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Abstract

Objective: To determine the association of total and added fructose-containing sugars on cardiovas-
cular disease (CVD) incidence and mortality.
Methods: MEDLINE, EMBASE and Cochrane Library were searched from January 1, 1980, to July 31,
2018.Prospective cohort studies assessing the associationof reported intakes of total, sucrose, fructose and
added sugars with CVD incidence andmortality in individuals free fromdisease at baselinewere included.
Risk estimates were pooled using the inverse variance method, and dose-response analysis was modeled.
Results: Eligibility criteriaweremet by 24prospective cohort comparisons (624,128unique individuals;
11,856 CVD incidence cases and 12,224 CVD mortality cases). Total sugars, sucrose, and fructose were
not associated with CVD incidence. Total sugars (risk ratio, 1.09 [95% confidence interval, 1.02 to 1.17])
and fructose (1.08 [1.01 to 1.15]) showed a harmful association for CVD mortality, there was no asso-
ciation for added sugars and a beneficial association for sucrose (0.94 [0.89 to 0.99]). Dose-response
analyses showed a beneficial linear dose-response gradient for sucrose and nonlinear dose-response
thresholds for harm for total sugars (133 grams, 26% energy), fructose (58 grams, 11% energy) and
added sugars (65 grams, 13% energy) in relation to CVDmortality (P<.05). The certainty of the evidence
using GRADE was very low for CVD incidence and low for CVD mortality for all sugar types.
Conclusion: Current evidence supports a threshold of harm for intakes of total sugars, added sugars,
and fructose at higher exposures and lack of harm for sucrose independent of food form for CVD
mortality. Further research of different food sources of sugars is needed to define better the rela-
tionship between sugars and CVD.
Registration: clinicaltrials.gov, NCT01608620
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F ructose-containing sugars (sucrose,
fructose) have been implicated as
important drivers of the epidemic of

obesity, diabetes, and cardiovascular disease
(CVD),1 resulting in recommendations
from major public health agencies2-5 and
diabetes and heart associations6-9 to set
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upper limits for sugars, especially for added
or free fructose-containing sugars, and pol-
icy initiatives from government regulators
to label and tax these sugars.10-14 Much of
the evidence supporting these recommenda-
tions and policies derives from data on
sugar-sweetened beverages (SSBs), the
rg/10.1016/j.mayocp.2019.05.034
dical Education and Research. Published by Elsevier Inc. This is an open access article
es/by-nc-nd/4.0/).

2399

http://clinicaltrials.gov
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mayocp.2019.05.034&domain=pdf
https://doi.org/10.1016/j.mayocp.2019.05.034
http://www.mayoclinicproceedings.org
http://creativecommons.org/licenses/by-nc-nd/4.0/


MAYO CLINIC PROCEEDINGS

2400
largest source of fructose-containing sugars
in the United States and Canadian diets.15,16

Although systematic reviews and meta-
analyses of prospective cohort studies have
shown adverse associations of SSBs with
weight gain, diabetes, and hypertension,17-20

the same has not been seen for the fructose-
containing sugars they contain.18,21,22

Whether the reported adverse associations
of SSBs with CVD23-26 hold for different
fructose-containing sugars independent of
food form is unclear.27 Our objective was
to conduct a systematic review and meta-
analysis of prospective cohort studies
using the Grading of Recommendations
Assessment, Development, and Evaluation
(GRADE) system to determine the role of
total or added fructose-containing sugars
in the development of CVD.
MATERIALS AND METHODS
We conducted a systematic review and dose-
response meta-analysis following the meth-
odology from the Cochrane Handbook for
Systematic Reviews and Interventions28 and
reported the results according to the
MOOSE (meta-analysis of observational
studies in epidemiology) guidelines29 and
the PRISMA guidelines.30 The study protocol
was registered (ClinicalTrials.gov identifier,
NCT01608620).
Data Sources and Searches
We searched MEDLINE, EMBASE, and the
Cochrane Library (from January 1, 1980, to
July 31, 2018) for relevant studies with
restrictions for prospective cohort studies
according to a prevalidated list. The search
strategy is presented in Supplemental
Table S1 (available online at http://www.
mayoclinicsproceedings.org). We supple-
mented the search with manual searches
and reference lists of relevant articles.
Authors were contacted for additional data
and clarification.
Study Selection
We included prospective cohort
studies in humans investigating the associa-
tion between reported intakes of
Mayo Clin Proc. n December 2019;9
fructose-containing sugars (total sugars, fruc-
tose, sucrose, and added sugars) and CVD
(incidence and mortality) in people free of
the disease at baseline. Total sugar was
defined as the sum of all monosaccharides
(glucose, fructose, and galactose) and disac-
charides (sucrose, lactose, and maltose).31,32

Added sugars were defined as the sum of all
monosaccharides and disaccharides used in
processed and prepared foods and drinks
and as sugars added to foods but not naturally
occurring sugars such as in fruits and fruit
juices.31,33
Data Extraction
Two reviewers (T.A.K. and A.A.) indepen-
dently reviewed the articles and extracted
relevant data. The main outcomes were
CVD mortality and CVD incidence, both as
a combined outcome or separated as coro-
nary heart disease and stroke outcomes
expressed as risk ratios (RR) with 95% con-
fidence intervals (95% CI).
Risk of Bias
We assessed the risk of bias using Newcastle-
Ottawa Scale. Up to 9 points were awarded
based on cohort selection (max 4 points),
the comparability of cohort (max 2 points),
and adequacy of the outcome measures
(max 3 points).34 Studies achieving 7 points
or more were considered high quality. We
resolved disagreements at every stage by
consensus and involving a third person
(J.L.S.), if required.
Data Synthesis
All data were analyzed using Stata version
15.1 (StataCorp, College Station, Texas).
RRs comparing extreme quantiles from the
most adjusted models were used for ana-
lyses. When studies used continuous relative
risk per dose, we imputed the extreme quan-
tiles from other publications of the same
cohort or a similar available cohort. Because
of the low incidence of CVD, odds ratio
(OR) and hazard ratio (HR) were treated as
RRs. To obtain summary estimates, we natu-
ral log-transformed the RRs and pooled them
using DerSimonian and Laird random-effects
4(12):2399-2414 n https://doi.org/10.1016/j.mayocp.2019.05.034
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models.35 Separate analyses were performed
for CVD incidence and mortality. Studies
reporting coronary heart disease and stroke
incidence were analyzed as CVD incidence.
We conducted dose-response meta-analyses
using methods of Greenland and Long-
necker36 (Supplemental Methods 1) in units
of grams per day. When significant nonlinear
association was present, we regarded the
threshold for harm or protective association
when the estimated nonlinear RR crossed
the null (RR ¼ 1). We report dose-
response threshold in grams but also as % en-
ergy based on a 2000 kcal diet and rounded
down to the nearest whole number. Hetero-
geneity was assessed by the Cochran Q sta-
tistic and quantified by the I2 statistic. An
I2�50% and P<.10 was considered evidence
of substantial heterogeneity.28,37 To explore
sources of heterogeneity, we performed
sensitivity analyses involving the systematic
removal of each study, restricting analyses
to studies using validated measures of sugars
intake and restricting analyses to studies
using original (nonimputed) data. If �10
cohort comparisons were available, we per-
formed prespecified subgroup analyses by
sex, follow-up, type of CVD outcome for
CVD incidence, Newcastle-Ottawa scale for
the risk of bias and funding source. If �10
cohort comparisons were available, we
assessed publication bias by visual inspec-
tion of funnel plots and using the Begg’s
and the Egger’s tests.38,39

Grading of the Evidence
We assessed the certainty in our estimates
using GRADE.40 Included observational
studies started as low certainty by default
and then were downgraded or upgraded
based on a prespecified criteria. Criteria to
downgrade included study limitations (risk
of bias), inconsistency (substantial unex-
plained heterogeneity), indirectness (factors
that limit generalizability), imprecision
(95% CI cross a minimally important differ-
ence of 5% [RR 0.95-1.05]), and publication
bias (significant evidence of small-study
effects). Criteria to upgrade certainty of evi-
dence included a large magnitude of effect
(RR > 2 or RR < 0.5 in the absence of
Mayo Clin Proc. n December 2019;94(12):2399-2414 n https://doi.o
www.mayoclinicproceedings.org
plausible confounders), a dose-response
gradient, and attenuation by plausible con-
founding factors.
Role of the Funding Sources
None of the sponsors had a role in any
aspect of the current study, including design
and conduct of the study; collection, man-
agement, analysis, and interpretation of the
data; preparation, review, and approval of
the manuscript; or decision to publish.
RESULTS

Search Results
Supplemental Figure S1 shows the flow of
literature. Of the 1980 reports, we included
11 reports of 10 unique prospective cohort
studies (24 cohort comparisons).27,31-33,41-47

