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ABSTRACT
Background: Whether consumption of sugar-sweetened beverages (SSBs) or artificially sweetened beverages (ASBs)

is associated with the risk of breast cancer is of public health interest.

Objectives: We sought to evaluate associations between consumption of SSBs and ASBs and risks of total and

subtype-specific breast cancer.

Methods: We followed 82,713 women from the Nurses’ Health Study (1980 to 2016) and 93,085 women from the

Nurses’ Health Study II (1991 to 2017). Cumulatively averaged intakes of SSBs and ASBs from FFQs were tested

for associations with incident breast cancer cases and subtypes using Cox regression models. We also evaluated the

associations stratified by menopausal status, physical activity, BMI, and alcohol intake.

Results: We documented 11,379 breast cancer cases during 4,655,153 person-years of follow-up. Consumption of

SSBs or ASBs was not associated with total breast cancer risk: pooled HRs comparing extreme categories (≥1/day

compared with <1/month) were 1.03 (95% CI, 0.95–1.12) and 0.96 (95% CI, 0.91–1.02), respectively. We observed a

suggestive interaction by BMI using pooled data (P-interaction = 0.08), where a modestly higher risk of breast cancer

with each serving per day increment of SSBs was found in lean women (HR, 1.06; 95% CI, 1.01–1.11) but not among

overweight or obese women (HR, 1.00; 95% CI, 0.95–1.06). Moreover, in the pooled, fully adjusted analysis, compared

to infrequent consumers (<1/month), those who consumed ≥1 serving of ASBs per day had a lower risk of luminal A

breast tumors (HR, 0.90; 95% CI, 0.80–1.01; P-trend = 0.02).

Conclusions: Although no significant associations were observed overall, consumption of SSBs was associated with

a slightly higher risk of breast cancer among lean women. This finding could have occurred by chance and needs

confirmation. Our findings also suggest no substantial increase in the risk of breast cancer with consumption of ASBs.
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Introduction

Sugar-sweetened beverages (SSBs) are the single largest source
of added sugar (39%) in the US diet (1), with 12% of the
population consuming more than 3 servings per day. A typical
12-oz serving of soda contains 140 to 150 calories and 35.0
to 37.5 g of sugar. While heavy SSB intake has declined in the
US population overall (2), certain groups (40- to 59-year-olds
and non-Mexican Hispanic adults) have not decreased their

consumption (3). According to the Global Burden of Disease
Study 2016, SSBs were responsible for the second greatest
increase in attributable deaths and disability adjusted life years
between 1990 and 2016 (4).

Intake of SSBs increases weight gain (5) and is strongly linked
to type 2 diabetes (independently of adiposity) (6), hypertension
(7), coronary heart disease (8, 9), stroke (10), and mortality
(11) in epidemiological studies. This is potentially important
for breast cancer because this malignancy is 1 of the 13
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obesity-related cancers (12). Independent from the obesity and
adiposity pathways, SSBs also lead to activation of the insulin-
signaling pathway, as well as elevation of markers of oxidative
stress and inflammation, which jointly may raise the cancer
risk (13), especially for breast cancer (14, 15), hepatocellular
cancer (16), and diabetes-related carcinomas (including bladder,
breast, colon-rectum, endometrium, liver, and pancreas cancers)
(17). Artificially sweetened beverages (ASBs) are marketed
as healthier and are often suggested as alternatives to SSBs,
but much remains to be answered regarding their long-term
health implications. ASB consumption, the main source of
artificial sweeteners in the diet, has dramatically increased in
the last 40 years in children and adults (18). In a recent meta-
analysis, ASB consumption was linearly associated with risks
of obesity and type 2 diabetes and nonlinearly associated with
risks of hypertension and all-cause mortality (19); however,
reverse causality cannot be ruled out as a driving factor in
the observations. Some studies have also shown that some
artificial sweeteners may negatively affect the gut microbiome
and pathways associated with diabetes or obesity in both
animals and humans (20, 21).

In contrast, very few studies have addressed the associations
between SSB and ASB intakes and breast cancer incidence.
The Continuous Update Project (22), a combined effort of
the World Cancer Research Fund (WCRF) and the American
Institute for Cancer Research (AICR), concluded that there is
“limited–no conclusion” epidemiological evidence to support a
link between sugary drinks and breast cancer. Yet this potential
relationship raises increasing concerns due to its mechanistic
plausibility. Only 5 prospective studies on sugary drinks and
the breast cancer risk have been published showing contrasting
results: 1 suggested an increased risk in premenopausal
women [NutriNet-Santé prospective cohort (23), 693 cases],
2 suggested an increased risk in postmenopausal women
[Melbourne Collaborative Cohort Study (24), 946 cases;
Seguimiento Universidad de Navarra (25), 101 cases], and the
other 2 observed no association [Framingham Offspring cohort
(26), 124 cases; Canadian Study of Diet, Lifestyle, and Health
(27), 870 cases]. Furthermore, only 2 studies (23, 24) have
prospectively assessed the relationship between ASBs and breast
cancer incidence, and results showed null associations. With
regard to other cancer sites, in the Nurses’ Health Studies,
greater diet soda consumption was linked to an increased risk
of leukemia in both women and men (28). Contrarily, in an
observational analysis within a randomized trial among patients
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with stage III colon cancer, ASB consumption was associated
with significantly lower risks of cancer recurrence and death
(29).

To address these knowledge gaps, we investigated the
association between intakes of SSBs and ASBs and risks of total
and subtype-specific breast cancer. We leveraged data from the
original Nurses’ Health Study (NHS) and Nurses’ Health Study
II (NHSII), 2 large, prospective US cohorts of young women
with detailed and updated dietary intake assessments.

Methods
Subjects
The NHS is an ongoing study of 121,700 female nurses aged 30–
55 years at enrollment in 1976, and the NHSII has followed 116,429
female nurses aged 25–42 years at recruitment in 1989. Every 2 years,
participants have provided information on health-related factors and
medical history.

Women were followed from baseline (1980 for the NHS and
1991 for the NHSII), when dietary information was first available,
to 2016 in NHS and to 2017 in NHSII. We excluded women who
died prior to baseline, had prevalent cancer, had missing data on
SSB or ASB intake, or reported an implausible total energy intake
(<600 or >3500 kcal/day), leaving 82,713 women from the NHS and
93,085 from the NHSII (Supplemental Figure 1). The study protocol
was approved by the institutional review boards of the Brigham and
Women’s Hospital and Harvard T.H. Chan School of Public Health,
and of participating state cancer registries as appropriate. The study
procedures were in congruence with the ethical standards of the
responsible institutional committees.

