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Neyelty and Impact:

Rigil factor profiles by ovarian cancer subtypes defined by disease aggressiveness (time between diagnosis and
ath), were investigated under the hypothesis that these profiles are associated with tumor aggressiveness

indipendent of histology. Risk factor profiles for the most aggressive disease categories clustered together

miliependent of histotype suggesting that risk profiles may be directly associated with subtypes defined by tumor

agOgessiveness, rather than through differential effects on histology, providing impetus for future studies on
anistic pathways.
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Abstract

Ovarian cancer risk factors differ by histotype; however, within subtype there is substantial variability in
outcomes. We hypothesized that risk factor profiles may influence tumor aggressiveness, defined by time

between diagnosis and death, independent of histology. Among 1.3 million women from 21 prospective

ﬁ)rts, 4,584 invasive epithelial ovarian cancers were identified and classified as highly aggressive (death in
zear, n=864), very aggressive (death in 1-<3 years, n=1,390), moderately aggressive (death in 3-<5 years,

n=839), and less aggressive (lived 5+ years, n=1,691). Using competing risks Cox proportional hazards
Ession, we assessed heterogeneity of associations by tumor aggressiveness for all cases and among serous
wendometrioid/clear cell tumors. Associations between parity (pret=0.01), family history of ovarian cancer
H:0.0Z), body mass index (BMI; pne<0.04) and smoking (pnet<0.01) and ovarian cancer risk differed by
essiveness. A first/single pregnancy, relative to nulliparity, was inversely associated with highly aggressive

IS€ase (HR: 0.72; 95% CI [0.58-0.88]), no association was observed for subsequent pregnancies (per
nancy, 0.97 [0.92-1.02]). In contrast, first and subsequent pregnancies were similarly associated with less
ﬂessive disease (0.87 for both). Family history of ovarian cancer was only associated with risk of less
@essive disease (1.94 [1.47-2.55]). High BMI (>35 vs. 20-<25 kg/m?, 1.93 [1.46-2.56] and current smoking
vs. never, 1.30 [1.07-1.57]) were associated with increased risk of highly aggressive disease. Results were

within histotypes. Ovarian cancer risk factors may be directly associated with subtypes defined by tumor

@essiveness, rather than through differential effects on histology. Studies to assess biological pathways are

< wa’anted.
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Introduction
Ovarian cancer is one of the most fatal cancers in women, with over 150,000 deaths globally per year *.
The five-year relative survival for ovarian cancer patients is about 45%, while the ten-year relative survival is
only slightly lower at 35%.% ® Further, across all stages of disease, the probability of surviving the next five
s increases with longer survival.* This, in conjunction with data showing worse outcomes for high-grade
qQus tumors compared to other types,>’ suggests that some tumors may be intrinsically more aggressive than
others. While differences in survival across tumor subtypes can be explained, in part, by surgical outcomes,® a
o ﬂnt study noted that changes in chemotherapy regimens did not substantially influence long-term survival.’
we recently, studies have shown that exposures before diagnosis are differently associated with ovarian

10-14

er subtypes , with each histologic type showing a distinct pattern of risk factor associations.'® However,

I

w' studies have considered whether risk factor profiles may influence the development of ovarian cancer

A

toward more aggressive (i.e., rapidly fatal) versus less aggressive subtypes.

One prior study that combined data from two prospective cohort studies (also included in the present

d

y) and two case-control studies used time to death as a surrogate for characterizing more versus less

C

essive disease (i.e., death within 3 years of diagnosis compared with longer survival).”® Multiple established

t

P

arian cancer risk factors, including age, parity, oral contraceptive (OC) use, and menopausal status, were
tially associated with risk by tumor aggressiveness for all invasive and serous tumors. For example,
@ birth was associated with a significant 13% lower risk of less aggressive disease but only a 2% lower risk

forSmore aggressive tumors, although the first birth was associated with a similar ~20% lower risk of both

&

tumpor types. We expanded this analysis within the Ovarian Cancer Cohort Consortium (OC3), which included

©

21 drospective cohort studies across Australia, Europe, Asia, and North America. With 4,584 invasive ovarian
ancer cases, we examined the relationship of 17 established and putative risk factors by tumor aggressiveness
(defined by time to death (<1, 1-<3, 3-<5, 5+ years)) for all invasive tumors and within specific histologic

subtypes.

Methods
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Study population
The OC3 includes women participating in 23 prospective cohort studies, 21 of which had sufficient
cases and follow-up for death (defined as at least 3 years of follow-up for >50 cases) to be included in this
analysis (Table 1). Studies were required to have prospective follow-up for incident cases of ovarian cancer
through questionnaires, medical records or cancer registries, as well as follow-up for death, along with data on
GQF study entry, OC use, and parity. Women with a history of cancer (other than non-melanoma skin cancer),
ith bilateral oophorectomy prior to study entry, or missing age at baseline were excluded. All studies obtained
Institutional approval for cohort maintenance as well as participation in the OC3. The OC3 Data Coordinating

wer and analytic approaches were approved by the institutional review board of the Brigham and Women’s

H}ital (BWH).

