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Abstract

Background: Breast cancer (BC) risk is increased among Hodgkin lymphoma (HL) survivors treated with chest radiotherapy.
Case-control studies showed a linear radiation dose-response relationship for estimated dose to the breast tumor location.
However, these relative risks cannot be used for absolute risk prediction of BC anywhere in the breasts. Furthermore, the in-
dependent and joint effects of radiation dose and irradiated volumes are unclear. Therefore, we examined the effects of
mean breast dose and various dose-volume parameters on BC risk in HL patients. Methods: We conducted a nested case-
control study of BC among 5-year HL survivors (173 case patients, 464 matched control patients). Dose-volume histograms
were obtained from reconstructed voxel-based 3-dimensional dose distributions. Summary parameters of dose-volume his-
tograms were studied next to mean and median breast dose, Gini index, and the new dose metric mean absolute difference
of dose, using categorical and linear excess odds ratio (EOR) models. Interactions between dose-volume parameters and
mean dose were also examined. Results: Statistically significant linear dose-response relationships were observed for mean
breast dose (EOR per Gy ¼ 0.19, 95% confidence interval [CI] ¼ 0.05 to 1.06) and median dose (EOR/Gy ¼ 0.06, 95% CI ¼ 0.02 to
0.19), with no statistically significant curvature. All metrics except Gini and mean absolute difference were positively corre-
lated with each other. These metrics all showed similar patterns of dose-response that were no longer statistically significant
when adjusting for mean dose. No statistically significant modification of the effect of mean dose was observed. Conclusion:
Mean breast dose predicts subsequent BC risk in long-term HL survivors.

Strong evidence exists for a causal relationship between chest
radiotherapy (RT) and subsequent breast cancer (BC) among fe-
male cancer survivors, including Hodgkin lymphoma (HL) (1,2).
Cohort studies among long-term cancer survivors show increas-
ing risk of RT-related BC with younger age at RT, RT fields cover-
ing larger breast volumes, and higher prescribed radiation doses
(1-6). Several case-control studies (7-11) demonstrated a linear
increase of relative risk (RR) for BC with radiation dose to the af-
fected site in the breast.

Cohort studies on BC risk after chest RT are typically too
large to capture heterogeneity of radiation dose distributions in
the breast, especially the steep gradients typically seen near

shielding blocks (1,4). Case-control studies have used dose to
the breast tumor location (and equivalent location in matched
control patients). However, the estimated RR of BC cannot be
used for prediction of absolute risk anywhere in the breasts (ie,
breast cancer risk experienced by the patient). Yet, this risk is
required to inform clinical practice, particularly to assess risks
and benefits of novel RT techniques for new patients, including
proton therapy (12,13), and to implement surveillance guide-
lines among cancer survivors treated with chest RT (14,15).

Despite the need to understand the role of radiation dose-
volume parameters in late effects risk, data are sparse.
Specifically, estimated mean breast dose derived from doses to
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multiple locations in the breast has not been studied as a deter-
minant of subsequent BC risk. Moreover, no standard approach
exists in the literature for evaluating radiation dose-volume
data and BC risk (16-21), whereas standard treatment planning
systems provide 3-dimensional (3D) dose distributions for
organs contoured on the planning computed tomography
examination.

Therefore, we examined how the distribution of dose across
the breasts of female HL survivors, summarized by mean deliv-
ered breast dose and dose-volume parameters, determines BC
risk. As radiation-associated BC has a long induction period, we
used the Dutch multicenter HL cohort (ie, women treated for HL
during 1965-2000 who were followed for several decades) (2).

Methods

Study Population

We used data from our previous case-control study (10) nested
within a cohort of Dutch female 5-year survivors of HL treated
in 1965-2000 (2). Case patients, ie, patients with pathologically
confirmed invasive primary BC or ductal carcinoma in situ with-
out another cancer before HL except those treated with surgery
only, were identified by medical records, general practitioner
questionnaires, and the Netherlands Cancer Registry. Control
patients were individually matched to case patients on hospital
of HL treatment, age at treatment (range 11-41 years, within
3 years), and date of treatment (within 5 years). The original
study included 174 case patients and 466 control patients, previ-
ously analyzed for BC risk according to radiation dose to the
breast tumor location among case patients and corresponding
locations among matched control patients (10). We excluded 1
case patient and 2 control patients because of treatments for
which accurate reconstruction of doses to all locations in the
breast was not possible. The analysis dataset consisted of 173
case patients and 464 matched control patients. The study was
approved by the institutional review board of the Netherlands
Cancer Institute.