Dietary assessment
Diet was assessed with a validated FFQ administered in the NHS in
1980, 1984, 1986, and every 4 years thereafter and in the NHSII in
1991 and every 4 years thereafter. The numbers of FFQ food items have
evolved: in the NHS, there were 61 items in 1980, 116 items in 1984 and
1986, and ≥130 items thereafter; in the NHSII, the FFQ consistently
had ≥130 items. The FFQs included foods with a portion size, and
participants were asked how often on average during the previous year
they had consumed the foods specified. A standard portion size and
9 possible responses for the frequency of consumption, ranging from
“never/almost never” to “6 or more times per day,” were given for each
food item (available at https://www.nurseshealthstudy.org/participants
/questionnaires).

Nutrient and energy intakes were calculated by multiplying the
frequency of consumption of each unit of food and beverage recorded
with the FFQs by its nutrient and energy contents and summing across
all items, using the USDA database and complemented with information
from the manufacturers (30, 31). Total SSBs were defined as caffeinated
and noncaffeinated colas with sugar, other (noncola) carbonated
beverages with sugar, and noncarbonated sweetened beverages (e.g.,
punch, lemonade, fruit drink, or sugared iced tea). We summed the
consumption of these beverages as total SSBs. In addition, ASBs were
defined as caffeinated, noncaffeinated, and noncarbonated low-calorie
or diet beverages. Questions included the frequency of consumption
over the past year for a standard 355 mL (12 oz) serving (1 glass/
can/bottle) of each SSB or ASB.

The FFQ has been extensively validated in our cohorts by
comparison with more detailed methods (31–33) and biomarkers of
intakes (33). For example, in a comparison of the 1986 FFQ with
multiple dietary records obtained in 1986, the mean correlation
coefficients were 0.84 for SSBs and 0.36 for ASBs (32). Moreover,
high- and low-energy beverages had low to moderate correlations
with biomarkers (IL-6, C-reactive protein, tumor necrosis factor alpha
receptor 2 (TNFaR2), adiponectin) in a recent study (34).
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Case ascertainment
Invasive breast cancer cases were identified through self-report on the
biennial questionnaires or through the National Death Index (35, 36).
Then, authorization was requested from participants or the next of
kin for access to medical records and pathology reports to confirm the
diagnosis and gather tumor characteristic data, including disease stage
and estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) statuses. For deceased
cases, the next of kin was approached for this permission; deaths were
reported by family members or the postal service or ascertained through
a search of the National Death Index (35, 36).

Tissue microarrays, immunohistochemical analysis,
and subtype classification
For approximately 70% of cases, breast cancer tissue samples were
collected and tumor microarrays (TMA) were conducted to evaluate
tumor characteristics by immunohistochemistry [details are described
elsewhere (37–40)]. In brief, we collected archived formalin-fixed
paraffin-embedded breast cancer blocks from participants with incident
breast cancer diagnosed up through 2006. For molecular subtype
classification, immunohistochemical staining information was available
for the markers of ER, PR, HER2, cytokeratins 5/6 (CK 5/6), and
epidermal growth factor receptor (EGFR) (41). Cases with TMAs were
very similar to all eligible invasive cases in terms of demographics, breast
cancer risk factors, and tumor characteristics.

For a subgroup of cases, we used definitions that correlated with
gene expression profile classifications (42–47) for tumor molecular
subtyping. In the NHS only, information on proliferative marker Ki-
67 was available. For tumors missing Ki-67 expression data (NHSII
tumors), the histologic grade was used. Hence, luminal A tumors
were ER-positive and/or PR-positive, HER2 negative, and low in Ki-
67 (or histologic grade 1 or 2). Luminal B tumors were either 1)
ER-positive and/or PR-positive and HER2 positive; or 2) ER-positive
and/or PR-positive, HER2 negative, and high in Ki-67 (or histologic
grade 3). HER2-enriched tumors were ER-negative, PR-negative, and
HER2 positive. Basal-like tumors were ER-negative, PR-negative, HER2
negative, and CK 5/6 positive and/or EGFR positive. For assessing
ER-positive compared with ER-negative tumors, the ER status was
determined primarily from TMA slides and, if slides were unavailable,
secondarily from pathology reports.

Covariates
For both cohorts, information on lifestyle factors and medical history
was obtained from biennial questionnaires. We included data on height,
BMI at age 18, weight change since age 18, age at menarche, parity/age
at first birth, breastfeeding, oral contraceptive use, family history
of breast cancer in a first-degree relative, history of benign breast
disease, age at menopause, postmenopausal hormone use, census-tract
socioeconomic status, physical activity [metabolic equivalents (METs)
in h/week], alcohol intake (g/day) and total energy intake (kcal/day).
We additionally adjusted for a modified Alternate Healthy Eating Index
(AHEI) score (48), without SSBs and alcohol. This score was calculated
based on 9 foods and nutrients that are predictive of chronic disease
risk, including fruit, vegetables, nuts and legumes, red and processed
meat, whole grains, sodium, trans fat, long-chain omega-3 fatty acids,
and other PUFAs. A higher score in the AHEI denoted better diet quality.

Statistical analysis
Data from the NHS and NHSII were pooled to increase statistical power.
Participants contributed person-years from the date of return of the
baseline FFQ (1980 in the NHS and 1991 in the NHSII) to the date
of any cancer diagnosis except nonmelanoma skin cancer, death, or
the end of follow-up (2016 in the NHS or 2017 in the NHSII for the
main analysis and 2006 for the molecular subtype analysis), whichever
happened first. The main outcome of the analysis was incident breast
cancer (occurring in 1980–2016 in the NHS and in 1991–2017 in the
NHSII) and secondary outcomes were the different breast cancer tumor
subtypes.

