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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/m2 higher body

mass index (95% confidence interval [CI], 0.17–1.44), 2.6 cm larger waist circumference

(95% CI, 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 1.10Ð2.12)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 obesityovertheprevious3 decadesshowsno signof slowingwith one
billion adultsprojectedto haveobesityby2025[1]. In theUnited States,thedramaticincrease
in obesitymeasuredbybodymassindex(BMI) hasrecentlyplateauedat35%for menbut con-
tinuedto increaseto 40%for women[2]. Similartrendwasnotedin the60yearsandolder
group[2]. Theprevalenceof abdominalobesitymeasuredbywaistcircumference(WC) con-
tinuesto risein theUSfor bothmenandwomen,however[3]. Obesityandabdominalobesity
in particular,arewell-establishedrisk factorsfor ahostof medicalconditionsincludingdiabe-
tes,hypertension,andcardiovasculardisease[4, 5]. Low-caloriesweetenerusehaslongbeen
recommendedasadietarystrategyto reducecarbohydrateandtotalenergyintakefor weight
anddiabetesmanagement[6, 7]. However,despitesubstantialincreasedlow-caloriesweetener
consumptionaftertheir introduction in themarket,oftenin theform of diet soda,obesity
remainsentrenched[8, 9].

Consequently,theeffectivenessof usinglow-caloriesweetenersfor weightreductionand
control hasfacedincreasingscrutinyandremainedcontroversial.Overtheyears,resultsfrom
randomizedcontrolledtrialsof low-caloriesweetenersfor weightlosshavebeeninconsistent
[6, 10Ð18]. Findingsfrom someobservationalstudiessuggestdiet sodaconsumptionmayeven
increaserisk of obesity,metabolicsyndrome,anddiabetes[19Ð26]. Recentstudiessuggested
that theserisksmaybemodifiedbydietaryquality[27Ð29]. Nevertheless,findingshavenot
beenentirelyuniform dueto differencesin howlow-caloriesweetenerconsumptionwas
assessedor in analyticalmodelsused.To clarifyandexpandon thepotentialconsequencesof
low-caloriesweeteneruse,weevaluatedup to 28yearsof longitudinaldataon dietandbody
compositioncollectedin participantsin theBaltimoreLongitudinalStudyof Aging(BLSA).

Materials and Methods

Study Population
TheBLSAisanongoingobservationalcontinuous-enrollmentcohortstudyof normative
agingin adultsestablishedin 1958andcurrentlyconductedby theNationalInstituteon Aging
[30]. TheBLSAparticipantsareadultvolunteersaged20yearsandolder,recruitedfrom the
communityandhealthyatstudyentry.Theyundergomedical,physiological,andpsychologi-
calexaminationsatage-specificvisit intervalsandreturn for follow-upvisitsfor life.All partic-
ipantsprovidewritten informedconsentateachvisit.TheBLSAprotocolhasbeenapproved
by theIntramural ResearchProgramof theUSNationalInstituteon AgingandtheInstitu-
tional ReviewBoardof theNationalInstituteof EnvironmentalHealthSciences.

Thestudysampleincludes1454menandwomenwith at leastoneBLSAvisit that included
anthropometricmeasuresandcompletedietaryrecorddatabeginningin 1984whendietary

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

PLOS ONE | DOI:10.1371/journal.pone.0167241 November 23, 2016 2 / 15

websiteareroutedto theBLSADataSharing
ProposalReviewCommitteethatoverseealldata
requests/releasesandthecommitteemeetsbi-
monthly.

Funding:Thisresearchwassupportedbythe
IntramuralResearchProgramof theNational
Institutesof Health,NationalInstituteonAging,
Baltimore,Maryland,USA.Thefundershadnorole
instudydesign,datacollectionandanalysis,
decisionto publish,orpreparationof the
manuscript.

CompetingInterests: Theauthorshavedeclared
thatnocompetinginterestsexist.



recordswerefirst collectedin bothsexes.Foreachparticipant,thefirst visit,not necessary
their visit atstudyentry,whichincludedcompletedietaryrecorddataandanthropometric
measureswasdefinedasthebaselinevisit.These1454participantscontributedatotalof 8268
person-visitsof follow-up through2012,with medianfollow-upof 10years(range:0Ð28
years).

