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Abstract
Background and Aims: The association between birth weight (BW) and 
metabolic outcomes has been described since the 1980s but NAFLD has 
been rarely studied. This study aimed to investigate the association between 
BW and NAFLD occurrence in adult subjects.
Approach and Results: The study population consisted of participants from 
the French nationwide Constances cohort from 2012 to 2019. Participants 
with a history of chronic viral hepatitis or excessive alcohol consumption were 
excluded. Noninvasive diagnosis of NAFLD and fibrosis was performed using 
a combination of the Fatty Liver Index (FLI) and the Forns Index. The rela-
tionship between BW and NAFLD was analyzed with a sex-stratified logistic 
regression model adjusted for sociodemographic parameters, lifestyle, and 
birth term, whereas liver fibrosis was analyzed with a sex-stratified linear re-
gression model. In total, 55,034 individuals with reliable BW were included 
(43% men, mean age: 38 years). NAFLD (FLI  ≥  60) was present in 5530 
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INTRODUCTION

The association between birth weight (BW) and the 
development of metabolic and cardiovascular diseases 
has been described since the 1980s.[1–5] This obser-
vation led to the Developmental Origins of Health and 
Disease concept. According to this concept, environ-
mental exposures during the periconceptional period, 
pregnancy, and early childhood may influence later 
health and, particularly, the development of metabolic 
and cardiovascular diseases in children and adults.

NAFLD is a common chronic liver disease whose 
frequency has progressively increased in populations 
exposed to overweight and obesity.[6] Pathogenesis 
is based on the accumulation of hepatic triglycerides 
(steatosis), resulting from free fatty acid metabolism 
changes associated with insulin resistance. NAFLD 
is strongly associated with metabolic syndrome, and 
screening for liver fibrosis is recommended in people 
presenting one or more factors, such as type 2 dia-
betes.[7] NAFLD can lead to less common but more 
severe liver diseases, such as NASH, fibrosis, and 
irreversible cirrhosis. Currently, NAFLD is the leading 
cause of cirrhosis in Western countries.[8] Because 
NAFLD is associated with metabolic disorders, it is le-
gitimate to hypothesize a shared developmental origin. 
However, the early origins of NAFLD remain unclear. 
A systematic review by Querter et al.[9] identified ma-
ternal pre-pregnancy overweight and obesity as a risk 
factor for pediatric NAFLD, whereas breastfeeding was 
associated with a reduced risk for NAFLD, and being 
born preterm or small for gestational age had an un-
clear impact on the development of NAFLD. Altogether, 
few studies have investigated this relationship, and ex-
isting studies were mostly performed in children and 
adolescents.[10,11] Moreover, analyses did not attempt 
to distinguish the role of prematurity from that of intra-
uterine growth retardation. In adults, two Finnish stud-
ies[12,13] showed an association between being small 

for gestational age and NAFLD and showed a higher 
prevalence of NAFLD in those born preterm.

Our study aimed to assess the relationship among 
BW, preterm birth, and NAFLD in adults from a large 
French population-based cohort.

PARTICIPANTS AND METHODS

Study population

The study included individuals from the “general pur-
pose” population-based epidemiological French cohort 
“Constances,” designed to be representative of the 
French general population.[14] Constances is a French 
national sample of more than 200,000 volunteers 
aged 18–69 at baseline living in 21 selected French 
“Départements” (administrative divisions) throughout 
metropolitan France.[14,15] Participants were drawn from 
individuals covered by the national general health in-
surance scheme or partner health insurance compa-
nies (85% of the French population) using a random 
sampling scheme stratified by place of residence, age, 
sex, occupation and socioeconomic status. Eligible in-
dividuals were invited by mail to participate in the study.

Data collection

Individuals were included in the cohort from February 
2012 to December 2019.

