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Abstract

Aim

To assess the impact of maternal, neonatal, and adolescent factors on the development of

non-alcoholic fatty liver disease (NAFLD) in a cohort of 14- to 19-year-old adolescents.

Methods

This study is part of the Early Vascular Ageing in the YOUth study, a single-center cross-

sectional study conducted in western Austria. Maternal and neonatal factors were extracted

from the mother-child booklet, adolescent factors were evaluated by a face-to-face inter-

view, physical examination, and fasting blood analyses. Liver fat content was assessed by

controlled attenuation parameter (CAP) using signals acquired by FibroScan® (Echosense,

Paris, France). The association of maternal, neonatal, and adolescent factors with CAP val-

ues was analyzed using linear regression models.

Results

In total, 595 adolescents (27.2% male) aged 17.0 ± 1.3 years were included. 4.9% (n = 29)

showed manifest NAFLD with CAP values above the 90th percentile. Male sex (p < 0.001),

adolescent triglyceride levels (p = 0.021), Homeostatic Model Assessment for Insulin Resis-

tance index and BMI z-score (p < 0.001, each) showed a significant association with liver fat

content in the multivariable analysis. Maternal pre-pregnancy BMI was associated with CAP

values after adjustment for sex, age, and birth weight for gestational age (p < 0.001), but this

association was predominantly mediated by adolescent BMI (indirect effect b = 1.18, 95%

CI [0.69, 1.77]).
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Conclusion

Components of the metabolic syndrome were the most important predictors of adolescent

liver fat content. Therefore, prevention of NAFLD should focus on lifestyle modification in

childhood and adolescence.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases

in children in the developed world [1, 2]. It is defined as fat accumulation in the liver in the

absence of excessive alcohol consumption (< 140 g per week for women and< 210 g per week

for men) and any other known specific cause of hepatic steatosis [3]. The prevalence in chil-

dren/adolescents ranges from of 7.6% in general populations to 34.2% in obese populations

[4]. Individuals with NAFLD are at elevated risk of several extrahepatic diseases, in particular

type 2 diabetes mellitus and cardiovascular disease (CVD) [5], and have an increased all-cause

mortality, with CVD as the leading cause of death [6].

NAFLD is associated with age, male gender, obesity [1], systemic insulin resistance [7] and

dyslipidemia [8]. Furthermore, the heritability of hepatic fat accumulation and NAFLD has

also been reported, where mutations in the patatin-like phospholipase domain-containing pro-

tein 3 (PNPLA3) gene and the transmembrane 6 superfamily 2 (TM6SF2) gene appear to play

an important role [9–12].

Since the disease is increasingly diagnosed at younger age, it could have its origin in an

early stage of life, possibly even in utero [13]. However, regarding maternal and perinatal risk

factors, there is conflicting evidence on their independent influence on the development of

NAFLD [14].

Thus, we describe maternal, neonatal, and adolescent risk factors for NAFLD in our 14- to

19-year-old Tyrolean cohort within the Early Vascular Ageing in the YOUth (EVA4YOU)

study and examine their impact on the development of NAFLD in adolescence. To the best of

our knowledge, we are the first to investigate an independent impact of risk predictors

for NAFLD during different developmental periods in young people based on a detailed

dataset.

Methods

Study participants

The EVA4YOU study is a single-center cross-sectional study, conducted between February

2021 and March 2023 at different schools and companies all over the county of Tyrol, Austria.

The study assessed the health status of Tyrolean adolescents aged 14 to 19 years focusing on

risk predictors and manifestations of early vascular ageing. Investigations within the study

included a determination of the extent of fatty liver disease. For the current evaluation, all par-

ticipants within the EVA4YOU study with a complete dataset for maternal and perinatal vari-

ables were included.

All participants provided a written informed consent, and if the participants were younger

than 18 years, consent was additionally provided by their legal representatives. The study was

approved by the ethics committee of the Medical University of Innsbruck (approval number:

1053/2020) and was conducted in accordance with the Declaration of Helsinki.
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Outcome parameter: Liver fat quantification

Liver fat content of the offspring was assessed by the controlled attenuation parameter (CAP)

using signals acquired by FibroScan1 (Echosense, Paris, France), which is a standardized non-

invasive measurement of hepatic steatosis [15]. For our adolescent cohort we used the FibroS-

can1M-probe. Measurement was performed with the subject lying on the back with the right

arm under the head and the right leg crossed over the left, causing a bend to the left side. The

probe was positioned perpendicularly on the patient’s skin surface in an intercostal space

along the medial axillary line using the xiphoid process as a reference point for determining an

appropriate intercostal space over the center of the right hepatic lobe. Results were included in

the final analysis only if all of the following criteria were met: fasting time of at least 3 hours,

more than 10 complete measures, and the interquartile range< 30% of the median value. The

device estimates hepatic steatosis in decibels/meter (dB/m) within the range of 100–400 dB/m.