Xposure assessment
Full baseline cohort data (19 studies) and case-cohort datasets with weights for subcohort members (2
@es) were centrally harmonized. We examined multiple ovarian cancer risk factors, including parity (no
hidren, first child, linear term for subsequent children), age at first birth (per 1 year; and <20, 20-<25, 25-<30,
l 303years), age at last known birth (per 1 year; <25, 25-<30, 30-<35, 35+ years), duration of OC use (per 5
mf use; never, <I, >1-<5, >5-<10, >10 years), duration of breastfeeding (per 1 year; ever vs. never among
ous women), age at menarche (per 1 year; <11, 12, 13, 14, >15 years), age at natural menopause
thenopausal women only: per 5 years; <40, >40-<45, >45-<50, >50-<55, >55 years), duration of
opausal hormone therapy (HT) use (postmenopausal women only: per 1 year; never, <5, >5 years), tubal
@ion (yes vs. no), hysterectomy (yes vs. no), endometriosis (yes vs. no), first degree family history of breast
er (yes vs. no), first degree family history of ovarian cancer (yes vs. no), BMI at baseline (per 5 kg/m?; <20,
25, 25-<30, 30-<35, >35 kg/m”), BMI at age 18-20 years (per 5 kg/m’; <18, 18-<20, 20-<22, >22 kg/m?),
height (per 0.05m; <1.60, 1.60-<1.65, 1.65-1.70, >1.70 m), and smoking at baseline (never, former, current).
Studies that did not provide data on a specific risk factor were excluded from the analysis of that factor, leading

to different numbers of cases for each exposure (Table S1).
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Outcome definition
Epithelial ovarian or peritoneal cancer cases were confirmed through cancer registries or medical record
review (ICD9: 183, 158; ICD10: C56); details were described previously.'® For each case, we requested
information on date of or age at diagnosis, histology (classified as serous/poorly differentiated, endometrioid,
qﬁinous, clear cell, other/unknown), and date of or age at death (if applicable). All studies obtained

[mation on deaths during the course of follow-up, primarily through mortality registries and family

died and classified tumors as highly aggressive (death in <1 year, n=864), very aggressive (death in 1-<3

0
@bers, and had >95% mortality follow-up. We calculated the time between diagnosis and death for all cases
v—

Ms, n=1,390), moderately aggressive (death in 3-<5 years, n=639), and less aggressive (lived 5+ years,
HGQl). For cases who did not die during follow-up, we excluded those who had less than 5 years of follow-

time after diagnosis (n=992).

Statistical methods
@ We calculated hazard ratios (HR) and 95% confidence intervals (95% CI) using competing risks Cox
ijortional hazards regression to evaluate associations between exposures and ovarian cancer risk based on
l aggessiveness.16 Follow-up time was calculated as the time between study entry and date of i) ovarian cancer
&nosis, ii) death, or iii) end of follow-up, whichever occurred first. Survivor function plots for exposures
erally showed parallel curves, suggesting no relevant deviation from proportional hazards; the few
iations observed were due to small numbers of exposed cases within a specific category of aggressiveness.
Qrimary analyses, we pooled data from all cohorts, and stratified by year of birth and cohort to account for
@ntial differences in baseline hazards by these factors; associations were similar to those using random
ts meta-analysis to combine cohort-specific estimates (data not shown). Statistical heterogeneity of
aSseciations across tumor aggressiveness categories was assessed via a likelihood ratio test comparing a model
allowing the association for the risk factor of interest to vary by aggressiveness versus one not allowing the
association to vary.'” A trend test was calculated across the ordinal aggressiveness subtype beta coefficients

using meta-regression. All models were adjusted for age at entry (enrollment), number of children, and duration
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of OC use, unless the exposure of interest was collinear with one of these factors. Hysterectomy analyses were

additionally adjusted for HT use. For missing covariate data, we included a missing indicator in the model.

We considered all invasive cases together and conducted analyses among serous/poorly differentiated

tumors only and endometrioid/clear cell tumors; we combined these latter subtypes due to their similar risk
@r profiles, as observed in our prior analysis.'® In an additional analysis, we evaluated endometrioid tumors
ﬂrately; collapsed categories of aggressiveness were used due to limited sample size (i.e., highly/very
@essive: time between diagnosis and death <3 years; moderately/less aggressive: time between diagnosis and

o m or end of follow-up 3+ years). We also evaluated known high-grade serous tumors in a secondary
mysis. We evaluated associations stratified by stage at diagnosis (stages 1 or 2 and stages 3 or 4) for all
%sures for which we observed significant heterogeneity across aggressiveness categories. For BMI and
moking, we conducted sensitivity analyses excluding cases diagnosed within 2 years of baseline (to address
potential for reverse causation), excluding all women with cardiovascular disease (CVD) or diabetes at baseline;
MI, we also stratified by menopausal status and HT use. Two of the prospective cohort studies included in

hig study (AARP and NHS) were included in a previous study on tumor aggressiveness;™ these studies were

l exguded in a sensitivity analysis.

QWe performed unsupervised hierarchical clustering of the four aggressiveness categories alone and

ed

@er separated by histology (serous and endometrioid/clear cell) using beta estimates for exposures that had
ditferential associations by tumor aggressiveness overall in invasive cases or within the serous or
@metrioid/clear cell subsets using complete linkage and uncentered correlation (Pearson’s coefficient). SAS

.4 was used to conduct the analyses. A p-value of <0.05 was considered statistically significant.

Results

Study population

This article is protected by copyright. All rights reserved.



