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Changes in Overall Diet Quality
and Subsequent Type 2 Diabetes
Risk: Three U.S. Prospective
Cohorts
Diabetes Care 2016;39:2011–2018 | DOI: 10.2337/dc16-0574

OBJECTIVE

Recent public health recommendations emphasize adopting a healthful dietary
pattern, but evidence is scarce on whether incremental diet quality changes have
an impact on long-term diabetes prevention. We aim to evaluate diet quality
changes during a 4-year period and subsequent 4-year type 2 diabetes incidence.

RESEARCH DESIGN AND METHODS

Participants of prospective cohorts, the Nurses’ Health Study (NHS), NHS II, and the
Health Professionals Follow-up Study, who were free of diabetes at baseline (n =
124,607), were observed for ‡20 years. Diet quality, reflected by the Alternate
Healthy Eating Index (AHEI) score, was assessed every 4 years to calculate changes.

RESULTS

We documented 9,361 cases of type 2 diabetes during 2,093,416 person-years of
follow-up. A >10% decrease in AHEI score over 4 years was associated with a
higher subsequent diabetes risk (pooled hazard ratio 1.34 [95% CI 1.23–1.46])
with multiple adjustment, whereas a >10% increase in AHEI score was associated
with a lower risk (0.84 [0.78–0.90]). Greater improvement in diet quality was
associated with lower diabetes risk across baseline diet quality status (P for
trend £ 0.001 for low, medium, or high initial diet quality) and baseline BMI (P
for trend £ 0.01 for BMI <25, 25–29, or 30 kg/m2). Changes in body weight
explained 32% (95% CI 24–41) of the association between AHEI changes (per
10% increase) and diabetes risk.

CONCLUSIONS

Improvement in overall diet quality is associated with a lower risk of type 2 di-
abetes, whereas deterioration in diet quality is associated with a higher risk. The
association between diet quality changes and diabetes risk is only partly explained
by body weight changes.

Evidence from prospective observational studies and clinical trials has demonstrated
the importance of diet in the prevention of type 2 diabetes (1). In randomized con-
trolled trials (RCTs), lifestyle changes, including individually tailored, macronutrient
composition, focused dietary interventions, prevented or delayed type 2 diabetes
among individuals at high risk (2,3). However, long-term maintenance of calorie-
restricted andmacronutrient-focused diets has been challenging (4). Further, these
tailored therapeutic approaches are difficult to communicate in general populations.
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Therefore, improving the overall quality
of diet, which allows flexibility in food
choices, may be more practical for main-
taining long-term compliance and sus-
tainability for diabetes prevention.
Healthful dietary patterns, which

have emerged from various target popu-
lations, have been associated with type 2
diabetes prevention (5–8). These dietary
patterns are typically rich in whole grains,
fruits and vegetables, nuts, and legumes;
aremoderate in alcohol consumption; and
are lower in refined grains, red/processed
meats, and sugar-sweetened beverages
(1). In an RCT among participants who are
at risk for cardiovascular disease (CVD),
those assigned to a consumeahigh-quality
diet with extra-virgin olive oil supple-
mentation had a significant diabetes risk
reduction after 4.1 years of follow-up (9).
In recent years, public health recom-

mendations have increasingly focused
on advocating the improvement of overall
diet quality to prevent chronic disease
(10–12), but scientific evidence is scarce
on whether incremental improvement in
the overall diet quality has a long-termpre-
ventive impact on type 2 diabetes in gen-
eral populations.Healthful dietarypatterns
have been associated with type 2 diabetes
prevention (1). However, the majority of
these studies were conducted with a base-
line measure of dietary variables only, and
the impact of changes in dietary patterns
has not been assessed in large population
studies. Further, RCT evidence has shown
that improvement in diet quality reduces
type 2 diabetes risk (9,13), but it is un-
clear whether deterioration in diet quality
can worsen the risk of the development
of diabetes. Therefore, we investigated
whether change in overall diet quality
over a 4-year period was associated with
type 2 diabetes risk in a subsequent 4-year
follow-up in three large population-based
cohorts ofmenandwomenwith long-term
follow-up and repeatedmeasures of expo-
sure (diet) and outcome (diabetes). To as-
sess overall diet quality changes, we
calculated changes in Alternate Healthy
Eating Index (AHEI) scores every 4 years.
This score was used to represent adher-
ence to healthy eating for chronic disease
prevention, as previously developed in the
current study cohorts (8).

RESEARCH DESIGN AND METHODS

Study Population
The Nurses’ Health Study (NHS) is a pro-
spective cohort study of 121,700 female

registered nurses (age range 30–55
years) living across the U.S. at the base-
line data collection in 1976. The NHS II is
another prospective cohort of 116,671
younger female registered nurses from
the U.S. (age range 25–42 years) at base-
line in 1989. The Health Professionals
Follow-up Study (HPFS) is a prospective
cohort study of 51,529 male health pro-
fessionals from the U.S. who were 40–75
years of age at study enrollment in 1986.
Participants underwent follow-up bienni-
ally using validated questionnaires on
medical history and lifestyle. The study
protocol was approved by the Institu-
tional Review Board of the Brigham and
Women’s Hospital and the Human Sub-
jects Committee ReviewBoard of Harvard
T.H. Chan School of Public Health.