We used the 90th percentile threshold for CAP values from a reference data set for defining

manifest NAFLD [16] and CAP values as a continuous variable for further statistical analyses.

Maternal factors

Maternal data were extracted from the mother-child booklet, the official Austrian pregnancy

and early childhood medical record book. All study participants were asked to bring the book-

let at the day of examination. The following maternal data were obtained: maternal weight and

height before pregnancy, systolic and diastolic blood pressure before pregnancy and a history

of maternal arterial hypertension, smoking status before/during pregnancy, age at pregnancy,

abnormal oral glucose tolerance test during pregnancy or diabetes type 1 or 2 or gestational

diabetes in history. Pre-pregnancy body mass index (BMI) was calculated as body weight

before pregnancy in kilograms divided by the square of height before pregnancy in meters and

it was categorized as underweight/normal (BMI< 25.0 kg/m2) and overweight/obese

(BMI� 25.0 kg/m2).

Neonatal factors

Gestational age at birth and birth weight were extracted from the mother-child booklet. Birth

weight z-scores were calculated using a reference data set [17]. Data regarding breastfeeding

and breastfeeding duration were collected with an additional questionnaire distributed to the

mothers. This questionnaire contained questions regarding the duration of exclusive breast-

feeding and the duration of subsequent non-exclusive breastfeeding (months), or whether

there was breastfeeding at all (yes/no). According to the national breastfeeding recommenda-

tions [18], a dichotomous variable for exclusive breastfeeding� 4 months and< 4 months

was created.

Adolescent factors

Laboratory analysis. Blood samples were taken in the morning after an overnight fasting

period, cooled and immediately delivered to the Central Institute of Medical and Chemical

Laboratory Diagnostics of the Medical University of Innsbruck, Austria. Total cholesterol,

low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, triglyc-

erides, gamma-glutamyltransferase, aspartate-transaminase, alanine-transaminase, and glu-

cose were measured by enzymatic colorimetric assays. Lipoprotein(a), Ferritin and C-reactive

protein were assessed with a particle-enhanced immunological clouding assay. Insulin and

thyroid-stimulating hormone were determined with an electrochemiluminescence immunoas-

say (all with Cobas 8000, Roche Diagnostics, Rotkreuz, Switzerland). Glycated hemoglobin
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(HbA1c) was assessed by a high-pressure liquid chromatography (Tosoh G8, Tosoh Biosci-

ence, Tessenderlo, Belgium) and total homocysteine by a chemiluminescence microparticle

immunoassay (Architect, Abbott Laboratories, Abbott Park, Illinois, USA). Erythrocytes,

hematocrit, and platelets were analyzed by an impedance method and leukocytes by biofluor-

escence/flow cytometry (all with XE-5000, Sysmex, Kobe, Japan). The Homeostatic Model

Assessment for Insulin Resistance (HOMA-IR) index was calculated as fasting insulin (mU/l)

multiplied by fasting glucose (mmol/L) divided by 22.5.

Assessment of lifestyle risk factors. Alcohol consumption, physical activity, and dietary

patterns were assessed in a face-to-face interview, carried out by physicians. The product of

alcohol content, volume, and intake frequency was used to calculate alcohol consumptions in

grams per week. Physical activity was defined as moderate to vigorous sport at school or/and

during leisure time in minutes per day. Regarding dietary patterns, a healthy diet score accord-

ing to the recommendations of the American Heart Association for cardiovascular health in

youth was obtained. In brief, it was composed of one point for each of the following compo-

nents:� 4.5 portions of fruits and vegetables per day,� 2 portions of fish per week,� 3 por-

tions of fiber-rich nutriments per day, a salt-poor diet (< 1500 mg of salt per day) and

consumption of� 450 kcal of sugar-rich drinks per week (corresponds to� 1 Liter of sugar-

rich drinks per week) [19].

