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Abstract

Introduction

Low-calorie sweetener use for weight control has come under increasing scrutiny as obe-
sity, especially abdominal obesity, remain entrenched despite substantial low-calorie sweet-
ener use. We evaluated whether chronic low-calorie sweetener use is a risk factor for
abdominal obesity.

Participants and Methods

We used 8268 anthropometric measurements and 3096 food diary records with detailed
information on low-calorie sweetener consumption in all food products, from 1454 partici-
pants (741 men, 713 women) in the Baltimore Longitudinal Study of Aging collected from
1984 to 2012 with median follow-up of 10 years (range: 0—28 years). At baseline, 785 were
low-calorie sweetener non-users (51.7% men) and 669 participants were low-calorie sweet-
ener users (50.1% men). Time-varying low-calorie sweetener use was operationalized as
the proportion of visits since baseline at which low-calorie sweetener use was reported. We
used marginal structural models to determine the association between baseline and time-
varying low-calorie sweetener use with longitudinal outcomes—body mass index, waist cir-
cumference, obesity and abdominal obesity—with outcome status assessed at the visit fol-
lowing low-calorie sweetener ascertainment to minimize the potential for reverse causality.
All models were adjusted for year of visit, age, sex, age by sex interaction, race, current
smoking status, dietary intake (caffeine, fructose, protein, carbohydrate, and fat), physical
activity, diabetes status, and Dietary Approaches to Stop Hypertension score as
confounders.

Results

With median follow-up of 10 years, low-calorie sweetener users had 0.80 kg/m? higher body
mass index (95% confidence interval [Cl], 0.17—1.44), 2.6 cm larger waist circumference
(95% Cl, 0.71-4.39), 36.7% higher prevalence (prevalence ratio = 1.37; 95% CI, 1.10-1.69)
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and 53% higher incidence (hazard ratio = 1.53; 95% CI 1.10D2.12)of abdominal obesity
than low-calorie sweetener non-users.

Conclusions

Low-calorie sweetener use is independently associated with heavier relative weight, a larger
waist, and a higher prevalence and incidence of abdominal obesity suggesting that low-calo-
rie sweetener use may not be an effective means of weight control.

Introduction

Theworldwideonsetof obesityoverthe previous3 decadeshowsno signof slowingwith one
billion adultsprojectedto haveobesityby 2025[1]. In the United Statesthe dramaticincrease
in obesitymeasuredy bodymassndex(BMI) hasrecentlyplateauedt 35%for menbut con-
tinuedto increasao 40%for women[2]. Similartrend wasnotedin the 60yearsandolder
group[2]. Theprevalencef abdominalobesitymeasuredy waistcircumferencgWC) con-
tinuesto risein the USfor both menandwomen,howevel 3]. Obesityandabdominalobesity
in particular,arewell-establishedsk factorsfor ahostof medicalconditionsincluding diabe-
tes,hypertensionandcardiovasculadiseas4, 5. Low-caloriesweeteneusehaslongbeen
recommendedsadietarystrategyto reducecarbohydrateandtotal energyintakefor weight
anddiabetesnanagement6, 7]. However despitesubstantialncreasedow-caloriesweetener
consumptionaftertheir introduction in the market,oftenin theform of diet sodaobesity
remainsentrencheds, 9].

Consequentlythe effectivenessf usinglow-caloriesweetenerfor weightreductionand
control hasfacedincreasingscrutinyand remainedcontroversialOverthe yearsyesultsfrom
randomizedcontrolledtrials of low-caloriesweetenerir weightlosshavebeeninconsistent
[6, 10D1F. Findingsfrom someobservationastudiessuggestliet sodaconsumptionmayeven
increaseisk of obesitymetabolicsyndrome anddiabeteg 19E2€]. Recenstudiessuggested
thattheserisksmaybemodified by dietaryquality[2729. Neverthelesdindingshavenot
beenentirelyuniform dueto differencesn howlow-caloriesweeteneconsumptionwas
assessent in analyticaimodelsused.To clarify and expandon the potentialconsequencesf
low-caloriesweeteneuse weevaluatedip to 28yearsf longitudinal dataon dietand body
compositioncollectedn participantsin the BaltimoreLongitudinal Studyof Aging (BLSA).

Materials and Methods
Study Population

TheBLSAIs anongoingobservationatontinuous-enrollmentohort studyof normative
agingin adultsestablishedh 1958and currently conductedby the NationalInstitute on Aging
[30. TheBLSAparticipantsareadultvolunteersaged?0yearsandolder, recruitedfrom the
community and healthyat studyentry. Theyundergomedical physiologicaland psychologi-
calexaminationsat age-specifiwisit intervalsandreturn for follow-up visitsfor life. All partic-
ipantsprovidewritten informed consentat eachvisit. The BLSAprotocolhasbeenapproved
by the Intramural ResearclProgramof the USNationalInstitute on Aging andthe Institu-
tional ReviewBoardof the NationalInstitute of EnvironmentalHealth Sciences.
Thestudysampldancludesl454menandwomenwith atleastone BLSAvisit thatincluded
anthropometricmeasuresind completedietaryrecorddatabeginningin 1984whendietary
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recordswerefirst collectedn both sexesk-or eachparticipant,thefirst visit, not necessary
their visit at studyentry,whichincludedcompletedietaryrecorddataand anthropometric
measuresvasdefinedasthe baselinevisit. Thesel454participantscontributedatotal of 8268
person-visitof follow-up through 2012 with medianfollow-up of 10yearqrange:0b28
years).

