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Abstract
Background: The 2018 World Cancer Research Fund/American Institute for Cancer Research (WCRF/AICR) 3rd expert
report highlights up-to-date Cancer Prevention Recommendations that may reduce burdens of many chronic dis‑
eases, including diabetes. This study examined if following a lifestyle that aligns with the recommendations – assessed
via the 2018 WCRF/AICR Score – was associated with lower risk of type 2 diabetes in high-risk adults participating in
the Diabetes Prevention Program Outcomes Study (DPPOS).
Methods: The Diabetes Prevention Program (DPP) randomized adults at high risk for diabetes to receive a lifestyle
intervention (ILS), metformin (MET) or a placebo (PLB) (mean: 3.2 years), with additional follow-up in DPPOS for 11
years (mean: 15 years total). 2018 WCRF/AICR Scores included seven components: body weight, physical activity,
plant-based foods, fast foods, red and processed meat, sugar-sweetened beverages, and alcohol; the optional breast‑
feeding component was excluded. Scores ranged 0-7 points (with greater scores indicating greater alignment with
the recommendations) and were estimated at years 0, 1, 5, 6, 9, and 15 (N=3,147). Fasting glucose and HbA1c were
measured every six months and oral glucose tolerance tests were performed annually. Adjusted Cox proportional
hazard ratios (HRs) and 95% confidence intervals (CIs) were used to examine the association of both Score changes
from years 0-1 and time-dependent Score changes on diabetes risk through DPP and year 15.
Results: Scores improved within all groups over 15 years (p<0.001); ILS Scores improved more than MET or PLB
Scores after 1 year (p<0.001). For every 1-unit improvement from years 0-1, there was a 31% and 15% lower diabetes
risk in ILS (95% CI: 0.56-0.84) and PLB (95% CI: 0.72-0.97) through DPP, and no significant association in MET. Associa‑
tions were greatest among American Indian participants, followed by non-Hispanic White and Hispanic participants.
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Score changes from years 0-1 and time-dependent Score changes in ILS and PLB remained associated with lower risk
through year 15.
Conclusions: Score improvements were associated with long-term, lower diabetes risk among high-risk adults rand‑
omized to ILS and PLB, but not MET. Future research should explore impact of the Score on cancer risk.
Trial registration: Diabetes Prevention Program: NCT00004992; Diabetes Prevention Program Outcomes Study:
NCT00038727
Keywords: Alcohol, Diet, Disease prevention, Obesity, Physical activity, Weight

Background
The global burden of diabetes is growing. According to
the International Diabetes Federation, diabetes affects
approximately 451 million people worldwide and may
affect 693 million people by 2045 [1]. The cancer burden
is similarly growing, with 14.1 million new cases in 2012
and a projected 24 million cases in 2035 [2]. These two
non-communicable diseases (NCDs) share mechanistic pathways [3–5] and, given persons with diabetes are
estimated to have a 20-25% higher cancer incidence than
persons without diabetes [2], a greater emphasis on diabetes prevention could potentially reduce incidence of
cancer as well as diabetes.
In 2018, the World Cancer Research Fund (WCRF) and
American Institute of Cancer Research (AICR) published
updated, evidence-based recommendations focused on
lifestyle factors that can reduce cancer risk, as well as
other NCDs [6]. The WCRF/AICR Score was created in
2019 to operationalize eight of ten recommendations:
1) maintain a healthy body weight, 2) engage in regular physical activity (PA), 3) eat a diet rich in vegetables,
fruits, whole grains, and beans, 4) limit consumption of
fast foods and other processed foods high in fat, starches,
or sugars, 5) limit consumption of red and processed
meats, 6) limit consumption of sugar-sweetened beverages (SSBs), 7) limit consumption of alcohol, and 8) for
mothers, breastfeed exclusively if possible for six months
[6, 7]. Although cancer risk is an important endpoint, the
WCRF/AICR’s lifestyle recommendations also influence
other NCDs like diabetes; studies are needed that examine how the Score predicts risk across health outcomes.
No studies to date have examined how alignment with the
2018 WCRF/AICR Recommendations affect diabetes risk
and diabetes-related outcomes, though evidence supports
each of these lifestyle factors’ impact on diabetes risk.
Overweight/obesity, poor diet, and physical inactivity
may increase risk for both type 2 diabetes and cancer
through similar pathways [6, 8]. Excess intra-abdominal
adipose tissue may increase insulin resistance, initiate
hyperinsulinemia and chronic low-grade inflammation, and lead to increased pro-inflammatory factors

