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IMPORTANCE Whether genetic factors can identify patients at risk for radiation-induced
fibrosis remains unconfirmed.

OBJECTIVE To assess the association between the C−509T variant allele in the promoter
region of TGFB1 and breast fibrosis 3 years after radiotherapy.

DESIGN, SETTING, AND PARTICIPANTS This is an a priori–specified, prospective, cohort study
nested in an open-label, randomized clinical trial, which was conducted in community-based
and academic cancer centers to compare hypofractionated whole-breast irradiation (WBI)
(42.56 Gy in 16 fractions) with conventionally fractionated WBI (50 Gy in 25 fractions) after
breast-conserving surgery. In total, 287 women 40 years or older with pathologically
confirmed stage 0 to IIA breast cancer treated with breast-conserving surgery were enrolled
from February 2011 to February 2014. Patients were observed for a minimum of 3 years.
Outcomes were compared using the 1-sided Fisher exact test and multivariable logistic
regression.

EXPOSURES A C-to-T single-nucleotide polymorphism at position −509 relative to the first
major transcription start site (C−509T) of the TGFB1 gene.

MAIN OUTCOMES AND MEASURES The primary outcome was grade 2 or higher breast fibrosis
as assessed using the Late Effects Normal Tissue/Subjective, Objective, Medical
Management, Analytic scale (range, 0 to 3) three years after radiotherapy.

RESULTS Among 287 women enrolled in the trial, TGFB1 genotype and 3-year
radiotherapy-induced toxicity data were available for 174 patients, of whom 89 patients
(51%) with a mean (SD) age of 60 (8) years had at least 1 copy of C−509T. Grade 2 or higher
breast fibrosis was present in 12 of 87 patients with C−509T (13.8%) compared with 3 of 80
patients without the allele variant (3.8%) (absolute difference, 10.0%; 95% CI, 1.7%-18.4%;
P = .02). The results of multivariable analyses indicated that only C−509T (odds ratio, 4.47;
95% CI, 1.25-15.99; P = .02) and postoperative cosmetic outcome (odds ratio, 7.09; 95% CI,
2.41-20.90; P < .001) were significantly associated with breast fibrosis risk.

CONCLUSIONS AND RELEVANCE To date, this study seems to be the first prospective validation
of a genomic marker for radiation fibrosis. The C−509T allele in TGFB1 is a key determinant of
breast fibrosis risk. Assessing TGFB1 genotype may facilitate a more personalized approach to
locoregional treatment decisions in breast cancer.
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F or women with breast cancer, whole-breast irradia-
tion (WBI) after breast-conserving surgery optimizes
breast preservation rates and breast cancer–specific

survival, yet it can also result in problems with normal tis-
sues, including fibrosis and adverse cosmetic outcomes.1-5

Unfortunately, excellent cosmesis is not universally attained
following WBI, reflecting variability among patients in the
extent to which the normal tissues of the breast are dam-
aged by radiation therapy. Identifying factors associated
with the risk of radiotherapy toxicities of normal tissue
could be used to tailor local treatment decisions, such as
radiation dosing and target volumes, to an individual’s
genomic profile.6

Several studies support the hypothesis that the radio-
sensitivity of the breast is under genetic control.6-16 One
such genomic candidate is the C−509T (rs1800469) variant
allele of TGFB1 (GenBank NC_000019.10). A pleiomorphic
cytokine, TGF-β plays an important role in normal and
pathophysiological fibrogenesis by stimulating fibro-
blast migration, proliferation, and collagen release.17,18