Radiation Exposure

Each patient’s treatment was assigned to 1 of 43 commonly oc-
curring radiation field setups (Supplementary Figure 1, available
online) or a combination. Field setups were applied to a 3D com-
puted tomography phantom scan of the breasts of an HL patient
aged 21 years and of average build. Breast tissue was mapped to
a grid of approximately 300 000, 2 x 2 x 2 mm3 voxels. The pro-
portion of prescribed dose to each voxel was estimated for each
field setup (22) using the Isogray treatment planning system
(Dosisoft, Cachan, France). Individual distributions of absorbed
dose were estimated by multiplying the field setup dosimetry
with the patient’s prescribed dose(s) and summing over all
fields the patient received.

Using voxel-specific dose estimates, we calculated mean
absorbed dose and dose-volume histograms (DVHs) for both
breasts combined. The following metrics were derived from the
DVH: D20, D50, D80 (Dx ¼ minimum dose received by x% of
breast volume with the highest dose; D50¼median dose), V5,
V20, V30, and V35 (Vy ¼ % of breast volume receiving at least y
Gy) (23).

In addition, the Gini index (24), a relative measure of dose
distribution heterogeneity, was determined for each patient as
G ¼

P
i

P
j jdi � djj=2n2Dmean, where d1; . . . ; dn are the patient’s

voxel doses and Dmean is the average of all voxel doses. It equals
0 for perfectly homogeneous distributions across both breasts
and approaches 1 for distributions with all dose concentrated in
a single voxel. The Gini index for an unexposed patient was de-
fined as 0.

Finally, as a measure of absolute dose heterogeneity, we
evaluated the mean absolute difference (MAD) between all pairs
of voxels as MAD ¼

P
i

P
jjdi � djj=n2, which equals the Gini index

multiplied by twice the mean dose. Quantiles of all metrics
were obtained based on their distribution among second pri-
mary BC case patients.

Post-RT Intact Ovarian Function

Studies have shown that treatments inducing premature meno-
pause in most women (eg, ovarian radiation exposure or che-
motherapy with high-dose alkylating agents) strongly reduce
radiation-associated BC risk (7-11). Therefore, we included the
duration of post–RT intact ovarian function, defined as the
number of premenopausal years between RT (or menarche,
whichever came last) and the cutoff date, in our modeling (10).
The cutoff date was the date of BC (case patients) or the date
obtained by adding the duration between HL and BC for the
matched case patient to the control patient’s HL diagnosis date
(control patients).

Statistical Analysis

Distributions of covariates were compared between case
patients and control patients and tested using v2 tests. We cal-
culated odds ratios (ORs) of BC for categories of mean and me-
dian dose, DVH metrics, the Gini index, and MAD, adjusted for
duration of post-RT intact ovarian function, with and without
adjustment for mean dose, using conditional logistic regression.
We used quartiles of mean and median dose and tertiles of
other metrics for parsimonious interaction modeling. To model
the effect of continuous metrics D, eg, D ¼ Dmean or D ¼ V20, we
used the linear excess odds ratio (EOR) model

OR ¼ exp a Tð Þ 1þ b Dð Þ; (M1)

with b the linear EOR per unit of D and T the duration of post-RT
intact ovarian function with log-odds ratio a. The likelihood ra-
tio test for b was interpreted as a test of trend. Extending the
EOR model (M1), we evaluated curvature of the dose-response
relationship for mean or median dose D, that is,
OR ¼ expða TÞð1þ b D exp c Dð ÞÞ, with exponential curvature
term c. We found no evidence against linearity and used linear
models subsequently. Models were repeated including adjust-
ment for mean dose Dmean, OR ¼ exp a Tð Þ 1þ b Dþ h Dmeanð Þ.
Smaller deviance indicated better goodness of fit of models.