and oxidative stress [2, 9]. PA can also influence body
weight and decrease risk of obesity-related cancers,
and may improve insulin sensitivity, immunity, and
reduce oxidative stress and inflammation [10]. Aside
from caloric imbalance, certain dietary factors captured in the WCRF/AICR Recommendations are also
strongly associated with obesity and diabetes [11–13].
Fruits and vegetables provide rich sources of antioxidants and, along with dietary fiber intake, may improve
insulin sensitivity and secretion and prevent weight
gain [13, 14]. Conversely, processed foods have fewer
phytochemicals, vitamins, and minerals, which may
reduce insulin sensitivity and increase systemic inflammatory markers; processed meats contain higher levels
of nitrates, pro-oxidative agents like iron, and advanced
glycation end-products, all of which may increase diabetes risk; and sugar-sweetened beverages (SSBs) may
impact blood glucose levels, promote hepatic lipogenesis and insulin resistance, and adversely affect regulation of hunger and satiety [11, 13].
The Diabetes Prevention Program (DPP) and followup DPP Outcomes Study (DPPOS) investigated if an
intensive lifestyle intervention or treatment with metformin in individuals at high-risk could prevent or
delay the development of type 2 diabetes [15, 16]. The
DPP lifestyle intervention was based on recommendations from the 1995 Dietary Guidelines for Americans
and addressed similar areas as the 2018 WCRF/AICR
Recommendations [17]. Many past studies investigated
how changes in weight, diet quality, and PA individually impact diabetes risk; few studies have examined
these lifestyle factors together [18, 19]. DPP provides
a unique opportunity to examine how lifestyle changes
can affect diabetes risk. This study aimed to examine if
1) following a lifestyle that aligns with the 2018 WCRF/
AICR Cancer Prevention Recommendations lowers risk
for diabetes in adults at high-risk of type 2 diabetes,
2a) if change in the 2018 WCRF/AICR Score over time
affects long-term diabetes risk; and 2b) if any associations differ between those randomized to a lifestyle
intervention compared to metformin or placebo.
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Research design and methods
Study population

The study protocol for DPP is publicly available at
https://dppos.bsc.gwu.edu/web/dppos/dpp [20] and
the design and methods for both DPP and DPPOS are
detailed elsewhere (NCT00004992, NCT00038727)
[16, 21–23]. Briefly, DPP was a multicenter, randomized
controlled clinical trial that recruited 3,234 participants
(68% women, 45% from various ethnic/racial minority
groups) from 27 clinical centers across the U.S. (19961999). Eligible participants were ≥25 years, had a body
mass index (BMI) ≥24 kg/m2 (≥22 kg/m2 for Asian/
Pacific Islanders), and had plasma glucose concentration
between 5.3-6.9 mmol/L (95-125 mg/dL) in the fasting
state and 7.8-11.0 mmol/L (140-199 mg/dL) two hours
following a 75g oral glucose tolerance test (OGTT). Participants were excluded from this secondary analysis if
they were missing dietary data (n=74), waist circumference (WC) or PA (n=4), or had energy outliers (n=9) at
baseline. Outliers were defined as values more than two
interquartile ranges above the 75th or below the 25th
percentile on the logarithmic scale. The rate of missing
data was low (~70% had dietary and visit data at 15 years)
and did not differ among treatment groups; missing data
were assumed to be missing at random. The final analytic
cohort included 3,147 participants (see Supplemental
Figure 1). Participants without year 1 dietary data available were excluded from analyses assessing Score change
from baseline to year 1 (N=247).
DPP and DPPOS study designs

Participants in DPP were randomly assigned to receive an
intensive lifestyle intervention (ILS), metformin (MET)
or a placebo pill (PLB). ILS participants were offered an
individualized 16-lesson curriculum over 24 weeks followed by monthly sessions through DPP. The curriculum
focused on diet, exercise, and behavior change to a lowfat, low-calorie diet (<25% kcal from fat) and to perform
≥150 min/week of PA, with the primary goal to achieve
≥7% weight loss from baseline weight [17]. MET participants were assigned to take blinded 850g metformin
twice daily; PLB participants were assigned a matching
placebo pill twice daily. Both the MET and PLB groups
received written standard lifestyle recommendations and
a one-on-one lifestyle session annually [22]. Participants
were followed for an average of 3.2 years.
Given the efficacy of ILS, DPP was terminated and
participants’ groups were disclosed in July 2001; all participants were then offered the 16-session ILS curriculum
[17] in group format through a Healthy Lifestyle Program
(HELP) during a 6-month Bridge period [24] and invited
to participate in the long-term follow-up study (DPPOS).
DPPOS participants were offered group lifestyle HELP
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sessions every three months to reinforce weight and
activity goals. ILS participants were offered an additional
2-4 booster lifestyle sessions twice annually. Metformin
was continued unmasked in the MET group. Years of
follow-up will be referred to as: years 0 (DPP baseline), 1
(DPP 1 year follow-up), and years 5, 6, 9, and 15 (DPPOS
years 1, 2, 5, and 11). Protocols were approved by the
local institutional review boards of participating study
centers (Supplemental Table 1); all participants provided
written informed consent.
Exposure: The 2018 WCRF/AICR Score

