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ABSTRACT
Background: Insulin responsemay be important in colorectal cancer
development. Diet modulates insulin response and may be a modifi-
able factor in colorectal cancer prevention.
Objective:We examined associations between hyperinsulinemic di-
ets and colorectal cancer risk with the use of an empirical dietary
index for hyperinsulinemia (EDIH), a food-based index that char-
acterizes dietary insulinemic potential on the basis of circulating
C-peptide concentrations.
Design: Diet was assessed every 4 y with food-frequency question-
naires in 46,210 men (Health Professionals Follow-Up Study, 1986–
2012) and 74,191 women (Nurses’ Health Study, 1984–2012) to cal-
culate EDIH scores. Multivariable-adjusted Cox regression was used
to calculate HRs and 95% CIs for colorectal, proximal/distal colon,
and rectal cancer risk.
Results: During 26 y of follow-up, we documented 2683 incident
colorectal cancer cases. Comparing participants in the highest with
those in the lowest quintiles, higher EDIH scores were associated
with 33% (men: HR: 1.33; 95% CI: 1.11, 1.61; P-trend = 0.0005),
22% (women: HR: 1.22; 95% CI: 1.03, 1.45; P-trend = 0.01),
and 26% (men and women: pooled HR: 1.26; 95% CI: 1.12, 1.42;
P-trend <0.0001) higher risk of developing colorectal cancer. The
positive associations were limited to the distal colon and rectum in
men and to the distal and proximal colon in women; however, com-
bined risk estimates were significant for all anatomic locations ex-
cept for the rectum. For example, comparing participants in extreme
EDIH quintiles, there was no significant association for proximal
colon cancer in men (HR: 1.15; 95% CI: 0.84, 1.57; P-trend = 0.32),
but the risk was elevated for distal colon (HR: 1.63; 95% CI: 1.14,
2.32; P-trend = 0.002) and rectal (HR: 1.63; 95% CI: 1.09, 2.44;
P-trend = 0.01) cancer. Among women, the risk was elevated for
proximal (HR: 1.28; 95% CI: 1.00, 1.63; P-trend = 0.03) and distal
(HR: 1.46; 95% CI: 1.05, 2.03; P-trend = 0.03) colon cancer but not
for rectal cancer (HR: 0.88; 95% CI: 0.60, 1.29; P-trend = 0.61).
Conclusion: The findings suggest that the insulinemic potential
of diet may partly underlie the influence of dietary intake on col-
orectal cancer development. This observational study was registered
at www.clinicaltrials.gov as NCT03364582. Am J Clin Nutr
2018;108:363–370.
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INTRODUCTION

Colorectal cancer, a global public health problem, was the sec-
ond most commonly diagnosed cancer in men and the third most
commonly diagnosed cancer in women globally in 2012 (1). In
the United States, it is the third most commonly diagnosed cancer
in both men and women (2). Insulin resistance and hyperinsuline-
mia may play important roles in cancer development, including
colorectal cancer (3, 4). Insulin may influence cancer risk through
the regulation of energy metabolism and may directly influence
colorectal cancer development via its mitogenic or antiapoptotic
activities (5–9). Epidemiologic studies have shown positive as-
sociations between circulating C-peptide concentrations (consid-
ered a valid marker of chronic insulin secretion) and colorectal
cancer risk (10–13). Given that dietary intake has been linked to
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insulin resistance and hyperinsulinemia independently of body
weight and physical activity (PA) (14, 15), a dietary pattern that
is associated with hyperinsulinemia may be more predictive of
colorectal cancer risk than individual foods or nutrients analyzed
separately.

The glycemic index (GI) classifies carbohydrate-containing
foods by their ability to increase postprandial blood glucose
concentration relative to glucose or white bread (16). The GI
therefore indirectly assesses immediate insulin responses to food
intake. As an improvement on the GI, a food insulin index was
developed to directly quantify postprandial insulin response (17).
However, although repeated bouts of postprandial insulin in-
creases may contribute to cumulative insulin exposure, the GI
does not account for additional dietary factors that may affect un-
derlying insulin resistance, which could ultimately be the more
important determinant of long-term insulin exposure. Interest-
ingly, the GI and insulin index did not predict fasting C-peptide
concentrations in our study populations (17, 18). Previously, we
derived a dietary pattern associated with C-peptide concentra-
tions in a relatively small sample of women and found this pat-
tern to be significantly associated with colorectal cancer risk in
the same cohort (19).We improved this pattern by developing and
independently validating an empirical dietary index for hyperin-
sulinemia (EDIH), a weighted dietary pattern score to assess the
insulinemic potential of usual diets to reflect long-term insulin
exposure (18).

