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1  | INTRODUC TION AND THE GROWING 
PRE VALENCE OF NAFLD

Nonalcoholic fatty liver disease (NAFLD) is becoming increasingly 
well-known for being the most common chronic liver disease in 

the world. While NAFLD has been documented across the full 
lifespan, from newborn to those advanced in age, the increase in 
children with NAFLD is of particular concern. Prior studies sug-
gest that youth with NAFLD exhibit a more progressive form of 
the disease, including increased fibrosis, compared to adults with 
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Abstract
Background: The prevalence and incidence of youth-onset nonalcoholic fatty liver 
disease (NAFLD) far exceeds other paediatric chronic liver diseases and represents a 
considerable public health issue globally.
Methods: Here,	we	performed	a	narrative	review	of	current	knowledge	regarding	the	
epidemiology of paediatric NAFLD, selected concepts in pathogenesis, comorbidi-
ties, diagnosis, and management, and issues related to the transition to adulthood.
Results: Paediatric NAFLD has become increasingly more prevalent, especially in 
certain subgroups, such as children with obesity and certain races/ethnicities. The 
pathophysiology of paediatric NAFLD is complex and multifactorial, driven by an in-
teraction of environmental and genetic factors. Once developed, NAFLD in child-
hood is associated with type 2 diabetes, hypertension, increased cardiovascular 
disease risk, and end-stage liver disease. This predicts an increased burden of mor-
bidity and mortality in adolescents and young adults. Early screening and diagnosis 
are therefore crucial, and the development of noninvasive biomarkers remains an 
active area of investigation. Currently, treatment strategies are focused on lifestyle 
changes, but there is also research interest in pharmacological and surgical options. 
In the transition from paediatric to adult care, there are several potential challenges/
barriers to treatment and research is needed to understand how best to support 
patients during this time.
Conclusions: Our understanding of the epidemiology and pathophysiology of pae-
diatric NAFLD has increased considerably over recent decades, but several critical 
knowledge gaps remain and must be addressed in order to better mitigate the short-
term and long-term risks of youth-onset NAFLD.
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NAFLD.1 Further, the health consequences associated with ear-
ly-onset chronic liver disease in children are likely severe and long 
term. For example, the increasing number of liver transplant reg-
istrants among younger adults (35-55 years) is likely explained by 
increased youth-onset of NAFLD.2 The rise of paediatric NAFLD 
parallels the increase in obesity in children, a leading risk factor 
for NAFLD3; however, it is also true that not all children with obe-
sity develop NAFLD and a gene-environment interaction likely 
underlies disease susceptibility as well. In this review, we discuss 
the current understanding of the epidemiology of youth-onset 
NAFLD, selected concepts in pathogenesis relevant to the child-
hood form of NAFLD, comorbidities, diagnosis and management, 
and issues related to the transition to adulthood for children with 
NAFLD.

2  | EPIDEMIOLOGY

Most	 epidemiological	 studies	 thus	 far	 have	 relied	 on	 alanine	 ami-
notransferase (ALT) or imaging such as ultrasound or magnetic reso-
nance	imaging	(MRI)	to	estimate	the	prevalence	of	NAFLD.	Although	
the prevalence of NAFLD varies due to the sensitivity of the diag-
nostic method used, multiple studies describe a higher prevalence of 
NAFLD in children with obesity.4,5 Notably, in a recent meta-analysis 
by Anderson et al, it was estimated that the global prevalence of 
paediatric	NAFLD	is	7.6%	(95%	confidence	interval	[CI]:	5.5%-10.3%)	
in	 the	 general	 population,	 but	 as	 high	 as	 34.2%	 (95%	 CI:	 27.8%-
41.2%)	in	children	with	obesity.5 Prevalence also varied according to 
geographic	region.	Specifically,	in	general	population	studies,	the	es-
timated	prevalence	was	highest	in	South	America,	at	25.1%,	whereas	
the	other	regions	were	similar	(ranging	5.7%-10.0%),	and	in	clinical	
population	 studies,	 the	 prevalence	was	 highest	 in	Asia	 at	 62.3%.5 
On average, there was also a higher prevalence among males than 
females.5

Although this meta-analysis had a large between-study hetero-
geneity (i2 =	 98%)	 likely	 due	 to	 differences	 in	 sample	 size	 and	di-
agnostic modality, a few more recent studies also reported a high 
prevalence of NAFLD among children with obesity. One published in 
2019	by	Yu	et	al6 examined the prevalence of NAFLD is a cohort of 
408	children	(9-17	years)	with	obesity	and	found	that	29%	of	males	
and	 23%	 of	 females	were	 diagnosed	with	NAFLD	 based	 on	MRI-
proton density fat fraction. This prevalence was adjusted for race/
ethnicity	due	to	high	proportion	of	Hispanic	children	in	the	cohort	
(77%).	In	a	more	representative	study	by	Tricò	et	al7 of 503 adoles-
cents	(38%	White,	26%	Black	and	35%	Hispanic)	recruited	from	an	
obesity	clinic,	the	prevalence	of	NAFLD	was	41%	overall,	but	varied	
by	race/ethnicity	with	the	highest	prevalence	among	Hispanic	youth	
(60%),	followed	by	white	(43%)	and	black	children	(16%).

Other studies have also confirmed that the prevalence of NAFLD 
varies	 within	 the	 US	 according	 to	 race/ethnicity.	 For	 instance,	 in	
two	population-based	autopsy	studies	conducted	in	New	York	and	
California, the overall prevalence of paediatric NAFLD differed 
considerably	 at	 4.5%	 and	 13%,	 respectively,8,9 a difference that 

was mainly driven by the race/ethnicity distribution in each study. 
Specifically,	the	New	York	cohort	had	a	higher	percentage	of	black	
children	 (50%	of	 the	 sample),	 among	whom	 there	was	 a	 very	 low	
prevalence	of	NAFLD	of	1%.	It	is	important	to	emphasize,	however,	
that	in	the	study	by	Tricò	et	al7	from	Connecticut,	16%	of	black	chil-
dren	 presented	 with	 NAFLD	 by	MRI.	 These	 higher	 estimates	 are	
likely explained by the overall higher adiposity of the Connecticut 
cohort	(mean	BMI	z-score 2.2 ±	0.4)	compared	to	the	New	York	co-
hort	(mean	BMI	Z-score:	0.63	±	1.27),	suggesting	that	black	children	
are	still	susceptible,	but	at	a	higher	BMIs.

In the future, genetic testing for NAFLD may better predict risk 
of	disease	compared	to	the	current	generalizations	by	race	and	eth-
nicity. In addition, it is important to point out that much less is known 
regarding the population prevalence of steatohepatitis or different 
fibrosis stages in childhood and adolescence because these require 
a	liver	biopsy	to	detect.	Because	there	is	strong	interest	in	develop-
ing new technologies for noninvasively assessing these disease end-
points, there will likely be an increase in publications on this topic in 
the near future.

3  | NATUR AL HISTORY

Overall, there are still many questions with regard to the natu-
ral history of NAFLD, especially in children, as most studies to 
date have been conducted in adults. It appears, however, that 
most cases of cirrhosis in young adults are a consequence of an 
undiagnosed youth-onset of NAFLD. A population-based cohort 
study	conducted	in	Canada	showed	that	Millennials	(born	in	1980	
or later) present with the highest incidence of cirrhosis compared 
to previous generations, and that in this generation NAFLD is re-
sponsible	 for	 57%	 of	 cirrhosis	 cases.10 Thus, understanding the 
natural history of NAFLD more holistically, from conception to 
adulthood, is essential in order to better prevent and/or manage 
the disease.

Perinatal factors may influence the development of NAFLD 
during childhood.11,12	Maternal	factors	such	as	pre-pregnancy	obe-
sity,13 gestational diabetes14 and excess weight gain during preg-
nancy15 have shown to be strongly associated with hepatic fat in 
the offspring as early as the neonatal period. Children with low and 
high birth weights are more likely to progress to more severe stages 
of fibrosis and steatosis later in adolescence, suggesting a very early 
influence of nutritional status on future disease progression.16 In one 
study,	breastfeeding	exclusively	for	at	least	6	months	decreased	the	
odds of developing NAFLD during adolescence.11 In addition, animal 
studies have shown that early postnatal exposure to a high-fat diet 
increased the susceptibility to NAFLD through the upregulation of 
hepatic lipogenesis.17

Most	children	who	develop	NAFLD	are	diagnosed	between	10	
and 13 years old.18,19	At	presentation,	10%-25%	of	 them	have	ad-
vanced	 fibrosis	 and	 20%-50%	 have	 nonalcoholic	 steatohepatitis	
(NASH).20	However,	due	to	the	paucity	of	longitudinal	studies,	it	re-
mains unclear the average duration of the disease prior to diagnosis, 
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as well as the prognosis and long-term outcomes after diagnosis. 
There are, however, several smaller long-term studies that have at-
tempted to describe the natural history of paediatric NAFLD after 
diagnosis.	 In	a	 retrospective	 long-term	 follow-up	 study	of	66	chil-
dren	with	NAFLD	with	 a	mean	 follow-up	of	 6.4	 years,	 4	 out	 of	 5	
children who had a follow-up biopsies showed progression to a more 
advanced fibrosis stage.21 In another study of 18 children with fol-
low-up	biopsies,	7	had	progression	of	 fibrosis	stage,	and	8	had	no	
change.22 Likewise, another retrospective study of 44 children with 
NAFLD	showed	that	at	diagnosis	61%	had	NASH	and	56%	had	fibro-
sis based on liver biopsy, and over an average follow-up of 4.5 years, 
30%	developed	type	2	diabetes.23

These studies are biased by the clinical selection of children who 
are biopsied for a second time, but do highlight the severity of disease 
seen in some children. This is concerning for several reasons includ-
ing the observation that NAFLD in childhood tends to persist into 
adulthood,	similar	to	obesity.	In	an	MRI-based	longitudinal	study	of	
57	adolescents	with	NAFLD	with	an	average	follow-up	of	2.3	years,	
only	23%	resolved	their	NAFLD	with	standard	of	care	 treatment.7 
Importantly,	small	 increases	or	decreases	in	BMI	were	significantly	
associated with progression or resolution of NAFL at follow-up.7 In 
addition,	BMI	in	late	adolescence	was	reported	as	a	strong	and	inde-
pendent predictor of severe liver disease later in life.24

It is important to also note that most children are diagnosed with 
NAFLD	during	or	after	puberty,	a	development	period	characterized	
by a physiologically normal state of insulin resistance (IR) that peaks 
in Tanner stage 2 and promotes fat accretion for acquisition of the 
adult phenotype.25 The interaction between sex hormones, IR, ad-
ipose re-distribution and cytokine/adipokine profiles could all con-
tribute to the gender differences seen in NAFLD through puberty 
and adulthood with males exhibiting a higher susceptibility than fe-
males.26 There may also be important differences in disease patho-
genesis in children who develop NAFLD at very young ages, for 
example	prior	puberty.	In	a	study	of	186	children	with	biopsy-proven	
NAFLD, prepubertal children had more severe steatosis, fibrosis and 
portal inflammation than pubertal and postpubescent patients.27 
Pathological characteristics of those children in puberty and postpu-
berty were more similar to NAFLD pattern in adults compared to the 
early puberty children who are more likely to have a portal pattern 
of inflammation and steatosis (the ‘paediatric’ pattern).27 Additional 
longitudinal studies are required that aim to better understand the 
pathogenesis of these different histological patterns, and to de-
scribe the transition of youth-onset NAFLD to adulthood and the 
impact on hepatic and extra-hepatic clinical outcomes.