The 2018 WCRF/AICR Score is used to estimate alignment with the 2018 WCRF/AICR Cancer Prevention
Recommendations [6]. Eight recommendations operationalized within the standardized scoring system (Supplemental Table 2) address body weight, PA, fruit/
vegetables and fiber, ultra-processed foods, red and
processed meat, SSBs, and alcohol; the optional breastfeeding component was not included. Thus, total Scores
ranged from 0-7 points, with a greater Score indicating
greater alignment to the recommendations.
Data collection
Body composition

The body weight component of the Score is calculated
based on BMI (kg/m2) and WC. BMI was estimated from
participants’ height (cm) and weight (kg). Height was
attained at years 0, 1, and 15; the most recently measured
height was used to calculate BMI at each visit. Weight
was measured twice annually and WC (cm) was measured annually by trained personnel in duplicate. If there
was a discrepancy larger than 0.5 cm for height and WC
or 0.2 kg for weight, a third measure was taken and the
average of the three were reported.
Physical activity

PA was collected at every annual visit through 15 years
using the Modifiable Activity Questionnaire (MAQ), a
valid and reliable tool to assess adult moderate and vigorous PA (MVPA) [25, 26]. The 37 activities included in
the questionnaire were considered to be MVPA based on
guidance from the 2011 Compendium of Physical Activities. As detailed in Supplemental Table 2, participants
were categorized as meeting the PA recommendation if
they performed ≥150 min/week of MVPA (equivalent of
7.5 MET hours/week).
Dietary intake

Study participants completed a modified version of the
Insulin Resistance Atherosclerosis Study (IRAS) food frequency questionnaire (FFQ) in-person with trained personnel [27]. The 117-item questionnaire captured dietary
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recalls over the past year and was administered at years
0, 1, 5, 6, 9, and 15. Nutrient and energy estimates were
calculated using the DietSys Nutrient Analysis Program
and Nutrition Data System (version 2.6/8A/23, Nutrition
Coordinating Center, University of Minnesota, Minneapolis, MN, USA) [27]. Data were used to calculate the
five dietary components of the Score (fruits/vegetables
and fiber, fast foods, red and processed meat, SSBs, and
alcohol), as well as energy. Details of how each component was estimated are included in Supplemental Table 2.
Demographic covariates

Self-reported age (years), sex (male/female), race/ethnicity (Non-Hispanic White, Non-Hispanic Black, Hispanic,
American Indian, Asian/Pacific Islander), education
(years), smoking (never, current, former), family history
of type 2 diabetes (yes/no), marital status (never married,
living together, married, separated, divorced, widowed),
and hormone therapy (in women, yes/no) were collected
at year 0.
Outcome

Fasting glucose and HbA1c were measured every six
months and OGTTs were performed annually. The primary outcome was the development of diabetes based on
the 1997 American Diabetes Association criteria: fasting plasma glucose ≥7 mmol/L (≥126 mg/dL) or 2-hour
plasma glucose ≥11.1 mmol/L (≥200 mg/dL) after a 75g
oral glucose load [21], confirmed by repeat test within six
weeks. Participant outcomes were collected for DPP until
July 31, 2001 and for DPPOS were used until January 2,
2014.
Statistical analysis

Descriptive statistics were used to examine characteristics of the study population. Comparisons between
groups were computed using ANOVA for continuous
variables and chi-squared tests for categorical variables.
Cox proportional hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated for the association
of the 2018 WCRF/AICR Score with incident diabetes
over time, with person-years as the underlying time metric. The Score was modeled as a continuous variable (i.e.,
risk per 1-point increase). To examine if and how Scores
changed over time (i.e., accounting for a time-dependent
Score) and how they were associated with risk differences
by group, the association between Score changes from
years 0-1 on diabetes risk was examined through DPP
(average 3 years follow-up) and through DPPOS (~15years follow-up). Additionally, the association between
time-dependent Score changes over 15 years and diabetes risk was examined. Treatment group, age, sex, race/
ethnicity, and smoking were tested as potential effect
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modifiers; models were stratified as needed. Base models
adjusted for age, sex, and baseline risk score. Multivariate
models additionally adjusted for race/ethnicity, marital
status, family history of type 2 diabetes, education, hormone therapy, and baseline energy intake.
Given the distribution of the data for fruit/vegetables
and SSBs, sensitivity analyses were performed excluding participants with data outliers identified using the
same approach described above to determine if they significantly affected estimates. Asian participant weight
component cut-points were also adjusted in a second
sensitivity analysis following World Health Organization
(WHO) guidelines and WCRF/AICR Recommendations
[6, 28]. Additionally, a sensitivity analysis was conducted
to examine if findings differed by DPPOS lifestyle session
attendance.
Lastly, models were run to explore the independent
associations of each individual WCRF/AICR Score component. To further explore the effect of weight change
and PA, models were run to assess associations with
the body weight and PA components combined; the five
nutrition components combined; and the Score excluding
the weight component. All exploratory models adjusted
for the other components in the Score and aforementioned covariates. SAS version 9.4 (SAS Institute, Inc.,
Cary, NC) was used for all analyses. Statistical tests were
two-sided, with a significance level of 0.05.

