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ABSTRACT
Background: Sugar-sweetened beverages (SSBs) have been asso-
ciated with an increased risk of diabetes mellitus (DM), whereas

the association with artificially sweetened beverages (ASBs) is

unclear.
Objective: We aimed to evaluate the associations of ASB and SSB
consumption with the risk of developing DM and the potential

benefit of replacing SSBs with ASBs or water.
Design: The national Women’s Health Initiative recruited a large
prospective cohort of postmenopausal women between 1993 and

1998. ASB, SSB, and water consumption was measured by lifestyle

questionnaires, and DM was self-reported.
Results: Of 64,850 women, 4675 developed diabetes over an
average of 8.4 y of follow-up. ASBs and SSBs were both asso-

ciated with an increased risk of DM with an HR of 1.21 (95% CI:

1.08, 1.36) comparing ASB consumption of $2 serving/d to

never or ,3 serving/mo, and an HR of 1.43 (95% CI: 1.17,

1.75) comparing SSB consumption of$2 serving/d to,1 serving/wk

(1 serving ¼ one 12-ounce can or 355 mL). Subgroup analysis

found an increased risk of DM associated with ASBs only in the

obese group. Modeling the substitution of SSBs with an equal

amount of ASBs did not significantly reduce the risk of devel-

oping DM. However, statistically substituting 1 serving of ASBs

with water was associated with a significant risk reduction of

5% (HR: 0.95; 95% CI: 0.91, 0.99), whereas substituting 1 serv-

ing of SSBs with water was associated with a risk reduction of

10% (HR: 0.90; 95% CI: 0.85, 0.95).
Conclusions: ASBs were associated with a 21% increased risk of
developing DM, approximately half the magnitude of SSBs (as-

sociated with a 43% increased risk). Replacing ASBs and SSBs

with water could potentially reduce the risk. However, caution

should be taken in interpreting these results as causal because

both residual confounding and reverse causation could explain

these results. Am J Clin Nutr 2017;106:614–22.

Keywords: diabetes mellitus, sweetened beverages, diet soda,
sweetening agents, nonnutritive sweeteners

INTRODUCTION

Diabetes mellitus (DM) is a prevalent and costly disease whose
burden is increasing. According to the CDC, DM affects w29.1
million people or 9.3% of the US population (1). The total es-
timated cost of diagnosed diabetes in 2012 was $245 billion,
which included $176 billion in direct medical expenditures and
$69 billion in reduced productivity (2). The American Diabetes
Association recommends avoiding excess energy intake as a pre-
ventive measure for DM (3). Sugar-sweetened beverages (SSBs)
are a leading source of added dietary sugar (4, 5) and excess energy,
with most research linking SSBs to an increased risk of diabetes (6–
17). SSB consumption is accompanied by weight gain and obesity
(8), which are known DM risk factors (18). American Diabetes
Association recommendations therefore suggest that nonnutritive
sweeteners could replace added sugar within a structured diet to
maintain a healthy weight and minimize risk; however, the evidence
is inconclusive on the risks and benefits of nonnutritive sweeteners,
including artificially sweetened beverages (ASBs) (19).

The number of studies evaluating the association of ASB con-
sumption and the development of DM are somewhat limited com-
pared with SSBs, and the results have been mixed (11–17). Findings
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from a US cohort (20), a European cohort (13), a Japanese cohort
(17), and a meta-analysis of cohort studies (15) suggested an elevated
DM risk related to a higher consumption of ASBs, whereas other
studies found no association (11) or attenuated association when
adjusting for adiposity and/or energy intake (12, 16). Interestingly,
one analysis in both sexes identified a significantly higher risk of
DM associated with caffeine-free ASBs only within women (14).

The primary objective of this study was to investigate the
prospective association of ASBs and SSBs, individually and in
combination, with DM in a well-characterized cohort of post-
menopausal women. We hypothesized that both will be associ-
ated with a higher risk of DM, so we further modeled the possible
impact of replacing SSBs with ASBs or plain water to prevent or
delay the development of DM.

METHODS

Study participants

The Women’s Health Initiative (WHI) recruited a cohort of
93,676 women aged 50–79 y at 40 clinical centers across the
United States between 1993 and 1998 in a prospective obser-
vational study (OS) (21). Data were collected through physical
examination, demographics, medical history and outcomes, and
lifestyle and dietary intake questionnaires. Details of the WHI OS
design have been published elsewhere (21). Diet soda and diet
fruit drink (ASB) consumption was first assessed by using a
questionnaire separate from the WHI food-frequency question-
naire (FFQ) during the year 3 annual visit [(AV3) origin of our
analysis]. Information on SSBs and other dietary intake was col-
lected by using the FFQ at year 3, at the same time that ASB
consumption was assessed. All outcomes related to DM were

collected through 2010 as part of the WHI Extension Study. There
were 64,850 women who were part of the current analysis based
on our exclusion criteria: prevalent DM cases at baseline and
before or at AV3 (6278 excluded), ASB consumption not mea-
sured at the AV3 (10,168 further excluded), follow-up length not
available (342 further excluded), implausible dietary data (energy
intake ,600 or .5000 kcal/d) (3671 further excluded), under-
weight [BMI (in kg/m2) ,18.5] or missing BMI (6253 further
excluded), and missing important covariates (2114 further excluded)
(Figure 1). The WHI protocol and consent forms were approved by
the institutional review boards for each participating institution and
the clinical coordinating center.

