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Abstract

Objectives

To investigate changes of fat in bone marrow (BM) and paraspinal muscle (PSM) associated

with the degree of fatty liver in pediatric patients with non-alcoholic fatty liver disease

(NAFLD) in consideration of age and body mass index (BMI).

Methods

Hepatic fat, BM fat, and PSM fat from proton density fat fraction of liver MRI between June

2015 and April 2019 were quantitatively evaluated on axial images of the fat map at the mid-

level of T11-L2 vertebral bodies for BM fat and at the mid-level of L2 for PSM fat. Age,

height, and weight at the time of MRI were recorded and BMI was calculated. Correlation

analysis was performed.

Results

A total of 147 patients (114 male) were included with a mean age of 13.3 ± 2.9 years (range

7–18 years). The mean fat fractions were 24.3 ± 13.0% (2–53%) in liver, 37.4 ± 8.6% (17.3–

56%) in vertebral BM, and 2.7 ± 1.1% (1.0–6.9%) in PSM. Age, height, weight, and BMI

were not correlated with liver fat or BM fat. However, weight (ρ = 0.174, p = 0.035) and BMI

(ρ = 0.247, p = 0.003) were positively correlated with PSM fat. Liver fat showed positive cor-

relation with BM fat when adjusting age and BMI (ρ = 0.309, p<0.001), but not with PSM fat.

Conclusions

BM fat positively correlates with liver fat, but not with age or BMI in pediatric NAFLD

patients.
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Introduction

With sedentary lifestyle there is a considerable increase in the prevalence of obesity among

pediatric and adolescent children with an estimated prevalence in developed countries greater

than 30% [1]. The World Health Organization summarized that worldwide obesity has nearly

tripled since 1975 and over 340 million children and adolescents aged 5–19 were overweight

or obese in 2016. Accompanied with increased obesity, non-alcoholic fatty liver disease

(NAFLD) has increased in children and is considered as the most common liver disease

among pediatric patients in the developed world [2–4]. However, there is great variation in the

reported prevalence of NAFLD in children with obesity, with a wide range of prevalence from

1.7% to 85% [5–7]. This variability in prevalence estimates could be due to different body mass

index (BMI) references, study design, ethnicity, and geography [7].

Pediatric NAFLD can cause not only chronic liver disease but also extrahepatic complica-

tions such as cardiovascular disease, dyslipidemia, type 2 diabetes mellitus, hypertension, and

low bone mineral density [8–10]. The main organ for lipid metabolism is the liver; therefore,

insulin resistance in liver and adipose tissue in obese patients can cause excessive free fatty

acids and the subsequent accumulation of triglycerides in hepatocytes and other tissues includ-

ing skeletal muscle and bone marrow (BM) [11–13].

Obese children with NAFLD are more susceptible to low bone mineral density than chil-

dren without obesity or NAFLD [14,15]. However, there are limited studies about BM fat con-

tent in pediatric NAFLD patients, and the published studies report discrepant results [16,17].

In adolescents, hematopoietic marrow is progressively converted to fatty marrow. Therefore,

we need to differentiate normal fatty marrow conversion with abnormal BM fat infiltration. In

addition, there are some reports about the correlation between fatty liver and peripheral mus-

cle insulin sensitivity [18,19]. However, no reports have focused on the relationship between

skeletal muscle fat content and fatty liver. Therefore, the purpose of this study was to investi-

gate the changes of fat in BM and PSM associated with the degree of fatty liver in pediatric

patients with known or suspected NAFLD in consideration of age and BMI.

Materials and methods

Study population

The approval of institutional review board of Severance Hospital was obtained for this retro-

spective study (approval number 4-2019-0394) for anonymized data review and the need to

obtain informed consent was waived. This study included consecutive pediatric patients who

underwent fat quantification liver MRI, including proton density fat fraction (PDFF), between

June 2015 and April 2019 to evaluate NAFLD in our academic children’s hospital. All patients

had known NAFLD or suspected NAFLD based on prior clinical history, ultrasonographic

findings (increased liver parenchymal echo), or unexplained liver enzyme (alanine amino-

transferase, aspartate aminotransferase, or γ-glutamyltransferase) elevation with obesity. We

excluded patients who had clinical or laboratory evidence of liver disease other than NAFLD