The earliest year with detailed infor-
mation available on diet and other life-
style information, which was 1991 in the
NHS II and 1986 in the NHS andHPFS, was
used as the baseline in the current analy-
sis. We excluded participants with a his-
tory of diabetes (i.e., type 1 diabetes,
type 2 diabetes, and gestational diabetes
mellitus) (n = 7,295 in NHS, n = 2,109 in
NHS II, and n = 2,340 in HPFS), CVD (n =
7,097 in NHS, n = 1,745 in NHS II, and n =
6,509 in HPFS), or cancer (n = 9,810 in
NHS, n = 2,714 in NHS II, and n = 1,493
in HPFS) at baseline, and incident cases
during the first 4 years of follow-up (be-
tween 1986 and 1990 in the NHS and
HPFS, and between 1991 and 1995 in
the NHS II) because we were investigat-
ing 4-year changes in lifestyle exposures.
We excluded deaths that occurred dur-
ing that 4-year period (n = 2,302 in NHS,
193 in NHS II, and 686 in HPFS). The par-
ticipants with missing food frequency
questionnaires (FFQs) at the baseline of
the current analysis follow-up period
were excluded (n = 31,314 in NHS, n =
29,577 in NHS II, and n = 1,160 in HPFS).
Participants who provided FFQ data had
similar baseline characteristics such as
age and BMI compared with those
with missing FFQ data (Supplementary
Table 1). Further, we excluded participants
who left .10 items blank on the FFQ
at baseline, who had a missing date of
birth, who had missing BMI or physical
activity variables at baseline, who were
pregnant during the FFQ report cycle, or
who reported unusual total energy in-
take on the baseline FFQ (i.e., ,800
or .4,200 kcal/day for men and ,500
or .3,500 kcal/day for women). A total

of 48,612 women in the NHS, 49,711
women in the NHS II, and 26,284 men in
the HPFS were included in the current
analysis.

Dietary Assessment
Dietary intake was assessed using a
semiquantitative FFQ at baseline and
was updated every 4 years (14–16). For
each food item, participants were asked
to report their usual intake of a standard
portion of each food item from the pre-
vious year. The daily nutrient intake was
estimated using the Harvard Food Com-
position Database derived from the U.S.
Department of Agriculture nutrient
data. The reproducibility and validity of
nutrient, food, and dietary pattern mea-
surements in the NHS and HPFS have
been documented in detail (14–17).

Changes in diet quality were assessed
by calculating changes in the AHEI
2010 score. The AHEI 2010 was based
on a comprehensive review of the rele-
vant literature to identify foods and
nutrients that have been consistently as-
sociated with a lower risk of chronic
disease (8). It was updated from the
original AHEI (18). The AHEI was de-
signed to provide quantitative scor-
ing for adherence to dietary guidance
(18). The rationale for variable selection
and scoring criteria of the AHEI 2010
was described in detail previously (8).
The score consisted of 11 components,
which included higher intakes of vegeta-
bles, fruits, whole grains, nuts and le-
gumes, long-chain n-3 fatty acids, and
polyunsaturated fatty acids (excluding
long-chain n-3 fatty acids); lower intakes
of red/processed meat, sugar-sweetened
beverages and fruit juice, transfat, and
sodium; and moderate alcohol consump-
tion, as being adherence to healthy eat-
ing. Each component score ranged from
0(leasthealthyeatingbehavior) to10(max-
imum adherence), and the total AHEI
2010 score ranged from 0 to 110 (maxi-
mum adherence).

Other Exposure Assessment
Information on physical activity, body
weight, other lifestyle information, and
medical history was collected at base-
line, and was updated through biennial
questionnaires. BMI was calculated as
weight (in kilograms) self-reported di-
vided by the square of height (in me-
ters). Based on the previous validation
study, self-reported weights were high-
ly correlated with measured weights
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(r = 0.97) (19). Information on cigarette
smoking, family history of diabetes,
postmenopausal hormone use, and his-
tory of hypertension or hypercholester-
olemia was assessed from these
questionnaires by self-report. The valid-
ity of these assessments has been docu-
mented previously (20,21).

Ascertainment of Type 2 Diabetes
In the baseline questionnaire and all bi-
ennial follow-up questionnaires, partic-
ipants were asked about the incidence
of physician-diagnosed diabetes. Partic-
ipants who reported such a diagnosis
completed a supplementary question-
naire asking about symptoms, diagnostic
tests, and treatment to confirm diagno-
sis. The validity of the supplementary
questionnaire for type 2 diabetes, in
which self-reported diagnosis of diabe-
tes was confirmed by medical records
reviewed by an endocrinologist who was
blinded to the supplementary question-
naire information for 61 of 62 (98%)
randomly selected NHS participants and
57 of 59 (97%) HPFS participants, has
been documented previously (22,23).
The diagnosis was confirmed if at

least one of the following was reported
according to the National Diabetes Data
Group criteria (24): 1) at least one symp-
tom (excessive thirst, polyuria, weight
loss, or hunger) plus fasting glucose con-
centration of $7.8 mmol/L or random
glucose concentration of $11.1 mmol/L;
2) in the absence of symptoms, at least
two elevated glucose concentrations on
different occasions (fasting glucose
concentration .7.8 mmol/L, random glu-
cose concentration$11.1 mmol/L, and/or
2-h postload concentration$11.1 mmol/L
at an oral glucose tolerance test); or 3)
treatmentwith insulin or oral hypogycemic
medication. For the cases after 1998, the
revised American Diabetes Association cri-
teriawere appliedusing the fasting glucose
concentration cutoff of 7.0 mmol/L (25).

Statistical Analyses
Participants contributed person-time
from the return of the baseline ques-
tionnaire until the date of diagnosis of
type 2 diabetes, death, or the end of the
follow-up (2011 for the NHS II, and
2010 for the NHS and HPFS), whichever
came first. We used multivariable time-
dependent Cox proportional hazards
models to estimate hazard ratio (HR)
and 95% CI. The HRs were pooled from
the multivariable adjusted models in

each cohort to obtain summarized risk
estimates. The time scale for the left
truncated survival model was age, which
was stratified by calendar time in 4-year
groups, in addition to accounting for
study cohorts in pooled analyses. We
quantified a linear trend across AHEI
change categories with a Wald test for
linear trend by assigning the median
value to each category and modeling
this variable as a continuous variable.
We assessed a potential nonlinear rela-
tion between the changes in the AHEI
and incident type 2 diabetes by using
restricted cubic spline transformations
without prior specification of the risk
function (26). We performed tests for
nonlinearity by using the likelihood ratio
test and compared the model with the
linear term only with the model with
both the linear and cubic spline terms.