4  | PATHOGENESIS

Hepatic	 fat	 (steatosis),	 the	hallmark	 feature	of	NAFLD,	occurs	due	
to imbalances in hepatic lipid metabolism, and when free fatty acid 
(FFA) flux to the liver and/or de novo lipogenesis (DNL) exceeds the 
liver's	 ability	 to	 oxidize	 and/or	 secrete	 excess	 lipids	 as	 very-low-
density	lipoproteins	(VLDLs).	This	metabolic	dysregulation	is	driven	

by a complex interaction of genetic and environmental factors and 
a combination of lipotoxic and glucotoxic mechanisms, as reviewed 
elsewhere,28,29 which over time can progress in severity to steatosis 
with inflammation, cell injury, and/or fibrosis.

Obesity in particular is a strong and independent risk factor for 
NAFLD in children and adults and is considered a chronic and sys-
temic inflammatory disease,30 which affects multiple organs includ-
ing the pancreas, muscle, liver and adipose tissue.31-33 In adipose 
tissue,	 inflammation	 drives	 an	 adipokine	 imbalance,	 characterized	
by suppression of adiponectin,34 which is positively associated with 
insulin sensitivity and has been shown to be low in children with 
NAFLD.35 This is critical because IR is universal in children with 
NAFLD, and likely interacts with NAFLD through a bi-directional 
relationship, whereby IR drives FFA flux from adipose tissue, while 
hepatic fat-related increases in DNL and beta-oxidation drive lipid 
peroxidation, endoplasmic reticulum (ER) stress, and generation of 
reactive oxygen species. Together, this exacerbates IR and also con-
tributes to oxidative stress-related liver injury.36

Among the different process involved in NAFLD pathogenesis, 
DNL has been shown to be substantially increased in patients with 
NAFLD,37,38 and is the major contributor of intrahepatic triglycerides 
(nearly	 40%	 of	 plasma	 triglyceride-rich	 lipoprotein	 triglycerides	 in	
adults with NAFLD and obesity).39 This role of DNL in the patho-
genesis NAFLD may have increased relevance for children, who tend 
to consume more fructose compared to adults,40 and since fructose 
has been shown to induce DNL in humans.41 This is because fruc-
tose metabolism in the liver occurs largely unregulated and may 
contribute to upregulation in DNL directly via substrates produced 
by fructose metabolism, or indirectly via upregulation of lipogenic 
genes.42	Fructose	also	has	been	shown	to	upregulate	GLP-143 and is 
associated with central adiposity44 and increased triglyceride levels 
in children,45 which are all mechanisms related to NAFLD.

The microbiome may also be a key driver of youth-onset NAFLD, 
given	 its	 ability	 to	 influence	 nutrient	 utilization,	 immune	 function	
and host gene expression.46-48 Indeed, despite inter-individual vari-
ability, certain microbial patterns have been associated with pae-
diatric NAFLD. In a study of 124 obese children with or without 
biopsy-proven NAFLD, children with NAFLD had lower alpha diver-
sity, which was also correlated with NAFLD severity.49 Further, it's 
proposed that certain dietary patterns, such as high-fructose50 or 
high-fat diets,51 may cause NAFLD in-part by promoting dysbiosis 
and intestinal permeability, leading to the translocation of bacterial 
products	that	have	been	linked	with	NAFLD	and	NASH.51 Consistent 
with this, in a small (n = 15) study of adolescents with and without 
NAFLD, those with NAFLD exhibited higher postprandial endotoxin 
levels during a fructose feeding challenge—a response that cor-
related with IR and inflammatory cytokines.52 Related to this, bile 
acid	(BA)	metabolism,	which	is	intertwined	in	the	gut-liver	axis,	has	
also emerged as an important biological pathway in NAFLD. This is 
largely	due	to	evidence	that	BAs	can	act	as	key	signalling	molecules	
that regulate glucose and lipid metabolism via receptors such as the 
farnesoid X receptor (FXR) and may therefore influence NAFLD at 
multiple levels, as reviewed in more detail elsewhere.53
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5  | GENETIC S

One of the strongest and most studied genetic risk factors for NAFLD 
worldwide	 is	 the	 single	 nucleotide	 polymorphism	 (SNP)	 rs738409	
C >	G	in	PNPLA3,	which	encodes	the	protein	variant	I148M,	and	has	
been associated with hepatic steatosis and fibrosis progression in 
children and adults.54,55 PNPLA3	I148M	induces	hepatic	steatosis	by	
retaining polyunsaturated triglycerides, and increasing lipogenesis,56 
and in children, evidence suggests that it may be a stronger predictor 
than	IR	and	BMI.57 Other genetic variants associated with paediat-
ric	NAFLD	risk	 include	SNPs	 in	the	Transmembrane	6	Superfamily	
Member	2	(TM6SF2) gene,58	which	results	in	impaired	lipid	mobiliza-
tion	via	very-low-density	lipoprotein	(VLDL)59; and the glucokinase 
regulatory protein (GCKR) gene,60 which results in the activation 
hepatic glucose uptake, blocks fatty acid oxidation, and promotes 
lipogenesis.61	Interestingly,	as	shown	by	Goffredo	et	al,	a	combined	
risk score including the PNPLA3	 rs738409,	GCKR	 rs1260326	 and	
TM6SF2	 rs58542926	SNPs	 is	significantly	associated	with	a	higher	
hepatic fat.58

Several	 other	 genes	have	been	 associated	with	hepatic	 fat	 ac-
cumulation and are currently under investigation in paediatric 
populations, including Lysophospholipase-Like 1 (LYPLAL1) and 
Phosphatase	 1	 Regulatory	 Subunit	 3B	 (PPP1R3B).62,63 In addition, 
hepatic steatosis and fibrosis are individually heritable traits that 
share genetic influence with metabolic risk factors as insulin resis-
tance,	HDL,	triglycerides	and	HbA1c,64,65 and evidence from a family 
cohort study showed that first-degree of patients with NAFLD-
cirrhosis have a higher risk of progressive NAFLD.66 Therefore, a 
better understanding of the role of genetics and family history in 
the pathogenesis and progression of youth-onset NAFLD will drive 
prevention efforts in the future.

6  | COMORBIDITIES IN CHILDREN WITH 
NAFLD

The health effects of youth-onset NAFLD are not limited to the liver. 
Studies	in	children	and	adults	have	recognized	NAFLD	as	a	multiple-
organ condition (Figure 1). One of the most studied associations is 
between	NAFLD	and	cardiovascular	diseases	(CVD).	In	the	adult	lit-
erature,	the	presence	of	NAFLD	is	a	strong	driver	predictor	of	CVD	
events.67 In children, NAFLD is strongly associated with cardiovas-
cular risk profiles, such as increased carotid intima-media thickness, 
a surrogate marker of atherosclerosis,68,69 a dyslipidemic profile 
characterized	 by	 high	 triglycerides,	 low-density	 lipoprotein,	 and	
very-low-density lipoprotein,70 and high blood pressure.71 These as-
sociations not only support the presence of early-onset of athero-
sclerosis, but also predict a greater burden of cardiovascular events 
in children with NAFLD. Likewise, a systematic review concluded 
that children with NAFLD, especially those with severe disease, are 
at	risk	for	cardiac	abnormalities	such	as	left	ventricular	(LV)	hyper-
trophy	and	diastolic	LV	dysfunction.72 NAFLD also increases the risk 
for high blood pressure, which, in a longitudinal study, was found to 
be	present	in	35.8%	of	the	children	with	NAFLD.71

Multiple	studies	have	explored	the	association	between	NAFLD	
and	 type	2	diabetes	mellitus	 (T2DM),	 given	 several	 shared	patho-
physiological	 mechanisms	 including	 insulin	 resistance.	 Based	 on	
epidemiological studies, it appears as though the development of 
NAFLD	precedes	 the	development	of	T2DM,	as	evidenced	by	ep-
idemiological studies showing that few children with NAFLD have 
T2DM,	but	the	prevalence	of	abnormal	glucose	metabolism	and/or	
T2D	in	children	with	NAFLD	is	extremely	high	(approximately	20%-
30%),73,74 and by adulthood, more than half of patients with NAFLD 
have T2D.75	Moreover,	 children	with	NAFLD	 and	 type	 2	 diabetes	

F I G U R E  1   The whole child 
perspective. A summary of the potential 
health risks and comorbidities that 
may occur in children with youth-onset 
NAFLD. NAFLD, Nonalcoholic fatty 
liver	disease;	PCOS,	polycystic	ovary	
syndrome
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were	3	 times	more	 likely	 to	have	NASH,73 suggesting the two pa-
thologies	may	 synergize	 to	 promote	 inflammation	 and	 exacerbate	
hepatic injury.