We also estimated effects of mean dose within tertiles of
other metrics using the model OR ¼ exp a Tð Þ
½1þ b1D1 þ b2D2 þ b3D3ð Þ Dmean�, where Di is equal to 1 if D is in
tertile i and 0 otherwise, with bi the linear EOR/Gy mean dose
for tertile i, respectively. Trend of the EOR/Gy mean dose across
tertiles of other metrics was evaluated based on a likelihood ra-
tio test of d in the model OR ¼ exp a Tð Þ½1þ b Dmean exp d Dð Þ�
with continuous metric D. We similarly assessed effect modifi-
cation by duration of intact ovarian function.

Cumulative incidence of breast cancer was estimated by
mean breast dose and duration of intact ovarian function based
on model (M1).
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Analyses were done using Epicure version 2.00.02 (25), and R
version 4.1.1 (26). Tests were 2-sided, and P values less than .05
were considered statistically significant.

Results

Most patients were diagnosed with HL in 1970-1989 at ages 11-
24 years (Table 1). Most patients received RT, particularly supra-
diaphragmatic RT with average prescribed doses exceeding
30 Gy (Supplementary Figure 2, available online). Case patients
were diagnosed with BC in 1981-2014, the majority of whom at
ages 40-49 years, typically 10-29 years after HL treatment (me-
dian 22 years, range 6-42 years), and roughly half were screen-
detected (2). Case patients and control patients differed statisti-
cally significantly by HL treatment and radiation fields.
Chemotherapy and pelvic RT were more common among con-
trol patients. Case patients had a statistically significantly lon-
ger duration of post-RT intact ovarian function with higher
menopausal age than control patients (10).

Average mean breast dose was 22.1 Gy for case patients and
18.4 Gy for control patients. Median dose and all DVH metrics,
except the Gini index, were higher for case patients vs control
patients (Supplementary Table 1, available online). Proportions
of breast volume receiving at least 20 Gy (V20) and 30 Gy (V30)
were usually 25%-75%, and the proportion of breast volume re-
ceiving 35 Gy (V35) or more was less than 50% (Supplementary
Figure 3, available online). Minimum dose received by the 20%
of breast volume with highest dose (D20) was around 40 Gy.
Median dose (D50) ranged from 0 to 40 Gy, and minimum dose
received by the 80% of breast volume with highest dose (D80)
was generally less than 10 Gy. MAD was less than 20 Gy, and the
Gini index was 0.25-0.60 for most patients.

Pairwise correlations between dose metrics generally
exceeded 0.8, except for MAD, with correlations generally from
0.4 to 0.8 (Supplementary Figure 4, available online). The Gini in-
dex was moderately negatively correlated with all metrics.

Subsequent BC risk was statistically significantly associated
with mean and median dose (D50), adjusting for years of intact
ovarian function (Figure 1 and Table 2). Odd ratios reached 3.23
for mean doses of more than 28.6 Gy (95% confidence interval
[CI] ¼ 1.81 to 5.76) relative to doses no more than 18.8 Gy and
2.57 for median doses of more than 37.2 Gy (95% CI ¼ 1.26 to
5.23) relative to doses no more than 11.8 Gy, with statistically
significant trends (both P< .001). The EOR/Gy for mean dose was
0.19 (95% CI ¼ 0.05 to 1.06) and 0.06 (95% CI ¼ 0.02 to 0.19) for
median dose. Data were consistent with a linear dose-response
relationship for both metrics, with some downward curvature
for median dose (P¼ .06). BC risk increased statistically signifi-
cantly by approximately 5% per year of intact ovarian function
(not shown), as previously observed for these patients (10).

Statistically significant, positive associations with BC risk
were observed for other DVH metrics and MAD (Table 3). The
highest EOR was observed for D80, the minimum dose received
by the 80% of breast volume with highest dose (EOR ¼ 0.41, 95%
CI ¼ 0.13 to 1.43). EORs for the Vy metrics were similar to each
other (eg, 0.06, 95% CI ¼ 0.01 to 0.23) for V20, the percentage of
breast volume receiving at least 20 Gy. The EORs for the MAD
and the Gini index were 0.37 per Gy (95% CI ¼ 0.06 to 4.93) and -
0.08 (95% CI ¼ -0.10 to 0.01) per 0.1 units, respectively. Although
not nested, models for V35 (deviance¼ 395.9) and D80 (devi-
ance¼ 396.5) fit better than the Gini index (deviance¼ 412.2)
and MAD (deviance¼ 403.2). When adjusted for mean breast

dose, however, none of the reported dose metrics were statisti-
cally significantly associated with BC risk.