During follow-up of 1,202,492 participants (1,298,977 including full cohort size for case-cohort studies), 4,584
incident invasive epithelial ovarian cancers were identified which could be classified by tumor aggressiveness.
Case numbers ranged from 1,009 for breastfeeding to 4,529 for smoking status (Table S1). This study included
2,795 (73.6% of cases with known histology) serous, 506 (13.3%) endometrioid, 289 (7.6%) mucinous, and 208

(5:5%) clear cell carcinomas. Fifteen of 21 cohorts were based in North America, four in Europe, one in

-

stralia, and one in Asia (Table 1); a majority of the cohorts started enrollment in the 1990s. The median age

I

at~diagnosis was 71.0 years for highly aggressive (death <1 years following diagnosis), 67.5 years for very

C

aggressive (death 1-<3 years), 65.6 years for moderately aggressive (death 3-<5 years), and 62.7 years for less

{1

essive (lived at least 5 years). The majority of participants with known stage were diagnosed with distant

I

e 3-4) disease, with little variation in the moderately (75.6%), very (76.2%) and highly aggressive (76.2%)
roups, but a smaller proportion of women with less aggressive disease diagnosed at later stage (41.8%

distant) (Table S2).

ciations of putative and established risk factors

d

@y (pnec=0.01), family history of ovarian cancer (ppe=0.02), adult BMI (pne<0.04), and smoking status
H@.Ol) were differentially associated with risk of ovarian cancer by disease aggressiveness (Table 2). Both

er parity and family history of ovarian cancer were most strongly associated with less aggressive disease,

P

holgh in opposing directions, whereas very high and very low BMI and current smoking at baseline were both

@e strongly associated with increased risk of highly aggressive disease.

Spexifically, a first child (i.e., parity of 1) conferred significant protection against highly and very aggressive

{9

se, relative to nulliparity (e.g., highly aggressive, HR: 0.72 [95% CI: 0.58-0.88]); subsequent pregnancies
nferred no additional protection (per pregnancy, HR: 0.97 [0.92-1.02]). For less aggressive disease, both the
first and subsequent pregnancies were associated with lower risk (first/single pregnancy, HR: 0.87 [0.74-1.01];
subsequent pregnancies, HR: 0.87 [0.83-0.91]); piend across aggressiveness categories=0.002). Family history of

ovarian cancer was associated with higher risk of all but the highly aggressive ovarian cancers, with risk
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increasing stepwise with lower aggressiveness (e.g., highly aggressive, HR: 0.70 [0.38-1.32]); less aggressive,

HR:1.94 [1-47'2-55]; ptrend_aggressiveness :0-01)-

In contrast higher BMI and current smoking were associated with higher risk of highly aggressive, but not less
aggressive, disease (Piend aggressivenesss BMI >35 kg/m® category=0.002; current smoking=0.002). Notably,
rel3ive to women in the normal weight category (BMI 20-<25 kg/m?), higher risk of highly aggressive disease
pessiiag| observed in women in both the lowest (<20 kg/m? HR: 1.36 [1.04-1.77]) and highest (>35 kg/m% HR: 1.93

@3-2.56]) BMI categories. This association was not affected by additional adjustment for smoking (e.g., <20

® pgrhZ HR: 1.36 [1.04-1.78]).

t

Wlso observed a significant trend across aggressiveness categories for duration of HT use (>5 years; p=0.03)
amily history of breast cancer (p=0.03), both suggestive of higher risk of less aggressive disease, and tubal
ﬂon (p=0.02), suggestive of lower risk for less aggressive disease. However, the p for heterogeneity overall
using the likelihood ratio test was not statistically significant (all p=0.12). No heterogeneity in associations was

rved for the other examined risk factors.

lyses in Histologic Subgroups

mt evaluated the associations separately for (i) serous/poorly differentiated (n=2,795; Table S3), (ii) high-
e serous disease (data not shown), and (iii) endometrioid /clear cell (n=714; Table S4). In a sensitivity
gysis, we evaluated endometrioid tumors separately using collapsed aggressiveness categories (i.e.,
/highly aggressive and less/moderately aggressive) (Table S5). Overall, results were of similar magnitude
Q in the same direction as those observed for invasive ovarian cancer overall. Among cases of
metrioid/clear cell disease, we observed a significant trend across aggressiveness categories for one height
cat€gory (<1.60 meters; p=0.01); however, the p for overall heterogeneity for height was not statistically
significant (p=0.28). Restricting the analysis to endometrioid disease, taller height appeared to be significantly
associated with higher risk of more aggressive, but not less aggressive, disease (per 0.05 meters, pne=0.04),
although the association with height as a categorical variable was not consistent with a linear association. For

BMI at age 18-20, both lower and higher young adult BMI were significantly associated with more aggressive
This article is protected by copyright. All rights reserved.



disease while no association was observed with less aggressive disease (pre=0.01). Finally, current (vs. never)
smoking was associated with significantly lower risk of less aggressive endometrioid cancers (ppet<0.01). In
analyses restricted to high-grade serous disease, heterogeneity by aggressiveness was statistically significant for
duration of HT use (pne=0.02), with longer duration associated with significantly higher risk of disease in all

ressive subgroups except highly aggressive (e.g., >5 years vs. never, less aggressive, HR: 2.25 [1.76-2.89];

ly aggressive, HR: 0.98 [0.64-1.50]).