The C−509T polymorphism has been associated with
elevated gene expression and plasma levels of TGF-β,19 and
the presence of this polymorphism has been associated
with increased risk of radiation-induced fibrosis in
some11,12,15,16,20 but not all21,22 retrospective studies. A
recent prospective validation study failed to find an associa-
tion between radiotherapy toxicities and TGFB1 polymor-
phisms, including C−509T, adding uncertainty to the pre-
dictive value of these genetic markers.23,24 However, the
existing literature is limited by the use of multiple fibrosis
scales that are variably sensitive to clinically significant
changes. The objective of the present study was to prospec-
tively assess whether an association existed between the
TGFB1 C−509T variant allele and radiotherapy-induced tox-
icity of normal tissue following WBI. We hypothesized that
this variant allele increases the risk of breast fibrosis as
assessed using the Late Effects Normal Tissue/Subjective,
Objective, Medical Management, Analytic (LENT/SOMA)
scale.25 The LENT/SOMA fibrosis subscale is a physician-
reported 4-point ordinal grading system that has demon-
strated improved sensitivity to the severity of fibrosis com-
pared with the Radiation Therapy Oncology Group (RTOG)
late radiation morbidity scale in a validation study evaluat-
ing a population of breast cancer survivors.26 We also
sought to explore whether any association existed between
the TGFB1 C−509T variant allele and other patient- and
physician-reported outcomes relevant to WBI. We tested
our hypothesis in a cohort of 175 women who had partici-
pated in a randomized clinical trial comparing 2 WBI dosing
regimens.

Methods
Patient Cohort
Between February 2011 and February 2014, 287 women aged
40 years or older with pathologically confirmed ductal carci-
noma in situ or early invasive breast cancer (pTis, pT1, pT2,

pN0, or pN1) were enrolled and randomized after breast-
conserving surgery (trial protocol in Supplement 1). Patients
were allocated to treatment with either hypofractionated WBI
(42.56 Gy [to convert to rad, multiply by 100] in 16 fractions
followed by a boost) or conventionally fractionated WBI (50
Gy in 25 fractions followed by a boost). Details regarding in-
clusion criteria and treatment planning have been previously
reported.27 The present study was reviewed and approved by
the institutional review board at MD Anderson Cancer Center
(Houston, Texas). Written informed consent was obtained from
all study participants.

Genotyping
A total of 227 patients consented to venipuncture. Genomic
DNA from the buffy coat fraction of the blood sample was
extracted using a Gentra Puregene Blood Kit (Qiagen). The
DNA purity and concentration were determined by spectro-
photometer measurement of absorbance at wavelengths
of 260 and 280 nm. The genotype at the C−509T TGFB1
allele was determined using real-time polymerase chain
reaction analyses. The reaction was conducted using an
Applied Biosystems 7500 system (Life Technologies) per the
manufacturer instructions, with TaqMan Genotyping Mas-
ter Mix and primer probes. The presence of at least 1
T-containing allele at position −509 relative to the first
major transcription start site of the TGFB1 gene was defined
as the risk exposure.

Primary Outcome
The primary outcome for this study was grade 2 or higher phy-
sician-assessed fibrosis 3 years after completing radio-
therapy. Fibrosis was assessed and graded by physicians using
the LENT/SOMA scale25 with a structured template that in-
cluded the definition of fibrosis grades as follows: grade 0, none
or no difference; grade 1, barely palpable increased density;
grade 2, definite increased density and firmness; grade 3, very
marked density, retraction, and fixation.

Secondary Outcomes
Secondary patient-reported outcomes measured 3 years
after completing radiotherapy included (1) patient-reported

Key Points

Question Does an association exist between C−509T
polymorphism of the TGFB1 gene and radiotherapy-induced
toxicity of normal breast tissue among women with pathologically
confirmed stage 0 to IIA breast cancer treated with
breast-conserving surgery and whole-breast irradiation?

Findings This prospective cohort study evaluating 174
participants in a randomized clinial trial found grade 2 or higher
breast fibrosis 3 years after radiotherapy in 13.8% of patients with
the C−509T variant allele vs 3.8% of patients without the variant
allele, a significant difference.