ASB consumption

Participants were asked about the frequency of ASB con-
sumption during the past 3 mo on the AV3 OS follow-up
questionnaire. Nine options were given, including “never or
less than 1 per month,” “1–3 per month,” “1 per week,” “2–4 per
week,” “5–6 per week,” “1 per day,” “2–3 per day,” “4–5 per
day,” and “6 or more per day.” The unit of measurement was one
12-ounce can (355 mL). Because sample sizes in some cate-
gories were small, we collapsed these categories into 4 for an-
alytic purposes: “never or less than 3 per month,” “1–6 per week,”
“1 per day,” and “2 or more per day.” In addition, we treated the
ASB consumption as continuous by taking the midpoint of the
9 categories to create a continuous variable.

SSB consumption

Participants were asked on the FFQ how often they consumed
regular soft drinks (not diet) during the past 3 mo in number of

FIGURE 1 Flowchart for exclusion from the OS participants. ASB, artificially sweetened beverage; AV3, year 3 annual visit; DM, diabetes mellitus;
FFQ, food-frequency questionnaire; OS, observational study; WHI, Women’s Health Initiative.
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medium servings (12 ounces or 1 can or 355 mL). The 9 options
were the same as for the ASB question. Participants could check
their serving size as small, medium, or large. Additionally,
participants were asked how often they drank “orange juice and
grapefruit juice,” “other fruit juices such as apple, grape,” and
“Tang, Kool-Aid, Hi-C, and other fruit drinks” during the past 3 mo
in number of 6-ounce glasses (177 mL). For these 3 questions, the
response options were “never or less than once per month,” “1 per
month,” “2–3 per month,” “1 per week,” “2 per week,” “3–4 per
week,” “5–6 per week,” “1 per day,” and “2 or more per day”.
These were converted into continuous variables by WHI, the sum
of which taken as the continuous variable for SSB consumption
in number of 12-ounce (355 mL) cans, after adjusting for
serving size. We also analyzed SSBs in 4 categories compa-
rable to ASB consumption: ,1 serving/wk, 1 to ,7 servings/wk,
1 to ,2 servings/d, and $2 servings/d.

Water consumption

Participants were asked about the frequency of consumption
of tap and bottled water, separately, during the past 3 mo, on the
AV3 OS follow-up questionnaire. The same 9 frequency options
as for the ASB question were given, except that the serving size
was an 8-ounce glass (237 mL). We treated both tap water and
bottled water consumption as continuous by taking the midpoint
of the 9 categories to create continuous variables. Both variables
were converted into the same serving size as ASBs and SSBs
(measured in 12-ounce or 355-mL cans). Total water consumption
was the sum of tap and bottled water.

DM

Prevalent and incident DM was assessed via questionnaires at
enrollment and each annual follow-up. Participants were asked if
“a doctor prescribed for the first time any of the following pills
or treatments: pills for diabetes or insulin shots for diabetes”
since their last medical update. They were classified as self-reported
diabetes cases if they answered “yes” to this question. Because the
incident diabetes cases were diagnosed in postmenopausal women
.50 y of age, they are mostly likely to be type 2 diabetes cases.

Statistical analysis

Descriptive statistics were generated for participants’ char-
acteristics at AV3 within categories of ASB consumption to
evaluate their bivariate association. Specifically, means 6 SDs
were generated as descriptive statistics for each continuous co-
variate, whereas frequency (percentages) were generated for
each categorical covariate. Potential confounders or mediators
were determined based on previous knowledge and prior liter-
ature. Potential confounders measured at AV3 were included in
the multivariable Cox proportional hazards models if the co-
variate was determined to be not on the causal pathway. The full
model included ASB consumption (never or ,3 servings/mo,
1–6 servings/wk, 1 serving/d, or $2 servings/d), SSB consump-
tion (,1 serving/wk, 1 to,7 servings/wk, 1 to,2 servings/d, or
$2 servings/d), age (continuous), race (non-Hispanic white, Af-
rican American, Hispanic, or other), marital status (partnered or
not partnered), family income (,$20k, $20k to ,$50k, $$50k,
or missing), education (more than high school, high school, some
college or associate degree, college graduate or above), family