To elucidate the role of the insulinemic potential of diet in col-
orectal cancer risk, we investigated the association between the
empirical food-based dietary index for hyperinsulinemia score
with colorectal cancer risk in 2 prospective cohort studies, one in
men and the other in women.We further examined the association
in subgroups of factors that have been associated with colorectal
cancer risk, particularly those involved in the insulin resistance
pathway, including body weight and PA (20).

METHODS

Study population

We used data from 2 ongoing prospective cohorts: the Nurses’
Health Study (NHS) and the Health Professionals Follow-Up
Study (HPFS). The NHS recruited 121,701 registered female
nurses aged 30–55 y at baseline in 1976, and the HPFS enrolled
51,529 male health professionals aged 40–75 y at baseline in
1986 in the United States. Since the inception of both cohorts,
participants have completed self-administered questionnaires at
baseline and every 2 y thereafter, providing updated information
on medical, lifestyle, and other health-related factors. Every 2 to
4 y, participants receive validated semi-quantitative food-
frequency questionnaires (FFQs) for dietary assessments (21).

For the current study, we used the FFQ in 1984 as the NHS
baseline FFQ because the FFQ in 1980 was shorter than all sub-
sequent FFQs. As shown in Supplemental Figure 1, we excluded
participants who did not complete FFQs or who had implau-
sible energy intake values (<600 or >3500 kcal/d for women
and <800 or >4200 kcal/d for men; n = 42,736), who reported
any cancer except for nonmelanoma skin cancer (n = 6911),
who died or were diagnosed with colorectal cancer at or before
baseline (n = 2484), and participants who reported ulcerative
colitis at baseline (n = 395). This resulted in the inclusion of
74,191women from the NHS and 46,210 men from the HPFS

for a total of 120,401 participants (Supplemental Figure 1). The
characteristics of excluded participants were generally similar to
those retained in the final analysis (Supplemental Table 1). The
institutional review boards at Brigham andWomen’s Hospital and
at Harvard TH Chan School of Public Health approved this study.
This observational study was registered at www.clinicaltrials.gov
as NCT03364582.

Assessment of the EDIH score and other covariates

The EDIH score, described in detail elsewhere (18), was de-
veloped in a sample of 5812 women in the NHS to empirically
create a score to measure the insulinemic potential of whole di-
ets defined with the use of food groups. Thirty-nine predefined
food groups (servings per day) (22) were entered into stepwise
linear regression models to identify a dietary pattern most pre-
dictive of circulating C-peptide concentrations. The EDIH score
is a weighted sum of 18 food groups, with higher (more positive)
scores indicating higher insulinemic diets (hyperinsulinemia) and
lower (more negative) scores indicating lower insulinemic diets.
In the NHS, there was a 40% increase in C-peptide concentra-
tions among the women in EDIH quintile 5 compared with those
in quintile 1 (adjusted relative concentration: 1.40; 95% CI: 1.32,
1.46) (18). The EDIH score was further evaluated for validity in
2 independent samples of women (NHS-II; n = 1717) and men
(HPFS; n = 4002) and found to significantly predict C-peptide
concentrations. For example, the adjusted relative concentration
of C-peptide in the highest EDIH quintile compared with the low-
est was 1.29 (95% CI: 1.22, 1.39) in men and 1.32 (95% CI: 1.21,
145) in women (18).

The food groups contributing to higher EDIH scores are as fol-
lows: red meat, low-energy beverages (low-energy cola and other
low-energy carbonated beverages), cream soups, processed meat,
margarine, poultry, French fries, fish (other than dark-meat fish),
high-energy beverages (cola and other carbonated beverages with
sugar, fruit drinks), tomatoes, low-fat dairy, and eggs. The food
groups contributing to lower EDIH scores are as follows: wine,
coffee, whole fruit, high-fat dairy products, and green leafy veg-
etables (18). We calculated EDIH scores for each participant on
the basis of self-administered FFQ data in 8 data cycles from 1984
to 2010 in the NHS and in 7 data cycles from 1986 to 2010 in the
HPFS.

Self-administered questionnaires were sent to participants ev-
ery 2 y to assess medical and lifestyle factors other than diet
(which was assessed every 4 y), including smoking habits, PA,
alcohol intake, multivitamin use, endoscopy status, regular use
of aspirin and other nonsteroidal anti-inflammatory drugs, family
history of colorectal cancer, weight, and height, and menopausal
status and postmenopausal hormone use (women only) in both
cohorts, as previously described (22–24).