(e.g., glycogen storage disease, hepatic congestion from heart disease, or virus hepatitis) or

hepatic mass. Patient age, height, and weight were recorded at the time of MRI examination

and BMI was calculated. To evaluate the effect of obesity in our study population, we divided

the patients into three groups based on BMI as normal, overweight and obesity. Overweight

was defined as a BMI greater than the 85th percentile for age, and obesity was defined as a

BMI at or above the 95th percentile for children of the same age and sex.
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Imaging study

All MRI examinations were performed with patients lying supine on a 3T MRI system (Dis-

covery 750w, GE Healthcare, Waukesha, WI, USA) with a 32-channel body coil. MRI acquisi-

tion included single shot fast spin echo T2-weighted axial and coronal images and iterative

decomposition of water and fat with echo asymmetry and least-squares estimation (IDEA-

L-IQ) axial images of the liver. Single shot fast spin echo images were used to identify anatomi-

cal locations of the liver, T11-L2 vertebral bodies, and PSM. The IDEAL-IQ sequence was used

to obtain PDFF (water-triglyceride fat separation) maps of the abdomen from a single breath-

hold acquisition. The parameters of IDEAL-IQ were as follows: repetition time, 5.8 msec; field

of view, 35–42 cm; bandwidth, 125 kHz; flip angle, 3˚; section thickness, 8 mm; and a single

three-dimensional image with 25 to 30 sections.

Image analysis

All images were retrospectively reviewed and analyzed by a musculoskeletal radiologist with 6

years of experience in musculoskeletal radiology who was blinded to the electronic medical

records of the patients, including the radiology report and the final diagnosis. All images were

digitally assessed using a commercially-available picture archiving and communications sys-

tem workstation (Centricity1 Radiology RA1000, GE Healthcare, Barrington, IL, USA).

Hepatic PDFF measurements were performed by drawing regions of interest (ROIs) with the

maximal area in the right hepatic lobe in three contiguous axial images. The ROIs were oval or

circular in shape and excluded the liver boundary, fissures, gall bladder fossa, artifacts, and

large blood vessels. The PDFF measurements of vertebral BM were performed by drawing four

ROIs with the maximal area at the mid-level of the each T11, T12, L1, and L2 vertebral body.

The ROIs excluded the endplates and vertebral boundaries. The PDFF measurements of PSM

were also performed by drawing ROIs with the maximal axial area in PSM bilaterally at the

mid-level of L2. The average values of liver, BM, and PSM fat fraction measurements were cal-

culated and used as the representative value in each patient.

Statistical analysis

All statistical analyses were performed using the SPSS software package (IBM SPSS Statistics

version 21; IBM Corp., Armonk, NY, USA), SAS (version 9.4; SAS Inc., Cary, NC, USA) and

PASS (version 12; NCSS, LLC, Kaysville, Utah, USA). Independent t-test was used for the com-

parison of gender and BMI groups. Pearson’s correlation coefficient (ρ) was calculated to eval-

uate the correlations between variables. Partial correlation analysis was also performed. In

addition, we performed a linear regression analysis of the correlation variables including both

simple and multiple linear regression in considering with interaction. The power of correlation

analyses were verified using post-hoc power analysis. A p-value < 0.05 was deemed to indicate

statistically significant differences.

Results

Patient characteristics and fat fractions

A total of 147 patients (114 male and 33 female) were included in this study. The mean age was

13.3 ± 2.9 years with a range of 7–18 years. The range of patient height was 100–186 cm and

that of weight was 18–133 kg. The BMI of the patients ranged from 14.2–41.0 kg/m2 with a

mean of 27.5 ± 5.2 kg/m2. Based on BMI, 32 patients were overweight and 92 patients were

obese.
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Among the patients, 135 patients had increased fat infiltration in the liver, and the remain-

ing 12 patients (including three overweight and five obese patients) had a normal limit of fat as

less than 6% [20] in liver based on PDFF. The mean hepatic fat fraction was 24.3 ± 13.0% with

a range of 2–53%. The fat fraction could be obtained from all the T11-L2 vertebral levels for

BM fat and the mid L2 levels for PSM fat in all included patients. The range of BM fat fraction

was 17.3–56.0% with a mean of 37.4 ± 8.6%. The range of PSM fat fraction was 1.0–6.9% with

a mean of 2.7 ± 1.1%.

