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Although the role of sugar-sweetened beverages in cardio-
vascular disease (CVD) risk has been described,1–3 previous 

research on artificially sweetened beverages (ASB) has been 
limited. In a previous Women’s Health Initiative (WHI) study, 
consumption of ≥2 servings of ASB a day was associated with 
a 30% increase in composite CVD events and all-cause mor-
tality and a 50% increase in CVD mortality after controlling for 
CVD risk factors.4 Data regarding ASB consumption and CVD 
events from other studies are inconsistent. In the Framingham 
Offspring cohort, ASB consumption, but not consumption of 

sugar-sweetened beverages, was associated with an increased 
risk for both stroke and dementia.5,6 In the Nurses’ Health Study, 
an association was observed between sweetened beverages, but 
not ASB, and coronary heart disease (CHD).3 Data from the 
Northern Manhattan Study indicated an association of ASB con-
sumption with increased risk of cardiovascular events (stroke, 
myocardial infarction [MI], and vascular deaths).7

The WHI Observational Study (WHI-OS) cohort affords an 
excellent opportunity to examine the association of ASB with 
stroke, CHD, and all-cause mortality in older women with an 
extended duration of follow-up. The WHI-OS is a multicenter 

Background and Purpose—We examine the association between self-reported consumption of artificially sweetened 
beverages (ASB) and stroke and its subtypes, coronary heart disease, and all-cause mortality in a cohort of postmenopausal 
US women.

Methods—The analytic cohort included 81 714 women from the Women’s Health Initiative Observational Study, a multicenter 
longitudinal study of the health of 93 676 postmenopausal women of ages 50 to 79 years at baseline who enrolled in 1993 
to 1998. This prospective study had a mean follow-up time of 11.9 years (SD of 5.3 years.) Participants who completed 
a follow-up visit 3 years after baseline were included in the study.

Results—Most participants (64.1%) were infrequent consumers (never or <1/week) of ASB, with only 5.1% consuming ≥2 
ASBs/day. In multivariate analyses, those consuming the highest level of ASB compared to never or rarely (<1/wk) had 
significantly greater likelihood of all end points (except hemorrhagic stroke), after controlling for multiple covariates. 
Adjusted models indicated that hazard ratios and 95% confidence intervals were 1.23 (1.02–1.47) for all stroke; 1.31 
(1.06–1.63) for ischemic stroke; 1.29 (1.11–1.51) for coronary heart disease; and 1.16 (1.07–1.26) for all-cause mortality. 
In women with no prior history of cardiovascular disease or diabetes mellitus, high consumption of ASB was associated 
with more than a 2-fold increased risk of small artery occlusion ischemic stroke hazard ratio =2.44 (95% confidence 
interval, 1.47–4.04.) High consumption of ASBs was associated with significantly increased risk of ischemic stroke in 
women with body mass index ≥30; hazard ratio =2.03 (95% confidence interval, 1.38–2.98).

Conclusions—Higher intake of ASB was associated with increased risk of stroke, particularly small artery occlusion subtype, 
coronary heart disease, and all-cause mortality. Although requiring replication, these new findings add to the potentially 
harmful association of consuming high quantities of ASB with these health outcomes.    (Stroke. 2019;50:555-562. DOI: 
10.1161/STROKEAHA.118.023100.)
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longitudinal study of the health of nearly 100 000 postmeno-
pausal women enrolled in 1993 to 1998 and with continuing 
follow-up. Here we investigated the association of ASB with 
both ischemic and hemorrhagic stroke separately. We also eval-
uated the association of ASB with subtypes of ischemic stroke, 
which previous studies have not explored. We hypothesized that 
ASBs were associated with all types of ischemic stroke.

Methods
Data used in this study are publicly available at the NHLBI BioLINCC 
and can be accessed at https://biolincc.nhlbi.nih.gov/home/. The WHI 
consists of a set of overlapping clinical trials (hormone therapy, die-
tary modification, and calcium/Vitamin D supplementation) and a 
separate observational study (WHI-OS), which is the cohort used 
in this study. Women of ages 50 to 79 years were recruited into the 
WHI-OS during 1993 to 1998 in 40 clinical sites in the United States 
through mass mailings using voter registration, motor vehicle reg-
istration, and commercial lists. Women who did not wish to join or 
were not eligible for the WHI clinical trials of hormone therapy or die-
tary modification were also invited to enroll in WHI-OS. A detailed 
description of WHI is published elsewhere.8,9 WHI-OS participants 
(N=93 676) had a clinic visit at enrollment (referred to henceforth as 
a screening visit) during which they completed questionnaires and 
had a physical examination and blood draw. They were also asked 
to bring in all their pill bottles. The label data from the pill bottles 
were transcribed into the Medications Database and matched to the 
corresponding item in a pharmacy database (Master Drug Database 
[MDDB]; Medi-Span, Indianapolis, IN) that included brand and ge-
neric drug names, national drug codes, and a therapeutic class code 
provided by the American Hospital Formulary Service. The computer 
system was updated approximately every quarter with a new phar-
macy database to ensure completeness of the list of available prod-
ucts. Participants were asked to return for another clinic visit 3 years 
after enrollment (year 3 visit), at which point these procedures were 
repeated (N=82 563). It was at the year 3 visit that participants were 
asked to estimate their consumption of ASB. Participants with missing 
responses to the question (n=849) were excluded from the analyses. 
Therefore, our analytic cohort consisted of 81 714 women. Follow-up 
time after year 3 was for a mean of 11.9 years (SD=5.3 years.) The 
overall WHI protocol was approved by institutional review commit-
tees of participating institutions, and participating women provided 
written informed consent for their overall study activities.