Sociodemographic and lifestyle data were ob-
tained with a standardized self-administered ques-
tionnaire at the time of inclusion in the cohort. This 
self-administered questionnaire included information 
on lifestyle (food, frequency of alcohol consumption, 
smoking, physical activities), level of education, geo-
graphical origin, and parents’ occupation. Information 
on BW (from each individual’s health booklet, which is 

individuals (10%). Multivariate logistic regression showed a significant U-
shaped relationship between BW and NAFLD, with no significant interaction 
with sex. A significant and slightly decreasing association was found between 
BW and Forns Index (β = −0.05; p = 0.04). Premature birth (OR, 1.23; 95% 
CI, 1.03–1.48 for birth between 33 and 37 weeks versus ≥ 37 weeks) was as-
sociated with NAFLD, with a significant direct effect of premature birth, and 
without an indirect effect of low BW in mediation analysis. Forns Index was 
not significantly higher in participants with preterm birth compared to full-term 
birth.
Conclusions: This large prospective adult-based cohort confirms the rela-
tionship between BW and NAFLD occurrence.
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systematically given out at birth in France since 1945) 
and medical history (diabetes, high blood pressure, 
and chronic viral hepatitis) was recorded by a physi-
cian in a medical center. Blood tests were also per-
formed in a medical center.

Additional data related to early childhood (birth 
term) were also collected from the health booklet 
through a self-administered follow-up questionnaire 
in 2019.

Birth term was considered as reliable if it was con-
sistent with BW, that is, between −5SD and +5SD in 
French reference tables that give the distribution of BW 
by birth term. For graphical representations, BW was 
sex-specifically categorized in 200 g intervals starting 
from the 2.5th percentile: from 2360 to 4360 g in men 
and from 2245 to 4245 g in women.

Education level was categorized according to the 
2011 International Standard Classification of Education 
(ISCED).

Overweight was defined as a body mass index (BMI) 
between 25 and 30 kg/m2 and obesity was defined as 
BMI  >  30 kg/m2. Abdominal obesity was defined as 
waist circumference > 102 cm for men and >88 cm for 
women. Hypertension was defined as a history of high 
blood pressure (physician-administrated questionnaire) 
or a mean systolic blood pressure > 140 mm Hg or a 
mean diastolic blood pressure > 90 mm Hg after two 
measures on the same arm during examination in the 
medical center.

Impaired fasting glucose was defined by a history 
of diabetes (physician-administrated questionnaire) or 
fasting glycaemia  >  110 mg/dl after the blood test in 
the medical center. Hypertriglyceridemia was defined 
as triglycerides  >  1.5 g/L or treatment for hypertri-
glyceridemia, and low high-density lipoprotein (HDL)-
cholesterol was defined as <40 mg/dl for men and <50 
mg/dl in women. A “metabolic impairment” variable was 
defined as having at least one anomaly from among 
abdominal obesity, hypertension, impaired fasting glu-
cose, hypertriglyceridemia, and low HDL-cholesterol, 
as defined above.

Leisure physical activity was defined as “never” in 
the absence of sports activity, “mild” for <2 h of exer-
cise per week, and “high” for ≥2 h per week.

Consumption of high-sugar and high-fat foods was 
assessed with an ad hoc nutrition score designed from 
the self-administrated food frequency questionnaire. 
Nine categories of foods or beverages were selected: 
sweet drinks, fast food, fried food, aperitifs, cookies or 
chocolate bars, sweet desserts, cakes and pastries, 
cheese, and cured meats. For each, individuals could 
choose six levels of consumption, each of which was 
associated with a coefficient averaging intake in times/
per week: never (coefficient = 0), less than once a week 
(coefficient = 0.5), once a week (coefficient = 1), 2–3 
times a week (coefficient = 2.5), 4–6 times a week (co-
efficient = 5), and every day (coefficient = 7). Then, we 

created a score ranging from 0 (very low high-sugar 
and high-fat foods consumption) to 63 (very high level 
of consumption) by summing the coefficients for each 
individual.

Exclusion criteria

The study only included individuals with reliable BW 
(collected from individuals’ health booklets). Therefore, 
individuals without a personal health booklet (lost or not 
given at birth) were not included. Individuals aged over 
60 were excluded from the study because the propor-
tion of birth data available in this population was too 
small. Finally, people with BW below 500 g or above 
6000 g were excluded because the data were consid-
ered to be potentially erroneous.