There were only four patients (three boys and one girl) with normal BMI and no hepatic fat

infiltration. The age range was 9–16 years, BM fat fraction was 28.2–52.0%, and PSM fat frac-

tion was 1.1–2.5% in these four patients.

When comparing boys and girls, boys were taller (160.5 ± 14.6 cm vs. 153.6 ± 14.4 cm,

p = 0.018) and heavier (73.9 ± 24.0 kg vs. 63.4 ± 19.3 kg, p = 0.012) than girls. However, age,

BMI, liver fat, BM fat, and PSM fat were not different between the two groups.

In BMI group analysis, liver fat and BM fat were not different among the three groups.

However, PSM fat was lower in the normal group (2.0 ± 0.8%) compared with overweight

(2.8 ± 1.1%, p = 0.016) and obese (2.9 ± 1.1%, p = 0.001) groups.

Correlation and regression results

Table 1 shows the correlation results between the variables. Age, height, weight, and BMI were

not correlated with liver or BM fat fractions. However, weight (ρ = 0.174, p = 0.035) and BMI

(ρ = 0.247, p = 0.003) were positively correlated with PSM fat fraction (Fig 1A). The liver fat

fraction showed a positive correlation with the BM fat fraction (ρ = 0.309, p<0.001) (Fig 1B)

and PSM fat fraction (ρ = 0.171, p = 0.038) (Fig 2), even though the strength of correlation was

poor to fair [21]. There was also a positive correlation between the BM and PSM fat fractions

(ρ = 0.239, p = 0.004).

Simple linear regression analysis demonstrated that BM fat had linear relationships with

liver fat (β = 0.20, p<0.001) and PSM fat (β = 1.89, p = 0.004), but no relationship with age, sex

or BMI group. Multiple regression analysis for BM fat also showed positive linear relationship

with PSM fat (R2 = 0.198, Table 2). One percent increase of PSM fat was associated with 6.62%

increase of BM fat in the normal BMI group (p = 0.009) and 0.82% (= 6.62–5.80) increase of

BM fat in the obese BMI group (p = 0.027).

In partial correlation analysis, liver fat also showed positive correlation with BM fat fraction

after adjusting for BMI (ρ = 0.316, p<0.001) and for both age and BMI (ρ = 0.309, p<0.001).

Fat fractions of BM and PSM also showed positive correlations after adjusting for BMI (ρ =

0.258, p = 0.002) and for both age and BMI (ρ = 0.251, p = 0.002). However, liver fat and PSM

fat showed no correlation after adjusting for BMI and/or age (Table 3).

Table 1. Correlation between patient characteristics and fat fraction values.

Liver fat fraction (%) BM fat fraction (%) PSM fat fraction (%)

ρ p-value ρ p-value ρ p-value

Age (years) -0.070 0.398 -0.084 0.314 0.013 0.877

Height (m) -0.053 0.521 -0.053 0.521 0.089 0.286

Weight (kg) 0.009 0.915 -0.064 0.444 0.174 0.035

BMI (kg/m2) 0.114 0.169 -0.044 0.594 0.247 0.003

Liver fat fraction (%) 0.309 <0.001 0.171 0.038

BM fat fraction (%) 0.239 0.004

BM, bone marrow; PSM, paraspinal muscle; BMI, body mass index

https://doi.org/10.1371/journal.pone.0234096.t001
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In subgroup analysis based on BMI, liver fat and BM fat showed positive correlation in the

overweight (ρ = 0.403, p = 0.022) and obese (ρ = 0.278, p = 0.007) groups but not in the normal

BMI group (ρ = 0.264, p = 0.224). In the evaluation of power of correlation analysis (α = 0.05),

normal BMI group had low power (0.232) compared with obese BMI group (power = 0.773)

for analyzing the correlation between liver fat and BM fat, even though the correlation

Fig 1. Scatter plots for the correlations between variables including body mass index (BMI) groups. Based on BMI, 23 patients were normal, 32 patients were

overweight, and 92 patients were obese. (A) There was a poor, but positive correlation between BMI and paraspinal muscle (PSM) fat fraction (ρ = 0.247, p = 0.003).

