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BaCKgRoUND aND aIMS: Sugar-containing beverage 
intake is a major risk factor for obesity in both children and 
adults and appears to be associated with NAFLD in adults. 
The purpose of this study was to examine the associations 
between sugar-containing beverage intake in infancy and liver 
fat accumulation and NAFLD among school-aged children.

appRoaCH aND ReSUltS: In a population-based prospec-
tive cohort study of 1,940 infants, we assessed sugar-containing 
beverage intake at 1  year with a validated Food Frequency 
Questionnaire. Liver fat fraction and NAFLD (liver fat fraction 
≥5.0%) were assessed with MR. Higher sugar-containing bever-
age intake in infancy was not associated with higher liver fat 
accumulation at 10  years of age when assessed continuously (SD, 
0.03; 95% CI, −0.02, 0.07, per one-serving/day increase of sugar-
containing beverage intake) or categorically (P  =  0.38). However, 
compared to infants with <1.0 serving/day, those with >2.0 serv-
ings/day had the highest odds of NAFLD at 10  years of age 
(OR, 3.02; 95% CI, 1.34, 6.83). These associations remained bor-
derline significant after additional adjustment for sugar-containing 
beverage intake and body mass index at school age (P  =  0.13). 
Stratified analyses showed stronger associations between sugar-
containing beverage intake in infancy and NAFLD at 10  years 
of age among children of mothers with lower educational attain-
ment (OR, 1.48; 95% CI, 1.12, 1.97) and among children with 
overweight or obesity (OR, 1.47; 95% CI, 1.05, 2.07).

CoNClUSIoNS: Higher sugar-containing beverage intake 
in infancy was associated with NAFLD in school-aged chil-
dren, independent of sugar-containing beverage intake and 
body mass index at school age. Limiting the intake of sugar-
containing beverages in infancy may help prevent liver steato-
sis at school age. (Hepatology 2021;73:560-570).

High intake of sugar-containing beverages is a 
strong risk factor for obesity across the life 
course.(1-3) Results from prospective studies 

show sugar-containing beverage intake in infancy is 
related to body mass index (BMI) in adulthood.(3-5) In 
addition, findings from randomized controlled trials sug-
gest that higher consumption of sugar- containing bev-
erages increases adiposity in children.(6-8) Recent studies 
in adults showed that higher intake of sugar-containing 
beverages is not only associated with general adipos-
ity but also with increased liver fat accumulation.(9,10) 
Increased liver fat accumulation and NAFLD reflect a 
heterogeneous spectrum, ranging from liver steatosis to 
steatohepatitis, fibrosis, cirrhosis, and, eventually, end-
stage liver disease.(11) We have recently reported asso-
ciations between liver fat across the full spectrum and 
risk factors for cardiometabolic disease at school age.(12) 
Early life exposures may contribute to the development 

Abbreviations: BMI, body mass index; FFQ, Food Frequency Questionnaire; IDEAL-IQ, Iterative Decomposition of water and fat with Echo 
Asymmetry and Least squares estimation.
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of not only obesity but also of liver fat accumulation and 
NAFLD.(11,13,14) It is not known whether sugar-con-
taining beverage intake in infancy leads to a higher risk 
of liver fat accumulation and subsequent NAFLD later 
in life. Insight into these associations might lead to pre-
ventive strategies focused on the earliest phase of life, to 
optimize liver conditions in later life.

In a population-based prospective cohort study 
among 1,940 children, we examined the prospective 
associations between sugar-containing beverage intake 
in infancy and liver fat accumulation and NAFLD, 
assessed with MR at 10  years of age. We addition-
ally explored whether any association was explained 
by sociodemographics, lifestyle factors, or sugar- 

containing beverage intake and BMI at school age.

Methods
StUDy popUlatIoN

The study was embedded in the Generation R 
Study. This is a population-based prospective cohort 
from early fetal life onward, based in Rotterdam, the 
Netherlands.(15) The study has been approved by the 
Medical Ethics Committee of the Erasmus University 
Medical Center in Rotterdam (MEC 198.782/2001/31). 
Written, informed consent was obtained from all par-
ents.(15) All children were born between April 2002 and 
January 2006. The infant Food Frequency Questionnaire 
(FFQ) was implemented at a later stage during the 
study; therefore, this study was performed in a subgroup 
of the total population.(16) Of the 5,088 mothers who 

received the FFQ, 3,643 completed it. A total of 3,614 
infants had valid information on dietary intake assessed 
by the FFQ at the age of 1 year. A subgroup of 1,940 of 
these children were invited for MRI measurements at 
10 years of age (Fig. 1).