Meaning The C−509T variant allele may be used prospectively as
a genetic marker to identify patients at elevated risk for fibrosis
following radiotherapy.
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cosmetic outcome assessed using the Breast Cancer Treat-
ment Outcomes Scale (BCTOS), coded as either a continuous
variable28 or dichotomized at a prespecified score (≥2.5)
that indicated a moderate to large change in the treated
breast compared with the untreated breast; (2) patient-
reported functional outcome assessed using the BCTOS; (3)
patient-reported body image assessed using the Body Image
Scale,29 and (4) patient-reported quality of life assessed using
the Functional Assessment of Cancer Therapy–Breast Cancer
(FACT-B) module trial outcome index.30 Each instrument
was administered when patients returned for a follow-up
visit 3 years after completing radiotherapy. Secondary
physician-reported outcomes included (1) cosmetic out-
come assessed by the treating physician using the RTOG/
Harvard scale; (2) telangiectasia assessed using the LENT/
SOMA scale; (3) toxicity-related adverse events assessed
using the National Cancer Institute Common Terminology
Criteria for Adverse Events, version 4 (CTCAE v4.0); and (4)
cosmetic outcome assessed by a panel of 3 physicians (in-
cluding B.D.S. and S.F.S.) blinded to treatment assignment
and C−509T genotype who reviewed 5-view photographs
(right lateral, right anterior oblique, anteroposterior, left
anterior oblique, left lateral) obtained in the standing posi-
tion framed from the neck to the umbilicus. Templates with
definitions of all outcomes were provided to the physicians
to assess and document outcomes. The panel assessing cos-
metic outcomes comprised 2 oncologists with expertise in
breast cancer-focused radiation (B.D.S. and S.F.S.) and a sur-
geon with expertise in surgical procedures for breast cancer
who were blinded to randomization arm and genotype. The
RTOG/Harvard scale was used to assess cosmesis, and con-
sensus among the 3 physicians was achieved for each
patient.31

Statistical Analysis
For the primary outcome, the trial was designed to yield
83% power to detect a 15% absolute difference in risk of
grade 2 or higher fibrosis using LENT/SOMA criteria 3 years
after completing radiotherapy. At a 1-sided significance level
of .05, assuming that 150 patients participated in this com-
ponent of the study, the baseline risk of fibrosis among the
participants with the wild-type gene is 5%, and the fre-
quency of the variant allele in the population is 0.33. This
prespecified difference was based on the effect size of
C−509T reported in prior retrospective studies that also
used the LENT/SOMA fibrosis scale.15,16 The difference in
the proportions of fibrosis by genotype was evaluated using
the 1-sided Fisher exact test. Univariate and multivariable
logistic regression models were subsequently used to iden-
tify factors associated with the outcome. The final multi-
variable logistic regression model included covariates asso-
ciated with the outcome at 2-sided P < .05 as well as the
randomization arm regardless of its statistical significance.
The Firth bias correction method was used in the logistic
regression models because the proportion of at least grade 2
fibrosis was less than 10%.32 The statistical interaction of
the randomization arm with the C−509T genotype was also
tested in the multivariable model.

For secondary patient-reported outcomes, the associa-
tions of C−509T genotype with BCTOS cosmesis and with func-
tional status were assessed using the 2-sided Wilcoxon rank
sum test. Association of genotype with patient-reported cos-
metic outcome dichotomized at 2.5 or greater was assessed
using the 2-sided Fisher exact test. Genotype associations with
the Body Image Score and with the FACT-B trial outcome in-
dex were assessed using the 2-sided t test because both out-
comes were normally distributed.

For secondary physician-reported outcomes, physician-
assessed and photographically assessed cosmetic outcomes
were dichotomized as either good or excellent vs fair or poor.
The associations of C−509T genotype with photographically
assessed cosmetic outcome and with grade 2 or higher telan-
giectasia were assessed using the 2-sided Fisher exact test.

All statistical analyses were conducted using SAS, ver-
sion 9.3 (SAS Institute Inc).