< Sebitivity Analyses

We, conducted sensitivity analyses for parity, family history of ovarian cancer, BMI and smoking to evaluate

Wciations by stage at diagnosis (data available for >75% of cases; Tables S6-S8). For BMI and smoking, we
ucted additional sensitivity analyses excluding cases diagnosed within 2 years of baseline or diagnosed

ith CVD or diabetes at baseline; we further evaluated BMI associations by menopausal status at baseline and

for postmenopausal women by HT use, as well as HT associations stratified by BMI (<25 vs. >25 kg/m?) (data
dhown). Patterns of association were similar for these subgroups, with the exception of analyses restricted to
@ven diagnosed at stages 1 or 2, in which the associations of both BMI and smoking with highly aggressive
Mse, and family history of ovarian cancer and less aggressive disease, were attenuated. Further, in analyses
d to stages 3 or 4, the association for parity and less aggressive disease was attenuated. Results were

@ar after excluding the two studies (AARP and NHS) included in a prior investigation on risk factors for

@ian cancer by aggressiveness (data not shown).

@r adjusting for multiple comparisons using Bonferroni correction for 17 tests, none of the pne remained
tically significant. However, the pyenq across aggressiveness categories for parity, BMI (=35 kg/m?

tegory), and current smoking met the stricter p<0.003 criterion.

We further considered clustering of risk factor associations by disease aggressiveness alone and when further
stratifying by histology (Figure 1). Overall, the risk factor profile for highly aggressive disease was distinct
from the other aggressiveness categories (Figure 1a). Further, risk factor associations for highly aggressive and

very aggressive disease clustered together independent of histotype (Figure 1b). Moderately and less aggressive
This article is protected by copyright. All rights reserved.



subtypes tended to cluster by histology (e.g., less/moderately aggressive and very aggressive serous disease, and
less/moderately aggressive and highly aggressive non-serous disease). Certain risk factors, such as age at
menopause and having more than one child, tended to be more strongly associated with one histotype (e.g., non-

serous tumors) regardless of disease aggressiveness.

Disjussion
ﬂidentified parity, family history of ovarian cancer, BMI, and smoking as risk factors that were differentially
@ciated with ovarian cancer defined by subgroups of tumor aggressiveness, overall and within specific
o mnogic subtypes, in this first large-scale, prospective investigation. Notably, high BMI and smoking, two
@ifiable risk factors, were most strongly associated with higher risk of the most aggressive, rapidly fatal,

ovarian cancers. Further, clustering analysis showed that risk factor profiles for the most aggressive categories

i.e., highly and very aggressive disease) largely tracked by tumor aggressiveness rather than histology. Risk
factors differentially impacting risk by subtype may act via their influence on: (i) whether an aggressive disease

@pe develops; (ii) whether an already initiated malignancy develops toward an aggressive phenotype;

@or, (iii) prognostic factors, independent of the etiologic process (e.g., efficacy of chemotherapy, surgery).

Hfirst pregnancy was inversely associated with risk of more aggressive ovarian cancer; however, the inverse
ion for pregnancies beyond the first was stronger for less aggressive disease. The first pregnancy is
@ciated with long-term permanent alterations in hormone regulation, including circulating lower prolactin

levgls:;*® 1 higher circulating prolactin has been associated with ovarian cancer risk.?’ This may impact etiology
ofall tumor types similarly. In contrast, more recent pregnancy may lead to a clearance of premalignant or
Q;gnant cells (i.e., a “wash out” effect).”> This may be more relevant for slowly progressing tumors (i.e.,
eveloping over a period of years), than rapidly progressing disease that is more likely to have developed in the
interval since pregnancy. That said, there was no clear pattern of association for age at last birth and ovarian
cancer risk by aggressiveness (regardless of adjustment for parity), although relatively few studies had these

data (data not shown). Parity-related reductions in ovulatory cycles? are unlikely to explain the observed
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heterogeneity, given we observed no differences by aggressiveness for oral contraceptive use, or ages at

menarche or menopause, all contributors to the number of lifetime ovulatory cycles.

Family history of ovarian cancer was most strongly associated with less aggressive ovarian cancer, with a
similar trend observed for family history of breast cancer. This is consistent with prior investigations suggesting
@vival benefit proximal to diagnosis for women carrying an inherited BRCA mutation,? 2* potentially due
ﬂétter response to platinum-based chemotherapies and PARP inhibitors.?> This survival benefit is evident in
@elative short term after diagnosis (i.e., 3-5 years),” as would be captured in our moderately and less

o messive disease categories.

~—

Wer BMI was positively associated with risk of highly aggressive ovarian cancer, but not less aggressive
glase. The association between BMI and ovarian cancer did not differ by aggressiveness in the study by Poole

;¥ however, results on ovarian cancer survival are in line with our findings.?> % Obesity may potentiate an

ovarian cancer toward an aggressive pathway via its impact on the metabolic milieu, or may influence disease
ﬁessiveness by providing a permissive local microenvironment for metastases, reducing efficacy of
rea'ment, or poor post-surgical performance. The associations between BMI and adipokines, insulin resistance
Hhe metabolic syndrome,?’ and oxidative stress and chronic low-grade inflammation® are well described; in
@ese factors have been hypothesized to be associated with ovarian cancer progression.?*** Further,
@osity is associated with higher endogenous estrogen concentrations, as a result of an upregulation of
arognatase activity,® particularly in postmenopausal women.*> * However, the trends we observed for HT use

e in the opposite direction of those observed for BMI, providing no support for endogenous estrogens as an
miemediate mechanism. Omental adipose tissue has been identified as a tumor promoting microenvironment;*’
us, this adipose depot proximate to the ovarian tumor may promote tumor progression and metastasis. In

terms of treatment-related factors, suboptimal surgical cytoreductive (i.e., debulking) surgery and insufficient

38-41

chemotherapy dosing may result in more rapidly fatal disease in obese women. Finally, we also observed

that individuals with BMI less than 20 kg/m?® were at increased risk for highly aggressive disease; this
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association was unchanged after adjustment for smoking. This should be confirmed in other studies and

mechanisms explored to better understand this potential relationship.