Ascertainment of Stroke, CHD 
Outcomes, and Mortality
Outcomes studied were overall stroke, which includes fatal and non-
fatal stroke; ischemic stroke; hemorrhagic stroke, ischemic stroke 
subtypes as determined by the TOAST (Trial of ORG 10172 Acute 
Stroke Trial) classification10; CHD, which includes nonfatal MI and 
CHD death; and death from all causes, occurring after the year 3 visit, 
at which time our exposure variable, ASB, was assessed. These out-
comes were first identified through self-report at annual contacts or 
third-party report, and potential cases were thoroughly investigated by 
obtaining medical records from hospitals, physicians, and laborato-
ries where appropriate.11 Data linkage with the National Death Index 
was performed to assure completeness of survival data. Adjudication 
of outcomes was performed by uniformly trained physicians first at 
the Clinical Centers, then centrally, under the auspices of the Clinical 
Coordinating Center. The adjudicating physicians were blinded to 
any participant information that could potentially result in bias.4

Assessment of the Exposure Variable: 
Artificially Sweetened Beverages
Data regarding ASB were available from the year 3 annual follow-up 
questionnaire, which asked: “During the past 3 months, how often did 
you drink these beverages?” (Beverages refer to diet drinks such as 
Diet Coke or diet fruit drinks, with a 12 fl oz can as a reference size.) 

Frequency was described in 9 categories: never or less than once per 
month (reference), 1 to 3 per month, 1 per week, 2 to 4 per week, 5 
to 6 per week, 1 per day, 2 to 3 per day, 4 to 5 per day, ≥6 per day. 
These categories were collapsed for analysis to 4 categories: never 
or less than once per week, 1 to 4 times a week, 5 to 7 times a week, 
and ≥2 times a day.

Measurement of Covariates
Age and ethnicity, characterized by 1990 US Census options, were 
ascertained at the WHI screening visit, while lifestyle and risk factor 
variables were obtained from year 3 visit questionnaires. Body mass 
index (BMI) was calculated by dividing weight in kilograms by square 
of height in meters. Women were classified as hypertensive if they were 
either taking antihypertensive medications (as determined from the 
medications inventory) or had a systolic blood pressure ≥140 mmHg 
or a diastolic blood pressure ≥90 mmHg at the year 3 visit. Use of cho-
lesterol-lowering medications was obtained from the computer medi-
cation inventory. Diabetes mellitus was defined as any self-report of a 
doctor diagnosis of diabetes mellitus before the year 3 visit. History 
of stroke or MI was defined as either a self-report of the condition at 
the WHI screening visit or as having a stroke or MI event between the 
screening visit and year 3 visit. History of CVD, which consisted of 
MI, stroke, transient ischemic attack, angina, or revascularization, was 
considered positive if participant reported such history at the screening 
visit or if any of the events occurred between the screening visit and 
year 3. Recreational physical activity was assessed using information 
about frequency, duration, and intensity of activity and organized into 
categories of activity as described elsewhere.9 Diet quality was assessed 
using the Healthy Eating Index score (2005), which is a measure of diet 
quality that assesses conformance to US Dietary Guidelines 2005. The 
year 2005 was chosen because it is closest to ascertainment of the ex-
posure variables. The standards were created using a density approach, 
that is, they are expressed as a percent of calories or per 1000 calories. 
The score ranges from 0 to 100, with higher score indicating healthier 
diet. It is the sum of 10 individual food components including whole 
fruits, total fruit including 100% fruit juice, total vegetables, dark green 
and orange vegetables including legumes, total grains, whole grains, 
milk, meat and beans, saturated fats, sodium, calories from solid fats, 
alcoholic beverages, and added sugars.12 Data regarding regular soda 
consumption and other nutrients were assessed at the WHI screen-
ing visit and at year 3 follow-up visit using the WHI Food Frequency 
Questionnaire, described in detail elsewhere.13 The Food Frequency 
Questionnaire database was derived from the University of Minnesota 
Nutrition Coordinating Center Nutrient Data for Scientific Research 
database. For assessment of regular soda consumption, serving sizes 
were specified as small (6 fl oz,) medium (12 fl oz), or large (18 fl 
oz); frequency of consumption ranged from never to 6 times per day. 
Information on calories and other nutrients was derived solely from 
the Food Frequency Questionnaire administered at year 3 visit to align 
with the year 3 annual follow-up questionnaire that included the diet 
drink question. Consumption of ASB was not assessed by the Food 
Frequency Questionnaire.

Statistical Analysis
Demographic, behavioral, and comorbid conditions variables were 
compared across ASB categories by χ2. Cox regression analyses were 
done to investigate the relationship between level of ASB consump-
tion and the outcomes of interest, controlling for multiple covariates.

Cox models are presented controlling for age, race/ethnicity, 
and education (Model 2), additionally for health risk variables 
assessed at year 3: history of diabetes mellitus, history of CVD, 
hypertension, taking cholesterol-lowering medications, and BMI as 
a continuous variable (Model 3), and lastly, additionally control-
ling for health behaviors: smoking, alcohol, physical activity (using 
MET), and a diet quality variable, the Healthy Eating Index 2005 
(HEI-2005; Model 4). Because of a priori interest in BMI (because 
consumption of ASB may be related to BMI) and a priori interest 
in race/ethnicity (because black women have higher rates of stroke 
than white women), we stratified results by BMI category and by 
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Table 1.  Characteristics of Participants by Frequency of Artificially Sweetened Beverage Consumption—No Exclusions*