To assess the associations between
changes in diet quality and subse-
quent risk for type 2 diabetes, we used
changes in AHEI scores updated every
4 years as a time-varying exposure for
type 2 diabetes risk in the subsequent
4 years. In addition to accounting for
age, regression models were adjusted
for potential confounding factors inclu-
ding ethnicity (white/nonwhite); family
history of diabetes (yes/no); baseline
AHEI, physical activity, and total energy
intake at the beginning of each 4-year
period (all in quintiles); 4-year changes
in smoking status (never to never, never
to current, past to past, past to current,
current to past, current to current, or
missing indicator), physical activity,
and total energy intake (all in quintiles);
and a medical history of hypertension
(yes/no) and hypercholesterolemia
(yes/no) (model 1). In the NHS and
NHS II, postmenopausal status and post-
menopausal hormone use (never use,
current use, past use, or missing) were
also included. We additionally adjusted
for baseline BMI at the beginning of
each 4-year period (,21, 21–22.9, 23–
24.9, 25–29.9, and$30 kg/m2) in a sep-
arate model (model 2) because the
association under investigation might
be mediated by body weight. Since
changes in body weight may be a medi-
ator of the association between changes
in AHEI and risk of type 2 diabetes, we
further adjusted model 2 with 4-year
changes in body weight. To evaluate
the contribution of body weight changes
over the same period on the association

between changes in AHEI and the risk of
type 2 diabetes, SAS macro %MEDIATE
(publicly available at https://www.hsph
.harvard.edu/donna-spiegelman/software/
mediate/) was applied using 1-(bmediator
model / bbasemodel)3 100 according to
the methods described by Lin et al. (27).
Trends of increases and decreases in AHEI
scores were evaluated by modeling score
changes in categories with “no change or
less than63%” as a reference.

We tested multiplicative interactions
of changes in AHEI scoreswith age, hyper-
tension, hypercholesterolemia, current
smoking status, and BMI at the beginning
of the 4-year period, using likelihood ratio
tests. To consider the ceiling effect of the
baseline diet quality, we stratified the
analysis by the baseline AHEI scores
(,45, 45–49, and $50). To assess the
stability of the associations across simul-
taneously changing categories of physi-
cal activity, we assessed the associations
stratified by changes in physical activ-
ity levels (decreased, stable as 62
MET-h/week change, and increased).
Further, we performed a sensitivity
analysis of calculating the AHEI score
without the long-chain n-3 fatty acid
component because of the small positive
association between long-chain n-3 fatty
acid intake and type 2 diabetes observed
previously in the current study cohorts
(28). AHEI score, physical activity, and
weight change variables were assessed
with the use of censoring of data at the
0.5 and 99.5 percentiles to minimize the
influence of outliers. To minimize missing
values during follow-up, missing variables
were replaced with carried forward val-
ues for continuous variables, and a miss-
ing indicator was added for categorical
variables. For all statistical analyses, a two-
sided P value of ,0.05 was considered to
be statistically significant. All data analyses
were performed using SAS software, ver-
sion 9.3 for UNIX (SAS Institute, Cary, NC).

RESULTS

We documented 9,361 incident type 2
diabetes cases (4,308 in the NHS, 3,136
in the NHS II, and 1,917 in the HPFS)
during 2,093,416 person-years of fol-
low-up. Baseline characteristics of study
participants are presented across the
4-year changes in the percentage AHEI
scores among U.S. women and men in
three prospective cohorts (Table 1). Par-
ticipants who had improved the diet
quality generally had a lower AHEI score
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Table 1—Baseline characteristics according to 4-year changes in percent diet quality scores among U.S. women and men in
three prospective cohorts

Change in diet quality (categories in % score change)

Decrease

No change or
stable (6,3%)

Increase

Moderate to
large (.10%)

Small to
moderate (3–10%)

Small to
moderate (3–10%)

Moderate to
large (.10%)

NHS (1990)
Participants, n 3,719 10,900 15,199 13,050 5,744
Age, years 56.2 6 7.2 55.9 6 7.1 55.9 6 7.1 55.8 6 7.0 56.0 6 7.0
BMI, kg/m2 24.9 6 4.5 24.9 6 4.4 24.9 6 4.5 25.0 6 4.5 25.1 6 4.8
AHEI score 62.1 6 10.6 55.6 6 10.5 51.5 6 10.4 48.2 6 10.0 44.4 6 9.5
Physical activity, MET-h/week 16.0 6 21.3 14.4 6 20.9 14.4 6 21.6 13.8 6 19.4 13.8 6 20.1
White ethnicity, % 98.5 98.7 98.3 98.0 97.3
Current smoker, % 15.8 16.6 15.8 16.1 15.9
Hypertension, % 23.2 22.2 22.0 22.0 23.5
High cholesterol, % 30.9 32.3 33.4 35.4 38.4
Family history of diabetes, % 28.6 28.2 28.4 28.5 27.9
Total energy intake, kcal/day 1,794 6 542 1,800 6 527 1,786 6 519 1,739 6 503 1,717 6 486
Menopausal status and postmenopausal

hormone use, %
Premenopausal 29.2 31.2 31.1 31.2 29.7
Postmenopausal + never users 27.2 27.4 27.0 27.1 28.2
Postmenopausal + current users 26.4 26.0 25.8 26.0 26.2
Postmenopausal + past users 15.0 13.4 14.2 13.6 14.1
Missing information 2.3 2.0 2.0 2.2 1.8

