pa-

tients in Massachusetts showed that death rates from circula-
tory diseases were similar to those of the US population (17);
however, no analyses of dose response were presented, and
the “all circulatory disease” group included a large number
of stroke deaths, which were unlikely to be radiation associ-
ated because the brain and cerebral arteries were not in the
path of the fluoroscopic beam.
Recent studies of moderate- and low-dose–exposed groups

(doses <0.5 Sv/day and <0.01 Sv/day) from the LSS of Jap-
anese atomic bomb survivors (11) and studies of nuclear
workers (35, 36) and uranium miners (37–39) suggest that
there are radiogenic excess risks of most major subtypes of
circulatory disease. In a recent meta-analysis, in which the

authors used a random effects model, an ERR/Gy of 0.10
(95% CI: 0.04, 0.15) for IHD was derived, consistent with
the risk derived here (12). When our analyses were restricted
to patients with cumulative doses of less than 0.5 Gy, we es-
timated an ERR/Gy of 0.149 (95% CI: −0.284, 0.670) (re-
sults not shown).
Radiation in the present study was fractionated, with doses

being received at least 1 day apart and, in some cases, several
weeks apart up to a 1-year interval. A quarter of all patients
with relapsed tuberculosis returned for artificial pneumotho-
rax treatments years after the initial treatment. Previous anal-
ysis of lung cancer mortality in relationship to radiation
exposure in this cohort (18) failed to find an association of
radiation with lung cancer mortality, in contrast to the find-
ings in the LSS. It was suggested that a dose-fractionation
modification of risk for fluoroscopy patients might account
for the disparity, but no formal analysis was presented, and,
in the analysis, radiation doses were treated as instantaneous.
In the current analysis, we used time-dependent radiation
doses and estimated a significant inverse dose-fractionation
association for IHD mortality in the moderate dose-rate
range. In the group of subjects with dose fractionation at
0.15–0.29 Gy/year, risks of IHD (ERR/Gy = 0.15, 95% CI:
0.01, 0.32) were comparable to the risks of all heart disease
(ERR/Gy = 0.14, 95% CI: 0.06, 0.23), but not IHD (ERR/
Gy = 0.02, 95% CI: −0.10, 0.15) estimated in the LSS cohort
exposed instantaneously (11). The estimated risks for those in
the dose-fractionation category of less than 0.15 Gy/year were
4-fold higher, although statistically comparable with the risk in
the LSS and the meta-analysis of moderate- and low-dose ex-
posed groups described above (12). The apparently contradic-
tory results for IHD are puzzling and may be a consequence of
diagnostic misclassification of cause of death; they require fur-
ther investigation.
The similarity of radiation-related risks of CVD in our

study with the risks from instantaneous exposures (in the
LSS) and from low-dose, low dose-rate exposures (in occu-
pationally exposed workers) might imply different initiation
and/or progression mechanisms. At moderate doses (0.5–
5 Gy) in humans and in both in vivo and in vitro experiments,
many inflammatory markers are upregulated long after expo-
sure to radiation (40, 41), although for exposures of less than
0.5 Gy, the balance shifts toward antiinflammatory pathways
(10, 42, 43), implying that the initiating mechanisms for ad-
verse associations in this dose range would not directly result
from inflammation. Dose-related variations in T-cell and B-
cell populations in the atomic bomb survivors also suggest
that the immune system may be adversely affected (44).
Our results controversially suggest a strong inverse radia-

tion dose-fractionation modification of risk for IHD mortal-
ity, which contradicts the currently accepted theory that
protracted radiation delivery generally diminishes radiation-
related risks (15). However, in the Janus series of animal ex-
periments, γ dose fractionation was shown to modulate risks
of cancer and nontumor diseases differentially across differ-
ent organ systems; risks decreased with fractionation for
liver, lung, and kidney tissues, whereas the reverse was seen
for the vascular system (45). Differences in tissue responses
could be due to differences in cell proliferation rates, with tis-
sues that have a higher proportion of cycling cells having a
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higher response to smaller dose fractions and lower dose
rates.

In summary, we observed a significant dose-related increase
in mortality from IHD when adjusted for dose fractionation
and a significant inverse dose-fractionationmodification of risk;
however, these findings are novel and need to be replicated in
other studies. Further study of risks in this well-characterized
cohort with respect to mortality and incidence due to low-to-
moderate dose and moderate dose fractionation could help
clarifymany important questions about long-term health risks
of radiation and dose fractionation.
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Appendix Table 1. Excess Relative Risks per Gy for Noncancer Causes of Death With Lags of 5 and 15 Years, Canadian Fluoroscopy Cohort Study, 1950–1987

Cause of Death
No. of
Deaths

Lag of 5 Years Lag of 15 Years

ERR/
Gya

95% CI
P

Valueb

Dose-Fractionation
Adjusted P

Valuec
ERR/
Gya

95% CI
P

Valueb

Dose-Fractionation
Adjusted P

ValuecERR/
Gya

95% CI
ERR/
Gya

95% CI

All noncancerd 12,935 0.036 −0.002, 0.082 0.068 0.036 <–0.107, 0.127 0.972 0.039 −0.001, 0.087 0.055 0.038 −0.001, 0.140 0.962

All CVDs 8,877 0.024 −0.020, 0.079 0.315 0.032 <−0.107, 0.172 0.812 0.023 −0.023, 0.079 0.352 0.031 <−0.010, 0.183 0.858

IHD 5,818 0.011 −0.040, 0.075 0.692 0.078 −0.070, 0.277 0.378 0.003 −0.047, 0.067 0.910 0.115 <−0.042, 0.312 0.063

Hypertensive and other
(nonstroke) CVDs

1,697 0.034 −0.059, 0.179 0.528 0.035 −0.045, 0.269 0.536 0.056 −0.049, 0.219 0.346 0.050 <−0.035, 0.237 0.487

All respiratory diseases 2,658 0.085 0.000, 0.201 0.050 0.063 −0.003, 0.279 0.595 0.107 0.016, 0.233 0.017 0.081 0.012, 0.330 0.636

Abbreviations: CI, confidence interval; CVD, cardiovascular disease; ERR, excess relative risk; IHD, ischemic heart disease.
a All analyses are adjusted for categories of sex, attained age, calendar year, Canadian province of admission, type (pulmonary vs. nonpulmonary) and stage of tuberculosis diagnosis, and

duration of fluoroscopy screenings by stratification, as well as continuous dose-fractionation modifications (i.e., ERR/Gy at 0.2 Gy/year or 16 fluoroscopic procedures/year). Lung doses are
lagged by 5 years.

b P for departure of ERR/Gy from 0.
c P for significance of dose-fractionation modification.
d Excludes deaths attributed to tumors that were benign or of uncertain nature, infectious diseases, and external causes.

Is
c
h
e
m
ic
H
e
a
rt
D
is
e
a
s
e
A
fte

r
F
ra
c
tio

n
a
te
d
R
a
d
ia
tio

n
1
3
1

A
m

J
E
pidem

iol.
2
0
1
4
;1
7
9
(1
):1

2
0
–
1
3
1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