Participant Characteristics

Frequency of Artificially Sweetened Beverage Consumption

P Value†Never or <1/wk 1–4 /wk 5–7/wk ≥2/day

Total sample (81 714)‡ 52 317 15 819 9382 4196  

Variable, N 64.1% 19.4% 11.5% 5.1%  

Age at screening, yr <0.0001

 ������� 50–59 (25 821) 28.3 33.1 40.0 48.8  

 ������� 60–69 (36 455) 44.7 46.1 43.5 39.5  

 � 70–79+ (19 438)§ 27.0 20.8 16.5 11.7  

Race/ethnicity (screening) 0.181

 ������� White (69 641) 89.1 89.7 89.9 89.5  

 ������� Black (5687) 7.4 7.0 7.1 7.1  

 ������� Hispanic (2625) 3.4 3.4 3.0 3.3  

Education (screening)

 ������� 0–8 y (1011) 1.3 1.1 1.3 1.2 <0.0001

 ������� Some high school/high school diploma 
(15 453)

18.4 20.2 20.3 20.7  

 ������� Some college/college graduate or 
postgraduate (64 618)

80.3 78.7 78.4 78.2  

Income (screening)

 ������� <$20 000 (11 151) 14.8 13.1 12.9 14.2 <0.0001

 ������� $20 000–$49 999 (33 079) 42.6 42.3 40.7 41.3  

 ������� ≥$50 000 (31 805) 39.6 41.7 43.9 41.7  

 ������� Do not know (2247) 2.9 2.9 2.6 2.8  

Smoking history <0.0001

 ������� Yes (3758) 4.7 3.6 4.7 7.6  

Alcohol intake  <0.0001

 ������� Yes (56 692) 70.2 71.0 68.1 60.4  

Weight status, BMI, kg/m2 <0.0001

 ������� <25 (29 782) 45.4 32.4 27.9 21.7  

 ������� 25.0–29.9 (26 051) 33.6 37.4 36.5 33.7  

 ������� ≥30.0 (19 264) 21.0 30.2 35.7 44.6  

Hypertensive (self-reported treatment or 
BP≥140/90 mmHg) (38 242)

47.9 50.6 51.9 52.5 <0.0001

History of diabetes mellitus, % 4.1 8.1 10.3 14.6 <0.0001

History of myocardial infarction, % 2.6 2.9 3.0 3.5 0.0023

History of stroke, % 1.4 1.1 1.5 1.5 0.0519

History of cardiovascular disease, % 10.5 10.6 11.6 11.8 0.0019

Sugar sweetened drinks

 ������� None or <1 /mo (53 939) 65.61 63.27 72.85 79.14 <0.0001

 ������� <Once a day (24 023) 30.99 35.20 21.02 12.18  

 ������� ≥Once a day (2926) 3.39 1.54 6.13 8.68  

Age at screening, yr, mean (SD) 64.3 (7.3) 63.1 (7.1) 62.0 (7.1) 60.5 (6.9) <0.0001

BMI, kg/m2, mean (SD) 26.6 (5.4) 28.1 (5.7) 28.9 (6.1) 30.3 (6.7) <0.0001

Total METs/wk, mean (SD) 14.0 (14.8) 13.4 (14.0) 12.8 (14.0) 11.4 (13.9) <0.0001

(Continued )
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race/ethnicity. We did 5 tests of interaction with BMI and race/eth-
nicity for each of primary outcomes.

We did sensitivity analyses excluding participants with history 
of diabetes mellitus or CVD before year 3 (ie, those who reported 
such history at WHI screening visit or who had incident diabetes mel-
litus or CVD between baseline and year 3). Statistical analyses were 
performed using SAS software (SAS Institute Inc, Cary, NC). Study 
procedures were approved by the institutional review boards of all the 
sites and the coordinating center.

Results
The sociodemographic composition of the cohort was as fol-
lows: 31.6% of participants were between 50 to 59 years of 
age, 44.6% were between 60 and 69 years of age, and 23.8% 
were 70 years or older; 85.2% were white, 7.0% were black, 
3.2% were Hispanic. The majority of the 81 714 participants 
(64.1%) were infrequent consumers (never or less 1/wk) of 

Healthy eating index (2005) Total 
HEI score, mean (SD)

69.8 (10.7) 69.8 (9.9) 68.3 (10.3) 65.3 (11.4) <0.0001

Systolic blood pressure, mmHg mean (SD) 126.1 (17.6) 126.2 (17.1) 125.9 (17.0) 125.7 (17.0) 0.34

Diastolic blood pressure, mmHg mean (SD) 73.1 (9.3) 73.4 (9.1) 73.6 (9.2) 73.8 (9.3) <0.0001

Waist hip ratio, mean (SD) 0.8 (0.1) 0.8 (0.1) 0.82 (0.1) 0.8 (0.1) <0.0001

Energy intake, kcal, mean (SD) 1453.1 (605.9) 1490.4 (611.4) 1513.9 (642.2) 1617.2 (812.1) <0.0001

BMI indicates body mass index; BP, blood pressure; HEI, Healthy Eating Index; and MET, metabolic equivalent of task.
*At year 3 visit—unless indicated as screening visit.
†P Value were obtained from χ2 tests or analyses of variance across the various categories of each covariate. % only include non-

missing values.
‡The numbers in the various categories may not add up to the total in our analytic cohort of 81 714 because of some missing data.
§All were 70-79 years of age at screening except 1 participant who was 80 years old, and 2 who were 81 years of age.