(B) There was also fair and positive correlation between liver and bone marrow (BM) fat fractions (ρ = 0.309, p<0.001). From the linear regression analysis, the slope

(β) between BMI and PSM fat was 0.05 (R = 0.244, p = 0.003) and that between liver fat and BM fat was 0.20 (R = 0.309, p<0.001).

https://doi.org/10.1371/journal.pone.0234096.g001

Fig 2. An 11-year-old boy with normal BMI, fatty liver, and high BM fat fraction. His height was 144 cm and weight was 40 kg. The BMI score was 19.3 kg/m2 and

was within the normal range of his age group. (A) A coronal T2-weighted single shot fast spin echo image of the abdomen demonstrates hepatomegaly with diffusely

increased T2 signal intensity of the liver from fat infiltration. The hepatic fat fraction was 48.0%. (B) An axial proton density fat fraction image of mid L2 level shows the

location of regions of interest (ROIs) to measure vertebral BM fat fraction (yellow circle) and bilateral PSM fat fractions (white circles). The mean BM fat fraction was

50.6%, which was high; however, the mean PSM fat fraction was only 1.3%.

https://doi.org/10.1371/journal.pone.0234096.g002
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coefficients were similar (ρ = 0.264 in normal group and ρ = 0.278 in obese group). BM and

PSM fat showed significant correlation in the normal BMI (ρ = 0.495, p = 0.016) and over-

weight (ρ = 0.503, p = 0.003) group, but not in the obese group (ρ = 0.129, p = 0.222). There

was no correlation between liver fat and PSM fat in these subgroup analyses (Table 3).

Discussion

There is a growing number of NAFLD patients worldwide, especially in patients with obesity.

A recent study including 408 children demonstrated that NAFLD is common in children with

obesity, found in nearly one-third of boys and one-fourth of girls [7]. Moreover, NAFLD is

not only a liver disease, but is also associated with extrahepatic complications [9,10]. There-

fore, it is necessary to distinguish the progression of NAFLD from normal growth in children

and adolescents, but research on this topic is insufficient.

In this study, we investigated the changes of fat content in vertebral BM and PSM associated

with age, BMI, and the degree of fatty liver in 147 pediatric patients with known or suspected

Table 2. Multiple regression for BM fat fraction in consideration with other variables.

Predictor Estimate (β) Standard error p-value

Age (years) -0.12 0.25 0.623

Sex Male Reference

Female -1.12 1.64 0.496

BMI group Normal Reference

Overweight 0.31 6.52 0.962

Obese 6.50 5.69 0.255

Liver fat fraction (%) 0.05 0.14 0.733

PSM fat fraction (%) 6.62 2.49 0.009

BMI and liver fat fraction Normal and liver fat fraction Reference

Overweight and liver fat fraction 0.13 0.17 0.447

Obese and liver fat fraction 0.13 0.15 0.400

BMI and PSM fat fraction Normal and PSM fat fraction Reference

Overweight and PSM fat fraction -3.01 2.84 0.290

Obese and PSM fat fraction -5.80 2.60 0.027

https://doi.org/10.1371/journal.pone.0234096.t002

Table 3. Subgroup results of fat fraction correlation analyses.

Liver-BM Liver-PSM BM-PSM

ρ p-value ρ p-value ρ p-value

All patients Without adjustment 0.309 <0.001 0.171 0.038 0.239 0.004

Adjusting age 0.304 <0.001 0.173 0.037 0.241 0.003

Adjusting BMI 0.316 <0.001 0.149 0.073 0.258 0.002

Adjusting age and BMI 0.309 <0.001 0.126 0.130 0.251 0.002

BMI groups Normal (n = 23) 0.264 0.224 0.407 0.054 0.495 0.016

(0.232) (0.504) (0.699)

Overweight (n = 32) 0.403 0.022 0.225 0.216 0.503 0.003

(0.647) (0.238) (0.858)

Obese (n = 92) 0.278 0.007 0.068 0.520 0.129 0.222

(0.773) (0.099) (0.233)

BM, bone marrow; PSM, paraspinal muscle; BMI, body mass index

The numbers in parentheses mean power of correlation analysis from post-hoc power analysis.

https://doi.org/10.1371/journal.pone.0234096.t003
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NAFLD. We found that age and height were not associated with liver, BM, or PSM fat. BM fat

increased according to increased liver fat, even after adjusting age and BMI. On the other

hand, PSM fat was associated with obesity, but not with fatty liver. Therefore, in the progres-

sion of NAFLD in pediatric patients, fatty changes in the BM could be worse than normal,

which may require further evaluation of BM metabolism. The accumulation of fat in skeletal

muscle seems to be unrelated to NAFLD and associated with obesity.