history of diabetes (yes, no, or missing), BMI (continuous),
change in BMI (continuous), waist-to-hip ratio (WHR; continu-
ous), systolic blood pressure (continuous), insurance status (yes, no,
or missing), antihypertensive use (yes or no), antihyperlipidemic
use (yes or no), hormone replacement therapy use (never, past,
current, or missing), calibrated energy (continuous, calibrated
based on age, BMI, and ethnicity by using doubly labeled water)
(22), glycemic load (GL) based on available carbohydrates (con-
tinuous), glycemic index (GI) based on available carbohydrates
(continuous), Alternate Healthy Eating Index (continuous) (23),
cardiovascular history (yes or no), hysterectomy history (yes or no),
smoking status (never, past, current, or missing), physical activity
(.20, 8.4–20, 1.8 to ,8.4, or ,1.8 metabolic equivalent h/wk),
sitting time (#5, 5 to ,10, or $10 h/d), and alcohol consumption
(continuous). An interaction term for SSB and ASB intake tested
their multiplicative interaction.

Follow-up duration in person-years was calculated as the
interval between AV3 and the earliest of any of the following: 1)
date of annual medical history update when new DM was re-
ported, 2) date of last data collection from the main study if the
participant did not enter the Extension Study, 3) date of last data
collection from the Extension Study, or 4) date of reported
death. Adjusted HRs were computed for the relation between
beverage consumption and the incidence of diabetes from Cox
proportional hazards models. We visually examined the pro-
portionality assumptions of the hazards models across ASB
categories by using the log (log (survival probability) versus log
(person-years) plot, and no violation was found. The analyses
were also performed stratifying on BMI categories (normal
weight, overweight, and obese) and simultaneously controlling
for continuous BMI within each stratum.

We also broke down SSBs into 3 components: fruit juice, regular
soda, and fruit drinks. They were included in the models simul-
taneously in place of SSBs, categorized as follows:,1 serving/wk
(reference), 1 serving/wk to ,1 serving/d, and $1 serving/d. The
highest 2 categories used for SSB consumption were collapsed to
achieve larger sample sizes and numbers of diabetes cases.

To model the potential impact of the replacement of ASBs and
SSBs with water, we performed substitution analysis to examine
whether there was a beneficial effect on the risk of developing
DM.We included ASBs, SSBs, and water as continuous variables
in the same model and used the differences in their b coefficients
to estimate the HRs for substituting ASBs with water,
substituting SSBs with water, and substituting SSBs with ASBs.
The 95% CIs were computed by using their variance and co-
variance matrices (24, 25).

Because a substantial proportion (11.5%) of the participants
was missing ASB information at AV3 and missing was signifi-
cantly associated with BMI, we were concerned about missing
data potentially biasing our results. We therefore performed
inverse probability weighting (IPW) analysis as a sensitivity
analysis (26). A prediction model was first built for the proba-
bility of not missing ASB information, and the reciprocals of the
probabilities were used as weights in the Cox proportional
hazards models to evaluate the association between ASB con-
sumption and DM risk. We also performed lag analysis in which
the diabetes cases that developed within the first 2, 3, or 4 y of
follow-up were excluded, because of concerns of undetected
prediabetes cases at AV3. All statistical analyses were conducted
in SAS version 9.4 (SAS Institute).
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TABLE 1

Descriptive characteristics (at the year 3 annual visit unless otherwise specified) by ASB consumption categories1

ASB consumption categories (n = 64,850)

Never or ,3 servings/mo

(n = 42,257)

1–6 servings/wk

(n = 14,602)

1 serving/d

(n = 4961)

$2 servings/d

(n = 3030)

Age at screening, y 64.1 6 7.3 62.8 6 7.1 61.5 6 7.1 60.1 6 6.8

Race/ethnicity, n (%)

White, non-Hispanic 36,524 (86.4) 12,974 (88.9) 4432 (89.3) 2738 (90.4)

African American 2579 (6.1) 773 (5.3) 235 (4.7) 148 (4.9)

Hispanic/Latino 1179 (2.8) 401 (2.8) 141 (2.8) 81 (2.7)

Other 1975 (4.7) 454 (3.1) 153 (3.1) 63 (2.1)

Education level, n (%)

Less than high school 1425 (3.4) 525 (3.6) 194 (3.9) 117 (3.9)

High school 10,203 (24.2) 3710 (25.4) 1212 (24.4) 752 (24.8)

Some college or associate degree 11,098 (26.3) 3908 (26.8) 1353 (27.3) 877 (28.9)

College graduate or higher 19,531 (46.2) 6459 (44.2) 2202 (44.4) 1284 (42.4)

Family income, n (%)