Twelve cohort comparisons (249,788 unique
participants and 11,856 cases)27,32,41-45

assessed the relation of total sugars
(8 studies), sucrose (3 studies), and fructose
(1 study) with CVD incidence. Another
12 cohort comparisons (374,340 unique par-
ticipants and 12,224 cases)31,33,46,47 assessed
the relation of total sugars (4 studies), added
sugars (4 studies), and sucrose (2 studies)
and fructose (2 studies) with CVD mortality.
Study Characteristics
The Table shows the characteristics of the 10
included prospective cohort studies. Studies
were from Europe, United States, and
Australia. The median age of participants
was 60 years (range, 21 to 79 years). Eight
studies were in healthy people, whereas 1
was in participants with diabetes47 and 1 in
patients with chronic kidney failure.46 There
were more female than male participants,
with 3 exclusively female cohorts.27,32,42 Me-
dian follow-up was 11 years (range, 8 to 16
years) for CVD incidence and 13 years
(range, 9 to 15 years) for CVD mortality.
Ascertainment of cases was done by medical
record linkage for all studies except
NHANES (National Health and Nutrition
Examination Survey)33; Blue Mountains
Eye study,46 which used probabilistic match-
ing; and Women’s Health Initiative,32 which
used self-report. Median intakes for total
rg/10.1016/j.mayocp.2019.05.034 2401
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TABLE. Characteristics of Prospective Cohort Studies Investigating the Dietary Intake of Total Sugars, Sucrose, Fructose, and Added Sugars, and Cardiovascular Incidence and Mortality

Cohort Outcome Sex Participants Cases
Person-
years

Age
range
(years) Country

Median follow-
up (years) Exposure measurement

Outcome
measure

Quantile
divisions

Exposure
(Median
range of
intake/day) NOSa

Funding
source

Incident
CVDa

EPIC-Morgen
(Healthy)

Burger, 201141

Incident
CHDa

Ma 8855 581 127,961 21 to 64 Holland 12 (1995 to
2007)

Validated 79-item FFQa Medical
record
linkage

Per SD Total sugars (M) (111 �
25 grams)

Total sugars (F) (106 �
29 grams)b

9 Agencyc

Fa 10,753 300 105,375

Incident
stroke

M 8855 120 127,961

F 10,753 109 105,375

EPIC-
PROSPECT

Beulens,
200742

Incident
CVD

F 15,714 799 157,140 49 to 70 Holland 10 (1995-2005) Validated 77-item
SFFQa

Medical
record
linkage

Quartile (4
vs. 1)

Total Sugars
(Carbohydrates 162 to
227 grams)

8 Agency

EPICOR Study
Sieri, 201043

Incident
CHD

M 15,171 305 119,851 49 to 51 Italy 8 (1995-2003) Validated SFFQ
(Varence, Turin,
Florence); Validated
SFFQ via interview
(Ragusa & Naples)

Medical
record
linkage

Quartile (4
vs. 1)

Total Sugars (118 to 243
grams)

8 Agency

F 32,578 158 257,366

Women’s
Health
Initiative

Taveska,
201832

Incident
CVD

F 64,751 5802 NA 50 to 79 USA 16 122-item SFFQ Self-report
followed
by
medical
record

Per 20%
increase

Total sugars (79 to 95 g/
1000 kcal)

7 Agency

Malmo
Diet
Study

Sonestedt,
2015;
Warfa
201644,45

Incident
CVD

M 10,048 1694 140,672 44
to 74

Sweden 14
(recruitment
1991 to
1996)

7-d food diary, SQ 168-
item FFQ, diet history
interview

Medical
record
linkage

Quintile (5
vs. 1)

Sucrose 8 Agency

F 16,397 1227 229,558

Nurses Health
Study

Liu, 200027

Incident
CHD

F 75,521 761 729,472 38 to 63 USA 10 (1984 to
1994)

Validated 126-item
SFFQ

Medical
record
linkage

Quartile (5
vs. 1)

Total sugars, total sucrose,
total fructose
(carbohydrates 144 to
226 grams)

8 Agency

Continued on next page
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TABLE. Continued

Cohort Outcome Sex Participants Cases
Person-
years

Age
range
(years) Country

Median follow-
up (years) Exposure measurement

Outcome
measure

Quantile
divisions

Exposure
(Median
range of
intake/day) NOSa

Funding
source

Fatal CVD

Blue
Mountains
Eye Study

Iff, 201446

CVD
mortality

Mixed 2664 318 33,644 65 �
9.2

Australia 15 (1992 to
2007)

Validated 145-item
SFFQ

Probabilistic
matching
to
National
Death
Index

Per 100
grams

Sucrose 8 Agency

EPIC-Morgan
(Diabetic)

Burger, 201247

CVD
mortality

Mixed 6192 181 56,969 20 to
60þ

Europe
(France, Spain,
Holland, Ger-
many, Italy,
Sweden,

Denmark, UK)

9 (Recruitment
1992 to
2000)

Quantitative Dietary
Questionnaire
(France, Spain,
Holland, Germany,
Italy); Local SFFQ
(Denmark, Sweden,
UK)

Medical
record
linkage

Per SD Total sugars
(Mean � SD,
84.6 � 31 grams

8 Agency

NIH-AARP
Diet
Health
Study

Tasevska,
201431

CVD
mortality

M 206,371 7488 2,682,823 50 to 71 USA 13 (1995 to
2008)

124-item SFFQ Medical
record
linkage

Quintile (5
vs. 1)

Total sugarsd (80 to 224
grams), sucrose (31 to
83 grams), fructose (32
to 99 grams), Added
sugars (33 to 106
grams)

8 Agency

F 147,380 3406 1,915,940

NHANES
Yang, 201433

CVD
mortality

M 5639 434 78,028 57 �
6.7

USA 15 (1988-2006) 24-hour dietary recall Probabilistic
matching
to
National
Death
Index

Quintile (5
vs. 1)

Added sugars (7.4% to
25.2% calories from
added sugars)

8 Agency

F 6094 397 85,011

aCHD ¼ coronary heart disease; CVD ¼ cardiovascular disease; SFFQ ¼ Semiquantitative Food-Frequency Questionnaire; FFQ ¼ Food-Frequency Questionnaire; M ¼ males; F ¼ females; NOS ¼ Newcastle Ottawa Scale for risk
of bias.
bMean � SD.
cAgency funding is that from government, university or not-for-profit health agency sources.
dEstimated grams based upon a 2000 kcal/day die.
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Fructose

Sucrose

Total sugars

Sugar type and cohort comparisons Sex

Women

Women

Women

Men

Women

Women

Men

Women

Women

Men

Women

Men

Nurses Health Study (Liu, 2000)

Nurses Health Study (Liu, 2000)

Malmo Diet Study (Sonested, 2015)

Malmo Diet Study (Sonested, 2015)

Women's Health Initiative (Tasevska, 2018)

EPICOR Study (Sieri, 2010)

EPICOR Study (Sieri, 2010)

EPIC-PROSPECT (Beulens, 2007)

EPIC-Morgan (Burger, 2011) (S)

EPIC-Morgan (Burger, 2011) (S)

EPIC-Morgan (Burger, 2011) (C)

EPIC-Morgan (Burger, 2011) (C)

Cases

761

761

3,682

761

1,227

1,694

8,174

5,802

158

305

799

109

120

300

581

75,521

75,521

101,966

75,521

16,397

10,048

167,430

64,751

32,578

15,171

15,714

10,753

8,855

10,753

8,855

1.07 (0.82, 1.40)

1.07 (0.82, 1.40)

1.10 (0.99, 1.22)

1.22 (0.94, 1.59)

1.00 (0.83, 1.21)

1.13 (0.97, 1.31)

1.01 (0.90, 1.13)

0.97 (0.85, 1.11)

1.10 (0.69, 1.76)

0.97 (0.69, 1.37)

1.04 (0.73, 1.49)

0.86 (0.25, 2.90)

1.03 (0.34, 3.10)

1.16 (0.55, 2.45)

1.52 (0.92, 2.52)

100.00

100.00

100.00

16.33

32.51

51.16

100.00 .88

.08

.62

65.44

5.68

10.36

9.59

0.84

1.02

2.23

4.84

.25 .5 .75 1 1.5 2 3 5

% WeightRisk ratio (95% CI)Participants effectP

Overall (I2=0%, P heterogeneity=.86)

Overall (I2=0%, P heterogeneity=.43)

Overall (I2=NA, P heterogeneity=NA)

FIGURE 1. Relation between intake of sugars and cardiovascular incidence (highest vs lowest level of intake). The green squares
with black horizontal lines represent risk ratio for each cohort comparison. The blue diamonds represent the pooled risk
estimate for each sugar. Values of I2�50% with Pheterogeneity<.10 indicate substantial heterogeneity.28,37 Values greater than 1.0
indicate an adverse association. Results are from random-effects model. CI ¼ confidence interval, C ¼ CHD (coronary heart disease),
S ¼ stroke.
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sugars, sucrose, fructose and added sugars
were 97 g/day (range, 16 to 135 g/day), 50
g/d (range, 21 to 102 g/d), 47 g/d (range,
23 to 79 g/d), and 63 g/d (range 16 to 135
g/d), respectively. Dietary intake was
assessed by validated food frequency ques-
tionnaires (FFQs) in all studies except
NHANES,33 which used 24-hour recall, and
the Malmo Diet study,44 which used both
FFQs and 7-day food diaries. All studies
were agency funded.