Measures

Anthropometric Measures. Heightwasmeasuredn centimetergo the nearesbnemilli-
meterusingastadiometerweightwasmeasuredn kilogramsto the nearestLd" of akilogram;
WC wasmeasuredn centimeterdo the nearesbnemillimeter justbelowtherib cagewvhere
the waisttapers BMI wasdefinedasweightin kilogramsdivided by heightin meterssquared.
Two differentmeasuresf adipositywereusedobesitydefinedasBMI |  30kg/m? and
abdominalobesity anindicator of viscerafat deposition definedasWwC > 102cmfor men
and> 88cmfor women[5, 31].

Assessmenbf Low-Calorie SweetenetJse. Dietaryintakewasassessadsinga 7-day
dietaryrecord.Thedetailsof dietarycollectionand analysesavebeendescribedreviously
[37. Diet datawerecollectedat somevisitsfrom 1984to 2008 Participantgdid not completea
dietaryrecordat everyvisit to reduceparticipantburden,andall availablelietaryrecordswere
used Low-caloriesweeteneconsumptionwasnotedwhenconsumptionof food or drink con-
taining low-caloriesweetenefaspartamesaccharinacesulfameotassiumgor sucraloseyvas
recordedin thedietaryrecord.This collectionmethodidentified low-caloriesweeteneround
in all food products,not justdiet soda.

Covariates. Covariateencompassocio-demographitactorsincluding age sexageby
sexinteractionandracebehaviorafactorsknown to impactweightsuchasphysicaklctivity
(sedentarylow, moderateor high basedn reportedfrequencyandduration of vigorousand
moderatephysicalactivity) and smokingstatugcurrentsmokerversusormer andnever
smoker);dietaryintakeof specificnutrients(caffeinefructose protein, carbohydrateandfat);
anddiet quality usingthe Dietary Approachego StopHypertension(DASH) score DASH
scorederivedfrom consumptionof total fat, saturatedat, protein, fiber, cholesterolcalcium,
magnesiunandpotassiumandwhich rangefrom 0to 9 with highervaluessignifyinghigher
qualitydiet[33. Yearof visit and diabetestatusdeterminedfrom anoral glucoseolerance
test(OGTT) andcategorize@sno, yesand pre-diabetesvereaccountedor in theanalyses.

Statistical Analysis

Associationbetweerbaselindow-caloriesweeteneuseand participantcharacteristicsvere
assesseaasingchi-squargestsfor categoricavariablesandt-testsor Wilcoxon rank-sumtests
for continuousvariablesAssociationdetweerbaselindow-caloriesweeteneuseand charac-
teristicsmeasureaverall person-visitsvereassesseagsingunadjustedyeneralizeestimating
equationswith robuststandarderrors[34].

Marginal Structural Models. We usedmarginalstructuralmodelsto determinetheasso-
ciationsof low-caloriesweeteneusehistory with studyendpointswhile accountingfor time-
independentandtime-varyingcovariatesSimilarly,we usedmarginalstructuralCox propor-
tional hazardsmodelsto determinethe associatiorof low-caloriesweeteneusehistorywith
onsetof obesity-relate@dutcomesUnlike conventionalongitudinal analysisand Cox propor-
tional hazardsnodels marginalstructuralmodelsand marginalstructuralCox proportional
hazardsnodelsadjustfor time-varyingconfoundingusinginverseprobability of exposure
weightsratherthan by including confoundersn theregressiormodel. Therationalefor using
marginalstructuralmodelsand marginalstructuralCoxproportionalhazardsnodelsin the
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Fig 1. Schemafor Marginal Structural Models. Adjusting for BMI at visit v-1 by including this term in the
regression model would lead to bias because it is potentially in the causal pathway from low-calorie sweetener
(LCS) use at visit v-2 to the study outcome (BMI at visit v here). However, failing to adjust for BMI at visit v-1
would lead to bias because it confounds the relation of LCS at visit v-1 with BMI at visit v. Marginal structural
models overcome this problem by using inverse probability weights to adjust for confounders.