,$20,000 5034 (11.9) 1433 (9.8) 476 (9.6) 344 (11.3)

$20,000 to ,$50,000 16,448 (38.9) 5566 (38.1) 1753 (35.3) 1114 (36.8)

$$50,000 18,267 (43.2) 6783 (46.5) 2451 (49.4) 1429 (47.2)

Missing 2508 (5.9) 820 (5.6) 281 (5.7) 146 (4.8)

BMI (continuous), kg/m2 26.5 6 5.3 28.0 6 5.4 28.6 6 5.8 29.8 6 6.4

BMI, n (%)

18.5 to ,25.0 19,225 (45.5) 4798 (32.9) 1439 (29.0) 701 (23.1)

25.0 to ,30.0 14,492 (34.3) 5553 (38.0) 1873 (37.8) 1076 (35.5)

$30.0 8540 (20.2) 4251 (29.1) 1649 (33.2) 1253 (41.4)

Change in BMI between enrollment and year 3 0.3 6 2.9 0.4 6 2.9 0.4 6 3.2 0.6 6 3.3

Waist-to-hip ratio 0.80 6 0.08 0.81 6 0.08 0.81 6 0.08 0.82 6 0.08

Systolic blood pressure, mm Hg 125.9 6 17.4 125.8 6 16.9 124.8 6 16.6 124.9 6 16.7

Diastolic blood pressure, mm Hg 73.2 6 9.3 73.6 6 9.0 73.8 6 9.1 74.1 6 9.1

Has health insurance

No 825 (2.0) 235 (1.6) 89 (1.8) 92 (3.0)

Yes 41,087 (97.2) 14,238 (97.5) 4821 (97.2) 2910 (96.0)

Missing 345 (0.8) 129 (0.9) 51 (1.0) 28 (0.9)

Calibrated total energy intake,2 kcal/d 2217.7 2293.3 2344.6 2420.8

Glycemic index based on available carbohydrates 51.2 6 4.0 51.3 6 4.0 51.4 6 4.5 51.8 6 5.0

Glycemic load based on available carbohydrates 89.2 6 35.6 89.5 6 36.0 89.8 6 37.3 93.9 6 44.7

Smoking status, n (%)

Never 22,436 (53.1) 7359 (50.4) 2394 (48.3) 1355 (44.7)

Former 17,947 (42.5) 6706 (45.9) 2358 (47.5) 1454 (48.0)

Current 1851 (4.4) 532 (3.6) 207 (4.2) 218 (7.2)

Missing 23 (0.1) 5 (0.03) 2 (0.04) 3 (0.1)

Physical activity, metabolic equivalent h/wk, n (%)

.20 11,090 (26.2) 3718 (25.5) 1210 (24.4) 652 (21.5)

8.4–20 12,673 (30.0) 4428 (30.3) 1380 (27.8) 751 (24.8)

1.8 to ,8.4 10,650 (25.2) 3723 (25.5) 1340 (27.0) 799 (26.4)

,1.8 7844 (18.6) 2733 (18.7) 1031 (20.8) 828 (27.3)

Sitting time, h/d, n (%)

#5 16,281 (38.5) 5471 (37.5) 1722 (34.7) 921 (30.4)

.5 to ,10 18,050 (42.7) 6357 (43.5) 2110 (42.5) 1221 (40.3)

$10 7926 (18.8) 2774 (19.0) 1129 (22.8) 888 (29.3)

Alcohol consumption, g/d 6.0 6 11.7 5.7 6 11.0 5.5 6 10.9 4.6 6 10.7

Using antihypertensives, n (%) 5843 (13.8) 2173 (14.9) 733 (14.8) 441 (14.6)

Using antihyperlipidemics, n (%) 5768 (13.7) 2377 (16.3) 846 (17.1) 508 (16.8)

Family history of diabetes, n (%)

No 29,594 (67.7) 9356 (64.1) 3123 (63.0) 1859 (61.4)

Yes 11,833 (28.0) 4635 (31.7) 1650 (33.3) 1023 (33.8)

Missing 1830 (4.3) 611 (4.2) 188 (3.8) 148 (4.9)

SSB consumption, servings/d 0.5 6 0.5 0.4 (0.4) 0.5 (0.5) 0.5 (1.0

SSB consumption, categorical

,1 serving/wk 12,950 (30.7) 4434 (30.4) 1720 (34.7) 1297 (42.8)

1–6 servings/wk 25,125 (59.5) 9100 (62.3) 2608 (52.6) 1295 (42.7)

1 to ,2 servings/d 3479 (8.2) 923 (6.3) 550 (11.1) 221 (7.3)