Little is known about normal BM fat fraction in children. One previous report demon-

strated vertebral BM fat fraction using a dual echo sequence in 13 healthy children as 39 ± 5%

(range, 31–49%) [22]. In our study, only four patients were within normal limits of liver fat

fraction and BMI, and their BM fat fraction was 28.2–52.0%, comparable with the previous

study and was not different with other BMI groups.

There is growing interest in BM changes in obesity and NAFLD patients. In 2012, Pardee

et al. [14] showed lower bone mineral density in obese children with NAFLD compared with

obese children without liver disease. A recent meta-analysis confirmed that the presence and

severity of NAFLD are associated with reduced bone mineral density in children and adoles-

cents [23]. There could be a negative association between BM fat fraction and bone mineral

density [24]. Therefore, our results of increased BM fat fraction in more severe fatty liver is

consistent with previous results; however, there could be a confounding relationship between

marrow adipose tissue and hematopoiesis, bone mineral density, bone strength, and metabolic

function [25]. Additional study for the actual and detailed relationship between BM fat and

bone mineral density in pediatric NAFLD patients is needed.

The one study that focused on BM fat content in pediatric NAFLD patients showed a posi-

tive correlation between lumbar BM fat fraction and liver fat fraction (ρ = 0.24, p = 0.008),

even after adjusting for age, sex, and BMI [17]. However, the relationship was not found in

girls, possibly due to the relatively small number of girls enrolled in the study (43 girls vs. 82

boys). The number of females (n = 35) was also much lower than that of males (n = 114) in our

study, and the results of correlation between liver fat and BM fat fraction both before and after

adjusting age and BMI (ρ = 0.309, p<0.001) was very similar as a consistent result.

BM fat distributes differently across age and skeletal site, and BM fat of the 4th lumbar ver-

tebra showed a negative correlation with age (ρ = -0.36; p = 0.037) in 32 adolescents and

young adults with obesity [16]. However, hematopoietic bone marrow of the axial skeleton

and lumbar spine generally persists with minimal fatty conversion before the age of 20 in

healthy adolescents [26]. Our study also demonstrated no relationship between BM fat and age

or height in children. Although the study does not provide a normal BM fat fraction according

to childhood age, it appears that in pediatric patients, increased BM fat should be considered a

pathological finding, and not a function of normal growth.

As a metabolic disorder, the pathogenesis of NAFLD has complex interactions among hor-

monal, nutritional, and genetic factors [27]. Since there is a report that demonstrated sucrose

overfeeding increased liver and muscle fat deposition [28], there may be more fat deposits in

the muscles of NAFLD patients than in that of healthy individuals. However, there are only

reports about the relationship between aging and muscular fatty infiltration in adults in the lit-

erature [29,30] and little is known about muscle fat in children with NAFLD. Only one mag-

netic resonance spectroscopy study performed in Danish children demonstrated that fat

deposit in liver and muscle was associated with obesity-related metabolic dysfunctions, which

could increase cardiovascular disease risk [31]. Our study showed a positive correlation

between obesity and muscle fat infiltration in PSM regardless of growth in children with

NAFLD. Although the risk of cardiovascular disease has not been investigated in this study, it

is thought that early diagnosis of pathologic muscle fat depositions and reduction through

appropriate treatment will be important for the prevention of long-term cardiovascular
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complications, as fat deposits in pediatric patients can be reduced reversibly through multidis-

ciplinary intervention programs [32]. Further prospective research is needed for this topic.

We acknowledge some limitations of our study. First, it was a retrospective study and we

included only patients with fat quantification MRI. As such, there were a limited number of

normal group patients with normal hepatic fat content and normal BMI. The second limita-

tion is that it was a cross-sectional study and we could not demonstrate causality of the results.

The third limitation is the limited area of BM or PSM fat evaluation in our study. It is necessary

to verify whether the region in which we measured the fat deposit in BM and PSM accurately

reflects the state of the whole body. Additional study is needed for this issue.