Results
Study participant characteristics

Among the 3,147 participants, there were 611 cases of
diabetes reported in DPP and 1,580 cases by year 15.
Mean baseline age of participants was 50.6 years; 68%
were female (Table 1). Approximately half of participants
were non-Hispanic White, 20% were non-Hispanic Black,
and 16% were Hispanic; a small percent were Asian/
Pacific Islander (5%) or American Indian (4.4%). Over
half of participants were never smokers and only 7% were
current smokers. Almost 70% of participants reported
a family history of diabetes and 62% were married. The
mean BMI was in the range of Class 1 obesity (33.9 kg/
m2) and mean WC was 105.0 cm. There were no significant differences in participant characteristics or baseline
Score by treatment group (Table 2).
Continuous distributions of Score components are
included in Table 1. Table 2 includes a breakdown of the
proportion of participants meeting, partially meeting,
or not meeting each of the Score’s recommendations at
baseline. The mean WCRF/AICR Score across groups
was 3.24 out of 7 points; the majority of participants did
not meet body weight, PA, and red and processed meat
recommendations. However, most participants met
or partially met the recommendations for plant-based
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Table 1 Baseline Characteristics of DPP and DPPOS participants by treatment group (N = 3,147)a
All
N = 3,147

Lifestyle
N = 1,044

Metformin
N = 1,044

Placebo
N = 1,059

50.6 ± 10.7

50.6 ± 11.3

51.0 ± 10.3

50.3 ± 10.4

Non-Hispanic White

1741 (55.3)

572 (54.8)

592 (56.7)

577 (54.5)

Non-Hispanic Black

620 (19.7)

195 (18.7)

212 (20.3)

213 (20.1)

Hispanic

490 (15.6)

170 (16.3)

156 (14.9)

164 (15.5)

American Indian

157 (5.0)

53 (5.1)

48 (4.6)

56 (5.3)

Asian/Pacific Islander

139 (4.4)

54 (5.2)

36 (3.4)

49 (4.6)

Never

1841 (58.5)

606 (58.0)

617 (59.1)

618 (58.4)

Former

1088 (34.6)

372 (35.6)

356 (34.1)

360 (34.0)

Current

218 (6.9)

66 (6.3)

71 (6.8)

81 (7.6)

2182 (69.4)

727 (69.7)

709 (67.9)

746 (70.5)

Never Married

405 (12.9)

143 (13.7)

135 (12.9)

127 (12.0)

Living Together

121 (3.8)

44 (4.2)

32 (3.1)

45 (4.2)

Married

1954 (62.1)

644 (61.7)

646 (61.9)

664 (62.7)

Separated

88 (2.8)

30 (2.9)

31 (3.0)

27 (2.5)

Divorced

437 (13.9)

134 (12.8)

154 (14.8)

149 (14.1)

Widowed

142 (4.5)

49 (4.7)

46 (4.4)

47 (4.4)

14.8 ± 3.1

14.8 ± 3.1

14.9 ± 3.0

14.8 ± 3.2

33.9 ± 6.6

33.8 ± 6.7

33.8 ± 6.6

34.1 ± 6.6

106.5 ± 8.3

106.2 ± 8.0

106.5 ± 8.5

106.7 ± 8.4

Age (years)
Female (%)

2131 (67.7)

711 (68.1)

692 (66.3)

728 (68.7)

Race/ethnicity (%)

Smoking Status (%)

Family History of Diabetes (%)
Marital Status (%)

Education (years)
Receiving hormone therapy (female) (%)
BMI (kg/m2)
Waist (cm)
Fasting glucose (mg/dl)
2-Hour glucose (mg/dl)
HbA1c (%)

528 (16.8)

105.0 ± 14.4
164.6 ± 17.0
5.9 ± 0.5

183 (17.5)

105.0 ± 14.7
164.3 ± 16.8
5.9 ± 0.5

191 (18.3)

104.8 ± 14.4
165.0 ± 17.3
5.9 ± 0.5

154 (14.5)

105.2 ± 14.2
164.6 ± 17.1
5.9 ± 0.5

Total energy intake (kcal)b

1891 (1453, 2540)

1874 (1451, 2533)

1914 (1474, 2606)

1889 (1424, 2506)

Leisure MET (hours)b

9.9 (4.0, 20.6)

9.7 (4.0, 19.6)

10.1 (4.0, 20.7)

10.0 (3.9, 21.2)

Fruits and Vegetables (serv/day) b

3.8 (2.4, 5.6)

3.7 (2.5, 5.7)

3.8 (2.4, 5.5)