Colorectal cancer ascertainment

New colorectal cancer diagnoses were self-reported through
biennial questionnaires, colorectal cancer–related deaths identi-
fied through family members, and the US National Death Index,
and confirmed throughmedical records or cancer registry linkage.
A physician reviewed medical and mortality records to confirm
the diagnosis.

www.clinicaltrials.gov
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Statistical analysis

We calculated person-years of follow-up from the date of re-
turn of the first FFQ until the date of any cancer diagnosis (ex-
cept for nonmelanoma skin cancer), death, or the end of follow-
up (1 June 2012 for the NHS and 1 January 2012 for the HPFS),
whichever came first. To reduce within-person variation and best
represent habitual long-term dietary intake, we computed cumu-
lative averages of EDIH scores from all previous questionnaires
up to the start of each 2-y follow-up interval (dietary data were
carried forward to nondiet 2-y data cycles). Then, EDIH scores
were adjusted for total energy intake with the use of the resid-
ual method (25). Due to the high within-person correlations in
EDIH scores between adjacent questionnaire cycles, we carried
forward nonmissing dietary intake data from the previous ques-
tionnaire cycle to replacemissing data in the next cycle. Covariate
data (described below) were treated similarly.

We used Cox proportional hazards regression models with
time-varying covariates to estimate HRs and 95% CIs for EDIH
scores in relation to colorectal cancer risk, with the reference cat-
egory being the lowest EDIH quintile. Early symptoms of undi-
agnosed colorectal cancer may alter habitual dietary intake. To
address this potential bias, our main analytic approach utilized a
2-y lag between dietary assessment and incident colorectal cancer
diagnosis. For example, in the HPFS, we used cumulative average
EDIH scores from 1986 to 1990 as the exposure for the follow-
up period from 1992 to 1994 and cumulative average score from
1986 to 1994 for follow-up from 1996 to 1998, etc. All of the
analyses were stratified by age in months and calendar year of
the current questionnaire. Multivariable models were addition-
ally adjusted for risk factors for colorectal cancer, most of which
were updated every 2 y. These included family history of colorec-
tal cancer (yes or no), history of lower gastrointestinal endoscopy
(yes or no), multivitamin use (yes or no), pack-years of smoking
(continuous), alcohol intake (continuous; drinks per day), race
(white or nonwhite), PA (continuous; metabolic equivalent task
hours per week), regular nonsteroidal anti-inflammatory drug use
(yes or no), and regular aspirin use (yes or no), and additionally
for postmenopausal hormone use (yes or no) and menopausal sta-
tus (pre- or postmenopausal) in women. These covariates were
selected on the basis of previous studies of the association of di-
etary patterns, individual dietary and lifestyle factors, and col-
orectal cancer risk, and on literature reviews (e.g., meta-analyses,
World Cancer Research Fund/American Institute for Cancer Re-
search recommendations). Overall, we included known and sus-
pected risk factors for colorectal cancer that may also be related
to dietary intake. We checked each covariate for proportionality
of hazards in the Cox models with the use of time × covariate
interaction terms and found no violations (all P > 0.05).

Diabetes and BMI are possible intermediates in the associa-
tion of hyperinsulinemia and colorectal cancer risk; therefore,
we did not adjust for diabetes and BMI in the main analyses but
additionally adjusted for these 2 covariates in sensitivity anal-
yses. We used random-effects meta-analysis to pool HRs for
men and women. For analyses of linear trend across EDIH quin-
tiles, we used EDIH quintile medians as an ordinal variable. We
used the likelihood ratio test in duplication-method cause-specific
Cox models to test for heterogeneity in colorectal cancer risk
by anatomic location (proximal colon, distal colon, and rectum)
(26).

We tested whether any association between EDIH and colorec-
tal cancer differed by categories of body weight and PA with
the use of the likelihood ratio test, by comparing models with
and without the interaction term of the EDIH score and potential
effect modifier. Body weight [BMI (kg/m2)] was dichotomized
at 25 (BMI: <25 and ≥25); and PA (metabolic equivalent task
hours per week) was dichotomized at the study-specific median
[<28.4 (men) or <13.4 (women) and ≥28.4 or ≥13.4]. We used
sex-specific medians because of the differences in PA levels be-
tweenmen and women in these cohorts, with men reportingmuch
higher levels than women. In a recent commentary (27), we pro-
posed an integrative framework to describe how diet, PA, and
body weight may act in an interactive manner to exert their in-
fluence on cancer risk. In additional multivariable-adjusted anal-
yses, we assessed the association of the EDIH score and colorec-
tal cancer risk in joint categories of BMI and PA as follows: high
activity and lean (PA of median or higher and BMI<25), high ac-
tivity and overweight or obese (PA of median or higher and BMI
≥25), low activity and lean (PA less than the median and BMI
<25), and low activity and overweight or obese (PA less than
the median and BMI ≥25). All of the analyses were performed
by using SAS software, version 9.4 for Unix (SAS Institute) at a
2-sided P value of 0.05.