INtaKe oF SUgaR-CoNtaININg 
BeVeRageS

Infant sugar-containing beverage intake was 
assessed at a mean age of 13.6  months (SD, 1.8). 
Parents completed the FFQ using the last month as 
the reference period. The 211-item semiquantitative 
FFQ was designed in cooperation with the Division 
of Human Nutrition of Wageningen University, the 
Netherlands, and based on an existing validated 
FFQ.(17) It was modified to include foods frequently 
consumed during early life, according to a national 
Dutch food consumption survey among 941 Dutch 
children aged 9 to 18 months.(16) The intraclass cor-
relation coefficient for sugar-containing beverage 
intake was calculated as 0.76; this was estimated com-
paring sugar-containing beverage intake of the FFQ 
with a validation study with three 24-hour recalls in 
a representative sample.(3) Total sugar-containing bev-
erage intake included fruit juices, fruit concentrates, 
soft drinks, and lemonade. We converted the intake 
of sugar-containing beverage consumption into the 
number of servings per day, with one serving equal-
ing 150 g, as defined.(18) The consumption of sugar- 
containing beverages was assessed continuously and 
categorized into three categories: low, <1 serving/
day; medium, 1-2 servings/day; and high, >2 servings/
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day. The reference group was <1 serving/day, based 
on the cutoff in the diet quality score for preschool 
children.(19)

lIVeR Fat at 10 yeaRS oF age
We measured liver fat using a 3T MR scanner 

(Discovery MR750w; GE Healthcare, Milwaukee, 
WI) as described.(15,20-22) The children wore light 
clothing without metal objects while undergoing the 
body scan. A liver fat scan was performed using a sin-
gle-breath-hold, 3-dimensional volume and a special 
three-point proton density–weighted Dixon technique 
(IDEAL-IQ, Iterative Decomposition of water and fat 
with Echo Asymmetry and Least squares estimation) 
for generating a precise liver fat fraction image.(23) The 
IDEAL-IQ scan is based on a carefully tuned six-echo 
echo planar imaging acquisition. The obtained fat frac-
tion maps were analyzed by Precision Image Analysis 
(Kirkland, WA) using the sliceOmatic (TomoVision, 
Magog, Canada) software package. All extraneous 
structures and any image artifacts were removed man-
ually.(24) Liver fat fraction was determined by taking 
four samples of at least 4  cm2 from the central por-
tion of the hepatic volume. Subsequently, the mean 
signal intensities were averaged to generate an over-
all mean liver fat estimation. Liver fat measured with 
IDEAL-IQ using MR is reproducible, highly precise, 
and validated in adults.(25,26) As described, NAFLD 
was defined as liver fat ≥5.0%.(20,26,27)

CoVaRIateS
At enrollment in the study, we obtained information 

on maternal age, parity, education level, smoking, net 
household income, and prepregnancy weight by ques-
tionnaires. We measured maternal height and calcu-
lated prepregnancy BMI. Information on child age, sex, 
and birth weight was obtained from medical records, 
and ethnicity was obtained by questionnaires and was 
defined based on country of birth of the parents.(28) 
We categorized ethnicity into European (Dutch 
and other European) versus non-European (African 
[Cape Verdean, other African, Dutch Antillean, and 
Surinamese-Creole], American, Asian [Indonesian, 
other Asian, Surinamese-Hindu, and Surinamese-
unspecified], Turkish, Moroccan, Oceanian). At the 
10-years-of-age follow-up visit, we measured child-
hood height and weight, both without shoes and 
heavy clothing, and calculated BMI and sex-adjusted 
and age-adjusted childhood BMI SD scores based 
on Dutch reference growth charts (Growth Analyzer 
4.0).(29) Childhood BMI was categorized into normal 
weight versus overweight or obese.(30) Physical activ-
ity and screen time were assessed with questionnaires 
at school age.(31) The child diet quality score for pre-
school children was used, previously calculated with 
information from the FFQ at 1 year of age.(19) Sugar-
containing beverage intake at 8  years of age was 
assessed with the validated 71-item semiquantitative 
FFQ.(32,33) The Dutch 2015 Guidelines for a Healthy 

FIg. 1. Flowchart of study participants.

