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ABSTRACT

Background.Medical imaging is commonly required in breast
cancer (BC) clinical trials to assess the efficacy and/or safety
of study interventions. Despite the lack of definitive ep-
idemiological data linking imaging radiation with cancer
development in adults, concerns exist about the risks of
imaging radiation-induced malignancies (IRIMs) in subjects
exposed to repetitive imaging. We estimated the imaging
radiation dose and IRIM risk in subjects participating in BC
trials.
Materials andMethods.The imaging protocol requirements
in 10 phase III trials in the adjuvant and advanced settings
were assessed to estimate the effective radiation dose
receivedby a typical and fully compliant subject in each trial.
For each study, the excess lifetime attributable cancer risk
(LAR) was calculated using the National Cancer Institute’s
Radiation Risk Assessment Tool, version 3.7.1. Dose and risk
calculations were performed for both imaging intensive and

nonintensive approaches to reflect the variability in imaging
performed within the studies.
Results. Thetotaleffective imagingradiationdosewas0.4–262.2
mSvinadjuvanttrialsand26–241.3mSvinmetastaticstudies.The
dose variability resulted fromdiffering protocol requirements and
imaging intensity approaches, with computed tomography, multi-
gated acquisition scans, andbone scans as themajor contributors.
The mean LAR was 1.87–2,410/100,000 in adjuvant trials (IRIM:
0.0002%–2.41% of randomized subjects) and 6.9–67.3/100,000
in metastatic studies (IRIM: 0.007%–0.067% of subjects).
Conclusion. IRIMs are infrequent events. In adjuvant trials,
aligning the protocol requirements with the clinical guide-
lines’ surveillance recommendations and substituting radi-
ating procedures with equivalent nonradiating ones would
reduce IRIM risk. No significant risk has been observed in
metastatic trials, and potential concerns on IRIMs are not
justified. The Oncologist 2015;20:702–712

Implications for Practice:Medical imaging is key in breast cancer (BC) clinical trials. Most of these procedures expose patients to
ionizing radiation, and the riskof second cancer development after imaging has prompted recent concerns and controversy. Using
accepted calculation models, the number of malignancies were estimated that were potentially attributable to the imaging
procedures performed during a patient’s participation in BC clinical trials. The results show that for patients participating in
metastatic trials, the risk of imaging radiation-induced malignancies is negligible. In adjuvant trials, some second cancers due to
imaging could be expected, and measures can be taken to reduce their risk.

INTRODUCTION

Progress in cancer treatment is accomplished through the
conduct ofwell-designed interventional clinical trials.Medical
imaging is critical inmost cancer trials, and the primary and/or
secondary endpoints are often linked to imaging findings. No
meaningful trial of advanced breast cancer (BC) could be
conductedwithout serial imaging requirements, becausemost
trials assess the response and/or progression using response
criteria that rely on serial scans. In the adjuvant setting,

although the intensity of imaging is usually lower than that in
advanced trials, someprocedures are required for thebaseline
assessment and to assess for second primaries, relapses, and/
or safety.

An average healthy subject in the United States is exposed
toaneffectivedoseof∼3.0mSvannuallyofnaturallyoccurring
background ionizing radiation,andmedical imaging is themain
source of non-natural radiation in adults in the United States,
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with carcinogenesis the most relevant biologic effect of
radiation exposure [1]. The frequency of most cancer types
appears tobe increasedafter irradiation,althoughbodyorgans
vary in their sensitivity [2].The latencyperiod fromexposure to
the development of a radiation-induced malignancy depends
on the tissue of origin. Leukemia typically develops within 5
years of exposure, and solid tumors are commonly observed
after 10 years [2].

The radiation risks associated with a single imaging
procedureareminimal. However, in patients undergoing serial
imaging, the risk of imaging radiation-induced malignancies
(IRIMs) has been a topic of recent scrutiny by the general public,
media, and scientists [3–5]. Some calculations predict several
thousands of fatal cancer cases for patients undergoing imaging
each year [6–9]. These projections have stirred debate and even
been suggested to have negative health consequences by some
investigators [10].

In recent trials conducted by the Translational Research
in Oncology group (TRIO), the IRIM risk from protocol-
required imaging has been a repetitive concern of inves-
tigators and subjects.We conducted the present study with
the aim of estimating the imaging radiation doses in subjects
participating in BC trials and the associated risks and
benefits.

MATERIALS AND METHODS

To estimate the imaging radiation dose received by subjects
participating in BC trials and the associated IRIM risk, we
assessed the imaging protocol requirements in some of the
most relevant phase III trials in adjuvant and advanced set-
tings. The studies were selected based on their large sample
size, long follow-up, availability of data on imaging require-
mentsandsecondprimarymalignancies (the latterapplicable
for adjuvant studies), and on their relevance for the oncology
community.