We assessed the associations between categories of consumption
of SSBs and ASBs and total and subtype-specific breast cancer
using multivariable-adjusted time-varying Cox proportional hazards
regression models, stratified by age (in months), 2-year time period at
risk, and cohort (NHS or NHSII), to estimate HRs and 95% CIs. In
order to reduce measurement error and within-person variation and
to better represent long-term diet during follow-up, we performed the
analysis using cumulative averages of dietary data that were created
using repeated measures from the FFQs (calculated by taking the mean
intake from all FFQs up to the beginning of a 2-year follow-up interval).
We categorized SSB and ASB in groups based on the frequency of intake
[1/month (reference), ≥1 to ≤4/month, >1 to <7/week, and ≥1/day],
and linear trends were evaluated using the Wald test on a continuous
variable representing median intakes of each category.

All variables with updated data throughout follow-up were entered
into the models as time-varying covariates. Multivariable models were
adjusted for race (self-reported), age at menarche, age at menopause,
postmenopausal hormone use, oral contraceptive use history, parity
and age at first birth, breastfeeding history, family history of breast
cancer, history of benign breast disease, height, cumulatively updated
alcohol intake, cumulatively updated total caloric intake, physical
activity, BMI at age 18 years, a modified AHEI score (with SSBs and
alcohol removed), and census-tract socioeconomic status. All models
were mutually adjusted for SSB and ASB in categories. Because change
in weight since age 18 may be an intermediate factor between SSBs
or ASBs and breast cancer, we subsequently added this variable in a
separate model.

To evaluate the latency between SSB or ASB intake and breast
cancer, we performed latency analyses based on dietary data collected at
different time points (49, 50). Briefly, in the cumulative average model,
the mean SSB or ASB consumption from all FFQs up to the beginning
of a follow-up interval was calculated; in the simple update model, the
SSB or ASB consumption reported on the most recent FFQ before each
follow-up interval was used; in the latency models, we used SSB or ASB
consumptions reported at different latencies (i.e., 4–8, 8–12, 12–16, and
16–20 years) before a breast cancer diagnosis. For example, in the 8–
12-year lag analysis, we examined the association of SSB consumption
in 1980 with the risk of breast cancer between 1988 and 1992. Since
the FFQs were collected every 4 years, the simple update model could
be considered as a latency analysis of 0–4 years.

To test whether consumption of SSBs or ASBs and breast cancer risks
differed by BMI (<25 compared with ≥25 kg/m2), physical activity
[<21 compared with ≥21 METs-h/week (51)], or diet quality (below
compared with above the AHEI median), we added interaction terms
and used the Wald test for cross-product terms based on SSB or ASB
intake (continuous variable) and the stratification variables.

Moreover, we used changes in beverage consumption updated
every 4 years as a time-varying exposure to estimate the risk of
breast cancer in the subsequent 4-year period. For instance, changes
in total SSB consumption between 1986 and 1990 were used to
evaluate the risk of breast cancer between 1990 and 1994, and so
on. Participants were divided into 5 categories of change in beverage
intakes: no change or relatively stable consumption (±0.14 serving/day
or ±1.0 serving/week), increase or decrease in consumption ranging
from 1.0 serving/week to 0.50 serving/day, and increase or decrease in
consumption by >0.50 serving/day. To minimize the influence of out-
liers, changes in beverage consumption <0.5 and >99.5 percentiles were
recoded into the value of the 0.5 and the 99.5 percentiles, respectively.

To examine differential associations of SSBs and ASBs with breast
cancer risks by hormone receptor and molecular subtypes, we used the
Lunn-McNeil approach to derive the P value for heterogeneity (52). All
statistical tests were 2-sided with a P value of <0.05 and were performed
using SAS version 9.4 (SAS Institute Inc.).

Results
During 4,655,153 person-years of follow-up, we documented
11,379 invasive breast cancer cases (NHS n = 7495; NHSII

2770 Romanos-Nanclares et al.
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n = 3884). Characteristics of participants according to the
frequency of SSB and ASB intakes are shown in Table 1.
Women with higher intakes of SSBs tended to be younger,
less physically active, and more likely to have lower AHEI
scores. SSB consumption was also associated with a higher total
energy intake and lower intakes of fruits, vegetables, coffee,
and alcohol. Individuals with higher intakes of ASBs were
more likely to have a greater BMI, be more physically active,
consume more alcohol, and have higher AHEI scores. Frequent
consumption of ASBs was also associated with a lower total
energy intake and higher intakes of fruits, vegetables, and coffee.

In the NHS, a suggestive positive, though not statistically
significant, association was observed in multivariable-adjusted
model 1 (HR, 1.11; 95% CI, 1.00–1.22; P-trend = 0.06;
Table 2). Multivariable model 1 and model 2 (which was
further adjusted for the change in weight since age 18) showed
similar results. Moreover, each serving per day increment in
SSB was associated with a 4% higher risk of breast cancer
(HR, 1.04; 95% CI, 0.99–1.09). There were no significant
associations observed with SSB in the NHSII (HR per 1 serving/
day increment 0.99; 95% CI, 0.94–1.05). The pooled HR
comparing extreme categories was nonsignificant (1.03; 95%
CI, 0.95–1.12; P-trend = 0.72). Furthermore, using pooled data,
we additionally split the highest category of consumption into
2 categories (1/day and ≥2/day) but observed similar HRs in
each category (data not shown). We also evaluated total breast
cancer incidence according to type of SSB: cola and noncola
beverages. In the model where the change in weight since age
18 was included, women who consumed ≥1 serving/day of
cola beverages had a higher risk of breast cancer, although
the association was not linear (HR, 1.10; 95% CI, 1.00–1.22;
P-trend = 0.13; data not shown). Furthermore, we evaluated the
latency between SSB consumption and breast cancer, and we did
not observe a significant association in any lag (Supplemental
Table 1). In an additional analysis, when we cross-classified by
SSB and ASB intake (data not shown), a higher, nonsignificant
risk of breast cancer was found for women with the highest
intake of both SSBs and ASBs (≥1/day; HR, 1.09; 95% CI, 0.92–
1.30) compared to the reference group (<1/month in ASB and
SSB intake).

Figure 1 shows stratified analyses in the pooled data by
BMI, physical activity, and diet quality. Although we did not
observe a significant interaction by BMI (P-interaction = 0.08),
a modest higher risk of breast cancer with each serving per day
increment of SSBs was found in lean women (BMI < 25 kg/m2;
HR, 1.06; 95% CI, 1.01–1.11), but not among overweight or
obese women (BMI ≥ 25 kg/m2; HR, 1.00; 95% CI, 0.95–1.06).
Although the interaction with physical activity (<21 METs-h/
week compared with ≥21 METs-h/week) was not significant
(P-interaction = 0.23), each serving per day of ASBs in women
with a high activity level was associated with a 4% lower risk
of breast cancer (HR, 0.96; 95% CI, 0.91–1.00).