Children with information on dietary intake in
infancy
n = 3,643

Children with valid information on dietary intake
and sugar-containing beverage intake in infancy
n = 3,614

Children with valid information on dietary intake
and sugar-containing beverage intake in infancy
and liver fat fraction at 10 years of age
n = 1,940

Excluded due to invalid data on dietary intake
in infancy
 n = 29

Excluded due to lack of data on liver fat
fraction at 10 years of age
n = 1,674
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Diet were used to calculate energy and nutrient intake 
at 8 years of age.(34)

StatIStICal aNalySIS
First, we conducted a nonresponse analysis among 

infants with a valid FFQ, comparing children with and 
without liver MR scans with Student t tests, Mann-
Whitney U tests, and chi-square tests. Second, we 
examined the associations between sugar-containing 
beverage intake and liver fat accumulation using linear 
regression models. Third, we used logistic regression 
models to assess the associations between sugar- 
containing beverage intake and the odds of NAFLD. 
Analyses were performed using sugar-containing 
beverage intake as a continuous measure and catego-
rized (low, <1 serving/day (reference); medium, 1-2  
servings/day; and high, >2 servings/day). The basic 
model was adjusted for child at 10  years of age, sex, 
and total energy intake; the confounder model was 
additionally adjusted for maternal prepregnancy BMI, 
education, and net household income and child ethnic-
ity, physical activity, and screen time; and the mediator 
model was additionally adjusted for sugar-containing 
beverage intake at 8 years of age and BMI at 10 years 
of age. Included covariates were based on previ-
ous studies, strong correlations with consumption of  
sugar-containing beverages and liver fat accumulation, 
and changes in effect estimates of >10%, as well as 
the directed acyclic graph we constructed with these 
covariates (Supporting Fig. S1).(10,35,36) As secondary 
analysis, we examined the associations between sugar- 
containing beverage intake at 8 years of age and liver 
fat accumulation at 10 years of age using similar mod-
els, with adjustment for total energy intake at 8 years 
of age. The distribution of liver fat was skewed, and 
natural log-transformed values were used in all lin-
ear regression analyses. To assess whether the associ-
ations differed by type of sugar-containing beverage, 
we repeated the analyses separately for intake of fruit 
juice and intake of soft drinks and lemonade. Based 
on previous findings, we hypothesized that the asso-
ciations between sugar-containing beverage intake 
and liver fat accumulation might differ by maternal 
educational level.(36) Because we observed a statisti-
cally significant interaction between sugar-containing 
beverage intake in infancy with maternal education 
and childhood BMI, we performed additional strati-
fied analyses.(12,36) We did not observe a statistically 

significant interaction between sugar-containing bev-
erage intake in infancy with child sex.(3,35) As sensi-
tivity analyses, we first repeated the confounder model 
with sugar-containing beverage intake standardized 
for total daily energy intake using the residual method 
and without adjustment for total daily energy intake as 
a confounder, as energy standardization could possibly 
reduce the measurement error.(37) Second, we exam-
ined the associations between sugar-containing bever-
age intake in infancy and liver fat accumulation among 
children of Dutch ethnicity only, as the FFQ was orig-
inally developed for participants of Dutch ethnicity. 
Missing data in the covariates were multiple-imputed 
using the Markov chain Monte Carlo approach. Five 
imputed data sets were created and analyzed together. 
All statistical analyses were performed using SPSS 
version 25.0 for Windows (IBM, Chicago, IL).

Results
SUBJeCt CHaRaCteRIStICS

The median sugar-containing beverage intake in 
infancy was 0.9 serving/day (95% range, 0.0-3.7), and 
the median liver fat fraction at 10  years of age was 
2.0% (95% range, 1.2-4.6), 1.9% (95% range, 1.2-4.3), 
and 2.0% (95% range, 1.2-6.1) in the groups with low, 
medium, and high sugar-containing beverage intake 
in infancy, respectively (Table 1). Children without 
liver fat measurement were less often of European 
ethnicity and had higher total daily energy intake in 
infancy (Supporting Table S1).