To quantify the radiation exposure in each trial, we
estimated the per time point and total imaging effective dose
(considering the average doses reported in Table 1) for

a typical trial participant, assuming full protocol compliance.
For our dose and risk calculations, we assumed that the
protocol-required imaging was performed for 10 years after
study entry in the adjuvant trials and for a period equivalent
to the progression-free survival (PFS) or time to progression
(TTP) of the arm, with the longest PFS/TTP in the metastatic
studies. Because within a trial variability will exist in the
imaging studies performed with the same intent (e.g., in
some studies, subjects will undergo computed tomography
[CT] or ultrasonography to assess liver parenchyma), for each
trial we assumed two scenarios: one in which the subject
undergoes an imaging radiation-intensive approach (maxi-
mum possible dose according to the protocol requirements)
and one inwhich the same subject undergoes a less intensive
approach, if allowed per the protocol (e.g., by substituting
multigated acquisition [MUGA] with echocardiography and/
or chest-abdomen CT with liver ultrasonography and chest
radiography).

We estimated the excess lifetime attributable cancer risk
using the U.S. National Cancer Institute’s Radiation Risk
Assessment Tool (RadRAT, version 3.7.1; National Cancer
Institute, Bethesda, MD) [14]. The excess lifetime risk is a
summary statistic for capturing the total potential detriment
of an exposure, calculated as the sum of the age-specific
risks adjusted for the probability of surviving to that age
(i.e., survival function) [15]. RadRAT was used as recommen-
ded by the developers [14, 15]. For each trial, the RadRAT
inputs for demographic information were female gender and
year of birth (calculated as last calendar year of recruitment
minus the median age in the trial). Each imaging study dur-
ing subject participation was recorded as a single exposure
event, considering all organs as acutely exposed. The ab-
sorbed dose of each imaging procedure was entered in milli-
grays after converting the average effective dose reported
in Table 1 and applying radiation and tissue weighting
factors of 1 [16].

RadRAT estimates the excess lifetime cancer risk consider-
ing the life expectancy reported in the U.S. Centers for Disease

Table 1. Effective radiation doses from imaging procedures commonly performed in breast cancer clinical trials

Procedure

Effective dosea (mSv)
Time to accumulate comparable
naturally occurring background
dose (approximate)b

Average
effective dose

Range reported in
published data [10–13]

Chest radiography 0.1 0.05–0.24 13 days

Mammography 0.4 0.10–0.6 1.6 mo

Head CT 2 0.9–4 8 mo

Chest CT 7 4.0–18.0 2.3 yr

Abdomen CT 8 3.5–25.0 2.6 yr

Pelvis CT 6 3.3–10.0 2 yr

Whole body bone scintigraphy 6.3 6.0–7.0 2.1 yr

MUGA scan 10 8.0–12.0 3.3 yr

PET-CT 22 13–31 7.3 yr
aEffective dose: the sum, for specified tissues, of the products of the equivalent dose in a tissue and the tissue weighting factor for that tissue.
Although it is useful to compare the relative detrimentamongdifferent procedures, it cannot bemeasuredand shouldnotbeused for individual risk
estimations.
bBased on the assumption of an average effective dose from natural background radiation of 3 mSv annually in the United States.
Abbreviations: CT, computed tomography;MUGA,multigated acquisition (also known as radionuclide ventriculography/angiography); PET-CT, positron
emission tomography computed tomography.
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Control and Prevention National Vital Statistics Reports [17]. Be-
cause patients with metastatic BC have a median life expectancy
of 2–3years [18] and this is the sameexpectancy for a95-year-old
woman in the United States, the year of birth entered when
estimating risks in advanced trials was calculated as the last
calendar year of recruitment minus 95.

RESULTS

The adjuvant trials selected were Breast Cancer International
Research Group (BCIRG)-001, BCIRG-006, Cancer and Leuke-
mia Group B (CALGB)-9344/Intergroup-0148, French Adjuvant
StudyGroup (FASG)-01, FASG-05, andBreast InternationalGroup
(BIG) 1-98, and the studies in the advanced setting were the
Herceptin plus Navelbine or Taxotere (HERNATA) trial, the
Exemestane Study Group, the CLEOPATRA trial, and the EMILIA
trial [19–29].Themaincharacteristicsof thesestudiesare listed in
Tables 2 and 3 [19–24, 26–29].

Imaging Radiation Doses and Risks in Adjuvant Trials
For each adjuvant trial, the imaging protocol requirements
and per time point and total effective radiation doses
received by a typical subject are listed in Table 4 [19–24,
30]. The total effective imaging radiation dose was
between 0.4 mSv (BIG 1-98, with only mammography at
baseline performed) and 262.2 mSv (FASG trials, in which
an imaging intensive approach was required). In BCIRG-
001, BCIRG-006, CALGB-9344, and BIG 1-98, the dose levels
with the less-intensive approach were around the 10-mSv
threshold for which no evidence has shown an increased
risk of cancer.

The baseline requirementswere fairly homogenous across
the trials,with effectivedoses ranging from0.4 to6.8mSvwith
the less-intensive approach and 16.8 and 31.7 mSv with the
intensiveone.Greatervariabilityacrossthetrialswasobserved
during the treatment and follow-up phases, in which the
requirements ranged from no mandatory imaging (BIG 1-98) to

intensive radiologic surveillance with doses up to 262.2 mSv
(FASG trials).