Supplemental Table S2 shows the statisti-
cal adjustments performed in the included
studies. All studies adjusted for the prespeci-
fied primary confounding variable age, and 8
of the 10 cohort studies27,31-33,41,42,47

adjusted for at least 7 of 9 of the important
secondary confounding variables including
sex, family history, smoking, markers of
adiposity, energy intake, physical activity,
presence of diabetes, hypertension (or
related medications), and dyslipidemia (or
related medications).
Mayo Clin Proc. n December 2019;9
Risk of Bias Assessment
Supplemental Table S3 shows the Newcastle-
Ottawa scale scores for the included studies.
None of the studies was rated as high risk of
bias. Publication bias could not be assessed
for any of the sugars with both CVD inci-
dence and CVD mortality, as all had �10
cohort comparisons.
Sugars and CVD Incidence
Figure 1 shows the relation of total sugars,
sucrose, and fructose with CVD incidence,
comparing the highest vs the lowest levels
of exposure. There was no association of to-
tal sugars (RR 1.01, [95% CI, 0.90, 1.13],
I2¼0%), sucrose (RR 1.10, [95% CI, 0.99,
1.22], I2¼0%), or fructose (RR 1.07, [95%
CI, 0.82, 1.40], I2¼NA) with CVD incidence,
with no evidence of heterogeneity. There
were no data available for the association of
added sugars with CVD incidence.

Figure 2(A-C) shows the dose-response
analyses for total sugars, sucrose, and
4(12):2399-2414 n https://doi.org/10.1016/j.mayocp.2019.05.034
www.mayoclinicproceedings.org
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FIGURE 2. Dose-response relationship between intake of (a) total sugars, (b) sucrose, (c) fructose with
cardiovascular incidence. Green solid and blue dashed lines represent the linear and nonlinear spline
models, respectively, along with their confidence intervals. The brown circles represent the relative risk-
point estimates for the different doses from each study; the size of the circle is related to inverse of the
variance. There were not sufficient data to calculate nonlinear dose response for fructose.
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Added sugars

Fructose

Sucrose

Total sugars

Women

Men

Women

Men

Women

Men

Women

Men

Women

Men

Mixed

Mixed

NIH-AARP (Tasevska, 2014)

NIH-AARP (Tasevska, 2014)

NHANES (Yang, 2014)

NHANES (Yang, 2014)

NIH-AARP (Tasevska, 2014)

NIH-AARP (Tasevska, 2014)

NIH-AARP (Tasevska, 2014)

NIH-AARP (Tasevska, 2014)

NIH-AARP (Tasevska, 2014)

NIH-AARP (Tasevska, 2014)

EPIC-Morgan (Burger, 2012)

Blue Mountains (Iff, 2014)

365,484

147,380

206,371

6,094

5,639

353,751

147,380

206,371

353,751

147,380

206,371

362,607

147,380

206,371

6,192

2,664

1.03 (0.85, 1.26)

0.96 (0.86, 1.08)

0.91 (0.84, 0.98)

2.95 (1.48, 5.90)

1.34 (0.60, 3.00)

1.08 (1.01, 1.15)

1.07 (0.95, 1.21)

1.08 (0.99, 1.17)

0.95 (0.85, 1.06)

0.93 (0.86, 1.01)

1.09 (1.02, 1.17)

1.10 (0.96, 1.26)

1.08 (0.99, 1.18)

1.12 (0.75, 1.68)

1.16 (0.85, 1.57)

100.00

42.06

45.46

7.06

5.43

100.00

31.89

68.11

100.00

34.65

65.35

100.00

28.14

63.60

3.03

5.23

.5 .75 1 1.5 2 3 5

0.94 (0.89, 0.99)

11,725

3,406

7,488

397

434

10,894

3,406

7,488

10,894

3,406

7,488

318

181

7,488

3,406

11,393

Sugar type and cohort comparisons Sex Cases % WeightRisk ratio (95% CI)Participants effectP

.02

.04

.03

.75Overall (I2=75.1%, P heterogeneity=.007)

Overall (I2=0%, P heterogeneity=.90)

Overall (I2=0%, P heterogeneity=.76)

Overall (I2=0%, P heterogeneity=.97)

FIGURE 3. Relation between intake of sugars and cardiovascular mortality (highest vs lowest level of intake). The green squares
with black horizontal lines represent risk ratio for each cohort comparison. The blue diamonds represent the pooled risk
estimate for each sugar. Values of I2�50% with Pheterogeneity<.10 indicate substantial heterogeneity.28,37 Values greater than 1.0
indicate an adverse association. Results are from random-effects model. CI ¼ confidence interval.
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fructose with CVD incidence. Linear and
nonlinear dose-response analyses were
nonsignificant across the 3 sugars.
Sugars and CVD Mortality
Figure 3 shows the relation of total sugars,
sucrose, fructose, and added sugars with
CVD mortality, comparing the highest vs
the lowest levels of exposure. Total sugars
(RR 1.09, [95% CI, 1.02, 1.17]; I2¼0%)
and fructose (RR 1.08, [95% CI, 1.01,
1.15]; I2¼0%) were associated with
increased CVD mortality, whereas sucrose
was associated with decreased CVD mortal-
ity (RR 0.94, [95% CI, 0.89, 0.99]; I2¼0%),
with no evidence of heterogeneity. There
was no association between added sugars
and cardiovascular mortality (RR 1.03,
[95% CI, 0.85, 1.26]) with evidence of sub-
stantial heterogeneity (I2¼75%, P¼.007).
Mayo Clin Proc. n December 2019;9
Figure 4(A-D) shows the dose-response
analyses for total sugars, sucrose, fructose,
and added sugars with CVD mortality.
Nonlinear models fit best the data for total
sugars (P¼.001), fructose (P¼.007), and
added sugars (P<.001). These models identi-
fied thresholds for harm of 133 grams per day
(26% of total energy) for total sugars (RR per
50 grams before threshold, 0.99 [95% CI,
0.25, 3.9]; RR50g after threshold 1.17, [95%
CI, 1.08, 1.27]), 58 grams per day (11% of to-
tal energy) for fructose (RR50g before
threshold, 0.97, [95% CI, 0.09, 11.0]; RR50g

after threshold 1.39, [95% CI, 1.18, 1.63]),
and 65 grams/day (13% of total energy) for
added sugars (RR50g before threshold 0.97,
[95% CI, 0.33, 5.13]; RR50g after threshold
1.17, [95% CI 1.06, 1.28]). A linear inverse
dose-response model fits the data best for su-
crose with a RR50g reduction of 7% (RR, 0.93
[95% CI, 87, 0.99]).
4(12):2399-2414 n https://doi.org/10.1016/j.mayocp.2019.05.034
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Linear RR per 50 grams of usual intake from total sugars: 1.04 [95% CI, 1.01 to 1.07]; P=.035

Departure from linearity P=.001

Linear RR per 50 grams of usual intake from sucrose: 0.93 [95% CI, 0.87 to 0.99]; P=.019

Departure from linearity P=.078

Linear RR per 50 grams of usual intake from added sugars: 1.04 [95% CI, 0.94 to 1.15]; P=.44

Departure from linearity P<.001

Linear RR per 50 grams of usual intake from fructose: 1.08 [95% CI, 1.01 to 1.15]; P=.025

Departure from linearity P=.007
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FIGURE 4. Dose-response relationship between intake of (a) total sugars, (b) sucrose, (c) fructose, and (d) added sugars with car-
diovascular mortality. Green solid and blue dashed lines represent the linear and nonlinear spline models, respectively, along with
their confidence intervals. The brown circles represent the relative risk-point estimates for the different doses from each study; the
size of the circle is related to inverse of the variance. The light green box with a number is the threshold intake in grams where RR
crosses 1; the equivalent threshold in % energy is based upon a 2000 kcal diet.
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Sensitivity Analyses
Supplemental Tables S4 and S5 show the
sensitivity analyses involving the systematic
removal of each study for CVD incidence
and mortality, respectively. The removal of
the Malmo Diet Study (women) study44

changed the significance of the association
between sucrose and CVD incidence from
nonsignificant to significant (RR 1.15, [95%
CI, 1.01, 1.31]) without changing the direc-
tion or magnitude of the association or the
evidence for heterogeneity. The removal of
NIH-AARP (National Institutes of Health/
American Association of Retired Persons)
study31 in men changed the association be-
tween total sugars and CVD mortality from
Mayo Clin Proc. n December 2019;94(12):2399-2414 n https://doi.o
www.mayoclinicproceedings.org
significant to nonsignificant (RR 1.10 [95%
CI, 0.99, 1.25]) without changing the magni-
tude, or direction of the association.
Removal of either of the NIH-AARP study31

in men or women changed the association
between fructose and CVD mortality (RR
1.07 [95% CI, 0.95, 1.21] and RR 1.08
[95% CI, 0.99, 1.17], respectively) and su-
crose and CVD mortality (RR 0.95 [95%
CI, 0.85, 1.06] and RR 0.93 [95% CI, 0.86,
1.01], respectively) from significant to
nonsignificant without changing the magni-
tude or direction of the association. The
removal of NHANES (women) study33

changed the direction and significance of
the association between added sugars and
rg/10.1016/j.mayocp.2019.05.034 2407
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CVD mortality from a nonsignificant associ-
ation to a protective association (RR 0.93,
CI, 0.87, 0.99) and explained all of the het-
erogeneity (I2¼0%, P¼.50).