doi:10.1371/journal.pone.0167241.9001

currentprojectis to appropriatelyaccountfor time-varyingconfoundingof an exposuréhis-
tory. Specificallyat eachvisit v for eachparticipant,we operationalizedow-caloriesweetener
usehistoryasthe proportion of pastvisits(0 throughv-1) in whichthe participantreported
usinglow-caloriesweetenerd hus,it isimportant to control for BMI (and otherfactors)at
visits0 throughv-1that mayinfluenceboth the choiceto uselow-caloriesweetenersvertime
andthe studyoutcomeatvisit v. However if wewereto includepastBMI asacovariateasone
woulddoin aconventionaregressioomodel,wewould obtain biased-esultsbecauseve
would beadjustingfor afactorthat maybein the causapathwayput if wedid not adjustfor
BMI, wewould obtainbiasedresultsconfoundedby pastBMI. Theinverseprobabilityweights
allowusto overcomethis catch-22by adjustingfor pastBMI (and otherfactors)viastandardi-
zation(i.e.,theweights)ratherthan conditioningin aregressiormodel.Marginalstructural
modelsand marginalstructuralCoxproportionalhazardsnodelscanalsobeusedto compute
standardizedssociationsf abaseline-measurezkposurewith studyoutcomesasdescribed
in detailin Fig 1.

BaselineLow-calorie SweetenetJse. We usedmarginalstructuralmodelsto determine
the associatiometweerbaselindow-caloriesweeteneuseandlongitudinal outcomed 35.
Model lincludedvisitsafterbaselineasoutcomevisitsand adjustedor baselinevaluesof out-
comesasconfoundergo minimize the potentialof reversecausality Additionally, Model 1
wasadjustedor covariateslnverse-probabiliy weightingwasusedto accountfor confound-
ers,studydrop-out,andtruncationby death[ 35, 3€6]. Specificallyinverseprobabilityweights
for low-caloriesweeteneuse to adjustfor confoundersywerecomputedastheinverseof prob-
abilitiesestimatedusingalogisticregressiorof low-caloriesweeteneuseon covariates.
Inverse-probabilityweightsfor studydrop-out werecomputedasthe inverseof productsof
probabilitiesestimatedusingpooledlogisticregressionhatincludedtime-varyingconfound-
ing factors visit numberandtime betweernvisits. This modelincludedparticipantswhosedast
studyvisit occurredbefore2012andwho werenot confirmeddeceasetly 2012 . Theweight
usedin analysisvasthereciprocalof 1-probabilityof drop-out. Lastly,inverse-probability
weightsfor deathwerecomputedastheinverseof productsof probabilitiesof survivalesti-
matedusinga Coxproportionalhazardsnodelthatincludedtime-varyingconfoundingfac-
tors,visit numberandtime betweervisits. Theweightusedin analysisvasthereciprocalof
1-probabilityof death.Intuitively, the productof 1-probabilityof deathand 1-probabilityof
drop-out canbeinterpretedasthe probability of beingaliveandparticipatingin the study.
Thisweighthelpsto overcomeselectiorbiasdueto deathand drop-out. As asensitivityanaly-
sis,wealsoincludedtime (yearsfrom baseline)-by-low-calorisweeteneinteractionsto deter-
mine whetherdifferenceemergesarlyor later.

PLOS ONE | DOI:10.1371/journal.pone.0167241 November 23, 2016 4/15



@° PLOS | ONE

Chronic Low-Calorie Sweetener Use and Abdominal Obesity among Older Adults

Cumulativeincidenceof obesityandabdominalobesitywerealsoestimatedand com-
paredby baselindow-caloriesweeteneusewhile accountingfor the competingrisk of
death[37, 39. Inverse-probabilityeightsfor baselindow-caloriesweeteneuse study
drop-out,and mortality werealsousedin amarginalstructuralCoxproportionalhazards
modelto assesthe associationsf baselindow-caloriesweeteneusewith incidentobesity
andabdominalobesity[39].

Time-Varying Low-calorie SweetenetJse. Low-caloriesweeteneuseby participants
fluctuatedovertime;therefore we usedmarginalstructuralmodelsto assestherelation of
time-varyinglow-caloriesweeteneusewith longitudinaloutcomeq35]. In Model2,time-
varyinglow-caloriesweeteneusewasoperationalizedsthe proportion of visitssincebase-
line atwhich low-caloriesweetenewasusedto summarizdow-caloriesweeteneusehis-
tory. Inverse-probabilityweightsfor drop-out and mortality werecomputedaspreviously
describedhoweverthe covariatesverealsotime-varyingandincludedoutcomemeasures
assessedk previousvisits[ 35, 36]. Inverse-probabilityweightsfor time-varyinglow-calorie
sweeteneusewerecomputedusingpooledlogisticregressiorof low-caloriesweeteneon
yearof visit, visit number,age sex,age-by-seinteraction,race currentsmokingstatusyal-
uesof time-varyingdietaryintake (caffeinefructose protein, carbohydrateandfat)
assessedt the samevisit aslow-caloriesweeteneuse physicalactivity,diabetestatus(no,
yespre-diabetics)DASH scoreandlagged previousvisit) low-caloriesweeteneuse,
laggedutcomes|aggeddiabetestatus and 2- and 3-wayinteractionsbetweeraggedow-
caloriesweeteneuse Jaggeddiabetestatus sex,andtime sincepreviousvisit asconfound-
ers.In otherwords,an outcomeassesseat visit v wasregresseon low-caloriesweetener
historyup to the visit prior to outcomeassessmetb rule out reversecausalityln Model 2,
outcomesatvisit v wereregressedn low-caloriesweeteneusehistory throughvisit v-1,
henceminimizing reversecausalityModel 2 did not includeoutcomesassesseat baseline
andadjustedor covariatesWe additionallyfit amarginalstructuralCox proportionalhaz-
ardsmodelrelatingtime-varyinglow-caloriesweeteneuseto incidenceof obesityand
abdominalobesityusingthe weightsfrom Model 2. SASversion9.2andR version3.1.1
wereusedfor all analysesP-value< 0.05wasconsideredstatisticallysignificantfor all
analyses.