Conclusions

The fat fraction of BM or PSM is not associated with growth in children with NAFLD. The

severity of fatty liver is associated with increased vertebral BM fat. The severity of obesity has a

positive relationship with skeletal muscle fat infiltration but is not associated with fatty liver. It

will be necessary to set up different focusing sites of clinical concern depending on the status

of obesity and NAFLD during growth in children.

Supporting information

S1 Data.

(XLSX)

Author Contributions

Conceptualization: Haesung Yoon, Seung Kim, Mi-Jung Lee.

Data curation: Salman S. Albakheet, Haesung Yoon, Hong Koh, Seung Kim, Mi-Jung Lee.

Formal analysis: Salman S. Albakheet, Hong Koh, Mi-Jung Lee.

Investigation: Haesung Yoon, Hyun Joo Shin, Mi-Jung Lee.

Methodology: Salman S. Albakheet, Haesung Yoon, Hyun Joo Shin, Mi-Jung Lee.

Project administration: Mi-Jung Lee.

Resources: Hong Koh, Seung Kim, Mi-Jung Lee.

Software: Hyun Joo Shin, Seung Kim, Mi-Jung Lee.

Supervision: Hyun Joo Shin, Hong Koh, Mi-Jung Lee.

Validation: Salman S. Albakheet, Mi-Jung Lee.

Visualization: Salman S. Albakheet, Haesung Yoon, Hyun Joo Shin, Seung Kim, Mi-Jung Lee.

Writing – original draft: Salman S. Albakheet, Mi-Jung Lee.

Writing – review & editing: Haesung Yoon, Hyun Joo Shin, Mi-Jung Lee.

References
1. Knight JA. Diseases and disorders associated with excess body weight. Ann Clin Lab Sci. 2011; 41:

107–121. PMID: 21844568

2. Schwimmer JB, Deutsch R, Kahen T, Lavine JE, Stanley C, Behling C. Prevalence of fatty liver in chil-

dren and adolescents. Pediatrics. 2006; 118: 1388–1393. https://doi.org/10.1542/peds.2006-1212

PMID: 17015527

PLOS ONE Bone marrow fat in pediatric non-alcoholic fatty liver disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0234096 June 2, 2020 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234096.s001
http://www.ncbi.nlm.nih.gov/pubmed/21844568
https://doi.org/10.1542/peds.2006-1212
http://www.ncbi.nlm.nih.gov/pubmed/17015527
https://doi.org/10.1371/journal.pone.0234096


3. Vajro P, Lenta S, Socha P, Dhawan A, McKiernan P, Baumann U, et al. Diagnosis of nonalcoholic fatty

liver disease in children and adolescents: position paper of the ESPGHAN Hepatology Committee. J

Pediatr Gastroenterol Nutr. 2012; 54: 700–713. https://doi.org/10.1097/MPG.0b013e318252a13f

PMID: 22395188

4. Giorgio V, Prono F, Graziano F, Nobili V. Pediatric non alcoholic fatty liver disease: old and new con-

cepts on development, progression, metabolic insight and potential treatment targets. BMC Pediatr.

2013; 13: 40. https://doi.org/10.1186/1471-2431-13-40 PMID: 23530957

5. Jimenez-Rivera C, Hadjiyannakis S, Davila J, Hurteau J, Aglipay M, Barrowman N, et al. Prevalence

and risk factors for non-alcoholic fatty liver in children and youth with obesity. BMC Pediatr. 2017; 17:

113. https://doi.org/10.1186/s12887-017-0867-z PMID: 28446162

6. Xanthakos SA, Jenkins TM, Kleiner DE, Boyce TW, Mourya R, Karns R, et al. High Prevalence of Non-

alcoholic Fatty Liver Disease in Adolescents Undergoing Bariatric Surgery. Gastroenterology. 2015;

149: 623–634.e628. https://doi.org/10.1053/j.gastro.2015.05.039 PMID: 26026390

7. Yu EL, Golshan S, Harlow KE, Angeles JE, Durelle J, Goyal NP, et al. Prevalence of Nonalcoholic Fatty

Liver Disease in Children with Obesity. J Pediatr. 2019; 207: 64–70. https://doi.org/10.1016/j.jpeds.