Table 1.  Continued

Participant Characteristics

Frequency of Artificially Sweetened Beverage Consumption

P Value†Never or <1/wk 1–4 /wk 5–7/wk ≥2/day

Table 2.  Hazard Ratio and 95% CI: Artificially Sweetened Beverage Consumption and Outcomes—No Exclusions

Outcomes N
No. of 
Events

Artificially Sweetened Beverage Consumption

P TrendNever of <1/wk 1–4/wk 5–7/wk ≥2/day

All stroke (fatal and nonfatal)

 ������� Model 1 81 072 2838 Reference 0.86 (0.77–0.94)*¶ 0.87 (0.77–0.98)†¶ 1.06 (0.90–1.24) 0.091

 ������� Model 2 80 230 2801 Reference 0.97 (0.88–1.08) 1.10 (0.97–1.24) 1.59 (1.35–1.87)‡¶ <0.001

 ������� Model 3 72 502 2528 Reference 0.93 (0.84–1.04) 1.01 (0.89–1.16) 1.29 (1.08–1.55)*¶ 0.146

 ������� Model 4 71 592 2492 Reference 0.93 (0.84–1.04) 1.00 (0.87–1.14) 1.23 (1.02–1.47)†¶ 0.304

Ischemic stroke

 ������� Model 4 70 773 1673 Reference 0.98 (0.86–1.11) 0.99 (0.84–1.16) 1.31 (1.06–1.63)†¶ 0.166

Hemorrhagic stroke

 ������� Model 4 69 428 328 Reference 0.96 (0.72–1.3) 0.93 (0.63–1.38) 1.14 (0.65–1.97) 0.982

CHD (fatal and nonfatal)

 ������� Model 1 80 968 3618 Reference 0.96 (0.88–1.04) 1.01 (0.91–1.12) 1.27 (1.11–1.46)§¶ 0.037

 ������� Model 2 80 128 3579 Reference 1.08 (0.99–1.18) 1.29 (1.16–1.43)‡¶ 1.94 (1.69–2.22)‡¶ <0.0001

 ������� Model 3 72 394 3203 Reference 0.99 (0.90–1.08) 1.05 (0.94–1.18) 1.38 (1.19–1.60)‡¶ 0.003

 ������� Model 4 71 488 3161 Reference 1.01 (0.91–1.10) 1.05 (0.93–1.17) 1.29 (1.11–1.51)‖¶ 0.011

All-cause mortality

 ������� Model 1 81 491 15 005 Reference 0.89 (0.85–0.92)‡¶ 0.88 (0.83–0.93)‖¶ 0.99 (0.89–1.03) <0.0001

 ������� Model 2 80 642 14 842 Reference 1.01 (0.96–1.05) 1.17 (1.11–1.23)‡¶ 1.53 (1.42–1.65)‡¶ <0.0001

 ������� Model 3 72 840 13 143 Reference 0.95 (0.91–1.00)†¶ 1.06 (1.10–1.12) 1.26 (1.16–1.37)‡¶ 0.0114

 ������� Model 4 71 926 12 978 Reference 0.96 (0.92–1.01) 1.05 (0.98–1.11) 1.16 (1.07–1.26)‖¶ 0.007

Model 1 is unadjusted; Model 2 is adjusted for age, race, education; Model 3 is Model 2 + health risk variables (diabetes mellitus, CVD, high cholesterol 
requiring pills, hypertension [defined as blood pressure ≥140/90 mmHg], BMI); Model 4: Model 3 + behaviors (smoking, alcohol, MET, HEI). CHD indicates 
coronary heart disease, CI, confidence interval; CVD, cardiovascular disease; HEI, Healthy Eating Index; and MET, metabolic equivalent of task.

*P<0.01, †P<0.05, ‡P<0.0001, §P<0.0004, ‖P<0.001. 
¶Significant findings.
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ASBs, with only 5.1% consuming ≥2 ASBs a day. Table 
1 indicates that participants who consumed a high level of 
ASBs (≥2 ASBs/day) compared to women with a lower level 
of ASB consumption were younger (50–59 years at WHI 
screening) were more likely to be obese, had lower levels of 
exercise, had higher energy intake and lower diet quality as 
judged by HEI-2005, were more likely to be a current smoker, 
less likely to be a drinker, and were more likely to have a his-
tory of diabetes mellitus, MI, or cardiovascular disease. The 
majority (79.1%) of participants who consumed ≥2 servings 
of ASBs daily never or rarely consumed regular soda, with 
only a small proportion (8.7%) consuming ≥1 serving of reg-
ular soda per day. The Spearman correlation between regular 
soft drink consumption and ASBs, although statistically sig-
nificant because of the large sample size, was extremely small 
with R2 = 0.0003.

Incidence of Outcomes
In our analytic cohort of WHI-OS participants (n=81 714), 
there was a total of 2838 fatal and nonfatal strokes, 2227 
ischemic strokes, 422 hemorrhagic strokes, 3618 CHD 
events, and 15 005 deaths occurring during follow-up after 
year 3. The cumulative incidence rates of all stroke (fatal 
and nonfatal), ischemic stroke, and CHD were highest for 
those who consumed the most ASBs (Table I in the online-
only Data Supplement). Hemorrhagic stroke incidence was 
not statistically significantly different across different lev-
els of ASB consumption.

ASBs and Risk of Stroke, CHD, 
and All-Cause Mortality
In multivariate analyses (Table 2), participants consuming the 
highest levels of ASBs had significantly greater likelihood of 
all end points (except hemorrhagic stroke), even after control-
ling for demographic, risk factors, comorbidities, and behav-
ioral variables. For fatal and nonfatal stroke, the hazard ratio 
(HR) was 1.23 (95% confidence interval [CI], 1.02–1.47); for 
ischemic stroke, the HR was 1.31 (95% CI, 1.06–1.63); for 
CHD, the HR was 1.29 (95% CI, 1.11–1.51); and for all-cause 
mortality, the HR was 1.16 (95% CI, 1.07–1.26). Sensitivity 
analyses (excluding participants with CVD or diabetes mellitus 

before year 3), shown in Table 3, for the fully adjusted model, 
yielded similar results.