Socioeconomic status. Socioeconomic status was assessed using the Family Affluence

Scale (FAS) III score, which was collected by a self-administered questionnaire. The score

ranges from 0–13 points with a score of 0–7 being classified as low, of 8–11 as medium and

12–13 as high [20]. In this study, the FAS was used as a continuous variable (0–13).

Anthropometry. The physical examination included standardized measurements of body

height and weight with calibrated scales. BMI was calculated as body weight in kilograms

divided by the square of height in meters and converted into age and sex specific z-scores

according to a German reference data set [21]. In addition, waist circumference was measured

with a non-stretchable tape to the nearest 0.1 cm halfway between the iliac crest and the lower

chest after a slight expiration. Z-scores were calculated using a German reference data set [22].

Systolic and diastolic blood pressure were calculated as the means of three measurements on

the left and right arm, recorded after a 5-minute seated rest, using an automated oscillometric

device (OMRON M4-I, Omron Healthcare Co., Lake Forest, Illinois, USA). Z-scores for blood

pressures were calculated using a German reference data set [23].

Statistical analysis

Characteristics of the study cohort are shown as count (percentage), mean ± SD, or median

(interquartile range). Between-group differences were analyzed using χ2 test. Multivariable lin-

ear regression models with adjustment for sex and age were used to examine the association of

each of the maternal, neonatal, and adolescent factors with CAP. The associations between sex

and age with CAP and between maternal pre-pregnancy BMI and adolescent BMI were ana-

lyzed using simple linear regression. To determine the independent influence of adolescent

factors on CAP, a multivariable linear regression model was performed including the adoles-

cent factors HDL cholesterol, triglycerides, HOMA-IR, BMI z-score, and systolic blood pres-

sure z-score (forced-entry method, model 1), with additional adjustment for birth weight for

gestational age (model 2) and maternal pre-pregnancy BMI (model 3). Furthermore, media-

tion analysis with adjustment for sex and age was applied to assess the degree to which the

association between maternal pre-pregnancy BMI and CAP is mediated by adolescent BMI.

For all models, the assumptions (independence and normality of the errors, homoscedasticity,

and linearity of the relationship between dependent and independent variables) were tested
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and satisfied and for all multivariable linear regression models collinearity was inspected by

variance inflation factor (VIF). The analyses were conducted using SPSS version 29.0 (SPSS

Inc., Chicago Illinois, USA) and R 4.3.1 (R Project for Statistical Computing, Vienna, Austria).

Mediation analysis war performed using the PROCESS macro by Hayes (2022) in SPSS. P val-

ues were considered statistically significant at p< 0.05.

Results

In total, 1517 adolescents were included in the EVA4YOU study. 659 participants had com-

plete data on maternal and neonatal factors, of which 64 were excluded due to missing or

invalid FibroScan1measurements or excessive alcohol consumption (see flow chart in Fig 1).

Therefore, our cohort consisted of 595 participants. In comparison to the EVA4YOU cohort, a

higher proportion of female participants were included in the current study population (72.8%

vs. 63.0%, p< 0.001), mainly because females were more likely to bring the mother-child

booklet to the examination and participants without data from the mother-child booklet were

excluded from this analysis. For each sex individually, characteristics were very similar as in

the full study cohort (see also S1 Table).

Mean age of our study cohort was 17.0 ± 1.3 years, and 433 participants (72.8%) were

female. Detailed characteristics of the study population are shown in Table 1. Using the 90th

percentile threshold from a reference data set, 29 participants (4.9%) of our cohort had mani-

fest NAFLD.

Male sex had a significant influence on higher CAP values in all models (p< 0.001, each).

Regarding maternal factors there was a significant association between maternal pre-preg-

nancy BMI and CAP in the linear regression model after adjustment for sex and age (Fig 2)

and this association remained significant after adjustment for birth weight for gestational age

(p< 0.001, each). Due to the highly significant correlation between maternal pre-pregnancy

BMI and adolescent BMI in our cohort (b = 0.31, p< 0.001), a mediation analysis was

Fig 1. Study flow chart.

https://doi.org/10.1371/journal.pone.0298800.g001
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Table 1. Characteristics of the study population.