The corresponding excess lifetime attributable risk and
the expected number of IRIMs during the trials are listed in
Table 4. Depending on the trial and the imaging intensity,
0.002%– 2.41% of subjects could develop an IRIM (average,
0.4% with the less-intensive approach and 1.35% with the
intensive one). The risk variability within and across trials
is high when subjects undergo an intensive versus a non-
intensive approach. The major contributors to the risk are
the studies performed during the follow-up phase, in par-
ticular, CT, MUGA, and bone scans. In FASG-05, the esti-
mated IRIM cases ranged from 0.99% to 2.41% of the study
subjects, depending on whether they underwent follow-up
with chest radiography, ultrasonography, and echocardiogra-
phy versus CT and MUGA. In addition, in CALGB 9344, the
estimated IRIM cases were threefold higher when the left
ventricular ejection fraction (LVEF) is assessed with MUGA
compared with echocardiography (0.31% vs. 0.11% of
subjects).

Imaging Radiation Doses and Risks in Metastatic Trials
For each metastatic trial, the imaging protocol require-
ments and per time point and total effective radiation
dose received by a typical participant are listed in Table 5.
The total effective doses are clearly more homogeneous
across metastatic trials than among adjuvant ones,
because most trials have similar imaging requirements
to assess efficacy or safety. The total effective imaging
radiation dose from tumor assessments in metastatic
trials was between 111.3 mSv (HERNATA; not shown in
Table 5) and 141.3mSv.The study by the Exemestane Study
Group allowed for chest radiography and ultrasonography
as alternatives to CT, and in such cases, the total dose
decreased to 26 mSv. The choice of MUGA to assess the
LVEF resulted in a 42% and 70% increase in the total

Table 2. Main characteristics of selected adjuvant clinical trials

Trial Subjects (n) Study population
Second primary malignancies
reported (n/%)

BCIRG-001 1,491 Patients with node-positive,
early breast cancer

109/7.3

FAC vs. TAC (Lancet Oncol 2013) [19]

BCIRG-006 3,222 Patients with Her2-positive,
high-risk, early breast cancer

8/0.24 (reporting limited to
leukemia)AC-T vs. AC-TH vs. TCH (NEJM 2011) [20]

CALGB 9344/Intergroup 0148 3,121 Patients with operable
node-positive breast cancer

17/0.5 (reporting limited to
leukemias and myeolodysplasias)AC (A 60, 75, or 90) vs. AC-P (JCO 2003) [21]

FASG-01 621 Premenopausal patients with
operable node-positive breast
cancer

49/7.8

6 FEC 50 vs. 3 FEC 50 vs. 3 FEC 75 (JCO 2003)
[22]

FASG-05 565 Patients with node-positive
early breast cancer

49/8.6

FEC 50 vs. FEC 100 (JCO 2005) [23]

BIG 1-98 6,182
(sequential
treatment
analysis)

Postmenopausal patientswithHR
positive, node-negative/positive
operable breast cancer

329/5.3

Tamoxifen vs. letrozole various schedules
(NEJM 2009) [24]

Abbreviations: AC, doxorubicin, cyclophosphamide; BCIRG, Breast Cancer International Research Group; CALGB, Cancer and Leukemia Group B; FAC,
5-fluorouracil, doxorubicin, cyclophosphamide; FASG, French Adjuvant StudyGroup; FEC, 5-fluorouracil, epirubicin, cyclophosphamide; H, trastuzumab;
HR, hormone-receptor; JCO, Journal of ClinicalOncology; NEJM,NewEngland Journal ofMedicine; P, paclitaxel; T, docetaxel; TAC, docetaxel, doxorubicin,
cyclophosphamide.
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effectivedose in theCLEOPATRAandEMILIA trials, respectively,
compared with the subjects who had undergone identical
tumor assessments but had had LVEF assessed with
echocardiography.

The corresponding excess lifetime attributable risk and the
expected number of IRIMs during trials are listed in Table 5.
Considering all the trials selected and the most intensive
approach (worst case scenario), the average IRIM risk is only
0.05%.

DISCUSSION

Most of the evidence on radiation-induced malignancies
comes from four distinct groups: medically, occupationally,
and environmentally exposed populations and atomic bomb
survivors [31, 32]. Data from Japanese survivors show that
exposures greater than 100 mSv have a proved increased
malignancy risk [33]. In contrast, no epidemiological data sup-
port an increased risk at doses less than 10 mSv (dose level in
most single imaging procedures). However, controversy exists
regardingestablishingadefinitive riskatdosesbetween10and
100mSv, the dose commonly received by subjects undergoing
multiple scans [34].