RESULTS

We documented 2683 incident colorectal cancer cases (1439 in
women and 1244 in men) in >2,558,608 person-years of follow-
up. Over the entire follow-up period in both cohorts (1986–2012
in the HPFS and 1984–2012 in the NHS), participants consuming
themost-hyperinsulinemic diets (EDIH quintile 5) reported lower
PA and higher BMI and were more likely to have diabetes. They
also were less likely to be using multivitamins and reported lower
intakes of dietary fiber, calcium, vitamin D, and whole grains
than those consuming the most insulin-sensitive diets (quintile 1)
(Table 1).

Results from the minimally adjusted model that included
only age, alcohol intake, and calendar year of current question-
naire were generally similar to the multivariable-adjusted results
(Supplemental Table 2). Comparing participants in the highest
with the lowest EDIH quintile in multivariable-adjusted analyses,
dietary insulinemic potential was associated with a 33% higher
risk of colorectal cancer in men (HR: 1.33; 95% CI: 1.11, 1.61;
P-trend = 0.0005), a 22% higher risk in women (HR: 1.22; 95%
CI: 1.03, 1.45; P-trend = 0.01), and a 26% higher risk in men
and women combined (pooled HR: 1.26; 95% CI: 1.12, 1.42;
P-trend < 0.0001) (Table 2). Although there was no statis-
tical evidence of heterogeneity in risk by anatomic location
of cancer in both men (P-heterogeneity = 0.53) and women
(P-heterogeneity = 0.48), HRs appeared to be different across
anatomic subsites. For example, comparing participants in ex-
treme EDIH quintiles, there were no significant findings for can-
cers located in the proximal colon in men (HR: 1.15; 95% CI:
0.84, 1.57; P-trend = 0.32), but the risk was much elevated
for cancers in the distal colon (HR: 1.63; 95% CI: 1.14, 2.32;
P-trend = 0.002) and rectum (HR: 1.63; 95% CI: 1.09, 2.44;
P-trend= 0.01). Amongwomen, the risk was elevated for cancers
in the proximal (HR: 1.28; 95% CI: 1.00, 1.63; P-trend = 0.03)
and distal (HR: 1.46; 95% CI: 1.05, 2.03; P-trend = 0.03)
colon but not in the rectum (HR: 0.88; 95% CI: 0.60, 1.29;
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TABLE 1
Distribution of participant characteristics (weighted by person-years) across the entire follow-up period, in quintiles of the EDIH score in the NHS
(1984–2012) and the HPFS (1986–2012)1

NHS (women) HPFS (men)

Characteristic Quintile 1 Quintile 3 Quintile 5 Quintile 1 Quintile 3 Quintile 5

Median EDIH score –1.15 –0.03 1.18 –1.18 –0.02 1.19
Age, y 65.2 ± 9.72 63.9 ± 9.6 62.1 ± 9.6 64.0 ± 10.8 63.7 ± 10.8 60.3 ± 10.5
Alcohol drinkers, % 73.1 56.6 47.9 80.8 71.3 61.5
Total alcohol among drinkers, drinks/wk 7.3 ± 7.6 4.2 ± 5.4 3.9 ± 5.9 10.7 ± 10.1 7.1 ± 7.7 6.3 ± 7.5
Current smoker, % 11.8 11.7 15.5 4.0 4.6 6.4
Regular aspirin use (yes), % 61.6 60.5 59.8 45.9 45.7 40.4
Family history of colorectal cancer (yes), % 26.6 25.5 23.7 16.9 17.7 15.2
History of endoscopy (yes), % 23.6 21.8 16.4 24.6 24.8 20.2
Multivitamin use (yes), % 60.1 55.5 45.3 52.8 50.4 43.6
Diabetes (yes), % 2.5 5.3 8.7 3.8 6.5 9.3
Total energy intake, kcal/d 1850 ± 441 1667 ± 435 1821 ± 487 2107 ± 546 1879 ± 526 2086 ± 591
Dietary fiber, g/d 21.0 ± 6.5 19.2 ± 5.5 16.7 ± 4.9 26.2 ± 8.6 23.2 ± 7.0 19.7 ± 6.0
Dietary calcium, mg/d 821 ± 302 793 ± 302 697 ± 269 871 ± 319 862 ± 330 785 ± 314
Vitamin D, IU/d 211 ± 118 212 ± 118 188 ± 107 268 ± 161 264 ± 150 241 ± 136
Whole grains, g/d 27.8 ± 19.1 25.2 ± 18.4 17.4 ± 15.2 35.1 ± 24.6 31.5 ± 21.8 23.3 ± 18.3
Physical activity, MET-h/wk 22.5 ± 25.4 17.0 ± 20.2 14.2 ± 17.7 35.4 ± 29.6 31.3 ± 26.7 29.0 ± 25.4
Median or higher physical activity,3 % 58.7 48.3 43.0 55.1 49.5 47.1
BMI, kg/m2 24.7 ± 4.0 26.3 ± 4.6 27.9 ± 5.8 24.4 ± 5.8 24.9 ± 6.3 25.8 ± 7.1
Overweight or obese (BMI ≥25), % 43.9 58.7 69.4 42.2 49.1 57.5
Postmenopausal, % 89.2 86.8 74.3 NA NA NA
Hormone therapy use ever,4 % 68.8 68.0 62.7 NA NA NA