All

N = 595 (100%)

Males

N = 162 (27.2%)

Females

N = 433 (72.8%)

Maternal factors

BMI before pregnancy, kg/m2 22.3 (20.6–25.0)

BMI�25 kg/m2 145 (24.4%)

SBP before pregnancy, mmHg 116 ± 14

DBP before pregnancy, mmHg 70 ± 10

Arterial hypertension before pregnancya 56 (9.4%)

Smoking before pregnancy 86 (16.1%)

1–10 cigarettes per day 60 (11.2%)

>10 cigarettes per day 26 (4.9%)

Age during pregnancy, years 29.8 ± 5.2

Abnormal oGTT or diabetes mellitus I/II 16 (2.7%)

Neonatal factors

Gestational age at birth, weeks 39.4 (38.4–40.3) 39.5 (38.3–40.7) 39.4 (38.4–40.3)

Birth weight, kg 3.23 ± 0.52 3.30 ± 0.56 3.20 ± 0.50

Birth weight for gestational age, z-score -0.097 ± 1.045 -0.204 ± 0.860 -0.058 ± 1.104

Duration of exclusive and non-exclusive breastfeeding, months 6.0 (2.0–10.1) 6.0 (2.5–11.8) 6.0 (2.0–9.0)

Exclusive breastfeeding for�4 months 281 (57.2%) 65 (55.6%) 216 (57.8%)

Adolescent factors

Age, years 17.0 ± 1.3 16.9 ± 1.2 17.1 ± 1.3

CAP, dB/m 183.1 ± 41.5 197.2 ± 35.1 177.8 ± 42.4

CAP�90th percentileb 29 (4.9%) 12 (7.4%) 17 (3.9%)

Alanine transaminase, U/L 15.0 (12.0–20.0) 18.0 (15.0–23.0) 14.0 (12.0–18.0)

Aspartate transaminase, U/L 21.0 (18.0–25.0) 24.0 (20.0–28.0) 20.0 (17.0–23.0)

Gamma-glutamyltransferase, U/L 13.0 (11.0–17.0) 17.0 (13.0–21.0) 13.0 (10.0–16.0)

Total cholesterol, mg/dl 159.3 ± 28.3 142.8 ± 20.6 165.5 ± 28.4

HDL cholesterol, mg/dl 58.0 ± 13.1 50.7 ± 9.0 60.8 ± 13.4

LDL cholesterol, mg/dl 89.5 ± 22.9 81.6 ± 19.0 92.4 ± 23.6

Non-HDL cholesterol, mg/dl 101.7 ± 25.8 91.5 ± 21.4 104.8 ± 26.2

Triglycerides, mg/dl 71.0 (57.0–100.0) 69.0 (54.0–93.0) 72.0 (58.0–102.0)

Lipoprotein(a), nmol/l 36.9 ± 62.9 26.6 ± 52.9 40.7 ± 65.9

Total homocysteine, μmol/l 10.2 (8.6–12.2) 10.9 (9.1–12.7) 9.9 (8.5–11.3)

Fasting glucose, mg/dl 75.0 ± 10.2 78.3 ± 10.1 73.8 ± 9.9

HbA1c,% 5.3 ± 0.3 5.3 ± 0.3 5.3 ± 0.3

Insulin, mU/l 12.6 (9.2–16.5) 12.0 (8.8–16.2) 12.8 (9.6–16.5)

HOMA-IR, mlU×mmol 2.3 (1.6–3.1) 2.3 (1.6–3.3) 2.3 (1.6–3.1)

C-reactive protein, mg/dl 0.14 ± 0.34 0.10 ± 0.35 0.16 ± 0.33

TSH, mU/l 2.1 (1.6–2.8) 2.2 (1.6–3.1) 2.0 (1.5–2.6)

Ferritin, μg/l 41.0 (25.3–68.5) 69.0 (43.0–104.0) 35.0 (21.5–56.0)

Hematocrit, l/l 0.43 ± 0.03 0.46 ± 0.03 0.41 ± 0.02

Erythrocytes, T/l 4.9 ± 0.4 5.4 ± 0.4 4.7 ± 0.3

Leucocytes, G/l 6.3 ± 1.7 5.8 ± 1.4 6.5 ± 1.7

Thrombocytes, G/l 287.3 ± 61.2 256.5 ± 50.4 298.9 ± 61.0

Alcohol intake, g/week 28.2 (12.5–57.1) 50.0 (11.0–96.7) 25.3 (12.5–50.5)

Physical activity, min/day 64.9 ± 54.9 82.7 ± 62.7 58.2 ± 50.1

Healthy diet score 1.0 (1.0–1.0) 1.0 (0.0–1.0) 1.0 (1.0–1.0)