BMI, Race/Ethnicity, ASB, and Risks of Outcomes
Although we found no significant interaction between BMI 
treated as a continuous variable and diet drinks on the outcomes 
we studied (except for the category of 5–7 ASB per week and 
all-cause mortality), we nevertheless looked at these relation-
ships within the BMI strata because of a priori interest in BMI 
(Table II in the online-only Data Supplement). Although there is 
no clear pattern of association across the BMI strata, high con-
sumption of ASBs shows increased risk of ischemic stroke only 
among those with BMI≥30 (HR, 2.03; 95% CI, 1.38–2.98), with 
P for trend =0.002, and increased risk of all-cause mortality only 
in those with BMI<30. It is important to note that where P for 
trend is not significant but the highest category of ASB is signifi-
cantly different from the lowest, we may be observing an associ-
ation that has a threshold or other nonlinear relationship.

Because of a priori interest in ethnicity/race, we also 
looked at relationships with outcomes within the ethnicity/
race strata. Higher ASB consumption was significantly associ-
ated with higher ischemic stroke risk among blacks (HR, 3.93; 
95% CI, 1.87–8.26) but not among whites or other race/ethnic 
groups (Table  4). We saw a significant interaction between 
black race and all stroke and ischemic stroke P=0.0006 and 
P=0.002, respectively. There was no significant interaction 
with age. One hundred fourteen of 2838 (4%) of all strokes 
occurred among black women.

Subtypes of Ischemic Stroke
Cox proportional hazards models were run for the predomi-
nant TOAST classes: large artery artherosclerosis, cardioem-
bolism, and small artery occlusion (SAO). We compared each 
subtype with a reference group of no stroke. Even though the 
sample sizes for TOAST subtypes were relatively small, higher 
intake of ASBs was associated with a higher risk of SAO in 
models both with and without exclusions for participants with 
diabetes mellitus or CVD at year 3 (Table 5; Table III in the 
online-only Data Supplement). In fully adjusted models, par-
ticipants with ≥2 ASBs per day had HR (95% CI) for SAO of 
1.81 (1.18–2.80); in sensitivity analyses, where participants 

Table 3.  Hazard Ratio and 95% CI for Artificially Sweetened Beverage Consumption and Outcomes With Exclusions

Outcomes 
(N/No. of Events)

Artificially Sweetened Beverage Consumption

P TrendNever or <1/wk 1–4/wk 5–7 /wk ≥2/day

Ischemic `stroke (60 380/1190) Reference 0.99 (0.85–1.15) 0.96 (0.78–1.17) 1.38 (1.05–1.81)*§ 0.273

Hemorrhagic stroke (59 449/259) Reference 0.88 (0.63–1.23) 0.77 (0.48–1.24) 1.17 (0.63–2.17) 0.557

All stroke (fatal and nonfatal) 
(60 998/1808)

Reference 0.95 (0.84–1.08) 0.99 (0.84–1.17) 1.26 (1.00–1.58)† 0.340

CHD (fatal and nonfatal) 
(61 178/2084)

Reference 0.98 (0.87–1.10) 0.98 (0.84–1.14) 1.35 (1.10–1.65)‡§ 0.154

All-cause mortality (61 204/9769) Reference 0.97 (0.92–1.03) 1.04 (0.97–1.11) 1.19 (1.07–1.32)‡§ 0.023

Excluding participants with diabetes mellitus or cardiovascular disease at year 3 before artificially sweetened beverage assessment based on: 
Model 4 = Model 3 + behaviors: smoking, alcohol, MET, HEI. CHD indicates coronary heart disease; HEI, Healthy Eating Index; and MET, metabolic 
equivalent of task.

*P<0.05, †P=0.054, ‡P<0.01. 
§Significant findings.
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with diabetes mellitus or CVD were excluded, ASB consump-
tion was associated with even higher risk, HR=2.44 (95% 
CI, 1.47–4.04); P for trend =0.001. Additionally, in analyses 
stratifying participants given in Table  5 by hypertension at 
year 3, the results remained the same: for participants with ≥2 
ASBs/day, HRs were 2.45 (95% CI, 1.09–5.50; P=0.030) and 
2.38 (1.25–4.55; P=0.009) for nonhypertensives and hyper-
tensives, respectively. Therefore, the increased risks of stroke 
and especially SAO are not likely to be mediated by diabetes 
mellitus or hypertension.

Discussion
The finding in this largest US cohort study of postmenopausal 
women of a positive association between higher intake of ASB 
(twice or more daily) and the incidence of ischemic stroke, in 
particular SAO subtype, CHD, and all-cause mortality, but 
not hemorrhagic stroke even after accounting for confound-
ing factors, suggests that there may be a pathway leading to 
vascular injury related to SAO, which may be different from 
the pathway leading to vascular injury related to hemorrhagic 
stroke. Insofar as ASB consumption is concerned, the reason 

Table 4.  Hazard Ratio and 95% CI for Artificially Sweetened Beverage Consumption and Outcomes by Race/Ethnicity With Exclusions

Outcomes by Race/Ethnicity (N/No. of 
Events)

Artificially Sweetened Beverage Consumption

Never or <1/wk 1–4/wk 5–7/wk ≥2/day

All stroke

White (53 042/1602) Reference group 0.92 (0.81–1.06)  0.10 (0.84–1.19) 1.12 (0.86–1.44)

Black (3531/114) Reference group 1.31 (0.82–2.10) 0.77 (0.35–1.69) 3.27 (1.69–6.33)*

P interaction with black race/ethnicity  0.124 0.639 0.0006‡

other (4425/92) Reference group 1.10 (0.63–1.94) 1.26 (0.60–2.63) 2.03 (0.72–5.70)