Results
Baseline Characteristics

At baselinelow-caloriesweeteneuserscomparedo non-usersvereon average yearsyoun-
ger,59.5+15.8yearsversus1.8+15.8yearsrespectivelyl ow-caloriesweeteneusersalsohad
higherBMI, 26.4+ 4.5kg/m? comparedo 25.3+ 4.0kg/m?, aswell ashigherWC, 88.1+13.2
cmcomparedo 86.2+ 12.0cm. In addition, the low-caloriesweeteneusershadhigherpreva-
lenceof obesity abdominalobesityandtype2 diabeteg Tablel). Low-caloriesweeteneuse
wasnot associatedith differentialtotal caloricintake,dietarymacronutrientcomposition,
physicalactivity levelor smoking,but usersconsumedoweramountsof fructoseand higher
amountsof caffeinehannon-usersput hadsimilar diet quality. Mediannumberof visitsdid
not differ, but low-caloriesweeteneusershadaslightlylongerfollow-up thannon-userg10.4
vs.8.8years).

During the studyperiod (1984D2012)he 1454participantscontributed3096food diary
recordswith 92uniquelow-caloriesweeteneusehistorieswhichwereclassifiednto 19 pat-
ternsdefinedby lengthandnumberandtypeof transition (S1Tablg. Fifty-threepercentof
participantscontributedafood diary at morethan onevisit. Of the 785participantsclassified
aslow-caloriesweetenenon-usersat baseline628(80%)did not reportlow-caloriesweetener
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Table 1. Comparis on of baseline and longitudin al characterist ics of low-calo rie sweetener users versus non-users categoriz ed by baseline

usage.

Characte ristic

Age (year)

Male Sex

Race

¥Caucasian

¥African-American

¥Other Race

Body Mass Index (BMI) (kg/m?)
Waist Circumference (WC) (cm)
Obesity (BMI'! 30 kg/m?)

Abdominal Obesity (WC !102cm men;
188cm women)

Energy Consumption (kcal/day)
Carbohydrate Consumption (g/day)
Protein Consumption (g/day)

Fat Consumption (g/day)

Caffeine Consumption (mg/day)
Fructose Consumption (g/day)
DASH Score (Diet quality: range 0D9)
Current Smoker

Physical Activity Level

¥Sedentary

¥Less Active

¥Moderately Active

¥Highly Active

Diabetes Status

¥Normal glucose tolerance
¥Prediabetes

¥Diabetes

Calendar year of baseline visit
Years from baseline to Pnalvisit
Number of Visits

Number of person-visits for each
outcome:

¥Body Mass Index
¥Waist Circumference

Baseline Characte ristics

Low-calori e
sweetener non-
users (N =785)

61.8 (15.8)
406 (51.7%)

570 (72.6%)
135 (17.2%)
80 (10.2%)
25.3(4.0)
86.2 (12.0)
93 (11.8%)
126 (16.8%)

1929.0 (539.2)
237.5 (75.4)
76.9 (23.5)
72.9 (26.5)
143.2 (145.2)
24.2 (13.2)
3.87(1.2)

31 (3.9%)

36 (6.8%)

176 (33.1%)
180 (33.8%)
140 (26.3%)

481 (63.5%)

237 (31.3%)

40 (5.3%)

1990 (1984D2008)
8.8 (0, 27.4)

5 (1, 19)

Low-calori e
sweetener users
(N =669)

59.5 (15.8)

335 (50.1%)

516 (77.1%)
96 (14.3%)
57 (8.5%)
26.4 (4.5)
88.1(13.2)
122 (18.3%)
164 (25.2%)

1924.2 (524.3)
232.4(77.5)
78.9 (24.0)
74.4(26.7)
173.2 (239.0)
21.9 (11.5)
3.97 (1.2)

31 (4.6%)

22 (4.8%)

149 (32.7%)
150 (32.9%)
135 (29.6%)

376 (58.4%)

189 (29.3%)

79 (12.3%)

1990 (1984D2008)
10.4 (0, 27.5)