SUgaR-CoNtaININg BeVeRage 
INtaKe IN INFaNCy aND lIVeR 
Fat aCCUMUlatIoN

Figure 2 shows that the distribution of liver fat 
fraction at 10  years of age (categories <2.0%, 2.0%-
2.9%, 3.0%-3.9%, 4.0%-4.9%, and ≥5.0%) differed per 
infant sugar-containing beverage intake category. The 
percentage of children with liver fat fraction of ≥5.0% 
increased from 1.4% (n  =  14 of 1,015) in the low- 
intake group to 4.0% (n  =  14 of 353) in the high- 
intake group (P < 0.01). After adjusting for confound-
ers, sugar-containing beverage intake in infancy was 
neither continuously (SD, 0.03; 95% CI, −0.02, 0.07, 
per one-serving-per-day increase in sugar-containing 
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beverage intake) nor categorically (P  =  0.38) associ-
ated with liver fat fraction across the full range. There 
were no substantial differences in results among the 
basic, confounder, and mediator models (Table 2 and 
Supporting Figs. S2 and S3).

Higher sugar-containing beverage intake in infancy 
was associated with higher odds of NAFLD, both 
continuously (OR, 1.34; 95% CI, 1.06, 1.69) and 

categorically (P < 0.05) (Fig. 3). Compared to infants 
with less than one serving per day, infants with over 
two servings per day had the highest odds of NAFLD 
(OR, 3.02; 95% CI, 1.34, 6.83). There were no dif-
ferences in results between the basic and confounder 
models (Table 2). Also, the effect estimates were only 
slightly affected and of borderline significance after 
additional adjustment for sugar-containing beverage 

taBle 1. Subject Characteristics in Infancy

Total Group Sugar-Containing Beverage Intake in Infancy

n = 1,940
Low (<1 serving/day; 

n = 1,015)
Medium (1-2 servings/day; 

n = 572)
High (>2 servings/day; 

n = 353)

Maternal characteristics

Age at enrollment, years 31.8 ± 4.3 32.1 ± 4.3 31.5 ± 4.2 31.4 ± 4.7

Prepregnancy BMI, kg/m2 23.4 ± 4.0 23.2 ± 3.8 23.6 ± 4.3 23.5 ± 3.9

Parity, nulliparous 1,154 (61.1) 604 (61.2) 343 (61.5) 207 (60.3)

Education, higher 1,181 (62.4) 643 (65.3) 341 (60.9) 197 (56.8)

Smoking during pregnancy, continued 188 (10.8) 84 (9.1) 51 (10.0) 53 (16.8)

Net household income, ≥2,200 Euros/month 1,176 (70.4) 615 (70.9) 356 (71.9) 205 (66.3)

Child characteristics

Sex, male 937 (48.3) 490 (48.3) 275 (48.1) 172 (48.7)

Ethnicity, European 1,496 (77.4) 767 (75.8) 459 (80.5) 270 (76.9)

Birth weight, g 3,452 ± 574 3,427 ± 584 3,481 ± 559 3,477 ± 568

Age at 1-year FFQ, months 13.6 ± 1.8 13.4 ± 1.6 13.7 ± 1.9 13.9 ± 2.1

Total energy intake at 1 year, kcal/day 1,306 ± 385 1,219 ± 357 1,323 ± 350 1,531 ± 421

Diet quality score at 1 year, 0-10 4.3 ± 1.4 4.4 ± 1.4 4.2 ± 1.3 4.2 ± 1.4

Sugar-containing beverages at 1 year,  
servings/day

Total 0.9 (0.0, 3.7) 0.5 (0.0, 1.0) 1.6 (1.0, 1.9) 2.8 (2.0, 5.6)

Fruit juice 0.1 (0.0, 1.9) 0.0 (0.0, 0.9) 0.1 (0.0, 1.9) 0.4 (0.0, 3.7)

Soft drinks and lemonade 0.7 (0.0, 2.8) 0.3 (0.0, 0.9) 1.1 (0.0, 1.9) 1.9 (0.0, 4.6)