Results
Patients
In total, 432 patients were screened for eligibility. Of these, 300
patients were registered for protocol treatment, and 287 pa-
tients were randomized and evaluable (Figure 1). Of the 149 pa-
tients allocated to conventionally fractionated WBI, all 149 pa-
tients (100%) received the allocated treatment, and 112 patients
(75%) had 3-year follow-up data, of whom TGFB1 genotype was
assessed in 93 patients (62%). Of the 138 patients allocated to
hypofractionated WBI, 137 (99%) received the allocated treat-
ment, and 101 (73%) had 3-year follow-up data, of whom TGFB1
genotype was assessed in 82 patients (59%). Of the 175 pa-
tients with 3-year follow-up data and TGFB1 genotype assess-
ment, 85 (49%) had the homozygous C/C genotype (−509C), 75
(43%) had the heterozygous T/C genotype, 14 (8%) were homo-
zygous (T/T) for the C−509T allele, and 1 (1%) had undeter-
mined allele information (eTable 1 in Supplement 2). The vari-
ant allele (T) frequency among these 175 patients was 0.296, and
the alleles were confirmed to be in Hardy-Weinberg equilib-
rium. There were no significant differences in any baseline pa-
tient characteristics or clinical variables between patients for
whom the C−509T genotype was or was not known (eTable 2
in Supplement 2).

Of the 174 patients who had nonmissing C−509T genotype
data, 89 (51%) had at least 1 T allele. The T allele was present in
45 of 93 patients (48%) allocated to conventionally fraction-
ated WBI and 44 of 81 patients (54%) allocated to hypofraction-
ated WBI (P = .43). The distribution of C−509T was not equal
across race/ethnicity, with the T allele present in 62 of 130 non-
Hispanic white (48%), 18 of 24 Hispanic white (75%), and 6 of
17 black (35%) patients (P = .01). With the exception of taxane-
based chemotherapy (administered to 34 of 89 patients [38%]
with the C−509T allele compared with 18 of 86 patients [21%]
homozygous for −509C [P = .01]), all other baseline patient, tu-
mor, and treatment characteristics, including body mass in-
dex, cup size, tumor stage, tumor markers, and overall admin-
istration of chemotherapy, were well matched between groups
(eTable 3 in Supplement 2). Examination of baseline postsur-
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gical, preradiotherapy patient- and physician-reported out-
comes revealed no differences in any measured outcome by
C−509T genotype (eTable 4 in Supplement 2).

Primary End Point of Fibrosis
Three-year LENT/SOMA fibrosis and telangiectasia data were
available for 167 of the 174 patients (96%) with C−509T geno-
type information. The overall rate of grade 2 or higher fibro-
sis was significantly higher among patients with a C−509T al-
lele (12 of 87 patients [13.8%]) than among patients without
the T allele (3 of 80 patients [3.8%]) (absolute difference, 10.0%;
95% CI, 1.7%-18.4%; P = .02) (eTable 5 in Supplement 2). No
difference was noted in the rate of grades 2 to 3 telangiectasia

by genotype (1.1% vs 3.8%; P = .35). The 3-year physician-
assessed cosmesis data were available from the treating
physician for 169 of the 174 patients (97%) with C−509T geno-
type data and from the physician panel for 169 patients (97%).
The prevalence of treating physician–assessed fair or poor cos-
mesis (32.2% vs 23.2%; P = .19) or panel physician–assessed
fair or poor cosmesis (34.9% vs 30.1%; P = .51) did not differ
significantly for those with or without the C−509T allele,
respectively.