2018.11.021 PMID: 30559024

8. Schwimmer JB, Pardee PE, Lavine JE, Blumkin AK, Cook S. Cardiovascular risk factors and the meta-

bolic syndrome in pediatric nonalcoholic fatty liver disease. Circulation. 2008; 118: 277–283. https://doi.

org/10.1161/CIRCULATIONAHA.107.739920 PMID: 18591439

9. Selvakumar PKC, Kabbany MN, Nobili V, Alkhouri N. Nonalcoholic Fatty Liver Disease in Children:

Hepatic and Extrahepatic Complications. Pediatr Clin North Am. 2017; 64: 659–675. https://doi.org/10.

1016/j.pcl.2017.01.008 PMID: 28502444

10. Bush H, Golabi P, Younossi ZM. Pediatric Non-Alcoholic Fatty Liver Disease. Children (Basel). 2017; 4:

48.

11. Lomonaco R, Chen J, Cusi K. An Endocrine Perspective of Nonalcoholic Fatty Liver Disease (NAFLD).

Therapeutic advances in endocrinology and metabolism. 2011; 2: 211–225. https://doi.org/10.1177/

2042018811419157 PMID: 23148186

12. Lionetti L, Mollica MP, Lombardi A, Cavaliere G, Gifuni G, Barletta A. From chronic overnutrition to insu-

lin resistance: The role of fat-storing capacity and inflammation. Nutrition, Metabolism and Cardiovascu-

lar Diseases. 2009; 19: 146–152. https://doi.org/10.1016/j.numecd.2008.10.010 PMID: 19171470

13. Bredella MA, Gill CM, Gerweck AV, Landa MG, Kumar V, Daley SM, et al. Ectopic and serum lipid levels

are positively associated with bone marrow fat in obesity. Radiology. 2013; 269: 534–541. https://doi.

org/10.1148/radiol.13130375 PMID: 23861502

14. Pardee PE, Dunn W, Schwimmer JB. Non-alcoholic fatty liver disease is associated with low bone min-

eral density in obese children. Aliment Pharmacol Ther. 2012; 35: 248–254. https://doi.org/10.1111/j.

1365-2036.2011.04924.x PMID: 22111971

15. Sun Y, Dai W, Liang Y, Yang P, Yang Q, Liang M, et al. Relationship between nonalcoholic fatty liver

disease and bone mineral density in adolescents with obesity: a meta-analysis. Diabetes Metab Syndr

Obes. 2019; 12: 199–207. https://doi.org/10.2147/DMSO.S192256 PMID: 30787626

16. Singhal V, Torre Flores LP, Stanford FC, Toth AT, Carmine B, Misra M, et al. Differential associations

between appendicular and axial marrow adipose tissue with bone microarchitecture in adolescents and

young adults with obesity. Bone. 2018; 116: 203–206. https://doi.org/10.1016/j.bone.2018.08.009

PMID: 30107255

17. Yu NY, Wolfson T, Middleton MS, Hamilton G, Gamst A, Angeles JE, et al. Bone marrow fat content is

correlated with hepatic fat content in paediatric non-alcoholic fatty liver disease. Clin Radiol. 2017; 72:

425.e429–425.e414.

18. D’Adamo E, Cali AM, Weiss R, Santoro N, Pierpont B, Northrup V, et al. Central role of fatty liver in the

pathogenesis of insulin resistance in obese adolescents. Diabetes Care. 2010; 33: 1817–1822. https://

doi.org/10.2337/dc10-0284 PMID: 20668154

19. Deivanayagam S, Mohammed BS, Vitola BE, Naguib GH, Keshen TH, Kirk EP, et al. Nonalcoholic fatty

liver disease is associated with hepatic and skeletal muscle insulin resistance in overweight adoles-

cents. Am J Clin Nutr. 2008; 88: 257–262. https://doi.org/10.1093/ajcn/88.2.257 PMID: 18689359

20. Shin HJ, Kim HG, Kim MJ, Koh H, Kim HY, Roh YH, et al. Normal range of hepatic fat fraction on dual-

and triple-echo fat quantification MR in children. PLoS One. 2015; 10: e0117480. https://doi.org/10.