3.8 (2.3, 5.6)

Fiber (g/day) b

14.8 (10.6, 20.1)

14.9 (10.6, 20.3)

14.9 (10.7, 20.0)

14.5 (10.2, 19.9)

Sugar-sweetened beverages (g/day) b

96.3 (11.3, 266.3)

89.4 (16.9, 257.5)

107.5 (17.5, 69.4]

90.0 (8.8, 253.8)

Alcohol (drinks/day) b

0.0 (0.0, 0.1)

0.0 (0.0, 0.1)

0.0 (0.0, 0.2)

0.0 (0.0 , 0.1)

Red meat (g/day) b

241.0 (110.1, 428.4)

238.0 (107.1, 422.5)

249.9 (119.0, 441.8)

238.0 (101.2, 422.5)

Processed meat (g/day) b

122.0 (44.6, 276.7)

130.9 (47.6, 281.1)

125.0 (46.1, 285.6)

116.0 (41.7, 258.8)

UPFs (% kcal/day)

0.4 ± 0.1

0.4 ± 0.1

0.4 ± 0.1

0.4 ± 0.1

BMI body mass index, DPP Diabetes Prevention Program, DPPOS Diabetes Prevention Program Outcome Study, kcal kilocalories, MET metabolic equivalent of task, serv
servings, UPFs ultra-processed foods
a
Data are N (%) or mean±SD unless otherwise noted. P-values reported are for ANOVA for continuous variables and χ2 tests for categorical variables. There were no
significant differences by treatment group (p>0.05).
b

Data are median (25th and 75th percentile). P-values reported are for Wilcoxon rank sum test. There were no significant differences by treatment group (p>0.05).

foods, SSBs, and alcohol. There were no significant differences by treatment group (Table 2).
There were Score improvements within all treatment
groups from years 0-1, as well as at year 15 (p < 0.0001,
Fig. 1). When comparing Scores between groups, the
ILS group had greater Score improvements compared to
the MET and PLB groups between years 0-1 (p < 0.001),

however, there were no significant differences between
groups at year 15 (p = 0.237). Asian/Pacific Islander participants consistently had the highest Scores, followed
by Hispanic and Non-Hispanic White participants.
Non-Hispanic Black and American Indian participants
consistently had the lowest Scores over 15 years (Supplemental Figure 2).
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Table 2 Participant alignment with the 2018 WCRF/AICR Scoretotal Score and by component (N=3,147)a
Baseline Score and
Components

Lifestyle
N = 1044

Total WCRF/AICR Score

3.24 ± 1.10 3.22 ± 1.06

By component (N (%))

Metformin
N = 1044

Placebo
N = 1059
3.25 ± 1.08

Body weight
   Did not meet

665 (63.7)

675 (64.7)

688 (65.0)

  Partially Met

361 (34.6)

351 (33.6)

358 (33.8)

  Met

18 (1.7)

18 (1.7)

13 (1.2)

Physical activity
   Did not meet

246 (23.6)

246 (23.6)

258 (24.4)

  Partially Met

184 (17.6)

184 (17.6)

176 (16.6)

  Met

614 (58.8)

614 (58.8)

625 (59.0)

Plant-based foods
   Did not meet

228 (21.8)

253 (24.2)

269 (25.4)

  Partially Met

759 (72.7)

723 (69.3)

722 (68.2)

  Met

57 (5.5)

68 (6.5)

68 (6.4)

Fast-foods
   Did not meet

351 (33.6)

336 (32.2)

358 (33.8)

  Partially Met

354 (33.9)

353 (33.8)

346 (32.7)

  Met

339 (32.5)

355 (34.0)

355 (33.5)

   Did not meet

615 (58.9)

629 (60.2)

621 (58.6)

  Partially Met

256 (24.5)

245 (23.5)

248 (23.4)

  Met

173 (16.6)

170 (16.3)

190 (17.9)

Findings were not significant for the MET group (HR:
0.95, 95% CI: 0.79-1.14) (Table 3). Additionally, when
stratified by race/ethnicity, associations were strongest
among American Indian participants (HR: 0.33 (95%
CI: 0.17-0.66), followed by Non-Hispanic White (HR:
0.75, 95% CI: 0.66-0.85) and Hispanic participants (HR:
0.79, 95% CI: 0.63-0.99); findings were not significant in
non-Hispanic Black and Asian/Pacific Islander participants (Supplemental Table 3).
Overall, every one-point improvement in 2018 WCRF/
ACIR Scores between years 0-1 was associated with a
13% reduction in diabetes incidence (95% CI: 0.82-0.93)
through year 15 (Table 3). When examined by treatment
group, findings were only significant in the ILS (HR: 0.81,
95% CI: 0.72-0.90) and PLB groups (HR: 0.87, 95% CI:
0.78-0.96). When the time-dependent Score was examined over 15 years, there was a similar reduction in risk
per one-unit change overall (HR: 0.88, 95% CI 0.83-0.93)
and in the ILS (HR: 0.82, 95% CI 0.74-0.92) and PLB
groups (HR: 0.85, 95% CI: 0.77-0.94), but not the MET
group (Table 3).
Sensitivity analysis

