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OBJECTIVE

To examine open-flameand/or high-temperature cooking (grilling/barbecuing, broil-
ing, or roasting) anddoneness preferences (rare,medium, orwell done) for redmeat,
chicken, and fish in relation to type 2 diabetes (T2D) risk among U.S. adults who
consumed animal flesh regularly (‡2 servings/week).

RESEARCH DESIGN AND METHODS

Theprospective studies included 52,752women from theNurses’Health Study (NHS)
(followed during 1996–2012), 60,809 women from NHS II (followed during 2001–
2013), and 24,679 men from the Health Professionals Follow-Up Study (HPFS)
(followed during 1996–2012) who were free of diabetes, cardiovascular disease,
and cancer at baseline. Incident cases of T2D were confirmed by validated supple-
mentary questionnaires.

RESULTS

We documented 7,895 incident cases of T2D during 1.74 million person-years of
follow-up. Aftermultivariate adjustments including baseline BMI and total consump-
tion of red meat, chicken, and fish, higher frequency of open-flame and/or high-
temperature cookingwas independently associatedwith an elevated T2D risk.When
comparing open-flame and/or high-temperature cooking >15 times/month
with <4 times/month, the pooled hazard ratio (HR) (95% CI) of T2D was 1.28 (1.18,
1.39; Ptrend <0.001). When comparing the extreme quartiles of doneness-weighted
frequency of high-temperature cooking, the pooled HR (95% CI) of T2D was 1.20
(1.12, 1.28; Ptrend <0.001). These associations remained significant when red meat
and chicken were examined separately. In addition, estimated intake of heterocyclic
aromatic amines was also associated with an increased T2D risk.

CONCLUSIONS

Independent of consumption amount, open-flame and/or high-temperature cooking
for both redmeat and chicken is associated with an increased T2D risk among adults
who consume animal flesh regularly.

The role of diet as one of the modifiable factors precipitating diabetes incidence has
been well established (1,2). Based on current evidence gleaned from observational
studies and clinical trials, the U.S. Dietary Guidelines recommend eating an overall
healthful diet for the prevention of major chronic diseases (3). Regarding protein in-
take, the guidelines recommend seafood, poultry, and lean meats, among other sour-
ces of protein, as components of a healthful diet (3).
These sources of protein, however, may exert differing health effects on type 2

diabetes (T2D) risk, as suggested by evidence from human observational studies
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(4–7). For example, red meat consump-
tion, especially processed red meat, has
been consistently associated with an in-
creased risk of T2D (4,8). For fish intake,
although two meta-analyses of prospec-
tive studies consistently demonstrated no
overall relationship with T2D risk, oppos-
ing associations have been observed
when separating the studies based on
geographical region: a positive associa-
tion in the U.S. and Europe but an inverse
association in Asia and Australia (7,9).
For chicken or poultry intake and T2D
risk, previous studies have also yielded
mixed results (5,6,10). In a previous
study, we found that red meat cooking
methods were associated with risk of de-
veloping T2D in women (11). Further in-
vestigations are needed to substantiate
the association between cooking meth-
ods of other kinds of meats and diabetes
risk.
Moreover, accumulating evidence has

suggested that cooking meats at high
temperature can produce several hazard-
ous chemicals, including heterocyclic aro-
matic amines (HAAs), polycyclic aromatic
hydrocarbons (PAHs), and advanced
glycation end products (AGEs) (12–14),
which are known carcinogens or can im-
pact inflammation and insulin sensitivity
(15–19). Cooking temperature, duration,
and doneness level can significantly affect
the levels of these chemicals in cooked
meats (12–14). To date, no study has
comprehensively examinedmeat cooking
methods (such as grilling/barbecuing,
broiling, or roasting), doneness level
(rare, medium, or well done), and dietary
HAA intake in relation to T2D risk.
To fill these knowledge gaps, we pro-

spectively investigated associations of
open-flame and/or high-temperature
cooking methods for different types of
meats, doneness preferences, and esti-
mated HAA intake with the risk of devel-
oping T2D in three large prospective
cohort studies of U.S. men and women.

RESEARCH DESIGN AND METHODS

Study Population
We used data from three prospective co-
hort studies: the Nurses’ Health Study
(NHS), NHS II, and the Health Professionals
Follow-Up Study (HPFS). The NHS included
121,700 U.S. female nurses aged 30 to
55 years enrolled in 1976 from 11 states.
The NHS II, established in 1989, included
116,671 younger female registered nurses
aged 25 to 42 years from 14 states. The

HPFS, established in 1986, included 51,529
U.S. men aged 40 to 75 years from
50 states. More details on the three co-
horts and data collection can be found
elsewhere (20,21). At baseline and every
2 years thereafter, participants of the three
cohorts updated information on lifestyle
factors, medical history, and newly diag-
nosed diseases through self-administered
questionnaires,witha cumulative response
rate over 90%. A semiquantitative food
frequency questionnaire (FFQ) was ad-
ministered in 1980 in NHS, 1991 in NHS
II, and 1986 in HPFS, and diet information
was updated every 2–4 years in these
cohorts using the FFQs (22). Reasonable
reproducibility and validity of the ques-
tionnaires have been detailed elsewhere
(23,24).

In the current analysis, the study base-
line was 1996 for NHS and HPFS and
2001 for NHS II, when detailed informa-
tion on different cooking methods for
different types of meats was collected.
Participants were excluded if they re-
ported a diagnosis of diabetes, cardio-
vascular disease, or cancer at baseline
(n = 14,323 in NHS, n = 12,177 in NHS II,
and n = 7,140 in HPFS); if they reported
implausible daily caloric intake (,500
or .3,500 kcal/day for women, ,800
or .4,200 kcal/day for men); or if they
had missing information on all cooking
methods for red meat, chicken, and fish
(n = 4,129 in NHS, n = 9,806 in NHS II, and
n = 4,450 in HPFS). In addition, we re-
stricted the analysis to the participants
(81.1% of NHS, 88.8% of NHS II, and
86.5% of HPFS) who consumed red meat,
poultry, or fish regularly ($2 servings/
week). For the participants who reported
the frequency of cooking methods for
meats but did not respond about the
doneness level (,3%), missing values
were imputed with the mode. After ex-
clusions, 52,752 women in NHS, 60,809
women in NHS II, and 24,679 men in
HPFS were included in the final analysis
with 12–16 years of follow-up (the end
of follow-up was 2012 for NHS and HPFS
and 2013 for NHS II). In a sensitivity
analysis, we excluded the participants
withmissingdataonmeat cookingmethod
and doneness level. The study protocol
was approved by the institutional re-
view boards at the Harvard T.H. Chan
School of Public Health and Brigham
and Women’s Hospital. The return of
thequestionnaireswas considered implied
consent.

Assessment of Diet and Cooking
Methods for Meats
The intake of foods and nutrients was cal-
culated and updated based on the vali-
dated FFQ every 4 years from baseline
to the end of follow-up (22). The 2010
Alternative Healthy Eating Index (AHEI)
was calculated (22). All nutrients were
adjusted for total energy intake using
the residual method (25).