To avoid misclassification of NAFLD diagnosis, in-
dividuals with excessive alcohol consumption (over 20 
g per day for women and 30 g per day for men) were 
excluded. Likewise, individuals with a history of chronic 
liver disease (chronic viral or autoimmune hepatitis or 
other hepatitis) were also excluded.

Outcomes

NAFLD and liver fibrosis diagnosis methodology in the 
Constances cohort have previously been described by 
Nabi et al.[15] NAFLD was defined as Fatty Liver Index 
(FLI) ≥ 60.[16]

FLI = (exp(0.953 ×  log(triglycerides) + 0.139 × BMI 
+  0.718  × log(GGT)  +  0.053  ×  waist circumfer-
ence −15.745)) / (1  +  exp(0.953  ×  log(triglycerides) 
+  0.139  ×  BMI +  0.718  ×  log(GGT)  +  0.053  ×  waist 
circumference – 15.745)) × 100.

For individuals with FLI ≥ 60, the Forns Index[17] was 
also calculated to assess liver fibrosis level.

Forns index = 7.811 – 3.131 × ln(platelet count) + 0.7
81 × ln(GGT) + 3.467 × ln(age) – 0.014 × (total choles-
terol). A score <4.2 is associated with a low likelihood 
of significant fibrosis, whereas a score >6.9 is associ-
ated with a high probability of significant fibrosis.

Statistical analysis

Descriptive statistics

Individuals’ characteristics are presented as means 
and standard deviation for continuous variables and 
number (percentage) for categorical variables. The 
characteristics of individuals without reliable BW (and 
therefore not included) are described to account for 
possible selection bias.

The relation between prediction of NAFLD and BW 
is graphically presented with BW as a categorical 
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variable (in 200 g intervals). Crude and adjusted pre-
dicted NAFLD probabilities by BW categories were 
calculated using a logistic procedure with a contrast 
statement.

Association between BW and liver outcomes

The association between BW and each parameter used 
to calculate FLI and Forns Index (BMI, waist circumfer-
ence, triglycerides, gamma-glutamyl transpeptidase 
[GGT], platelets, age, total cholesterol) was tested with 
linear regression models by considering each param-
eter as a continuous variable. For biological variables 
whose distribution was not normal (triglycerides and 
GGT), logarithmic transformation was performed.

The association between NAFLD (FLI ≥ 60) and BW 
was assessed with univariate and multivariate logistic re-
gression models, including BW as a continuous variable 
and using a quadratic model to test a U-shaped relation. 
Models were adjusted for factors associated with both 
BW and NAFLD: age, level of education (ISCED-2011), 
level of leisure physical activity, and diet (high-sugar and 
high-fat foods score). A mediation analysis was per-
formed to identify the pathways of the association be-
tween both low and high BW (defined as BW ≤10th and 
≥90th sex-specific percentiles, compared to the middle 
category). The mediation model is summarized in the 
directed acyclic graph presented in Figure S1. The medi-
ator was defined as the “metabolic impairment” variable 
and BMI as a mediator-outcome confounder affected by 
“BW category” exposure. The mediation analysis was 
performed in men and women separately.

The association between birth term in three catego-
ries (≥37 weeks, between 33 and 37 weeks, <33 weeks 
of gestation) and NAFLD was tested by logistic regres-
sion adjusted for age, level of education (ISCED-2011), 
level of leisure physical activity, and the high-sugar 
and high-fat foods score. A mediation analysis was 
performed to assess whether low birth weight (LBW) 
mediated the association. The mediation analyses 
were performed using the g-formula method[18] with the 
CMAverse R-package.[19]

The association between BW and liver fibrosis 
(Forns Index) was tested in individuals with FLI > 60. 
Linear regression models were performed to assess 
the relationship between liver fibrosis and BW, con-
sidering the Forns Index as a continuous variable due 
to the small number of individuals with a Forns Index 
higher than 6.9. Models were adjusted for age.

Sex stratification

Because BW distribution and the prevalence of metabolic 
outcomes are different between men and women, 
analyses were a priori stratified by sex. Differences 

between men and women were subsequently tested 
with an interaction term.