Red and processed meat

Sugar-sweetened beverages
   Did not meet

267 (25.6)

276 (26.4)

266 (25.1)

  Partially Met

564 (54.0)

551 (52.8)

559 (52.8)

  Met

213 (20.4)

217 (20.8)

234 (22.1)

Alcohol
   Did not meet

30 (2.9)

38 (3.6)

26 (2.5)

  Partially Met

490 (46.9)

493 (47.2)

494 (46.6)

  Met

524 (50.2)

513 (49.1)

539 (50.9)

AICR American Institute for Cancer Research, WCRF World Cancer Research Fund
a

Data are N (%). P-value for χ2 tests across treatment groups. There were no
significant differences by treatment group (p>0.05).

Excluding seven participants (N=3,140) with outliers for
fruit and vegetables and SSBs did not affect results (data
not shown). Asian/Pacific Islander participants’ Scores
decreased when the body weight component cut-points
were adjusted (Supplemental Figure 3), but the weight
component did not fully account for the difference in
Scores compared to other race/ethnic groups; they continued to have the highest Scores over time.
Lifestyle class attendance during DPPOS was low
across intervention groups: approximately 80% of participants attended fewer than a quarter of the sessions
offered. Moreover, a similar pattern of Score change was
found over time regardless of DPPOS class attendance
rate (data not shown).

2018 WCRF/AICR Score changes over time and diabetes risk

2018 WCRF/AICR Score components change over time
and diabetes risk

There was a significant interaction between both treatment group race/ethnicity and change in Score from
years 0-1 through the end of DPP on diabetes risk
(p=0.032 and 0.044, respectively), but not through
year 15 or when examining time-dependent Score
changes and risk. There were no significant interactions between age, sex, or smoking status (p-interaction
>0.05) and Score on diabetes risk. For every one-unit
improvement in Score from years 0-1, those in the ILS
and PLB groups had a 31% (HR: 0.69, 95% CI: 0.560.84) and 15% (HR: 0.85, 95% CI: 0.73-0.98) reduction
in diabetes risk through the end of DPP, respectively.

Results for the association between change in the seven
components of the 2018 WCRF/AICR Score and diabetes risk are included in Supplemental Table 4. Alignment
with the body weight recommendation was associated with the greatest reduction in diabetes risk across
treatment groups over time, although associations only
remained significant across comparisons for the ILS
group. Alignment with PA and plant-based diet recommendations were associated with the next greatest reduction in diabetes risk, though this was not consistent
across groups. Additionally, the red and processed meat
component was significantly associated with diabetes risk
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Fig. 1 Changes in DPP and DPPOS participants 2018 WCRF/AICR Scores over time, by treatment g
 roup1. AICR, American Institute for Cancer
Research; DPP, Diabetes Prevention Program; DPPOS, Diabetes Prevention Program Outcomes Study; WCRF, World Cancer Research Fund. 1Data
shown are mean±SEM. The results are unadjusted for covariates. 2018 WCRF/AICR Scores were calculated at years 0, 1, 5, 6, 9, and 15 by the three
DPP treatment groups. Triangles = placebo group, circles = Metformin group, squares = intensive lifestyle group

Table 3 Hazard ratios and 95% confidence intervals for improvement in the 2018 WCRF/AICR Score and diabetes risk by treatment
groupa,b
Overall

Lifestyle

Metformin

Placebo

c

Score change between years 0 and 1 and risk through end of DPP
611/2900

138/961

196/968

277/971

 Based

Cases/N

0.83 (0.75, 0.91)

0.69 (0.56, 0.84)

0.95 (0.79, 1.14)

0.84 (0.72, 0.97)

 Multivariatee

0.83 (0.75, 0.91)

0.69 (0.56, 0.84)

0.95 (0.79, 1.14)

0.85 (0.73, 0.98)

Score change between year 0 and 1 and risk through year 15f
1490/2900

463/961

481/968

546/971

 Based

Cases/N

0.87 (0.81, 0.92)

0.80 (0.71, 0.89)

0.95 (0.85, 1.06)

0.86 (0.78, 0.96)

 Multivariatee

0.87 (0.82, 0.93)

0.81 (0.72, 0.90)

0.95 (0.85, 1.06)

0.87 (0.78, 0.96)

Time-dependent Score (years 0 to 15) and risk through year 15f
1580/3147

486/1044

515/1044

579/1059

 Based

Cases/N

0.87 (0.82, 0.93)

0.82 (0.73, 0.91)

0.95 (0.85, 1.06)

0.85 (0.77, 0.94)

 Multivariatee

0.88 (0.83, 0.93)