5 (1, 20)

Data presented as mean (SD), number (%), or median (min, max).

doi:10.132/journal.pon€167241001

Value

0.005
0.53
0.14

0.001
0.004
0.001
0.001

0.86
0.20
0.10
0.29
0.005
0.001
0.11
0.52
0.46

0.001

Charact eristics over 28-year study period

Low-cal orie sweetener
non-user s (person-

visits =4324)
69.4 (15.1)
2295 (53.1%)

3435 (79.4%)
473 (10.9%)
416 (9.6%)
25.5 (4.1)
87.5(12.2)
540 (12.5%)
785 (19.5%)

1955.5 (581.8)
245.8 (83.4)
77.3 (24.1)
72.3(27.7)
151.4 (203.0)
25.1(14.4)
4.0(1.3)

179 (4.1%)

328 (9.6%)
1252 (36.7%)
1003 (29.4%)
829 (24.3%)

1913 (46.9%)
1802 (44.2%)

364 (8.9%)

1990 (1984D208)
8.8 (0, 27.4)

5 (1, 19)

4324
4015

Low-calori e sweetener |P
users (person -

visits =3944)
67.35 (15.5)
1969 (49.9%)

3217 (81.6%)
402 (10.2%)
325 (8.2%)
26.8 (4.5)
90.7 (13.2)
845 (21.4%)
1216 (32.8%)

1929.7 (538.0)
236.9 (80.6)
79.2 (23.5)
72.9(27.3)
150.6 (188.0)
22.5(12.0)
41(1.2)

118 (3%)

305 (9.8%)
1175 (37.9%)
864 (27.9%)
757 (24.4%)

1590 (42.6%)
1453 (39%)
686 (18.4%)

1990 (1984D2008)

10.4 (0, 27.5)
5 (1, 20)

3944
3711

Value

0.01
0.32
0.64

0.001
0.001
0.001
0.001

0.38
0.04
0.10
0.69
0.93
0.001
0.10
0.25
0.84

0.001

use at any contributed food diary; of the 669 participants classified as low-calorie sweetener
users at baseline, 521 (78%) reported low-calorie sweetener use at all contributed food diaries;
and the remaining 305 participants (21%) switched between using and not using low-calorie
sweetener during the observation period with 72 (5%) switching more than twice between sta-
tuses. A heat-map illustrates the patterns of low-calorie sweetener consumption over time (S1

Fig).
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Table 2. Relation between low-cal orie sweeten er consumpt ion (baseline use and time-var ying use) and measures of body size.

Baselin e low-cal orie sweeten er use Time-varying low-calor ie sweetener use
Outcome Model Mean Differenc e* | 95% Cl P-value Model Mean Differenc e® |95% ClI P-value
BMI Model 1 0.713 (0.125,1.301) 0.02 Model 2 0.803 (0.167, 1.440) 0.01
Waist Circum ference Model 1 2.553 (0.843, 4.264) 0.003 Model 2 2.547 (0.707, 4.387) 0.007

Model 1: Marginal structural model regressing outcome at visits after baseline on baseline low-calorie sweetener use controlling for baseline covariates
including baseline values of the outcomes.

Model 2: Marginal structural model regressing outcome at visit v on proportion of low-calorie sweetener use up to visit v-1 controlling for covariates including
the value of the outcomes at visit v-1.

& Mean difference comparing low-calorie sweetener users to low-calorie sweetener non-users.

b Mean difference per 100% difference in low-calorie sweetener use (i.e., always users versus never users). To compare participants whose low-calorie
sweetener use differed by p%, compute Mean Difference 1 p/100. For example to compare mean BMI for participants whose low-calorie sweetener use
differed by 25% using Model 2, compute 0.913 125/100 = 0.228 mean difference.

All models additionally adjusted for year of visit, age, sex, age by sex interaction, race, current smoking status, dietary intake (caffeine, fructose, protein,
carbohydrate, and fat), physical activity, diabetes status (no, yes, pre-diabetes) and Dietary Approaches to Stop Hypertension (DASH) score as
confounders.

doi10.132/journal.pon®167241002

Low-Calorie Sweetener Use and Body Size Changes

Participantavho alwayseportedusinglow-caloriesweetenehadhigheraverag&MI and
WC (Table2), andahigherprevalencef abdominalobesitythan participantswho never
reportedusinglow-caloriesweetenefTable3). Evenwhenlow-caloriesweeteneusehistory
wasexaminedn relationto obesityoutcomesassesseat the subsequenfollow-up visit to
minimize reversecausalityalwaysusershadon averag®.80kg/m? higherBMI (95%confi-
denceinterval[Cl], 0.17,1.44;P=0.01)and2.6cm largerWC (95%CI, 0.71,4.39;P = 0.007)
aftercontrolling for covariate@ndaccountingfor studydrop-outandtruncation by death.
Similarly,comparedo neverusersalwaysusershad36.7%higherprevalencef abdominal

Table 3. Relation between low-cal orie sweeten er consumpt ion (baseline use and time-var ying use) and measures of obesity and abdomin al
obesity.