We observed suggestive heterogeneity in the associations between duration of postmenopausal HT use and

tubal ligation and ovarian cancer risk by aggressiveness. The associations between HT use and tubal ligation did
@iffer by aggressiveness in the prior analysis by Poole et al.,*> nor are they consistently associated with
ﬂival.25 In the current study, longer duration of HT use was more strongly associated with increased risk of
@aggressive disease. Data on circulating sex steroid hormones suggest heterogeneity by disease subtype, with

o Mdy in the OC3 reporting significantly different associations between circulating pre-diagnosis endogenous
wogens and ovarian cancer risk by the dualistic pathway.** Higher androgen concentrations increased risk of
type | (less aggressive) ovarian cancer risk, but not type Il (more aggressive) disease, providing indirect support

r our findings. Androgens are a substrate for estrogen production, and are correlated in postmenopausal

women (e.g. testosterone and estradiol, postmenopausal women, r=0.23-0.38).** %

nent smoking was associated with highly aggressive, but not less aggressive, disease in this study. Smoking
@ drive development of a more aggressive phenotype via its well-described inflammation- and oxidative
Hs-inducing effects”® and is associated with higher risk of death following an ovarian cancer diagnosis®
ed in®). Further, limited data suggest that smoking may impact the effectiveness of neoadjuvant
helapy,*’ particularly for mucinous tumors. This is in agreement with observed differences between smoking
@ovarian cancer mortality by histology in OCAC,* with the strongest associations between smoking and
tality observed for mucinous disease. We observed similar associations in serous and endometrioid/clear
QSubgroups in the current study; case numbers precluded evaluating smoking by aggressiveness among

ucinous cases.

We hypothesized that pre-diagnosis exposures may influence whether ovarian cancers develop toward “less” vs.
“more” aggressive phenotypes, defined by survival time following an ovarian cancer diagnosis. Overall, results
were similar by histologic subgroups, suggesting the observed heterogeneity was not principally driven by

tumor histology. Importantly, in clustering analysis, our results suggested that risk factor associations for highly
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and very aggressive disease track more clearly by tumor aggressiveness rather than by histology. This suggests

that metrics of tumor heterogeneity beyond histotype should be evaluated to identify potential etiologic
mechanisms that relate risk factors to disease development. For example, Kurman and colleagues suggested that
ovarian cancer develops along two pathways: type | disease, a less aggressive phenotype including low grade

us, endometrioid, mucinous, clear cell, and malignant Brenner tumors, and; type Il disease, more aggressive
@;Fse, primarily including high grade serous tumors.*® *® Prognosis for type | tumors is significantly better

thag that observed for type 11 disease.> * An alternative, complementary, approach to that implemented here

woald be to evaluate risk by the proposed dualistic model,*® classifying tumors using histology and grade.

Mever, grade data were not available for a large portion of cases in this study.

We conducted analyses by stage at diagnosis for exposures where we observed significant heterogeneity by
ggressiveness to explore whether the observed results were due to associations between the exposure and later
stage at diagnosis (e.g., if smoking status were more strongly associated with highly aggressive disease due to
@ed detection and/or diagnosis). For BMI, family history of ovarian cancer, and smoking, patterns observed
@e overall analysis were consistently observed for cases diagnosed at higher stage (stages 3 or 4; 63% of the
stugdy population). However, while data on stage at diagnosis were relatively complete, data on sub-stage were
vailable. As one example, the association between current smoking and highly aggressive disease was
limited'to women diagnosed at stage I11/IV. It is possible that a higher proportion of smokers were diagnosed at

re advanced sub-stage (e.g., I11B, 111C) than nonsmokers, explaining the association. A further limitation of
Qinvestigation is the lack of detailed information on comorbidities and lack of data on post-diagnosis
@ment information, including chemotherapy regimen and debulking status. Poole et al."> observed minimal
ct on the differences between rapidly fatal vs. less aggressive disease before and after adjusting for both
cfretnotherapy regimen and debulking status, suggesting that these factors may not be important covariates in an
analysis of risk of ovarian cancer by tumor aggressiveness. The aggressiveness classification was based on
death from any cause, as data on ovarian-cancer specific death were not readily available. We evaluated cause
of death following ovarian cancer diagnosis in the NHS/NHSII, NLCS and EPIC cohorts, and the large majority

of deaths following ovarian cancer diagnosis were due to ovarian cancer, particularly within 5 years of
This article is protected by copyright. All rights reserved.



diagnosis (percentages of deaths due to ovarian cancer: highly aggressive: >90%; very aggressive >85%,
moderately aggressive >83%, less aggressive >50%). Finally, despite the relatively large sample size, data
availability for the investigated risk factors varied by cohort and was limited for some exposures (e.g.,
endometriosis, duration of breastfeeding) and analyses by disease aggressiveness within histologic subgroups

e limited; these analyses were restricted to the two major histologic subgroups identified in our earlier