In the 1996 (NHS and HPFS) and
2001 (NHS II) questionnaires, partici-
pants were asked the frequency of cook-
ing chicken by pan-frying, broiling, and
grilling/barbecuing, the frequency of
cooking fish by broiling, and the fre-
quency of cooking hamburger, beef, or
steak by pan-frying, roasting, and grilling/
barbecuingdwith seven prespecified re-
sponse categories (never, less than 1 time/
month, 1 time/month, 2–3 times/month,
1 time/week, 2–3 times/week, and 4+
times/week). Moreover, participants
were also asked about the doneness level
(lightly browned, medium browned, well
browned, and blackened/charred) for each
individual cooking method for different
types of meats. In HPFS, the information
on the frequency of each cooking method
and the doneness level for each meat was
asked again in the 2004 questionnaire.
A previous study demonstrated reason-
able validity of our questionnaire assess-
ments of HAA intake when compared
with a more detailed questionnaire (e.g.,
the deattenuated correlation coefficients
were 0.60 for 2-amino-3,8-dimethylimidazo
[4,5-f]quinoxaline [MeIQx] and 0.36 for 2-
amino-1-methyl-6-phenylimiazol[4,5-b]
pyridine [PhIP]) (26). In addition, in HPFS,
cooking method frequencies assessed in
1996 and 2004 were moderately corre-
lated (Pearson correlation coefficients
ranged from 0.33 to 0.40). Although the
validity of the cooking questionnaire as-
sessmentswas not directly assessed,mod-
erate correlationswereobservedbetween
the frequencyof each cookingmethodand
the amount of consumption of each ani-
mal food assessed in the 1994 FFQ in NHS
and HPFS and the 1999 FFQ in NHS II
(Spearman correlation coefficients range
0.3–0.5, all P , 0.001).

In addition to the individual cooking
methods for red meat, chicken, and fish,
we also summed the frequency of grilling/
barbecuing, broiling, and roasting to re-
flect the overall frequency of open-flame
and/or high-temperature cooking methods
for redmeat (hamburger, beef, and steak)
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(11) and chicken. Because the question-
naire only inquired about broiling fish,
for which the frequency was quite low
among our participants (e.g., only 4.3% of
participants broiled fish$2 times/week),
we did not examine fish broiling as a sep-
arate method in the main analysis. When
we estimated the frequency of open-
flame and/or high-temperature cooking
methods for total meats (red meat,
chicken, and fish), we included fish broil-
ing frequency. Pan-frying was not consid-
ered as a potentially risky cooking method
because this method was not associated
with higher T2D risk in our previous study
in NHS (which used a different question-
naire for red meat cooking methods that
was only administered in 1986) (11). The
overall frequency of open-flame and/or
high-temperature cooking methods was
categorized into five groups in the three
cohorts (based on the quintiles of cooking
frequencies with minor adjustments to
have common absolute cut points across
cohorts): for total meats (redmeat, chicken,
and fish),,4, 4–7, 8–11, 12–15, and.15
times/month; for redmeat,,1, 1, 2–3, 4–5,
and.5 times/month; and for chicken,,2,
2–4, 5–7, 8–10, and .10 times/month.
In a sensitivity analysis, the cooking
frequency was categorized into simple
quintiles in each cohort.
Regarding doneness level, because

there were few participant responses in
the blackened/charred category (e.g.,
0.2% for broiling chicken and 0.9% for
barbecuing steak in NHS), we combined
well browned and blackened/charred
into one category. Meat doneness levels
were assigned values of 1, 2, or 3 for
lightly browned, medium browned,
and well browned or blackened/charred,
respectively. A doneness-weighted fre-
quency of high-temperature cooking was
generated by multiplying the assigned
value (1, 2, or 3) for each doneness level
for open-flame and/or high-temperature
cookingmethods (i.e., broiling, barbecuing/
grilling, and roasting) by the frequency
of each cooking method and then
summing.

Assessment of HAA Intake
In the current study, the estimated die-
tary HAA intake was derived by multiply-
ing the frequency of cookingmeatswith a
prespecified portion size with HAA levels
(ng/g meat) according to specific cook-
ing methods and doneness levels and
then summing. In this calculation, we

used the CHARRED database (dceg.cancer
.gov/tools/design/charred), an online da-
tabase containing HAA levels measured
in meat samples cooked using different
methods by various doneness levels
(26,27). More details are described in
Supplementary Data Appendix 1.

Ascertainment of T2D
A validated supplementary questionnaire
regarding symptoms, diagnostic tests,
and hypoglycemic therapy was mailed
to participants who reported having diabe-
tes in the biennial questionnaires. The val-
idityof self-reportedT2Ddiagnosishasbeen
documented previously (28,29). More de-
tails are described in Supplementary Data
Appendix 1.

Assessment of Covariates
In the biennial follow-up questionnaires,
informationwasupdatedondemographic,
socioeconomic, and lifestyle factors, includ-
ing cigarette smoking, alcohol consumption,
physical activity, marital status, menopausal
status (women only), use of postmeno-
pausal hormones (women only), and
multivitamin use. BMI was calculated as
self-reported weight in kilograms divided
by the square of height inmeters (kg/m2).
Physical activity was estimated as METs
per week based on the average hours
spent on various activities, weighted by
the intensity level.

Statistical Analysis
Pearson correlation coefficients (rs) were
calculated to evaluate correlations be-
tween the frequencies of cooking meth-
ods. Person-years were calculated from
the return of the baseline question-
naire to the date of T2D diagnosis, death,
or loss to follow-up or to the end of
follow-up (30 June 2012 for NHS, 30 June
2013 for NHS II, and 31 January 2012 for
HPFS), whichever came first. Cox propor-
tional hazards models were applied to
calculate hazard ratios (HRs) and 95%
CIs for the associations of meat intake,
frequency of individual cooking methods
for red meat, chicken, or fish, frequency
of open-flame and/or high-temperature
cooking, doneness-weighted frequency
of high-temperature/open-flame cook-
ing, and dietary intake of HAAs with the
risk of T2D. To minimize sample size re-
duction due to missing covariates (,2%),
indicator variables were created for miss-
ing categorical variables. In a sensitivity

analysis, we restricted our analyses to
the participants without missing data
for covariates. In the multivariate

model, in addition to age and calendar
year, we further adjusted for ethnicity,
marital status (married, not married, or
missing), smoking status (never smoker,
past smoker, current smoker [1–14, 15–
24, or $25 cigarettes/day], or missing),
alcohol consumption (g/day: 0, 0.1–4.9,
5.0–14.9, or $15.0 in women; 0, 0.1–
4.9, 5.0–29.9, or $30.0 in men; or miss-
ing), physical activity (METs/week: 0–2.9,
3–8.9, 9–17.9, 18–26.9, $27.0, or miss-
ing), family history of diabetes (yes or
no), menopausal status and postmeno-
pausal hormone use (premenopausal,
postmenopausal [never, former, or cur-
rent hormone use], or missing), total en-
ergy intake (kcal/day), and dietary quality
as measured by the AHEI. To control for
potential confounding by meat consump-
tion, total intake of chicken, fish, and red
meat were further adjusted, and analyses
were also stratified by intake of total
meats, red meat, and chicken (in tertiles).
Moreover, baseline BMI was further con-
trolled. In the multivariate model, the

baseline exposures and covariates were
used in NHS and NHS II, while the time-
varying exposures and covariates were
used in HPFS in which cooking method in-
formationwas updated once during follow-
up. In a sensitivity analysis in HPFS, we only
used baseline exposures and covariates in
the multivariate model. In addition, the lin-
ear trend was tested by assigning amedian
value to each category as a continuous vari-
able. A joint analysis was conducted to
examine the potential interaction be-
tween frequency of open-flame and/or
high-temperature cooking andmeat done-
ness preference score (cooking frequency
was not taken into account) in relation to
T2D risk. In the current study, the propor-
tional hazards assumption was tested by
usinga likelihoodratio test comparingmod-
els with and without multiplicative interac-
tion terms between exposure and calendar
year, and the proportional hazards assump-
tion was not violated in any analysis.