Imputation

Because of the large amount of missing data related to 
the consumption of high-sugar and high-fat foods (25%), 
multiple imputations were performed for the nutrition 
score. Five independent datasets were imputed using 
the “fully conditional specification” method (SAS soft-
ware: Multiple imputation [MI] procedure), and pooled 
effect estimates were calculated (MI analysis proce-
dure). In addition to the nutrition score, data were also 
imputed for the following adjustment variables: level of 
education, level of leisure physical activity, and meta-
bolic impairment items. For each of these variables, the 
percentage of missing data was less than 5%. In addi-
tion to these variables, imputation also took into account 
BW, all the clinical and biological parameters included in 
the scores, FLI and Forns Index, tobacco consumption, 
and parents’ geographical origins and occupation.

A p value < 0.05 was considered to be statistically 
significant. Analyses were performed using SAS ver-
sion 9.4. and R studio version 4.0.3.

The authors ensure that a) all participants included 
in the Constances cohort have given their informed and 
written consent for the use of their data b) the study pro-
tocol is conformed to the ethical guidelines of the 1975 
Declaration of Helsinki as reflected in a priori approval 
by the appropriate review committee. The data collec-
tion within the Constances cohort obtained authorization 
from the French National Commission for Information 
Technology and Liberties and the institutional review 
board of the National Institute for Medical Research 
(Inserm). All studies using the Constances cohort data 
have received approval from a specific ethics committee.

RESULTS

Population selection and analysis

At the time of analysis, data were available for 199,711 
participants in the Constances cohort (Figure 1).

After exclusion of participants aged over 60 years, 
BW was available (from individuals’ health booklets) 
and reliable (500–6000 g) for 72,159 participants.

When comparing individuals under 60 years old 
with and without reliable and available BW data, those 
with reliable BW were younger (38 vs. 45 years), were 
thinner (BMI: 24 vs. 25 kg/m2), and had higher edu-
cation level and parental socioprofessional category. 
They were more often women (58% vs. 52%), and the 
prevalence of diabetes/Impaired fasting glucose (4.3% 
vs. 9.8%), hypertension (12% vs. 22%), and metabolic 
impairment (at least one of the metabolic syndrome 
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anomalies: 34% vs. 47%) was lower. After exclusion 
of all participants with excessive alcohol consumption 
and/or history of chronic hepatitis, when comparing in-
dividuals under 60 years old, NAFLD prevalence was 
significantly higher in the population without available/
reliable BW (17%) than in the population with BW data 
(10%), even after adjustment for age and sex.

Finally, 55,034 participants were selected for the 
study. The mean (± SD) age was 38 (± 9) years, 43% 
were men, and, regarding BMI, 25% were overweight 
and 8% were obese. The average BW was 3307 ± 487 

g (3386 and 3247 g for men and women, respectively). 
BW distribution is presented in Figure S2. General 
characteristics by sex are displayed in Table 1.

According to FLI  ≥ 60, a total of 5530 (10%) were 
considered to have NAFLD (15% in men and 6% in 
women). Among these individuals, average age was 41 
± 9 years, 66% were men, and mean BW was 3346 ± 
516 g. Among these subjects with NAFLD (5530), 1153 
had a Forns Index between 4.2 and 6.9, and only 12 in-
dividuals had a Forns Index ≥ 6.9. FLI and Forns Index 
distribution are given in Figures S3 and S4, respectively.

F I G U R E  1   Flow chart
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TA B L E  1   Population characteristics (n = 55,034)

Men (n = 23,780) Women (n = 31,254)

Age (years) 37.8 (9.1) 38 (9.5)

Education level: ISCED-2011 n (%)

≤4 6856 (29) 8129 (26)

5–6 6447 (27) 10,755 (35)

≥7 10,270 (44) 12,096 (39)

Missing data on education level (n) 207 274

Birth weight (g)

Mean (SD) 3386 (491) 3247 (475)

Median (Q1–Q3) 3400 (3100–3700) 3250 (2980–3550)

Birth weight distribution by 200 g 
classes n (%)

<2360 g 593 (2.5) <2245 g 781 (2.5)

2360–2560 g 487 (2.1) 2245–2445 g 610 (2)