Family Affluence Scale score 9.5 ± 1.7 9.5 ± 1.8 9.5 ± 1.7

(Continued)
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performed to determine the mediation effect of adolescent BMI on the association between

maternal pre-pregnancy BMI and adolescent CAP values (Fig 3). In this analysis, the signifi-

cant direct association of maternal pre-pregnancy BMI and CAP (total effect b = 1.62,

p< 0.001) was rendered non-significant after including the mediator in the model (direct

effect b = 0.43, p = 0.328). The relationship between maternal pre-pregnancy BMI and adoles-

cent CAP values was predominantly mediated by adolescent BMI (indirect effect b = 1.18, 95%

CI [0.69, 1.77]). Neonatal factors (gestational age at birth, birth weight for gestational age z-

score, breastfeeding duration) were not related to CAP values in adolescence. Adolescent fac-
tors such as triglyceride and insulin levels, the HOMA-IR index, platelet count, BMI z-score

and waist circumference z-score (p< 0.001, each), as well as HDL cholesterol levels

(p = 0.004), and systolic blood pressure z-score (p = 0.035) showed a significant association

with CAP values (Fig 2). However, in the multivariable analysis which included these adoles-

cent factors, only triglyceride levels (p = 0.012), HOMA-IR index (p< 0.001), and BMI z-

score (p< 0.001) remained significantly associated with CAP values (model 1, Table 2), and

remained highly significant after adjustment for birth weight for gestational age (model 2,

Table 2) and maternal pre-pregnancy BMI (model 3, Table 2). There was no significant impact

of healthy diet score, physical activity, or socioeconomic status on CAP values.

Discussion

In the current study, we investigated the independent impact of maternal, neonatal, and adoles-

cent risk factors on the development of NAFLD in adolescents and could show that higher CAP

values in the young were mainly driven by adolescent risk predictors of the metabolic syndrome.

NAFLD is the most common form of chronic liver disease and a prevalent metabolic condi-

tion even in adolescents. In our study cohort, 4.9% were classified as having manifest NAFLD,

which is slightly lower than the prevalence of NAFLD in adolescents from general population

studies estimated in a large meta-analysis at 7.6% [4]. The difference in prevalence might be

due to the heterogeneity in methods of diagnosing NAFLD. In 56% of the studies included in

the meta-analysis by Anderson et al. NAFLD was diagnosed by ultrasound and in further 44%

Table 1. (Continued)

All

N = 595 (100%)

Males

N = 162 (27.2%)

Females

N = 433 (72.8%)

BMI, kg/m2 21.5 (19.6–23.8) 21.7 (19.6–24.3) 21.3 (19.6–23.6)

BMI, z-score -0.088 ± 1.005 -0.015 ± 0.997 -0.116 ± 1.008

Waist circumference, cm 71.0 (66.0–78.0) 77.0 (72.0–83.0) 69.0 (65.0–75.0)

Waist circumference, z-score 0.046 ±1.128 0.238 ± 1.000 -0.026 ± 1.166

SBP, mmHg 127 ± 12 132 ± 11 125 ± 11

SBP, z-score 1.104 ± 1.091 0.936 ± 0.958 1.166 ± 1.133

DBP, mmHg 75 ± 8 72 ± 7 76 ± 8

DBP, z-score 0.605 ± 1.078 0.129 ± 0.941 0.784 ± 1.072

Values are given as mean ± SD, median (interquartile range), or count (%).

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; oGTT, oral glucose tolerance testing; CAP, controlled attenuation parameter; HDL,

high-density lipoprotein; LDL, low-density lipoprotein; HbA1c, glycated hemoglobin; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; and TSH,

thyroid-stimulating hormone.

Missing values were <2% except for smoking status before pregnancy (10.1%), breastfeeding data (17.5%), non-HDL cholesterol (8.1%), lipoprotein(a) (2.5%), total

homocysteine (3.2%), Insulin and HOMA-IR (both 5.2%).
a SBP before pregnancy� 140 mmHg, DBP before pregnancy� 90 mmHg, or arterial hypertension in history.
b Threshold for manifest non-alcoholic fatty liver disease; calculated using a reference data set [16].