P interaction with other race/ethnicity  0.445 0.510 0.234

Ischemic stroke

White (52 483/1043) Reference group 0.95 (0.80–1.11) 0.96 (0.77–1.19) 1.19 (0.88–1.61)

Black (3500/83) Reference group 1.47 (0.85–2.53) 0.80 (0.32–2.02) 3.93 (1.87–8.26)*‡

P interaction with black race/ethnicity  0.112 0.741 0.002‡

other (4397/64) Reference group 1.28 (0.67–2.43) 1.13 (0.44–2.87) 2.34 (0.71–7.76)

P interaction with other race/ethnicity  0.296 0.730 0.303

Hemorrhagic stroke

White (51 672/232) Reference group 0.87 (0.61–1.24) 0.76 (0.46–1.25) 1.04 (0.52–2.05)

Black (3430/13) Reference group 0.88 (0.19–4.04) 0.000 2.72 (0.33–22.55)

P interaction with black race/ethnicity  0.945 0.963 0.409

other (4347/14) Reference group 1.17 (0.25–5.49) 2.56 (0.54–12.22) 3.68 (0.44–30.60)

P interaction with other race/ethnicity  0.725 0.162 0.237

Coronary heart disease

White (53 194/1868) Reference group 0.96 (0.85–1.09) 0.10 (0.85–1.17) 1.31 (1.06–1.63)†‡

Black (3546/117) Reference group 1.21 (0.74–1.97) 1.10 (0.58–2.09) 1.60 (0.73–3.55)

P interaction with black race/ethnicity  0.467 0.603 0.305

other (4438/99) Reference group 1.17 (0.70–1.98) 0.51 (0.19–1.40) 1.74 (0.68–4.41)

P interaction with other race/ethnicity  0.353 0.265 0.254

All-cause mortality

White (53 194/8976) Reference group 0.97 (0.92–1.03) 1.04 (0.97–1.12) 1.22 (1.10–1.36)*

Black (3566/400) Reference group 1.07 (0.82–1.39) 1.06 (0.75–1.50) 0.74 (0.41–1.34)

P interaction with black race/ethnicity  0.353 0.498 0.282

Other (444/393) Reference group 0.96 (0.73–1.27) 0.99 (0.67–1.47) 1.03 (0.54–1.96)

P interaction with other race/ethnicity  0.785 0.881 0.867

Excluding participants with diabetes mellitus or cardiovascular disease at year 3 before artificially sweetened beverage assessment based 
on Model 4: Model 3 + behaviors: smoking, alcohol, MET, HEI. White race is reference for P interaction with race/ethnicity. CI indicates 
confidence interval; HEI, Healthy Eating Index; and MET, metabolic equivalent of task.

*P<0.001, †P<0.05. 
‡Significant findings.
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for a lack of a relationship with hemorrhagic stroke is unclear. 
The finding that in women with BMI ≥30, high consumption 
of diet drinks was associated with an increased risk of all end 
points except hemorrhagic stroke in women is notable.

We investigated whether these associations with ASB 
consumption and ischemic stroke subtypes existed because 
women with underlying diabetes mellitus or CVD or hyper-
tension at year 3 were switching to ASBs. A sensitivity anal-
ysis excluding participants who had diabetes mellitus or CVD 
at year 3 baseline stratified by hypertension did not materi-
ally change the association with risk even in the fully adjusted 
models. However, it is possible that if a participant’s weight, 
blood pressure, and glucose levels were slowly increasing 
(even if not yet diagnosed with diabetes mellitus or CVD), it 
could lead high-risk women to change to ASB to attain weight 
loss as suggested by their physician.

The finding that risks associated with both all stroke and 
ischemic stroke were significantly associated with being 
black as opposed to other races merits further investigation. 
Although too early to comment on the public health implica-
tions, the following questions and knowledge gaps need to be 
addressed by future research: Is there something about high 
ASB consumption, mix of foods not accounted for by the diet 
quality measure, or other lifestyle measure (sleep, stress, en-
vironment) among black postmenopausal women that creates 
a toxic mixture that is associated with higher risk of ischemic 
stroke? Are there genetic differences that need to be accounted 
for? Are there protective factors among non-black postmeno-
pausal women that mitigate this affect? On the other hand, 
high ASB consumption was associated with increased risk 
of CHD in white postmenopausal women as opposed to their 
black counterparts.

It is also notable that in the Framingham Study5 where 
participants were primarily white men and women, ASBs 
were associated with stroke risk, whereas in our cohort of 
postmenopausal women of diverse backgrounds, these asso-
ciations were noted among black postmenopausal women. It 
is not clear whether sex or ethnicity is associated with these 
stroke risks because the results from the Framingham study 
were not stratified by sex.

Although these findings require replication, potential 
mechanisms explaining these findings are manifold. On the 
one hand, residual confounding of traditional risk factors such 
as hypertension and (undetected) diabetes mellitus, as well as 
reverse causality, may contribute to this association; on the 

other hand, it is known that noncaloric artificial sweeteners 
display unfavorable metabolic effects14 which may put con-
sumers at additional risk. Intake of saccharin, acesulfame-
potassium, or stevia and saccharin have been linked to weight 
gain and increased adiposity.15 Additionally, saccharin and 
aspartame have been also associated with impaired glucose 
homeostasis and hyperinsulinemia.16 These data are under-
scored by recent experimental studies demonstrating that ar-
tificial sweeteners can cause glucose intolerance in mice by 
altering gut microbiota and cause dysbiosis and glucose intol-
erance in humans.17 There may also be residual confounding 
because of imprecision of covariates. The diet quality variable 
(HEI-2005) and physical activity measurements are based on 
self-report and may not precisely capture the quality of the 
diet or physical activity. In a prior WHI study, low potassium 
intake was also associated with higher risk of SAO, indicating 
that diet is a potentially modifiable strategy to reduce the risk 
of this stroke subtype.18