NAFLD has also been associated with decreased renal func-
tion in children and adults. Recently, in a study of 230 children 
with	 MRI-diagnosed	 NAFLD,	 21%	 presented	 with	 abnormal	
renal function (defined by an estimated glomerular filtration rate 
(eGFR)	<	90	mL/min/1.73	m2, or microalbuminuria).76	Similarly,	in	
another	 cohort	of	179	 children	with	biopsy-proven	NAFLD,	 glo-
merular	 hyperfiltration	 was	 presented	 in	 20%	 and	 low	 eGFR	 in	
15%.77 Although obesity duration and severity are also associated 
with a decreased renal function,78 NAFLD has been shown to be 
an independent predictor even after further adjustment for other 
metabolic	 risk	 factors	 and	 genetic	 polymorphisms	 like	 I148M	
(rs738409)	of	PNPLA3.57,79

Other comorbidities that NAFLD have been associated with in-
clude	obstructive	sleep	apnoea	(OSA),80,81 lower whole bone mineral 
density82 and polycystic ovary syndrome.83 In addition, youth-onset 
NAFLD has been associated with a variety of psychosocial issues 
as low self-esteem, psychological distress and poor quality of life.84 
Thus, it is not surprising that, aligning with the evidence outlined 
above,	the	North	American	Society	for	Pediatric	Gastroenterology,	
Hepatology	and	Nutrition	(NASPGHAN)	suggests	screening	for	co-
morbidities	 such	 as	 T2DM,	 hypertension	 and	 dyslipidemia	 in	 chil-
dren with NAFLD,85 and this list of comorbidities may increase in 
the	 future	as	more	evidence	 is	generated.	However,	despite	 these	
recommendations, only approximately half of paediatric gastroen-
terologists screen for those comorbidities.86 Acknowledgement and 
evaluation of NAFLD comorbidities is an essential tool that will re-
duce the impact of severe outcomes in young adults and is an im-
portant consideration for next-generation, whole child treatment 
regimens.

7  | SCREENING

Growing	evidence	of	the	hepatic	and	extra-hepatic	complications	
of	NAFLD	in	children	and	young	adults	has	emphasized	the	rele-
vance of screening for NAFLD in the paediatric population. Recent 
NASPGHAN	 guidelines	 recommend	 screening	 children	 who	 are	
9-11	years	old	with	obesity	 (BMI	≥	95	percentile)	or	overweight	
(BMI	 ≥	 85	 percentile)	 and	 other	 risk	 factors	 (such	 as	 insulin	 re-
sistance, dyslipidemia, family history of NAFLD, sleep apnoea), as 
summarized	in	Figure	2.85	Specifically,	based	on	the	NASPGHAN	
guidelines, screening is currently based on ALT levels, and further 
evaluation	is	warranted	if	there	is	an	ALT	≥	80	U/L	on	initial	screen-
ing, or if ALT is persistently elevated (>3 months) twice the upper 
limit	 of	 normal	 (in	 girls	 ALT	 ≥	 44	U/L,	 in	 boys	 ALT	 ≥	 52	U/L).85 
However,	 it	 is	 important	 to	note	 that	 the	use	of	ALT	 for	screen-
ing remains controversial and is not a universal recommendation. 
In addition, whether the above ALT cut-points are the most ap-
propriate for screening in children has been extensively discussed, 
and multiple efforts have been focused on redefining this limit. 
Two large population-based studies that lay the groundwork for 
the	NASPGHAN	 recommendations	 are	 the	Canadian	 Laboratory	
Initiative in Pediatric Reference Intervals87	and	the	Screening	ALT	
For	 Elevation	 in	 Today's	 Youth	 study.88 In the latter study, data 
from	the	National	Health	and	Nutrition	Examination	Survey	cycles	
1999-2006	were	used	to	evaluate	different	ALT	cut-points	for	clas-
sifying	NAFLD	in	children	and	found	that	a	cut-point	of	25.6	U/L	in	
boys	and	22.1	U/L	in	girls	achieved	the	highest	sensitivity	of	80%	
and	92%,	 and	 specificity	of	79%	and	85%,	 respectively.88 In an-
other study of 408 children with NAFLD and obesity, ALT showed 
an	accuracy	of	80%	for	detecting	NAFLD,	based	on	slightly	higher	
cut-points	of	42	U/L	for	boys	(47.8%	sensitivity,	93.2%	specificity)	
and	30	U/L	for	girls	(52.1%	sensitivity,	88.8%	specificity).6

F I G U R E  2  Schematic	summary	of	the	current	screening	guidelines	for	identifying	children	who	may	need	further	evaluation	for	
youth-onset NAFLD. ALT, alanine aminotransferase; NAFLD, Nonalcoholic fatty liver disease; y, years
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The concomitant use of ultrasound for screening was also rec-
ommended	by	the	European	Society	of	Pediatric	Gastroenterology,	
Hepatology	 and	 Nutrition	 (ESPGHAN)	 in	 2012.	 Ultrasound	 indi-
rectly estimates hepatic steatosis and remains one of the most 
widely used imaging modalities due to its cost and availability. 
However,	in	children	it	has	low	sensitivity	and	specificity,	and	based	
on the available evidence, a 2014 systematic review concluded that 
the use of ultrasound for NAFLD diagnosis or grading in youth is 
not recommended.89	In	a	study	of	children	with	obesity,	with	MRI	as	
the reference ‘gold standard’ method, ALT and ultrasound sensitivity 
performed	similarly	in	detecting	NAFLD	cases	(44%	vs	51%,	respec-
tively) and the concomitant use of both methods for screening didn't 
improve the diagnostic accuracy to detect NAFLD.90

Thus, overall, NAFLD screening in youth remains flawed, and the 
development of more accurate and precise noninvasive screening 
tests remains an active area of investigation, especially with regard 
to fibrosis, a key determinant of prognosis. To date, multiple scores 
for	detecting	and/or	staging	fibrosis	have	been	proposed.	The	AST	
to	platelet	 index	ratio	 (APRI)	and	fibrosis-4	 index	 (FIB-4)	were	de-
veloped in adults, but their performance on paediatric patients has 
been inconsistent, with areas under the receiving operating char-
acteristic	curve	(AUROC)	that	range	0.67-0.70	for	APRI	score,	and	
0.54-0.81	 for	FIB-4.91,92 Other scores designed to predict fibrosis 
specifically in children include the Pediatric NAFLD Fibrosis Index 
(PNFI)	 and	 Pediatric	 NAFLD	 Fibrosis	 Score	 (PNFS).	 These	 scores	
achieved	 high	 AUC	 values	 in	 the	 development	 cohorts	 (0.74	 for	
PNFS93 and 0.85 for PNFI94), but in validation studies the panels did 
not perform as well in predicting any stage of fibrosis with AUROC 
of	0.57	and	0.67,	respectively.95 This may be because the validation 
cohort	 was	 predominantly	 Hispanic,	 while	 the	 development	 co-
hort was Caucasian. Other, more direct biomarkers of fibrosis such 
as Cytokeratin-18, a marker of hepatocyte apoptosis, and plasma 
N-terminal propeptide of type III procollagen (PIIINP), a marker of 
extracellular matrix remodelling, have shown promising results in 
children. In two paediatric studies, cytokeratin-18 achieved moder-
ate	AUROCs	ranging	0.66-0.75	in	classifying	children	with	any	stage	
of fibrosis vs none96,97; whereas PIIINP was achieved an AUROC of 
0.92	in	classifying	children	with	fibrosis	stage	2	and	up	(F2,	peri-si-
nusoidal and portal).98

Metabolomics	has	also	led	to	advancements	in	this	field	by	allow-
ing researchers to examine more systemic metabolic signatures that 
provide new insights to our understanding of processes involved in 
NAFLD. As an example, in a large paediatric study with 222 children 
with	NAFLD	 (confirmed	 by	 liver	 biopsy	 or	MRI)	 and	 337	 children	
without NAFLD, high-resolution plasma metabolomics, measured 
by liquid chromatography mass spectrometry, was coupled with a 
multistep machine learning framework to select a screening panel 
of 11 metabolites features for classifying NAFLD vs. non-NAFLD 
cases,	which	achieved	a	sensitivity	of	73%	and	a	specificity	of	84%.	
With the addition of key clinical variables into the panel, which were 
also selected using machine learning, the specificity increased to 
97%.99 While panels such as this one, as well as the other biomarkers 
describe above, require further validation, combination panels that 

incorporate established clinical assessments with novel biomarkers 
of disease have promise for improving the disease screening, diagno-
sis and monitoring in the future.

8  | DIAGNOSIS

After screening, evaluation of a child with suspected NAFLD re-
quires exclusion of alternative aetiologies such as viral hepatitis, 
drug-induced fatty liver, Wilson disease, haemochromatosis, α-1 an-
titrypsin deficiency, and autoimmune hepatitis. Once these diseases 
are excluded, we may suspect NAFLD and either a liver biopsy or im-
aging are needed to confirm the presence of hepatic steatosis. These 
two modalities will be discussed in detail next.

8.1 | Liver pathology

To date, liver biopsy is required to assess the severity of inflamma-
tion	and	presence	of	nonalcoholic	steatohepatitis	(NASH),	the	more	
progressive subtype of NAFLD that is associated with fibrosis pro-
gression	and	poorer	long-term	outcomes.	Thus,	NASPGHAN	recom-
mends	performing	a	liver	biopsy	in	children	with	risk	of	NASH	and/
or advanced fibrosis, considering risk factors such as ALT > 80 U/L, 
splenomegaly,	AST/ALT	> 1, type 2 diabetes, and panhypopituita-
rism. Likewise, in the context of fibrosis, a follow-up liver biopsy 
is recommended over long time periods.85 In reality, most children 
with	NAFLD	do	not	undergo	liver	biopsy.	However,	when	biopsied,	
approximately	1	in	4	children	with	NAFLD	will	have	NASH	or	border-
line	NASH,9	and	15%	have	stage	3	fibrosis.85 In children, the pres-
ence of histological features of steatohepatitis are relevant in the 
evaluation of liver biopsy, but the location of steatosis and inflam-
mation must be considered and may differ from the typical ‘adult’ 
form	of	NASH.	Specifically,	 steatosis	 location	 in	 the	periportal	 re-
gion	(zone	1)	is	more	common	in	younger	children	and	has	been	as-
sociated with advanced fibrosis. Whereas, steatosis location at the 
centrilobular	or	pericentral	region	(zone	3)	is	more	frequent	in	ado-
lescents and has been associated with steatohepatitis.100	Similarly,	
hepatocyte ballooning is less frequent in the paediatric population, 
and inflammatory infiltrates arise more in the periportal region.101 
Because	of	these	differences,	the	classic	definition	of	NASH	seen	in	
adults is often not met in children, even in the presence of substan-
tial inflammation and fibrosis. These differences pose a challenge in 
the evaluation of youth-onset NAFLD. Additional long-term natural 
history studies of the various histologic patterns would be helpful 
for understanding the relevance of histological features to clinical 
outcomes.