Measures

Anthropometric Measures. Heightwasmeasuredin centimetersto thenearestonemilli-
meterusingastadiometer;weightwasmeasuredin kilogramsto thenearest10th of akilogram;
WC wasmeasuredin centimetersto thenearestonemillimeter justbelowtherib cagewhere
thewaisttapers.BMI wasdefinedasweightin kilogramsdividedbyheightin meterssquared.
Twodifferentmeasuresof adipositywereused:obesitydefinedasBMI ! 30kg/m2; and
abdominalobesity,anindicatorof visceralfatdeposition,definedasWC > 102cmfor men
and> 88cmfor women[5, 31].

Assessmentof Low-CalorieSweetenerUse. Dietaryintakewasassessedusinga7-day
dietaryrecord.Thedetailsof dietarycollectionandanalyseshavebeendescribedpreviously
[32]. Diet datawerecollectedatsomevisitsfrom 1984to 2008.Participantsdid not completea
dietaryrecordateveryvisit to reduceparticipantburden,andall availabledietaryrecordswere
used.Low-caloriesweetenerconsumptionwasnotedwhenconsumptionof foodor drink con-
taining low-caloriesweetener(aspartame,saccharin,acesulfamepotassium,or sucralose)was
recordedin thedietaryrecord.Thiscollectionmethodidentifiedlow-caloriesweetenersfound
in all foodproducts,not justdiet soda.

Covariates. Covariatesencompasssocio-demographicfactorsincludingage,sex,ageby
sexinteractionandrace;behavioralfactorsknown to impactweightsuchasphysicalactivity
(sedentary,low,moderateor highbasedon reportedfrequencyanddurationof vigorousand
moderatephysicalactivity)andsmokingstatus(currentsmokerversusformerandnever
smoker);dietaryintakeof specificnutrients(caffeine,fructose,protein,carbohydrate,andfat);
anddietqualityusingtheDietaryApproachesto StopHypertension(DASH) score.DASH
scorederivedfrom consumptionof total fat,saturatedfat,protein,fiber,cholesterol,calcium,
magnesiumandpotassiumandwhichrangesfrom 0 to 9 with highervaluessignifyinghigher
qualitydiet [33]. Yearof visit anddiabetesstatusdeterminedfrom anoralglucosetolerance
test(OGTT) andcategorizedasno,yesandpre-diabeteswereaccountedfor in theanalyses.

Statistical Analysis

Associationsbetweenbaselinelow-caloriesweeteneruseandparticipantcharacteristicswere
assessedusingchi-squaretestsfor categoricalvariablesandt-testsor Wilcoxonrank-sumtests
for continuousvariables.Associationsbetweenbaselinelow-caloriesweeteneruseandcharac-
teristicsmeasuredoverall person-visitswereassessedusingunadjustedgeneralizedestimating
equationswith robuststandarderrors[34].

Marginal Structural Models. Weusedmarginalstructuralmodelsto determinetheasso-
ciationsof low-caloriesweetenerusehistorywith studyendpointswhileaccountingfor time-
independentandtime-varyingcovariates.Similarly,weusedmarginalstructuralCoxpropor-
tional hazardsmodelsto determinetheassociationof low-caloriesweetenerusehistorywith
onsetof obesity-relatedoutcomes.Unlike conventionallongitudinalanalysisandCoxpropor-
tional hazardsmodels,marginalstructuralmodelsandmarginalstructuralCoxproportional
hazardsmodelsadjustfor time-varyingconfoundingusinginverseprobabilityof exposure
weightsratherthanby includingconfoundersin theregressionmodel.Therationalefor using
marginalstructuralmodelsandmarginalstructuralCoxproportionalhazardsmodelsin the
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currentprojectis to appropriatelyaccountfor time-varyingconfoundingof anexposurehis-
tory. Specifically,ateachvisit v for eachparticipant,weoperationalizedlow-caloriesweetener
usehistoryastheproportion of pastvisits(0 throughv-1) in whichtheparticipantreported
usinglow-caloriesweeteners.Thus,it is important to control for BMI (andotherfactors)at
visits0 throughv-1 thatmayinfluenceboth thechoiceto uselow-caloriesweetenersovertime
andthestudyoutcomeatvisit v.However,if wewereto includepastBMI asacovariateasone
woulddo in aconventionalregressionmodel,wewouldobtainbiasedresultsbecausewe
wouldbeadjustingfor afactorthatmaybein thecausalpathway;but if wedid not adjustfor
BMI, wewouldobtainbiasedresultsconfoundedbypastBMI. Theinverseprobabilityweights
allowusto overcomethiscatch-22byadjustingfor pastBMI (andotherfactors)viastandardi-
zation(i.e.,theweights)ratherthanconditioningin aregressionmodel.Marginalstructural
modelsandmarginalstructuralCoxproportionalhazardsmodelscanalsobeusedto compute
standardizedassociationsof abaseline-measuredexposurewith studyoutcomes,asdescribed
in detailin Fig1.