A limitation of this study is that it was observational, 
rather than a clinical trial, and therefore results must be 
interpreted with caution. ASB was self-reported, and this 
information could not be validated as it was not captured 
on other diet assessment instruments. Our estimates of ASB 
covered a 3-month period, and consumption patterns may 
have changed over time before the outcomes occurred. 
However, particularly in weight-stable older women, the 
likelihood of changes in dietary patterns is likely low. In 
the Nurse’s Health Study, the diet quality score was rela-
tively stable within an individual for as long as 24 years.19 
We were unable to determine which ASB might be account-
ing for these associations. Because the ASB was framed as 
Diet drinks, such as Diet Coke or diet fruit drinks (12 ounce 
cans), it is not clear whether participants considered other 
ASBs such as tea or coffee with artificial sweeteners when 
answering this question. Additionally, women with high 
intakes of ASB of all types may have differed systematically 
in many ways from women with little or no intake, most es-
pecially since they were more likely to be obese and have a 
higher energy intake.

Conclusions
In this study of well-characterized postmenopausal women 
in the United States, self-reported consumption of ASBs was 
associated with increased risk of ischemic stroke, CHD, and 
all-cause mortality. A novel finding of this study is that higher 

Table 5.  Hazard Ratio and 95% CI for Artificially Sweetened Beverage Consumption and TOAST Classification (Ischemic Stroke)

Outcomes (N/No. of Events)

Artificially Sweetened Beverage Consumption

P trendNever or <1/wk 1–4/wk 5–7/wk ≥2/day

Large artery artherosclerosis (59 265/75) Reference 1.33 (0.77–2.29) 1.24 (0.60–2.55) 0.36 (0.05–2.62) 0.970

Cardioembolism (59 534/344) Reference 0.94 (0.71–1.24) 0.67 (0.43–1.03) 1.23 (0.72–2.09) 0.422

Small vessel occlusion (59 424/234) Reference 1.09 (0.77–1.54) 1.41 (0.94–2.13) 2.44 (1.47–4.04)*† 0.001†

Excluding participants with diabetes mellitus or cardiovascular disease at year 3 before artificially sweetened beverage assessment; based on 
Model 4: Model 3 + behaviors: smoking, alcohol, MET, HEI. CI indicates confidence interval; HEI, Healthy Eating Index; MET, metabolic equivalent 
of task; and TOAST, Trial of ORG 10172 Acute Stroke Trial.

*P<0.001. 
†Significant findings.
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risk was associated with ischemic stroke subtype of SAO. 
Because of the observational nature of the study, however, 
the possibility of residual confounding cannot be excluded. 
Future studies are needed to replicate the findings and to ex-
amine specific ASBs in relation to stroke and other outcomes 
to guide clinical recommendations.

Appendix
We thank the Women’s Health Initiative (WHI) investigators and staff 
for their dedication to the study and acknowledge the invaluable con-
tribution of study participants.

Short List of WHI Investigators
Program Office: (National Heart, Lung, and Blood 
Institute, Bethesda, MD) Jacques Rossouw, Shari Ludlam, 
Joan McGowan, Leslie Ford, and Nancy Geller

Clinical Coordinating Center: (Fred Hutchinson 
Cancer Research Center, Seattle, WA) Garnet Anderson, 
Ross Prentice, Andrea LaCroix, and Charles Kooperberg

Investigators and Academic Centers: (Brigham and 
Women’s Hospital, Harvard Medical School, Boston, MA) JoAnn 
E. Manson; (MedStar Health Research Institute/Howard University, 
Washington, DC) Barbara V. Howard; (Stanford Prevention 
Research Center, Stanford, CA) Marcia L. Stefanick; (The Ohio 
State University, Columbus, OH) Rebecca Jackson; (University of 
Arizona, Tucson/Phoenix, AZ) Cynthia A. Thomson; (University 
at Buffalo, Buffalo, NY) Jean Wactawski-Wende; (University 
of Florida, Gainesville/Jacksonville, FL) Marian Limacher; 
(University of Iowa, Iowa City/Davenport, IA) Jennifer Robinson; 
(University of Pittsburgh, Pittsburgh, PA) Lewis Kuller; (Wake 
Forest University School of Medicine, Winston-Salem, NC) Sally 
Shumaker; (University of Nevada, Reno, NV) Robert Brunner; 
(University of Minnesota, Minneapolis, MN) Karen L. Margolis

WHI Memory Study: (Wake Forest University School 
of Medicine, Winston-Salem, NC) Mark Espeland
For a list of all the investigators who have contributed to WHI science, 
please visit: https://www.whi.org/researchers/Documents%20%20
Write%20a%20Paper/WHI%20Investigator%20Long%20List.pdf

Sources of Funding
The Women’s Health Initiative (WHI) program is funded by the 
National Heart, Lung, and Blood Institute, National Institutes of 
Health, US Department of Health and Human Services through 
contracts HHSN268201600018C, HHSN268201600001C, HHSN 
268201600002C, HHSN268201600003C, and HHSN2682016 
00004C. Dr Yasmin Mossavar-Rahmani is funded by National Institute 
on Aging, National Institutes of Health through R01AG055527.

Disclosures
Dr Sylvia Wassertheil-Smoller is Principal Investigator of the New 
York City site of the National Institutes of Health funded Women’s 
Health Initiative. The other authors report no conflicts.