NHS II (1995)
Participants, n 4,379 11,245 15,266 13,110 5,711
Age, years 41.7 6 4.0 41.9 6 4.0 41.9 6 4.0 41.9 6 4.1 41.9 6 4.2
BMI, kg/m2 25.4 6 5.6 24.8 6 5.3 24.6 6 5.2 24.6 6 5.4 24.7 6 5.5
AHEI score 59.5 6 9.7 52.8 6 9.9 48.4 6 10.1 45.4 6 10.0 42.2 6 9.5
Physical activity, MET-h/week 24.0 6 32.5 21.1 6 27.7 19.6 6 25.0 19.7 6 26.2 19.2 6 24.5
White ethnicity, % 97.1 96.7 97.0 97.0 96.6
Current smoker, % 12.3 11.4 11.3 11.5 11.9
Hypertension, % 13.4 10.6 10.4 10.0 10.7
High cholesterol, % 24.8 22.6 22.6 22.9 22.7
Family history of diabetes, % 37.1 36.8 36.5 35.5 36.8
Total energy intake, kcal/day 1,669 6 519 1,708 6 527 1,755 6 531 1,780 6 521 1,829 6 516
Menopausal status and postmenopausal

hormone use, %
Premenopausal 86.9 88.2 88.1 87.8 86.6
Postmenopausal + never users 0.6 0.6 0.7 0.7 0.7
Postmenopausal + past users 1.1 1.0 0.9 1.1 1.1
Postmenopausal + current users 8.8 7.6 7.8 7.7 8.7
Missing information 2.7 2.6 2.5 2.8 3.1

Oral contraceptive use, %
Never user 14.8 14.1 14.6 14.5 14.3
Past user 78.1 79.4 79.0 78.0 78.3
Current user 7.1 6.5 6.4 7.4 7.4

Health Professionals Follow-up Study
(1990)

Participants, n 2,216 5,998 8,155 6,755 3,160
Age, years 56.0 6 9.2 56.0 6 9.2 56.1 6 9.1 56.1 6 9.0 56.8 6 9.1
BMI, kg/m2 25.3 6 3.3 25.3 6 3.0 25.3 6 3.0 25.2 6 2.9 25.3 6 3.0
AHEI score 61.6 6 10.9 55.9 6 11.0 52.1 6 10.8 49.1 6 10.6 46.3 6 10.2
Physical activity, MET-h/week 23.7 6 38.8 22.4 6 30.0 21.3 6 28.0 21.4 6 30.6 21.1 6 28.9
White ethnicity, % 95.9 96.4 95.9 95.9 94.7
Current smoker, % 8.9 7.8 7.9 7.1 6.8
Hypertension, % 16.1 14.7 15.5 15.2 15.7
High cholesterol, % 15.7 17.2 18.9 21.6 27.6
Family history of diabetes, % 20.9 20.0 20.9 21.4 19.7
Total energy intake, kcal/day 2,011 6 603 2,032 6 608 2,030 6 603 1,996 6 585 1,943 6 569

Values are reported as the mean 6 SD, unless otherwise indicated.
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and physical activity levels at baseline
compared with those who had a wors-
ened diet quality.
Table 2 shows HRs of type 2 diabetes

according to the 4-year changes in diet
quality. A.10% decrease in AHEI scores
over 4 years was associated with a higher
subsequent risk of diabetes (pooled HR
1.34 [95% CI 1.23–1.46]) compared with
participants who maintained relatively
stable diet quality in each 4-year period
with multiple adjustments in model 1,
whereas an improvement of .10% in
AHEI score was associated with a lower
risk of diabetes (0.84 [0.78–0.90]). The as-
sociation was attenuated slightly but re-
mained significant with additional
adjustment for baseline BMI at the be-
ginning of each 4-year period in model
2 (pooled P value for trend ,0.0001)
(Table 2). The significance of the associa-
tion remained when model 2 was further
adjusted for changes in bodyweight over
the same period:.10% decrease in AHEI
scores over 4 years was associated with a
higher subsequent diabetes risk (1.21
[1.11–1.32]), whereas an improvement
of .10% in AHEI scores was associated
with a lower risk (0.90 [0.84–0.96]).
When the AHEI score was assessed as a
continuous variable, each 10% incremen-
tal improvement in the score was associ-
ated with a 0.85 (0.83–0.88) risk of the
development of type 2 diabetes over the
subsequent 4-year period (0.89 [0.86–
0.91]) in model 2, and a 0.91 (0.88–
0.93) risk with additional adjustment
for changes in body weight. Changes in
body weight explained 32% (95% CI 24–
41) of the association between changes
in AHEI (per 10% increase) and the risk of
type 2 diabetes with adjustment for
model 2 variables (P value for contribu-
tion , 0.0001).
To assess the impact of baseline diet

quality on the association between
changes in diet quality and type 2 diabe-
tes risk, the association was stratified by
baseline diet quality in Table 3 (P value
for interaction = 0.2). The significant as-
sociation remained across low, medium,
and high baseline diet quality (all P for
trend # 0.001) (Table 3). Similarly in
Table 4, the association was stratified by
baseline BMI (P for interaction = 0.001).
The association between changes in diet
quality and type 2 diabetes risk remained
significant across categories of baseline
BMI (P for trend # 0.01 for BMI values
of ,25, 25–29, and 30 kg/m2) (Table 4).