Linear regression models were applied
to examine the associations of frequency
of high-temperature cookingmethods for
total meats with 4-year weight change
among the participants who were youn-
ger than 60 years at baseline, because
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differential body composition changes
at older ages might influence the associa-
tions of interest. In addition, the association
of frequency of open-flame and/or high-
temperature cooking methods with the
risk of obesity was also examined, with
the exclusion of participants who were
obese (BMI $30 kg/m2) at baseline. In
the multivariate model, the same covari-
ates mentioned above were included.
In sensitivity analyses, instead of ad-

justing for diet quality (as indicated by
the AHEI), individual dietary factors
were controlled for in the multivariate
model. Considering that cookingmethods
may differ across regions of the country,
geographic location (north, middle,
south, or unknown) was further adjusted
for in the multivariate model. The associa-
tion of high-temperature cooking fre-
quency with T2D risk was also examined,
stratifying by baseline BMI. To minimize
the potential confounding by total energy
intake, in a sensitivity analysiswe repeated
the analyses using the energy-adjusted
residues of all food intakes and cooking
methods calculated using linear regression
(25). To reduce the possibility that partic-
ipantswith high risk of T2Dorprediabetes
may change their cooking practice, we
excluded participants who reported inci-
dent T2D diagnosed in the first 4-year
follow-up. In addition, we excluded the
participants (,3%) who reported infor-
mation on cooking frequency but were
missing information on meat doneness
level. In another sensitivity analysis, par-
ticipants with lowmeat consumption (,2
servings/week) were also included.
Stratified analyses were conducted

by age (,60 years, $60 years), BMI
(,30 kg/m2, $30 kg/m2), physical activ-
ity (,median level,$median level), and
current smoking status (yes, no) to deter-
mine potential effect modification by
these factors. TheP values for theproduct
terms between median frequency of
high-temperature cooking methods and
stratification variables were used to esti-
mate the significance of interactions.
The Cochran Q statistic and the I2 sta-

tistic were used to examine the heteroge-
neity of associations among the cohorts.
All analyses were conducted separately
in each cohort and the results were
then pooled using a fixed-effects model
or a random-effects model if there was
heterogeneity. All statistical analyses
were performed with SAS software, ver-
sion 9.4 (SAS Institute Inc., Cary, NC).

Two-sided P , 0.05 was considered sta-
tistically significant.

RESULTS

The age-adjusted distribution of baseline
characteristics of the study populations
are shown in Table 1. Participants who
reported higher frequency of open-flame
and/or high-temperature cooking of total
meats tended to be younger (primarily in
NHS and HPFS), have a higher BMI and
physical activity level, and have a higher
consumption of alcohol, total energy,
total red meat, chicken, fish, vegetables,
fruits, soda, and protein. The rs values
between frequencies of different cooking
methods at baseline are shown in Supple-
mentary Table 1. For each animal food
(chicken and beef/steak), there were
modest positive correlations between
frequency of broiling, barbecuing, and
roasting (rs range 0.10–0.40).

Frequency of Individual Cooking
Methods for Red Meat, Chicken, and
Fish and T2D Risk
During 1.74million person-years of follow-
up, we documented 7,895 incident cases
of T2D. Supplementary Table 2 shows the
associations of frequency of individual
cooking methods for red meat, chicken,
and fish with risk of T2D. After multivari-
ate adjustment including total intake of
chicken, fish, and red meat, higher fre-
quency of broiling and barbecuing chicken
and higher frequency of roasting beef and
grilling/barbecuing steak were each asso-
ciated with an increased T2D risk. In con-
trast, the frequency of pan-frying chicken,
pan-frying steak or hamburger, or broiling
fish was not significantly associated with
T2D risk (Supplementary Table 2).

Frequency of High-Temperature
Cooking and T2D Risk
Associations between frequency of open-
flame and/or high-temperature cooking
methods for meats and risk of T2D are
shown in Table 2. After multivariate ad-
justment of covariates including baseline
BMI and total intake of chicken, fish,
and red meat, a higher frequency of high-
temperature/open-flame cooking was
associated with an increased T2D risk.
When comparing open-flame and/or high-
temperature cooking .15 times/month
with ,4 times/month, the pooled HR
(95% CI) was 1.28 (1.18, 1.39; Ptrend ,0.001;
Pheterogeneity = 0.06) (model 4, Table 2).
The results remained significant when

red meat and chicken were analyzed
separately: the pooled HR (95% CI) of
T2D was 1.42 (1.29, 1.55; Ptrend ,0.001)
for red meat and 1.15 (1.07, 1.25; Ptrend =
0.002) for chicken. The associations did
notmaterially changewith further adjust-
ment of baseline waist circumference
(instead of baseline BMI). Similar results
were observed when the cooking fre-
quency was categorized into quintiles in
each cohort. Supplementary Fig. 1 shows
the associations between frequency of
open-flame and/or high-temperature
cooking and T2D risk according to baseline
BMI categories.

Figure 1 shows the joint associations
between frequency of open-flame and/
or high-temperature cooking and meat in-
take and T2D risk. Compared with partic-
ipants who were in the lowest tertiles of
both open-flame and/or high-temperature
cooking frequency andmeat intake, partic-
ipants in the highest tertiles had a pooled
HR (95% CI) of T2D of 1.50 (1.37, 1.64) for
total meats, 1.54 (1.41, 1.68) for red meat,
and 1.24 (1.14, 1.35) for chicken. No inter-
action was detected between open-
flame and/or high-temperature cooking
and intake of total meats, red meat, and
chicken.

Doneness-Weighted Frequency of
High-Temperature Cooking and T2D
Risk
The associations between doneness-
weighted frequency of open-flame and/or
high-temperature cooking and risk of
T2D are shown in Table 3. After multivar-
iate adjustment including baseline BMI
and total intake of chicken, fish, and red
meat, a higher doneness-weighted fre-
quency of high-temperature cooking was
associated with an increased T2D risk.
Comparing extreme quartile frequencies,
the pooled HR (95% CI) of T2D was 1.20
(1.12, 1.28; Ptrend ,0.001; Pheterogeneity =
0.05). The results remained significant
when red meat and chicken were ana-
lyzed separately: comparing extreme
quartiles, the pooled HR (95% CI) of T2D
was 1.28 (1.19, 1.37; Ptrend ,0.001) for
red meat and 1.10 (1.03, 1.17; Ptrend =
0.03) for chicken (model 4, Table 3).
Supplementary Fig. 2 shows the joint as-
sociations of open-flame and/or high-
temperature cooking frequency and
doneness preference score in relation to
T2D risk.

After multivariate adjustment, higher
estimated intake of HAAs was significantly

1052 Meat Cooking Methods and T2D Risk Diabetes Care Volume 41, May 2018

http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc17-1992/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc17-1992/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc17-1992/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc17-1992/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc17-1992/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc17-1992/-/DC1