https://doi.org/10.1371/journal.pone.0298800.t001
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by elevated alanine-transaminase [4], whereas in our study quantification of steatosis was ana-

lyzed by CAP (FibroScan1M-probe) using a threshold for CAP values from a reference data

set [16]. A lower proportion of included male participants in the current study may also have

contributed to lower prevalence of NAFLD, because, compared to females, males show a

higher prevalence of NAFLD [24]. Also in our study, the prevalence of manifest NAFLD

showed a strong tendency to be higher in males than in females (7.4% vs. 3.9%, p = 0.089) and

male sex had a significant association with increased CAP values in all statistical models. This

association might be due to the protective functions of estrogens in females [25]. It has been

shown that hepatic estrogen signaling strongly contributes to sex differences in the regulation

of hepatic metabolism [26] by conferring the ability to adapt the metabolic response to an

excess of dietary lipids to females but not to males [27].

NAFLD and maternal factors

Maternal pre-pregnancy BMI was significantly associated with adolescent CAP values in our

cohort after adjustment for sex, age, and birth weight for gestational age. This finding is

Fig 2. Association of maternal, neonatal, and adolescent factors with CAP values. Linear regression with adjustment for sex and age (if not otherwise

specified). Factors are shown on the y-axis and regression coefficients are shown on the x-axis as points with the corresponding 95% confidence intervals as

horizontal segments. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; oGTT, oral glucose tolerance testing; HDL, high-

density lipoprotein; LDL, low-density lipoprotein; HbA1c, glycated hemoglobin; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; and TSH,

thyroid-stimulating hormone. a Analyzed with unadjusted linear regression.

https://doi.org/10.1371/journal.pone.0298800.g002
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consistent with previous cross-sectional and cohort studies, although those studies did not

consider the influence of neonatal factors on this association [28–33]. The relation between

maternal factors and adolescent liver fat content led to the hypothesis that NAFLD may have

its origin already in utero [13]. Even in animal models, maternal obesity during pregnancy pre-

disposes the developing offspring to NAFLD and insulin resistance [34, 35]. However, we were

able to show that the influence of maternal pre-pregnancy BMI on CAP values was predomi-

nantly mediated by adolescent BMI. Our analysis therefore suggest that increased maternal

pre-pregnancy BMI leads to NAFLD in the offspring, but this is mainly due to increased ado-

lescent BMI. The association between material pre-pregnancy BMI and adolescent BMI might

Fig 3. Mediation analysis model. Maternal pre-pregnancy BMI as a predictor of adolescent CAP values, mediated by adolescent BMI. The confidence interval

for the indirect effect is a BCa bootstrapped CI based on 5000 samples. The model was adjusted for offspring sex and age. CI, confidence interval; BMI, body

mass index; and CAP, controlled attenuation parameter. a Indirect effect: the effect of maternal pre-pregnancy BMI on CAP values acting through the mediator

(adolescent BMI). b Statistically significant. c Direct effect: the effect of maternal pre-pregnancy BMI on CAP values, not explained by the mediator.d Total

effect: the effect of maternal pre-pregnancy BMI on CAP values (no mediator in the model).

https://doi.org/10.1371/journal.pone.0298800.g003

Table 2. Multivariable association between adolescent factors and CAP values.

Model 1

(R2 = 0.160)

Model 2

(R2 = 0.164)

Model 3

(R2 = 0.167)

Regression coefficient (95%

CI)

P value Regression coefficient (95%

CI)

P value Regression coefficient (95%

CI)

P value

Adolescent factors

HDL cholesterol, mg/dl -0.11 (-0.37, 0.15) 0.418 -0.13 (-0.39, 0.13) 0.327 -0.13 (-0.40, 0.13) 0.316

Triglycerides, mg/dl 0.12 (0.03, 0.21) 0.012 0.11 (0.12, 0.20) 0.021 0.11 (0.02, 0.20) 0.021

HOMA-IR, mlU×mmol 4.26 (1.84, 6.67) <0.001 5.09 (2.52, 7.65) <0.001 5.12 (2.55, 7.69) <0.001

BMI, z-score 9.66 (6.26, 13.05) <0.001 8.95 (5.49, 12.42) <0.001 8.23 (4.60, 11.85) <0.001

SBP, z-score -2.28 (-5.31, 0.76) 0.141 -1.99 (-5.04, 1.06) 0.200 -2.01 (-5.05, 1.04) 0.196

Neonatal factor

Birth weight for gestational age, z-

score

1.34 (-1.89, 4.57) 0.417 0.97 (-2.30, 4.24) 0.559

Maternal factor

BMI before pregnancy, kg/m2 0.60 (-0.29, 1.49) 0.188

Multivariable linear regression (forced-entry method). All models are adjusted for sex and age. Male sex had a significant influence on higher CAP values in all models

(p < 0.001, each).