BaselineLow-calorieSweetenerUse. Weusedmarginalstructuralmodelsto determine
theassociationbetweenbaselinelow-caloriesweeteneruseandlongitudinaloutcomes[35].
Model1 includedvisitsafterbaselineasoutcomevisitsandadjustedfor baselinevaluesof out-
comesasconfoundersto minimize thepotentialof reversecausality.Additionally,Model1
wasadjustedfor covariates.Inverse-probability weightingwasusedto accountfor confound-
ers,studydrop-out,andtruncationbydeath[35, 36]. Specifically,inverseprobabilityweights
for low-caloriesweeteneruse,to adjustfor confounders,werecomputedastheinverseof prob-
abilitiesestimatedusingalogisticregressionof low-caloriesweeteneruseon covariates.
Inverse-probabilityweightsfor studydrop-outwerecomputedastheinverseof productsof
probabilitiesestimatedusingpooledlogisticregressionthat includedtime-varyingconfound-
ing factors,visit numberandtime betweenvisits.Thismodelincludedparticipantswhoselast
studyvisit occurredbefore2012andwhowerenot confirmeddeceasedby2012.Theweight
usedin analysiswasthereciprocalof 1-probabilityof drop-out.Lastly,inverse-probability
weightsfor deathwerecomputedastheinverseof productsof probabilitiesof survivalesti-
matedusingaCoxproportionalhazardsmodelthat includedtime-varyingconfoundingfac-
tors,visit numberandtime betweenvisits.Theweightusedin analysiswasthereciprocalof
1-probabilityof death.Intuitively, theproductof 1-probabilityof deathand1-probabilityof
drop-outcanbeinterpretedastheprobabilityof beingaliveandparticipatingin thestudy.
Thisweighthelpsto overcomeselectionbiasdueto deathanddrop-out.Asasensitivityanaly-
sis,wealsoincludedtime (yearsfrom baseline)-by-low-caloriesweetenerinteractionsto deter-
minewhetherdifferencesemergeearlyor later.

Fig 1. Schem a for 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.g001
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Cumulativeincidenceof obesityandabdominalobesitywerealsoestimatedandcom-
paredby baselinelow-caloriesweetenerusewhileaccountingfor thecompetingrisk of
death[37, 38]. Inverse-probabilityweightsfor baselinelow-caloriesweeteneruse,study
drop-out,andmortality werealsousedin amarginalstructuralCoxproportionalhazards
modelto assesstheassociationsof baselinelow-caloriesweetenerusewith incidentobesity
andabdominalobesity[39].

Time-Varying Low-calorieSweetenerUse. Low-caloriesweeteneruseby participants
fluctuatedovertime; therefore,weusedmarginalstructuralmodelsto assesstherelationof
time-varyinglow-caloriesweetenerusewith longitudinaloutcomes[35]. In Model2, time-
varyinglow-caloriesweetenerusewasoperationalizedastheproportion of visitssincebase-
line atwhich low-caloriesweetenerwasusedto summarizelow-caloriesweetenerusehis-
tory. Inverse-probabilityweightsfor drop-out andmortality werecomputedaspreviously
described;however,thecovariateswerealsotime-varyingandincludedoutcomemeasures
assessedatpreviousvisits[35, 36]. Inverse-probabilityweightsfor time-varyinglow-calorie
sweetenerusewerecomputedusingpooledlogisticregressionof low-caloriesweeteneron
yearof visit, visit number,age,sex,age-by-sexinteraction,race,currentsmokingstatus,val-
uesof time-varyingdietaryintake(caffeine,fructose,protein,carbohydrate,andfat)
assessedat thesamevisit aslow-caloriesweeteneruse,physicalactivity,diabetesstatus(no,
yes,pre-diabetics),DASHscore,andlagged(previousvisit) low-caloriesweeteneruse,
laggedoutcomes,laggeddiabetesstatus,and2- and3-wayinteractionsbetweenlaggedlow-
caloriesweeteneruse,laggeddiabetesstatus,sex,andtime sincepreviousvisit asconfound-
ers.In otherwords,anoutcomeassessedatvisit v wasregressedon low-caloriesweetener
historyup to thevisit prior to outcomeassessmentto rule out reversecausality.In Model2,
outcomesat visit v wereregressedon low-caloriesweetenerusehistorythroughvisit v-1,
henceminimizing reversecausality.Model2 did not includeoutcomesassessedatbaseline
andadjustedfor covariates.Weadditionallyfit amarginalstructuralCoxproportionalhaz-
ardsmodelrelatingtime-varyinglow-caloriesweeteneruseto incidenceof obesityand
abdominalobesityusingtheweightsfrom Model2.SASversion9.2andRversion3.1.1
wereusedfor all analyses.P-value< 0.05wasconsideredstatisticallysignificantfor all
analyses.