2560–2760 g 966 (4.1) 2445–2645 g 1348 (4.3)

2760–2960 1825 (7.7) 2645–2845 g 2602 (8.3)

2960–3160 g 3168 (13.3) 2845–3045 g 4344 (13.9)

3160–3360 g 4115 (17.3) 3045–3245 g 5568 (17.8)

3360–3560 g 4132 (17.4) 3245–3445 g 5565 (17.8)

3560–3760 g 3583 (15.1) 3445–3645 g 4583 (14.7)

3760–3960 g 2373 (10) 3645–3845 g 2967 (9.5)

3960–4160 g 1345 (5.7) 3845–4045 g 1601 (5.1)

4160–4360 g 661 (2.8) 4045–4245 g 746 (2.4)

≥4360 g 532 (2.2) ≥4245 g 539 (1.7)

Impaired fasting glycaemia n (%) 1305 (5.5) 989 (3.2)

High blood pressurea n (%) 4109 (17.3) 2554 (8.2)

Lifestyle n (%)

Leisure physical activity n (%)

Never 7252 (31) 9932 (32)

<2 h a week 6914 (29) 11646 (38)

≥2 h a week 9446 (40) 9421 (30)

Missing data on physical exercise (n) 168 255

Nutrition score (mean (SD)) 13.7 (7) 11.5 (6)

Missing data on nutrition score (n) 6441 9221

Clinical parameters (mean (SD))

Body mass index (kg/m2) 24.5 (3.6) 23.7 (4.5)

Waist circumference (cm) 86 (10) 77 (11)

Biological parameters (mean (SD))

Fasting glucose (mmol/L) 5.3 (0.6) 5.0 (0.6)

Total cholesterol (mmol/L) 5.2 (1) 5.1 (0.9)

Fasting triglycerides (mmol/L) 1.2 (0.7) 0.9 (0.4)

HDL-cholesterol (mmol/L) 1.36 (0.33) 1.59 (0.38)

Platelets (G/L) 234 (49) 255 (56)

ALT (IU/L) 31 (19) 20 (12)

GGT (IU/L) 30 (28) 20 (17)

Metabolic impairementb, n (%) 9203 (39) 8787 (28)

Liver disease scores (mean (SD))

Fatty liver index 29 (25) 16 (20)
(Continues)
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The comparison of participants according to FLI sta-
tus is displayed in Table S1.

Association between BW and liver 
score parameters

Univariate analysis showed a significant positive linear 
association between BW and BMI, and between BW 
and waist circumference at adult age in both sexes 
(Figure S5, Supporting Information). Conversely, the 
relationships with triglycerides level and GGT were de-
creasing (Figure S6, Supporting Information).

For individuals with FLI ≥ 60, there was a significant 
linear and increasing relationship between age and BW 
in univariate analysis only in men. A significant linear 
and decreasing relationship was found between BW 
and GGT in both men and women, and to a lesser de-
gree with total cholesterol in men. No significant asso-
ciation was shown between platelet level and BW.

Association between BW and NAFLD

The relationship between BW and prediction of risk for 
NAFLD is presented by sex in Figure 2 before (model 
0) and after adjustment for age and education level 
(model 1) and additionally for nutrition score and leisure 
physical activity (model 2).

Figure 2 shows a U-shaped association between 
BW and estimated crude and adjusted prevalence of 
NAFLD by logistic regression. For men in the age class 
30–40 years and education level from 5 to 6 (ISCED 
2011), the predicted prevalence of NAFLD was lower 
(between 12.7% and 14.2%) in subjects with BW be-
tween 2760 and 3960 g and higher (between 14.5% 
and 16.7 %) in subjects with BW <2760 g or >3960 g. 
In women of the same age and educational level class, 
the predicted prevalence ranged from 5% to 5.4% for 
BW between 2445 and 3845 g and from 5.9% to 7.3% 
for the lowest and highest BW categories. This U-
shaped association was statistically confirmed with BW 
analyzed as a continuous quadratic variable in logistic 
regression models (Table 2) and remained significant 
after adjustment for age and education level. After ad-
justment for nutrition score and leisure physical activity, 
the association also remained significant for women 

and borderline for men. When men and women were 
combined in a single analysis, the interaction term be-
tween BW and sex was not significant. The linear and 
quadratic terms for BW remained significant in all mod-
els. The likelihood ratio test confirmed a better fit of the 
model with a quadratic term for BW than with only a 
linear term (p = 0.005).