CI, confidence interval; HDL, high-density lipoprotein; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; BMI, body mass index; and SBP, systolic

blood pressure.

https://doi.org/10.1371/journal.pone.0298800.t002
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be explained by direct intrauterine mechanisms as well as environmental, lifestyle, or genetic

characteristics [36, 37].

We could not find any association of liver fat content of the offspring with all other mater-

nal factors like arterial hypertension, smoking at/during pregnancy, and maternal diabetes.

However, there are conflicting results in literature regarding maternal diabetes and liver fat

content with some studies reporting an association [38] and others who could not corroborate

these findings [39, 40].

NAFLD and neonatal factors

All neonatal factors evaluated had no effect on CAP values in our cohort. Likewise, no associa-

tion between birth weight and NAFLD was found in other studies [41–44]. Regarding the asso-

ciation between liver fat accumulation and being born preterm, there is conflicting evidence in

the literature: some studies reported higher liver fat content or prevalence of NAFLD in young

people born < 34 weeks [45], whereas another study did not confirm this finding [46]. Breast-

feeding duration was not associated with CAP values in our analysis, neither was maintenance

of the national breastfeeding recommendation of at least 4 months of exclusive breastfeeding

[18]. In contrast, Ayonrinde et al. [29] and Rajindrajith et al. [47] reported a significant reduc-

tion in NAFLD with breastfeeding duration, whereas other studies did not find this association

[28, 32].

NAFLD and adolescent factors

In the current study adolescent factors such as triglyceride levels, the HOMA-IR index, and

BMI z-score were significantly and independently associated with an increased risk of NAFLD

in the multivariable regression model after adjustment for neonatal and maternal factors. Obe-

sity is one of the main risk factors for NAFLD in adolescence [1] and the discrepancy in the

prevalence of NAFLD between normal-weight and overweight adolescents (7.6% vs. 34.2%)

clearly illustrates this relationship [4]. The independent association of elevated serum triglycer-

ide levels with hepatic steatosis, which has also been described in previous literature [48], can

be explained by the fact that fat accumulates in the liver of patients with NAFLD mainly in the

form of triglycerides [49, 50]. In addition, insulin resistance, which is mainly caused by dietary

and environmental factors as well as obesity, is one of the key factors in the development of

hepatic steatosis. It increases hepatic de novo lipogenesis and impairs the inhibition of adipose

tissue lipolysis, resulting in an increased flux of fatty acids to the liver [51]. NAFLD is increas-

ingly recognized as the liver component of the metabolic syndrome [3], and therefore it is not

surprising that these two disease patterns are associated with the same risk factors.

Strengths and limitations

A strength of our study is the broad dataset including maternal, neonatal, and adolescent fac-

tors of a large, homogenous, and well-characterized study cohort. Furthermore, all determi-

nants of NAFLD were collected per protocol and examinations and face-to-face interviews

were performed by experienced and trained personnel. Information regarding maternal data,

gestational age, and birth weight was taken from mother-child booklets, which are official Aus-

trian pregnancy and early childhood medical record books and data are very reliable.

Breastfeeding information was collected by a questionnaire years after the breastfeeding

period and recall bias might be present. As a further limitation, it must be noted that 922 ado-

lescents had to be excluded from our analysis mainly because of the unavailability of mother-

child booklets and missing maternal and neonatal data. Therefore, selection bias cannot be

excluded. In addition, it must be mentioned that more females than males were included in
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the current study cohort. However, because we adjusted all our models for sex, our results can

be considered representative. A further limitation is that we could not distinguish between

NAFLD and non-alcoholic steatohepatitis (NASH) by using CAP measurements, but liver

biopsy, which is the gold standard to distinguish steatosis from NASH is not justifiable in a

large cohort of asymptomatic adolescents.

Conclusion

Maternal pre-pregnancy BMI predicted adolescent liver fat content, but the association is pre-

dominantly mediated by adolescent BMI. Furthermore, neonatal factors probably do not con-

tribute to the development of hepatic steatosis. We therefore conclude that only adolescent

risk factors have a direct influence on the degree of fatty liver disease in adolescents and sup-

port the concept that NAFLD represents the liver manifestation of the metabolic syndrome.