(istigation.10

< ) We provide novel data on risk factors for ovarian cancer by aggressiveness, defined by time to death, in

pooled analysis in the OC3, identifying obesity and current smoking as modifiable risk factors
WOminamly associated with higher risk of highly aggressive (i.e., rapidly fatal) ovarian cancer. Further
research is required to more fully describe the mechanistic pathways underlying these associations. However,

ur study supports a role for maintaining healthy weight and smoking cessation in reducing risk of ovarian

cancers with the least favorable outcomes.
itional Information
pproval and consent to participate

studies obtained institutional approval for cohort maintenance as well as participation in the OC3. The OC3

@ Coordinating Center and analytic approaches were approved by the institutional review board of the
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Figure 1.

Unsupervised hierarchical clustering of ovarian cancer subtypes defined by disease aggressiveness using [3-

estimates, with complete linkage and uncentered correlation (Pearson coefficient). Unsupervised hierarchical

clustering of (A) aggressiveness categories and (B) aggressiveness further categorized by serous vs. non-serous

@Iogy . Aggressiveness categories defined as: highly aggressive: death within <1 year of diagnosis; very

messive; death in 1-<3 years; moderately aggressive: death in 3-<5 years; less aggressive: lived 5+ years.

The'color scale shows the range of B-values for each exposure.
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Age at menarche 215 vs. <11yr

Age at menopause =40 vs. =50-55yr

BMI at age 18, 222 vs. 18-<20kg/m?2
Smoking, current vs. never

Hormone therapy =5yrvs. never
Endometriosis, ever vs. never

Adult BMI 235 vs. 20-<25kg/m?

Height =1.70vs. 1.60-<1.65m

Family history of breast cancer, yesvs. no
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Hormone therapy =5yr vs. never
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Family history of breast cancer. yesvs. no
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BMI at age 18, =22 vs. 18-<20kg/m?

Smoking, current vs. never

This article is protected by copyright. All rights reserved.



Table 1. Characteristics of cohorts in the Ovarian Cancer Cohort Consortium

7y

. : Median , Invasive
Baseline Baseline Median Last year .
Study : study ovarian
y name 2 Location | enrollment cohort _ follow-up | of follow-
abbreviation : . a participant cancer
period size (years) up
age cases
Adventist Health Study II AHS u.s. 2002-2007 39,014 53 8 2015 41
Brelist Cancer Detection Demonstration Project BCDDP US. 1987-1989 36,168 61 9 1999 104
ow-up Study
yowornia Teachers Study CTS UsS. 1995-1999 | 43,744 50 15 2012 151
paign against Cancer and Stroke CLUEI uU.S. 1989 12,380 46 22 2012 80
Canadian Study of Diet, Lifestyle, and Health CSDLH Canada 1991-1999 2,733° 58 16 2010 78
ancer Prevention Study Il Nutrition Cohort CPSII-NC U.S. 1992-1993 65,795 62 15 2009 444
pean Prospective Investigation into )
ancer and Nutrition EPIC Europe 1992-2000 | 263,644 51 13 2010 519
Women’s Health Study IWHS u.s. 1986 30,526 61 23 2010 252
Melbourne Collaborative Cohort Study MCCS Australia 1990-1994 20,827 55 16 2009 86
Multiethnic/Minority Cohort Study® MEC uU.S. 1993-1998 16,454 57 11 2011 55
| Nev) York University Women’s Health Study NYU u.s. 1984-1991 | 12,407 49 24 2012 109
etherlands Cohort Study on diet and cancer NLCS Netherlands 1986 2,755° 62 17 2009 446
AARP Diet and Health Study AARP u.s. 1995-1997 | 152,850 62 11 2006 504
Nurses’ Health Study 1980° NHS80 uU.s. 1980-1982 86,624 46 16 2010 351
es’ Health Study 1996° NHS96 u.S. 1996-1998 67,454 62 14 2010 342
es’ Health Study Il NHSII uU.s. 1989-1990 | 111,882 35 20 2011 159
P: Lung, Colorectal and Ovarian Cancer PLCO u.s. 1993-2002 | 60,103 62 12 2009 270
eening Trial
apore Chinese Health Study SCHS Singapore | 1993-1999 31,925 56 14 2011 81
wedish Mammography Cohort Study SMC Sweden 1997 34,388 60 14 2011 124
|| VITAmins And Lifestyle Cohort VITAL u.s. 2000-2002 28,297 60 10 2011 96
'omen’s Health Study WHS U.S. 1993-1996 33,518 53 18 2012 174
WLHS Sweden 1991-1992 49,004 40 21 2012 118

atified on birth year and cohort, and adjusted for age at study entry, parity, and duration of oral contraceptive use (except when parity or oral contraceptive use was the primary exposure of interest and
e adjusted only for the other risk factor) using pooled analyses of all cohorts combined. ®These cohorts were included as a case-cohort design, reflecting a total cohort population of 39,445 women
> CSDLH and 62,528 women for the NLCS. Appropriate weights for subcohort selection were applied in all analyses; ‘Including only Caucasian women; “The Nurses’ Health Study was broken into
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Table 2: Associations® of ovarian cancer risk factors with invasive epithelial ovarian cancer by tumor aggressiveness in the Ovarian Cancer Cohort Consortium