Age at 8-year FFQ, years 8.1 ± 0.1 8.1 ± 0.2 8.1 ± 0.1 8.1 ± 0.2

Total energy intake at 8 years, kcal/day 1,469 ± 341 1,445 ± 342 1,481 ± 326 1,517 ± 356

Diet quality score at 8 years, 0-10 4.6 ± 1.2 4.6 ± 1.2 4.6 ± 1.2 4.5 ± 1.3

Sugar-containing beverages at 8 years,  
servings/day

Total 2.2 (0.1, 8.9) 2.0 (0.0, 7.8) 2.4 (0.1, 7.9) 2.6 (0.1, 10.4)

Fruit juice 0.4 (0.0, 3.2) 0.4 (0.0, 3.1) 0.4 (0.0, 3.6) 0.4 (0.0, 3.7)

Soft drinks and lemonade 1.5 (0.0, 7.8) 1.2 (0.0, 6.9) 1.5 (0.0, 7.4) 1.7 (0.0, 9.2)

Age at 10-year visit, years 9.8 ± 0.3 9.8 ± 0.2 9.8 ± 0.3 9.8 ± 0.3

Physical activity, hours/day 1.4 (0.3, 3.5) 1.3 (0.3, 3.3) 1.4 (0.3, 3.5) 1.5 (0.4, 3.8)

Screen time, ≥2 hours/day 796 (49.5) 384 (46.5) 239 (49.7) 173 (57.5)

BMI, kg/m2 17.2 ± 2.4 17.1 ± 2.5 17.1 ± 2.3 17.6 ± 2.5

Liver fat fraction, % 2.0 (1.2, 4.7) 2.0 (1.2, 4.6) 1.9 (1.2, 4.3) 2.0 (1.2, 6.1)

NAFLD 36 (1.9) 14 (1.4) 8 (1.4) 14 (4.0)

Note: Values, but not imputed data, are observed and represent numbers (valid percentage), means ± SD, or medians (95% range) shown 
for the total group and stratified for sugar-containing beverage intake at 1 year. Maternal characteristics were obtained when they were 
enrolled in the study, mostly in early pregnancy. Child’s ethnicity based on the parent’s country of birth was categorized into European 
(Dutch and other European) and non-European (African [Cape Verdean, other African, Dutch Antillean, and Surinamese-Creole], 
American, Asian [Indonesian, other Asian, Surinamese-Hindu, and Surinamese-unspecified], Turkish, Moroccan, Oceanian).
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intake at 8  years of age and BMI at 10  years of age 
(P = 0.13) (Table 2, Fig. 4, and Supporting Fig. S4).

Analyses stratified for maternal education level sug-
gested that among children from mothers with a lower 
or medium level of educational attainment, higher sug-
ar-containing beverage intake in infancy was associated 
with increased liver fat fraction (SD, 0.09; 95% CI, 
0.03, 0.16, per one-serving-per-day increase in sugar- 
containing beverage intake), whereas no association was 
observed in mothers with higher education (Supporting 
Table S2). Stratified analyses in sugar-containing bev-
erage intake in infancy with NAFLD suggested that 
the odds of NAFLD are stronger among children of 
mothers with a lower or medium level of educational 
attainment (OR, 1.48; 95% CI, 1.12, 1.97), compared 
to children of mothers with a higher level of educa-
tional attainment and among children with overweight 
or obesity (OR, 1.47; 95% CI, 1.05, 2.07) compared to 
children with normal weight (Supporting Table S2).

Sugar-containing beverage intake in infancy cate-
gorized in either fruit juice or soft drinks and lem-
onade was not associated with liver fat fraction or 
NAFLD at school age (Supporting Table S3). Sugar-
containing beverage intake at 8  years of age was not 
associated with liver fat fraction or NAFLD at school 
age (Supporting Table S4).

SeNSItIVIty aNalySeS
When we used sugar-containing beverage intake 

standardized for total daily energy intake instead of 
unstandardized sugar-containing beverage intake, the 
odds were largely similar for the associations with 
NAFLD but not statistically significant (Supporting 
Table S5). We also observed similar results to the 
main findings when we restricted our analyses to chil-
dren of Dutch ethnicity only or among singleton chil-
dren only (Supporting Table S5).