Definitive evidence linking diagnostic imaging with cancer
development in adults is lacking. A recent population-based
study that included 4,874 curatively treated non-Hodgkin
lymphoma patients showed that those receiving more than 8
CT scans after diagnosis had a twofold risk of developing
a second primary malignancy than those with #8 CT scans
(hazard ratio, 2.23; 95% confidence interval, 1.60–3.11;
p , .001) [35]. The malignancies were typically located in re-
gions where the radiation fields of CT overlap. Although pro-
vocative, these findings cannot be considered definitive.
Epidemiological studies including thousands or even millions
of subjects followed for long periods would be needed to
demonstrate a significant risk related to exposure to low-dose
radiation [36]. Thus, the radiation-induced malignancy risk
estimates for patients undergoing medical imaging has come
mainly from extrapolation of atomic bomb survivor data.
The most widely accepted extrapolation model is the linear

no-threshold (LNT), which indicates that no dose is without
carcinogenic risk and that the cancer risk increases linearly
with the dose [1, 9, 31, 32].

Radiation-induced malignancies in BC patients are in-
frequent events, and no definitive epidemiological data
relating imaging radiation and IRIMs are available. In recent
trials conducted by TRIO, concerns from investigational sites
regarding the risks of protocol imaging requirements have
been repetitive. Various explanations for this are possible.
First, patient and physician knowledge about medical
imaging risks is generally low. The lack of understanding of
imaging radiation doses and corresponding risks has been
shown to be very common among patients in several studies
[37–39]. Additionally, a systematic review showed that only
a few physicians are well informed about CT radiation doses
and the associated risks [40]. This was also shown in a recent
study in which only 17.3% of physicians from 14 major
Australian hospitals correctly estimated the radiation dose
from CT [41].

Second, the risks of medical radiation have been a topic
of recent scrutiny by the general public, media, and the
scientific community, after some reports predicting thou-
sands of future fatal cancers for patients imaged during
a given year [6–9]. The data from these studies, although
controversial, could be beneficial if properly interpreted
and used with the goal of enhancing awareness about
medical imaging and optimizing indications and techniques.
However, given the complexity of the data and the un-
certainty and controversy around the models used by the in-
vestigators, the results of these studies have sometimes been
misinterpretedand invalidlyusedfor individual riskpredictionsor
by the media, who in some cases have transformed hypothesis
into facts [3–5, 42–44].

The lack of knowledge about radiation from medical
imaging and its risks/benefits, combined with the misinter-
pretation of the referenced studies, could affect BC research
efforts. Overestimation of risk from imaging required in a trial
could affect a patient’s willingness to participate, retention,
and/or on protocol compliance, and underestimation can lead

Table 3. Main characteristics of selected clinical trials in advanced setting

Trial Subjects, n Study population
Longest PFS
reported, moa

HERNATA 284 First-line treatment of patients
with advanced breast cancer

15.3

Docetaxel-trastuzumab vs. vinorelbine-trastuzumab
(JCO 2011) [26]

Exemestane Study Group 769 Postmenopausal patients with
advanced breast cancer that
progressed or relapsed during
treatment with tamoxifen

20.3

Exemestane vs. Megestrol acetate (JCO 2000) [27]

CLEOPATRA 808 First-line treatment of patients
with advanced HER2-positive
breast cancer

18.5

Docetaxel-trastuzumab vs.
docetaxel-trastuzumab-pertuzumab (NEJM 2012) [28]

EMILIA 991 Patients with advanced
HER2-positive advanced breast
cancer previously treated with
trastuzumab and a taxane

9.6

Trastuzumab emtansine vs. lapatinib-capecitabine
(NEJM 2012) [29]

aUsed for dose and risk calculations.
Abbreviations: HERNATA, Herceptin plus Navelbine or Taxotere; JCO, Journal of Clinical Oncology; NEJM, New England Journal of Medicine; PFS,
progression-free survival.
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Table 4. Imaging studies performed in selected adjuvant clinical trials and estimated radiation-induced cancer risks

Trial
Imaging protocol
requirements

Effective dose
(mSv)

Excess lifetime
attributable cancer
risk: mean (90%
uncertainty range)
(/100,000)

Expected no. of radiation-
induced cancer cases
adjusted to trial number
of subjects (proportion
of study population)

BCIRG-001
[19]

Baseline Baseline
•Mammography •Without CT andMUGA: 6.8
• Chest radiography1
abdominal ultrasonography
OR chest and abdomen CT

•With CT and MUGA: 31.7

•Whole body bone scan
•MUGA or echocardiography Treatment and FUP (all time

points as per median FUP)
Without CT and MUGA:
192 (115–307)

Without CT and MUGA:
2.9 (0.19%)

•Without MUGA: 4.5
•With MUGA: 105 With CT and MUGA:

1,150 (676–1,880)
With CT and MUGA:
17.1 (1.15%)

Treatment and FUP
• Yearly mammography
(up to year 10)

• Yearly chest radiograph
(up to year 5)

Total throughout study
•Minimum: 11.3
•Maximum: 136.8•MUGA or echocardiography

yearly (up to year 10)

BCIRG-006
[20]

Baseline Baseline
•Mammography •Without CT andMUGA: 6.8
• Chest radiography1
abdominal ultrasonography
OR chest and abdomen CT

•With CT and MUGA: 31.7

•Whole body bone scan
•MUGA or echocardiography

Treatment and FUP
(all time points as per
median FUP)

Without CT and MUGA:
89 (49.9–150)

Without CT and MUGA:
2.9 (0.09%)