Supplemental Figures S2 and S3 show
the sensitivity analyses restricting analyses
to studies using validated measures of sugars
intake, and Supplemental Figures S4 and S5
show the sensitivity analyses restricting ana-
lyses to studies using original (nonimputed)
extreme quantile data for CVD incidence and
mortality. The sensitivity analyses did not
change the significance, magnitude, or direc-
tion of the association or the evidence for
heterogeneity for any of the sugars-
outcome relationships.
Subgroup Analyses and Publication Bias
Subgroup analyses and publication bias were
not undertaken as there were <10 cohort
comparisons available.
GRADE Assessment
Supplemental Table S6 shows a summary of
the GRADE assessments for CVD incidence.
The certainty of the evidence for the lack of
association of total sugars, fructose and su-
crose with CVD incidence was rated as
very low because of a downgrade for serious
imprecision for total sugars and sucrose and
both imprecision and indirectness for
fructose.

Supplemental Table S7 shows a summary
of the GRADE assessments for CVD mortal-
ity. The certainty of the evidence for the
adverse association of total sugars, fructose,
and added sugars with CVD mortality was
rated as low, owing to a downgrade for
serious imprecision and upgrade for a
nonlinear dose response threshold in each
case. The certainty of the evidence for the
protective association of sucrose with CVD
mortality was rated as low, owing to a down-
grade for serious imprecision and an upgrade
for a linear dose-response gradient.
DISCUSSION

Main Findings
We conducted a systematic review and
dose-response meta-analysis of 10 unique
Mayo Clin Proc. n December 2019;9
prospective cohort studies (24 cohort com-
parisons) in 624,128 individuals involving
11,856 cases of CVD incidence and 12,224
cases of CVD mortality of the relation of to-
tal and added fructose-containing sugars
with CVD risk. Total sugars, sucrose, and
fructose were not associated with CVD inci-
dence in extreme quantile analyses or in
linear and nonlinear dose-response models.
A harmful association of total sugars, fruc-
tose, and added sugars with CVD mortality
was seen in nonlinear dose-response models
with a threshold for harm above intakes of
133 grams (26% energy) for total sugars,
58 grams (11% energy) for fructose, and 65
grams (13% energy) for added sugars. No
harmful association was seen at lower in-
takes of these sugars or at any dose for su-
crose with the relationship between sucrose
and CVD mortality best explained by an in-
verse linear dose-response gradient in which
50 grams (10% energy) increase in sucrose
was associated with a 7% reduction in CVD
mortality.

Findings in the Context of Existing Literature
We were unable to reproduce the same
adverse associations seen between SSBs and
CVD outcomes. Unlike the previous system-
atic reviews and meta-analyses of
SSBs,23,26,48 we did not find an association
among total sugars, fructose, or sucrose
with CVD incidence. The nonlinear dose
response for total sugars, fructose, and added
sugars with CVD mortality and protective in-
verse linear dose response for sucrose with
CVD mortality also did not agree with the
evidence of a linear dose response reported
between SSBs and CVD outcomes.23

Although our extreme quantile analyses
showing an adverse association of total
sugars and fructose with CVD mortality
agree with similar analyses between SSBs
and CVD, the presence of a nonlinear dose
response suggests that excess energy may
be a necessary cofactor. The lack of associa-
tion of added sugars with CVD mortality in
extreme quantile analyses supports this
view, as the overall result was driven heavily
by the larger NIH-AARP Diet Health study,31

in which the mean energy from added sugars
4(12):2399-2414 n https://doi.org/10.1016/j.mayocp.2019.05.034
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in the highest quantile was lower than that
in NHANES (17% vs 27% energy), close to
the level below, in which no harm was
seen in the nonlinear dose-response ana-
lyses. At high doses, sugars may increase
CVD risk, mainly through provision of
excess energy. This is also suggested by a
study in postmenopausal women that used
biomarker calibrated total sugar intake en-
ergy and CVD and showed no association
when adjusted for energy.32

The nonlinear dose-response thresholds
for total sugars, fructose, and added sugars
suggest the food sources of sugars may be
an important consideration. SSBs may ac-
count for the signal for harm at high intakes,
as SSBs represent the most important food
source of these sugars.49 The observed pro-
tective linear dose response between sucrose
and CVD mortality may also represent a
contribution of solid as opposed to liquid
food sources. Whereas fructose as part of
high-fructose corn syrup tends to act as a
proxy for SSBs, sucrose tends to be found
more in solid foods.50 Total solid food sour-
ces of added sugars31 and important food
sources of sucrose16,51dsuch as grains and
grain-based products, fruit and fruit prod-
ucts, and sweetened dairy and dairy pro-
ductsdhave shown protective associations
with CVD mortality.52-56 The protective as-
sociation of sucrose with CVD mortality
may therefore reflect important contribu-
tions from these other food sources.

In addition to the role of excess calories
and food sources, several other possible
mechanisms may explain our variable re-
sults. Collinearity effects may be an impor-
tant source of residual confounding. High
consumers may have different diet and life-
style patterns, factors for which adjustment
in the analyses might not be adequate. For
example, it is well recognized that high
SSBs consumers tend to consume more calo-
ries, smoke more, exercise less, and have a
poorer diet quality.57 Another possibility is
a hormetic response to sugars intake,
implying a benefit at low doses that becomes
harmful at higher doses. Hormesis is thought
be a general phenomenon of a biphasic dose
response exemplified by low dose-stress
Mayo Clin Proc. n December 2019;94(12):2399-2414 n https://doi.o
www.mayoclinicproceedings.org
adaptation to environmental challenges,
such as dietary factors,58 on biological sys-
tems and that is now increasingly recognized
as a possible explanation of the lack of
benefit of many nutrients at higher
doses.59-62 Finally, the possibility of reverse
causality cannot be ruled out. People at
high risk of CVD may avoid sugars as a pre-
ventive strategy, decreasing the risk associ-
ated with sugars and explaining the
observed null or protective associations.

Strengths and Limitations
The strengths of our study are that we iden-
tified all available prospective cohorts
through a systematic search strategy, per-
formed quantitative synthesis, and assessed
the certainty of the evidence using the
GRADE system. We had a large sample
size, long duration of follow-up, and adjust-
ment for many dietary and lifestyle factors in
the included studies. Another strength is we
undertook linear and nonlinear dose-
response analyses for all sugars to explore
dose-response gradients and thresholds. We
found significant dose responses resulting
in upgrades of the certainty of evidence for
the adverse associations of total sugars, fruc-
tose, and added sugars and protective associ-
ation of sucrose with CVD mortality

Our systematic review and meta-analysis
has several limitations. First, the included
prospective cohort studies were observa-
tional in nature, and so one cannot discount
the possibility of measured and unmeasured
residual confounding. In addition, the valid-
ity of self-reported dietary consumption is
limited,63-65 as it is argued that it represents
only a collection of memories of perception
of dietary intake, leading to its possible
implausibility due to misestimations.66-68 Es-
timates of sugar dose in our paper are based
upon self-reported dietary recall and should
be inferred in light of this limitation. This
is the reason why the GRADE starts at
“low certainty,” which means that our confi-
dence in the estimate is very limited, as the
true effect might be substantially different.69

Second, there was evidence of substantial
heterogeneity among estimates of the associ-
ation of added sugars with CVD mortality.
rg/10.1016/j.mayocp.2019.05.034 2409
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We did not, however, downgrade the evi-
dence for serious inconsistency, as the evi-
dence of substantial heterogeneity was
explained by the removal of NHANES data
in women33 in sensitivity analyses, and the
significant nonlinear dose-response
threshold showed that the adverse associa-
tions driving the heterogeneity were
restricted to higher intakes of added sugars
(above 65 grams or 13% energy). Finally,
we downgraded all summary estimates for
imprecision. There was evidence of serious
imprecision for the associations of all sugar
types with CVD incidence and mortality out-
comes. Although there was no association of
total sugars, fructose, and sucrose with CVD
incidence, the CIs were wide and could not
rule out clinically important harm for total
sugars and sucrose and clinically important
benefit or harm for fructose. The CIs also
could not rule out unimportant associations
that were less than the prespecified mini-
mally important difference for the associa-
tions of total sugars, fructose, and sucrose
with CVD mortality and both clinically
important benefit and harm for the lack of
association of added sugars with CVD
mortality.