8.2 | Imaging

Imaging is a promising area for accurate quantification of hepatic 
steatosis	and	fibrosis	in	adults.	However,	fewer	data	are	available	in	
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children. Controlled Attenuation Parameter (CAP), which is included 
in	 the	transient	elastography	 (TE)	system	of	FibroScan®,	achieved	
a	 high	 sensitivity	 and	 specificity	 (98.7%	 and	80%,	 respectively)	 in	
detecting the absence and presence of steatosis in children with 
NAFLD.102	 However,	 CAP	 was	 limited	 in	 differentiating	 higher	
grades of steatosis in children with obesity, which is an important 
limitation given the strong link between obesity and NAFLD.102 In 
terms of fibrosis, TE achieved a moderate sensitivity and specific-
ity	(72%	and	76%,	respectively)	for	the	detection	of	advanced	fibro-
sis compared to minimal or no fibrosis in children with chronic liver 
diseases	 (37%	with	NAFLD).103	However,	another	paediatric	 study	
showed that the presence of liver inflammation might overestimate 
the liver stiffness measurement by TE in children with early fibrosis 
stages.104 One of the most sensitive techniques in children is mag-
netic	resonance	(MR)-based	techniques.	Regarding	hepatic	steatosis	
quantification,	MR-spectroscopy-proton	density	fat	fraction	(MRS-
PDFF)	and	MRI-PDFF	have	shown	to	be	very	accurate	and	reliable	
methods in children.105,106	Whereas,	MR-elastography,	a	technique	
designed to detect and stage liver fibrosis, showed a sensitivity of 
88%	and	specificity	of	85%	for	detecting	advanced	fibrosis	in	a	co-
hort	of	children	with	chronic	liver	disease	(77%	of	them	had	NAFLD).	
However,	 due	 to	MR	 availability	 and	 costs,	 this	method	 is	mostly	
used in research.

9  | MONITORING OF NAFLD SE VERIT Y

In clinical practice, paediatric NAFLD is monitored with serial meas-
urements	of	ALT,	ideally	every	3-6	months.	Moreover,	ALT	is	widely	
used as a surrogate marker of disease improvement in paediatric 
clinical	trials.	A	secondary	analysis	of	a	multicenter	randomized	trial	
that	included	178	children	with	biopsy-proven	NAFLD	(TONIC	trial)	
found that ALT was able to discriminate between those children 
that progressed from those that improved, based on a subsequent 
liver histology.107 Thus, although the single time-point usage of ALT 
may not always directly reflect disease severity, changes in ALT lev-
els over time appear to reflect the progression of the disease. This 
analysis was performed on a trial that only included children with 
ALT >	60	U/L;	therefore,	it	is	still	uncertain	whether	ALT	has	a	similar	
significance in those patients with low or normal ALT.

10  | DISE A SE MANAGEMENT

In the absence of pharmacological options in children, the mainstay 
recommendations for youth-onset NAFLD therapy are focused on 
lifestyle changes, for example diet and exercise.85 In terms of diet, 
both ‘holistic’ dietary patterns and individual dietary components 
have been proposed for hepatic steatosis reduction and for the pur-
pose of this narrative we will focus on the results from experimental 
studies	thus	far.	The	Mediterranean	Diet	(MD),	which	is	rich	in	fruits	
and vegetables, olive oil, nuts/legumes, and fish, has been the most 
extensively tested dietary pattern and, in adults, there is consistent 

evidence	that	a	MD	treatment	is	associated	with	a	reduction	in	he-
patic fat108;	The	Dietary	Approaches	to	Stop	Hypertension	(DASH)	
diet, which is rich in fruits and vegetables, low-fat dairy, and unre-
fined grains, has also been tested in adults and shown to improve 
several biomarkers, including ALT levels (hepatic fat changes were 
not assessed).109	However,	these	diets	have	not	been	testing	in	chil-
dren with NAFLD yet.

Dietary sugar is an individual dietary component that has been 
consistently implicated in NAFLD,110,111 with evidence particularly 
supporting a mechanistic link between fructose and hepatic fat ac-
cumulation, as discussed in the ‘Pathogenesis’ section. Importantly, 
two recent intervention studies in children provide evidence to sup-
port the efficacy of dietary sugar restriction in NAFLD. The first 
study	examined	the	effects	of	a	short-term	(9-day),	dietary	fructose	
restriction	trial	 in	41	children	(9-18	years)	and	showed	that	the	di-
etary treatment resulted in significant improvement not only in he-
patic fat, but also in DNL rates and certain insulin kinetics.112 The 
second	 study	 was	 a	 longer-term	 (8-week),	 randomized	 controlled	
dietary	feeding	trial	in	40	adolescent	boys	(11-16	years)	with	NAFLD	
that tested the effect of a very low free sugar diet (<3%	of	 total	
energy intake) on hepatic fat and several secondary outcomes.113 
Similarly,	 this	 study	 showed	 that	 the	dietary	 sugar	 restriction	was	
associated	 with	 a	 significant	 improvement	 in	 liver	 steatosis	 (25%	
over 8 weeks), independent of total weight loss, providing strong ev-
idence for the potential benefits of sugar reduction in youth-onset 
NAFLD.

Dietary fat may be another target for managing NAFLD,114 and 
overall, it appears that hypocaloric, low-fat diets have been shown 
to induce a similar improvement in hepatic fat compared to low-car-
bohydrate/low-sugar diets.115 For example, in a small (n =	17)	pilot	
study of children with NAFLD that compared the effects of a low-fat 
diet	vs	a	low-glycaemic	diet	for	6	months,	both	diets	were	associated	
with	a	similar	improvement	in	liver	fat	(−8.8%	in	the	low-glycaemic	
diet	vs.	−10.5%	 in	 the	 low-fat	diet),	 as	well	 as	ALT	 levels.116 What 
remains a controversy is whether isocaloric changes in dietary fat or 
dietary carbohydrates, for example without changes in total energy 
intake or weight, are more effective for NAFLD management and 
well-controlled studies are needed to examine this. In addition, stud-
ies	with	larger	and	more	generalizable	samples	and	with	longer-term	
durations are needed to confirm the effectiveness and sustainability 
of these dietary changes.

Nutrigenomics is another emerging area of research that may 
be applicable for NAFLD management by considering the interac-
tion between diet and genetics.117 An interesting example is from a 
study	by	Davis	et	al	that	found	that,	in	a	cohort	of	153	Hispanic	chil-
dren, hepatic fat correlated with carbohydrate and sugar intake only 
among	those	children	with	the	PNPLA3	GG	genotype,	but	not	those	
with	the	CC	or	CG	genotype.118 This suggests there may be signifi-
cant inter-individual variation in the response to certain dietary in-
terventions, which are driven by underlying genetics, and this should 
be	leveraged	to	design	more	personalized	interventions.

In addition to dietary modifications, multidisciplinary weight 
management programs that include coordinated treatment/
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counselling with a psychologist, exercise physiologist, registered di-
etitian, medical provider, and nurse provide higher success rate and 
long-lasting lifestyle modifications that could benefit children with 
NAFLD.119 There is also continual interest in pharmacological and 
surgical options for paediatric NAFLD. As reviewed elsewhere, ex-
amples of potential pharmacological treatments of interest include 
insulin	sensitizers,	antioxidants	(especially	vitamin	E),	lipid-lowering	
medications, bile acids and probiotics.120 Importantly, the majority 
of pharmacological intervention trials have been limited to adults, 
and thus far surgical intervention studies focused specifically on 
outcomes in obese children and adolescents with NAFLD are lack-
ing.121 It is imperative that there are also independent paediatric 
trials that are designed with certain considerations in mind, such 
as the different histological subtypes in children, and the potential 
confounding by age, sex and pubertal stage.122

11  | TR ANSITIONING FROM YOUTH-
ONSET NAFLD TO ADULT NAFLD

The dramatic increase of youth-onset NAFLD123 has prompted at-
tention to the transition of NAFLD patients to adult care. Currently, 
studies are lacking that describe the natural history of paediatric 
NAFLD into young adulthood. There are, however, cross-sectional 
studies that support a rise in NAFLD among young adults. In the 
US	 the	 estimated	 prevalence	 of	 NAFLD	 doubled	 in	 participants	
18-35	years,	from	9.6%	in	1988-1994	to	24%	in	2005-2010124—a 
trend that paralleled prevalence rates in adolescence.123 This is 
concerning given the health risks of NAFLD, especially its poten-
tial to progress to end-stage liver disease, which is underscored 
by the findings of a study by Alkhouri et al showing progressive 
increases	in	the	frequency	of	NASH	as	the	primary	indication	for	
liver transplant from 2001-2012 among young adults (<40 years 
old).125

Future studies examining this transition period must also consider 
the challenges that may be faced by patients during this time. This 
transition is multifactorial and not only involves the patient, but also 
involves the family and health care providers. From a psychosocial 
perspective, some patients will join the workforce, others may start 
college, others may be doing both, while most of them will move 
away from their childhood home. This has an impact on their lifestyle 
choices, including eating behaviours and physical activity, which pre-
viously may have been supported by their parents. As they age into 
adulthood, other factors also come into play including potential in-
creases in substance abuse and high-risk sexual behaviour and con-
sequently	sexually	transmitted	diseases	(such	as	hepatitis	B	or	C).126 
Young	adults	are	also	more	likely	to	be	uninsured	due	to	entry-level	
jobs and uncertain finances.127 Thus, because of these social factors, 
and because NAFLD is a mostly asymptomatic disease without ef-
fective pharmacotherapy, there is high likelihood that patients with 
youth-onset NAFLD will be lost to follow-up during their 20's.