T
ab

le
1
—
A
g
e-a

d
ju
ste

d
b
a
se
lin

e
ch

a
ra
cteristics

a
cco

rd
in
g
to

fre
q
u
e
n
cy

o
f
o
p
e
n
-
fl
a
m
e
an

d
/o
r
h
ig
h
-te

m
p
e
ra
tu
re

co
o
k
in
g
o
f
to
ta
lm

e
ats

a
m
o
n
g
p
articip

a
n
ts

w
h
o
co

n
su

m
ed

red
m
ea

t,
ch

ick
en

,
o
r
fi
sh

re
g
u
larly

(‡
2
servin

g
s/w

e
ek) a

Freq
u
en

cy
o
f
o
p
en

-fl
am

e
an
d
/o
r
h
igh

-tem
p
eratu

re
co
o
kin

g
o
f
to
talm

eats
(red

m
eat,ch

icken
,an

d
fi
sh
) b

N
H
S

N
H
S
II

H
PFS

,
4
tim

es/
m
onth

8
–11

tim
es/

m
onth

.
15

tim
es/

m
on

th
,
4
tim

es/
m
on

th
8
–11

tim
es/

m
on

th
.
15

tim
es/

m
o
nth

,
4
tim

es/
m
o
nth

8
–11

tim
es/

m
onth

.
15

tim
es/

m
onth

N
um

b
er

o
f
participants

c
12,496

11,521
6,677

9,108
14,832

10,714
3,401

6,418
4,680

A
ge,years

62.7
6

7.1
61.1

6
6.9

60.7
6

6.9
46.3

6
4.7

46.0
6

4.7
46.6

6
4.5

64.3
6

9.4
61.9

6
9.1

61.2
6

8.8

B
M
I,kg/m

2
25.8

6
5.0

26.4
6

5.0
26.7

6
5.2

25.7
6

5.8
26.4

6
5.8

27.0
6

6.2
25.5

6
3.4

25.9
6

3.4
26.0

6
3.5

W
aist

circum
ference,cm

85.6
6

5.3
86.1

6
5.3

86.5
6

5.5
85.7

6
5.6

86.8
6

5.6
87.7

6
5.8

94.2
6

7.4
94.7

6
7.9

94.4
6

8.3

Physicalactivity,M
ETs/w

eek
17.1

6
22.2

18.2
6

20.8
21.6

6
24.5

18.5
6

23.6
20.4

6
23.9

26.1
6

32.0
33.7

6
40.8

36.9
6

39.8
41.1

6
44.7

A
lcoh

olintake,g/day
4.4

6
8.7

5.7
6

9.3
6.0

6
9.3

3.1
6

6.7
4.5

6
7.5

4.8
6

7.8
9.4

6
13.8

11.8
6

14.8
12.8

6
15.2

C
urrent

sm
o
king

12
12

11
8

9
8

5
6

4

W
hite

race
98

98
97

95
97

96
95

96
96

Fam
ily

h
istory

of
diabetes

25
24

26
14

15
16

20
20

23

M
u
ltivitam

in
use

52
53

54
58

58
60

54
52

55

A
ny

use
ofp

ostm
enopausalh

orm
one

59
62

62
23

25
26

N
A

N
A

N
A

M
arried

74
82

82
82

88
87

86
91

91

D
ietary

in
take

Totalenergy,kcal/d
ay

1,671
6

433
1,791

6
440

1,863
6

459
1,700

6
485

1,839
6

497
1,932

6
517

1,869
6

498
2,019

6
531

2,129
6

553
Totalred

m
eat,servings/d

ay
1.00

6
0.50

1.13
6

0.50
1.11

6
0.53

0.65
6

0.50
0.80

6
0.52

0.82
6

0.62
0.83

6
0.69

1.09
6

0.77
1.07

6
0.83

Ch
icken,servings/day

0.33
6

0.24
0.41

6
0.25

0.52
6

0.30
0.41

6
0.33

0.52
6

0.35
0.69

6
0.47

0.35
6

0.28
0.42

6
0.27

0.55
6

0.33
Fish,servin

gs/day
0.20

6
0.19

0.27
6

0.21
0.35

6
0.27

0.18
6

0.20
0.24

6
0.21

0.31
6

0.29
0.22

6
0.21

0.28
6

0.24
0.39

6
0.32

Totalvegetables,servings/day
2.9

6
1.4

3.4
6

1.4
3.9

6
1.6

2.8
6

1.8
3.3

6
1.8

4.0
6

2.3
2.9

6
1.5

3.2
6

1.4
3.7

6
1.7

Totalfruits,servin
gs/day

2.2
6

1.3
2.4

6
1.2

2.7
6

1.3
1.1

6
0.8

1.2
6

0.8
1.4

6
1.0

2.3
6

1.4
2.4

6
1.3

2.7
6

1.5
Totaldairy

pro
ducts,servin

gs/d
ay

2.1
6

1.1
2.1

6
1.1

2.2
6

1.1
2.2

6
1.5

2.3
6

1.5
2.4

6
1.6

1.9
6

1.2
1.9

6
1.2

1.9
6

1.2
Sod

a,servings/day
0.7

6
0.9

0.8
6

0.9
0.9

6
0.9

1.2
6

1.4
1.3

6
1.4

1.4
6

1.5
0.7

6
0.8

0.8
6

0.9
0.9

6
1.0

W
ho

le
grains,g/day

19.8
6

13.5
18.1

6
11.3

18.9
6

11.7
24.4

6
15.5

22.2
6

13.2
22.8

6
13.4

28.1
6

18.6
24.9

6
15.9

25.7
6

16.1
Sod

ium
,g/day

2.1
6

0.4
2.1

6
0.4

2.1
6

0.4
2.1

6
0.3

2.1
6

0.3
2.1

6
0.3

2.5
6

0.5
2.5

6
0.5

2.4
6

0.5
Carboh

ydrate,%
en
ergy

51.6
6

7.0
50.1

6
6.5

50.0
6

6.7
52.1

6
7.0

50.4
6

6.6
50.0

6
6.7

50.6
6

7.7
48.3

6
6.9

48.4
6

7.2
Protein

,%
energy

18.0
6

2.7
18.7

6
2.5

19.8
6

2.8
18.1

6
3.0

18.8
6

2.8
19.7

6
2.9

17.3
6

2.6
18.0

6
2.5

18.9
6

2.6
Trans

fatty
acids,%

en
ergy

1.5
6

0.5
1.5

6
0.4

1.4
6

0.4
1.6

6
0.6

1.6
6

0.5
1.5

6
0.5

1.4
6

0.5
1.4

6
0.5

1.3
6

0.5
P/S

ratio
0.56

6
0.16

0.56
6

0.14
0.58

6
0.14

0.53
6

0.15
0.53

6
0.13

0.54
6

0.14
0.59

6
0.17

0.57
6

0.15
0.60

6
0.17

A
H
EI d

46.6
6

9.4
47.4

6
8.6

50.0
6

8.7
48.9

6
10.3

49.6
6

9.9
51.9

6
10.0

47.3
6

10.0
46.8

6
9.5

49.0
6

9.5

D
ata

are
m
ean

6
SD

or
p
ercentage.N

A
,n

ot
applicable;P/S

ratio,polyunsaturated
fatty

acids–to
–saturated

fatty
acids

ratio
.
aO
p
en
-flam

e
and

/or
high-tem

perature
cooking

of
m
eats

inclu
ded

bro
iling,b

arbecuin
g,

o
r
roasting

of
chicken,

fish,or
red

m
eat.

bN
o
t
allthe

frequency
categories

(,
4,4

–7,8
–11,12

–15,.
15

tim
es/m

onth)
are

show
n
in
the

table
because

of
lim

ited
space.

cThe
totalp

articip
ants

w
ere

52,752
w
om

en
in

the
N
H
S,60,809

w
o
m
en

in
the

N
H
S
II,and

24,679
m
en

in
the

H
PFS.

dA
lco

holconsum
ption

w
as

no
t
in
cluded

in
the

A
H
EIscore.

care.diabetesjournals.org Liu and Associates 1053

http://care.diabetesjournals.org


Table 2—HR (95% CI) of T2D according to frequency of open-flame and/or high-temperature cooking of meats among
participants who consumed red meat, chicken, or fish regularly (‡2 servings/week)