Finally, mediation analysis was performed and repre-
sented in Figure 3. Compared to normal bBW (i.e., BWt 
between the 10th and 90th sex-specific percentiles), 
a high BW (HBW) was associated with NAFLD with a 
significant direct and indirect (accounting for BMI and 
metabolic impairment) effect only in women, whereas 
an indirect effect was protective in men. Total effect 
was significant only in women (OR, 1.17; CI, 1.08–1.36). 
Conversely, the total effect of LBW on NAFLD was sig-
nificant only in men (OR, 1.12; CI, 1.05–1.19) and almost 
significant in women. The direct effect was not significant 
in either men or women. The indirect effect was signifi-
cant only in men and almost significant in women.

Association between BW and liver fibrosis

In total, 3638 men and 1892 women presented FLI ≥ 60. 
The analysis did not find any significant quadratic or lin-
ear association between BW and Forns Index in either 
men or women (Table 3).

When men and women were combined in a single 
analysis, there was no interaction between BW and 
sex, and a significant trend toward an increase in Forns 
Index with decreasing BW (β = −0.05; p = 0.04) was 
observed.

Association between birth term and 
liver outcomes

Among the 55,034 participants, 26,141 reported reli-
able birth term. Among these, 24,366 (93.2%) reported 
a full-term birth (≥37 weeks); 1392 (5.3%) reported a 
birth between 33 and 37 weeks; 383 (1.5%) reported 
a birth before 33 weeks. The mean age was 39 years, 
mean BW was 3316 g, 61% were women, and 2409 
(9%) had FLI ≥ 60.

Due to the lack of significant interaction between sex 
and BW in the main analysis and the smaller sample 

Men (n = 23,780) Women (n = 31,254)

Forns index (calculated if FLI ≥ 60, 
n = 5530)

3.4 (1.2) 2.7 (1.3)

Abbreviations: ALAT, alanine aminotransferases; GGT, gamma glutamyl-transferase; HDL, high-density lipoprotein.
aHigh blood pressure was defined as a history of high blood pressure (physician-administrated questionnaire) or a mean systolic blood pressure > 140 mmHg 
or a mean diastolic blood pressure > 90 mmHg after 2 measures on the same arm during examination in the medical center.
bDefined as having at least one anomaly from among: abdominal obesity, hypertension, impaired fasting glucose, hypertriglyceridemia, low HDL-cholesterol.

TA B L E  1   (Continued)
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size, the entire population was analyzed without sex 
stratification.

Premature birth was associated with NAFLD after 
adjustment for age, educational level, nutrition score, 
and leisure physical activity (Table 4).

In mediation analysis adjusted for the same vari-
ables, adding LBW as a mediator variable (<10th per-
centile), the total effect of premature birth (<37 weeks) 
was significant (OR, 1.21; CI, 1.16–1.31), driven by a 
significant direct effect, whereas the indirect effect 

(LBW) was not significantly associated with NAFLD 
(Figure 4).

Finally, linear regression was performed to study 
the relationship between birth term and liver fibrosis 
(Forns Index) in the 2409/26,141 participants (9%) with 
FLI ≥ 60 and reliable birth term. In the whole sample of 
men and women, the Forns Index was not significantly 
different between birth term classes (p = 0.11): 3.28 for 
full-term participants, 3.17 for those born between 33 
and 37 weeks, and 3.65 for birth under 33 weeks.