While no association with ASB intake was observed in the
NHS, ASB intake was inversely associated with the risk of breast
cancer in the NHSII. Compared with women who consumed
ASBs less than once per month, women who consumed
≥1 serving of ASBs per day had a 7% lower risk of breast cancer
(HR, 0.93; 95% CI, 0.84–1.01; P-trend = 0.04). Additional
adjustment for weight change since age 18 slightly strengthened
the association (HR, 0.91; 95% CI, 0.83–1.00; P-trend = 0.02;
Table 2).

Table 3 shows the breast cancer incidence by ER status
and molecular phenotype, according to cumulative average
intake categories of SSBs and ASBs using pooled data. SSB
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TABLE 2 Risk of total breast cancer according to cumulative average intake of SSBs and ASBs in the NHS, NHSII, and pooled
cohorts1

<1/month ≥1 to ≤4/month >1 to <7/week ≥1/day P trend2

Per 1 serving/day
increase

Sugar-sweetened beverage category
NHS Number of cases, n 2141 1947 2864 543 —

Person years 691,530 608,056 901,755 195,256 —
Age-adjusted model 1.00 1.01 (0.95–1.07) 1.00 (0.94–1.06) 1.04 (0.95–1.15) 0.53 1.01 (0.97–1.06)
Multivariable model 13 1.00 1.01 (0.94–1.07) 1.01 (0.95–1.07) 1.11 (1.00–1.22) 0.06 1.05 (1.00–1.10)
Multivariable model 24 1.00 1.00 (0.94–1.07) 1.00 (0.94–1.06) 1.09 (0.98–1.21) 0.10 1.04 (0.99–1.09)

NHS II Number of cases, n 928 984 1,507 465 —
Person years 557,608 540,283 848,158 312,506 —
Age-adjusted model 1.00 1.10 (1.00–1.20) 1.02 (0.94–1.11) 0.96 (0.85–1.08) 0.08 0.98 (0.93–1.03)
Multivariable model 13 1.00 1.06 (0.97–1.17) 0.96 (0.88–1.06) 0.94 (0.83–1.08) 0.14 1.00 (0.94–1.05)
Multivariable model 24 1.00 1.06 (0.97–1.16) 0.96 (0.87–1.05) 0.93 (0.82–1.07) 0.12 0.99 (0.94–1.05)

Pooled5 Number of cases, n 3069 2931 4371 1008 —
Person years 1,249,138 1,148,340 1,749,913 507,762 —
Age-adjusted model 1.00 1.03 (0.98–1.09) 1.00 (0.96–1.05) 1.00 (0.93–1.08) 0.53 1.00 (0.96–1.03)
Multivariable model 13 1.00 1.03 (0.98–1.08) 1.00 (0.95–1.05) 1.05 (0.97–1.14) 0.49 1.03 (0.99–1.06)
Multivariable model 24 1.00 1.02 (0.97–1.08) 0.99 (0.94–1.04) 1.03 (0.95–1.12) 0.72 1.02 (0.99–1.06)

Artificially sweetened beverage category
NHS Number of cases, n 2242 1123 2870 1260 —

Person years 758,074 353,549 866,359 418,616 —
Age-adjusted model 1.00 1.02 (0.95–1.10) 1.02 (0.96–1.08) 1.01 (0.94–1.09) 0.88 1.00 (0.97–1.04)
Multivariable model 13 1.00 1.02 (0.95–1.10) 1.01 (0.95–1.07) 1.05 (0.98–1.13) 0.22 1.02 (0.99–1.06)
Multivariable model 24 1.00 1.00 (0.93–1.08) 0.97 (0.92,1.03) 0.99 (0.92–1.07) 0.87 1.00 (0.97–1.04)

NHS II Number of cases, n 935 408 1327 1214 —
Person years 548,370 225,896 703,317 780,973 —
Age-adjusted model 1.00 1.02 (0.90–1.14) 1.00 (0.92–1.09) 0.88 (0.81–0.97) <0.01 0.96 (0.93–0.98)
Multivariable model 13 1.00 1.03 (0.91–1.16) 0.99 (0.91–1.08) 0.93 (0.84–1.01) 0.04 0.98 (0.95–1.01)
Multivariable model 24 1.00 1.02 (0.91–1.15) 0.98 (0.89–1.07) 0.91 (0.83–1.00) 0.02 0.98 (0.95–1.00)

Pooled5 Number of cases, n 3177 1531 4197 2474 —
Person Years 1,306,444 579,445 1,569,676 1,199,588 —
Age-adjusted model 1.00 1.02 (0.96–1.09) 1.01 (0.97–1.06) 0.96 (0.91–1.01) 0.01 0.98 (0.96–1.00)
Multivariable model 13 1.00 1.02 (0.96–1.09) 1.01 (0.96–1.06) 1.00 (0.95–1.06) 0.61 1.00 (0.98–1.02)
Multivariable model 24 1.00 1.01 (0.95–1.07) 0.98 (0.94–1.03) 0.96 (0.91–1.02) 0.08 0.99 (0.97–1.01)

1Values are HRs with 95% CIs in parentheses. ASB, artificially sweetened beverage; MET, metabolic equivalent; NHS, Nurses’ Health Study; NHSII, Nurses’ Health Study II;
SSB, sugar-sweetened beverage.
2P value for trend was calculated by assigning the median values to each quartile and modeling the median values as a continuous variable.
3Multivariable model 1: stratified by age in months and calendar year, adjusted for SSB or ASB intake, race (non-Hispanic Caucasian, African, Asian, Hispanic Caucasian), age at
menarche (<12, 12, 13, 14, >14 years), age at menopause (premenopausal, <45, 45–49, 50–52, ≥53 years), postmenopausal hormone use (never user; past user; current
user: estrogen only for <5 years; current user: estrogen only for ≥5 years; current estrogen + progestin user for <5 years; current estrogen + progestin user for ≥5 years;
current user of other types), oral contraceptive use history (never, ever), parity and age at first birth (nulliparous, 1 child before age 25, 1 child at ≥25 years of age, ≥2 children
before age 25, ≥2 children ≥25 years of age), breastfeeding history (never, breastfed for ≤6 months, breastfed for >6 months), family history of breast cancer (yes or no),
history of benign breast disease (yes or no), height (<1.60, 1.60–1.64, 1.65–1.69, 1.70–1.74, ≥1.75 meters), cumulatively updated alcohol intake (0, <5, 5–9, 10–14, ≥15 g/d),
cumulatively updated total caloric intake (kcal/day, quintiles), physical activity (linear MET-h/week), BMI at age 18 years (<20.0, 20.0–21.9, 22.0–23.9, 24.0–26.9, ≥27.0 kg/m2), a
modified Alternate Healthy Eating Index score (with SSBs and alcohol removed), and socioeconomic status.
4Multivariable model 2 includes the variables from multivariable model 1 plus the change in weight since age 18 (lost ≥2 kg, lost 0–1 kg, gained 0–2 kg, gained 3–5 kg, gained
6–10 kg, gained 11–
20 kg, gained 21–25 kg, gained >25 kg).
5The pooled model was also stratified by cohort.