Results

Baseline Characteristics
At baseline,low-caloriesweeteneruserscomparedto non-userswereon average2yearsyoun-
ger,59.5±15.8yearsversus61.8±15.8years,respectively.Low-caloriesweetenerusersalsohad
higherBMI, 26.4± 4.5kg/m2 comparedto 25.3± 4.0kg/m2, aswellashigherWC,88.1±13.2
cmcomparedto 86.2± 12.0cm.In addition,thelow-caloriesweetenerusershadhigherpreva-
lenceof obesity,abdominalobesityandtype2 diabetes(Table1). Low-caloriesweeteneruse
wasnot associatedwith differentialtotal caloricintake,dietarymacronutrientcomposition,
physicalactivitylevelor smoking,but usersconsumedloweramountsof fructoseandhigher
amountsof caffeinethannon-users,but hadsimilardiet quality.Mediannumberof visitsdid
not differ, but low-caloriesweetenerusershadaslightlylongerfollow-up thannon-users(10.4
vs.8.8years).

During thestudyperiod(1984Ð2012),the1454participantscontributed3096fooddiary
recordswith 92uniquelow-caloriesweetenerusehistorieswhichwereclassifiedinto 19pat-
ternsdefinedby lengthandnumberandtypeof transition(S1Table). Fifty-threepercentof
participantscontributedafooddiaryatmorethanonevisit.Of the785participantsclassified
aslow-caloriesweetenernon-usersatbaseline,628(80%)did not report low-caloriesweetener
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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).

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.

Baseline Characte ristics Charact eristics over 28-year study period

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

Low-calori e
sweetener users
(N = 669)

P
Value

Low-cal orie sweetene r
non-user s (person-
visits = 4324)

Low-calori e sweetener
users (person -
visits = 3944)

P
Value

Age (year) 61.8 (15.8) 59.5 (15.8) 0.005 69.4 (15.1) 67.35 (15.5) 0.01

Male Sex 406 (51.7%) 335 (50.1%) 0.53 2295 (53.1%) 1969 (49.9%) 0.32

Race 0.14 0.64

¥Caucasian 570 (72.6%) 516 (77.1%) 3435 (79.4%) 3217 (81.6%)

¥African-American 135 (17.2%) 96 (14.3%) 473 (10.9%) 402 (10.2%)

¥Other Race 80 (10.2%) 57 (8.5%) 416 (9.6%) 325 (8.2%)

Body Mass Index (BMI) (kg/m2) 25.3 (4.0) 26.4 (4.5) ��0.001 25.5 (4.1) 26.8 (4.5) ��0.001

Waist Circumference (WC) (cm) 86.2 (12.0) 88.1 (13.2) 0.004 87.5 (12.2) 90.7 (13.2) ��0.001

Obesity (BMI ! 30 kg/m2) 93 (11.8%) 122 (18.3%) 0.001 540 (12.5%) 845 (21.4%) ��0.001

Abdominal Obesity (WC�!102cm men;
�!88cm women)

126 (16.8%) 164 (25.2%) ��0.001 785 (19.5%) 1216 (32.8%) ��0.001

Energy Consumption (kcal/day) 1929.0 (539.2) 1924.2 (524.3) 0.86 1955.5 (581.8) 1929.7 (538.0) 0.38