F I G U R E  2   Relationship between BW and prediction of NAFLD by sex: (A) men, (B) women
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DISCUSSION

This study assesses the relationship between BW, 
gestational age, and NAFLD in a large sample of the 
general population. It confirms a U-shaped relation, 
with a higher risk of NAFLD in people with low or 
high BW. This relationship persisted after adjustment 
for confounding factors related to socioeconomic 

background and adult lifestyle, whereas the 
association seems to be mediated by a high overall 
fat mass for HBW and by metabolic impairment for 
LBW. Our study further suggests that premature birth 
explains the association between LBW and NAFLD, 
as the indirect effect of LBW was not significant in 
the association between preterm birth and NAFLD. 
Concerning liver fibrosis, our data failed to show a 

F I G U R E  3   Mediation analysis of the association between BW and NAFLD

TA B L E  3   Association between birth weight and liver fibrosis as assessed by the Forns index in men and women, using multiple linear 
regression

Model 0 Model 1

ß 95%CI p value ß 95%CI p value

Men (n = 3638)

Birth weight (kg) 0.01 (−0.07 to 0.09) 0.82 −0.05 (−0.12 to 0.01) 0.08

Age (years) 0.09 (0.08 to 0.09) <0.0001

Women (n = 1892)

Birth weight (kg) −0.01 (−0.13 to 0.11) 0.85 −0.05 (−0.14 to 0.04) 0.30

Age (years) 0.09 (0.09 to 0.10) <0.0001

Note: Model 0: crude association. Model 1: Model 0 + adjustment for age.
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strong association but favor a higher Forns Index in 
people with LBW.

NAFLD prevalence

The prevalence of NAFLD was 10 % in the sample se-
lected for this analysis. In a previous study based on 
the Constances cohort, using the FLI to define NAFLD, 
Nabi et al.[15] reported a prevalence of 18.2%. This 
result is in line with a meta-analysis[6] that found an 
NAFLD prevalence of 23% in the European population, 
considering multiple diagnosis methods (imaging, liver 
biopsy, and blood tests). The selection of the popu-
lation for the present study was mostly based on the 
availability of the health booklet, which is associated 
with younger age and higher education level. This can 
explain the difference observed here compared to the 
data reported by Nabi et al., where the mean age of 
participants was 47 years versus 38 years in our sam-
ple. Accordingly, the prevalence of overweight (30% vs. 
25%) and obesity (12% vs. 8%) were also higher in the 
study by Nabi et al.

Association between BW and 
liver outcomes

In our cohort of young adults, NAFLD prevalence var-
ies from 13.8% to 18.1% according to BW categories 
in men and from 5.3% to 8.4 % in women. To the best 
of our knowledge, no comparable study has been con-
ducted in a general population. The association be-
tween BW and NAFLD was mostly studied in small 
samples of children and young adults heretofore, with a 
case-control design.[20] Nobili et al.[21] found a fourfold 
higher prevalence of LBW (BW below <10th percentile 
for gestational age) in children with NAFLD (n  =  90) 
compared to the general population of their pediatric 
department. Newton et al.[10] studied the distribution of 
BW in 538 children with NAFLD and found an overrep-
resentation of HBW (>4000 g; OR, 1.82; 95% CI, 1.15–
2.88) compared to the general population. In contrast, 
liver fibrosis was associated with LBW (OR, 2.23; CI, 
1.08–4.62), but the study did not consider gestational 
age. Finally, in adults, Suomela et al.[12] found a sig-
nificant association between small BW (for gestational 
age) and NAFLD in a Finnish cohort. Other studies 
failed to demonstrate any significant association.[11,22]

Pathophysiological assumptions

HBW

Children born with macrosomia have an increased body 
fat mass.[23] Leading causes of fetal macrosomia are T
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gestational diabetes and maternal obesity. Maternal 
medical history was not considered in the present 
study. Nevertheless, animal models have validated the 
hypothesis of fetal programming of these diseases even 
in macrosomia without identified maternal pathology.[24]

Our results show that HBW is associated with NAFLD 
and that the association is mediated by fat mass and met-
abolic impairment, especially in women. An increased 
body fat mass in adulthood likely explains part of this as-
sociation, as FLI includes BMI and waist circumference 
in its calculation. Because BMI is a better proxy for fat 
mass in women than in men,[25] it may explain our finding 
of a stronger association in women than in men.