intake was not associated with an increased risk of any breast
cancer subtype, and we did not observe heterogeneity by ER
status or molecular phenotype. Nonetheless, the ASB intake
was associated with a lower risk of luminal A breast tumors,
with HRs across the categories of <1/month, ≥1 to ≤4/month,
>1 to <7/week, and ≥1/day of 1.00 (reference), 1.05 (95%
CI, 0.93–1.19), 0.95 (95% CI, 0.86–1.05), and 0.90 (95%
CI, 0.80–1.01), respectively (P-trend = 0.02). Each serving
per day increment in ASB intake was associated with a 6%
lower risk of this cancer subtype (HR, 0.94; 95% CI, 0.90–
0.98). Further adjustment for a mammographic exam in the last
2 years did not alter the results (data not shown). Given the
between-studies heterogeneity for SSBs (P value = 0.02) using

the Q-statistic, we presented the results stratified by cohort.
As shown in Supplemental Table 2, a higher intake of SSBs
was inversely associated with ER-positive and luminal A breast
tumors in the NHSII, while there was a higher risk in the
NHS for these tumors. Moreover, a higher intake of ASBs
was inversely associated with ER-positive and luminal A breast
tumors in the NHSII. Furthermore, we also tested whether the
ASB intake and ER-positive or luminal A breast tumors differed
by BMI (in kg/m2) in Supplemental Figure 2. Each serving
per day increment in ASB intake was associated with 8% and
6% lower risks of luminal A and ER-positive breast cancer,
respectively, among overweight/obese women [HR, 0.92 (95%
CI, 0.88–0.96) and 0.94 (95% CI, 0.91–0.98), respectively] but
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FIGURE 1 Total breast cancer according to SSB intake (servings/day) and ASB intake, stratified by BMI, physical activity, and diet quality (AHEI
score), based on pooled data from both cohorts (NHS/NHSII). Data are stratified by age in months, cohort, and calendar year and are adjusted
for SSB or ASB intake, race (non-Hispanic Caucasian, African, Asian, Hispanic Caucasian), age at menarche (<12, 12, 13, 14, >14 years), age
at menopause (premenopausal, <45, 45–49, 50–52, ≥53 years), postmenopausal hormone use (never user; past user; current user: estrogen
only for <5 years; current user: estrogen only for ≥5 years; current estrogen + progestin user for <5 years; current estrogen + progestin user
for ≥5 years; current user of other types), oral contraceptive use history (never, ever), parity and age at first birth (nulliparous, 1 child before age
25, 1 child at ≥25 years of age, ≥2 children before age 25, ≥2 children ≥25 years of age), breastfeeding history (never, breastfed for ≤6 months,
breastfed for >6 months), family history of breast cancer (yes or no), history of benign breast disease (yes or no), height (<1.60, 1.60–1.64, 1.65–
1.69, 1.70–1.74, ≥1.75 meters), BMI at age 18 years (<20.0, 20.0–21.9, 22.0–23.9, 24.0–26.9, ≥27.0 kg/m2), physical activity (linear MET-h/week),
diet quality using a modified AHEI score (with SSBs and alcohol removed), cumulatively updated alcohol intake (0, <5, 5–9, 10–14, ≥15 g/d),
cumulatively updated total caloric intake (kcal/day, quintiles), change in weight since age 18 (lost ≥2 kg, lost 0–1 kg, gained 0–2 kg, gained
3–5 kg, gained 6–10 kg, gained 11–20 kg, gained 21–25 kg, gained >25 kg), and socioeconomic status. AHEI, Alternate Healthy Eating Index; ASB,
artificially sweetened beverage; MET, metabolic equivalent; NHS, Nurses’ Health Study; NHSII, Nurses’ Health Study II; SSB, sugar-sweetened
beverage.

not among lean women [HR, 0.97 (95% CI, 0.92–1.02) and
0.99 (95% CI, 0.95–1.03), respectively]; P-interactions of 0.10
and 0.01, respectively.

No interaction by menopausal status was observed for SSB
or ASB intake; nonetheless, a suggestive, nonsignificantly higher
risk of postmenopausal breast cancer was observed among
women who consumed ≥1 serving of SSBs per day compared
to women in the lowest category of consumption (HR, 1.07;
95% CI, 0.97–1.19; P-trend = 0.40; pooled data; Table 4).
Furthermore, women who consumed ≥1serving/day of ASBs
compared to those with a low consumption (<1 serving/month),
had a 10% lower risk of premenopausal breast cancer (HR,
0.90; 95% CI, 0.80–1.01), although the test for a linear trend
was not significant (P-trend = 0.20). We also tested whether the
SSB or ASB intake and the risk of breast cancer differed by BMI

in premenopausal or postmenopausal women in Supplemental
Table 3, but no further associations were found.

Supplemental Table 4 presents the HRs for incidence of
breast cancer according to updated 4-year changes in beverage
consumption using pooled data from both cohorts. Participants
who increased their ASB or SSB intake by >0.50 servings/day
or by >0.07 to 0.50 servings/day had a risk of breast cancer
in the subsequent 4 years similar to that of participants who
maintained a stable intake.