For univariate logistic regression of factors associated with
the outcome, only C−509T genotype (odds ratio [OR], 3.67; 95%
CI, 1.07-12.60; P = .04) and baseline postsurgical, preradio-
therapy panel physician-assessed cosmesis (OR, 6.42; 95% CI,

Table. Multivariable Logistic Regression to Determine Grades 2 to 3 Fibrosis Among 205 Patients

Variable Level OR (95% CI) P Value
C−509T genotype C/C 1 [Reference]

.02
C/T or T/T 4.47 (1.25-15.99)

Randomization arm CF WBI 1 [Reference]
.97

HF WBI 1.02 (0.38-2.77)

Panel physician–assessed cosmesis 1-2 (Excellent-good) 1 [Reference]
<.001

3-4 (Fair-poor) 7.09 (2.41-20.90)

Abbreviations: CF, conventionally
fractionated; HF, hypofractionated;
OR, odds ratio; WBI, whole-breast
irradiation.

Figure 1. Study Enrollment Flowchart

4 Excluded from analysis owing to no
toxicity data

37 Lost to follow-up:

12 Refused further study
participation

25 Did no return for
3-year follow-up visit

20 Did not consent to blood
collection

93 With TGF-β genotype assessment
analyzed

82 With TGF-β genotype assessment
analyzed

81 With TGF-β genotype assessment94 With TGF-β genotype assessment

3 Excluded from analysis owing to no
toxicity data

1 Had undermined TGF-β genotype

432 Assessed for eligibility

287 Randomized

145 Excluded

29 Physician declined
enrollment

99 Declined to participate

4 Withdrew consent
1 Second primary cancer

found

4 Enrolled in competing
protocol

8 Insurance would not cover
protocol therapy

37 Lost to follow-up:

11 Refused further study
participation

26 Did no return for
3-year follow-up visit

18 Did not consent to blood
collection

149 Randomized to CF WBI
149 Received CF WBI

138 Randomized to HF WBI
137 Received HF WBI (1 did not

receive intervention as
randomized owing to
physician recommendation
for CF WBI)

CF indicates conventionally
fractionated; HF, hypofractionated;
and WBI, whole-breast irradiation.
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2.30-17.91; P < .001) were significantly associated with fibro-
sis risk (eTable 6 in Supplement 2). The C−509T genotype was
not associated with baseline panel physician–assessed cos-
mesis (median [interquartile range] score of 2.00 [1.00-2.00]
for patients with −509C vs 2.00 [1.00-2.00] for patients
with C−509T; Wilcoxon rank sum test P = .88) (eTable 4 in
Supplement 2). The final multivariable model included the
C−509T genotype, baseline panel physician-assessed cosme-
sis, and randomization arm. The association between C−509T
allele and fibrosis remained statistically significant after mul-
tivariable adjustment (OR, 4.47; 95% CI, 1.25-15.99; P = .02)
(Table). Fair to poor baseline panel physician-assessed cos-
mesis also remained statistically significant in the multivari-
able model (OR, 7.09; 95% CI, 2.41-20.90; P < .001); how-
ever, there was no interaction with genotype (for wild-type
genotype, OR, 3.08; 95% CI, 0.36-26.5 [referent good to
excellent cosmesis] vs C−509T genotype, OR, 3.19; 95% CI,
0.25-41.2 [referent good to excellent cosmesis]; P = .33 for
interaction). The randomization arm was not associated
with fibrosis risk (OR, 1.42; 95% CI, 0.55-3.68; P = .47) and
did not interact with the C−509T allele (for wild-type geno-
type, OR, 0.13; 95% CI, 0.01-2.87 [referent conventionally
fractionated WBI] vs C−509T genotype, OR, 10.86; 95% CI,

0.39-300.00 [referent conventionally fractionated WBI];
P = .16 for interaction).