Carbohydrate Consumption (g/day) 237.5 (75.4) 232.4 (77.5) 0.20 245.8 (83.4) 236.9 (80.6) 0.04

Protein Consumption (g/day) 76.9 (23.5) 78.9 (24.0) 0.10 77.3 (24.1) 79.2 (23.5) 0.10

Fat Consumption (g/day) 72.9 (26.5) 74.4 (26.7) 0.29 72.3 (27.7) 72.9 (27.3) 0.69

Caffeine Consumption (mg/day) 143.2 (145.2) 173.2 (239.0) 0.005 151.4 (203.0) 150.6 (188.0) 0.93

Fructose Consumption (g/day) 24.2 (13.2) 21.9 (11.5) ��0.001 25.1 (14.4) 22.5 (12.0) ��0.001

DASH Score (Diet quality: range 0Ð9) 3.87 (1.2) 3.97 (1.2) 0.11 4.0 (1.3) 4.1 (1.2) 0.10

Current Smoker 31 (3.9%) 31 (4.6%) 0.52 179 (4.1%) 118 (3%) 0.25

Physical Activity Level 0.46 0.84

¥Sedentary 36 (6.8%) 22 (4.8%) 328 (9.6%) 305 (9.8%)

¥Less Active 176 (33.1%) 149 (32.7%) 1252 (36.7%) 1175 (37.9%)

¥Moderately Active 180 (33.8%) 150 (32.9%) 1003 (29.4%) 864 (27.9%)

¥Highly Active 140 (26.3%) 135 (29.6%) 829 (24.3%) 757 (24.4%)

Diabetes Status ��0.001 ��0.001

¥Normal glucose tolerance 481 (63.5%) 376 (58.4%) 1913 (46.9%) 1590 (42.6%)

¥Prediabetes 237 (31.3%) 189 (29.3%) 1802 (44.2%) 1453 (39%)

¥Diabetes 40 (5.3%) 79 (12.3%) 364 (8.9%) 686 (18.4%)

Calendar year of baseline visit 1990 (1984Ð2008) 1990 (1984Ð2008) 1990 (1984Ð2008) 1990 (1984Ð2008)

Years from baseline to Þnalvisit 8.8 (0, 27.4) 10.4 (0, 27.5) 8.8 (0, 27.4) 10.4 (0, 27.5)

Number of Visits 5 (1, 19) 5 (1, 20) 5 (1, 19) 5 (1, 20)

Number of person-visits for each
outcome:

¥Body Mass Index 4324 3944

¥Waist Circumference 4015 3711

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

doi:10.1371/journal.pone.0167241.t001
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Low-Calorie Sweetener Use and Body Size Changes
Participantswhoalwaysreportedusinglow-caloriesweetenerhadhigheraverageBMI and
WC (Table2), andahigherprevalenceof abdominalobesitythanparticipantswhonever
reportedusinglow-caloriesweetener(Table3). Evenwhenlow-caloriesweetenerusehistory
wasexaminedin relationto obesityoutcomesassessedat thesubsequentfollow-upvisit to
minimize reversecausality,alwaysusershadon average0.80kg/m2 higherBMI (95%confi-
denceinterval[CI], 0.17,1.44;P= 0.01)and2.6cm largerWC (95%CI, 0.71,4.39;P= 0.007)
aftercontrolling for covariatesandaccountingfor studydrop-outandtruncationbydeath.
Similarly,comparedto neverusers,alwaysusershad36.7%higherprevalenceof abdominal

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-v arying low-calor ie sweetene r use

Outcome Model Mean Differenc ea 95% CI P-value Model Mean Differenc eb 95% CI 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.
a 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 �î p/100. For example to compare mean BMI for participants whose low-calorie sweetener use

differed by 25% using Model 2, compute 0.913 �î 25/100 = 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.

doi:10.1371/journal.pone.0167241.t002

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-va rying low-calor ie sweetener use

Outcome Model Prevalence
Ratio a

95% CI P-value Model Prevalen ce
Ratio b

95% CI P-
value

Obesity (BMI ! 30 kg/m2) Model
1

1.297 (0.982,
1.714)

0.07 Model
2

1.290 (0.939,
1.773)

0.11

Abdominal Obesity (WC�!102cm men;
WC�!88cm women)

Model
1

1.448 (1.193,1.757) ��0.001 Model
2

1.367 (1.104,
1.693)

0.004

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.
a 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(p/100). For example to compare the prevalence of obesity for participants whose low-calorie

sweetener use differed by 25% using Model 2, compute 1.315(25/100) = 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.

doi:10.1371/journal.pone.0167241.t003
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obesity(PrevalenceRatio[PR] = 1.367;95%CI, 1.104,1.693;P= 0.004).Theprevalenceof
obesitydid not significantlydiffer accordingto low-caloriesweetenerusehistory.Thesefind-
ingsareconsistentwith thosebasedon baselinelow-caloriesweeteneruse.