0.82 (0.74, 0.92)

0.95 (0.85, 1.06)

0.85 (0.77, 0.94)

AICR American Institute for Cancer Research, DPP Diabetes Prevention Program, WCRF World Cancer Research Fund. Results with significant p-values (p<0.05) are
bolded. Data shown are HR for incident diabetes per one-point positive change in Score
a
The N included examining Score change between years 0 and 1 is slightly lower than the time-dependent Score analysis because some participants were missing
year 1 nutrition data but have subsequent years’ nutrition data.
b

Diabetes is defined based on the 1997 American Diabetes Association criteria: fasting plasma glucose ≥ 7 mmol/L (≥ 126 mg/dL) measured every six months or
2-hour plasma glucose ≥ 11.1 mmol/L (≥200 mg/dL) after a 75 g oral glucose load [21].

c

Year 0 through the end of the Diabetes Prevention Program represents a mean follow-up time of 3.2 years

d

Base model adjusted for age, sex, and baseline risk score

e

Multivariate model adjusted age, sex, race/ethnicity, marital status, family history of type 2 diabetes, smoking status, years of education, hormone therapy, baseline
total caloric intake, and baseline risk score
f

DPPOS follow-up through January 2014 was included in the study, representing a mean follow-up time of 15 years
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in the PLB group over 15-years follow-up (Supplemental
Table 4).
The association between changes in weight and PA
components combined, five nutrition components combined, and total Score excluding the weight component
and diabetes risk are included in Supplemental Table 5.
Changes in alignment with weight and PA components
combined after year 1 and over time were associated with
significant reductions in diabetes risk in the ILS group;
risk decreased for all groups when time-dependent
Scores were examined, though the greatest risk reductions remained in the ILS group. Alignment with the five
nutrition components combined was associated with
reduced diabetes risk in the PLB group only when looking at Score changes from years 0-1 and risk through year
15. Scores excluding the weight component were only
significantly associated with reduced diabetes risk in the
PLB group.