In order to adequately address the transition to adult care, 
planning has to begin during early adolescence, taking into account 

the educational, emotional, and psychosocial needs of the pa-
tient. The main goal is to promote the patient's development into 
an independent young adult, who has an active role in self-care 
activities. These activities involve building long-lasting healthy 
dietary and physical activity habits. In order to achieve that, pa-
tient	education	is	an	important	precursor	of	readiness.	Moreover,	
nonadherence is higher among older adolescents and young adults; 
therefore,	patient-centred	education	should	be	emphasized	to	en-
sure full understanding of the benefits of treatment and medical 
follow-up.128,129 Likewise, sufficient communication between the 
paediatric and adult medical team is essential. Taken together, the 
transition to adult care is a multifactorial and dynamic process that 
warrants more research, but, if done satisfactorily, might prevent 
future comorbidities and costs in patients with NAFLD.

12  | CONCLUDING REMARKS

In summary, youth-onset NAFLD increases the risk of morbidity 
and mortality lifelong. While our understanding of the pathophysi-
ology, diagnosis and treatment of NAFLD in childhood and adoles-
cence is growing, methods to prevent NAFLD in children have not 
yet been studied. Treatment strategies should focus on sugar re-
striction and the adoption of other beneficial dietary behaviours, 
along with sufficient exercise. The severity of youth-onset NAFLD 
is best assessed by liver biopsy at this time, although the long-
term outcome(s) of various histologic patterns is not yet known. 
Transition into adulthood is a high-risk time period for youth with 
NAFLD. While much is known, the biggest gaps in knowledge 
stem from the lack of long-term natural history data, and future 
research will be needed to understand the outcomes of youth-
onset NAFLD and the best methods for preventing and/or slowing 
the high prevalence rates.

CONFLIC T OF INTERE S T
MV	 has	 consulting	 arrangements	 with	 Boehringer	 Ingelheim,	
Bristol	 Myers	 Squibb,	 Intercept,	 Mallinckrodt,	 Novo	 Nordisk	 and	
TARGET	 PharmaSolutions	 and	 research	 funding	 from	 TARGET	
PharmaSolutions	and	Bristol	Myers	Squibb.

AUTHORS CONTRIBUTIONS
EC-L	 and	MBV	were	 responsible	 for	 the	 conception	of	 the	manu-
script and figures, and writing the original draft. CEC assisted with 
writing, reviewing and editing the final manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing was not applicable to this article as no data sets were 
generated or analysed during the current study.

ORCID
Eduardo Castillo-Leon  https://orcid.org/0000-0001-7010-2043 
Catherine E. Cioffi  https://orcid.org/0000-0002-8402-0118 
Miriam B. Vos  https://orcid.org/0000-0002-0817-7068 

https://orcid.org/0000-0001-7010-2043
https://orcid.org/0000-0001-7010-2043
https://orcid.org/0000-0002-8402-0118
https://orcid.org/0000-0002-8402-0118
https://orcid.org/0000-0002-0817-7068
https://orcid.org/0000-0002-0817-7068


     |  9 of 12CASTILLO-LEON ET AL.

R E FE R E N C E S
	 1.	 Holterman	AX,	Guzman	G,	 Fantuzzi	G,	 et	 al.	Nonalcoholic	 fatty	

liver disease in severely obese adolescent and adult patients. 
Obesity (Silver Spring, Md).	2013;21(3):591-597.

	 2.	 Shingina	A,	Dewitt	PE,	Dodge	JL,	et	al.	Future	trends	in	demand	for	
liver	 transplant:	birth	cohort	effects	among	patients	with	NASH	
and	HCC.	Transplantation.	2019;103(1):140-148.

	 3.	 Skinner	 AC,	 Perrin	 EM,	 Skelton	 JA.	 Prevalence	 of	 obesity	 and	
severe	obesity	 in	US	children,	1999–2014.	Obesity (Silver Spring). 
2016;24(5):1116-1123.

	 4.	 Sharma	 V,	 Coleman	 S,	 Nixon	 J,	 et	 al.	 A	 systematic	 review	 and	
meta-analysis estimating the population prevalence of comor-
bidities in children and adolescents aged 5 to 18 years. Obes Rev. 
2019;20(10):1341-1349.

	 5.	 Anderson	EL,	Howe	LD,	Jones	HE,	Higgins	JPT,	Lawlor	DA,	Fraser	
A. The prevalence of non-alcoholic fatty liver disease in children 
and adolescents: a systematic review and meta-analysis. PLoS One. 
2015;10(10):e0140908.

	 6.	 Yu	EL,	Golshan	S,	Harlow	KE,	et	al.	Prevalence	of	nonalcoholic	fatty	
liver disease in children with obesity. J Pediatr.	2019;207:64-70.

	 7.	 Tricò	D,	Caprio	S,	Rosaria	Umano	G,	et	al.	Metabolic	 features	of	
nonalcoholic fatty liver (NAFL) in obese adolescents: findings from 
a multiethnic cohort. Hepatology.	2018;68(4):1376-1390.

	 8.	 Fernandes	DM,	Pantangi	V,	Azam	M,	et	al.	Pediatric	nonalcoholic	
fatty	 liver	disease	 in	New	York	City:	an	autopsy	study.	J Pediatr. 
2018;200:174-180.

	 9.	 Schwimmer	JB,	Deutsch	R,	Kahen	T,	Lavine	JE,	Stanley	C,	Behling	
C. Prevalence of fatty liver in children and adolescents. Pediatrics. 
2006;118(4):1388-1393.

	 10.	 Flemming	 JA,	 Dewit	 Y,	 Mah	 JM,	 Saperia	 J,	 Groome	 PA,	 Booth	
CM.	Incidence	of	cirrhosis	in	young	birth	cohorts	in	Canada	from	
1997	 to	 2016:	 a	 retrospective	 population-based	 study.	 Lancet 
Gastroenterol Hepatol.	2019;4(3):217-226.

	 11.	 Ayonrinde	OT,	Oddy	WH,	Adams	LA,	et	al.	Infant	nutrition	and	ma-
ternal obesity influence the risk of non-alcoholic fatty liver disease 
in adolescents. J Hepatol.	2017;67(3):568-576.

	 12.	 Gutierrez	 Sanchez	 LH,	 Tomita	 K,	 Guo	 Q,	 et	 al.	 Perinatal	 nutri-
tional reprogramming of the epigenome promotes subsequent 
development of nonalcoholic steatohepatitis. Hepatol Commun. 
2018;2(12):1493-1512.

	 13.	 Ayonrinde	OT,	Adams	LA,	Mori	TA,	et	al.	Sex	differences	between	
parental pregnancy characteristics and nonalcoholic fatty liver 
disease in adolescents. Hepatology.	2018;67(1):108-122.

	 14.	 Brumbaugh	DE,	Friedman	JE.	Developmental	origins	of	nonalco-
holic fatty liver disease. Pediatr Res.	2014;75(1-2):140-147.

	 15.	 Bedogni	G,	De	Matteis	G,	Fabrizi	M,	 et	 al.	Association	of	bright	
liver	with	the	PNPLA3	I148M	gene	variant	in	1-year-old	toddlers.	J 
Clin Endocrinol Metab.	2019;104(6):2163-2170.

	 16.	 Newton	KP,	Feldman	HS,	Chambers	CD,	et	al.	Low	and	high	birth	
weights are risk factors for nonalcoholic fatty liver disease in chil-
dren. J Pediatr.	2017;187:141-146.e1.

	 17.	 Ji	C,	Dai	Y,	 Jiang	W,	et	al.	Postnatal	overfeeding	promotes	early	
onset and exaggeration of high-fat diet-induced nonalcoholic fatty 
liver disease through disordered hepatic lipid metabolism in rats. J 
Nutr Biochem.	2014;25(11):1108-1116.

	 18.	 Chalasani	N,	Younossi	Z,	Lavine	JE,	et	al.	The	diagnosis	and	man-
agement of nonalcoholic fatty liver disease: practice guidance 
from	 the	American	Association	 for	 the	 Study	 of	 Liver	Diseases.	
Hepatology.	2018;67(1):328-357.

	 19.	 Pardee	PE,	Lavine	JE,	Schwimmer	JB.	Diagnosis	and	treatment	of	
pediatric nonalcoholic steatohepatitis and the implications for bar-
iatric surgery. Semin Pediatr Surg.	2009;18(3):144-151.

	 20.	 Goyal	 NP,	 Schwimmer	 JB.	 The	 progression	 and	 natural	 his-
tory of pediatric nonalcoholic fatty liver disease. Clin Liver Dis. 
2016;20(2):325-338.

	 21.	 Feldstein	AE,	Charatcharoenwitthaya	P,	Treeprasertuk	S,	Benson	
JT,	Enders	FB,	Angulo	P.	The	natural	history	of	nonalcoholic	fatty	
liver disease in children: follow-up study for up to 20-years. Gut. 
2009;58(11):1538-1544.

	 22.	 Akader	H,	Henderson	J,	Vanhoesen	K,	Ghishan	F,	Bhattacharyya	
A. Nonalcoholic fatty liver disease in children: a single center ex-
perience. Clin Gastroenterol Hepatol.	2008;6(7):799-802.

	 23.	 Cioffi	C,	Welsh	J,	Cleeton	R,	et	al.	Natural	history	of	NAFLD	diag-
nosed in childhood: a single-center study. Children.	2017;4(5):34.

	 24.	 Hagström	H,	Stål	P,	Hultcrantz	R,	Hemmingsson	T,	Andreasson	A.	
Overweight in late adolescence predicts development of severe 
liver	 disease	 later	 in	 life:	 a	 39	 years	 follow-up	 study.	 J Hepatol. 
2016;65(2):363-368.