Frequency of open-flame and/or high-temperature cookinga

NHS

Total meatsb ,4 times/month 4–7 times/month 8–11 times/month 12–15 times/month .15 times/month Ptrend
Servings/day 1.5 6 0.6 1.7 6 0.6 1.8 6 0.6 1.9 6 0.6 2.0 6 0.6
Cases/person-years 817/172,353 1,181/217,250 955/160,731 537/89,476 579/92,656
Model 1 1.00 1.15 (1.05, 1.25) 1.24 (1.13, 1.37) 1.26 (1.13, 1.40) 1.31 (1.18, 1.46) ,0.001
Model 2 1.00 1.21 (1.10, 1.32) 1.38 (1.25, 1.52) 1.42 (1.27, 1.58) 1.53 (1.37, 1.71) ,0.001
Model 3 1.00 1.18 (1.08, 1.29) 1.32 (1.20, 1.45) 1.34 (1.20, 1.50) 1.42 (1.27, 1.59) ,0.001
Model4 1.00 1.14 (1.04, 1.25) 1.23 (1.12, 1.36) 1.24 (1.11, 1.39) 1.26 (1.12, 1.41) ,0.001

Red meat ,1 times/month 1 time/month 2–3 times/month 4–5 times/month .5 times/month Ptrend
Cases/person-years 513/122,551 710/144,224 1,241/230,370 1,121/172,994 484/63,328
Model 1 1.00 1.18 (1.05, 1.32) 1.28 (1.16, 1.42) 1.55 (1.39, 1.72) 1.81 (1.60, 2.05) ,0.001
Model 2 1.00 1.19 (1.06, 1.34) 1.27 (1.15, 1.42) 1.54 (1.38, 1.71) 1.77 (1.56, 2.02) ,0.001
Model 3 1.00 1.17 (1.04, 1.31) 1.23 (1.11, 1.37) 1.46 (1.31, 1.63) 1.66 (1.45, 1.90) ,0.001
Model4 1.00 1.12 (1.00, 1.25) 1.14 (1.02, 1.27) 1.32 (1.18, 1.48) 1.40 (1.23, 1.60) ,0.001

Chicken ,2 times/month 2–4 times/month 5–7 times/month 8–10 times/month .10 times/month Ptrend
Cases/person-years 1,521/293,004 1,160/206,932 710/118,115 243/44,715 435/69,700
Model 1 1.00 1.08 (1.00, 1.16) 1.15 (1.05, 1.25) 1.04 (0.91, 1.19) 1.20 (1.08, 1.33) 0.001
Model 2 1.00 1.15 (1.06, 1.24) 1.26 (1.15, 1.38) 1.17 (1.02, 1.34) 1.34 (1.20, 1.50) ,0.001
Model 3 1.00 1.14 (1.05, 1.23) 1.23 (1.12, 1.35) 1.14 (1.00, 1.31) 1.28 (1.14, 1.43) ,0.001
Model 4 1.00 1.09 (1.01, 1.18) 1.14 (1.04, 1.25) 1.07 (0.93, 1.22) 1.16 (1.04, 1.30) 0.008

NHS II

Total meats ,4 times/month 4–7 times/month 8–11 times/month 12–15 times/month .15 times/month Ptrend
Servings/day 1.3 6 0.7 1.4 6 0.7 1.5 6 0.7 1.6 6 0.7 1.8 6 0.9
Cases/person-years 271/104,111 635/194,217 561/168,696 354/103,040 530/121,317
Model 1 1.00 1.29 (1.12, 1.49) 1.30 (1.12, 1.50) 1.33 (1.14, 1.56) 1.64 (1.42, 1.90) ,0.001
Model 2 1.00 1.41 (1.22, 1.62) 1.52 (1.31, 1.76) 1.58 (1.35, 1.85) 2.02 (1.74, 2.34) ,0.001
Model 3 1.00 1.38 (1.19, 1.59) 1.48 (1.28, 1.71) 1.53 (1.30, 1.80) 1.92 (1.65, 2.23) ,0.001
Model 4 1.00 1.27 (1.10, 1.47) 1.33 (1.14, 1.54) 1.26 (1.07, 1.48) 1.46 (1.25, 1.70) ,0.001

Red meat ,1 times/month 1 time/month 2–3 times/month 4–5 times/month .5 times/month Ptrend
Cases/person-years 217/96,864 299/114,986 731/220,014 718/186,001 386/73,515
Model 1 1.00 1.18 (0.99, 1.41) 1.53 (1.32, 1.78) 1.78 (1.53, 2.07) 2.34 (1.98, 2.76) ,0.001
Model 2 1.00 1.16 (0.97, 1.38) 1.49 (1.28, 1.74) 1.74 (1.49, 2.04) 2.21 (1.86, 2.62) ,0.001
Model 3 1.00 1.14 (0.96, 1.36) 1.45 (1.25, 1.70) 1.68 (1.43, 1.96) 2.07 (1.74, 2.46) ,0.001
Model 4 1.00 1.05 (0.88, 1.26) 1.26 (1.08, 1.47) 1.38 (1.18, 1.62) 1.49 (1.26, 1.78) ,0.001

Chicken ,2 times/month 2–4 times/month 5–7 times/month 8–10 times/month .10 times/month Ptrend
Cases/person-years 523/164,322 682/209,414 517/149,811 201/62,694 428/105,139
Model 1 1.00 1.06 (0.94, 1.19) 1.14 (1.01, 1.28) 1.04 (0.88, 1.22) 1.29 (1.14, 1.47) ,0.001
Model 2 1.00 1.18 (1.05, 1.33) 1.32 (1.17, 1.50) 1.23 (1.05, 1.45) 1.52 (1.33, 1.73) ,0.001
Model 3 1.00 1.18 (1.05, 1.32) 1.32 (1.16, 1.49) 1.23 (1.04, 1.45) 1.50 (1.31, 1.71) ,0.001
Model 4 1.00 1.11 (0.99, 1.25) 1.18 (1.04, 1.33) 1.01 (0.86, 1.19) 1.24 (1.08, 1.41) 0.01

HPFS

Total meats ,4 times/month 4–7 times/month 8–11 times/month 12–15 times/month .15 times/month Ptrend
Servings/day 1.5 6 0.8 1.6 6 0.8 1.8 6 0.8 1.8 6 0.8 2.0 6 0.9
Cases/person-years 193/46,089 364/75,005 400/79,757 226/49,533 299/67,095
Model 1 1.00 1.15 (0.96, 1.37) 1.20 (1.01, 1.42) 1.11 (0.91, 1.34) 1.10 (0.92, 1.32) 0.83
Model 2 1.00 1.18 (0.99, 1.41) 1.29 (1.09, 1.54) 1.23 (1.01, 1.50) 1.23 (1.02, 1.48) 0.11
Model 3 1.00 1.16 (0.97, 1.38) 1.24 (1.04, 1.48) 1.18 (0.97, 1.43) 1.15 (0.95, 1.39) 0.42
Model 4 1.00 1.17 (0.98, 1.40) 1.23 (1.03, 1.47) 1.13 (0.93, 1.38) 1.12 (0.92, 1.35) 0.79

Red meat ,1 times/month 1 time/month 2–3 times/month 4–5 times/month .5 times/month Ptrend
Cases/person-years 175/51,231 184/43,392 363/85,710 486/87,242 274/49,905
Model 1 1.00 1.20 (0.97, 1.48) 1.22 (1.02, 1.46) 1.62 (1.36, 1.93) 1.62 (1.34, 1.96) ,0.001
Model 2 1.00 1.20 (0.98, 1.48) 1.22 (1.01, 1.46) 1.62 (1.36, 1.94) 1.61 (1.32, 1.97) ,0.001
Model 3 1.00 1.19 (0.96, 1.46) 1.17 (0.98, 1.41) 1.52 (1.27, 1.83) 1.45 (1.18, 1.78) ,0.001
Model 4 1.00 1.20 (0.97, 1.48) 1.15 (0.96, 1.39) 1.45 (1.21, 1.75) 1.35 (1.10, 1.66) 0.002
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associated with an increased risk of T2D
(Supplementary Table 3). Comparing ex-
treme quintiles, the pooledHR (95%CI) of
T2D was 1.47 (1.20, 1.81; Ptrend ,0.001).
Higher frequency of open-flame and/
or high-temperature cooking methods
for total meats was associated with a
greater weight gain during the first
4-year follow-up (Supplementary Table 4).
Positive associations were also observed
for the risk of developing obesity. Compar-
ing extreme cooking frequency categories,
the pooled HR (95% CI) of obesity was 1.59
(1.50, 1.69; Ptrend ,0.001). Regarding
open-flame and/or high-temperature
cooking and T2D risk, the associations
were markedly attenuated but remained
significant with further adjustment
for HAA intake and BMI change during
follow-up (Supplementary Fig. 3). More
details are described in Supplementary
Data Appendix 1 (30).