Treatment and FUP
• Yearly mammography
(up to year 10) MUGA or
echocardiography:
minimum requirement: 3
assessments during
treatment and 4
during FUP

•Without MUGA: 4
•With MUGA: 74

Total throughout study
•Minimum: 10.8
•Maximum: 105.7

With CT and MUGA:
816 (457–1,290)

With CT and MUGA:
26.4 (0.82%)

CALGB 9344/
Intergroup
0148 [21]

Baseline Baseline
•Mammography •Without MUGA: 6.8
• Chest radiography •With MUGA: 16.8
•Whole body bone scana

• LVEF assessmentb

Treatment and FUP
• Yearly mammography
• Chest radiography (yearly)
• LVEF assessment at year 5b

Treatment and FUP
•Without MUGA: 5
•With MUGA: 15

Total throughout study
•Minimum: 11.8
•Maximum: 31.8

Without MUGA:
112 (63.4–176)

With MUGA:
306 (171–504)

Without MUGA:
3.5 (0.11%)

With MUGA: 9.5 (0.31%)

FASG-01 [22] Baseline

•Mammography
• Chest radiography1
abdominal ultrasonography
OR chest and abdomen CT

Baseline
•Without CT and
MUGA: 6.8

•With CT and MUGA: 31.7•Whole body bone scan
•MUGA or echocardiography

Treatment and FUPc

• Years 1–5: q6mo
•Mammography

Treatment and FUP
•Without CT and MUGA:
100.5

Without CT and MUGA:
1,190 (671–1,920)

Without CT and MUGA:
7.4 (1.19%)

•Whole body bone scan
• Abdomen ultrasonography
OR abdomen CT

•With CT andMUGA: 230.5 With CT and MUGA:
2,350 (1,340–3,830)

With CT and MUGA:
14.6 (2.35%)

• Years$6: yearly Total throughout study
•Mammography •Minimum: 107.3
•Whole body bone scan •Maximum: 262.2

• Abdomen ultrasonography
or abdomen CT

•MUGA or echocardiography
at end of chemotherapy

(continued)
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to subjectsnotbeingwell informedabout the risk/benefit ratio
or sponsors and investigators not fully adopting the “as low as
reasonably achievable” principle.

Risk-Benefit in Adjuvant Trials
Owing to improvedearlydetection efforts andmoreeffective
adjuvant treatments, the number of BC long-term survi-
vors is increasing [45]. Consequently,mostwomenare living
long enough for the late consequences of treatment and
procedures to become apparent. The expected survival of
most women is longer than the latency period needed for
the appearance of second malignancies. Studies on second
malignancies in BC patients treated curatively have em-
phasized the effect of chemotherapy, hormonal therapy,
and radiotherapy on their development [46–48]. These
studies have not considered medical imaging as a relevant
contributing factor. From our results, the estimated IRIM
risk in adjuvant trials ranged from 0.4% to 1.35%, depend-
ing on the intensity of the imaging approach. Hence, a

number of second cancer cases could be derived from
imaging performed during a trial, in a population with high
chances of cure. However, given the low frequency of IRIMs
and the significantly higher probability of dying from BC or
other causes, the risks are comparatively low [49]. Figure 1
shows a visual representation of the possible outcomes
(including IRIM) inapopulationofearlyBCpatientsparticipating
in an adjuvant trial.

The trials selected in our study reported a variable
number of second malignancies. In all cases, as expected,
the number of IRIMs calculated by us was lower than the
total number of second cancers reported. Estimation of the
risk of second cancers due to radiotherapy, chemotherapy,
or any other carcinogenetic treatment factor was beyond
the scope of our study, but it can be hypothesized that the
associated risks would be comparatively higher. Between
58% and 96% of the patients enrolled in the selected
adjuvant trials received radiotherapy during the trial, with
doses in the treated areas vastly higher than the ones

Table 4. (continued)

Trial
Imaging protocol
requirements

Effective dose
(mSv)

Excess lifetime
attributable cancer
risk: mean (90%
uncertainty range)
(/100,000)

Expected no. of radiation-
induced cancer cases
adjusted to trial number
of subjects (proportion
of study population)

FASG-05 [23] Baseline
•Mammography
• Chest radiography1
abdominal ultrasonography
OR chest and abdomen CT

Baseline
•Without CT andMUGA: 6.8
•With CT andMUGA: 31.7

•Whole body bone scan
• LVEF assessmentb

Treatment and FUP
• Years 1–5: q6mo
•Mammography

Treatment and FUP
•Without CT and MUGA:
100.5

Without CT and MUGA:
992 (563–1,590)

Without CT and MUGA:
5.6 (0.99%)

•Whole body bone scan
• Abdomen ultrasonography
OR abdomen CT

•With CT andMUGA: 230.5 With CT and MUGA:
2,410 (1,370–3,950)

With CT and MUGA:
13.6 (2.41%)

• Years$6: yearly
•Mammography
•Whole body bone scan
• Abdomen ultrasonography
or abdomen CT

Total throughout study
•Minimum: 107.3
•Maximum: 262.2

• LVEF assessment at end of
chemotherapyb

BIG 1-98
[24, 30]