(Continued)
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RESULTS

Of the 93,676 women who participated in the OS, 64,850 were
part of the current analysis. There was a total of 4675 incident DM
cases, and the average length of follow-up was 8.4 y. The baseline
characteristics according to the category of consumption of ASBs
are presented in Table 1. Approximately 65.2% of the participants
reported consuming ,3 ASB servings/mo, 22.5% reported con-
suming 1–6 ASB servings/wk, 7.6% reported consuming 1 ASB
serving/d, and 4.7% reported consuming .1 ASB servings/d.
Women consuming .1 ASB servings/d were younger, were more
likely to be former or current smokers, were less physically active,
were more likely to be overweight or obese, had a higher pro-
portion of WHR .0.85, were more likely to be on lipid-lowering
drugs, were more likely to have a family history of DM, had
greater energy intake, and had diets with higher GI and GL, al-
though the differences in GI and GL may not be clinically
meaningful.

There was a significant dose-response relation between ASB
consumption and diabetes after adjusting for SSB consumption,
age, race, marital status, family income, education, family history
of diabetes, BMI, change in BMI, WHR, systolic blood pressure,
insurance status, usual care provider, timing of last medical visit,
antihypertensive use, antihyperlipidemic use, hormone replacement
therapy use, calibrated total energy intake (22), GL and GI based
on available carbohydrates, Alternate Healthy Eating Index (23),
cardiovascular disease history, hysterectomy history, smoking status,

physical activity, sitting time, and alcohol consumption, with HRs
of 1.03 (95% CI: 0.96, 1.11), 1.24 (95% CI: 1.13, 1.37), and
1.21 (95%CI: 1.08, 1.36) for ASB consumption of 1–6 servings/wk,
1 serving/d, and $2 servings/d, respectively, compared with
never or ,3 servings/mo (P-trend , 0.0001) (Table 2). From
the same model, consumption of SSB also increased the risk
of diabetes with HRs of 1.05 (95% CI: 0.98, 1.12), 1.09 (95%
CI: 0.97, 1.23), and 1.43 (95% CI: 1.17, 1.75) for SSB con-
sumption of 1 to ,7 servings/wk, 1 to ,2 servings/d, and
$2 servings/d, respectively, compared with ,1 serving/wk
(P-trend = 0.0004) (1 serving ¼ one 12-ounce can or 355 mL).
The interaction term for SSB and ASB intake was not signif-
icant and thus dropped from the model.

We further stratified the analytic sample based on BMI cat-
egories including normal weight (18.5# BMI, 25); overweight
(25 # BMI , 30), and obese (BMI $30), with adjustment for
continuous BMI. Consumption of ASBs was most significantly
associated with incident diabetes in obese women. This relation
remained significant after adjustment for all previously described
covariates. The HRs were 1.02 (95% CI: 0.92, 1.13), 1.24 (95% CI:
1.08, 1.41), and 1.26 (95% CI: 1.09, 1.46) for ASB consumption of
1–6 servings/wk, 1 serving/d, and $2 servings/d, respectively,
compared with never or ,3 servings/mo (P-trend = 0.0002)
(Table 3).

When breaking down SSBs into fruit juice, regular soda, and
fruit drinks, compared with,1 serving/wk, consumption of fruit

TABLE 1 (Continued )

ASB consumption categories (n = 64,850)

Never or ,3 servings/mo

(n = 42,257)

1–6 servings/wk

(n = 14,602)

1 serving/d

(n = 4961)

$2 servings/d

(n = 3030)

$2 servings/d 703 (1.7) 145 (1.0) 83 (1.7) 217 (7.2)

Regular soda (servings/d) 0.11 6 0.4 0.10 6 0.3 0.14 6 0.4 0.26 6 0.9

Fruit juice (servings/d) 0.32 6 0.3 0.30 6 0.3 0.29 6 0.3 0.25 6 0.3

Fruit drinks (servings/d) 0.02 6 0.1 0.02 6 0.1 0.02 6 0.1 0.03 6 0.2

Incident DM, n (%) 2751 (6.5) 1108 (7.6) 485 (9.8) 331 (10.9)

1 Values are means 6 SDs unless otherwise indicated. ASB, artificially sweetened beverage; DM, diabetes mellitus; SSB, sugar-sweetened beverage.
2 Values are geometric means.