1Weighted by follow-up time (person-years) accrued by each participant. EDIH scores were adjusted for energy intake using the residual method. Lower
EDIH scores indicate insulin sensitive diets, and higher scores indicate hyperinsulinemic diets. EDIH, empirical dietary index for hyperinsulinemia; HPFS,
Health Professionals Follow-Up Study; MET-h, metabolic equivalent task hours; NA, not applicable; NHS, Nurses’ Health Study.

2Mean ± SD (all such values)
3Median physical activity was 28.4 MET-h/wk in men and 13.4 MET-h/wk in women.
4Among postmenopausal women.

P-trend= 0.61). In pooling the HRs, there was no significant het-
erogeneity in risk between men and women for colorectal cancer
overall and by subsite, except for the rectum (P-difference in rec-
tal cancer risk by sex = 0.03) (Table 2). Sensitivity analyses ad-
ditionally adjusting for BMI and type 2 diabetes—covariates po-
tentially in the causal pathway between hyperinsulinemic diets
and colorectal cancer risk—showed similar results (Supplemen-
tal Table 3).

Although interactions were not significant, HRs for the asso-
ciation between dietary insulinemic potential and colorectal can-
cer risk were suggestively different for the PA subgroups. Re-
sults showed stronger associations among men (HR: 1.62; 95%
CI: 1.24, 2.12; P-trend= 0.0003) and women (HR: 1.30; 95%CI:
1.03, 1.65; P-trend = 0.01) who reported low levels of PA, than
among those who reported high levels of PA (Table 3). In the
joint categories of body weight and PA, EDIH score was not as-
sociated with colorectal cancer risk among either men or women
who were physically active and lean, whereas significant positive
associationswere stronger amongmenwho had lowPA levels and
were also lean (HR: 1.89; 95% CI: 1.30, 2.76; P-trend = 0.002)
or also overweight or obese (HR: 1.45; 95% CI: 0.98, 2.15;
P-trend = 0.03) and among women who had low PA levels and
were also overweight or obese (HR: 1.41; 95% CI: 1.03, 1.93;
P-trend = 0.009) (Figure 1, Supplemental Table 4). These dif-
ferences seem to be driven by PA.

DISCUSSION

We applied a food-based dietary index in a large prospective
study in men and women to characterize the ability of whole diets
to contribute to hyperinsulinemia and to elucidate the role of the
dietary insulinemic potential in colorectal cancer development.
Our findings showed that the intake of diets with hyperinsuline-
mic potential was associated with a higher risk of developing col-
orectal cancer in men and women. The positive associations ap-
peared to be limited to the distal colon and rectum in men and
to the distal colon and proximal colon in women; however, com-
bined risk estimates were significant for all anatomic locations
except for the rectum. Furthermore, in both men and women,
the influence of hyperinsulinemic diets appeared to be stronger
among those who reported low levels of PA, although interactions
were not significant.

Our group previously examined associations between circu-
lating C-peptide concentrations and colorectal cancer risk in
several case-control studies nested within the NHS and HPFS
(28–30). Wei et al. (28) reported an OR of 1.76 (95% CI: 0.85,
3.63) for colorectal cancer risk comparing NHS women in ex-
treme C-peptide quartiles, whereas Wu et al. (29) found a 37%
higher risk of colorectal cancer (HR: 1.37; 95% CI: 1.05, 1.78)
comparing women and men above the median C-peptide con-
centrations with those below the median. Ma et al. (30) also
found a 150% higher risk of colorectal cancer comparing men in
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TABLE 2
Multivariable-adjusted HRs (95% CIs) for colorectal cancer risk by quintile of EDIH scores among men and women1

Quintile 1 (reference) Quintile 2 Quintile 3 Quintile 4 Quintile 5 P-trend2

Colorectal cancer
Men

Cases/person-years 254/189664 234/190395 272/190593 249/190635 235/189983
HR (95% CI) 1.00 0.94 (0.79, 1.13) 1.15 (0.97, 1.37) 1.12 (0.94, 1.34) 1.33 (1.11, 1.61) 0.0005