The EOR/Gy for mean dose was not statistically significantly
modified by any dose metric (Table 4). The EOR/Gy was gener-
ally highest in the middle dose metric tertile except for D20 and
MAD, which showed increasing EOR/Gy, and Gini index, which
showed decreasing EOR/Gy. No statistically significant trends
were observed. The EOR/Gy for mean dose was also not statisti-
cally significantly modified by duration of intact ovarian func-
tion, although a short duration of ovarian function reduced
EORs (Table 2).

Cumulative incidence of breast cancer by age 50 years for a
patient treated at age 20 years was, for example, 24% for 40 Gy
mean breast dose and 15 years post-RT intact ovarian function
vs 3% for 5 Gy and no post-RT ovarian function (Figure 2).

Discussion

This is the first study to evaluate the effects of mean and me-
dian breast radiation dose and dose-volume parameters on BC
risk among HL survivors. We observed a statistically significant
dose-response relationship for mean and median breast dose,
which can be used to predict BC risk. Dose-volume metrics were
not associated with BC risk after adjusting for mean dose and
did not modify the effect of mean dose on BC risk.

We aimed to understand whether risk of cancer induction
depends only on mean organ dose or also on the dose distribu-
tion within the organ, particularly the spatial distribution in the
highest dose region. This phenomenon has been observed for
non-neoplastic side effects of RT (eg, structural damage to the
spinal cord or the salivary glands) (27,28). Another motivation is
the evolution of RT technology from a simple field-based setup
to target volume-based techniques. Using multiple intensity-
modulated RT treatment fields or rotation methods (volumetric
modulated arc therapy), the highest (prescribed) dose concen-
tration is delivered selectively to the target tissue, sparing sur-
rounding tissues from high doses. However, larger volumes of
normal tissue are exposed to a low-dose “bath” compared with
older field-based setups. Moreover, proton therapy, a treatment
option for many cancer types including HL (29,30), is expected
to reduce normal tissue damage and subsequent tumor risk by
sparing of tissues distal to the target volume (31).
Unfortunately, empirical data on long-term follow-up of
patients treated with contemporary RT techniques will not be
available for several decades. To bridge this divide and inform
guidelines on how to treat current patients (17), we obtained ret-
rospective dose distribution data suited to calculate dose-
volume metrics and evaluated their impact on risk.

Current HL treatment encompasses modern chemotherapy
and RT to smaller volumes and with substantially lower doses
than treatments studied here (32). Patients with such exposures
and decades of follow-up for second cancers do not exist—
today’s patients and doctors have to extrapolate results
obtained from patients treated in the past. The use of empirical
data on late effects of cancer treatment to assess risks associ-
ated with modern treatment is an active research field.
Understanding dose-volume-response relationships, as illus-
trated in this report, may offer new insights.

Although case patients and control patients differed by HL
radiation field and chemotherapy, no adjustment for those vari-
ables was performed because they are represented by dose-
volume parameters and duration of intact ovarian function in
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Table 1. Characteristics of the study population of female 5-year survivors of HL diagnosed during 1963-1998 in the Netherlandsa

Characteristic

Subsequent breast cancer
case patients (n¼ 173)

Matched control
patients (n¼464)

Pheterogeneity
b Ptrend

cNo. (%) No. (%)

Age at HL, y .89 .59
11-19 51 (29.5) 128 (27.6)
20-24 49 (28.3) 135 (29.1)
25-29 39 (22.5) 96 (20.7)
30-34 21 (12.1) 70 (15.1)
35-41 13 (7.5) 35 (7.5)

Year of HL diagnosis .67 .48
1963-1969 25 (14.5) 51 (11.0)
1970-1979 60 (34.7) 165 (35.6)
1980-1989 64 (37.0) 185 (39.9)
1990-1998 24 (13.9) 63 (13.6)

HL treatment .001 —
CT only 1 (0.6) 24 (5.2)
RT only 88 (50.9) 173 (37.3)
RT plus CT 84 (48.6) 267 (57.5)