FIg. 2. Associations between sugar-containing beverage intake in infancy and liver fat fraction in school-aged children. The black 
circles represent regression coefficients (95% CIs) from linear regression models that reflect differences in liver fat fraction (in SD) per 
sugar-containing beverage intake category as compared with the reference group (children with less than one serving/day intake of sugar-
containing beverage), as scaled on the left y-axis. These associations are adjusted for children at 10 years of age, sex, total energy intake, 
maternal prepregnancy BMI, education, net household income, child ethnicity, physical activity, and screen time. The bars present the 
amount of children (as a percentage) per liver fat fraction categories (<2.0%, 2.0%-2.9%, 3.0%-3.9%, 4.0%-4.9%, and ≥5.0% liver fat) per 
sugar-containing beverage intake, as scaled on the right y-axis. Trend: 0.03 SD (95% CI, −0.03-0.08) per one-serving-per-day increase in 
sugar-containing beverage intake. Abbreviation: SDS, SD score.

SD
S 

(9
5%

 C
I) 

fo
r l

iv
er

 fa
t f

ra
ct

io
n

Sugar-containing beverage intake (servings/day)
0.2>0.2-0.10.1<

60

50

40

30

20

10

0 A
m

ou
nt

 o
f c

hi
ld

re
n 

(%
) p

er
 li

ve
r f

at
 fr

ac
tio

n 
ca

te
go

ry

0.25

0.2

0.15

0.1

0.05

0

-0.05

-0.1

-0.15

-0.2

= < 2.0% liver fat
= 2.0 - 2.9% liver fat
= 3.0 - 3.9% liver fat
= 4.0 - 4.9% liver fat
= ≥ 5.0% liver fat



Hepatology, February 2021GEURTSEN ET AL.

566

Discussion
We observed that higher sugar-containing beverage 

intake in infancy is associated with an increased risk 
of NAFLD in children of school age. The associations 
remained borderline significant after additional adjust-
ment for sugar-containing beverage intake at 8 years of 
age and BMI at 10 years of age. The intake of sugar- 
containing beverages in infancy showed stronger asso-
ciations with NAFLD at 10 years of age among chil-
dren of mothers with lower educational attainment 
as compared to those with high educational attain-
ment and among children with overweight or obesity 
as compared to children with normal weight. The 
associations of sugar-containing beverage intake in 
infancy with NAFLD at 10 years of age were present 
even with an overall low prevalence of NAFLD in the 
study population.

INteRpRetatIoN oF MaIN 
FINDINgS

Sugar-containing beverage consumption is the 
main source of added sugar intake in the total 
daily energy intake of children and adults the last 

decades.(6,8,38) In adults, sugar-containing beverage 
intake is strongly associated with the development of 
NAFLD.(10,39) Increased liver fat accumulation and 
NAFLD reflect a heterogeneous spectrum, ranging 
from liver steatosis, to steatohepatitis, fibrosis, cirrho-
sis, and, eventually end-stage liver disease.(11) NAFLD 
is associated with an increased risk of cardiovascular 
disease, dyslipidemia, and type 2 diabetes in adults.(40) 
Using data from the same cohort as the current study, 
we recently reported associations of liver fat across 
the full spectrum with risk factors for cardiometabolic 
disease already at 10  years.(12) Dietary patterns in 
infancy have been shown to track into adulthood.(39) 
Early lifestyle exposures are suggested to contribute to 
the development of not only obesity but also liver fat 
accumulation and NAFLD.(11,13,14) We hypothesized 
that intake of sugar-containing beverages in infancy 
is associated with liver fat accumulation in children 
of school age. We indeed observed that higher intake 
of sugar-containing beverages in infancy is associated 
with increased odds of NAFLD at 10 years of age, but 
not with liver fat accumulation across the full range.