Baseline low-calorie sweetener use Time-varying low-calor ie sweetener use
Outcome Model | Prevalence 95% ClI P-value 'Model |Prevalence 95% CI P-
Ratio Ratio® value
Obesity (BMI! 30 kg/m?) Model 1.297 (0.982, 0.07 | Model 1.290 (0.939, 0.11
1 1.714) 2 1.773)
Abdominal Obesity (WC !102cm men; Model 1.448 (1.193,1.757) | 0.001 | Model 1.367 (1.104, 0.004
WC !88cm women) 1 2 1.693)

Model 1: Marginal structural model regressing outcome at visits after baseline on baseline low-calorie sweetener use controlling for baseline covariates
including baseline values of the outcomes.

Model 2: Marginal structural model regressing outcome at visit v on proportion of low-calorie sweetener use up to visit v-1 controlling for covariates including
the value of the outcomes at visit v-1.

@ Prevalence ratio per comparing low-calorie sweetener users to low-calorie sweetener non-users.

b Prevalence ratio per 100% difference in low-calorie sweetener use (i.e., always users versus never users). To compare participants whose low-calorie
sweetener use differed by p%, compute Prevalence Ratio®®1%?). For example to compare the prevalence of obesity for participants whose low-calorie
sweetener use differed by 25% using Model 2, compute 1.3153%199 = 1 071 prevalence ratio.

All models additionally adjusted for year of visit, age, sex, age by sex interaction, race, current smoking status, dietary intake (caffeine, fructose, protein,

carbohydrate, and fat), physical activity, diabetes status (no, yes, pre-diabetes) and Dietary Approaches to Stop Hypertension (DASH) score as
confounders.

doi10.132/journal.pon®167241003
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Fig 2. Adjusted mean difference s in body size over time by baseline low-calo rie sweetener use. The top panels
show body mass index and waist circumference of low-calorie sweetener (LCS) user (filled circle) and non-user (open
square) over time. The bottom panels show the prevalence of obesity and abdominal obesity of LCS user and non-user
over time. The analysis was adjusted for the covariates mentioned in the Methods section.

doi10.1371/jotnal.pone.016724g002

obesity(Prevalenc®atio[PR] = 1.36795%ClI, 1.104,1.693P = 0.004) The prevalencef
obesitydid not significantlydiffer accordingto low-caloriesweeteneusehistory. Thesefind-
ingsareconsistentvith thosebasedn baselindow-caloriesweeteneuse.

In asensitivityanalysighatincludedtime-by-baselinéow-caloriesweeteneuseinterac-
tions, low-caloriesweeteneusershadhigherBMI andWC atbaselineandgreateradjusted
increasegvertime in WC but not BMI, comparedo non-usergFig 2). Theprevalencef
abdominalobesitywashigherat baselineamongusersghannon-usersandthe differencedid
not changeovertime whereashe prevalencef obesitybetweerthe two groupsdid not differ

atbaselineor changeovertime (Fig 2).
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Low-Calorie Sweetener Use and Onset of Obesity and Abdominal
Obesity

Participantsvhoreportedlow-caloriesweeteneuseanddid not haveobesityat baselinéhada
significantlygreatercumulativeincidenceof obesity(P< 0.001than participantswho did not
report baselindow-caloriesweeteneuse(Fig 3A). Similarly,comparedo low-caloriesweet-
enernon-usersuserswith no abdominalobesityat baselinealsohadasignificantlyhigher
cumulativeincidenceof abdominalobesity(Fig 2B). Thesdindingswereessentiallgonfirmed
afteradjustmentfor covariateandaccountingfor studydrop-out andtruncation by death
(Tabled). Assessingime-varyinglow-caloriesweeteneuse alwaysusershadamarginally
higheradjustechazardof obesity(HazardRatio[HR] = 1.60;95%CI 0.96,2.64;P= 0.07)and
asignificantlyhigheradjustechazardof abdominalobesity(HR = 1.53;:95%Cl 1.10,2.12;
P=0.012)thanneverusergTable4).

Discussion

In acommunity volunteercohortstudyof 1454menandwomenwith 8268person-visitover
28years)ow-caloriesweeteneusewasassociatetvith heavietweight,alargerwaist,anda
higherprevalencandincidenceof abdominalobesityNeverafteraccountingfor diet quality
andweightandbodysizeatthetime of low-caloriesweeteneuseassessmentvhich maydrive
thedecisionto consumdow-caloriesweetenerThesedatasuggesthat low-caloriesweetener
consumptionmaydeleterioushaffectviscerafat deposition,a strongrisk factorfor cardiovas-
culardiseasandmortality.