Detection of NAFLD in adolescents is crucial because the extent of the disease is amenable

to lifestyle modification, and early intervention regarding risk factors for fatty liver disease

may therefore be important.
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Overweight and obesity status from the prenatal period to adolescence and its association with non-

alcoholic fatty liver disease in young adults: cohort study. BJOG. 2020; 127(10):1200–9. Epub

20200408. https://doi.org/10.1111/1471-0528.16199 PMID: 32145139.

29. Ayonrinde OT, Oddy WH, Adams LA, Mori TA, Beilin LJ, de Klerk N, et al. Infant nutrition and maternal

obesity influence the risk of non-alcoholic fatty liver disease in adolescents. J Hepatol. 2017; 67(3):568–

76. Epub 20170612. https://doi.org/10.1016/j.jhep.2017.03.029 PMID: 28619255.

30. Brumbaugh DE, Tearse P, Cree-Green M, Fenton LZ, Brown M, Scherzinger A, et al. Intrahepatic fat is

increased in the neonatal offspring of obese women with gestational diabetes. J Pediatr. 2013; 162

PLOS ONE Determinants of NALFD in young people

PLOS ONE | https://doi.org/10.1371/journal.pone.0298800 February 22, 2024 13 / 15

https://doi.org/10.1038/nrgastro.2016.160
https://doi.org/10.1038/nrgastro.2016.160
http://www.ncbi.nlm.nih.gov/pubmed/27780972
https://doi.org/10.1016/j.cgh.2021.04.014
http://www.ncbi.nlm.nih.gov/pubmed/33862225
https://doi.org/10.1016/j.jhep.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28039099
https://doi.org/10.1038/s41390-021-01441-6
http://www.ncbi.nlm.nih.gov/pubmed/33846557
https://doi.org/10.1186/1471-2431-13-59
http://www.ncbi.nlm.nih.gov/pubmed/23601190
https://doi.org/10.1161/CIRCULATIONAHA.109.192703
http://www.ncbi.nlm.nih.gov/pubmed/20089546
https://doi.org/10.1007/s12187-015-9325-3
http://www.ncbi.nlm.nih.gov/pubmed/26925177
https://doi.org/10.1007/s001120170107
https://doi.org/10.3109/17477166.2010.490267
http://www.ncbi.nlm.nih.gov/pubmed/20950059
https://doi.org/10.1542/peds.2010-1290
http://www.ncbi.nlm.nih.gov/pubmed/21382947
https://doi.org/10.3389/fendo.2020.572490
http://www.ncbi.nlm.nih.gov/pubmed/33071979
https://doi.org/10.3390/ijerph17082620
https://doi.org/10.3390/ijerph17082620
http://www.ncbi.nlm.nih.gov/pubmed/32290381
https://doi.org/10.1016/j.cmet.2018.05.021
http://www.ncbi.nlm.nih.gov/pubmed/29909969
https://doi.org/10.1016/j.molmet.2019.12.009
http://www.ncbi.nlm.nih.gov/pubmed/32029233
https://doi.org/10.1111/1471-0528.16199
http://www.ncbi.nlm.nih.gov/pubmed/32145139
https://doi.org/10.1016/j.jhep.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/28619255
https://doi.org/10.1371/journal.pone.0298800


(5):930–6.e1. Epub 20121220. https://doi.org/10.1016/j.jpeds.2012.11.017 PMID: 23260099; PubMed

Central PMCID: PMC3610780.

31. Modi N, Murgasova D, Ruager-Martin R, Thomas EL, Hyde MJ, Gale C, et al. The influence of maternal

body mass index on infant adiposity and hepatic lipid content. Pediatr Res. 2011; 70(3):287–91. https://

doi.org/10.1203/PDR.0b013e318225f9b1 PMID: 21629154.

32. Abeysekera KW, Orr JG, Madley-Dowd P, Fernandes GS, Zuccolo L, Gordon FH, et al. Association of

maternal pre-pregnancy BMI and breastfeeding with NAFLD in young adults: a parental negative control

study. Lancet Reg Health Eur. 2021; 10:100206. Epub 20210905. https://doi.org/10.1016/j.lanepe.

2021.100206 PMID: 34806068; PubMed Central PMCID: PMC8589711.

33. Hagström H, Simon TG, Roelstraete B, Stephansson O, Söderling J, Ludvigsson JF. Maternal obesity
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