Discussion
The current study examined if following a lifestyle
aligned with the 2018 WCRF/AICR Cancer Prevention
Recommendations significantly lowers risk for diabetes
in adults at high risk of developing diabetes. The hypotheses were that improving alignment with the guidelines
via improved 2018 WCRF/AICR Scores would be associated with lower diabetes risk over time, and that the
association between the Score and risk would differ by
DPP intervention group. Specifically, we anticipated the
greatest improvements in Scores and reduction in diabetes risk in the ILS group and least changes in the PLB
group. When examining the association between changes
in Scores from years 0-1 and diabetes incidence through
the end of DPP and DPPOS, as well as the association
between time-dependent Score changes and risk through
DPPOS, those in the ILS group had the greatest overall
reduction in risk. However, those in the PLB group also
had a reduced risk of diabetes with improving Score
through DPP and DPPOS; findings in the MET group
were not significant.
These findings add to our understanding of how lifestyle recommendations for cancer prevention may
impact diabetes risk. The greatest improvements in
Scores were seen between years 0-1, particularly for the
ILS group. This is not unexpected, given it was during
the intensive DPP intervention period; over the next 11
years, as support through the program decreased, ILS
Scores slowly approached those of the MET and PLB
groups. In the PLB group, there was also a significant
reduction in diabetes risk with increasing Score. Over the
course of the Bridge period and DPPOS, one could postulate that identification of being in the PLB group may
have prompted participant efforts to improve lifestyle
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behaviors. However, fewer than six lifestyle sessions were
attended on average by PLB participants, and PLB Scores
did not significantly improve in DPPOS compared to
MET or ILS. Another explanation may be the presence of
survivorship bias, where those who are healthier remain
in the cohort and thus appear to have a lower risk of diabetes. This may also explain the increase in Scores across
groups from years 9-15. Finally, the MET group did not
have a risk reduction in relation to the Score compared
to the other groups; taking metformin may have had the
strongest impact on the overall diabetes risk of these
participants. Aside from suppression of hepatic gluconeogenesis, metformin may reduce diabetes risk through
appetite and caloric intake rather than energy expenditure, thus minimizing the impact of the Score’s dietary
and PA components.
Another finding of this study was that Asian/Pacific
Islander participants consistently had the highest Scores
over 15 years, including after body weight component
cut-points were adjusted, followed by Hispanic and
Non-Hispanic White participants; non-Hispanic Black
and American Indian participants consistently had the
lowest Scores. However, when stratified models were
examined for Score changes from years 0-1 and associated risk through DPP, the greatest inverse associations
were seen among American Indian participants, followed
by Non-Hispanic White and Hispanic participants; findings were not significant among Asian/Pacific Islander
and non-Hispanic Black participants. Underlying biological differences in glucose or insulin metabolism [29,
30] and genetic factors may differentially impact risk for
diabetes [31, 32] as well as other factors, including socioeconomic factors and differences in cultural eating patterns [32]. Stratified findings may also have been affected,
though, by the broadness of race/ethnic categories –
i.e., the capturing of genetic and cultural heterogeneity
within each group [31] – and/or the limited sample size
for each group. Future studies in diverse populations may
help elucidate these differences in associations by race/
ethnicity.
To the best of our knowledge, this is the first study to
examine the association between WCRF/AICR Cancer Prevention Recommendations and diabetes risk.
The Recommendations encompass not just weight loss
and PA, but also diet quality goals. Past studies in DPP/
DPPOS examined the association of individual lifestyle
factors and diabetes risk. Such studies in DPP observed
that improvements in diet quality as well as changes in
macronutrient consumption (e.g., higher high-fiber carbohydrate intake and lower total and saturated fat intake)
over one year predicted weight loss but did not predict
reductions in diabetes incidence [33, 34]. Hamman et al.
examined the impact of meeting ILS goals among the
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ILS group and found that neither meeting PA or fat gram
goals predicted diabetes incidence once adjusting for
weight loss [18]. When extended to DPPOS, Kriska et al.
found that PA was related to a reduction in weight and
diabetes incidence over an average 12 years of follow-up
for the overall cohort and most significantly in the ILS
group [35]. Together these studies on individual lifestyle
factors support our findings suggesting that improvements in a combination of lifestyle behaviors can positively impact diabetes risk.
Our exploratory by-component analysis suggests that
change in body weight is a main driver of the Score’s
association with diabetes risk. This is expected given that
the DPP study enrolled participants with overweight and
obesity and there is strong evidence that weight loss is a
major contributor to reduced diabetes incidence [18, 36].
However, exploratory findings suggest PA, plant-based
foods, and fast foods components may also be driving
some of the associations seen in this study. Both the five
nutrition components combined, as well as the Score
excluding the weight component, were also associated
with reduced diabetes risk in the PLB group.
Additionally, given this study had a small proportion
of smokers and overall low alcohol consumption, it is
unsurprising there was no effect modification by smoking status or that, overall, alcohol was not a driving factor in this population. Though there was an increased
risk of diabetes with greater alignment with the alcohol
recommendation in the ILS group, this finding was consistent with previous research, which has reported that
moderate alcohol use is associated with lower diabetes
risk and lower insulin secretion at similar levels of insulin resistance [37, 38]. The relationship observed in this
study may be due to low rates of alcohol consumption in
the cohort or may be confounded by other unmeasured
factors; however, despite this paradoxical association,
the association between higher Scores and decreased
diabetes incidence was still robust. Indeed, the Score
was not developed to investigate one component alone,
and adherence to each recommendation and the impact
of each component on disease risk may vary by population. Many 2018 WCRF/AICR Cancer Prevention Recommendations included in the Score are also interrelated
(e.g., fast food and SSB recommendations are based on
evidence linking intake with obesity). Greater emphasis
should thus be on the total Score and examining how the
combined recommendations impact disease risk.
There are many strengths in this study. First, this study
used a standardized scoring system for lifestyle behavior changes. Second, although the ILS curriculum in
DPP did not specifically examine adherence to the 2018
WCRF/AICR Cancer Prevention Recommendations,
their guidance on body weight, PA goals, and healthy
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eating aligned well with them. Additionally, the lifestyle
sessions that reinforced the ILS group’s healthy choices
and the lifestyle sessions provided to all participants after
DPP provided an opportunity to further examine how
changes in compliance impacted diabetes risk. Lastly, the
study included a diverse group of participants, data were
collected at multiple time points allowing for the study of
time-dependent Score changes, and the follow-up period
beyond the DPP intervention enabled examination of
diabetes risk over 15 years.
Limitations included recall bias and potential misclassification due to measurement error from self-report
questionnaires. The cut-points in the WCRF/AICR Score
may also not be ideal for all participants. E.g., WHO and
the 2018 WCRF/AICR 3rd expert report suggest alternate
BMI and WC cut-points for Asian adults. However, in a
sensitivity analysis with updated cut-points, Asian/Pacific
Islander participants remained the highest scoring group.
Additionally, though this study was in a diverse sample of
participants, there were small sample sizes for some race/
ethnic groups in stratified analyses. Future studies can
examine if there are similar differences in associations by
race/ethnicity.
As previously mentioned, there is also the potential
for survivor bias. Lastly, all components are weighted
equally, though there are likely differential effects. Future
methodological work could examine the implications of
reweighting components.

Conclusions
Our study suggests that adapting a lifestyle to better
align with the 2018 WCRF/AICR Cancer Prevention
Recommendations may reduce risk of diabetes in highrisk adults with pre-diabetes. Weight loss alone did not
appear to be the only driver of reduced risk for diabetes,
but also PA and dietary changes. Future research should
explore how diabetes risk reduction may impact cancer
risk in populations with prediabetes.
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