Radiation fieldsd .001e —
No RT 1 (0.6) 24 (5.2)
Supra with or without infra, no pelvic 167 (96.5) 389 (83.8)
Supra with or without infra, pelvic 5 (2.9) 40 (8.6)
Infra, no pelvic 0 (0) 7 (1.5)
Infra, pelvic 0 (0) 4 (0.9)

Duration of post-RT intact ovarian function, y <.001 <.001
<1 5 (2.9) 39 (8.4)
1-9 24 (13.9) 98 (21.1)
10-19 76 (43.9) 216 (46.6)
20-33 68 (39.3) 111 (23.9)

Family history of BCf .02 —
No 103 (59.5) 293 (63.1)
Yes 52 (30.1) 90 (19.4)
Missing 18 (10.4) 81 (17.5)

BMIg, kg/m2 .94 .62
17-20 16 (9.2) 37 (8.0)
20-24 71 (41.0) 171 (36.9)
25-30 33 (19.1) 80 (17.2)
30-43 7 (4.0) 22 (4.7)
Missing 46 (26.6) 154 (33.2)

Menopausal statusg <.001 —
Pre- or perimenopausal 100 (57.8) 234 (50.4)
Menopausal at age 50 years or older 19 (11.0) 25 (5.4)
Menopausal at age 40-49 years 32 (18.5) 78 (16.8)
Menopausal at age 30-39 years 18 (10.4) 80 (17.2)
Menopausal at younger age than 30 years 4 (2.3) 47 (10.1)

Year of BC diagnosis
1981-1989 10 (5.8) —
1990-1999 52 (30.1) —
2000-2009 93 (53.8) —
2010-2014 18 (10.4) —

Years between HL and BC diagnoses
6-9 6 (3.5) —
10-19 71 (41.0) —
20-29 75 (43.4) —
30-42 21 (12.1) —
Median 22 —

Age at breast cancer, y
27-29 4 (2.3) —
30-39 40 (23.1) —
40-49 75 (43.4) —

(continued)
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our analysis. Adjusted dose-related risks were slightly de-
creased but generally similar.

Mean and median breast dose are used as alternatives to
summarize patient exposure. The EOR/Gy was substantially
smaller for median than for mean dose. Although strongly
correlated, median dose was generally lower than mean dose
for patients with mean doses below 24 Gy and higher for
larger mean doses (not shown). Given the linear dose-

response for mean dose, an attenuated EOR/Gy for median
dose is expected. We prefer mean dose because mean but not
median dose is sensitive to local changes of dose, and radia-
tion carcinogenesis is predominantly a local phenomenon (eg,
a woman with 10 and 30 Gy to 2 halves of her breast volume
has a median and mean dose of 20 Gy; if dose to a part of the
higher dose half increases, mean dose and cancer risk change,
but not median dose).

Table 1. (continued)

Characteristic

Subsequent breast cancer
case patients (n¼ 173)

Matched control
patients (n¼464)

Pheterogeneity
b Ptrend

cNo. (%) No. (%)

50-59 41 (23.7) —
60-74 13 (7.5) —

Breast cancer laterality
Left 85 (49.1) —
Right 78 (45.1) —
Bilateralh 10 (5.8) —

aMissing categories were removed before testing. BC ¼ breast cancer; BMI ¼ body mass index; CT ¼ chemotherapy; HL ¼ Hodgkin lymphoma; RT ¼ radiotherapy.
b

P-value of v2 test.
c

P-value of v2 test for trend.
dPelvic RT is defined as irradiation to the whole abdomen or iliacal nodes on both sides or irradiation to an inverted Y field for women without oophoropexy. RT field

was imputed for 1 control patient based on year and hospital of HL treatment.
e

Simulated P-values were obtained for variables with at least 1 category with an expected count smaller than 5.
fFamily history included first-degree family history and grandmothers.
g