Secondary End Points
Three years after radiotherapy, patients with the C−509T al-
lele reported worse functional outcomes on the BCTOS than
did patients without the variant allele (median [interquartile
range] score of 1.00 [1.00-1.14] for patients with −509C vs 1.00
[1.00-1.43] for patients with C−509T; Wilcoxon rank sum test
P = .049) (eTable 7 in Supplement 2) (Figure 2). Exploratory
analysis of individual items contributing to worse functional
outcome revealed a trend for higher likelihood of moderate to
large shoulder stiffness (BCTOS question 11) among patients
with the C−509T variant allele (11.4% vs 3.4%, P = .08) (eTable
8 in Supplement 2). No differences were noted in patient-
reported BCTOS cosmetic outcome (median [interquartile
range] score of 1.71 [1.43-2.14] for patients with −509C vs 1.71
[1.29-2.14] for patients with C−509T; P = .61 determined by
use of the Wilcoxon rank sum test) (Figure 2). The preva-
lence of adverse patient-assessed cosmetic outcome did not
differ by genotype (12.6% vs 9.5%; P = .52). There were also
no differences in Body Image Score (mean score of 1.36
[95% CI, 1.25-1.46] for patients with −509C vs 1.29 [95% CI,

Figure 2. Frequency of Breast Cancer Treatment Outcomes Scale (BCTOS) Subscale Scores
Among Patients With Genotypes C/C vs C/T or T/T at Position −509 of the TGFB1 Gene
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1.2-1.37] for patients with C−509T; P = .29) or FACT-B trial
outcome index (mean score of 78.23 [95% CI, 76.3-80.16] for
patients with −509C vs 78.35 [95% CI, 76.37-80.34] for
patients with C−509T; P = .93) between genotypes (eTable 7
in Supplement 2).

The association between 3-year CTCAE v4.0–assessed tox-
icities and C−509T genotype is shown in eTable 9 in
Supplement 2. No patients developed higher than grade 2
toxicity. Patients with the C−509T allele had a higher preva-
lence of grade 2 breast atrophy than patients without the vari-
ant allele (16.9% vs 7.1%; P = .047) (eTable 9 in Supplement 2).
There was no difference in the prevalence by genotype of any
other CTCAE v4.0–assessed grade 2 toxicities.

Discussion
The results of the present study showed that patients with
at least 1 copy of the C−509T allele in the TGFB1 gene had an
increased risk of developing fibrosis after WBI. The associa-
tion of C−509T with fibrosis occurred independent of the
radiotherapy fractionation regimen or postsurgical, prera-
diotherapy cosmesis, the only other factor associated with
breast fibrosis. Homozygosity at the −509C allele appeared
to confer protection against fibrosis, with only 3.8% of
patients with this genotype exhibiting grade 2 or higher
fibrosis compared with patients with at least 1 copy of the T
allele at this locus, whose prevalence of grade 2 or higher
fibrosis was 13.8%. This finding mirrors prior reports that
similarly describe low rates of fibrosis among patients
homozygous for the −509C allele.15 To our knowledge, the
present study is the first prospective validation of a genomic
factor associated with late radiation fibrosis, substantiating
a role for somatic genomic toxicity stratification in a clinical
oncology population.

A key challenge in identifying genetic risk factors of
radiotherapy toxicity is to precisely, robustly, and sensi-
tively define the outcomes of interest. Late toxicity was
defined differently among previous studies, likely contrib-
uting to the unresolved association between TGFB1 single-
nucleotide polymorphisms and radiation fibrosis. Our study
used the LENT/SOMA scale, which provides an objective
and validated scale of radiation-induced fibrosis that was
strongly associated with the C−509T allele in a prior retro-
spective study.15 Clinically significant fibrosis was defined
in our study as grade 2 on the LENT/SOMA scale (ie, “defi-
nite increased density and firmness”), which is readily dif-
ferentiated from grade 1 (ie, “barely palpable” fibrosis).25

Yet our results conflict with the report from the Radio-
genomics: Assessment of Polymorphisms for Predicting the
Effects of Radiotherapy (RAPPER) study, a prospective vali-
dation study that evaluated multiple single-nucleotide poly-
morphisms and outcomes in a large multicenter clinical
cohort.23 In contrast to the LENT/SOMA scale described in
the present study, the RAPPER study used the CTCAE, ver-
sion 3, toxicity scale for fibrosis, defining grade 1 fibrosis as
“increased density on palpation,” compared with the defini-
tion of grade 2 as “marked increase in density and function

on palpation with or without minimal retraction.” This
instrument is insensitive to the separation observed
between grades 1 and 2 on the LENT/SOMA scale, as evi-
denced by only a single patient being scored as having grade
2 fibrosis in the RAPPER study.24 Thus, despite a large
cohort size, the RAPPER study likely lacked the power to
detect genetic contributions to fibrosis owing to an
insensitive event definition and low event rate. The positive
association reported in the present study reinforces the
importance of outcome measure selection in identifying
genetic risk factors for late toxicity.