Discussion

In these 2 large, prospective cohorts of US women, no significant
associations of SSB or ASB intake with breast cancer were
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TABLE 3 Risk of breast cancer by estrogen receptor status and molecular subtypes according to cumulative average intake of SSBs
and ASBs using pooled data from the Nurses’ Health Studies (NHS and NHSII)1

<1/month ≥1 to ≤4/month >1 to <7/week ≥1/day P trend2
Per 1 serving/day

increase

Sugar-sweetened beverage category
By ER status

Estrogen receptor positive
Number of cases, n 2019 1852 2832 599 —
Person years 1,250,140 1,149,365 1,751,379 508,153 —

Multivariable-adjusted model 3 1.00 0.99 (0.92–1.05) 0.99 (0.93–1.06) 1.02 (0.92–1.13) 0.68 1.03 (0.98–1.07)
Estrogen receptor negative

Number of cases, n 453 428 635 177 —
Person years 1,251,580 1,150,699 1,753,462 508,552 —

Multivariable-adjusted model 3 1.00 1.04 (0.91–1.19) 0.99 (0.87–1.13) 1.05 (0.86–1.28) 0.76 0.97 (0.89–1.06)
P-heterogeneity by ER status4 = 0.99
By molecular subtype 5

Luminal A
Number of cases, n 765 677 985 246 —
Person years 942,382 818,719 1,192,135 384,338 —

Multivariable-adjusted model 3 1.00 1.00 (0.90–1.11) 0.98 (0.88–1.08) 1.03 (0.88–1.21) 0.89 1.00 (0.93–1.08)
Luminal B

Number of cases, n 311 287 461 88 —
Person years 942,773 819,060 1,192,571 384,477 —

Multivariable-adjusted model 3 1.00 0.99 (0.84–1.17) 1.03 (0.88–1.20) 0.94 (0.72–1.22) 0.66 0.99 (0.88–1.12)
HER2

Number of cases, n 62 66 101 21 —
Person years 942,994 819,265 1,192,915 384,538 —

Multivariable-adjusted model 3 1.00 1.05 (0.73–1.50) 0.97 (0.68–1.37) 0.81 (0.47–1.40) 0.38 0.92 (0.71–1.19)
Basal-like

Number of cases, n 77 76 122 28 —
Person years 942,980 819,259 1,192,889 384,529 —

Multivariable-adjusted model 3 1.00 1.14 (0.82–1.57) 1.17 (0.86–1.60) 0.87 (0.54–1.40) 0.38 0.84 (0.67–1.05)
P-heterogeneity by molecular subtype4 = 0.65

Artificially sweetened beverage category
By ER status

Estrogen receptor positive
Number of cases, n 2014 1011 2715 1562 —
Person years 1,307,507 579,966 1,571,087 1,200,478 —

Multivariable-adjusted model 3 1.00 1.03 (0.95–1.11) 0.97 (0.91–1.03) 0.97 (0.90–1.04) 0.18 0.97 (0.94–1.00)
Estrogen receptor negative

Number of cases, n 501 213 603 376 —
Person years 1,308,930 580,719 1,573,107 1,201,537 —

Multivariable-adjusted model 3 1.00 0.95 (0.81–1.12) 1.01 (0.89–1.15) 0.98 (0.85–1.14) 0.92 1.01 (0.97–1.07)
P-heterogeneity by ER status4 = 0.62
By molecular subtype 5

Luminal A
Number of cases, n 790 381 939 563 —
Person years 1,006,598 422,837 1,055,686 852,453 —

Multivariable-adjusted model 3 1.00 1.05 (0.93–1.19) 0.95 (0.86–1.05) 0.90 (0.80–1.01) 0.02 0.94 (0.90–0.98)
Luminal B

Number of cases, n 304 154 419 270 —
Person years 1,007,001 423,043 1,056,133 852,706 —

Multivariable-adjusted model 3 1.00 1.04 (0.85–1.26) 0.98 (0.84–1.14) 1.12 (0.94–1.33) 0.19 1.03 (0.97–1.10)
HER2

Number of cases, n 81 37 86 46 —
Person years 1,007,221 423,157 1,056,440 852,895 —

Multivariable-adjusted model 3 1.00 1.04 (0.70–1.55) 0.90 (0.66–1.25) 0.85 (0.58–1.26) 0.63 1.03 (0.90–1.18)
Basal-like

Number of cases, n 89 31 109 74 —
Person years 1,007,204 423,158 1,056,422 852,875 —

Multivariable-adjusted model 3 1.00 0.81 (0.53–1.22) 1.11 (0.83–1.50) 1.04 (0.74–1.46) 0.79 0.97 (0.86–1.09)
P-heterogeneity by molecular subtype4 = 0.20

1Values are HRs with 95% CIs in parentheses. Data on estrogen receptor status are from the NHS with follow-ups from 1980 to 2016 and the NHSII with
follow-ups from 1991 to 2017) and data on molecular subtypes are from the NHS with follow-ups from 1980 to 2006 and the NHSII with follow-ups from 1991 to
2005. ASB, artificially sweetened beverage; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; MET, metabolic equivalent; NHS, Nurses’
Health Study; NHSII, Nurses’ Health Study II; SSB, sugar-sweetened beverage.
2P values for trend were calculated by assigning the median values to each quartile and modeling the median values as a continuous variable.
3Multivariable-adjusted model stratified by age in months and calendar year, adjusted for SSB or ASB intake, race (non-Hispanic Caucasian, African, Asian, Hispanic
Caucasian), age at menarche (<12, 12, 13, 14, >14 years), age at menopause (premenopausal, <45, 45–49, 50–52, ≥53 years), postmenopausal hormone use
(never user; past user; current user: estrogen only for <5 years; current user: estrogen only for ≥5 years; current estrogen + progestin user for <5 years; current
estrogen + progestin user for ≥5 years; current user of other types), oral contraceptive use history (never, ever), parity and age at first birth (nulliparous, 1 child
before age 25, 1 child at ≥25 years of age, ≥2 children before age 25, ≥2 children ≥25 years of age), breastfeeding history (never, breastfed for ≤6 months,
breastfed for >6 months), family history of breast cancer (yes or no), history of benign breast disease (yes or no), height (<1.60, 1.60–1.64, 1.65–1.69, 1.70–1.74,
≥1.75 meters), cumulatively updated alcohol intake (0, <5, 5–9, 10–14, ≥15 g/d), cumulatively updated total caloric intake (kcal/day, quintiles), physical activity
(linear MET-h/week), BMI at age 18 years (<20.0, 20.0–21.9, 22.0–23.9, 24.0–26.9, ≥27.0 kg/m2), a modified Alternate Healthy Eating Index score (with SSBs and
alcohol removed), socioeconomic status, and change in weight since age 18 (lost ≥2 kg, lost 0–1 kg, gained 0–2 kg, gained 3–5 kg, gained 6–10 kg, gained
11–20 kg, gained 21–25 kg, gained >25 kg).
4For testing heterogeneity by subtype, we used the Lunn-McNeil approach.
5Due to smaller sample sizes in analyses, to ensure that models would run, covariate categorizations were simplified.
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TABLE 4 Association between categories of cumulatively updated SSB and ASB intake and premenopausal or postmenopausal
breast cancer risk using pooled data from the Nurses’ Health Studies (NHS and NHSII)1