At cutoff date, which is the date of BC diagnosis for case patients and the date obtained by adding the time duration between HL and BC of the matched case patient to

the HL diagnosis date for control patients.
hWithin 3 months.
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Figure 1. Dose-response for mean and median breast dose. Categorical odds ratios are given for quartiles of dose, displayed at category midpoints. The categorical risks

from Table 2 were multiplied with the relative risk in the midpoint of the referent category based on the dose-response for continuous dose such that they represent

risks relative to 0 Gy, to allow for comparisons between continuous and categorical results. The dashed lines display the dose-response relationships for continuous

dose. All analyses were adjusted for duration of post-radiotherapy intact ovarian function.
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Our analytical approach can directly compare BC risk between
exposure via a homogeneous distribution of relatively low doses
(a little to a lot) and high doses concentrated in a small part of
the breasts (a lot to a little), keeping mean dose fixed. A previous
study among lung cancer patients has used RT technique as a

surrogate for dose distribution (rapid arc vs 4-field intensity-
modulated RT, respectively), but no differences in clinical out-
come or short-term side effects were observed (33). Schneider
et al. (20) addressed effects of irradiated volume to compare
treatment plans with respect to their associated risk of radiation-
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Figure 2. Cumulative incidence of breast cancer for a 5-year survivor of Hodgkin lymphoma treated at age 20 years, according to mean breast dose and duration of in-

tact ovarian function. Case-control data were combined with information from the Hodgkin lymphoma survivors cohort (37), and cumulative incidence estimates were

based on model (M1). Death and other cancers (except those treated with surgery only) were treated as competing events.

Table 2. Risk of second primary breast cancer among Hodgkin lymphoma survivors by mean and median dose to the breasts

Dose metric

Subsequent breast
cancer case patients

Matched control
patients

ORa (95% CI) EOR/Gy (95% CI) Ptrend
bNo. (%) No. (%)

Mean dose, Gy
0-18.8 44 (25.4) 208 (44.8) 1 (Referent)
18.8-22.3 44 (25.4) 88 (19.0) 2.21 (1.30 to 3.78)
22.3-28.6 39 (22.5) 91 (19.6) 2.04 (1.18 to 3.51)
28.6-49.1 46 (26.6) 77 (16.6) 3.23 (1.81 to 5.76)
Overallc 0.19 (0.05 to 1.06) <.001
By years of intact ovarian function

0-16 — — — 0.17 (0.04 to 1.22)
16-21 — — — 0.39 (0.07 to 3.30)
21-33 — — — 0.59 (0.09 to 5.64) .56

Median dose, Gy
0-11.8 51 (29.5) 215 (46.3) 1 (Referent)
11.8-18.7 36 (20.8) 68 (14.7) 2.22 (1.25 to 3.95)
18.7-37.2 64 (37.0) 141 (30.4) 1.95 (1.20 to 3.18)
37.2-46.1 22 (12.7) 40 (8.6) 2.57 (1.26 to 5.23)
Overallc 0.06 (0.02 to 0.19) <.001
By years of intact ovarian function

0-16 — — — 0.05 (0.01 to 0.18)
16-21 — — — 0.08 (0.02 to 0.35)
21-33 — — — 0.09 (0.00 to 0.63) .18

aAdjusted for years of intact ovarian function. CI ¼ confidence interval; EOR ¼ excess odds ratio; OR ¼ odds ratio.
b

For overall dose-response, likelihood ratio test of parameter b in linear EOR model OR ¼ exp a Tð Þ 1þ b Dð Þ; for dose-response by categories of years of intact ovarian

function, likelihood ratio test of parameter c in the model OR ¼ exp a Tð Þ 1þ b D exp c Tð Þð Þ.
cBased on linear EOR model, tests of curvature parameter c in the curvature model OR ¼ exp a Tð Þ 1þ b D exp c Dð Þð Þ yielded P¼ .74 for mean dose and P¼ .06 for median

dose.
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induced cancer at any site. To our knowledge, only 1 larger epide-
miologic study (34) has evaluated the role of DVH metrics on sub-
sequent esophageal cancer risk. No clear association was
observed, and DVH metrics did not modify the effects of mean
and median dose, consistent with our findings for BC. Our analyt-
ical approach, applied to patients treated with a larger variety of
dose distributions, may further elucidate dose-volume effects.

Although DVH metrics are established in RT, the Gini index,
applied for the first time in this context, is commonly used to

summarize the concentration of financial resources in the
world (24). The new dosimetric index MAD is a derived measure.
Although no clear patterns were observed, these metrics quan-
tify the spatial dose concentration in the organ. Future late
effects studies in varying exposure scenarios may show the util-
ity of these novel metrics for epidemiologic studies and risk
projection.