Women
Cases/person-years 298/320941 291/321026 294/321112 280/321696 276/322426
HR (95% CI) 1.00 0.99 (0.84, 1.17) 1.05 (0.89, 1.24) 1.08 (0.92, 1.28) 1.22 (1.03, 1.45) 0.01

Cases, n 552 525 566 529 511
Pooled HR (95% CI)3 1.00 0.97 (0.86, 1.10) 1.10 (0.97, 1.24) 1.10 (0.97, 1.25) 1.26 (1.12, 1.42) <0.0001

Colon cancer
Men

Cases (n = 984), n 207 187 213 198 179
HR (95% CI) 1.00 0.93 (0.76, 1.13) 1.11 (0.91, 1.35) 1.11 (0.91, 1.36) 1.26 (1.03, 1.56) 0.009

Women
Cases (n = 1129), n 229 226 227 219 228
HR (95% CI) 1.00 0.99 (0.82, 1.19) 1.04 (0.86, 1.25) 1.10 (0.91, 1.33) 1.32 (1.09, 1.60) 0.003

Cases, n 436 413 440 417 407
Pooled HR (95% CI)3 1.00 0.96 (0.84, 1.10) 1.07 (0.93, 1.23) 1.10 (0.96, 1.27) 1.29 (1.12, 1.49) <0.0001

Proximal colon cancer
Men

Cases (n = 424), n 94 86 85 83 76
HR (95% CI) 1.00 0.91 (0.67, 1.22) 0.95 (0.70, 1.28) 1.01 (0.74, 1.37) 1.15 (0.84, 1.57) 0.32

Women
Cases (n = 714), n 148 146 144 144 132
HR (95% CI) 1.00 1.00 (0.79, 1.26) 1.05 (0.83, 1.32) 1.17 (0.92, 1.48) 1.28 (1.00, 1.64) 0.03

Cases, n 242 232 229 227 208
Pooled HR (95% CI)3 1.00 0.96 (0.80, 1.16) 1.01 (0.84, 1.21) 1.10 (0.91, 1.33) 1.23 (1.01, 1.49) 0.02

Distal colon cancer
Men

Cases (n = 354), n 66 60 90 71 67
HR (95% CI) 1.00 0.98 (0.68, 1.40) 1.56 (1.13, 2.17) 1.28 (0.91, 1.82) 1.63 (1.14, 2.32) 0.002

Women
Cases (n = 387), n 71 75 81 70 90
HR (95% CI) 1.00 1.03 (0.74, 1.43) 1.14 (0.82, 1.58) 1.04 (0.74, 1.46) 1.46 (1.05, 2.03) 0.03

Cases, n 137 135 171 141 157
Pooled HR (95% CI)3 1.00 1.00 (0.79, 1.28) 1.33 (0.98, 1.82) 1.15 (0.91, 1.47) 1.54 (1.21, 1.96) 0.0002

Rectal cancer
Men

Cases (n = 260) n 47 47 59 51 56
HR (95% CI) 1.00 1.00 (0.67, 1.52) 1.35 (0.91, 2.01) 1.18 (0.79, 1.78) 1.63 (1.09, 2.44) 0.01

Women
Cases (n = 310), n 69 65 67 61 48
HR (95% CI) 1.00 1.00 (0.71, 1.41) 1.10 (0.78, 1.55) 1.03 (0.72, 1.48) 0.88 (0.60, 1.29) 0.61

Cases, n 116 112 126 112 104
Pooled HR (95% CI)3 1.00 1.00 (0.77, 1.31) 1.20 (0.93, 1.56) 1.10 (0.84, 1.43) 1.19 (0.65, 2.19)3 0.513

1EDIH scores were adjusted for total energy intake with the use of the residual method. Lower scores indicate insulin-sensitive diets and higher scores
indicate hyperinsulinemic diets. Heterogeneity for risk by anatomic subsite was tested by using duplication-method, cause-specific Cox regression analyses
(P-heterogeneity = 0.53 among men and 0.48 among women). All analyses were conducted by using Cox models and were adjusted for the following potential
confounding variables: age, calendar year of current questionnaire, race, family history of cancer, history of endoscopy, multivitamin use, total alcohol intake,
physical activity, pack-years of smoking, regular aspirin use, and regular NSAID use, and additionally for menopausal status and postmenopausal hormone use
in women. EDIH, empirical dietary index for hyperinsulinemia; NSAID, nonsteroidal anti-inflammatory drug.