<1/month ≥1 to ≤4/month >1 to <7/week ≥1/day P trend2

Per 1 serving/day
increase

Categories of sugar-sweetened beverage category
Premenopausal breast cancer

Number of cases/person years 671/421,460 596/389,514 906/578,796 330/236,214
Multivariable-adjusted model3 1.00 0.94 (0.84–1.06) 0.90 (0.81–1.01) 0.96 (0.82–1.12) 0.95 1.02 (0.95–1.08)

Postmenopausal breast cancer
Number of cases/person years 2195/717,260 2160/662,476 3203/1,018,196 582/208,073 —
Multivariable-adjusted model3 1.00 1.05 (0.99–1.11) 1.03 (0.97–1.09) 1.07 (0.97–1.19) 0.40 1.04 (0.99–1.09)

P-interaction by menopausal status = 0.42
Categories of artificially sweetened beverage category

Premenopausal breast cancer
Number of cases/person years 758/473,410 295/184,463 739/461,417 711/506,695 —
Multivariable-adjusted model3 1.00 0.97 (0.84–1.11) 0.90 (0.81–1.00) 0.90 (0.80–1.01) 0.20 0.99 (0.96–1.03)

Postmenopausal breast cancer
Number of cases/person years 2220/714,680 1151/348,395 3230/984,132 1539/558,798 —
Multivariable-adjusted model3 1.00 1.01 (0.94–1.09) 0.99 (0.94–1.05) 0.96 (0.90–1.03) 0.12 0.98 (0.95–1.01)

P-interaction by menopausal status = 0.77

1Values are HRs with 95% CIs in parentheses. ASB, artificially sweetened beverage; MET, metabolic equivalent; NHS, Nurses’ Health Study; NHSII, Nurses’ Health Study II;
SSB, sugar-sweetened beverage.
2P value for trend was calculated by assigning the median values to each quartile and modeling the median values as a continuous variable.
3Multivariable model stratified by age in months and calendar year, adjusted for SSB or ASB intake, race (non-Hispanic Caucasian, African, Asian, Hispanic Caucasian), age at
menarche (<12, 12, 13, 14, >14 years), age at menopause (premenopausal, <45, 45–49, 50–52, ≥53 years), postmenopausal hormone use (never user; past user; current
user: estrogen only for <5 years; current user: estrogen only for ≥5 years; current estrogen + progestin user for <5 years; current estrogen + progestin user for ≥5 years;
current user of other types), oral contraceptive use history (never, ever), parity and age at first birth (nulliparous, 1 child before age 25, 1 child at ≥25 years of age, ≥2 children
before age 25, ≥2 children ≥25 years of age), breastfeeding history (never, breastfed for ≤6 months, breastfed for >6 months), family history of breast cancer (yes or no),
history of benign breast disease (yes or no), height (<1.60, 1.60–1.64, 1.65–1.69, 1.70–1.74, ≥1.75 meters), cumulatively updated alcohol intake (0, <5, 5–9, 10–14, ≥15 g/d),
cumulatively updated total caloric intake (kcal/day, quintiles), physical activity (linear MET-h/week), BMI at age 18 years (<20.0, 20.0–21.9, 22.0–23.9, 24.0–26.9, ≥27.0 kg/m2), a
modified Alternate Healthy Eating Index score (with SSBs and alcohol removed), socioeconomic status, and change in weight since age 18 (lost ≥2 kg, lost 0–1 kg, gained
0–2 kg, gained 3–5 kg, gained 6–10 kg, gained 11–20 kg, gained 21–25 kg, gained >25 kg).

observed overall. However, we observed a positive association
between intake of SSBs and the risk of breast cancer among
lean women that was independent of weight changes and other
established dietary and nondietary breast cancer risk factors.
We also found a modest inverse association between ASB intake
and the risk of luminal A breast tumors, particularly among
obese women. Because this is the first evaluation of ASB intake
and subtype-specific breast tumors, confirmation is needed.
Given our study’s observational design, we cannot completely
exclude the possibility of residual confounding. Nonetheless, the
observational findings persisted after adjusting for known and
suspected predictors of breast cancer.

Although further investigation of this association is war-
ranted, there are several potential mechanisms that may
contribute to these observed results. Adiposity plays a key role
in postmenopausal breast cancer, with higher concentration
of adipocytokines, hyperinsulinemia, and insulin resistance
leading to breast cancer cell growth (53). Nonetheless, a
mechanism independent of adiposity is likely given that the
positive association among lean women was evident after an
adjustment for weight change. Indeed, whereas we observed no
association with SSB intake among overweight/obese women,
greater consumption of SSB among lean women was positively
associated with the cancer risk, even after adjusting for weight
changes. Aside from obesity, the mechanisms underlying a
link between SSBs and breast cancer may stem from the
high amounts of rapidly absorbable carbohydrates, such as
any form of sugar or high-fructose corn syrup, which are
the primary sweeteners used in SSBs and bring rapid and
dramatic increases in blood glucose and insulin concentrations.
Increased insulin concentrations may influence breast cancer

risk either directly, by stimulating insulin receptors in breast
tissue, or indirectly, by augmenting the bioactivity of insulin-
like growth factor I (IGF-I), which stimulates cell proliferation
and inhibits apoptosis (54). Moreover, there is evidence that
both insulin and IGF-I stimulate the synthesis of sex steroids,
particularly androgens, and decrease the concentration of
sex-hormone-binding globulin, which in turn produces an
increased tissue concentration of estrogens, formed by local
conversion of the androgens. Further, the caramel coloring used
in SSBs [4-methylimidazole (55)] is high in advanced glycation
end products, which may additionally increase insulin resistance
and inflammation (56).