Balancing the strengths and limitations,
the evidence was assessed by GRADE as
very low certainty for the lack of association
of all fructose-containing sugars with CVD
incidence and low certainty for the adverse
associations of total sugars, fructose, and
added sugars with CVD mortality and pro-
tective association of sucrose with CVD mor-
tality. Applying the same criteria, the
evidence for the adverse association of SSBs
with CVD incidence would be similarly rated
as low certainty.23-26

Implications
Public health recommendations and policy
initiatives to reduce sugars2-14 derive largely
from data on SSBs, which assumes a linear
association. Our work provides evidence to
the contrary, suggesting that SSBs may not
be a good proxy for understanding the asso-
ciation of fructose-containing sugars with
CVD. The J-shaped dose-response curves ob-
tained for the association of total sugars,
Mayo Clin Proc. n December 2019;9
fructose, and added sugars with CVD mor-
tality suggest that these sugars may be asso-
ciated with both benefit and harm. There
appears to be slight reductions in risk with
low intakes followed by sharp increases in
risk as the number of calories provided by
sugars increase. This relationship implies
that there is a “sweet spot,” where sugar
intake represents the best compromise of
caloric intake and risk. This threshold for
harm starts at around 65 grams for added
sugars and, assuming a median 2000 kcal
diet,3 translates to a 13% of total energy, a
level that is higher than the 5% to 10% upper
limit of intake of added/free sugars recom-
mended by major public health agencies2-5

and being used to set policy.10-14 Our find-
ings are consistent with the view that excess
intake of calories from added sugars, such as
SSBs, are associated with harm and cannot
rule out a benefit at intakes <65 grams per
day (13% energy) for other important food
sources. A more nuanced approach to guid-
ance may be needed as dietary guidance
moves away from nutrient-based recommen-
dations toward more food and dietary
pattern-based recommendations.70-72

CONCLUSIONS
Our systematic review and dose-response
meta-analysis of the available prospective
cohort studies show a nonlinear dose-
response association with CVD mortality
for reported intakes of total sugars, fructose,
and added sugars with thresholds for harm
at high levels of intake. Sucrose did not
show an adverse association with CVD mor-
tality, and there was no association of
fructose-containing sugars of any type with
CVD incidence. Our certainty in the esti-
mates is generally weak, and further research
is very likely to change the estimates. Our
findings suggest a higher-dose threshold for
harmful association for added sugars
compared with the current recommenda-
tions, implying that different food sources
may differently contribute at different doses.
More research is needed to assess whether
the association of linear dose-response
thresholds seen for SSBs in the literature
hold across other important food sources of
4(12):2399-2414 n https://doi.org/10.1016/j.mayocp.2019.05.034
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sugars such as grain and grain-based prod-
ucts, fruit and fruit products, and sweetened
dairy and dairy products.
ACKNOWLEDGMENTS
All authors had full access to all of the data
(including statistical reports and tables) in
this study and take full responsibility for
the integrity of the data and the accuracy
of the data analysis

Drs Sievenpiper and Khan were respon-
sible for the conception and design and anal-
ysis and interpretation of the data. Drs Khan,
Blanco Mejia, and Sievenpiper drafted the
article. Drs

Khan, Tayyiba, Agarwal, Blanco Mejia,
de Souza, Wolever, Leiter, Kendall, Jenkins,
and Sievenpiper were responsible for critical
revision of the article for important intellec-
tual content.

Final approval of the article was
completed by Drs Khan, Tayyiba, Agarwal,
de Souza,. Blanco Mejia, Wolever, Leiter,
Kendall, Jenkins, and Sievenpiper. Drs
Khan and de Souza provided statistical
expertise, and Drs Leiter, Kendall, Jenkins,
and Sievenpiper obtained funding.

Drs Blanco Mejia, Tayyiba, and Agarwal
provided administrative, technical, or logis-
tic support.

Drs Khan, Tayyiba, Agarwal, de Souza,
Blanco Mejia, and Sievenpiper collected and
assembled data.

SUPPLEMENTAL ONLINE MATERIAL
Supplemental material can be found online
at http://www.mayoclinicproceedings.org.
Supplemental material attached to journal
articles has not been edited, and the authors
take responsibility for the accuracy of all
data.
Abbreviations and Acronyms: CI = confidence interval;
CVD = cardiovascular disease; GRADE = Grading of Rec-
ommendations Assessment, Development, and Evaluation;
RR = risk ratio; SSB = sugar-sweetened beverage

Affiliations: From the Department of Nutritional Sciences,
Faculty of Medicine, University of Toronto, Toronto,
Ontario, Canada (T.A.K., M.T., S.B.M., T.W., L.A.L.,
C.W.C.K., D.J.A.J., J.L.S.); Toronto 3D Knowledge Synthesis
Mayo Clin Proc. n December 2019;94(12):2399-2414 n https://doi.o
www.mayoclinicproceedings.org
and Clinical Trials Unit, Risk Factor Modification Center,
St. Michael’s Hospital, Toronto, Ontario, Canada (T.A.K.,
M.T., S.B.M., R.J.DS, T.W., L.A.L., C.W.C.K., D.J.A.J., J.L.S.);
Department of Medicine, Faculty of Medicine, University
of Toronto, Toronto, Ontario, Canada (A.A.T.W., L.A.L.,
D.J.A.J., J.L.S.); Department of Health Research Methods, Ev-
idence, and Impact, Faculty of Health Sciences, McMaster
University, Hamilton, Ontario, Canada (A.A.,R.J.DS); Li Ka
Shing Knowledge Institute, St. Michael’s Hospital, Toronto,
Ontario, Canada (T.W., L.A.L., D.J.A.J., J.L.S.); Division of
Endocrinology and Metabolism, St. Michael’s Hospital, Tor-
onto, Ontario, Canada (T.W., L.A.L., D.J.A.J., J.L.S.); College
of Pharmacy and Nutrition, University of Saskatchewan,
Saskatoon, Saskatchewan, Canada (C.W.C.K.).

Grant Support: This work was funded by the Canadian In-
stitutes of Health Research (funding reference number
129920) and an unrestricted, investigator-initiated grant
from the Calorie Control Council. The Diet, Digestive tract,
and Disease (3-D) Centre, funded through the Canada
Foundation for Innovation (CFI) and the Ministry of
Research and Innovation’s Ontario Research Fund (ORF),
provided the infrastructure for the conduct of this project.
Dr Sievenpiper was funded by a PSI Graham Farquharson
Knowledge Translation Fellowship, Diabetes Canada Clini-
cian Scientist award, CIHR INMD/CNS New Investigator
Partnership Prize, and Banting & Best Diabetes Centre Sun
Life Financial New Investigator Award.

Potential Competing Interests: Dr Khan has received
research support from the Canadian Institutes of Health
Research (CIHR) and an unrestricted travel donation from
Bee Maid Honey Ltd. He has also spoken as an invited
speaker at a Calorie Control Council annual general meeting
for which he received an honorarium. Dr de Souza has
served as an external resource person to the World Health
Organization (WHO) Nutrition Guidance Expert Advisory
Group (NUGAG) Subgroup on Diet and Health (guidelines
for transfats and saturated fats), and received renumeration
from WHO for travel and accommodation. He also
received compensation for contract research conducted
for the Institute of Nutrition, Metabolism, and Diabetes at
the Canadian Institutes of Health Research (CIHR), Health
Canada and WHO. He has received research grants from
the Canadian Foundation for Dietetic Research and CIHR,
and lecture fees from McMaster Children’s Hospital. Dr
Wolever is part owner and President of Glycemic Index
Laboratories. Dr Kendall has received research support
from the Advanced Foods and Materials Network, Agricul-
tural Bioproducts Innovation Program through the Pulse
Research Network, Agriculture and Agri-Food Canada,
Almond Board of California, Barilla, Calorie Control Council,
CIHR, Canola Council of Canada, The International Tree
Nut Council Nutrition Research & Education Foundation,
Kellogg, Loblaw Companies Ltd., Pulse Canada, Saskatche-
wan Pulse Growers and Unilever. He has received consul-
tant fees from American Pistachio Growers; speaker fees
from American Peanut Council, Tate & Lyle and The
WhiteWave Foods Company; and travel funding from Sabra
Dipping Company, Tate & Lyle, International Tree Nut
Council Research & Education Foundation, California Wal-
nut Commission, Sun-Maid, The Peanut Institute, General
rg/10.1016/j.mayocp.2019.05.034 2411

http://www.mayoclinicproceedings.org
https://doi.org/10.1016/j.mayocp.2019.05.034
http://www.mayoclinicproceedings.org