2The P value for linear trend across EDIH quintiles was the P value of the ordinal variable constructed by assigning the EDIH score quintile medians to
all of the participants in the quintile. Cox models for linear trend were adjusted for all covariates listed in footnote 1.

3HRs for men and women were pooled by using random-effects meta-analyses and the likelihood ratio test was used to test for heterogeneity in risk
between men and women for each anatomic subsite. The difference in risk by sex for the rectum was significant, P-heterogeneity = 0.03.

extreme C-peptide quintiles in the Physicians’ Health Study (HR:
2.5; 95% CI: 1.5, 5.6), even after adjusting for BMI, insulin-like
growth factor (IGF) I, and IGF binding protein. Results in the cur-
rent analysis closely align with results from our group’s previous

study in which the original unweighted C-peptide dietary pattern
(19) was applied to examine colorectal cancer risk in women in
the NHS. That study found a 29% higher risk of colorectal can-
cer comparing the highest with the lowest dietary index quintiles
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TABLE 3
Multivariable-adjusted associations of the EDIH score and colorectal cancer risk among men and women in subgroups of body weight and physical activity1

EDIH score quintile P

Subgroups 1 (reference) 2 3 4 5 Trend2 Interaction3

BMI (kg/m2)
Men 0.62

<25 (n cases = 604) 1.00 0.84 (0.66, 1.08) 0.93 (0.72, 1.19) 1.03 (0.80, 1.33) 1.31 (1.01, 1.70) 0.03
≥25 (n cases = 638) 1.00 1.01 (0.77, 1.33) 1.36 (1.05, 1.76) 1.20 (0.92, 1.56) 1.32 (1.00, 1.73) 0.02

Women 0.54
<25 (n cases = 580) 1.00 0.96 (0.76, 1.22) 1.07 (0.83, 1.36) 1.14 (0.88, 1.48) 1.04 (0.78, 1.40) 0.42
≥25 (n cases = 859) 1.00 1.00 (0.79, 1.26) 1.00 (0.79, 1.25) 1.01 (0.81, 1.28) 1.27 (1.01, 1.59) 0.03

Physical activity4 (MET-h/wk; below/above cohort-specific median)
Men 0.13

<28.4 (n cases = 638) 1.00 1.09 (0.83, 1.42) 1.31 (1.01, 1.69) 1.24 (0.95, 1.61) 1.62 (1.24, 2.12) 0.0003
≥28.4 (n cases = 604) 1.00 0.84 (0.65, 1.08) 1.04 (0.81, 1.33) 1.07 (0.83, 1.38) 1.14 (0.88, 1.48) 0.15

Women 0.14
<13.4 (n cases = 820) 1.00 1.04 (0.82, 1.31) 1.03 (0.82, 1.31) 1.21 (0.96, 1.52) 1.30 (1.03, 1.65) 0.01
≥13.4 (n cases = 619) 1.00 0.91 (0.72, 1.15) 1.03 (0.81, 1.30) 0.87 (0.67, 1.13) 0.99 (0.75, 1.30) 0.81

1EDIH scores were adjusted for total energy intake with the use of the residual method. All of the analyses were conducted by using Cox models and
except when stratifying by the potential effect modifier were adjusted for the following potential confounding variables: race, family history of cancer, history
of endoscopy, multivitamin use, total alcohol intake, physical activity, pack-years of smoking, regular aspirin use, and regular NSAID use, and additionally for
menopausal status and postmenopausal hormone use in women. EDIH, empirical dietary index for hyperinsulinemia; MET-h, metabolic equivalent task hours;
NSAID, nonsteroidal anti-inflammatory drug.

2The P value for linear trend across EDIH quintiles was the P value of the ordinal variable constructed by assigning the EDIH score quintile medians to
all of the participants in the quintile. Cox models for linear trend were adjusted for all covariates listed in footnote 1.

3The P value for interaction was the Wald P value of the interaction term.
4We used cohort-specific medians to categorize physical activity (MET-h/wk) because of the differences in physical activity levels between men and

women, with men reporting much higher levels than women.

(HR: 1.29; 95% CI: 1.05, 1.58; P-trend = 0.048) in up to ∼20 y
of follow-up and 985 colorectal cancer cases. The same com-
parison among a combined category of overweight or obese and
sedentary women showed a 58% (P-trend = 0.002) higher risk
(19). Similarly, in validation studies of the EDIH score, we found
that, in men, there were differences in C-peptide concentrations
across EDIH quintiles stratified by combined categories of BMI
and PA, with overweight or obese and sedentary men having the
highest C-peptide concentrations across all EDIH quintiles com-
pared with overweight or obese and active men or with lean and
sedentary men or with lean and active men (18).