In asensitivityanalysisthat includedtime-by-baselinelow-caloriesweeteneruseinterac-
tions,low-caloriesweetenerusershadhigherBMI andWC atbaseline;andgreateradjusted
increasesovertime in WC but not BMI, comparedto non-users(Fig2). Theprevalenceof
abdominalobesitywashigheratbaselineamongusersthannon-usersandthedifferencedid
not changeovertime whereastheprevalenceof obesitybetweenthetwo groupsdid not differ
atbaselineor changeovertime (Fig2).

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.

doi:10.1371/journal.pone.0167241.g002
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Low-Calorie Sweetener Use and Onset of Obesity and Abdominal
Obesity
Participantswhoreportedlow-caloriesweeteneruseanddid not haveobesityatbaselinehada
significantlygreatercumulativeincidenceof obesity(P< 0.001)thanparticipantswhodid not
reportbaselinelow-caloriesweeteneruse(Fig3A). Similarly,comparedto low-caloriesweet-
enernon-users,userswith no abdominalobesityatbaselinealsohadasignificantlyhigher
cumulativeincidenceof abdominalobesity(Fig2B). Thesefindingswereessentiallyconfirmed
afteradjustmentfor covariatesandaccountingfor studydrop-outandtruncationbydeath
(Table4). Assessingtime-varyinglow-caloriesweeteneruse,alwaysusershadamarginally
higheradjustedhazardof obesity(HazardRatio[HR] = 1.60;95%CI 0.96,2.64;P= 0.07)and
asignificantlyhigheradjustedhazardof abdominalobesity(HR = 1.53;95%CI 1.10,2.12;
P= 0.012)thanneverusers(Table4).

Discussion
In acommunityvolunteercohortstudyof 1454menandwomenwith 8268person-visitsover
28years,low-caloriesweetenerusewasassociatedwith heavierweight,alargerwaist,anda
higherprevalenceandincidenceof abdominalobesityÑevenafteraccountingfor diet quality
andweightandbodysizeat thetime of low-caloriesweeteneruseassessment,whichmaydrive
thedecisionto consumelow-caloriesweetener.Thesedatasuggestthat low-caloriesweetener
consumptionmaydeleteriouslyaffectvisceralfat deposition,astrongrisk factorfor cardiovas-
culardiseaseandmortality.

Althoughthehypothesisthatconsuminglow-caloriesweetenerscontributesto increased
weightandfatnesshasbeenpreviouslyinvestigated[19, 21, 23, 27Ð29], thecurrentstudytakes
advantageof theextensivedatacollectedin theBLSAwith up to 28yearsof longitudinalobser-
vationson bodycompositionandlow-caloriesweetenerconsumptionfound in all foodprod-
ucts,not justdiet soda.Further,two differentmeasuresof adiposityÑobesitybyBMI and
abdominalobesitybyWCÑall showedchroniclow-caloriesweetenersconsumptionwasasso-
ciatedwith increasingobesity,mostnoticeablyabdominalobesity.Thesefindingshaveimpor-
tant publichealthimplicationsincetheprevalenceof abdominalobesityin theUScontinues
to rise.Our finding of low-caloriesweeteneruseandweightgainisconsistentwith results
from two longitudinalstudies,with sixto nineyearsof follow-up,reportinganassociation
betweenconsumptionof low-caloriesweetenercontainingbeveragesandincreasedweight
gain[19, 23]. Thefinding of increasein waistcircumferencewith low-caloriesweeteneruseis
consistentwith prior work on theassociationbetweendiet sodawith increasedwaistcircum-
ference[21, 23]. In our study,theextensivelongitudinal information allowedusto accountfor
time-varyinglow-caloriesweeteneruseandtherebystrengthentheevidenceof apotential
causalrelationship.