T
a
b
le

2
—
H
R
s
o
f
ty
p
e
2
d
ia
b
e
te
s
a
cco

rd
in
g
to

u
p
d
a
te
d
4
-y
e
a
r
ch

a
n
g
e
s
in

d
ie
ta
ry

q
u
a
lity

(ca
te
g
o
rie

s
in

A
H
E
I
sco

re
s)

D
ecrease

N
o
ch
an
ge

o
r
stab

le
(6

,
3%

)

In
crease

P
fo
r

tren
d

H
R
p
er

10%
sco

re
in
crease

M
o
d
erate

to
large

(.
10%

)
Sm

allto
m
o
d
erate

(3
–10%

)
Sm

allto
m
o
d
erate

(3
–10%

)
M
o
d
erate

to
large

(.
10%

)

N
H
S
(1986

–2010)
C
ases/p

erso
n
-years

358/61,075
870/176,310

1,477/300,169
1,074/226,534

529/109,284
M
o
d
el1*

1.33
(1.18

–1.50)
1.06

(0.97
–1.15)

1.00
0.93

(0.85
–1.00)

0.87
(0.78

–0.96)
,
0.0001

0.86
(0.83

–0.90)
M
o
d
el2

†
1.27

(1.13
–1.43)

1.04
(0.95

–1.13)
1.00

0.95
(0.88

–1.03)
0.89

(0.80
–0.99)

,
0.0001

0.89
(0.85

–0.93)

N
H
S
II
(1991

–2011)
Cases/person-years

258/47,760
539/127,070

1,143/265,994
705/189,609

491/129,739
M
o
d
el1*

1.45
(1.25

–1.67)
1.09

(0.97
–1.21)

1.00
0.85

(0.77
–0.94)

0.76
(0.67

–0.85)
,
0.0001

0.81
(0.78

–0.85)
M
o
d
el2

†
1.31

(1.13
–1.51)

1.03
(0.93

–1.15)
1.00

0.88
(0.80

–0.98)
0.77

(0.69
–0.87)

,
0.0001

0.85
(0.81

–0.89)

H
P
FS

(1986
–2010)

Cases/person-years
118/27,668

340/83,582
734/176,678

470/116,985
255/54,959

M
o
d
el1*

1.15
(0.93

–1.41)
1.02

(0.89
– 1.17)

1.00
0.92

(0.81
–1.04)

0.99
(0.85

–1.16)
0.14

0.94
(0.87

–1.00)
M
o
d
el2

†
1.05

(0.86
–1.30)

0.98
(0.86

–1.13)
1.00

0.94
(0.83

–1.07)
1.01

(0.86
–1.18)

0.67
0.97

(0.91
–1.04)

P
o
o
led

M
o
d
el1*

1.34
(1.23

–1.46)
1.06

(1.00
–1.13)

1.00
0.90

(0.85
–0.94)

0.84
(0.78

–0.90)
,
0.0001

0.85
(0.83

–0.88)
M
o
d
el2

†
1.25

(1.15
–1.36)

1.03
(0.97

–1.09)
1.00

0.93
(0.88

–0.98)
0.86

(0.81
–0.93)

,
0.0001

0.89
(0.86

–0.91)

V
alu

es
are

rep
o
rted

as
H
R
(95%

C
I),u

n
less

o
th
erw

ise
in
d
icated

.*M
o
d
el1

w
as

ad
ju
sted

fo
r
age;eth

n
icity

(w
h
ite/n

o
n
w
h
ite);fam

ily
h
isto

ry
o
f
d
iab

etes
(yes/n

o
);b

aselin
e
A
H
EIsco

re,p
h
ysicalactivity,an

d
to
tal

en
ergy

in
take

at
th
e
b
egin

n
in
g
o
feach

4-year
p
erio

d
(allin

q
u
in
tiles);4-year

ch
an
ges

in
sm

o
kin

g
statu

s
(n
ever

to
n
ever,n

ever
to

cu
rren

t,p
ast

to
p
ast,p

ast
to

cu
rren

t,cu
rren

t
to

p
ast,cu

rren
t
to

cu
rren

t,o
r
m
issin

g
in
d
icato

r),p
h
ysicalactivity,an

d
to
talen

ergy
in
take

(allin
q
u
in
tiles);

an
d
a
m
ed

icalh
isto

ry
o
f
h
yp
erten

sio
n
(yes/n

o
)
an
d
h
yp
erch

o
lestero

lem
ia
(yes/n

o
).In

th
e
N
H
S
an
d
N
H
S
II,p

o
stm

en
o
p
au
salstatu

s
an
d

p
o
stm

en
o
p
au

salh
o
rm

o
n
e
u
se

(n
ever

u
se,cu

rren
t
u
se,p

ast
u
se,o

r
m
issin

g)
w
ere

also
in
clu

d
ed

.
†M

o
d
el2

w
as

ad
ju
sted

fo
r
m
o
d
el1

variab
les

in
ad
d
itio

n
to

b
aselin

e
B
M
Ivalu

es
at

th
e
b
egin

n
in
g
o
f
each

4-year
p
erio

d
(,

21,21
–22.9,23

–24.9,25
–29.9,

$
30

kg/m
2).

care.diabetesjournals.org Ley and Associates 2015

http://care.diabetesjournals.org


No significant effect modification was
observed for the association between
changes in AHEI score and incidence
of type 2 diabetes by comorbidity
of hypertension, hypercholesterolemia,
or current smoking status. When the as-
sociation was stratified by age-groups
(P for interaction = 0.02), the inverse
associations were more pronounced in
younger than in older participants: HR
0.83 (95% CI 0.78–0.89) in partici-
pants ,50 years of age, 0.89 (0.85–
0.92) in participants 50–64 years of age,
and 0.93 (0.89–0.98) in participants $65
years of age per 10% AHEI score increase
(Supplementary Table 2).
To test the stability of the associations

simultaneously across the categories of
changes in physical activity, the associa-
tion between changes in diet quality and
type 2 diabetes risk was assessed accord-
ing to changes in physical activity (P for
interaction = 0.8). The association re-
mained significant across physical activity

change categories (P for trend # 0.0005
for participants whose physical activity
decreased, remained stable, or increased)
(Supplementary Table 3). The significance
and direction of association remained
when AHEI scores were calculated with-
out the long-chain n-3 fatty acid compo-
nent (Supplementary Table 4).