Highly Very Moderately Less Ptrend @CrosSs
aggressive Aggressive aggressive aggressive Phet bY categories of
Q HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) aggressivenessb aggressiveness®
etween diagnosis and death <1 year 1to <3 years 3to <5 years 5+ years
\ao children 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
< ?rst child 0.72 (0.58,0.88) | 0.80 (0.67,0.94) | 0.98 (0.76,1.28) | 0.87 (0.74,1.01) 001 0.13
ubsequent children 0.97 (0.92,1.02) | 0.94 (0.90,0.98) | 0.95 (0.90,1.01) | 0.87 (0.83,0.91) ' 0.002
o ﬁ first birth, per yr 0.99 (0.97,1.00) | 1.00(0.98,1.01) | 0.99 (0.97,1.01) | 1.01 (1.00,1.02) 0.19 0.08
) 20 1.13(0.85,1.50) | 1.07(0.86,1.33) | 1.05(0.78,1.41) | 1.01(0.83,1.24) 0.54
H§-<25 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 056
% i-<30 0.98 (0.81,1.17) | 0.92(0.80,1.05) | 0.97 (0.79,1.19) | 1.05(0.92,1.19) ' 0.30
30+ 0.85 (0.65,1.10) | 1.02(0.84,1.23) | 0.81 (0.60,1.09) | 1.10(0.93,1.31) 0.18
last birth, per yr 1.00 (0.97,1.02) | 1.01 (0.99,1.03) | 0.98 (0.95,1.00) | 1.01 (0.99,1.03) 0.26 0.51
<25 1.31(0.86,2.01) | 0.96 (0.67,1.39) | 1.01 (0.64,1.58) | 0.89 (0.66,1.19) 0.20
-<30 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 0.32
30-<35 1.20 (0.88,1.62) | 1.14 (0.90,1.43) | 1.04 (0.75,1.43) | 1.08 (0.89,1.31) ' 0.56
35+ 1.19 (0.85,1.68) | 1.06 (0.82,1.39) | 0.59 (0.37,0.92) | 1.06 (0.84,1.33) 0.51
mon of breastfeeding, per yr* 0.96 (0.80,1.15) | 0.82 (0.68,0.98) | 1.00 (0.86,1.18) | 0.97 (0.87,1.09) 0.24 0.48
Wr VS never 0.90 (0.58,1.39) | 0.67 (0.48,0.93) | 0.98 (0.59,1.61) | 1.01 (0.77,1.33) 0.27 0.20
ration of oral contraceptive use, per 5yr | 0.89 (0.81,0.99) | 0.82 (0.76,0.89) | 0.87 (0.78,0.97) | 0.82 (0.77,0.88) 0.48 0.38
@ver 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
=1 0.91 (0.68,1.21) | 0.90 (0.73,1.10) | 1.03 (0.77,1.37) | 1.02 (0.86,1.21) 0.31
Q-SS 0.83 (0.65,1.06) | 0.87 (0.73,1.03) | 0.98 (0.77,1.24) | 0.84 (0.73,0.98) 0.95 0.99
>5-<10 0.74 (0.56,0.99) | 0.66 (0.54,0.82) | 0.80 (0.59,1.07) | 0.76 (0.64,0.91) 0.52
‘ >y,0 : 0.72 (0.52,1.01) | 0.59 (0.45,0.77) | 0.60 (0.41,0.88) | 0.57 (0.46,0.72) 0.37
wegedsmtnarche, per 1 yr 0.99 (0.95,1.04) | 0.97 (0.94,1.00) | 1.01 (0.96,1.06) | 0.97 (0.94,1.01) 0.64 0.78
<11 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
Q 12 0.88 (0.70,1.10) | 0.84 (0.71,0.99) | 1.00 (0.78,1.28) | 0.95 (0.82,1.10) 0.32
~ 13 0.96 (0.79,1.18) | 0.86 (0.74,1.00) | 1.14 (0.91,1.43) | 0.90 (0.79,1.04) 0.13 0.98
! ’ 14 0.83 (0.65,1.06) | 0.81 (0.67,0.98) | 0.89 (0.67,1.19) | 1.00 (0.85,1.18) 0.10
215 0.99 (0.78,1.26) | 0.83(0.69,1.01) | 1.11 (0.83,1.48) | 0.75(0.62,0.91) 0.17
(Rge & menopause, per 5 yr 1.02 (0.94,1.12) | 1.04 (0.97,1.11) | 0.98 (0.89,1.09) | 1.09 (1.02,1.16) 0.37 0.30
<40 1.13(0.83,1.54) | 1.02 (0.79,1.33) | 1.18 (0.81,1.71) | 0.71 (0.54,0.95) 0.05
>40-<45 0.89 (0.67,1.19) | 0.71 (0.55,0.90) | 1.08 (0.77,1.51) | 0.82 (0.65,1.03) 0.87
/ >45-<50 1.02 (0.85,1.23) | 0.95 (0.82,1.10) | 1.04 (0.83,1.31) | 0.89 (0.77,1.03) 0.51 0.33
>50-<55 1.00 (ref.) 1.00 (ref.) 1.00 (ref.) 1.00 (ref.)
>55 1.20(0.87,1.64) | 1.02 (0.78,1.33) | 1.14 (0.77,1.69) | 0.94 (0.72,1.24) 0.35
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Duration of hormone therapy use, per 1 yr®

C

bal

YS

I

BMI

Famll‘

BMI iy adulthood, per 5kg/m?