Baseline Baseline
•Mammography
• Bone scan, only if clinically
indicated

• Only mammography: 0.4
•With all studies: 21.8

• Chest radiograph1
abdomen ultrasonography
OR chest and abdomen CT,
only if clinically indicated

Treatment and FUP
•Without any study: 0
•With all studies: 217

Only mammography:
1.87 (1.06–3.06)
With all studies:
1,080 (652–1,650)

Only mammography:
0.11 (0.002%)
With all studies:
66.7 (1.08%)

Treatment and FUP
•Mammography (not
mandatory)

•Whole body bone scan and
chest radiography1
abdomen ultrasonography
OR chest and abdomen CT,
q6mo only if clinically indicated

Total throughout study
•Minimum: 0.4
•Maximum: 238.8

Some trials allowed magnetic resonance imaging instead of CT.
aIn CALGB 9344/Intergroup 0148 trial, protocol was amended to exclude mandatory bone scan at baseline.
bLVEF assessment: published report did not specify method of assessment; we assumed allowance of echocardiography and MUGA.
cSimilar follow-up assessments as in FASG-05 was assumed for calculation.
Abbreviations: CT, computed tomography; FUP, follow-up; LVEF, left ventricular ejection fraction; MUGA, multigated acquisition (scan).
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Table 5. Imaging studies performed in selected clinical trials in advanced setting and estimated radiation-induced cancer risks

Trial
Imaging protocol
requirements

Effective dose,
mSv

Excess lifetime
attributable cancer risk:
mean (90% uncertainty
range) (per 100,000)

Expected no. of radiation-
induced cancer cases
adjusted to trial number of
subjects (proportion of study
population)

HERNATA [23] Baseline Baseline
Chest radiography1
abdominal
ultrasonography OR chest
and abdomen CT

Without CT andMUGA:
6.4
With CT and MUGA
31.3

Whole body bone scan
MUGA or
echocardiography

Treatment and FUP
Without MUGA: 90
With MUGA: 130

Without CT and MUGA:
36.1 (12.4–80.7)

Without CT and MUGA:
0.10 (0.036%)

Treatment and FUP
Chest and abdomen CT
every 9 weeks;

Total throughout study
Without CT and
MUGA: 96.4

With CT and MUGA: 49.2
(17.1–100)

With CT and MUGA: 0.14
(0.049%)

MUGA or
echocardiography at week
9 and 18, and every 18 wk
thereafter

With CT and MUGA:
161.3

Exemestane
Study Group [24]

Baseline Baseline
Chest radiography Without CT: 6.4
Plus abdominal
ultrasonography OR chest
and abdomen CT

With CT: 21.3

Whole body bone scan Treatment and FUP
Without CT: 19.6

Without CT: 6.9
(2.23–15.2)

Without CT: 0.05 (0.007%)

Treatment and FUP
Chest radiography1
abdominal
ultrasonography OR chest
andabdomenCTevery8wk
until week 24; thereafter
every 12 wk
Whole body bone scan
every 24 wk

With CT: 114.3 With CT: 40.3 (13.4–88.6) With CT: 0.30 (0.04%)

Total throughout study
Without CT: 26
With CT: 135.3

CLEOPATRA [25] Baseline
Chest and abdomen CT
Whole body bone scan

Baseline
WithoutMUGA: 21.3
With MUGA: 31.3

MUGA or
echocardiography Treatment and FUP

Without MUGA: 120

WithMUGA: 210Treatment and FUP

Without MUGA: 36.1
(12.4–78.7)

With MUGA: 67.3
(23.6–153.0)

Without MUGA: 0.29
(0.036%)

With MUGA: 0.54 (0.067%)
Chest and abdomen CT
every 9 wk
MUGA or
echocardiography: every
9 wk during treatment
period, at treatment
discontinuation, every
6 mo first year after
discontinuation, annually
thereafter

Total throughout study
Without MUGA: 141.3
With MUGA: 241.3

EMILIA [26] Baseline Baseline
Brain, chest, abdomen,
and pelvis CT

Without MUGA: 29.3

Whole body bone scan With MUGA: 39.3
Echocardiography or
MUGA

Treatment and FUP
Without MUGA: 90
With MUGA: 130 Without MUGA: 36.1

(12.7–79.6)
Without MUGA: 0.35
(0.036%)

Treatment and FUP
Chest and abdomen CT
every 6 wk

Echocardiography or MUGA
at week 6 and 12; every 12
wk thereafter until
discontinuation of study
treatment; an additional
LVEF assessment at 30 days
after last dose of study drug

Total throughout study
Without MUGA: 119.3
With MUGA: 169.3

With MUGA: 50.8
(16.3–110)

With MUGA: 0.50 (0.051%)

Some trials allowed MRI instead of CT. Treatment and FUP: in most trials, the required tumor assessments were performed until disease progression
and/or initiation of nonprotocol anticancer therapy.
Abbreviations: CT, computed tomography; FUP, follow-up; HERNATA, Herceptin plus Navelbine or Taxotere; LVEF, left ventricular ejection fraction;
MUGA, multigated acquisition (scan).
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from imaging and also in adjacent areas owing to scatter
radiation. This would have contributed to the observed
second cancers on a much greater extent than radiation
derived from imaging.