While the association between SSB intake and car-
diometabolic health has been extensively studied (57), little is
known about whether intake of these beverages impacts the
risks of total and subtype-specific breast tumors. Inconsistent
findings between consumption of SSBs and breast cancer in the
epidemiologic literature may be due to differences in exposure
definitions, which have included intakes of sugars, sweets,
and desserts as individual foods or as part of an overall
dietary pattern that included sweet foods and/or beverages (58).
Consumption of dessert foods, sweet beverages, and added
sugars was positively associated with breast cancer risks in a
population-based case-control study in Long Island, New York
(58). In the latter study, and analogous to our results, women
with lower BMIs exhibited a stronger association between
dessert consumption and breast cancer compared to those with
higher BMIs. A recent study using data from the Nurses’
Health Studies (59) showed that higher adherence to a diabetes
reduction risk score (where SSBs scored negative) was inversely
associated with the risk of breast cancer, particularly among lean
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women and independent of weight changes. Hence, encouraging
lifestyle modifications to lessen the risk of developing insulin
resistance and hyperinsulinemia may be a promising primary
prevention strategy for breast cancer. In fact, a study evaluating
the association between adherence to the WCRF/AICR cancer
prevention recommendations and the breast cancer incidence in
African-American women found that adherence to the recom-
mendation to limit intake of sugary beverages was protective
against breast cancer, particularly ER-/PR-positive tumors (60).

Similar to our results, null findings were observed for an
association between total consumption of sugary beverages
and breast cancer in multivariable-adjusted models in the
Framingham Offspring cohort (26) and in the Canadian Study
of Diet, Lifestyle, and Health (27). A positive association
between sugary drink consumption and the risk of breast cancer
was found in the NutriNet-Santé cohort study, specifically
among premenopausal women (61). In our results, we showed
a suggestive, nonsignificantly higher risk of postmenopausal
breast cancer for women consuming 1 or more servings of
SSBs per day compared to those with infrequent consumption
(<1/month). In contrast, researchers from the Melbourne Col-
laborative Cohort Study (24) and the Seguimiento Universidad
de Navarra cohort study (25) observed an increased risk
of postmenopausal breast cancer. Nonetheless, in a previous
study of the European Prospective Investigation into Cancer
and Nutrition (EPIC)-France cohort (62), rapidly absorbed
carbohydrates were associated with the risk of postmenopausal
breast cancer in women who were overweight and women with
large waist circumferences.

In contrast to SSBs, which represent the largest source of
added sugar in the American diet (1), ASBs contain few to
no calories, which makes them a likely attractive substitute
for SSBs. However, observational studies and intervention trials
have shown inconclusive results regarding their health effects
(63, 64). In the present study, null results were observed for
ASB intake and the overall breast cancer risk, consistent with
results from the NutriNet-Santé cohort study (23). As far as
other tumor locations are concerned, a previous study in our
cohorts found that ASBs were associated with higher risks for
non-Hodgkin lymphoma (only in men), multiple myeloma (only
in men), and leukemia (both men and women) (28). Although
these results could be explained by biological mechanisms (i.e.,
the potential carcinogenicity of aspartame), they could also be
attributable to chance, as in our case.

While emerging research shows mixed results (65), addi-
tional high-quality, long-term research is needed to understand
the mechanisms of action of ASBs. Moreover, in order to
advance in this field, it will be necessary to go beyond ASBs and
take into account the different types of artificial sweeteners (e.g.,
aspartame or acesulfame K), as well as other food and beverage
sources.

Strengths and limitations

The strengths of our study include a large number of
study participants, long-term follow-up, extensive dietary and
covariate information, and the availability of tissue information
for the determination of molecular subtypes. Prospective and
repeated assessments of SSB and ASB intakes via validated FFQs
allowed us to capture long-term intakes, reflecting true changes
and minimizing the extent of measurement error and recall bias.
Breast cancer was examined independently due to its intricate
and unique etiology, as represented by the influence of exposures
across the life course, hormonal and nonhormonal exposures,
and tumor molecular heterogeneity. Also, dietary associations

may differ by tumor subtype. Thus, it is noteworthy that we
had the unique opportunity to study the potential associations
between SSBs and specific molecular breast cancer subtypes
(luminal A, luminal B, HER2-enriched and basal-like), which
were not examined in previous prospective studies.

However, several limitations need to be acknowledged. First,
the use of dietary assessments in observational research has
been a point of debate caused by self-reported intakes and
measurement error (66), which would likely be nondifferential
in relation to the breast cancer risk and thus tend to
underestimate associations. However, assessments of SSB/ASB
intakes may be less prone to measurement error, because
consumption of these beverages are relatively easy to measure.
Furthermore, our FFQs showed good correlations when
extensively validated against diet records and biomarkers, and
the use of repeated measures of diet and lifestyle in our analyses
could further reduce random measurement errors and in turn
represent long-term habits. Second, another limitation includes
the possibility of residual confounding despite adjusting for
many potential confounders in our analysis, although the
similar socioeconomic backgrounds of participants helped to
minimize this potential bias. Higher SSB intake could serve
as a marker of a globally unhealthy diet, and incomplete
adjustment for various factors could lead to an overestimation
of the association between SSBs and breast cancer. Reverse
causation cannot be totally ruled out; however, latency analyses
showed similar associations as those seen in the main analyses.
Moreover, we made multiple comparisons (SSBs and ASBs,
premenopausal and postmenopausal subgroups, and subtypes
of tumors) in this analysis and we cannot rule out the presence
of a type I error as an explanation for our results. Finally,
our study was conducted among a predominately non-Hispanic
white population (Caucasians) of health professionals, which
minimizes potential confounding by socioeconomic factors
but may limit generalizability to populations with different
underlying breast cancer risks.

Conclusions

In these large prospective cohort studies of US women, SSB and
ASB intakes were not significantly associated with the risk of
breast cancer overall. However, among lean women, indepen-
dently of weight changes, consumption of SSBs was modestly
associated with an increased risk of breast cancer. Although a
suggestive interaction between SSBs and BMI appears plausible
and coherent, we cannot exclude the possibility of type I errors;
therefore, our results must be prudently applied.

Ample evidence exists to discourage consumption of SSBs
in place of healthy alternatives, in order to reduce the risk of
chronic diseases and improve overall health and quality of life.
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