In the current study, we observed that infants who 
consumed more than two sugar-containing beverage 
servings per day had the highest odds of NAFLD at 
10  years of age. We also observed that the associa-
tion of sugar-containing beverage intake in infancy 
with NAFLD at school age was largely independent 
of sugar-containing beverage intake at 8 years of age. 
Furthermore, childhood BMI, a known risk factor 
for NAFLD, did not appear to explain the observed 
associations. Our findings are important, as prospec-
tive data on sugar-containing beverage intake during 
infancy and its relation with liver fat accumulation 
and NAFLD are lacking, and lifestyle exposures in 
early life are suggested to track into adulthood. Our 
findings are in line with previous studies in adults. 
Two large cross-sectional studies among middle-aged 
adults observed that sugar-containing beverage con-
sumption was, independently of BMI, associated with 
increased liver fat accumulation.(9,10) A recent ran-
domized controlled trial among 40 adolescent boys 
diagnosed with NAFLD demonstrated that restrict-
ing sugar intake reduces liver fat accumulation.(35)

When we stratified our analyses, we observed stron-
ger associations between sugar-containing beverage 
intake and both liver fat accumulation and NAFLD 
among children from mothers with a lower level of 
educational attainment. The combination of lower 

taBle 2. associations Between Sugar-Containing Beverage 
Intake in Infancy and liver Fat Fraction and NaFlD in 

School-aged Children

MR-Measured Liver Fat at School Age, 
n = 1,940

Sugar-containing beverages 
(servings/day) at 1 year Liver fat fraction, SD NAFLD, yes/no

Basic model 0.037 (0.02, 0.06) 1.44 (1.27, 1.64)*

Confounder model 0.026 (−0.02, 0.07) 1.34 (1.06, 1.69)†

Mediator model −0.004 (−0.05, 0.04) 1.34 (0.97, 1.83)

Note: Values are regression coefficients (95% CIs) from linear 
regression models that reflect differences in liver fat fraction (in 
SD) per sugar-containing beverage intake per day at 1 year. Values 
are ORs (95% CIs) that reflect the risk of NAFLD per sugar- 
containing beverage intake per day at 1 year. The basic model is 
adjusted for children at 10 years of age, sex, and total energy intake. 
The confounder model is the basic model additionally adjusted for 
maternal prepregnancy BMI, education, net household income, 
child ethnicity, physical activity, and screen time. The mediator 
model is the confounder model additionally adjusted for sugar-
containing beverage intake at 8 years of age and BMI at 10 years of 
age. NAFLD was defined as “yes” when liver fat ≥5.0% and as “no” 
when liver fat <5.0%.
*P value < 0.01.
†P value < 0.05.
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maternal education, seen as proxy for family socioeco-
nomic status, and higher sugar-containing beverage 
intake in infancy might track from infancy into child-
hood and exacerbate liver fat accumulation. Stratified 
analyses of BMI at 10 years of age also showed stron-
ger associations between sugar-containing beverage 
intake and NAFLD among children with overweight 
or obesity. Thus, our findings suggest that sugar- 
containing beverage intake in infancy appears to 
be associated with the development of NAFLD at 
10 years of age and that these associations are stronger 
among children with overweight or obesity.

We did not observe associations between sugar- 
containing beverage intake in infancy and liver fat 
across the full range. It appears likely that, due to 
the relatively large group of infants with low sugar- 
containing beverage intake in infancy, together with 
the limited and still healthy spectrum of liver fat across 
the full range at school age, the differences in sugar- 
containing beverage intake in infancy are too small to 
observe an effect on liver fat fraction across the full 

range at 10 years of age. The differences observed for 
early-life intake of sugar-containing beverage with the 
risk of NAFLD at 10 years of age were not present for 
the sugar-containing beverage intake at 8 years of age. 
The absence of association between sugar-containing 
beverage intake at 8  years of age and liver fat might 
be explained by reverse causality, because parents of 
children who are overweight or obese might reduce or 
underreport total energy intake and sugar-containing 
beverage intake, or it may indicate that sugar-containing  
beverage intake does not track into childhood.

Multiple mechanisms underlying the associa-
tions between sugar-containing beverage intake and 
liver fat accumulation have been proposed. It has 
been suggested that glucose, especially fructose and 
fructose-containing sugars, which are all primar-
ily metabolized in the liver, increase hepatic de novo 
lipogenesis.(1,35,41) In addition, consumption of sugar- 
containing beverages induces peaks in blood glucose, 
insulin, and triglyceride concentrations, which may 
lead to insulin resistance and, subsequently, to liver 