Sensitivity Analyses
These observations were similar by dif-
ferent follow-up duration or after further
adjustment for geographic location

(north, middle, south, or unknown) and
individual dietary factors (insteadofAHEI)
in the multivariate models (data not
shown). When the participants with low
meat consumption (,2 servings/week)
were included in the analyses, the results
did notmaterially change. For open-flame
and/or high-temperature cooking, when
analyses were stratified by age (,60
years, $60 years), BMI (,30 kg/m2,
$30 kg/m2), physical activity (, median
level,$median level), and current smok-
ing status (yes, no), the associations
persisted in the strata of these variables
(Supplementary Table 5) and no signifi-
cant interactions were observed. For
doneness-weighted frequency of high-
temperature cooking and HAA intake,
the results also persisted in the stratified
analyses (data not shown). Similar results
were observed when we excluded the
participants with missing data for cova-
riates or when only baseline exposures
andcovariateswereused in themultivariate
model in HPFS. The results did not change
materially when energy-adjusted residuals

of all food intake and cooking methods
were used in the analyses. In other sensitiv-
ity analyses, when excluding the partici-
pants with incident T2D diagnosed in the
first 4-year follow-up or participants who
had information on cooking frequency
but were missing information on done-
ness level, the results were similar.

CONCLUSIONS

In the three large prospective cohort stud-
ies among U.S. men and women who con-
sumed red meat, chicken, or fish regularly,
a higher frequency of open-flame and/or
high-temperature cooking for both red
meat and chicken was independently asso-
ciatedwithan increasedT2D riskduring12–
16 years of follow-up. In addition, higher
estimated intake of HAAs was also linked
with an increased risk of T2D. These associ-
ations were independent of baseline BMI
and total consumption of chicken, fish,
andredmeat.Moreover, ahigher frequency
of open-flame and/or high-temperature
cooking was associated with greater weight
gain and higher obesity risk.

Table 2—Continued

HPFS

Chicken ,2 times/month 2–4 times/month 5–7 times/month 8–10 times/month .10 times/month Ptrend
Cases/person-years 503/103,127 454/97,576 282/58,245 84/23,232 159/35,299
Model 1 1.00 0.96 (0.84, 1.09) 1.00 (0.87, 1.16) 0.78 (0.62, 0.98) 0.95 (0.79, 1.13) 0.35
Model 2 1.00 1.01 (0.89, 1.15) 1.09 (0.94, 1.27) 0.85 (0.68, 1.08) 1.03 (0.86, 1.24) 0.91
Model 3 1.00 1.00 (0.88, 1.14) 1.07 (0.92, 1.24) 0.85 (0.67, 1.07) 1.01 (0.84, 1.22) 0.90
Model 4 1.00 0.99 (0.87, 1.13) 1.07 (0.92, 1.25) 0.84 (0.66, 1.06) 0.98 (0.66, 1.06) 0.68

Pooled

Total meats ,4 times/month 4–7 times/month 8–11 times/month 12–15 times/month .15 times/month Ptrend
Model 3 1.00 1.22 (1.14, 1.31) 1.34 (1.25, 1.44) 1.36 (1.25, 1.48) 1.49 (1.37, 1.62) ,0.001
Pheterogeneity 0.16 0.27 0.12 0.001 0.001
Model 4 1.00 1.18 (1.10, 1.26) 1.26 (1.17, 1.35) 1.23 (1.13, 1.33) 1.28 (1.18, 1.39) ,0.001
Pheterogeneity 0.44 0.71 0.69 0.09 0.06

Red meat ,1 times/month 1 time/month 2–3 times/month 4–5 times/month .5 times/month Ptrend
Model 3 1.00 1.17 (1.07, 1.27) 1.28 (1.18, 1.38) 1.53 (1.41, 1.66) 1.72 (1.57, 1.89) ,0.001
Pheterogeneity 0.96 0.14 0.38 0.03 0.03
Model 4 1.00 1.11 (1.02, 1.22) 1.17 (1.08, 1.27) 1.36 (1.26, 1.48) 1.42 (1.29, 1.55) ,0.001
Pheterogeneity 0.65 0.56 0.67 0.73 0.73

Chicken ,2 times/month 2–4 times/month 5–7 times/month 8–10 times/month .10 times/month Ptrend
Model 3 1.00 1.12 (1.06, 1.18) 1.22 (1.14, 1.30) 1.13 (1.01, 1.23) 1.30 (1.20, 1.40) ,0.001
Pheterogeneity 0.15 0.11 0.03 0.01 0.01
Model 4 1.00 1.08 (1.02, 1.14) 1.14 (1.07, 1.22) 1.00 (0.91, 1.11) 1.15 (1.07, 1.25) 0.002
Pheterogeneity 0.36 0.64 0.23 0.13 0.16

Data for servings/day are mean 6 SEM. Model 1 was adjusted for age. Model 2 was further adjusted for ethnicity, smoking status (never smoker,
past smoker, current smoker [1–14, 15–24, or$ 25 cigarettes/day], or missing), alcohol intake (g/day: 0, 0.1–4.9, 5.0–14.9, or$15.0 in women; 0, 0.1–
4.9, 5.0–29.9, or$30.0 in men; or missing), family history of diabetes (yes or no), marital status (married, not married, or missing), menopausal
status and postmenopausal hormone use (premenopause, postmenopause [never, former, or current hormone use], or missing) (for women),
physical activity (METs/week: 0–2.9, 3–8.9, 9–17.9, 18–26.9,$ 27.0, or missing), total energy intake (kcal/day), and AHEI without alcohol intake.
Model 3 was further adjusted for total intake of chicken, fish, and red meat. Model 4 was further adjusted for baseline BMI. aOpen-flame and/or
high-temperature cooking consisted of the frequency of broiling, barbecuing, or roasting of chicken, fish, or red meat. bTotal meats included red meat,
chicken, and fish.
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Comparison With Other Studies
Different types of meat consumption
have been differentially associated with
diabetes risk (4–7). Red meats, particu-
larly processed red meats, were consis-
tently associated with an increased risk
of developing T2D in prospective cohort
studies (4,8). Findings regarding fish and
chicken intake were less consistent. Two
meta-analyses demonstrated a positive
association of fish intake with T2D risk
in U.S. and European populations but an
inverse association in Asian and Austra-
lian populations (7,9). A recent large pro-
spective study among Swedish men
(n = 35,583) found that higher fried fish
consumption was associated with an in-
creased risk of T2D, although no overall
association was demonstrated for total
fish intake (31). For chicken or poultry,
some studies reported null or inverse as-
sociations with T2D risk (5,10), whereas