CONCLUSIONS

In three large prospective cohorts of
U.S. men and women, improvement in
overall diet qualityover a4-yearperiodwas
associated with a lower risk of the devel-
opment of type 2 diabetes in the subse-
quent 4 years, whereas deterioration in
diet quality was associated with a higher
risk. This association was only partly ex-
plained by concurrent changes in body
weight, and remainedacross the categories
of baseline diet quality and baseline BMI.

Previously, several healthful dietary
patterns, developed in various study pop-
ulations, have been associated with the

risk of type 2 diabetes (1). Prospective
data using exploratory methods to
define patterns that supported dietary
patterns favoring fruits, vegetables, and
whole grains are beneficial for diabetes
prevention, whereas patterns high in
red meats, refined grains, and sugar-
sweetened beverages are harmful (29–34).
Mediterranean-style diets have been con-
sistently associated with lower incident
type 2 diabetes in the context of both
prospective cohort studies (5,6) and
RCTs (9,13). Adherence to the Dietary
Approaches to Stop Hypertension diet,
which is rich in vegetables, fruits, and
low-fat dairy products, was also associated
with a lower diabetes risk (7,35). In the
current study cohorts, adherence to a
high-quality diet assessed by the cumula-
tive AHEI scores was associated with a
lower diabetes risk (8). The current study
extends previous evidence by demon-
strating that changing overall diet quality,
assessed by changes in AHEI scores, has

Table 3—HRs of type 2 diabetes according to 4-year changes in dietary quality (categories in AHEI scores) stratified by
categories of AHEI scores at the beginning of the 4-year period, pooled results of NHS (1986–2010), NHS II (1991–2011),
and HPFS (1986–2010)*

Initial diet
quality scores

Diet quality change category 4 years later

P for trend
HR per 10%

score increase

Decrease

No change
or stable
(6,3%)

Increase

Moderate to
large (.10%)

Small to
moderate
(3–10%)

Small to
moderate
(3–10%)

Moderate to
large (.10%)

Low (,45) 1.56 (1.18–2.06) 1.05 (0.92–1.20) 1.00 0.95 (0.86–1.04) 0.83 (0.75–0.93) ,0.0001 0.88 (0.84–0.93)

Medium (45–59) 1.13 (1.00–1.27) 0.99 (0.91–1.07) 1.00 0.93 (0.85–1.00) 0.90 (0.82–1.00) 0.001 0.93 (0.89–0.96)

High ($60) 1.31 (1.14–1.50) 1.07 (0.94–1.21) 1.00 0.88 (0.76–1.02) 0.96 (0.78–1.18) ,0.0001 0.87 (0.82–0.92)

Values are reported as HR (95% CI), unless otherwise indicated. *Adjusted for age; ethnicity (white/nonwhite); family history of diabetes (yes/no);
baseline physical activity and total energy intake at the beginning of each 4-year period (all in quintiles); 4-year changes in smoking status (never
to never, never to current, past to past, past to current, current to past, current to current, or missing indicator), physical activity, and total
energy intake (all in quintiles); a medical history of hypertension (yes/no) and hypercholesterolemia (yes/no); and baseline BMI values at the
beginning of each 4-year period. In the NHS and NHS II, postmenopausal status and postmenopausal hormone use (never use, current use, past use,
or missing) were also included.

Table 4—HRs of type 2 diabetes according to 4-year changes in dietary quality (categories in AHEI scores) stratified by BMI at
the beginning of the 4-year period, pooled results of NHS (1986–2010), NHS II (1991–2011), and HPFS (1986–2010)*

Initial BMI (kg/m2)

Diet quality change category 4 years later

P for trend
HR per 10%

score increase

Decrease

No change or
stable

(6,3%)

Increase

Moderate
to large
(.10%)

Small to
moderate
(3–10%)

Small to
moderate
(3–10%)

Moderate
to large
(.10%)

,25 1.12 (0.89–1.42) 1.01 (0.85–1.18) 1 0.91 (0.78–1.06) 0.84 (0.69–1.01) 0.01 0.89 (0.82–0.96)

25–29 1.37 (1.20–1.58) 0.99 (0.90–1.10) 1 0.98 (0.89–1.07) 0.94 (0.84–1.05) 0.0006 0.90 (0.86–0.94)

$30 1.21 (1.07–1.37) 1.06 (0.97–1.16) 1 0.89 (0.82–0.97) 0.82 (0.75–0.90) ,0.0001 0.88 (0.84–0.91)

Values are reported as HR (95% CI), unless otherwise indicated. *Adjusted for age; ethnicity (white/nonwhite); family history of diabetes (yes/no);
baseline AHEI, physical activity, and total energy intake at the beginning of each 4-year period (all in quintiles); 4-year changes in smoking status
(never to never, never to current, past to past, past to current, current to past, current to current, or missing indicator), physical activity, and total
energy intake (all in quintiles); and a medical history of hypertension (yes/no) and hypercholesterolemia (yes/no). In the NHS and NHS II,
postmenopausal status and postmenopausal hormone use (never use, current use, past use, or missing) were also included.
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an impact on diabetes prevention in the
subsequent years. In the randomized con-
trolled PREDIMED (Prevención con Dieta
Mediterránea) trial, participants assigned
to a Mediterranean diet without calorie
restriction had a significant 40% diabetes
risk reduction with extra-virgin olive oil
supplementation and a nonsignificant
18% risk reduction with mixed nut sup-
plementation compared with a low-fat
control diet after 4.1 years of follow-up
(9). Here we reported that incremental
changes in diet quality (per 10% improve-
ment in AHEI score) were associated with
an 11% reduction in diabetes risk. The
effect sizes were smaller in the current
study, likely because the PREDIMED trial
selected participants who were at risk for
CVD (9), whereas the current investigation
represented a general population. The cur-
rent study provides evidence for the incre-
mental benefits of improving diet quality
by following public health recommenda-
tions in a general population. In addition,
we provide evidence, for the first time to
our knowledge, that deterioration in diet
quality is associated with a higher risk of
the development of diabetes, indepen-
dent of baseline BMI and concurrent
changes in physical activity.
The potential mechanisms explaining