FIg. 3. Associations between sugar-containing beverage intake in infancy and odds of NAFLD in school-aged children. The black circles 
represent ORs (95% CIs) that reflect the risk of NAFLD per sugar-containing beverage intake category in infancy as compared with 
the reference group (children with less than one serving per day intake of sugar-containing beverage), as scaled on the left y-axis. These 
associations are adjusted for children at 10 years of age, sex, total energy intake, maternal prepregnancy BMI, education, net household 
income, child ethnicity, physical activity, and screen time. The bars present the amount of children (as a percentage) per liver fat fraction 
categories (< 2.0%, 2.0%-2.9%, 3.0%-3.9%, 4.0%-4.9%, and ≥5.0% liver fat) per sugar-containing beverage intake, as scaled on the right 
y-axis. Trend: OR, 1.73 (95% CI, 1.12-2.66) per one-serving-per-day increase in sugar-containing beverage intake.
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fat accumulation.(1,9,10,39) Moreover, intake of liq-
uid food leads to less satiety and more postprandial 
hunger and therefore to increased total daily energy 
intake.(9,42) Based on our findings, future studies 
should explore lifestyle interventions from infancy 
onward, to reduce sugar-containing beverage intake 
and maintain an adequate healthy total daily energy 
intake. Intervention studies from early life onward will 
provide important new insights into the effectiveness 
of these interventions as well as the causality of the 
observed associations between sugar-containing bev-
erage intake in infancy and NAFLD in later life.

MetHoDologICal 
CoNSIDeRatIoNS

Major strengths of this study are the population- 
based prospective longitudinal design with a large  
sample size, with information on sugar-containing 
beverage intake in infancy and liver fat fraction mea-
sured with MR at 10  years of age. A subgroup of 
the study population underwent MR measurements 
at 10  years of age (54%; n  =  1,940). Although the 

nonresponse at the outcome measurement could lead 
to biased effect estimates if associations were differ-
ent between those included and not included in the 
analyses, this appears unlikely. To assess the average 
sugar-containing beverage intake in infancy, the 211-
item semiquantitative FFQ , which may be subject to 
underreporting, was used. The study population con-
tained a relatively small number of children with over-
weight or obesity, which indicates a selection toward a 
lean population that might affect the generalizability 
of our findings. The healthy and young study popu-
lation might also explain the small number of cases 
with NAFLD, which could have limited our statisti-
cal power to detect significant associations. However, 
our findings are important because prospective data 
on sugar-containing beverage intake in infancy and 
its relationship with liver fat accumulation are lack-
ing, and lifestyle exposures in early life appear to track 
into adulthood. Because we had a young study popu-
lation, our results are not likely biased by alcohol use 
or known history of jaundice, hepatitis, smoking, or 
medication use. We did not include breastfeeding as 
a covariate in our analyses, as previously we did not 

FIg. 4. Associations between sugar-containing beverage intake in infancy and odds of NAFLD in school-aged children (mediator 
model). The black circles represent ORs (95% CIs) that reflect the risk of NAFLD per sugar-containing beverage intake category in 
infancy as compared with the reference group (children with less than one serving per day intake of sugar-containing beverage), as scaled 
on the left y-axis. These associations are adjusted for children at 10 years of age, sex, total energy intake, maternal prepregnancy BMI, 
education, net household income, child ethnicity, physical activity, screen time, sugar-containing beverage intake at 8 years of age, and 
BMI at 10 years of age. The bars present the amount of children (as a percentage) per liver fat fraction categories (< 2.0%, 2.0%-2.9%, 
3.0%-3.9%, 4.0%-4.9%, and ≥5.0% liver fat) per sugar-containing beverage intake, as scaled on the right y-axis. Trend: OR, 1.41 (95% CI, 
0.83-2.40) per one-serving-per-day increase in sugar-containing beverage intake.
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observe an association between breastfeeding and liver 
fat fraction.(43) Finally, although many covariates were 
included, there still might be some residual confound-
ing, as in any observational study.

In summary, higher sugar-containing bever-
age intake in infancy was associated with NAFLD 
in school-aged children, independently of sugar- 
containing beverage intake and BMI at school age. 
These associations tended to be stronger among chil-
dren of mothers with a lower level of educational 
attainment and among children with overweight or 
obesity. Future preventive strategies should focus on 
the intake of sugar-containing beverages from infancy 
onward, to reduce the risk of NAFLD in later life.
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