Fibrosis was chosen as a clinically meaningful end point
for the present study because it provides a plausible biologi-
cal mechanism for multiple other adverse outcomes, includ-
ing decrements in cosmesis, function, and quality of life. We
found that the C−509T allele was associated with increased
risk of breast fibrosis and that this allele may increase risk of
worse functional outcomes and breast atrophy, specific
morbidities that are expected to arise from increased fibro-
sis. Our exploratory analyses provided internal validation of
the clinical relevance of the primary outcome. However, all
cosmesis, body image, and quality of life assessments were
similar, indicating that fibrosis did not drive all of the
patient experience. That there was no association of
C−509T with cosmesis, despite its association with fibrosis,
suggests that adverse cosmetic outcome is a multifactorial
process attributable not simply to susceptibility to radiation
fibrosis but also to disease, host, and surgical factors. Rather,
we observed a significant association between preradio-
therapy cosmesis and late fibrosis risk. Cosmetic outcome
after surgery can reflect challenging anatomy, inferior surgi-
cal procedures, or poor wound healing, each of which could
be expected to lead to a more fibrotic healing process. We
speculate that this profibrotic environment enhances the
development of late fibrosis after radiotherapy.

Clinically, the most apparent application of C−509T geno-
typing would be to aid in postradiation fibrosis risk assess-
ment. Our data showed that patients homozygous for the
−509C allele were at very low risk for fibrosis following stan-
dard breast radiotherapy doses. As one example, the decision
of whether to include a tumor bed boost in patients with fa-
vorable tumor risk features may benefit from C−509T geno-
type information, although such a management application
should be investigated prospectively before being applied
broadly. Further investigations on the role of TGFB1 genotyp-
ing in lymphedema risk assessment and breast reconstruc-
tion decisions are ongoing.

Limitations
Late toxicities were evaluated 3 years after radiotherapy, but
fibrosis as well as other radiotherapy-related toxicities can
increase beyond this time point. Therefore, our study may
underestimate the effect size of the C−509T allele. The pres-
ent study was appropriately powered for the primary end
point, yet the relatively small sample size limited post hoc
subgroup analyses. This is notable regarding subgroup
analysis by ethnicity because we observed enrichment of
the risk allele among Hispanic patients but could not evalu-
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ate whether this subpopulation had a statistically elevated
risk of fibrosis. The sample size also limited our ability to
assess the effect of −509T homozygosity, which was present
in only 14 patients but has previously been associated in ret-
rospective studies with much higher fibrosis risk.15 Because
our study included only patients with early-stage cancer who
received moderate radiation doses to the breast, it is difficult
to evaluate the association between the TGFB1 genotype and
the increased dose to the skin. Thus, it is unclear how the
C−509T allele may affect fibrosis and functional outcomes
among patients treated for locally advanced, inflammatory,
or recurrent breast cancers.

Conclusions

In this prospective validation study, the C−509T allele was sig-
nificantly associated with increased risk of grade 2 or higher
breast fibrosis as assessed using LENT/SOMA criteria, breast
atrophy, and adverse functional outcomes among patients with
early-stage breast cancer 3 years after the completion of whole-
breast radiotherapy. Genotyping patients to determine the pres-
ence of this polymorphism may assist with risk stratification,
patient counseling, and potential therapeutic approaches for
late radiotherapy toxicity.
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