an increased risk was demonstrated in
the European Prospective Investigation
into Cancer and Nutrition (EPIC)-InterAct
study (6) and the Singapore Chinese
Health Study (32). In the current study,
we found a positive association between
redmeat intake and T2D risk after further
adjusting for cooking methods. In addi-
tion, chicken and fish intake was also as-
sociated with a modest increased risk of
T2D in our three cohorts. These findings
were largely consistent with those in ear-
lier analyses of data in our cohorts (4).
The reasons for inconsistent findings re-
garding chicken and fish intake and T2D
risk are unknown, although potential dif-
ferences in population characteristics and
environmental contamination (such as
methylmercury or polychlorinated bi-
phenyls in fish) may play a role. Further-
more, methods preferred for cooking
meats may differ among different study

populations. For example, in China, stew-
ing, braising, steaming, and stir-frying are
commonly used to cookmeats (33), while
grilling/barbecuing, broiling, roasting,
and pan-frying are more widely practiced
inWestern countries (34). In our previous
study in the NHS cohort (with cooking
information for red meat only), we
found that a higher frequency of broiling,
barbecuing, and roasting red meat, but
not stewing/boiling or pan-frying, was in-
dependently associatedwith an increased
T2D risk in women (11). In the current
study with detailed cooking information
for redmeat, chicken, and fish, we not only
replicated a positive association between
open-flame and/or high-temperature
cooking methods for red meat and T2D
risk in both men and women but also
found that open-flame and/or high-
temperature cooking methods for chicken
also independently increased T2D risk.

Figure 1—Joint analysis of open-flame and/or high-temperature cooking frequency and meat intake (red meat, chicken, and fish) in relation to T2D risk
among participantswho consumed redmeat, chicken, orfish regularly ($2 servings/week).A: Total meat (redmeat, chicken, and fish) intake. B: Redmeat
intake. C: Chicken intake. HRs were adjusted for age, ethnicity (Caucasian, African American, Hispanic, or Asian), smoking status (never smoker, past
smoker, current smoker [1–14, 15–24, or$25 cigarettes/day], ormissing), alcohol intake (g/day: 0, 0.1–4.9, 5.0–14.9, or$15.0 inwomen; 0, 0.1–4.9, 5.0–
29.9, or $30.0 in men; or missing), family history of diabetes (yes or no), marital status (married, not married, or missing), menopausal status and
postmenopausal hormone use (premenopause, postmenopause [never, former, or current hormone use], or missing) (women only), physical activity
(METs/week: 0–2.9, 3–8.9, 9–17.9, 18–26.9,$27.0, ormissing), total energy intake (kcal/day), AHEIwithout alcohol intake, and baseline BMI. For panels B
and C, red meat, chicken, and fish intake were mutually adjusted.
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In the current study, we did not observe a
significant association between the fre-
quency of broiling fish and T2D risk, al-
though this fish cooking method was
not common among our participants.
For example, only 4.3% participants
broiled fish$2 times/week, and few par-
ticipants (,1%) cooked fish until well
browned and/or blackened/charred.
Therefore, our analysis may not have an
adequate statistical power to detect a
weak-to-modest association for broiling
fish.
In addition to open-flame and/or high-

temperature cooking methods, the de-
gree of meat doneness might also modify
the associations between meat intake
and T2D risk. Some previous studies sug-
gested that the meat doneness level, es-
pecially verywell done, could increase the
risk of certain cancers (35,36), although
other studies reported null associat-
ions (37). In the current study, we also
demonstrated that a higher doneness-
weighted frequency of high-temperature/
open-flame cooking for both red meat
and chicken was significantly associ-
ated with an increased risk of T2D. Fur-
thermore, the current study found that
open-flame and/or high-temperature
cooking methods were positively associ-
ated with weight gain and obesity risk
and that HAA intake and changes in
BMI during follow-up might partially ex-
plain the positive associations between
high-temperature cooking and T2D risk.
Overall, these results suggested that, in-
dependent of theamountofmeatconsump-
tion, open-flame and/or high-temperature
cooking methods for both red meat and
chickenwere associatedwith an increased
T2D risk.

Potential Biological Mechanisms
Although the exact mechanisms underly-
ing the observed associations remain
unknown, some studies have suggested
that certain hazardous chemicals in-
cluding HAAs, PAHs, nitrosamines, and
AGEs, which are produced during high-
temperature cooking of meats, might
be involved in the development of di-
abetes (14,16,19). A recent in vitro study
by Rogers et al. (16) demonstrated that
low-dose HAA exposure could induce
gene expression changes in JAK/STAT and
MAPK pathways linked with inflamma-
tion and diabetes. Evidence from in vitro
and in vivo studies suggested that PAHs
might induce proinflammatory cytokine

production, interfere with insulin secretion,
and consequently increase the risk of de-
veloping diabetes (38). Using data from
the National Health and Nutrition Exami-
nation Survey (NHANES), several cross-
sectional studies also found that urinary
PAH biomarkers were associated with in-
flammation and an increased prevalence of
diabetes (19,39). In addition, another
study in rat pups showed that nitrosa-
mine exposure caused lipid peroxidation,
elevated expression of proinflammatory
cytokine, and promoted insulin resistance
(40). For AGEs, previous studies have
demonstrated a strong link with inflam-
mation, oxidative stress, and insulin resis-
tance in animals and humans (14).
Nevertheless, more investigations are
warranted to establish the underlying
mechanisms.

Strengths and Limitations
To our knowledge, this is the first study
to examine open-flame and/or high-
temperature cooking frequency and meat
doneness level in relation toT2Drisk among
men and women who consumed red
meat, chicken, or fish regularly. This is
also thefirst study linking higher estimated
dietary HAA intake with an increased T2D
risk. In addition, the strengths of this study
also include the large sample size, long
follow-up period, a detailed questionnaire
on different cooking methods and done-
ness levels for different types of meats,
and careful adjustments for a multitude
of potential risk factors.

Several limitations should be acknowl-
edged aswell. First, the study participants
were all health professionals, andmost of
them were Caucasians. Although the rel-
ative homogeneity could alleviate con-
founding by socioeconomic status, it
also limits the generalizability of the find-
ings. Second, although information on
high-temperature cooking methods for
red meat, chicken, or fish was collected
twice in HPFS, we only collected this in-
formation once in NHS and NHS II, which
might not represent long-term cooking
practices. Considering that the correla-
tions between the 1996 and 2004 assess-
ments of cooking methods in HPFS were
moderate (rs range 0.30–0.44), which
might be due to changes in cooking be-
haviors over time or measurement errors
in self-reported data, more prospective
studies, particularly with repeated meas-
urements of cooking methods and done-
ness levels, are warranted to confirm our

findings. Third, although measurement
errors in self-reported assessments of
diet are inevitable, our validation studies
demonstrated reasonable validity of the
FFQ: for example, the rs between the FFQ
and multiple dietary records ranged from
0.38 to 0.70 for various red meat intakes
(23,24). Moreover, such measurement
errors are likely to be nondifferential in
this prospective study but may result in
residual confounding by dietary factors.
Fourth, the current study did not have
data on PAHs and nitrosamines, and the
validity of the cooking questionnaire was
not directly assessed. In addition, the
cooking questionnaire did not include all
cookingmethods (such as boiling/stewing
and stir-frying) for other types of meats
(such as pork, lamb, and fish [only the
frequency of broiling fish was inquired
about in the current study]), which war-
rantmore investigations in future studies.
Fifth, we simply added the frequency of
each cooking method or doneness level
to reflect overall meat-cooking preferen-
ces, assuming an additive association
across different cooking methods for dif-
ferent meats with equal health effects. In
addition, adiposity might not be perfectly
controlled in our study because BMI is
not a direct measure of adiposity, although
similar results were observed when waist
circumferencewas adjusted for in themod-
els. Sixth, some of the associations, espe-
cially those for chicken cooking methods,
did not achieve statistical significance
among men. However, we did not observe
clear evidence of heterogeneity in associa-
tions across the three cohorts. Meanwhile,
the associations for red meat cooking fre-
quencies and HAA intake were highly con-
sistent between men and women. Future
studies are needed to explore potential sex
differences in these associations. Finally,
with the observed associations markedly
attenuated after further controlling for
BMI, it was unknownwhether this observa-
tion reflected true mediation effects or re-
sidual confounding by other factors related
to weight gain.