Lin et al. postulated as possible methods to reduce
the risk from medical imaging not performing a radiating
study, using nonradiating alternativemethods, or using less
radiation to create images [34]. In adjuvant trials, some
measures could reduce imaging radiation doses and
derived risks. One is the reduction of the dose received
during the follow-up phase of trials and the second, the
use of echocardiography instead ofMUGAwhen assessing
LVEF.

The American Society of Clinical Oncology, National
Comprehensive Cancer Network, and European Society of
Medical Oncology all recommend against the use imaging
studies for metastasis screening during follow-up of
curatively treated BC patients [50–52]. However, the use
of nonrecommended tests occurs frequently in standard
practice [53–55]. All six trials selected in our study required
or allowed the use of these nonrecommended tests. The
effective dose of several surveillance strategies after BC
curative treatment and their corresponding excess lifetime
cancer risk in a 55-year-old woman are listed in Table 6.
When the clinical guidelines are strictly followed, the IRIM
risk is negligible. However, with an imaging-intensive
approach, the risk is 11-fold higher, and 11 IRIM cases could
be expected of 1,000 subjects according to our estimation
model. We acknowledge that in a trial setting, intensive
imaging surveillance can eventually detect recurrences
earlier, potentially affecting the study endpoints. However,
as our results suggest, this is potentially at the cost of an
increase in the risk of IRIMs. Considering this and the lack of
survival benefit with intensive surveillance, we believe that
trials should not systematically require this type of follow-
up study [56].

Both MUGA and echocardiography are accepted methods
for assessing LVEF in BC trials with cardiotoxic drugs.
Verma and Ewer showed that MUGA was the most
common LVEF assessment technique used in BC studies
with cardiac endpoints [57]. Fromourestimations,MUGAcan

be a significant contributor to the riskof IRIM,with a threefold
risk compared with assessing LVEF using echocardiography in
CALGB 9344.

Finally, we propose two additional measures for adju-
vant trials. First, we consider that radiologymanuals and/or
trial protocols should systematically include information
about the radiological protection of the study subjects.
Second, trial participants should be provided with the
information needed to understand the potential risk/
benefit of protocol-required imaging. Currently, informed
consent forms include detailed information about the risks
and discomforts from study treatments and procedures;
however, commonly this information about imaging is
lacking. Finding a balance between the ICH-GCP (In-
ternational Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for
Human Use Good Clinical Practice) requirement to inform
subjects about the risks from trial participation and the
chance of overwhelming participants with difficult to
understand information remains a challenge. Studies that have
assessed a patient’s understanding of medical radiation have
shown that many have a limited ability to make well-informed
decisions about imaging involving radiation [38]. Also, physicians
commonly lack knowledge about the imaging risks and thus
might be poorly equipped to discuss this with trial can-
didates. Overcoming these limitations will certainly be a
challenge, but the imaging radiation doses in adjuvant trials
and their associated risks might be sufficiently large to
warrant the inclusion of corresponding information during
the informed consent process.

Risk-Benefit in Trials in the Advanced Setting
Based on our results, concerns about IRIM risk in subjects
participating in trials in the advanced setting are not justified.
Given the latency period for the development of IRIM, the
risk in these patients is negligible because of their shortened
life expectancy, even for short-latency malignancies such as
leukemia. As shown by Brenner et al., the radiation risk
estimates are derived almost entirely from individuals with a
normal life expectancy and therefore might not be fully
applicable for individuals with reduced life expectancy [58].

Figure 1. Visual representation of the possible outcomes, including imaging radiation-inducedmalignancy in a population ofearly breast
cancer patients (age 50–59 years) participating in an adjuvant clinical trial (outcome at 28 years) (A) and a population of advanced breast
cancerpatients (age50–59years) participating in ametastatic clinical trial (outcomeat 5years) (B). Basedondata fromSchaireret al. [49].
In adjuvant trials, the risk depends on the imaging protocol requirements (see text). In metastatic trials, no cases of imaging radiation-
induced tumors are expected.

Abbreviation: IRIM, imaging radiation-induced malignancy.
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These investigators showed that the risk of IRIM was 92%
lower in subjects with metastatic colon cancer relative to the
corresponding lifetime risk in healthy individuals undergoing
thesameCTexaminations. Even inBCpatientswith the longest
survival (e.g., bone-only disease), our results are aligned with
the conclusions from Brenner et al. and from a recent review
about imaging in cancer patients, and indicate that the
competing risk of death from advanced cancer significantly
diminishes the IRIM risk, which should not factor into imaging
decisions [59].