Althoughthe hypothesighat consuminglow-caloriesweetenersontributesto increased
weightandfatnessasbeenpreviouslyinvestigated 19, 21, 23 27829, the currentstudytakes
advantagef the extensivalatacollectedn the BLSAwith up to 28yearsof longitudinal obser-
vationson bodycompositionandlow-caloriesweeteneconsumptionfound in all food prod-
ucts,not just diet soda Further,two differentmeasuresf adiposityNobesitypy BMI and
abdominalobesityby WCNall showedchroniclow-caloriesweetenersonsumptionwasasso-
ciatedwith increasingobesity mostnoticeablyabdominalobesity Thesdindingshaveimpor-
tant public healthimplication sincethe prevalencef abdominalobesityin the UScontinues
to rise.Our finding of low-caloriesweeteneuseandweightgainis consistentvith results
from two longitudinal studieswith sixto nine yearsof follow-up, reportinganassociation
betweerconsumptionof low-caloriesweetenecontainingbeverageandincreasedveight
gain[19 23. Thefinding of increasen waistcircumferencewith low-caloriesweeteneuseis
consistenwith prior work on the associatiorbetweerdiet sodawith increasedvaistcircum-
ferencq 21, 23. In our study,the extensivdongitudinalinformation allowedusto accountfor
time-varyinglow-caloriesweeteneuseandtherebystrengtherthe evidenceof apotential
causatelationship.

Recentongitudinal studiessuggesthatrisk of increasedvaistcircumferenceandother
cardiometabolioutcomesassociatewith low-caloriesweetenermaybemodified by dietary
quality[27829). Specificallynon-usersf diet sodahavesmallerwaistlinethanusersegardless
of diet quality and furthermore,individualswho consumea Owesterndiet with diet sodahave
significantlylargerwaistlinecomparedo individualson Oprudent@iet with no diet soda[ 2.
In our analysegakingdietaryqualityinto accountfurther strengtherthe associatiometween
low-caloriesweeteneuseandrisk of gainingweight,increasingwaistline,andincidenceand
prevalencef abdominalobesity(resultsnot shown).Thisfinding suggestthat diet quality
maybeanegativeconfounderin the associatiodetweerlow-caloriesweeteneuseand
obesity.
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Bold lines are the cumulative incidence; un-bold lines are 95% confidence intervals.
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Table 4. Relation of baseline and time-varyin g low-calorie sweetener use with onset of obesity and abdomin al obesity.

Outcome Low-cal orie sweeten er use Hazard Ratio 95% ClI P-value

Obesity (BMI! 30 kg/m?) Baseline® 1.52 (1.11, 2.07) 0.009
Proportion over time® 1.60 (0.96, 2.67) 0.07

Abdominal Obesity (WC !102cm men; WC 188 cm women) Baseline® 1.47 (1.18, 1.83) 0.001
Proportion over time® 1.53 (1.10,2.12) 0.012

& Marginal structural Cox proportional hazards model adjusted for baseline covariates. Hazard ratio compares participants who reported low-calorie
sweetener use at baseline to participants who did not report low-calorie sweetener use at baseline

b Marginal structural Cox proportional hazards model of timeN to-outcome after visit v regressed on proportion of low-calorie sweetener use up to and
including visit v controlling for time-varying covariates including body size measures at visit v. Hazard ratio is for a 100% difference in low-calorie sweetener
use. To compare participants whose low-calorie sweetener use differed by p%, compute Hazard Ratio®*°?. For example, to compare the hazard of obesity
for participants whose low-calorie sweetener use differed by 25%, compute 1.64?5°9 = 1 13 hazard ratio.

doi10.132/journal.pon@167241004

Overtheyearscontrolledinterventiontrials of 10weekgo 12monthsduration, have
reportedthat low-caloriesweetenebeveragesesultsin modestweightlossor hasanegligible
effect{ 10B17]. Substitutinglow-caloriebeveragefor sugar-sweetendikveragesandecrease
energyintake,but evidenceof their effectivenestor weightmanagemenis limited. Low-calo-
rie sweetenersertainlyhavefewercalorieshowever pur studysuggestthat theymayhave
metabolicactivity thatis pro-obesogenicNgseciallyfor abdominaladiposityNandthis
hypothesishouldbeactivelyresearched.