In this report, we did not use the dose to subsequent BC loca-
tion, although this was done in previous studies including our

Table 3. Breast cancer risk among Hodgkin lymphoma survivors by dose metrics

OR (95% CI)

Tertile of dose metric
Dose metric 1st 2nd 3rd EOR/unita (95% CI) Ptrend

b Deviancec

Not accounting for mean dose
Mean dose 1 (Referent) 2.11 (1.29 to 3.43) 2.15 (1.31 to 3.52) 0.19 (0.05 to 1.06) <.001 398.26
D20 1 (Referent) 2.03 (1.31 to 3.15) 2.49 (1.26 to 4.95) 0.08 (0.02 to 0.27) <.001 401.35
D50d 1 (Referent) 2.28 (1.38 to 3.76) 2.04 (1.25 to 3.33) 0.06 (0.02 to 0.19) <.001 402.50
D80 1 (Referent) 2.34 (1.42 to 3.83) 2.05 (1.24 to 3.37) 0.41 (0.13 to 1.43) <.001 396.51
V5 1 (Referent) 2.13 (1.31 to 3.46) 2.16 (1.30 to 3.60) 0.05 (0.01 to 0.30) <.001 399.20
V20 1 (Referent) 2.27 (1.39 to 3.73) 2.06 (1.25 to 3.39) 0.06 (0.01 to 0.23) <.001 400.69
V30 1 (Referent) 2.08 (1.30 to 3.33) 2.14 (1.31 to 3.50) 0.06 (0.02 to 0.21) <.001 398.15
V35 1 (Referent) 2.41 (1.48 to 3.92) 2.16 (1.33 to 3.52) 0.07 (0.02 to 0.22) <.001 395.94
Gini index 1 (Referent) 0.79 (0.48 to 1.28) 0.53 (0.30 to 0.91) �0.08 (�0.10 to 0.01)e .06 412.24
MAD 1 (Referent) 1.44 (0.92 to 2.26) 1.97 (1.20 to 3.24) 0.37 (0.06 to 4.93) <.001 403.17

Accounting for mean dosef

D20 1 (Referent) 1.38 (0.84 to 2.27) 1.52 (0.72 to 3.18) �0.01 (�0.30 to 0.17) .85 398.23
D50d 1 (Referent) 1.45 (0.83 to 2.55) 1.09 (0.61 to 1.95) �0.01 (�0.54 to 0.18) .91 398.25
D80 1 (Referent) 1.48 (0.84 to 2.60) 1.10 (0.60 to 2.00) 0.37 (�0.23 to 1.42) .17 396.38
V5 1 (Referent) 1.31 (0.75 to 2.31) 1.10 (0.59 to 2.05) �0.008 (NA to 0.22) .90 398.24
V20 1 (Referent) 1.44 (0.83 to 2.51) 1.09 (0.60 to 1.97) �0.33 (NA to 0.02) .07 394.89
V30 1 (Referent) 1.35 (0.79 to 2.30) 1.15 (0.64 to 2.07) 0.04 (NA to 0.21) .66 398.07
V35 1 (Referent) 1.68 (0.98 to 2.88) 1.23 (0.69 to 2.21) 0.08 (�0.04 to 0.22) .12 395.83
Gini index 1 (Referent) 0.79 (0.48 to 1.31) 0.83 (0.47 to 1.49) 0.17 (�0.09 to 5.94)e .42 397.60
MAD 1 (Referent) 0.99 (0.60 to 1.61) 1.44 (0.84 to 2.46) �0.01 (�0.28 to 1.08) .94 398.25

aParameter b in linear EOR model OR ¼ exp a Tð Þ 1þ b Dð Þ. CI ¼ confidence interval; Dy ¼minimum dose received by the y% of breast volume with highest dose; EOR ¼
excess odds ratio; MAD ¼mean absolute difference; NA ¼ not available; Vx ¼ % of breast volume receiving � x Gy.
bLikelihood ratio test of parameter b in linear EOR model.
cDeviance for linear EOR model.
dD50 is the same as median dose.
eEOR per 0.1 increase in Gini.
fAdjusted for mean dose using a linear EOR model [ie, OR ¼ exp a Tð Þ 1þ b Dþ h Dmeanð Þ].