Implications of Findings
Our study provides novel evidence that
open-flame and/or high-temperature
cooking may independently contribute to
the development of T2Dbeyond the risk of
highmeat intake. Thesefindings imply that
avoiding the use of open-flame and/or
high-temperature cooking methods, in-
cluding grilling/barbecuing, broiling, and
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Table 3—HR (95% CI) of T2D according to doneness-weighted frequency of open-flame and/or high-temperature cooking
among participants who consumed red meat, chicken, or fish regularly (‡2 servings/week)

Quartile of doneness-weighted frequency of high-temperature cooking

Q1 Q2 Q3 Q4 Ptrend
NHS

Total meats
Servings/day 0.97 6 0.5 1.08 6 0.5 1.14 6 0.5 1.15 6 0.5
Cases/person-years 868/186,189 923/172,446 1,090/188,224 1,188/185,607
Model 1 1.00 1.15 (1.05, 1.26) 1.24 (1.13, 1.35) 1.36 (1.25, 1.49) ,0.001
Model 2 1.00 1.18 (1.07, 1.29) 1.31 (1.20, 1.44) 1.47 (1.34, 1.60) ,0.001
Model 3 1.00 1.15 (1.05, 1.26) 1.26 (1.15, 1.37) 1.37 (1.26, 1.51) ,0.001
Model 4 1.00 1.11 (1.01, 1.22) 1.18 (1.08, 1.29) 1.23 (1.12, 1.35) ,0.001

Red meat
Cases/person-years 675/155,302 1,122/226,516 1,015/169,240 1,257/181,408
Model 1 1.00 1.14 (1.03, 1.25) 1.37 (1.24, 1.51) 1.58 (1.44, 1.73) ,0.001
Model 2 1.00 1.13 (1.03, 1.25) 1.31 (1.19, 1.45) 1.48 (1.35, 1.63) ,0.001
Model 3 1.00 1.11 (1.00, 1.22) 1.26 (1.14, 1.40) 1.40 (1.27, 1.55) ,0.001
Model 4 1.00 1.06 (0.96, 1.16) 1.18 (1.07, 1.30) 1.23 (1.11, 1.36) ,0.001

Chicken
Cases/person-years 891/173,123 1,177/212,384 969/174,797 1,032/172,162
Model 1 1.00 1.07 (0.98, 1.17) 1.08 (0.98, 1.18) 1.15 (1.05, 1.26) ,0.001
Model 2 1.00 1.13 (1.04, 1.23) 1.18 (1.07, 1.29) 1.29 (1.18, 1.41) ,0.001
Model 3 1.00 1.12 (1.03, 1.22) 1.15 (1.05, 1.26) 1.24 (1.13, 1.36) ,0.001
Model 4 1.00 1.08 (0.99, 1.19) 1.09 (1.00, 1.19) 1.13 (1.03, 1.24) 0.03

NHS II

Total meats
Servings/day 0.65 6 0.5 0.75 6 0.5 0.80 6 0.5 0.83 6 0.6
Cases/person-years 494/178,588 538/166,740 597/174,365 722/171,687
Model 1 1.00 1.19 (1.05, 1.34) 1.25 (1.11, 1.41) 1.51 (1.35, 1.69) ,0.001
Model 2 1.00 1.23 (1.09, 1.39) 1.33 (1.18, 1.50) 1.63 (1.45, 1.83) ,0.001
Model 3 1.00 1.21 (1.07, 1.36) 1.29 (1.14, 1.45) 1.56 (1.39, 1.76) ,0.001
Model 4 1.00 1.16 (1.03, 1.32) 1.18 (1.05, 1.33) 1.29 (1.14, 1.45) ,0.001

Red meat
Cases/person-years 442/187,773 522/161,280 630/179,307 757/163,021
Model 1 1.00 1.42 (1.25, 1.61) 1.53 (1.36, 1.73) 2.00 (1.78, 2.25) ,0.001
Model 2 1.00 1.31 (1.15, 1.49) 1.41 (1.25, 1.60) 1.73 (1.53, 1.95) ,0.001
Model 3 1.00 1.29 (1.13, 1.46) 1.37 (1.21, 1.55) 1.65 (1.46, 1.87) ,0.001
Model 4 1.00 1.19 (1.05, 1.36) 1.26 (1.12, 1.43) 1.38 (1.22, 1.56) ,0.001

Chicken
Cases/person-years 536/168,973 568/169,190 600/180,114 647/173,105
Model 1 1.00 1.09 (0.97, 1.23) 1.09 (0.97, 1.23) 1.21 (1.08, 1.35) ,0.001
Model 2 1.00 1.18 (1.05, 1.33) 1.23 (1.09, 1.38) 1.38 (1.22, 1.55) ,0.001
Model 3 1.00 1.18 (1.05, 1.33) 1.21 (1.07, 1.36) 1.35 (1.20, 1.52) ,0.001
Model 4 1.00 1.12 (0.99, 1.26) 1.11 (0.99, 1.25) 1.13 (1.01, 1.28) 0.10

HPFS

Total meats
Servings/day 0.84 6 0.7 0.99 6 0.7 1.07 6 0.8 1.10 6 0.8
Cases/person-years 365/82,105 346/76,854 391/79,395 380/79,126
Model 1 1.00 1.02 (0.88, 1.19) 1.12 (0.97, 1.29) 1.10 (0.95, 1.27) 0.13
Model 2 1.00 1.03 (0.89, 1.20) 1.18 (1.02, 1.36) 1.15 (1.00, 1.34) 0.03
Model 3 1.00 1.00 (0.86, 1.16) 1.13 (0.97, 1.30) 1.08 (0.93, 1.25) 0.22
Model 4 1.00 0.98 (0.84, 1.13) 1.06 (0.91, 1.23) 1.01 (0.86, 1.17) 0.77

Red meat
Cases/person-years 320/90,284 291/63,713 442/85,041 429/78,440
Model 1 1.00 1.30 (1.10, 1.52) 1.46 (1.26, 1.69) 1.54 (1.33, 1.78) ,0.001
Model 2 1.00 1.29 (1.10, 1.51) 1.41 (1.21, 1.63) 1.48 (1.27, 1.73) ,0.001
Model 3 1.00 1.26 (1.07, 1.48) 1.33 (1.14, 1.55) 1.35 (1.15, 1.58) 0.002
Model 4 1.00 1.22 (1.04, 1.43) 1.26 (1.08, 1.46) 1.22 (1.04, 1.43) 0.06

Continued on p. 1059
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roasting, may help reduce T2D risk among
individualswhoconsume redmeat, chicken,
or fish regularly. Regarding potential strat-
egies for diabetes prevention, this study
also provides further evidence in support
of the reductionofmeat intake, especially
red meat consumption.

Conclusion
Thecurrentstudysuggests that, independent
of the consumption amount, open-flame
and/or high-temperature cooking for both
red meat and chicken is associated with an
increased risk of T2D. More prospective
studies are warranted to confirm these
findings.
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