1

Never
<5 years
>5 years

<20
20-<25
25-<30
30-<35
235

age 18-20, per 5kg/m?

<18
18-<20
20-<22
222

igh, per 0.05m

ep

ted

<1.60m
1.60-<1.65m
1.65-<1.70m
1.70m

Never
Former
Current

igation, ever vs. never

ectomy, ever vs. never'

etriosis, ever vs. never

history of breast cancer, yes vs. no
history of ovarian cancer, yes vs.

1.03 (1.01,1.04)

1.00 (ref.)
0.92 (0.74,1.14)
1.26 (1.01,1.58)
0.94 (0.65,1.36)
0.88 (0.73,1.06)
1.41 (0.66,3.00)
0.88 (0.70,1.11)

0.70 (0.38,1.32)
1.15 (1.07,1.23)

1.36 (1.04,1.77)
1.00 (ref.)
1.15 (0.98,1.35)
1.34 (1.07,1.67)
1.93 (1.46,2.56)
1.11 (0.97,1.28)

1.04 (0.76,1.42)
1.00 (ref.)
1.09 (0.87,1.36)
1.04 (0.83,1.31)
1.06 (1.01,1.12)

0.81 (0.67,0.98)
1.00 (ref.)
0.90 (0.75,1.08)
1.13 (0.93,1.37)

1.00 (ref.)
0.91 (0.77,1.08)
1.30 (1.07,1.57)

1.03 (1.02,1.04)

1.00 (ref.)
1.18 (0.99,1.40)
1.52 (1.28,1.80)
0.95 (0.75,1.21)
0.83 (0.72,0.97)
1.07 (0.59,1.95)
1.08 (0.91,1.28)

1.45 (1.04,2.04)
1.04 (0.98,1.10)

1.02 (0.81,1.27)
1.00 (ref.)
0.99 (0.87,1.12)
0.96 (0.80,1.16)
1.34 (1.07,1.69)
1.06 (0.95,1.19)

0.84 (0.64,1.11)
1.00 (ref.)
1.05 (0.87,1.25)
0.99 (0.82,1.19)
1.09 (1.04,1.13)

0.89 (0.76,1.03)
1.00 (ref.)
1.05 (0.91,1.21)
1.21 (1.04,1.41)

1.00 (ref.)
1.07 (0.95,1.21)
1.00 (0.85,1.17)

1.05 (1.03,1.06)

1.00 (ref.)
1.29 (1.00,1.66)
1.87 (1.47,2.39)
0.78 (0.55,1.11)
1.09 (0.89,1.34)
1.41 (0.75,2.68)
1.21 (0.95,1.54)

1.62 (1.01,2.60)
1.03 (0.95,1.12)

0.98 (0.71,1.36)
1.00 (ref.)
0.94 (0.78,1.13)
1.10 (0.85,1.42)
1.01 (0.70,1.45)
1.01 (0.86,1.18)

0.83 (0.57,1.21)
1.00 (ref.)
0.84 (0.65,1.10)
1.01 (0.78,1.31)
1.04 (0.98,1.10)

0.88 (0.70,1.09)
1.00 (ref.)
1.07 (0.87,1.31)
1.05 (0.83,1.32)

1.00 (ref.)
1.02 (0.85,1.22)
0.78 (0.60,1.01)

1.04 (1.03,1.05)

1.00 (ref.)
1.26 (1.06,1.47)
1.69 (1.43,1.99)
0.66 (0.53,0.82)
0.92 (0.80,1.06)
1.58 (1.06,2.33)
1.21 (1.04,1.41)

1.94 (1.47,2.55)
0.99 (0.94,1.04)

0.94 (0.78,1.15)
1.00 (ref.)
0.95 (0.85,1.07)
0.96 (0.81,1.14)
0.98 (0.78,1.24)
0.97 (0.87,1.08)

1.04 (0.83,1.3)
1.00 (ref.)
1.06 (0.91,1.24)
0.93 (0.79,1.10)
1.07 (1.03,1.11)

0.94 (0.82,1.07)
1.00 (ref.)
1.10 (0.97,1.26)
1.11 (0.97,1.28)

1.00 (ref.)
0.95 (0.85,1.07)
0.88 (0.76,1.02)

0.27

0.12

0.12
0.21
0.76
0.12

0.02
0.01

0.04

0.45

0.62

0.71

0.70

0.004

0.12

0.05
0.03
0.02
0.36
0.46
0.03

0.01
0.002

0.06

0.10
0.07
0.0002
0.10

0.71

0.79
0.46
0.86

0.30
0.12
0.63

0.79
0.002

oStr

S0
effect

Aag

d on birth year and cohort, and adjusted for age at study entry, parity, and duration of oral contraceptive use (except when parity or oral contraceptive use was the primary exposure of interest and then

usted only for the other risk factor) using pooled analyses of all cohorts combined; "Assessed using a likelihood ratio test comparing a Cox proportional hazards competing risks model allowing the
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ion to vary by subtype to a model forcing the association to be the same across subtypes; “Trend across the ordinal aggressiveness subtypes using meta-regression with a subtype-specific random
m; “Parous women only; *Postmenopausal women only; fAdditionally adjusted for duration of hormone therapy use