Table 4. Modification of the effect of mean dose on breast cancer risk by tertiles of dose metrics

EOR/Gya mean dose

Tertile of dose metric
Dose metric 1st 2nd 3rd Ptrend

b

D20 0.11 (0.01 to 0.67) 0.16 (0.04 to 0.82) 0.18 (0.04 to 0.94) .49
D50c 0.20 (0.02 to 1.74) 0.21 (0.05 to 1.44) 0.18 (0.04 to 1.27) .98
D80 0.13 (0.01 to 0.87) 0.21 (0.05 to 1.14) 0.15 (0.03 to 0.80) .31
V5 0.14 (0.01 to 0.96) 0.19 (0.05 to 1.10) 0.15 (0.04 to 0.87) .65
V20 0.13 (0.01 to 0.90) 0.21 (0.05 to 1.16) 0.15 (0.03 to 0.83) .92
V30 0.13 (0.01 to 0.89) 0.19 (0.05 to 1.07) 0.16 (0.04 to 0.85) .73
V35 0.11 (0.01 to 0.71) 0.21 (0.06 to 1.09) 0.14 (0.03 to 0.74) .48
Gini index 0.20 (0.05 to 1.12) 0.14 (0.03 to 0.87) 0.14 (0.01 to 1.01) .95
MAD 0.16 (0.03 to 1.00) 0.16 (0.04 to 0.88) 0.25 (0.07 to 1.35) .69

aAdjusted for years of intact ovarian function. EOR ¼ excess odds ratio; Dy ¼minimum dose received by the y% of breast volume with highest dose; MAD ¼mean abso-

lute difference; Vx ¼ % of breast volume receiving � x Gy.
b

P-value for trend in EOR/Gy across dose metric tertiles, based on likelihood ratio test of interaction between dose-volume histogram metric and mean dose.
cD50 is the same as median dose.
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own (8,10,11). In our previous analysis of the same data (10), the
EOR/Gy (adjusted for duration of post-RT intact ovarian func-
tion) was 0.06 (95% CI ¼ 0.02 to 0.15) based on tumor location
dose compared with 0.19 (95% CI ¼ 0.05 to 1.06) for mean breast
dose in this study. Similarly, Travis et al. (8) found an EOR/Gy of
0.05 (95% CI ¼ 0.004 to 0.34) for HL survivors who received alky-
lating agents or ovarian radiation doses of at least 5 Gy and an
EOR/Gy of 0.15 (95% CI ¼ 0.04 to 0.73) for women who did not.
Among childhood cancer survivors, a larger overall EOR/Gy of
0.39 (95% CI ¼ 0.25 to 0.65) was found, with a statistically signifi-
cant modification by ovarian RT dose (11). In the same popula-
tion, Schonfeld et al. (35) compared BC risks for tumor location
dose and 2 crude dose metrics based on maximum prescribed
dose to the chest, with or without correction for blocking using
field-specific assumptions. Risks were statistically significantly
elevated for all 3 metrics, although the absolute values differed
by twofold. Despite general consistency, it is unclear whether
and to what extent risks estimated with tumor location dose
and mean breast dose differ.

Our study is the first evaluation of dose and DVH metrics as
determinants of BC among HL survivors. Several limitations
might have contributed to the failure of DVH metrics to sub-
stantially improve the models, including uncertainty in recon-
struction of historic 3D dose distributions, although systematic
errors are unlikely (22). Some field types were very common,
and many were variations of similar (mantle) fields
(Supplementary Figures 1 and 2, available online), that is, most
dose-volume metrics were highly correlated. Although our do-
simetry was more individualized than most previous efforts, we
may have missed subtle patterns because of dose uncertainty
and lack of statistical power for interaction analyses. The pro-
portion of screen-detected breast cancers increased during case
patient ascertainment (2). However, it is unlikely that control
patients (matched to case patients by center and calendar year)
were screened differently. Finally, small-sample bias in the
EORs was observed in a recent simulation study (36), although
most bias was observed for sample sizes below 100 case
patients and for EORs larger than observed in our study. Despite
these limitations, we showed the utility and potential of DVH
metrics.

In conclusion, we showed that BC risk increased linearly
with increasing mean and median breast dose and demon-
strated the utilization of radiation dose distributions for BC risk
analysis. The value of dose distribution parameters remains to
be established. Mean breast dose is an easily calculated metric
that can be used to predict BC risk, either to optimize RT plans
in new HL patients or to tailor BC screening in HL survivors.
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