References
	 1.	 Narain A, Kwok CS, Mamas MA. Soft drinks and sweetened bever-

ages and the risk of cardiovascular disease and mortality: a system-
atic review and meta-analysis. Int J Clin Pract. 2016;70:791–805. doi: 
10.1111/ijcp.12841

	 2.	 Larsson SC, Akesson A, Wolk A. Sweetened beverage consumption 
is associated with increased risk of stroke in women and men. J Nutr. 
2014;144:856–860. doi: 10.3945/jn.114.190546

	 3.	 Fung TT, Malik V, Rexrode KM, Manson JE, Willett WC, Hu FB. 
Sweetened beverage consumption and risk of coronary heart di-
sease in women. Am J Clin Nutr. 2009;89:1037–1042. doi: 
10.3945/ajcn.2008.27140

	 4.	 Vyas A, Rubenstein L, Robinson J, Seguin RA, Vitolins MZ, 
Kazlauskaite R, et al. Diet drink consumption and the risk of cardiovas-
cular events: a report from the Women’s Health Initiative. J Gen Intern 
Med. 2015;30:462–468. doi: 10.1007/s11606-014-3098-0

	 5.	 Pase MP, Himali JJ, Beiser AS, Aparicio HJ, Satizabal CL, Vasan RS, et 
al. Sugar- and artificially sweetened beverages and the risks of incident 
stroke and dementia: a prospective cohort study. Stroke. 2017;48:1139–
1146. doi: 10.1161/STROKEAHA.116.016027

	 6.	 Wersching H, Gardener H, Sacco RL. Sugar-sweetened and arti-
ficially sweetened beverages in relation to stroke and dementia: 
are soft drinks hard on the brain? Stroke. 2017;48:1129–1131. doi: 
10.1161/STROKEAHA.117.017198

	 7.	 Gardener H, Rundek T, Markert M, Wright CB, Elkind MS, Sacco RL. 
Diet soft drink consumption is associated with an increased risk of 
vascular events in the Northern Manhattan Study. J Gen Intern Med. 
2012;27:1120–1126. doi: 10.1007/s11606-011-1968-2

	 8.	 Design of the Women’s Health Initiative clinical trial and observational 
study. The Women’s Health Initiative Study Group. Control Clin Trials. 
1998;19:61–109.

	 9.	 Anderson GL, Manson J, Wallace R, Lund B, Hall D, Davis S, et al. 
Implementation of the Women’s Health Initiative study design. Ann 
Epidemiol. 2003;13(9 suppl):S5–S17.

	 10.	 Goldstein LB, Jones MR, Matchar DB, Edwards LJ, Hoff J, Chilukuri V, 
et al. Improving the reliability of stroke subgroup classification using the 
Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria. Stroke. 
2001;32:1091–1098.

	 11.	 Curb JD, McTiernan A, Heckbert SR, Kooperberg C, Stanford J, Nevitt 
M, et al; WHI Morbidity and Mortality Committee. Outcomes ascertain-
ment and adjudication methods in the Women’s Health Initiative. Ann 
Epidemiol. 2003;13(9 suppl):S122–S128.

	 12.	 Drewnowski A, Aggarwal A, Cook A, Stewart O, Moudon AV. 
Geographic disparities in Healthy Eating Index scores (HEI-
2005 and 2010) by residential property values: findings from 
Seattle Obesity Study (SOS). Prev Med. 2016;83:46–55. doi: 
10.1016/j.ypmed.2015.11.021

	 13.	 Patterson RE, Kristal AR, Tinker LF, Carter RA, Bolton MP, 
Agurs-Collins T. Measurement characteristics of the Women’s 
Health Initiative food frequency questionnaire. Ann Epidemiol. 
1999;9:178–187.

	 14.	 Suez J, Korem T, Zilberman-Schapira G, Segal E, Elinav E. Non-caloric 
artificial sweeteners and the microbiome: findings and challenges. Gut 
Microbes. 2015;6:149–155. doi: 10.1080/19490976.2015.1017700

	 15.	 Collison KS, Makhoul NJ, Zaidi MZ, Saleh SM, Andres B, Inglis A, 
et al. Gender dimorphism in aspartame-induced impairment of spa-
tial cognition and insulin sensitivity. PLoS One. 2012;7:e31570. doi: 
10.1371/journal.pone.0031570

	 16.	 Mitsutomi K, Masaki T, Shimasaki T, Gotoh K, Chiba S, Kakuma T, et 
al. Effects of a nonnutritive sweetener on body adiposity and energy me-
tabolism in mice with diet-induced obesity. Metabolism. 2014;63:69–78. 
doi: 10.1016/j.metabol.2013.09.002

	 17.	 Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA, Maza O, 
et al. Artificial sweeteners induce glucose intolerance by altering the gut 
microbiota. Nature. 2014;514:181–186. doi: 10.1038/nature13793

	 18.	 Seth A, Mossavar-Rahmani Y, Kamensky V, Silver B, Lakshminarayan 
K, Prentice R, et al. Potassium intake and risk of stroke in women 
with hypertension and nonhypertension in the Women’s Health 
Initiative. Stroke. 2014;45:2874–2880. doi: 10.1161/STROKEAHA. 
114.006046

	 19.	 Hagan KA, Chiuve SE, Stampfer MJ, Katz JN, Grodstein F. Greater ad-
herence to the Alternative Healthy Eating Index is associated with lower 
incidence of physical function impairment in the Nurses’ Health Study. J 
Nutr. 2016;146:1341–1347. doi: 10.3945/jn.115.227900

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 30, 2022

https://www.whi.org/researchers/Documents%20%20Write%20a%20Paper/WHI%20Investigator%20Long%20List.pdf
https://www.whi.org/researchers/Documents%20%20Write%20a%20Paper/WHI%20Investigator%20Long%20List.pdf