	 25.	 Jeffery	AN,	Streeter	AJ,	Metcalf	BS,	Voss	LD,	Hosking	 J,	Wilkin	
TJ.	Age	before	stage:	 insulin	resistance	rises	before	the	onset	of	
puberty:	a	9-year	longitudinal	study	(EarlyBird	26).	Diabetes Care. 
2012;35(3):536-541.

	 26.	 Ayonrinde	 OT,	 Olynyk	 JK,	 Beilin	 LJ,	 et	 al.	 Gender-specific	 dif-
ferences in adipose distribution and adipocytokines influ-
ence adolescent nonalcoholic fatty liver disease. Hepatology. 
2011;53(3):800-809.

	 27.	 Suzuki	A,	Abdelmalek	MF,	Schwimmer	 JB,	 et	 al.	Association	be-
tween puberty and features of nonalcoholic fatty liver disease. 
Clin Gastroenterol Hepatol.	2012;10(7):786-794.

	 28.	 Ibrahim	 SH,	 Kohli	 R,	 Gores	 GJ.	 Mechanisms	 of	 lipotoxicity	 in	
NAFLD and clinical implications. J Pediatr Gastroenterol Nutr. 
2011;53(2):131-140.

	 29.	 Mota	M,	Banini	BA,	Cazanave	 SC,	 Sanyal	AJ.	Molecular	mecha-
nisms of lipotoxicity and glucotoxicity in nonalcoholic fatty liver 
disease. Metabolism.	2016;65(8):1049-1061.

	 30.	 Singer	K,	Lumeng	CN.	The	initiation	of	metabolic	inflammation	in	
childhood obesity. J Clin Investig.	2017;127(1):65-73.

	 31.	 Fink	 LN,	 Costford	 SR,	 Lee	 YS,	 et	 al.	 Pro-inflammatory	macro-
phages increase in skeletal muscle of high fat-Fed mice and 
correlate with metabolic risk markers in humans. Obesity. 
2014;22(3):747-757.

	 32.	 Stefanovic-Racic	M,	Yang	X,	Turner	MS,	et	al.	Dendritic	cells	pro-
mote macrophage infiltration and comprise a substantial propor-
tion of obesity-associated increases in CD11c+ cells in adipose 
tissue and liver. Diabetes.	2012;61(9):2330-2339.

	 33.	 Eguchi	K,	Manabe	I,	Oishi-Tanaka	Y,	et	al.	Saturated	fatty	acid	and	
TLR signaling link β cell dysfunction and islet inflammation. Cell 
Metab. 2012;15(4):518-533.

	 34.	 Portuguesa	 De	 Cardiologia	 R,	 Pires	 A,	 Martins	 P,	 et	 al.	 Pro-
inflammatory triggers in childhood obesity: correlation be-
tween leptin, adiponectin and high-sensitivity C-reactive protein 
in a group of obese Portuguese children. Rev Port Cardiol. 
2014;33(11):691-697.

	 35.	 Louthan	 MV,	 Theriot	 JA,	 Zimmerman	 E,	 Stutts	 JT,	 McClain	 CJ.	
Decreased prevalence of nonalcoholic fatty liver disease in black 
obese children. J Pediatr Gastroenterol Nutr.	2005;41(4):426-429.

	 36.	 Sunny	NE,	Parks	EJ,	Browning	JD,	Burgess	SC.	Excessive	hepatic	
mitochondrial TCA cycle and gluconeogenesis in humans with 
nonalcoholic fatty liver disease. Cell Metab.	2011;14(6):804-810.

	 37.	 Lambert	 JE,	 Ramos-Roman	 MA,	 Browning	 JD,	 Parks	 EJ.	
Increased de novo lipogenesis is a distinct characteristic of indi-
viduals with nonalcoholic fatty liver disease. Gastroenterology. 
2014;146(3):726-735.

	 38.	 Donnelly	KL,	Smith	CI,	Schwarzenberg	SJ,	Jessurun	J,	Boldt	MD,	
Parks	 EJ.	 Sources	 of	 fatty	 acids	 stored	 in	 liver	 and	 secreted	 via	
lipoproteins in patients with nonalcoholic fatty liver disease. J Clin 
Invest. 2005;115(5):1343-1351.

	 39.	 Smith	GI,	Shankaran	M,	Yoshino	M,	et	al.	Insulin	resistance	drives	
hepatic de novo lipogenesis in nonalcoholic fatty liver disease. J 
Clin Investig.	2020;130(3):1453-1460.



10 of 12  |     CASTILLO-LEON ET AL.

	 40.	 Vos	MB,	 Kimmons	 JE,	 Gillespie	 C,	Welsh	 J,	 Blank	 HM.	 Dietary	
fructose	 consumption	 among	 US	 children	 and	 adults:	 the	 Third	
National	Health	and	Nutrition	Examination	Survey	CME.	Medscape 
J Med.	2008;10(7):160.

	 41.	 Beysen	 C,	 Ruddy	 M,	 Stoch	 A,	 et	 al.	 Dose-dependent	 quantita-
tive effects of acute fructose administration on hepatic de novo 
lipogenesis in healthy humans. Am J Physiol Endocrinol Metab. 
2018;315(1):E126-E132.

	 42.	 Ter	Horst	KW,	Serlie	MJ.	Fructose	consumption,	lipogenesis,	and	
non-alcoholic fatty liver disease. Nutrients.	2017;9(9):981.

	 43.	 Galderisi	A,	Giannini	C,	Van	Name	M,	Caprio	S.	Fructose	consump-
tion contributes to hyperinsulinemia in adolescents with obesity 
through	 a	 GLP-1-mediated	 mechanism.	 J Clin Endocrinol Metab. 
2019;104(8):3481-3490.

	 44.	 Cioffi	CE,	Welsh	JA,	Alvarez	JA,	Hartman	TJ,	Narayan	KMV,	Vos	
MB.	Associations	of	added	sugar	from	all	sources	and	sugar-sweet-
ened	 beverages	 with	 regional	 fat	 deposition	 in	 US	 adolescents:	
NHANES	1999–2006.	Curr Dev Nutr.	2019;3(12):1999-2006.

	 45.	 Jin	R,	 Le	NA,	 Liu	S,	 et	 al.	Children	with	NAFLD	are	more	 sen-
sitive to the adverse metabolic effects of fructose bever-
ages than children without NAFLD. J Clin Endocrinol Metab. 
2012;97(7):1088-1098.

	 46.	 Sonnenburg	JL,	Bäckhed	F.	Diet-microbiota	interactions	as	moder-
ators of human metabolism. Nature.	2016;535(7610):56-64.

	 47.	 Qin	 Y,	 Roberts	 JD,	 Grimm	 SA,	 et	 al.	 An	 obesity-associated	 gut	
microbiome reprograms the intestinal epigenome and leads to al-
tered colonic gene expression. Genome Biol.	2018;19(1):7.

	 48.	 Richards	AL,	Muehlbauer	AL,	Alazizi	A,	et	al.	Gut	microbiota	has	a	
widespread and modifiable effect on host gene regulation. bioRxiv. 
2018;210294.

	 49.	 Schwimmer	 JB,	 Johnson	 JS,	 Angeles	 JE,	 et	 al.	 Microbiome	 sig-
natures associated with steatohepatitis and moderate to se-
vere fibrosis in children with nonalcoholic fatty liver disease. 
Gastroenterology.	2019;157:1109-1122.

	 50.	 Cho	YE,	Kim	DK,	Seo	W,	Gao	B,	Yoo	SH,	Song	BJ.	Fructose	pro-
motes leaky gut, endotoxemia, and liver fibrosis through etha-
nol-inducible	 cytochrome	 P450–2E1–mediated	 oxidative	 and	
nitrative stress. Hepatology.	2019:1-16.

	 51.	 Mouries	J,	Brescia	P,	Silvestri	A,	et	al.	Microbiota-driven	gut	vascu-
lar barrier disruption is a prerequisite for non-alcoholic steatohep-
atitis development. J Hepatol.	2019;71(6):1216-1228.

	 52.	 Jin	 R,	 Willment	 A,	 Patel	 SS,	 et	 al.	 Fructose	 induced	 endotox-
emia in pediatric nonalcoholic fatty liver disease. Int J Hepatol. 
2014;2014:1-8.

	 53.	 Arab	JP,	Karpen	SJ,	Dawson	PA,	Arrese	M,	Trauner	M.	Bile	acids	
and nonalcoholic fatty liver disease: molecular insights and thera-
peutic perspectives. Hepatology.	2017;65(1):350-362.

	 54.	 Hudert	CA,	Selinski	S,	Rudolph	B,	et	al.	Genetic	determinants	of	
steatosis and fibrosis progression in paediatric non-alcoholic fatty 
liver disease. Liver International.	2019;39(3):540-556.

	 55.	 Sookoian	S,	Pirola	CJ.	Meta-analysis	of	the	influence	of	I148M	variant	
of patatin-like phospholipase domain containing 3 gene (PNPLA3) 
on the susceptibility and histological severity of nonalcoholic fatty 
liver disease. Hepatology (Baltimore, MD).	2011;53(6):1883-1894.

	 56.	 Luukkonen	PK,	 Ikonen	E,	Yki-järvinen	H,	et	al.	Human	PNPLA3-
I148M	 variant	 increases	 hepatic	 retention	 of	 polyunsaturated	
fatty acids. JCI Insight.	2019;4(16):e127902.

	 57.	 Di	Costanzo	A,	Pacifico	L,	Chiesa	C,	et	al.	Genetic	and	metabolic	
predictors of hepatic fat content in a cohort of Italian children with 
obesity. Pediatr Res.	2019;85(5):671-677.

	 58.	 Goffredo	 M,	 Caprio	 S,	 Feldstein	 AE,	 et	 al.	 Role	 of	 TM6SF2	
rs58542926	 in	 the	 pathogenesis	 of	 nonalcoholic	 pediatric	 fatty	
liver disease: a multiethnic study. Hepatology.	2016;63(1):117-125.

	 59.	 Kozlitina	 J,	 Smagris	 E,	 Stender	 S,	 et	 al.	 Exome-wide	 association	
study	 identifies	 a	 TM6SF2	 variant	 that	 confers	 susceptibility	 to	
nonalcoholic fatty liver disease. Nat Genet.	2014;46(4):352-356.