Although interactions were not significant, results from the
subgroup analyses suggested that adiposity and PAmay influence
the association of a hyperinsulinemic dietary pattern and col-
orectal cancer risk. Indeed, energy balance factors (body weight
and PA) and metabolic factors (e.g., insulin, adiponectin, in-
flammatory cytokines) are correlated (27); therefore, insulin can
be a marker of metabolic dysfunction, and a useful marker of
metabolic risk, that can help identify dietary patterns that in-
crease cancer risk (27). Adiposity and PA levels have been as-
sociated with circulating insulin concentrations (31, 32) and are
established factors in colorectal cancer development, with lower
PA levels and higher adiposity associated with higher risk (20).
Therefore, the insulinemic potential of diet may influence col-
orectal cancer risk through energy balance mechanisms of in-
sulin regulation. For example, higher levels of PA are associated
with reduced circulating concentrations of insulin and bioavail-
able IGF-I (31). These are major mitogenic hormones implicated
in carcinogenesis (9). Insulin/IGF signaling, in the context of
chronic systemic low-grade inflammation, as in an environment

of low levels of PA and a higher intake of diets with hyperin-
sulinemic and proinflammatory potential (33), contributes to the
cancer-promoting effects of obesity. Indeed, there is a close and
reciprocal relation between higher insulin/IGF signaling and in-
flammatory signaling (9).

Major strengths of our study include the use of a food-based
EDIH score that is correlated with concentrations of C-peptide,
which are associated with colorectal cancer risk. The large num-
ber of colorectal cancer cases allowed us to stratify analyses by
levels of other colorectal cancer risk factors. We also had com-
prehensive and prospectively collected data on diet and important
covariates, which reduces the potential for residual confounding
and for recall bias. In addition, dietary and covariate data were
assessed at multiple times throughout follow-up, which enabled
us to use long-term cumulative average exposures, thus reducing
within-person variation. In addition, we used a 2-y lagged ap-
proach as our main analytic approach to reduce potential reverse
causation by subclinical colorectal cancer symptoms, which may
influence dietary intake.

However, our study is not without limitations. Some method-
ologic issues to be considered in interpreting our findings in-
clude potential measurement error in the self-reported dietary and
lifestyle data; however, previous studies in the NHS and HPFS
that evaluated the relative validity of FFQ data have shown rea-
sonably good correlations between FFQ and diet records, which
suggests that dietary intake is generally well measured (21, 34,
35). In addition, the multiple FFQ administrations during follow-
up approximate habitual long-term diet and reduce measure-
ment error. Although the diet effect is quantified directly through
C-peptide concentrations in the EDIH score, a hyperinsulinemic
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FIGURE 1 RRs from Cox regression models for the association of the EDIH score and colorectal cancer development for men (A) and women (B) in
the highest compared with the lowest EDIH quintile within strata or groups classified jointly by categories of BMI (kg/m2) and physical activity (MET-hours
per week). Analyses were adjusted for age (months), calendar month of current questionnaire, family history of cancer, history of endoscopy, multivitamin
use, total alcohol intake, physical activity, pack-years of smoking, regular aspirin use, and regular nonsteroidal anti-inflammatory drug use, and additionally
for menopausal status and postmenopausal hormone use in women. P values for the 3-way interaction between the EDIH score, physical activity, and BMI
were 0.20 in men and 0.09 in women. The P value for linear trend across EDIH quintiles was the P value of the ordinal variable constructed by assigning the
EDIH score quintile medians to all participants in the quintile and adjusted for all listed potential confounding variables. EDIH, empirical dietary index for
hyperinsulinemia; Hiact, high physical activity level; Lean, normal body weight (BMI <25); Lowact, low physical activity level; MET, metabolic equivalent
task; Ovwt/Ob, overweight or obese (BMI ≥25).

dietary pattern may also be associated with other factors not in-
cluded in the current study. Another potential limitation is that
although we adjusted for several potential confounding variables,
we cannot completely rule out confounding by unmeasured vari-
ables. In addition, participants were not a random sample of the
US population; however, although the prevalence of risk factors
often differs across population subgroups, risk factors have been
documented to operate across ethnic and different populations,
as expected from a common underlying biology (36). Exposure-
cancer associations in our cohorts are highly similar across dif-
ferent populations (20).

In conclusion, a higher EDIH score, which reflects a higher in-
sulinemic potential of diet, was directly associated with the risk
of colorectal cancer development in 2 large prospective cohort
studies in men and women. Our results suggest that the insuline-
mic potential of diet may partly underlie the influence of dietary
patterns on colorectal cancer development, especially amongmen
and women with low PA. Dietary interventions to reduce the ad-
verse role of a hyperinsulinemic dietary pattern may therefore be
a means of preventing colorectal cancer.
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