Mechanismdor the associatiorbetweeriow-caloriesweeteneuseandprogressivelyising
prevalencef abdominalobesityremainunknown. One potentialexplanationderivesrom the
physiologyof the brain food rewardsystemEvidencegrom animalstudiesdemonstrateshat
dopaminesignalingin the brain mayfunction asaOcentrataloricsensor@hat regulatesutri-
entintakeaccountingfor the caloricdensityof food [4(]. Low-caloriesweetenerasedasa
sugaralternativemayreducefood specificcaloriesput becauséheydo not producesatiety,
theycanencouragenore eating.Ageusiamice,lackingsweetastesensatiordueto mutation
in thetasteion channelTRPM5,acquirepreferencdor sucroseand showrobustdopamine
releasevith sucroséout not with low-caloriesweeteneingestion[41]. Thisfinding exemplifies
the hypothesighatthe rewardsystenin the brain normally links Osweetnesadh absorption
of caloriesn the gut. Low-caloriesweetenersyith no caloricdensity,actuallymaycausehe
brainto abandormsweetnesasa caloriegaugeThereforejndividualswho consumdow-calo-
rie sweetenermaycompensatéy over-eatingn orderto experiencehe expectedatiety.
Anotherpossiblanechanismmayinvolvethe gut microbiome.Evidencgrom arodentstudy
indicatesthat chronic saccharirconsumptioncontributesto weightgainandworseningglu-
coseoleranceby inducing dysbiosisandalteringthe compositionandfunction of intestinal
microbiota. The alteredmicrobiotaexhibitenhancednergyharvespathwaysgreviouslyasso-
ciatedwith obesityin miceandhumans.Thesemicealsohadalteredbacteriaktaxasimilarto
thosefound associatewith type2 diabetesn humans[42, 43. Otherlow-caloriesweeteners
suchassucraloséasalsobeenshownto contributeto weightgainandalteredintestinal
microbiotain rats[44]. Low-doseaspartamehoweverwasassociatewith alteredintestinal
microbiotawith worseningglucosdolerancebut lessweightgainin ratswhenchallengedvith
highfatdiet[45. Theunderlyingmechanisnis unknownandwarrantsfurther investigation.

The strength=of our studyincludethe follow-up period of up to 28yearsandthe useof
7-dayfood diariesat multiple follow-up visits. Thefood diary providesdetailsof low-calorie
sweeteneusein all food productsincluding coffeetea,and dessertwhich allowfor amore
comprehensivassessmeiatf low-caloriesweeteneconsumptionbeyonddiet sodaPrevious
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studiesassessetdiet sodaconsumptionusingfood frequencyquestionnairesvith participant
assessmemtoneat studycenterqd 19524 or usingmailedquestionnaire$25, 26. In addition,
wetook into consideratiordiet quality usingthe DASH score Lastly,sinceweaccountedor
bodycompositionatthetime of assessmertf low-caloriesweeteneuse the possibilitythat
risk of weightgainlargelyexplainghe observedssociationbetweerlow-caloriesweetener
useandforms of obesityis minimized.

Usingdifferentmodelsand approacheso accountfor initial Qindication@ndchanging
usagepatternswe consistentlyfound low-caloriesweeteneunseassociate@ith weightgain
andexpandingwaistline Neverthelesseveralimitations shouldbeconsideredn interpreting
thefindings.First,BLSAis an observatiorstudy,thereforewe cannotrule out the possibilityof
unmeasureatonfoundersHoweverwe mitigatedthis possibilityby including manyrelevant
covariatesndby analyticallyaccountingfor otherfactors.For exampleywe modeledvisits
afterlow-caloriesweeteneassessmend minimize reversecausalityandmodeledthe drop-
out and mortality procesgo reducebiasfrom missingdata.We alsotook into accountdietary
qualityasapotentialconfounder.Secondthe BLSAcohortis,in generalahighly motivated
andhealthconsciougyroupof individuals;for examplepnly 17%of the cohortdevelopeabe-
sity overthefollow-up period,comparedo the USadult populationwith obesityprevalencef
38%in 2014[2]. However this limitation canalsobeconsideredastudystrengthin that
weightgainandincreasingwaistlineweredemonstratedvith low-caloriesweeteneconsump-
tion evenin this highly motivatedcohort. Third, low-caloriesweeteneuseis represente@dsa
dichotomousvariable(yesor no), thuswe do not haveamore granularmeasuref low-calorie
intakeandour estimatesrelikely conservativelFinally,the BLSAcohortareolderwith base-
line ageof about60yearstherefore the resultsmaybesubjecto survivalbiasand maynot be
generalizabléo youngeradults.To mitigatethe degreeof bias,we usedinverseprobability of
survivalweightsin our modelsto accountfor factorsthat mayjointly impactstudyoutcomes
andmortality.

Our finding hasimportant public healthimplications.Thesdindingsunderscoreahat
weightmanagemenstrategieshouldberootedin understandinghowthe humanbody
responddo certaintypesof food insteadof merelyconsideringthe theoreticalcaloriccontent.
Independenbf caloriccontent,the specificfood eateraffectssubsequentatingbehavior,
influencesntestinalmicrobiotathat contributesto energyhandlingandinteractswith enter-
oendocrineandneuroendocringpathwaysall mechanismsvhich ultimatelyaffectenergy
homeostasisThroughthesemechanismdpw-caloriesweeteneusemaybeacontributor to
the obesityepidemic.

Supporting Information

S1Fig. Heatmapiillustrating patterns of low-calorie sweeteneconsumptionin partici-
pantsovertime. n = 1,454participantsfrom 1984to 2012 Orange= self-reportechon-LCS
use;Blue= self-reportLCSuse;White = visit with no diary record;Gray= no visit.
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