LBW and prematurity

On the other hand, the mediation analysis showed an 
indirect effect (metabolic impairment) in the association 
between LBW and NAFLD. LBW does not appear 
to confer an increased risk of NAFLD by itself, as its 
indirect effect was not significant in the association 
between birth term and NAFLD. There is a broad 
amount of literature on the association between “small 
for gestational age” and NAFLD based on the “thrifty 
phenotype” theory.[21,23,24,26] This theory assumes a 
metabolic sparing phenotype in the fetus in response 
to a nutrient-restricted uterine environment. Indeed, 
multiple data confirmed an association between 

intrauterine growth retardation and insulin resistance.[27] 
This theory could make sense in the case of NAFLD, as 
its physiopathology is strongly associated with insulin 
resistance. However, our results suggest a role of 
prematurity rather than growth retardation.

Sipola-Leppänen et al.[13] also found a higher preva-
lence of intermediate and high FLI in adults born early 
preterm or late preterm compared with adults born at 
term in Northern Finland.

The main hypothesis is the postnatal weight gain 
induced by dense nutrition given to premature babies, 
suggesting fat storage that would be more deleterious 
from a qualitative than quantitative point of view, favoring 
insulin resistance. Liver immaturity and/or disturbances 
in adipogenesis, which occurs in the third trimester of 
pregnancy, could also be hypothesized,[28] as Morrison 
et al. found an increased risk of glucose and blood pres-
sure disorders in individuals born prematurely, unrelated 
to excessive weight gain in early childhood.[29]

Limitations

Selection bias

Although there is a random selection system adjusted for 
the probability of individual nonresponse for inclusion in 
the cohort, people selected in Constances are volunteers 
whose characteristics are different from the general 

F I G U R E  4   Mediation analysis of the association between birth term and NAFLD
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population, particularly in terms of education level and 
lifestyle. These characteristics lead to a lower prevalence 
of metabolic diseases and, therefore, to a loss of power in 
statistical association measures. Furthermore, our study’s 
main selection criterion was the exclusion of individuals 
who could not provide their child health booklet. The 
comparison between included and excluded subjects in 
our analysis illustrates that it further selected subjects 
born in France with higher parental socioprofessional 
category and personal education level. However, we see 
no reason why these two limitations would distort the 
relationship between birth conditions and liver disease.

NAFLD diagnosis

The second point concerns the potential diagnosis mis-
classification related to the FLI and Forns Index. The 
FLI was developed in 2006 by Italian researchers.[16] 
With a threshold of 60, the sensitivity and specificity 
are respectively 87% and 64%.

The same questions may arise concerning the Forns 
Index. Nevertheless, the results of a recent study using 
data from a Swedish cohort[30] showed that the perfor-
mance of this index was equivalent to that of the Fibrosis-4 
(FIB-4) and NAFLD fibrosis scores, which are recom-
mended by the European Association for the Study of the 
Liver for noninvasive liver fibrosis screening.[7] The ac-
curacy (sensitivity × prevalence + specificity × [1 – prev-
alence]) for the Forns Index was 97.3% versus 96.8% for 
the FIB-4 and 98.8% for the NAFLD fibrosis score.

Gestational age assessment and 
maternal data

Due to a lack of precision in gestational age data, re-
corded in months rather than in gestational weeks for 
a large number of participants, we had to categorize 
birth term into three classes to avoid misclassification. 
This led to a loss of precision in the assessment of the 
relationship with NAFLD risk.

Finally, maternal medical history (including obesity) 
was not considered in the adjustment strategy, even 
though this information would probably help to further 
understand the mechanisms of the association be-
tween BW and NAFLD. This will be considered for fu-
ture studies on the cohort.

This study in the general population confirms an in-
creased risk of NAFLD in individuals with low or high 
BW. Excess body fat mass in adulthood likely contrib-
utes to the increased risk in subjects born with HBW. At 
the other end of BW distribution, premature birth, rather 
than intrauterine growth retardation, is associated with 
an increased risk of NAFLD. Whether the increased risk 
in people with LBW is mediated by fat mass accumu-
lated during the first months of life warrants investigation 

in future research in the same cohort. NAFLD should 
be considered as one of the adult chronic diseases with 
roots in early life, and BW should be considered as a 
significant element when it comes to the prevention of 
metabolic diseases in young people.
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