MAYO CLINIC PROCEEDINGS

2412
Mills, Oldways Foundation and International Nut and Dried
Fruit Council Foundation. He is on the Clinical Practice
Guidelines Expert Committee for Nutrition Therapy of
the European Association for the Study of Diabetes
(EASD). He is a member of the International Carbohydrate
Quality Consortium (ICQC), Secretary of the Diabetes and
Nutrition Study Group (DNSG) of the EASD, and a Direc-
tor of the Toronto 3D Knowledge Synthesis and Clinical
Trials foundation. JL Sievenpiper has received research
support from the Dr Sievenpiper has received research sup-
port from the Canadian Foundation for Innovation, Ontario
Research Fund, Province of Ontario Ministry of Research
and Innovation and Science, Canadian Institutes of health
Research (CIHR), Diabetes Canada, PSI Foundation, Banting
and Best Diabetes Centre (BBDC), American Society for
Nutrition (ASN), INC International Nut and Dried Fruit
Council Foundation, National Dried Fruit Trade Association,
The Tate and Lyle Nutritional Research Fund at the Univer-
sity of Toronto, The Glycemic Control and Cardiovascular
Disease in Type 2 Diabetes Fund at the University of Tor-
onto (a fund established by the Alberta Pulse Growers),
and the Nutrition Trialists Fund at the University of Toronto
(a fund established by an inaugural donation from the Calo-
rie Control Council). He has received in-kind food dona-
tions to support a randomized controlled trial from the
Almond Board of California, California Walnut Commission,
American Peanut Council, Barilla, Unilever, Unico/Primo,
Loblaw Companies, Quaker, Kellogg Canada, and White-
Wave Foods. He has received travel support, speaker fees
and/or honoraria from Diabetes Canada, Mott’s LLP, Dairy
Farmers of Canada, FoodMinds LLC, International Sweet-
eners Association, Nestlé, Pulse Canada, Canadian Society
for Endocrinology and Metabolism (CSEM), GI Foundation,
Abbott, Biofortis, ASN, Northern Ontario School of Medi-
cine, INC Nutrition Research & Education Foundation, Eu-
ropean Food Safety Authority (EFSA), Comité Européen
des Fabricants de Sucre (CEFS), and Physicians Committee
for Responsible Medicine. He has or has had ad hoc consul-
ting arrangements with Perkins Coie LLP, Tate & Lyle, and
Wirtschaftliche Vereinigung Zucker e.V. He is a member
of the European Fruit Juice Association Scientific Expert
Panel. He is on the Clinical Practice Guidelines Expert Com-
mittees of Diabetes Canada, European Association for the
study of Diabetes (EASD), Canadian Cardiovascular Society
(CCS), and Obesity Canada. He serves or has served as an
unpaid scientific advisor for the Food, Nutrition, and Safety
Program (FNSP) and the Technical Committee on Carbo-
hydrates of the International Life Science Institute (ILSI)
North America. He is a member of the International Carbo-
hydrate Quality Consortium (ICQC), Executive Board
Member of the Diabetes and Nutrition Study Group
(DNSG) of the EASD, and Director of the Toronto 3D
Knowledge Synthesis and Clinical Trials foundation. His
wife is an employee of Sobeys Inc. Dr Jenkins has received
research grants from Saskatchewan Pulse Growers, the Agri-
cultural Bioproducts Innovation Program through the Pulse
Research Network, the Advanced Foods and Material
Network, Loblaw Companies Ltd., Unilever, Barilla, the
Almond Board of California, Agriculture and Agri-food Can-
ada, Pulse Canada, Kellogg’s Company, Canada, Quaker
Oats, Canada, Procter & Gamble Technical Centre Ltd.,
Bayer Consumer Care, Springfield, NJ, Pepsi/Quaker,
Mayo Clin Proc. n December 2019;9
International Nut & Dried Fruit (INC), Soy Foods Associa-
tion of North America, the Coca-Cola Company (investi-
gator initiated, unrestricted grant), Solae, Haine Celestial,
the Sanitarium Company, Orafti, the International Tree
Nut Council Nutrition Research and Education Foundation,
the Peanut Institute, the Canola and Flax Councils of Can-
ada, the Calorie Control Council (CCC), the CIHR, the
Canada Foundation for Innovation and the Ontario
Research Fund. He has received in-kind supplies for trials
as a research support from the Almond Board of California,
Walnut Council of California, American Peanut Council,
Barilla, Unilever, Unico, Primo, Loblaw Companies, Quaker
(Pepsico), Pristine Gourmet, Bunge Limited, Kellogg Canada,
WhiteWave Foods. He has been on the speaker’s panel,
served on the scientific advisory board and/or received
travel support and/or honoraria from the Almond Board
of California, Canadian Agriculture Policy Institute, Loblaw
Companies Ltd, the Griffin Hospital (for the development
of the NuVal scoring system, the Coca-Cola Company,
EPICURE, Danone, Diet Quality Photo Navigation
(DQPN), Better Therapeutics (FareWell), Verywell, True
Health Initiative, Institute of Food Technologists (IFT), Sas-
katchewan Pulse Growers, Sanitarium Company, Orafti,
the Almond Board of California, the American Peanut
Council, the International Tree Nut Council Nutrition
Research and Education Foundation, the Peanut Institute,
Herbalife International, Pacific Health Laboratories, Nutri-
tional Fundamental for Health, Barilla, Metagenics, Bayer
Consumer Care, Unilever Canada and Netherlands, Solae,
Kellogg, Quaker Oats, Procter & Gamble, the Coca-Cola
Company, the Griffin Hospital, Abbott Laboratories, the
Canola Council of Canada, Dean Foods, the California
Strawberry Commission, Haine Celestial, PepsiCo, the
Alpro Foundation, Pioneer Hi-Bred International, DuPont
Nutrition and Health, Spherix Consulting and WhiteWave
Foods, the Advanced Foods and Material Network, the
Canola and Flax Councils of Canada, the Nutritional Funda-
mentals for Health, Agri-Culture and Agri-Food Canada, the
Canadian Agri-Food Policy Institute, Pulse Canada, the Sas-
katchewan Pulse Growers, the Soy Foods Association of
North America, the Nutrition Foundation of Italy (NFI),
Nutra-Source Diagnostics, the McDougall Program, the
Toronto Knowledge Translation Group (St. Michael’s Hos-
pital), the Canadian College of Naturopathic Medicine,
The Hospital for Sick Children, the Canadian Nutrition So-
ciety (CNS), the American Society of Nutrition (ASN), Ari-
zona State University, Paolo Sorbini Foundation and the
Institute of Nutrition, Metabolism and Diabetes. He received
an honorarium from the United States Department of Agri-
culture to present the 2013 W.O. Atwater Memorial Lec-
ture. He received the 2013 Award for Excellence in
Research from the International Nut and Dried Fruit Council.
He received funding and travel support from the Canadian
Society of Endocrinology and Metabolism to produce mini
cases for the Canadian Diabetes Association (CDA). He is
a member of the International Carbohydrate Quality Con-
sortium (ICQC). His wife is a director and partner of Glyce-
mic Index Laboratories, Inc., and his sister received funding
through a grant from the St. Michael’s Hospital Foundation
to develop a cookbook for one of his studies.
Drs Tayyiba, Agarwal, Blanco Mejia, and Leiter report no
competing interests.
4(12):2399-2414 n https://doi.org/10.1016/j.mayocp.2019.05.034
www.mayoclinicproceedings.org

https://doi.org/10.1016/j.mayocp.2019.05.034
http://www.mayoclinicproceedings.org


SUGARS AND CARDIOVASCULAR DISEASE
Correspondence: Address to John L Sievenpiper MD, PhD,
FRCPC, Toronto 3D Knowledge Synthesis and Clinical Tri-
als Unit, St. Michael’s Hospital, 6137-61 Queen Street East,
Toronto, Ontario M5C 2T2, Canada (john.sievenpiper@
utoronto.ca).

REFERENCES
1. Bray GA. Fructose and risk of cardiometabolic disease. Curr

Atheroscler Rep. 2012;14(6):570-578.
2. World Health Organization. Sugars Intake for Adults and Chil-

dren: Guideline. Geneva, Switzerland: WHO; 2015.
3. Dietary Guidelines Advisory Committee. 2015e2020 Dietary

Guidelines for Americans. health.gov2015.
4. Scientific Advisory Committee on Nutrition. Carbohydrates

and Health Report. Gov.uk2015.
5. Health Canada. Canada’s Food Guide: Canada’s Dietary Guide-

lines for Health Professionals and Policy Makers. Government
of Canada website, https://food-guide.canada.ca/en/guidelines.
Accessed May 27, 2019.