the lower risk with improvement in over-
all diet quality are multifactorial because
healthful dietary patterns include multi-
ple food components. Changes in the
consumption of individual food items
that are known to be associated with
type 2 diabetes risk have been also asso-
ciated with long-term weight gain (36).
Increased adipose mass may influence
the pathogenesis of type 2 diabetes
through mechanisms such as alterations
in proinflammatory and anti-inflamma-
tory proteins contributing to reduced
sensitivity to insulin (37). However, con-
current changes in body weight only
partly explained the association be-
tween changes in diet quality and diabe-
tes risk in the current study. In addition,
we testedusing stratified analysiswhether
the benefits of diet quality changes re-
mained throughout the categories of ini-
tial body weight and confirmed that the
associations remained. This may be ex-
plained by multiple food components in
overall diet contributing to multiple
pathways to diabetes prevention. For ex-
ample,moderate alcohol consumptionhas
been associated with improved insulin
sensitivity (38), whereas red/process

meat intakes have been associated with
weight gain (36). Previously in the current
study cohorts, changes in the consump-
tion of individual food items, such as of
red meat (39) and alcohol (40), were as-
sociated with subsequent risk of the de-
velopment of type 2 diabetes. Therefore,
investigating the overall dietary quality
accounting for food and nutrient interac-
tions is helpful in understanding the overall
role of dietary changes. In addition, com-
municating overall diet quality improve-
ment offers a clearer message to the
public as food items are consumed in com-
binations in the daily diet.

The strengths of the current study de-
sign, which include a large sample size
with high long-term follow-up rates and
repeated assessments of dietary and
lifestyle variables, provided the unique
ability to investigate changes in diet qual-
ity on the subsequent risk of type 2 diabe-
tes. The current study also has several
limitations. Our study participants were
health professionals of primarily European
ancestry, and, therefore, the observed as-
sociations may not be generalizable to
other populations. Although AHEI score
is useful to measure overall diet quality
changes in the current study populations,
it will be important to confirmourfindings
in other populations accounting for cultur-
ally suitable dietary patterns and potential
confounding factors and practices specific
to the population. Because of a ceiling ef-
fect among participants who start with a
high AHEI score, the current results may
underestimate the role of a healthful
diet. However, in our stratified analysis
by baseline diet quality, the reported as-
sociation remained across the categories
of baseline AHEI score. The observed
beneficial effect of diet quality changes
may have been confounded by other
healthful behaviors, although we at-
tempted to account for these con-
founders through statistical adjustment
of regression models. The stratified anal-
ysis by changes in physical activity with
adjustment for baseline BMI at the begin-
ning of each 4-year period further dem-
onstrates the beneficial effects of diet
quality improvement both in groups that
had improved and worsened physical ac-
tivity levels. This confounding seemed to
have a greater influence on older partici-
pants, especially among older men, since
we observed that the associations were
more pronounced in younger women.
However, the current study was limited

by its study design to understand the un-
derlying behavioral and biological mecha-
nisms. Investigations using longer-term
trials controlled for potential confounders
including caloric intakes, physical activity,
and clinically measured covariates, such
as blood pressure, will be needed to fur-
ther understand the causality of the pres-
ently reported associations.

In conclusion, improving the overall diet
quality over a 4-year periodwas associated
with a lower risk of the development of
type 2 diabetes in the subsequent 4 years
in these prospective cohorts of U.S. adults,
whereas deterioration in diet quality was
associated with a higher risk of the devel-
opment of type 2 diabetes, and the asso-
ciationbetweenchanges indiet quality and
diabetes risk was only partly explained by
changes in body weight. Expanding from
previous RCT evidence that demonstrated
that individually tailored dietary interven-
tions can prevent or delay type 2 diabetes
among those at high risk (1), we provide
evidence that changing overall diet quality
may have a significant impact on long-term
diabetes risk. Further, our findings provide
scientific evidence supporting the current
public health recommendation (10–12),
which is to adopt healthful dietary patterns
for long-term type 2 diabetes prevention.
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PREDIMED Study Investigators. Reduction in
the incidence of type 2 diabetes with the Med-
iterranean diet: results of the PREDIMED-Reus
nutrition intervention randomized trial. Diabe-
tes Care 2011;34:14–19
14. Willett WC, Sampson L, Stampfer MJ, et al.
Reproducibility and validity of a semiquantitative
food frequency questionnaire. Am J Epidemiol
1985;122:51–65
15. Willett W. Reproducibility and validity of
food-frequency questionnaires. In Nutritional