TABLE 2

Associations between ASB consumption and incident diabetes mellitus1

ASB consumption categories (n = 64,850)

P-trendNever or ,3 servings/mo 1–6 servings/wk 1 serving/d $2 servings/d

n (%) 42,257 (65.16) 14,602 (22.52) 4961 (7.65) 3030 (4.67)

Cases, n 2751 1108 485 331

Unadjusted Referent 1.16 (1.08, 1.25) 1.51 (1.37, 1.66) 1.70 (1.51, 1.90) ,0.0001

Age adjusted Referent 1.18 (1.10, 1.26) 1.55 (1.40, 1.70) 1.76 (1.57, 1.97) ,0.0001

Age and race adjusted Referent 1.20 (1.12, 1.29) 1.60 (1.45, 1.76) 1.83 (1.63, 2.05) ,0.0001

Fully adjusted2 Referent 1.03 (0.96, 1.11) 1.24 (1.13, 1.37) 1.21 (1.08, 1.36) ,0.0001

1Values are HRs (95% CIs) estimated from Cox proportional hazards models. ASB, artificially sweetened beverage.
2Model adjusted for age, race, marital status, family income, education, family history of diabetes, BMI, change in

BMI, waist-to-hip ratio, systolic blood pressure, insurance status, antihypertensive use, antihyperlipidemic use, hormone

replacement therapy use, calibrated energy, sugar-sweetened beverage consumption, glycemic load based on available

carbohydrates, glycemic index based on available carbohydrates, Alternate Healthy Eating Index, cardiovascular history,

hysterectomy history, smoking status, physical activity, sitting time, and alcohol consumption.
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juice was associated with an HR of 1.04 (95% CI: 0.98, 1.11)
and an HR of 1.24 (95% CI: 1.07, 1.44), respectively, for
1 serving/wk to,1 serving/d and$1 serving/d, whereas regular
soda was also associated with a HR of 1.12 (95% CI: 1.02, 1.22)
and an HR of 1.12 (95% CI: 0.97, 1.29), respectively, and fruit
drinks with an HR of 0.99 (95% CI: 0.85, 1.15) and an HR of
1.33 (95% CI: 0.89, 1.98), respectively, adjusting for all other
covariates in the full model.

Treating ASBs and SSBs as continuous variables, we found an
increased risk for both ASBs and SSBs without significant in-
teraction. The HR associated with every 12 ounces (355 mL) of
increased ASB consumption was 1.07 (95% CI: 1.03, 1.11), and
the HR associated with the same amount increase of SSB con-
sumption was 1.13 (95% CI: 1.07, 1.20). Modeling the sub-
stitution of 1 serving ASB/d for water suggested a reduction in the
risk of DM by 5% (HR: 0.95; 95% CI: 0.91, 0.99), whereas
modeling the substitution of 1 serving SSB/d for water sug-
gested a reduction in the risk of DM by 10% (HR: 0.90; 95%
CI: 0.85, 0.95). We also modeled the substitution of SSBs with
ASBs, which suggested a potential but nonsignificant reduction
in the risk (HR: 0.94; 95% CI: 0.88, 1.01).

Sensitivity analysis with the use of IPW for missing ASB
consumption information showed similar results (Supplemental
Table 1). Because some individuals may change their dietary
habits and/or body weights if they had prediabetes, we per-
formed another sensitivity analysis excluding individuals who
developed diabetes in the first 2–4 y after ASB assessment
(Supplemental Table 2). The association remained significant
for those who consumed 1 or$2 ASB servings/d compared with
the lowest consumption category (never or ,3 servings/mo). In
addition, because the highest intake of ASBs was also associated
with higher amounts of SSBs, we examined the association of
ASBs with incident DM in those with ,1 SSB serving/wk and
found a similar graded response—HR: 1.15 (95% CI: 1.02,
1.32), HR: 1.20 (95% CI: 1.01, 1.44), and HR: 1.25 (95% CI:

1.03, 1.51) for ASB consumption of 1–6 servings/wk, 1 serving/d,
and $2 servings/d, respectively, compared with never or
,3 servings/mo.

DISCUSSION

In our analyses, ASBs and SSBs were both associated with an
increased risk of DM independent of multiple known risk factors,
including BMI, change in BMI, and total energy intake at the start
of follow-up. As mentioned in the Introduction, numerous studies
have associated a higher consumption of SSBs with an increased
risk of diabetes (6–17), but evidence was inconsistent for ASBs.
In some previous prospective cohort studies, ASBs were shown
to have no association with an increased risk of type 2 diabetes
(9, 11). The EPIC (European Prospective Investigation into
Cancer and Nutrition)-Norfolk found an elevated risk of DM
associated with ASBs, but adjustment for adiposity attenuated
the association (16). However, the Multi-Ethnic Study of Ath-
erosclerosis showed that ASB consumption was associated with
type 2 diabetes after multivariate adjustment (20). Similarly,
findings from the EPIC-French cohort (13) and a Japanese co-
hort of men (17) demonstrated positive associations between
ASB intake and diabetes, when accounting for baseline BMI. A
recent meta-analysis by Greenwood et al. (15), combining the
results from multiple prospective cohorts, found an increased
relative risk of diabetes of 1.20 for 330 mL SSB/d (P , 0.001)
and a relative risk of 1.13 for 330 mL ASB/d (P = 0.02), which
was attenuated by adjustment of BMI, but the authors cautioned
that the interpretation may have been hampered by large degrees
of heterogeneity and the possibility of reverse causality and lack
of adjustment for residual confounding. Similar findings were
obtained by a more recent meta-analysis, which nonetheless
concluded that ASBs were unlikely to be healthy alternatives to
SSBs for the prevention of type 2 diabetes (27). Both SSBs and
ASBs appeared to be associated with an increased risk of