6. Diabetes Canada. Sugar & diabetes: Position statement. Diabetes
Canada website, https://www.diabetes.ca/en-CA/advocacyd
policies/our-policy-positions/sugarddiabetes. Accessed May
27, 2019.

7. International Diabetes Federation. IDF Europe Position Paper on
Added Sugar. International Diabetes Federation website, https://
idf.org/our-network/regions-members/europe/publications-
and-resources/25-idf-europe-position-paper-on-added-sugar.html.
Accessed May 27, 2019.

8. Johnson RK, Appel LJ, Brands M, et al. Dietary sugars intake and
cardiovascular health a scientific statement from the American
Heart Association. Circulation. 2009;120(11):1011-1020.

9. Heart and Stroke Foundation of Canada. Reduce sugar. Heart
and Stroke Foundation of Canada website, https://www.
heartandstroke.ca/en/get-healthy/healthy-eating/reduce-sugar.
Accessed May 27, 2019.

10. US Food & Drug Administration. Changes to the Nutrition Facts
Label. Silver Spring, MD: FDA; 2016.

11. Health Canada. Toward Front-of-Package Nutrition Labels for
Canadians. Government of Canada website, https://www.
canada.ca/en/health-canada/programs/front-of-package-nutrition-
labelling/consultation-document.html. Accessed April 27, 2019.

12. Soares AA. Putting taxes into the diet equation. Bull World
Health Organ. 2016;94(4):239.

13. Bascuñán J, Cuadrado C. Effectiveness of sugar-sweetened bev-
erages taxes to reduce obesity: evidence brief for policy. Med-
wave. 2017;17(8):e7054.

14. UK Government. Soft Drinks Industry Levy Comes Into Effect.
UK Government website, https://www.gov.uk/government/
news/soft-drinks-industry-levy-comes-into-effect. Accessed
April 27, 2019.

15. Marriott BP, Olsho L, Hadden L, Connor P. Intake of added
sugars and selected nutrients in the United States, National
Health and Nutrition Examination Survey (NHANES) 2003-
2006. Crit Rev Food Sci Nutr. 2010;50(3):228-258.

16. Brisbois TD, Marsden SL, Anderson GH, Sievenpiper JL.
Estimated intakes and sources of total and added sugars in
the Canadian diet. Nutrients. 2014;6(5):1899-1912.

17. Malik VS, Schulze MB, Hu FB. Intake of sugar-sweetened bever-
ages and weight gain: a systematic review. Am J Clin Nutr. 2006;
84(2):274-288.

18. Te Morenga L, Mallard S, Mann J. Dietary sugars and body
weight: systematic review and meta-analyses of randomised
controlled trials and cohort studies. BMJ. 2013;346:e7492.

19. Imamura F, O’Connor L, Ye Z, et al. Consumption of sugar
sweetened beverages, artificially sweetened beverages, and fruit
juice and incidence of type 2 diabetes: systematic review, meta-
analysis, and estimation of population attributable fraction. BMJ.
2015;351:h3576.
Mayo Clin Proc. n December 2019;94(12):2399-2414 n https://doi.o
www.mayoclinicproceedings.org
20. Jayalath VH, de Souza RJ, Ha V, et al. Sugar-sweetened
beverage consumption and incident hypertension: a systematic
review and meta-analysis of prospective cohorts. Am J Clin Nutr.
2015;102:914-921.

21. Tsilas CS, de Souza RJ, Mejia SB, et al. Relation of total sugars,
fructose and sucrose with incident type 2 diabetes: a systematic
review and meta-analysis of prospective cohort studies. CMAJ.
2017;189(20):E711-E720.

22. Jayalath VH, Sievenpiper JL, de Souza RJ, et al. Total fructose
intake and risk of hypertension: a systematic review and
meta-analysis of prospective cohorts. J Am Coll Nutr. 2014;
33(4):328-339.

23. Xi B, Huang Y, Reilly KH, et al. Sugar-sweetened beverages and
risk of hypertension and CVD: a doseeresponse meta-analysis.
Br J Nutr. 2015;113(5):709-717.

24. Huang C, Huang J, Tian Y, Yang X, Gu D. Sugar sweetened bever-
ages consumption and risk of coronary heart disease: a meta-
analysis of prospective studies. Atherosclerosis. 2014;234(1):11-16.

25. Malik VS. Sugar sweetened beverages and cardiometabolic
health. Curr Opin Cardiol. 2017;32(5):572-579.

26. Narain A, Kwok C, Mamas M. Soft drinks and sweetened bev-
erages and the risk of cardiovascular disease and mortality: a
systematic review and meta-analysis. Int J Clin Pract. 2016;
70(10):791-805.

27. Liu S,WillettWC, StampferMJ, et al. A prospective study of dietary
glycemic load, carbohydrate intake, and risk of coronary heart dis-
ease in US women. Am J Clin Nutr. 2000;71(6):1455-1461.

28. Higgins J, Green S. Cochrane Handbook for Systematic Reviews
and Interventions, version 5.1.0 2011. http://handbook.
cochrane.org. Accessed September 25, 2014.

29. Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of obser-
vational studies in epidemiology: a proposal for reporting: Meta-
analysis of observational Studies in Epidemiology (MOOSE)
group. JAMA. 2000;283(15):2008-2012.

30. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group.
Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. Ann Intern Med. 2009;
151(4):264-269.

31. Tasevska N, Park Y, Jiao L, Hollenbeck A, Subar AF,
Potischman N. Sugars and risk of mortality in the NIH-AARP
Diet and Health Study. Am J Clin Nutr. 2014;99(5):1077-1088.

32. Tasevska N, Pettinger M, Kipnis V, et al. Associations of
biomarker-calibrated intake of total sugars with the risk of
type 2 diabetes and cardiovascular disease in the Women’s
Health Initiative observational study. Am J Epidemiol. 2018;
187(10):2126-2135.

33. Yang Q, Zhang Z, Gregg EW, Flanders WD, Merritt R, Hu FB.
Added sugar intake and cardiovascular diseases mortality
among US adults. JAMA Intern Med. 2014;174(4):516-524.

34. Wells GA Shea B, O’Connell D, et al. The Newcastle-Ottawa
Scale (NOS) for assessing the quality of nonrandomised studies
in meta-analyses. www.ohri.ca/programs/clinical_epidemiology/
oxford.asp.

35. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control
Clin Trials. 1986;7(3):177-188.

36. Greenland S, Longnecker MP. Methods for trend estimation
from summarized dose-response data, with applications to
meta-analysis. Am J Epidemiol. 1992;135(11):1301-1309.

37. Guyatt GH, Oxman AD, Kunz R, et al. GRADE guidelines: 7.
Rating the quality of evidence–inconsistency. J Clin Epidemiol.
2011;64(12):1294-1302.

38. Begg CB, Mazumdar M. Operating characteristics of a rank corre-
lation test for publication bias. Biometrics. 1994;50(4):1088-1101.

39. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-
analysis detected by a simple, graphical test. BMJ. 1997;315:
629-634.

40. Guyatt G, Oxman AD, Akl EA, et al. GRADE guidelines: 1.
Introduction-GRADE evidence profiles and summary of find-
ings tables. J Clin Epidemiol. 2011;64(4):383-394.
rg/10.1016/j.mayocp.2019.05.034 2413

mailto:john.sievenpiper@utoronto.ca
mailto:john.sievenpiper@utoronto.ca
http://health.gov2015
https://food-guide.canada.ca/en/guidelines
https://www.diabetes.ca/en-CA/advocacy&mdash;policies/our-policy-positions/sugar&mdash;diabetes
https://www.diabetes.ca/en-CA/advocacy&mdash;policies/our-policy-positions/sugar&mdash;diabetes
https://www.diabetes.ca/en-CA/advocacy&mdash;policies/our-policy-positions/sugar&mdash;diabetes
https://idf.org/our-network/regions-members/europe/publications-and-resources/25-idf-europe-position-paper-on-added-sugar.html
https://idf.org/our-network/regions-members/europe/publications-and-resources/25-idf-europe-position-paper-on-added-sugar.html
https://idf.org/our-network/regions-members/europe/publications-and-resources/25-idf-europe-position-paper-on-added-sugar.html
https://www.heartandstroke.ca/en/get-healthy/healthy-eating/reduce-sugar
https://www.heartandstroke.ca/en/get-healthy/healthy-eating/reduce-sugar
https://www.canada.ca/en/health-canada/programs/front-of-package-nutrition-labelling/consultation-document.html
https://www.canada.ca/en/health-canada/programs/front-of-package-nutrition-labelling/consultation-document.html
https://www.canada.ca/en/health-canada/programs/front-of-package-nutrition-labelling/consultation-document.html
https://www.gov.uk/government/news/soft-drinks-industry-levy-comes-into-effect
https://www.gov.uk/government/news/soft-drinks-industry-levy-comes-into-effect
http://handbook.cochrane.org
http://handbook.cochrane.org
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://doi.org/10.1016/j.mayocp.2019.05.034
http://www.mayoclinicproceedings.org


MAYO CLINIC PROCEEDINGS

2414
41. Burger KNJ, Beulens JWJ, Boer JMA, Spijkerman AMW, van
der ADL. Dietary glycemic load and glycemic index and risk of
coronary heart disease and stroke in Dutch men and women:
the EPIC-MORGEN study. PLoS One. 2011;6(10):e25955.