Recentlongitudinalstudiessuggestthat risk of increasedwaistcircumferenceandother
cardiometabolicoutcomesassociatedwith low-caloriesweetenersmaybemodifiedbydietary
quality[27Ð29]. Specifically,non-usersof dietsodahavesmallerwaistlinethanusersregardless
of dietqualityandfurthermore,individualswhoconsumeaÒwesternÓdietwith diet sodahave
significantlylargerwaistlinecomparedto individualson ÒprudentÓdietwith no diet soda[29].
In our analyses,takingdietaryquality into accountfurther strengthentheassociationbetween
low-caloriesweeteneruseandrisk of gainingweight,increasingwaistline,andincidenceand
prevalenceof abdominalobesity(resultsnot shown).This finding suggeststhatdietquality
maybeanegativeconfounderin theassociationbetweenlow-caloriesweeteneruseand
obesity.

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

PLOS ONE | DOI:10.1371/journal.pone.0167241 November 23, 2016 9 / 15



Fig 3. Cumula tive incidence of obesity and abdominal obesity. (A) Cumulative incidence of obesity
(BMI! 30mg/kg2); (B) cumulative incidence of abdominal obesity (WC�!102cm men and WC�!88cm women).
Bold lines are the cumulative incidence; un-bold lines are 95% confidence intervals.

doi:10.1371/journal.pone.0167241.g003

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

PLOS ONE | DOI:10.1371/journal.pone.0167241 November 23, 2016 10 / 15



Overtheyears,controlledinterventiontrialsof 10weeksto 12monthsduration,have
reportedthat low-caloriesweetenerbeveragesresultsin modestweightlossor hasanegligible
effect[10Ð17]. Substitutinglow-caloriebeveragesfor sugar-sweetenedbeveragescandecrease
energyintake,but evidenceof their effectivenessfor weightmanagementis limited. Low-calo-
rie sweetenerscertainlyhavefewercalories;however,our studysuggeststhat theymayhave
metabolicactivitythat ispro-obesogenicÑespeciallyfor abdominaladiposityÑandthis
hypothesisshouldbeactivelyresearched.

Mechanismsfor theassociationbetweenlow-caloriesweeteneruseandprogressivelyrising
prevalenceof abdominalobesityremainunknown.Onepotentialexplanationderivesfrom the
physiologyof thebrain foodrewardsystem.Evidencefrom animalstudiesdemonstratesthat
dopaminesignalingin thebrain mayfunction asaÒcentralcaloricsensorÓthat regulatesnutri-
ent intakeaccountingfor thecaloricdensityof food[40]. Low-caloriesweetenersusedasa
sugaralternativemayreducefoodspecificcalories,but becausetheydo not producesatiety,
theycanencouragemoreeating.Ageusicmice,lackingsweettastesensationdueto mutation
in thetasteion channelTRPM5,acquirepreferencefor sucroseandshowrobustdopamine
releasewith sucrosebut not with low-caloriesweeteneringestion[41]. Thisfinding exemplifies
thehypothesisthat therewardsystemin thebrain normallylinks ÒsweetnessÓwith absorption
of caloriesin thegut.Low-caloriesweeteners,with no caloricdensity,actuallymaycausethe
brain to abandonsweetnessasacaloriegauge.Therefore,individualswhoconsumelow-calo-
rie sweetenersmaycompensatebyover-eatingin orderto experiencetheexpectedsatiety.
Anotherpossiblemechanismmayinvolvethegutmicrobiome.Evidencefrom arodentstudy
indicatesthatchronicsaccharinconsumptioncontributesto weightgainandworseningglu-
cosetoleranceby inducingdysbiosisandalteringthecompositionandfunction of intestinal
microbiota.Thealteredmicrobiotaexhibitenhancedenergyharvestpathwayspreviouslyasso-
ciatedwith obesityin miceandhumans.Thesemicealsohadalteredbacterialtaxasimilar to
thosefoundassociatedwith type2diabetesin humans[42, 43]. Other low-caloriesweeteners
suchassucralosehasalsobeenshownto contributeto weightgainandalteredintestinal
microbiotain rats[44]. Low-doseaspartame,however,wasassociatedwith alteredintestinal
microbiotawith worseningglucosetolerancebut lessweightgainin ratswhenchallengedwith
high fatdiet [45]. Theunderlyingmechanismisunknownandwarrantsfurther investigation.