TABLE 3

Associations between ASB consumption and incident diabetes mellitus stratified by BMI categories1

BMI categories, kg/m2 n

ASB consumption categories (n = 64,850)

P-trendNever or ,3 servings/mo 1–6 servings/wk 1 serving/d $2 servings/d

Normal weight (18.5 to ,25.0) 26,163

Unadjusted Referent 0.96 (0.81, 1.14) 1.13 (0.87, 1.47) 1.11 (0.76, 1.62) 0.4277

Age and race adjusted Referent 1.05 (0.88, 1.24) 1.35 (1.03, 1.76) 1.38 (0.94, 2.02) 0.0434

Full model2 Referent 0.98 (0.82, 1.16) 1.13 (0.86, 1.49) 1.21 (0.83, 1.78) 0.2359

Overweight (25.0 to ,30.0) 22,994

Unadjusted Referent 1.01 (0.90, 1.14) 1.22 (1.03, 1.45) 1.05 (0.83, 1.33) 0.3725

Age and race adjusted Referent 1.08 (0.96, 1.22) 1.34 (1.12, 1.59) 1.20 (0.95, 1.52) 0.0417

Full model2 Referent 1.03 (0.91, 1.16) 1.24 (1.05, 1.48) 1.01 (0.80, 1.28) 0.5649

Obese ($30.0) 15,693

Unadjusted Referent 1.00 (0.90, 1.11) 1.27 (1.11, 1.45) 1.38 (1.19, 1.59) ,0.0001

Age and race adjusted Referent 1.01 (0.92, 1.12) 1.29 (1.13, 1.47) 1.38 (1.20, 1.60) ,0.0001

Full model2 Referent 1.02 (0.92, 1.13) 1.24 (1.08, 1.41) 1.26 (1.09, 1.46) 0.0002

1Values are HRs (95% CIs) estimated from Cox proportional hazards models. The interaction between ASB and BMI was not significant, but we were

concerned about the possible reverse causality between BMI and ASB consumption, so we performed stratified analysis with respect to BMI categories. ASB,

artificially sweetened beverages.
2 Full model adjusted for age, race, marital status, family income, education, family history of diabetes, BMI, change in BMI, waist-to-hip ratio, systolic

blood pressure, insurance status, antihypertensive use, antihyperlipidemic use, hormone replacement therapy use, calibrated energy, sugar-sweetened bever-

ages, glycemic load based on available carbohydrates, glycemic index based on available carbohydrates, Alternate Healthy Eating Index, cardiovascular

history, hysterectomy history, smoking status, physical activity, sitting time, and alcohol consumption.
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metabolic syndrome development, a precursor to diabetes, in the
Framingham Heart Study (28) and the Atherosclerosis Risk in
Communities Study (29). Consistent with these findings, our
results supported a detrimental role of both SSBs and ASBs in
the development of DM. Evidence from randomized controlled
trials was largely inconclusive. In a systematic review and meta-
analysis, which compared noncaloric sweeteners and saccha-
rides, 2-h glucose responses were not significantly different
based on 3 trials identified, although another 3 trials examined
longer-term outcomes and found a significant energy reduction
in participants consuming the noncaloric sweetener, but in-
consistent results for weight and BMI and nonsignificant dif-
ferences in glycated hemoglobin, insulin resistance, and lipid
profile (30). However, in a later subgroup analysis, a 10-wk diet
high in sucrose resulted in significant elevations of postprandial
glycemia, insulinemia, and lipidemia compared with a diet high in
artificial sweeteners (31). Although these trials mostly failed to
detect adverse effects of artificial sweeteners on glucose metabo-
lism and risk factors of diabetes, they were all of relatively short
duration and in comparison with caloric sweeteners rather than
plain water.