	 60.	 Lin	Y-C,	Chang	P-F,	Chang	M-H,	Ni	Y-H.	Genetic	variants	in	GCKR	
and PNPLA3 confer susceptibility to nonalcoholic fatty liver dis-
ease in obese individuals. Am J Clin Nutr.	2014;99(4):869-874.

	 61.	 Eslam	M,	Valenti	L,	Romeo	S.	Genetics	and	epigenetics	of	NAFLD	
and	NASH:	clinical	impact.	J Hepatol.	2018;68(2):268-279.

	 62.	 Sliz	 E,	 Sebert	 S,	Würtz	 P,	 et	 al.	 NAFLD	 risk	 alleles	 in	 PNPLA3,	
TM6SF2,	GCKR	and	LYPLAL1	show	divergent	metabolic	effects.	
Hum Mol Genet.	2018;27(12):2214-2223.

	 63.	 Di	Costanzo	A,	Belardinilli	F,	Bailetti	D,	et	al.	Evaluation	of	poly-
genic determinants of non-alcoholic fatty liver disease (NAFLD) by 
a candidate genes resequencing strategy. Sci Rep.	2018;8(1):3702.

	 64.	 Cui	J,	Chen	C-H,	Lo	M-T,	et	al.	Shared	genetic	effects	between	he-
patic steatosis and fibrosis: a prospective twin study. Hepatology. 
2016;64:1547-1558.

	 65.	 Loomba	R,	Schork	N,	Chen	C-H,	et	al.	Heritability	of	hepatic	fibrosis	
and steatosis based on a prospective twin study. Gastroenterology. 
2015;149(7):1784-1793.

	 66.	 Caussy	C,	Soni	M,	Cui	J,	et	al.	Nonalcoholic	fatty	liver	disease	with	
cirrhosis increases familial risk for advanced fibrosis. J Clin Investig. 
2017;127(7):2697-2704.

	 67.	 Hagström	H,	Nasr	P,	Ekstedt	M,	et	al.	Cardiovascular	risk	factors	in	
non-alcoholic fatty liver disease. Liver Int.	2019;39(1):197-204.

	 68.	 Madan	SA,	John	F,	Pyrsopoulos	N,	Pitchumoni	CS.	Nonalcoholic	
fatty liver disease and carotid artery atherosclerosis in children 
and adults. Eur J Gastro Hepatol.	2015;27(11):1237-1248.

	 69.	 Pacifico	 L,	 Cantisani	 V,	 Ricci	 P,	 et	 al.	 Nonalcoholic	 fatty	 liver	
disease and carotid atherosclerosis in children. Pediatr Res. 
2008;63(4):423-427.

	 70.	 Jin	R,	Le	N-A,	Cleeton	R,	et	al.	Amount	of	hepatic	fat	predicts	car-
diovascular	risk	independent	of	insulin	resistance	among	Hispanic-
American adolescents. Lipids Health Dis. 2015;14(1):1-8.

	 71.	 Schwimmer	JB,	Zepeda	A,	Newton	KP,	et	al.	Longitudinal	assess-
ment of high blood pressure in children with nonalcoholic fatty 
liver disease. PLoS One.	2014;9(11):1-17.

	 72.	 Pacifico	 P,	 Roggini	 A,	 D'Avanzo	 C.	 A	 systematic	 review	 of	
NAFLD-associated extrahepatic disorders in youths. J Clin Med. 
2019;8(6):868.

	 73.	 Newton	KP,	Hou	J,	Crimmins	NA,	et	al.	Prevalence	of	prediabetes	
and type 2 diabetes in children with nonalcoholic fatty liver dis-
ease. JAMA Pediatr.	2016;170(10):e161971.

	 74.	 Nobili	V,	Mantovani	A,	Cianfarani	S,	et	al.	Prevalence	of	prediabe-
tes and diabetes in children and adolescents with biopsy-proven 
non-alcoholic fatty liver disease. J Hepatol.	2019;71(4):802-810.

	 75.	 Dai	W,	 Ye	 L,	 Liu	 A,	 et	 al.	 Prevalence	 of	 nonalcoholic	 fatty	 liver	
disease in patients with type 2 diabetes mellitus: a meta-analysis. 
Medicine (United States).	2017;96(39):e8179.

	 76.	 Di	Costanzo	AD,	Pacifico	L,	D'Erasmo	L,	et	al.	Nonalcoholic	fatty	
liver disease (NAFLD), but not its susceptibility gene variants, 
influences the decrease of kidney function in overweight/obese 
children. Int J Mol Sci.	2019;20(18):4444.

	 77.	 Yodoshi	T,	Arce-Clachar	AC,	Sun	Q,	et	al.	Glomerular	hyperfiltra-
tion is associated with liver disease severity in children with nonal-
coholic fatty liver disease. J Pediatr.	2020;222:127-133.

	 78.	 Kambham	N,	Markowitz	GS,	Valeri	AM,	Lin	J,	D'Agati	VD.	Obesity-
related glomerulopathy: an emerging epidemic. Kidney Int. 
2001;59(4):1498-1509.

	 79.	 Marzuillo	 P,	 Di	 Sessa	 A,	 Guarino	 S,	 et	 al.	 Nonalcoholic	 fatty	
liver	 disease	 and	 eGFR	 levels	 could	 be	 linked	 by	 the	 PNPLA3	
I148M	 polymorphism	 in	 children	 with	 obesity.	 Pediatr Obes. 
2019;14(10):e12539.

	 80.	 Sundaram	SS,	Sokol	RJ,	Capocelli	KE,	et	al.	Obstructive	sleep	apnea	
and hypoxemia are associated with advanced liver histology in pe-
diatric nonalcoholic fatty liver disease. J Pediatr.	2014;164(4):699-
706.e1.

	 81.	 Sundaram	SS,	Halbower	AC,	Klawitter	 J,	 et	 al.	 Treating	obstruc-
tive sleep apnea and chronic intermittent hypoxia improves the 



     |  11 of 12CASTILLO-LEON ET AL.

severity of nonalcoholic fatty liver disease in children. J Pediatr. 
2018;198:67-75.e1.

	 82.	 Mantovani	A,	Gatti	D,	Zoppini	G,	et	al.	Association	between	non-
alcoholic fatty liver disease and reduced bone mineral density in 
children: a meta-analysis. Hepatology.	2019;70:812-823.

	 83.	 Abruzzese	GA,	Motta	AB.	Nonalcoholic	fatty	liver	disease	in	chil-
dren	 and	 adolescents	 –	 relationship	 with	 polycystic	 ovary	 syn-
drome. Curr Pharm Des. 2015;21(35):5144-5150.

	 84.	 Karaivazoglou	K,	Kalogeropoulou	M,	Assimakopoulos	S,	Triantos	
C. Psychosocial issues in pediatric nonalcoholic fatty liver disease. 
Psychosomatics.	2019;60(1):10-17.

	 85.	 Vos	MB,	Abrams	SH,	Barlow	SE,	et	al.	NASPGHAN	clinical	practice	
guideline for the diagnosis and treatment of nonalcoholic fatty liver 
disease in children: recommendations from the Expert Committee 
on	NAFLD	 (ECON)	and	 the	North	American	Society	of	Pediatric	
Gastroenterology,	 Hepatology	 and	 Nutrition	 (NASPGHAN).	 J 
Pediatr Gastroenterol Nutr.	2017;64(2):319-334.

	 86.	 Shapiro	WL,	Yu	EL,	Arin	JC,	et	al.	Clinical	practice	approach	to	non-
alcoholic fatty liver disease by pediatric gastroenterologists in the 
United	States.	J Pediatr Gastroenterol Nutr.	2019;68(2):182-189.

	 87.	 Shaw	 JLV,	 Cohen	A,	 Konforte	D,	 Binesh-Marvasti	 T,	 Colantonio	
DA,	Adeli	K.	Validity	of	establishing	pediatric	reference	intervals	
based on hospital patient data: a comparison of the modified 
Hoffmann	 approach	 to	CALIPER	 reference	 intervals	 obtained	 in	
healthy children. Clin Biochem.	2014;47:166-172.

	 88.	 Schwimmer	 JB,	Dunn	W,	Norman	GJ,	 et	 al.	 SAFETY	 study:	 ala-
nine aminotransferase cutoff values are set too high for reliable 
detection of pediatric chronic liver disease. Gastroenterology. 
2010;138(4):1357-1364.

	 89.	 Awai	HI,	Newton	KP,	Sirlin	CB,	Behling	C,	Schwimmer	JB.	Evidence	
and recommendations for imaging liver fat in children, based on 
systematic review. Clin Gastroenterol Hepatol.	2014;12(5):765-773.

	 90.	 Draijer	LG,	Feddouli	S,	Bohte	AE,	et	al.	Comparison	of	diagnostic	ac-
curacy of screening tests ALT and ultrasound for pediatric non-al-
coholic fatty liver disease. Eur J Pediatr.	2019;178(6):863-870.

	 91.	 Yang	HR,	Kim	HR,	Kim	MJ,	Ko	JS,	Seo	JK.	Noninvasive	parameters	
and hepatic fibrosis scores in children with nonalcoholic fatty liver 
disease. World J Gastroenterol. 2012;18(13):1525-1530.

	 92.	 Mansoor	S,	Yerian	L,	Kohli	R,	et	al.	The	evaluation	of	hepatic	fibro-
sis scores in children with nonalcoholic fatty liver disease. Dig Dis 
Sci.	2015;60(5):1440-1447.

	 93.	 Alkhouri	N,	Carter-Kent	C,	 Lopez	R,	 et	 al.	A	 combination	of	 the	
pediatric NAFLD Fibrosis Index and enhanced liver fibrosis 
test identifies children with fibrosis. Clin Gastroenterol Hepatol. 
2011;9(2):150-155.e151.

	 94.	 Nobili	 V,	 Alisi	 A,	 Vania	 A,	 Tiribelli	 C,	 Pietrobattista	 A,	 Bedogni	
G.	The	pediatric	NAFLD	fibrosis	 index:	a	predictor	of	 liver	fibro-
sis in children with non-alcoholic fatty liver disease. BMC Med. 
2009;7(1):21.