Thestrengthsof our studyincludethefollow-upperiodof up to 28yearsandtheuseof
7-dayfooddiariesatmultiple follow-upvisits.Thefooddiaryprovidesdetailsof low-calorie
sweetenerusein all foodproductsincludingcoffee,tea,anddessert,whichallowfor amore
comprehensiveassessmentof low-caloriesweetenerconsumptionbeyonddiet soda.Previous

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% CI P-value

Obesity (BMI ! 30 kg/m2) Baselinea 1.52 (1.11, 2.07) 0.009

Proportion over timeb 1.60 (0.96, 2.67) 0.07

Abdominal Obesity (WC�!102cm men; WC�!88 cm women) Baselinea 1.47 (1.18, 1.83) 0.001

Proportion over timeb 1.53 (1.10, 2.12) 0.012

a 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 timeÑ 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(p/100). For example, to compare the hazard of obesity

for participants whose low-calorie sweetener use differed by 25%, compute 1.64(25/100) = 1.13 hazard ratio.

doi:10.1371/journal.pone.0167241.t004
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studiesassesseddiet sodaconsumptionusingfoodfrequencyquestionnaireswith participant
assessmentdoneatstudycenters[19Ð24] or usingmailedquestionnaires[25, 26]. In addition,
wetook into considerationdietqualityusingtheDASHscore.Lastly,sinceweaccountedfor
bodycompositionat thetime of assessmentof low-caloriesweeteneruse,thepossibilitythat
risk of weightgainlargelyexplainstheobservedassociationsbetweenlow-caloriesweetener
useandformsof obesityisminimized.

Usingdifferentmodelsandapproachesto accountfor initial ÒindicationÓandchanging
usagepatterns,weconsistentlyfound low-caloriesweeteneruseassociatedwith weightgain
andexpandingwaistline.Nevertheless,severallimitationsshouldbeconsideredin interpreting
thefindings.First,BLSAisanobservationstudy,thereforewecannotruleout thepossibilityof
unmeasuredconfounders.However,wemitigatedthispossibilityby includingmanyrelevant
covariatesandbyanalyticallyaccountingfor otherfactors.Forexample,wemodeledvisits
afterlow-caloriesweetenerassessmentto minimize reversecausalityandmodeledthedrop-
out andmortality processto reducebiasfrom missingdata.Wealsotook into accountdietary
qualityasapotentialconfounder.Second,theBLSAcohort is,in general,ahighlymotivated
andhealthconsciousgroupof individuals;for example,only 17%of thecohortdevelopedobe-
sityoverthefollow-upperiod,comparedto theUSadultpopulationwith obesityprevalenceof
38%in 2014[2]. However,this limitation canalsobeconsideredastudystrengthin that
weightgainandincreasingwaistlineweredemonstratedwith low-caloriesweetenerconsump-
tion evenin thishighlymotivatedcohort.Third, low-caloriesweeteneruseis representedasa
dichotomousvariable(yesor no), thuswedo not haveamoregranularmeasureof low-calorie
intakeandour estimatesarelikely conservative.Finally,theBLSAcohortareolderwith base-
line ageof about60years;therefore,theresultsmaybesubjectto survivalbiasandmaynot be
generalizableto youngeradults.To mitigatethedegreeof bias,weusedinverseprobabilityof
survivalweightsin our modelsto accountfor factorsthatmayjointly impactstudyoutcomes
andmortality.

Our finding hasimportant publichealthimplications.Thesefindingsunderscorethat
weightmanagementstrategiesshouldberootedin understandinghowthehumanbody
respondsto certaintypesof foodinsteadof merelyconsideringthetheoreticalcaloriccontent.
Independentof caloriccontent,thespecificfoodeatenaffectssubsequenteatingbehavior,
influencesintestinalmicrobiotathatcontributesto energyhandlingandinteractswith enter-
oendocrineandneuroendocrinepathways,all mechanismswhichultimatelyaffectenergy
homeostasis.Throughthesemechanisms,low-caloriesweetenerusemaybeacontributor to
theobesityepidemic.

Supporting Information
S1Fig.Heat map illustrating patternsof low-caloriesweetenerconsumption in partici-
pantsover time. n = 1,454participantsfrom 1984to 2012.Orange= self-reportednon-LCS
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