Epidemiology. 2nd ed. New York, Oxford Univer-
sity Press, 1998, p. 101–147
16. Rimm EB, Giovannucci EL, Stampfer MJ,
Colditz GA, Litin LB, Willett WC. Reproduc-
ibility and validity of an expanded self-adminis-
tered semiquantitative food frequency
questionnaire among male health professionals.
Am J Epidemiol 1992;135:1114–1126; discussion
1127–1136
17. Hu FB, Rimm E, Smith-Warner SA, et al. Re-
producibility and validity of dietary patterns as-
sessed with a food-frequency questionnaire.
Am J Clin Nutr 1999;69:243–249
18. McCullough ML, Feskanich D, Stampfer MJ,
et al. Diet quality and major chronic disease risk
in men and women: moving toward improved
dietary guidance. Am J Clin Nutr 2002;76:1261–
1271
19. Rimm EB, Stampfer MJ, Colditz GA, Chute
CG, Litin LB,WillettWC. Validity of self-reported
waist and hip circumferences in men and
women. Epidemiology 1990;1:466–473
20. Colditz GA, Martin P, Stampfer MJ, et al.
Validation of questionnaire information on risk
factors and disease outcomes in a prospective
cohort study of women. Am J Epidemiol 1986;
123:894–900
21. Ascherio A, Rimm EB, Giovannucci EL, et al.
A prospective study of nutritional factors and
hypertension among US men. Circulation
1992;86:1475–1484
22. Manson JE, Rimm EB, Stampfer MJ, et al.
Physical activity and incidence of non-insulin-
dependent diabetes mellitus in women. Lancet
1991;338:774–778
23. Hu FB, Leitzmann MF, Stampfer MJ, Colditz
GA, Willett WC, Rimm EB. Physical activity and
television watching in relation to risk for type 2
diabetesmellitus in men. Arch InternMed 2001;
161:1542–1548
24. National Diabetes Data Group. Classifica-
tion and diagnosis of diabetes mellitus and
other categories of glucose intolerance. Diabe-
tes 1979;28:1039–1057
25. AmericanDiabetesAssociation. Report of
the expert committee on the diagnosis and clas-
sification of diabetes mellitus. Diabetes Care
1997;20:1183–1197
26. Durrleman S, Simon R. Flexible regression
models with cubic splines. Stat Med 1989;8:
551–561
27. Lin DY, Fleming TR, De Gruttola V. Estimating
the proportion of treatment effect explained by a
surrogate marker. Stat Med 1997;16:1515–1527
28. Kaushik M, Mozaffarian D, Spiegelman D,
Manson JE, Willett WC, Hu FB. Long-chain

omega-3 fatty acids, fish intake, and the risk of
type 2 diabetesmellitus. Am J Clin Nutr 2009;90:
613–620
29. Heidemann C, Hoffmann K, Spranger J, et al.;
European Prospective Investigation into Cancer
and Nutrition (EPIC)dPotsdam Study Cohort. A
dietary pattern protective against type 2 diabetes
in the European Prospective Investigation into
Cancer and Nutrition (EPIC)dPotsdam Study co-
hort. Diabetologia 2005;48:1126–1134
30. Imamura F, Lichtenstein AH, Dallal GE, Meigs
JB, Jacques PF. Generalizability of dietary patterns
associated with incidence of type 2 diabetes mel-
litus. Am J Clin Nutr 2009;90:1075–1083
31. Liese AD, Weis KE, Schulz M, Tooze JA. Food
intake patterns associated with incident type 2
diabetes: the Insulin Resistance Atherosclerosis
Study. Diabetes Care 2009;32:263–268
32. McNaughton SA, Mishra GD, Brunner EJ.
Dietary patterns, insulin resistance, and inci-
dence of type 2 diabetes in the Whitehall II
Study. Diabetes Care 2008;31:1343–1348
33. Schulze MB, Hoffmann K, Manson JE, et al.
Dietary pattern, inflammation, and incidence of
type 2 diabetes in women. Am J Clin Nutr 2005;
82:675–684; quiz 714–715
34. Fung TT, Schulze M, Manson JE, Willett WC,
Hu FB. Dietary patterns, meat intake, and the
risk of type 2 diabetes in women. Arch Intern
Med 2004;164:2235–2240
35. de Koning L, Chiuve SE, Fung TT, WillettWC,
Rimm EB, Hu FB. Diet-quality scores and the risk
of type 2 diabetes in men. Diabetes Care 2011;
34:1150–1156
36. Mozaffarian D, Hao T, Rimm EB,Willett WC,
Hu FB. Changes in diet and lifestyle and long-
term weight gain in women and men. N Engl J
Med 2011;364:2392–2404
37. DonathMY, Shoelson SE. Type 2 diabetes as
an inflammatory disease. Nat Rev Immunol
2011;11:98–107
38. Bonnet F, Disse E, Laville M, et al.; RISC
Study Group. Moderate alcohol consumption
is associated with improved insulin sensitivity,
reduced basal insulin secretion rate and lower
fasting glucagon concentration in healthy
women. Diabetologia 2012;55:3228–3237
39. Pan A, Sun Q, Bernstein AM, Manson JE,
Willett WC, Hu FB. Changes in red meat con-
sumption and subsequent risk of type 2 diabe-
tes mellitus: three cohorts of US men and
women. JAMA InternMed 2013;173:1328–1335
40. JoostenMM, Chiuve SE,Mukamal KJ, Hu FB,
Hendriks HFJ, Rimm EB. Changes in alcohol con-
sumption and subsequent risk of type 2 diabe-
tes in men. Diabetes 2011;60:74–79

2018 Diet Quality Changes and Type 2 Diabetes Diabetes Care Volume 39, November 2016

https://health.gov/dietaryguidelines/2015-scientific-report/pdfs/scientific-report-of-the-2015-dietary-guidelines-advisory-committee.pdf
https://health.gov/dietaryguidelines/2015-scientific-report/pdfs/scientific-report-of-the-2015-dietary-guidelines-advisory-committee.pdf
https://health.gov/dietaryguidelines/2015-scientific-report/pdfs/scientific-report-of-the-2015-dietary-guidelines-advisory-committee.pdf
https://health.gov/dietaryguidelines/2015-scientific-report/pdfs/scientific-report-of-the-2015-dietary-guidelines-advisory-committee.pdf