Most BC trials in the advanced setting rely on standard-
ized imaging criteria to assess the tumor response, being
the Response Evaluation Criteria in Solid Tumors (RECIST)
themost widely accepted. Protocol deviations are common
and introduce uncertainty in the assessment of treatment
effect. This effect is minimized in randomized trials by
conducting analysis according to the intention-to-treat
(ITT) principle [60]. However, in trials in which the ITT
analysis was positive, the study results can be questioned
if inconsistency is present between the ITT and the per-
protocol sensitivity analysis (in which subjects who deviate
from the protocol are excluded from the analysis) [61].
Therefore, compliance with the imaging schedule and
the protocol-specified response criteria in trials in which
the primary endpoint is linked to response assessment
can be critical for the scientific validity of a trial. Given
the lack of a clinically significant risk of IRIMs in meta-
static BC patients, study candidates/participants, inves-
tigators, ethics committees, advocacy groups, and regulators
should be reassured that the benefits of imaging proce-
dures on the proper assessment of tumor response and,
therefore, on the accurate determination of efficacy
endpoints in phase II and III trials, outweigh any sort of risk
for subjects. We consider that the risks of lowering the
scientific validity of a trial in which a new potentially practice-
changingagent is being testedbynoncompliancewith imaging

requirements is higher than any unproved risk from imaging
procedures.

Our studywasnotwithout limitations.Wehaveestimated
the lifetime attributable cancer risk using RadRAT, whose
reported risks are based primarily on the methods used in
the Biological Effects of Ionizing Radiation VII (BEIR VII)
report, which assumes the LNT model. Consequently, our
reported estimates derive from data coming from the
consensus opinion of a committee and are not readily
empirically proven. Although the validity of the LNTmodel
when estimating imaging risks has been questioned [10,
62–64] and the analysis of its appropriateness is beyond
the scope of our study, no alternative model is as widely
accepted and the estimates on which RadRAT are based
are the most widely adopted and consistent with current
standards.

Another potential limitation was that RadRAT is most
appropriate for individuals with life expectancy and cancer
rates similar to those in the United States. Most of the trials
analyzed were multinational studies conducted in various
regions where the life expectancy and cancer rates might
not be similar to those in the United States, potentially
leading to a risk of over- or underestimation. Furthermore,
we assumed that each imaging procedure produced a
uniformwhole-body radiation dose, ignoring organ-specific
radiosensitivity and that the doses received by different
organs and in different areas of an organ vary during
imaging procedures [65].We also assumed identical dose
per imaging procedure across all subjects in a trial,
though interindividual and interinstitutional variability is
expected [30].

When estimating the IRIM risk in the metastatic trials
we entered in RadRAT a patient’s age as 95 years old given
that the life expectancy for a woman of that age is similar to
that of a patient diagnosed with metastatic BC. Because
age at exposure has an influence on the IRIM risk estimations

Table6. Surveillance strategiesafter curative treatmentof breastcancer andcorrespondingestimated imaging radiation-induced

malignancy risks

Imaging assessments
during follow-up after
curative treatment

Effective dose (mSv)
for 5-yr follow-up
period

Years to accumulate comparable
naturally occurring background
dose (approximate)a

Excess lifetime attributable
cancer risk: mean (90%
uncertainty range) (per1,000)

Yearly mammography
only (as recommended
by ASCO, NCCN, ESMO)

2 0.66 0.16 (0.08–0.27)

Yearly mammography
52 17.3 5.1 (2.9–8.6)

Yearly MUGA

Yearly mammography
38 12.6 3.3 (1.8–5.2)Yearlywholebodybone

scan

Yearly mammography

151 50.3 10.9 (6.24–17.7)

Chest-abdomenCTscan
(q6mo for years 1–2,
yearly for years 3–5)

Whole body bone scan
(q6mo for years 1–2,
yearly for years 3–5)
aBased on assumption of an average “effective dose” from natural background radiation of 3 mSv annually in the United States.
Abbreviations: ASCO, American Society of Clinical Oncology; CT, computed tomography; ESMO, European Society of Medical Oncology; MUGA,
multigated acquisition (scan); NCCN, National Comprehensive Cancer Network.
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[15, 66], it is acknowledged that this approach might have
underestimated the risk for younger women. However,
given the low risk, the IRIM latency period, and the life
expectancy for these patients, our conclusions would remain
unchanged.

Finally, it is not possible to directly attribute any
malignancy to imaging radiation, because genetic, envi-
ronmental, and treatment factors can also contribute (and
in some cases to a greater extent) to second malignancy
risk.

Reaching a definitive and incontestable conclusion re-
garding the relationship between imaging procedures and
radiation-induced malignancies would require large-scale,
well-designed, and well-conducted epidemiological studies,
which would seem to be infeasible to be conducted. In the
absence of this definitive evidence, approaches such as the
one in our study are able to provide valuable information and
adds to the currently available evidence, specifically in the BC
clinical trials setting.

CONCLUSION
Weconducted the first study estimating the cancer risks from
imaging radiation received by subjects during their partici-
pation in BC clinical trials. Our RadRAT estimations suggest
that in adjuvant studies, aligning the protocol require-
ments during follow-up with the recommendations from
clinical guidelines and substituting radiating procedures with

nonradiating ones could potentially lower the IRIM risk.
Inmetastatic trials, our results showed that no significant risk
of IRIM exists, and, therefore, potential concerns on this
regard are unjustified.
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