42. Beulens JWJ, de Bruijne LM, Stolk RP, et al. High dietary glyce-
mic load and glycemic index increase risk of cardiovascular
disease among middle-aged women: a population-based
follow-up study. J Am Coll Cardiol. 2007;50(1):14-21.

43. Sieri S, Krogh V, Berrino F, et al. Dietary glycemic load and in-
dex and risk of coronary heart disease in a large italian cohort:
the EPICOR study. Arch Intern Med. 2010;170(7):640-647.

44. Sonestedt E, Hellstrand S, Schulz C-A, et al. The association be-
tween carbohydrate-rich foods and risk of cardiovascular dis-
ease is not modified by genetic susceptibility to dyslipidemia
as determined by 80 validated variants. PLoS One. 2015;10(4):
e0126104.

45. Warfa K, Drake I, Wallström P, Engström G, Sonestedt E. As-
sociation between sucrose intake and acute coronary event
risk and effect modification by lifestyle factors: Malmö Diet
and Cancer Cohort Study. Br J Nutr. 2016;116(9):1611-1620.

46. Iff S, Wong G, Webster AC, et al. Relative energy balance,
CKD, and risk of cardiovascular and all-cause mortality. Am J
Kidney Dis. 2014;63(3):437-445.

47. Burger KN, Beulens JW, van der Schouw YT, et al. Dietary fiber,
carbohydrate quality and quantity, and mortality risk of individ-
uals with diabetes mellitus. PLoS One. 2012;7(8):e43127.

48. Malik VS, Popkin BM, Bray GA, Després J-P, Willett WC, Hu FB.
Sugar-sweetened beverages and risk of metabolic syndrome
and type 2 diabetes: a meta-analysis. Diabetes Care. 2010;
33(11):2477-2483.

49. Huth PJ, Fulgoni VL, Keast DR, Park K, Auestad N. Major food
sources of calories, added sugars, and saturated fat and their
contribution to essential nutrient intakes in the US diet: data
from the national health and nutrition examination survey
(2003e2006). Nutr J. 2013;12:116.

50. Bernstein JT, Lou W, L’Abbe MR. Examining the relationship
between free sugars and calorie contents in Canadian pre-
packed foods and beverages. Foods. 2017;6(9):75.

51. Marriott BP, Cole N, Lee E. National estimates of dietary fruc-
tose intake increased from 1977 to 2004 in the United States.
J Nutr. 2009;139(6):1228S-1235S.

52. Zhan J, Liu Y-J, Cai LB, Xu F-R, Xie T, He Q-Q. Fruit and vege-
table consumption and risk of cardiovascular disease: a meta-
analysis of prospective cohort studies. Crit Rev Food Sci Nutr.
2017;57(8):1650-1663.

53. Aune D, Keum N, Giovannucci E, et al. Whole grain consump-
tion and risk of cardiovascular disease, cancer, and all cause and
cause specific mortality: systematic review and dose-response
meta-analysis of prospective studies. BMJ. 2016;353:i2716.

54. Wang X, Ouyang Y, Liu J, et al. Fruit and vegetable consump-
tion and mortality from all causes, cardiovascular disease, and
cancer: systematic review and dose-response meta-analysis of
prospective cohort studies. BMJ. 2014;349:g4490.

55. Alexander DD, Bylsma LC, Vargas AJ, et al. Dairy consumption
and CVD: a systematic review and meta-analysis. Br J Nutr.
2016;115(4):737-750.
Mayo Clin Proc. n December 2019;9
56. Bechthold A, Boeing H, Schwedhelm C, et al. Food groups and
risk of coronary heart disease, stroke and heart failure: a sys-
tematic review and dose-response meta-analysis of prospective
studies. Crit Rev Food Sci Nutr. 2017;59(7):1-20.

57. Sievenpiper JL, de Souza RJ. Are sugar-sweetened beverages
the whole story? Am J Clin Nutr. 2013;98(2):261-263.

58. Mattson MP. Hormesis defined. Ageing Res Rev. 2008;7(1):1-7.
59. Mattson MP. Dietary factors, hormesis and health. Ageing Res

Rev. 2008;7(1):43-48.
60. Calabrese EJ, Mattson MP, Calabrese V. Dose response biology:

the case of resveratrol. Hum Exp Toxicol. 2010;29(12):1034-
1037.

61. HayesDP. Adverse effects of nutritional inadequacy and excess: a
hormetic model. Am J Clin Nutr. 2008;88(2):578S-581S.

62. Rosen CJ, Taylor CL. Common misconceptions about
vitamin D: implications for clinicians. Nat Rev Endocrinol.
2013;9(7):434.

63. Archer E, Lavie CJ, Hill JO. The failure to measure dietary intake
engendered a fictional discourse on diet-disease relations. Front
Nutr. 2018;5:105.

64. Archer E, Marlow ML, Lavie CJ. Controversy and debate:
memory-based methods Paper 1: the fatal flaws of food fre-
quency questionnaires and other memory-based dietary assess-
ment methods. J Clin Epidemiol. 2018;104:113-124.

65. Archer E, Marlow ML, Lavie CJ. Controversy and debate: mem-
ory based methods Paper 3: nutrition’s ’black swans’: our reply.
J Clin Epidemiol. 2018;104:130-135.

66. Archer E, Pavela G, Lavie CJ. A discussion of the refutation of
memory-based dietary assessment methods (M-BMs): the
rhetorical defense of pseudoscientific and inadmissible evidence.
Mayo Clin Proc. 2015;90(12):1736-1739; discussion 1739-1740.

67. Davy BM, Estabrooks PA. The validity of self-reported dietary
intake data: focus on the "What We Eat In America"
component of the National Health and Nutrition Examination
Survey Research Initiative. Mayo Clin Proc. 2015;90(7):
845-847.

68. Archer E, Pavela G, Lavie CJ. The inadmissibility of What We
Eat in America and NHANES dietary data in nutrition and
obesity research and the scientific formulation of national die-
tary guidelines. Mayo Clin Proc. 2015;90(7):911-926.

69. Balshem H, Helfand M, Schünemann HJ, et al. GRADE guide-
lines: 3. Rating the quality of evidence. J Clin Epidemiol. 2011;
64(4):401-406.

70. Sievenpiper JL, Dworatzek PDN. Food and dietary pattern-
based recommendations: an emerging approach to clinical
practice guidelines for nutrition therapy in diabetes. Can J of Dia-
betes. 2013;37(1):51-57.

71. Anderson TJ, Grégoire J, Pearson GJ, et al. 2016 Canadian Car-
diovascular Society guidelines for the management of dyslipide-
mia for the prevention of cardiovascular disease in the adult.
Can J of Cardiology. 2016;32(11):1263-1282.

72. WHO. Preparation and Use of Food-Based Dietary Guidelines:
Report of a Joint FAO/WHO Consultation. Geneva, Switzerland:
World Health Organization; 1998. https://www.who.int/
nutrition/publications/nutrientrequirements/WHO_TRS_880/en.
Accessed April 27, 2019.
4(12):2399-2414 n https://doi.org/10.1016/j.mayocp.2019.05.034
www.mayoclinicproceedings.org

https://www.who.int/nutrition/publications/nutrientrequirements/WHO_TRS_880/en
https://www.who.int/nutrition/publications/nutrientrequirements/WHO_TRS_880/en
https://doi.org/10.1016/j.mayocp.2019.05.034
http://www.mayoclinicproceedings.org

	Relation of Total Sugars, Sucrose, Fructose, and Added Sugars With the Risk of Cardiovascular Disease
	Materials and Methods
	Data Sources and Searches
	Study Selection
	Data Extraction
	Risk of Bias
	Data Synthesis
	Grading of the Evidence
	Role of the Funding Sources

	Results
	Search Results
	Study Characteristics
	Risk of Bias Assessment
	Sugars and CVD Incidence
	Sugars and CVD Mortality
	Sensitivity Analyses
	Subgroup Analyses and Publication Bias
	GRADE Assessment

	Discussion
	Main Findings
	Findings in the Context of Existing Literature
	Strengths and Limitations
	Implications

	Conclusions
	Acknowledgments
	Supplemental Online Material
	Supplemental Online Material
	References