	 95.	 Jackson	JA,	Konomi	JV,	Mendoza	MV,	et	al.	Performance	of	fibro-
sis prediction scores in paediatric non-alcoholic fatty liver disease. 
J Paediatr Child Health.	2018;54:172-176.

	 96.	 Lebensztejn	DM,	Wierzbicka	A,	Socha	P,	et	al.	Cytokeratin-18	and	
hyaluronic acid levels predict liver fibrosis in children with non-al-
coholic fatty liver disease. Acta Biochim Pol.	2011;58(4):563-566.

	 97.	 Mandelia	C,	Collyer	E,	Mansoor	S,	et	al.	Plasma	cytokeratin-18	level	
as a novel biomarker for liver fibrosis in children with nonalcoholic 
fatty liver disease. J Pediatr Gastroenterol Nutr.	2016;63(2):181-187.

	 98.	 Mosca	A,	Comparcola	D,	Romito	 I,	et	al.	Plasma	N-terminal	pro-
peptide of type III procollagen accurately predicts liver fibrosis 
severity in children with non-alcoholic fatty liver disease. Liver Int. 
2019;39(12):2317-2329.

	 99.	 Khusial	RD,	Cioffi	CE,	Caltharp	SA,	et	al.	Development	of	a	plasma	
screening panel for pediatric nonalcoholic fatty liver disease using 
metabolomics. Hepatol Commun.	2019;3(10):1311-1321.

	100.	 Africa	J,	Behling	CA,	Brunt	EM,	et	al.	In	children	with	nonalcoholic	
fatty	 liver	 disease,	 zone	1	 steatosis	 is	 associated	with	 advanced	
fibrosis. Clin Gastroenterol Hepatol.	2018;16(3):438-446.e1.

	101.	 Crespo	M,	Lappe	S,	Feldstein	AE,	Alkhouri	N.	Similarities	and	dif-
ferences between pediatric and adult nonalcoholic fatty liver dis-
ease. Metab Clin Exp.	2016;65(8):1161-1171.

	102.	 Shin	J,	Kim	MJ,	Shin	HJ,	et	al.	Quick	assessment	with	controlled	
attenuation parameter for hepatic steatosis in children based on 
MRI-PDFF	as	the	gold	standard.	BMC Pediatr.	2019;19(1):1-9.

	103.	 Fitzpatrick	 E,	Quaglia	A,	Vimalesvaran	 S,	 Basso	MS,	Dhawan	A.	
Transient elastography is a useful noninvasive tool for the eval-
uation of fibrosis in paediatric chronic liver disease. J Pediatr 
Gastroenterol Nutr.	2013;56(1):72-76.

	104.	 Raizner	A,	Shillingford	N,	Mitchell	PD,	et	al.	Hepatic	inflammation	
may influence liver stiffness measurements by transient elastog-
raphy in children and young adults. J Pediatr Gastroenterol Nutr. 
2017;64(4):512-517.

	105.	 Di	Martino	M,	Pacifico	L,	Bezzi	M,	et	al.	Comparison	of	magnetic	
resonance spectroscopy, proton density fat fraction and histolog-
ical analysis in the quantification of liver steatosis in children and 
adolescents. World J Gastroenterol.	2016;22(39):8812-8819.

	106.	 Middleton	MS,	 Van	Natta	ML,	Heba	 ER,	 et	 al.	 Diagnostic	 accu-
racy of magnetic resonance imaging hepatic proton density fat 
fraction in pediatric nonalcoholic fatty liver disease. Hepatology. 
2018;67(3):858-872.

	107.	 Arsik	 I,	Frediani	J,	Frezza	D,	et	al.	Alanine	aminotransferase	as	a	
monitoring biomarker in children with nonalcoholic fatty liver 
disease: a secondary analysis using TONIC trial data. Children. 
2018;5(6):64.

	108.	 Anania	C,	Perla	FM,	Olivero	F,	Pacifico	L,	Chiesa	C.	Mediterranean	
diet and nonalcoholic fatty liver disease. World J Gastroenterol. 
2018;24(19):2083-2094.

	109.	 Razavi	 Zade	M,	 Telkabadi	MH,	Bahmani	 F,	 Salehi	 B,	 Farshbaf	 S,	
Asemi	Z.	The	effects	of	DASH	diet	on	weight	loss	and	metabolic	
status in adults with non-alcoholic fatty liver disease: a random-
ized	clinical	trial.	Liver Int.	2016;36(4):563-571.

	110.	 Mosca	A,	Nobili	V,	De	Vito	R,	et	al.	Serum	uric	acid	concentrations	
and	fructose	consumption	are	independently	associated	with	NASH	
in children and adolescents. J Hepatol.	2017;66(5):1031-1036.

	111.	 Ouyang	 X,	 Cirillo	 P,	 Sautin	 Y,	 et	 al.	 Fructose	 consumption	 as	
a risk factor for non-alcoholic fatty liver disease. J Hepatol. 
2008;48(6):993-999.

	112.	 Schwarz	 JM,	 Noworolski	 SM,	 Erkin-Cakmak	 A,	 et	 al.	 Effects	 of	
dietary fructose restriction on liver fat, de novo lipogenesis, 
and insulin kinetics in children with obesity. Gastroenterology. 
2017;153(3):743-752.

	113.	 Schwimmer	 JB,	 Ugalde-Nicalo	 P,	 Welsh	 JA,	 et	 al.	 Effect	 of	 a	
low free sugar diet vs usual diet on nonalcoholic fatty liver dis-
ease	 in	 adolescent	 boys:	 a	 randomized	 clinical	 trial.	 JAMA. 
2019;321(3):256-265.

	114.	 Green	CJ,	Hodson	L.	The	influence	of	dietary	fat	on	liver	fat	accu-
mulation. Nutrients.	2014;6(11):5018-5033.

	115.	 Parry	 SA,	 Hodson	 L.	 Influence	 of	 dietary	 macronutrients	
on liver fat accumulation and metabolism. J Investig Med. 
2017;65(8):1102-1115.

	116.	 Ramon-Krauel	 M,	 Salsberg	 SL,	 Ebbeling	 CB,	 et	 al.	 A	 low-glyce-
mic-load versus low-fat diet in the treatment of fatty liver in obese 
children. Childhood Obesity.	2013;9(3):252-260.

	117.	 Sekkarie	A,	Welsh	JA,	Vos	MB.	Carbohydrates	and	diet	patterns	in	
nonalcoholic fatty liver disease in children and adolescents. Curr 
Opin Clin Nutr Metab Care. 2018;21(4):283-288.

	118.	 Davis	JN,	Lê	KA,	Walker	RW,	et	al.	Increased	hepatic	fat	in	over-
weight	Hispanic	youth	influenced	by	interaction	between	genetic	
variation in PNPLA3 and high dietary carbohydrate and sugar con-
sumption. Am J Clin Nutr.	2010;92(6):1522-1527.



12 of 12  |     CASTILLO-LEON ET AL.

	119.	 Walsh	 SM,	 Palmer	W,	Welsh	 JA,	 Vos	 MB.	 Challenges	 and	 suc-
cesses of a multidisciplinary pediatric obesity treatment program. 
Nutr Clin Pract.	2014;29(6):780-785.

	120.	 Takahashi	Y,	Sugimoto	K,	 Inui	H,	Fukusato	T.	Current	pharmaco-
logical therapies for nonalcoholic fatty liver disease/nonalcoholic 
steatohepatitis. World J Gastroenterol.	2015;21(13):3777-3785.

	121.	 Xanthakos	SA,	Schwimmer	JB.	Paediatric	gastroenterology.	On	a	
knife-edge–weight-loss	surgery	for	NAFLD	in	adolescents.	Nat Rev 
Gastroenterol Hepatol.	2015;12(6):316-318.

	122.	 Vos	MB,	Dimick-Santos	L,	Mehta	R,	et	al.	Factors	to	consider	in	de-
velopment of drugs for pediatric nonalcoholic fatty liver disease. 
Gastroenterology.	2019;157(6):1448-1456.e1.

	123.	 Welsh	 JA,	Karpen	S,	Vos	MB.	 Increasing	prevalence	of	nonalco-
holic	fatty	liver	disease	among	United	States	adolescents,	1988–
1994	to	2007–2010.	J Pediatr.	2013;162(3):496-500.e1.

	124.	 Mrad	RA,	Merjaneh	N,	Mubarak	G,	Lopez	R,	Zein	NN,	Alkhouri	N.	
The increasing burden of nonalcoholic fatty liver disease among 
young	adults	in	the	United	States:	a	growing	epidemic.	Hepatology. 
2016;64(4):1386-1387.

	125.	 Alkhouri	 N,	 Hanouneh	 IA,	 Zein	 NN,	 et	 al.	 Liver	 transplantation	
for nonalcoholic steatohepatitis in young patients. Transpl Int. 
2016;29(4):418-424.

	126.	 Pelletier	JE,	Lytle	LA,	Laska	MN.	Stress,	health	risk	behaviors,	and	
weight status among community college students. Health Educ 
Behav.	2016;43(2):139-144.

	127.	 Sofer	D.	The	number	of	uninsured	Americans	is	on	the	rise	again.	
Am J Nurs.	2019;119(4):15.

	128.	 Suris	 JC,	 Michaud	 PA,	 Viner	 R.	 The	 adolescent	 with	 a	 chronic	
condition. Part I: developmental issues. Arch Dis Child. 
2004;89(10):938-942.

	129.	 Vermeire	E,	Hearnshaw	H,	Van	Royen	P,	Denekens	J.	Patient	ad-
herence to treatment: three decades of research. A comprehen-
sive review. J Clin Pharm Ther.	2001;26(5):331-342.

How to cite this article:	Castillo-Leon	E,	Cioffi	CE,	Vos	MB.	
Perspectives on youth-onset nonalcoholic fatty liver disease. 
Endocrinol Diab Metab. 2020;3:e00184. https://doi.
org/10.1002/edm2.184

https://doi.org/10.1002/edm2.184
https://doi.org/10.1002/edm2.184