Apart from the elevated energy intake and weight gain as-
sociated with SSB consumption, calories from the rapidly
absorbed sugars in liquid form have been suggested to result in
less satiety and an incomplete compensatory reduction in energy
intake at subsequent meals (32). The moderate-to-high GI of
regular soda, fruit drinks, or fruit juice could be an independent
risk factor (33). Randomized short-term studies investigating the
mechanism have also established causal association of SSBs with
insulin resistance and chronic inflammation, both being bio-
markers of diabetes mellitus (5). Although nonnutritive sweet-
eners have generally been considered metabolically inert, some
data suggest that these sweeteners may have physiologic effects
affecting hormone secretion, as well as intestinal absorption of
glucose, that alter appetite and/or glucose metabolism (34). Egan
and Margolskee (35) proposed that nonnutritive sweeteners
binding to sweet-taste receptors in the intestines may lead to
increased glucagon-like peptide 1 secretion, which in turn would
lower blood glucose by increasing insulin secretion and thus
increase appetite as well as induce weight gain. Corkey (36)
raised a similar hypothesis in the 2011 Banting Lecture, spec-
ulating that nonnutritive sweeteners and other food additives
might induce hypersecretion of the pancreatic islet-cell, leading
to hepatic insulin resistance and increased fat accumulation, both
key components of obesity and type 2 diabetes. In addition, a recent
article by Suez et al. (37) demonstrated that artificial sweeteners
induced glucose intolerance by altering gut microbiota in mice and
that the induced glucose intolerance was abated by treatment with
antibiotics. Additionally, they demonstrated in a small sample of
human volunteers that artificial sweetener (5 mg saccharin/kg)–
induced dysbiosis and glucose intolerance was transferable by
fecal transplants to germ-free mice, suggesting a causal relation.
Thus, there are several lines of evidence suggesting a plausible
biologic mechanism through which ASBs affects the risk of DM.
The caffeine content of both ASBs and SSBs could play a role,
but the evidence regarding the relation between caffeine and di-
abetes appears to be mixed, in that caffeine in coffee has been
suggested to be protective of the risk (38, 39), but acute doses of
caffeine have also been suggested to impair insulin sensitivity
(40).

In the face of a rapidly growing diabetes epidemic, individuals
have turned to artificially sweetened foods and ASBs during the
past 3 decades. Implicit and explicit messages from manufac-
turers and conventional wisdom have suggested that the use of
artificially sweetened products would help in weight control and
might help prevent diabetes as well as metabolic syndrome.
However, our study and others (13, 17, 20) showed that ASB
consumption is associated with an increased risk of DM in-
dependent of multiple confounding factors. Further research is
needed to replicate our results and understand whether a causal
relation exists between ASBs and DM, especially in light of the
findings by Suez et al. (37). Of note, the increased risk of diabetes
associated with both ASBs and SSBs could potentially be re-
duced with water replacement as suggested by our statistical
substitution analyses. This is consistent with and somewhat more
conservative than the substitution results from the EPIC-Norfolk
cohort (16). This supports the notion that, on an individual and
population level, switching to water may help control the well-
documented increased risk of diabetes and metabolic syndrome
with SSBs and perhaps the increased risk with ASBs found in our
study.

One of the main strengths of our study is that it was based on a
large, multiethnic, geographically dispersed cohort with many of
the known DM risk factors measured. Other strengths are that we
accounted for w8 y of follow-up and that the outcome of self-
reported DM has been validated by medical record review and
laboratory data in this cohort (41). We tried to account for many
confounders that may affect the consumption of ASBs, as well
as incidence of diabetes.

One major limitation of this study is its observational study
design. There is the possibility that residual confounding might
have biased our results, leading to false-positive associations. The
possibility of reverse causality, where participants at a higher risk
of diabetes or prediabetes choose to consume ASBs in an attempt
to control weight, is a particular problem when interpreting these
results. We have attempted to control for this in multiple sen-
sitivity analyses including lag analysis, IPW for selection bias
due to missing data, and adjustment for BMI, calibrated energy,
and changes in BMI from baseline to AV3 when ASB con-
sumption was ascertained. We also showed the strongest asso-
ciation between ASBs and DM in obese women (BMI$ 30) even
after adjustment of continuous BMI within strata. However,
despite our results showing an increased risk of diabetes, reverse
causality or unmeasured confounding could still explain our
results; therefore, caution is necessary when interpreting the
results. Measurement error could always be an issue when as-
sessing dietary intakes from an FFQ or questions similar to those
in the FFQ. It has been reported that for most nutrients means
estimated by the FFQ were within 10% of the food records or
diet recalls, and the correlation between the FFQ and the records
and recalls was similar to other FFQs (42). We adjusted for
calibrated total energy in an attempt to control for both random
and systematic measurement errors in the dietary intakes. The
current analysis only included postmenopausal women, so results
are not readily generalizable to other populations.

In summary, postmenopausal women with a higher ASB
consumption had a dose-dependent increased risk of incident
diabetes independent of known risk factors. A significant dose-
response association remained after accounting for BMI and
other known risk factors in obese women. The risk of developing
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diabetes associated with ASBs was of smaller magnitude than
with SSBs but still elevated to a meaningful degree especially at
the highest level of intake. The risk of incident diabetes may
potentially be reduced by replacing ASBs and SSBs with water.
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