1371/journal.pone.0117480 PMID: 25659155

21. Chan YH. Biostatistics 104: correlational analysis. Singapore Med J. 2003; 44: 614–619. PMID:

14770254

PLOS ONE Bone marrow fat in pediatric non-alcoholic fatty liver disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0234096 June 2, 2020 9 / 10

https://doi.org/10.1097/MPG.0b013e318252a13f
http://www.ncbi.nlm.nih.gov/pubmed/22395188
https://doi.org/10.1186/1471-2431-13-40
http://www.ncbi.nlm.nih.gov/pubmed/23530957
https://doi.org/10.1186/s12887-017-0867-z
http://www.ncbi.nlm.nih.gov/pubmed/28446162
https://doi.org/10.1053/j.gastro.2015.05.039
http://www.ncbi.nlm.nih.gov/pubmed/26026390
https://doi.org/10.1016/j.jpeds.2018.11.021
https://doi.org/10.1016/j.jpeds.2018.11.021
http://www.ncbi.nlm.nih.gov/pubmed/30559024
https://doi.org/10.1161/CIRCULATIONAHA.107.739920
https://doi.org/10.1161/CIRCULATIONAHA.107.739920
http://www.ncbi.nlm.nih.gov/pubmed/18591439
https://doi.org/10.1016/j.pcl.2017.01.008
https://doi.org/10.1016/j.pcl.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28502444
https://doi.org/10.1177/2042018811419157
https://doi.org/10.1177/2042018811419157
http://www.ncbi.nlm.nih.gov/pubmed/23148186
https://doi.org/10.1016/j.numecd.2008.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19171470
https://doi.org/10.1148/radiol.13130375
https://doi.org/10.1148/radiol.13130375
http://www.ncbi.nlm.nih.gov/pubmed/23861502
https://doi.org/10.1111/j.1365-2036.2011.04924.x
https://doi.org/10.1111/j.1365-2036.2011.04924.x
http://www.ncbi.nlm.nih.gov/pubmed/22111971
https://doi.org/10.2147/DMSO.S192256
http://www.ncbi.nlm.nih.gov/pubmed/30787626
https://doi.org/10.1016/j.bone.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30107255
https://doi.org/10.2337/dc10-0284
https://doi.org/10.2337/dc10-0284
http://www.ncbi.nlm.nih.gov/pubmed/20668154
https://doi.org/10.1093/ajcn/88.2.257
http://www.ncbi.nlm.nih.gov/pubmed/18689359
https://doi.org/10.1371/journal.pone.0117480
https://doi.org/10.1371/journal.pone.0117480
http://www.ncbi.nlm.nih.gov/pubmed/25659155
http://www.ncbi.nlm.nih.gov/pubmed/14770254
https://doi.org/10.1371/journal.pone.0234096


22. Razek A, Abdalla A, Barakat T, El-Taher H, Ali K. Multi-parametric MR imaging using apparent diffusion

coefficient and fat fraction in quantification of bone marrow in pediatrics with Gaucher disease. Clin

Imaging. 2018; 51: 318–322. https://doi.org/10.1016/j.clinimag.2018.06.011 PMID: 29958157

23. Mantovani A, Gatti D, Zoppini G, Lippi G, Bonora E, Byrne CD, et al. Association Between Nonalcoholic

Fatty Liver Disease and Reduced Bone Mineral Density in Children: A Meta-Analysis. Hepatology.

2019. 2019/02/02. https://doi.org/10.1002/hep.30538 PMID: 30706504

24. Cordes C, Baum T, Dieckmeyer M, Ruschke S, Diefenbach MN, Hauner H, et al. MR-Based Assess-

ment of Bone Marrow Fat in Osteoporosis, Diabetes, and Obesity. Front Endocrinol (Lausanne). 2016;

7: 74. https://doi.org/10.3389/fendo.2016.00074 PMID: 27445977

25. Hawkes CP, Mostoufi-Moab S. Fat-bone interaction within the bone marrow milieu: Impact on hemato-

poiesis and systemic energy metabolism. Bone. 2019; 119: 57–64. https://doi.org/10.1016/j.bone.2018.

03.012 PMID: 29550266

26. Ricci C, Cova M, Kang YS, Yang A, Rahmouni A, Scott WW Jr., et al. Normal age-related patterns of

cellular and fatty bone marrow distribution in the axial skeleton: MR imaging study. Radiology. 1990;

177: 83–88. https://doi.org/10.1148/radiology.177.1.2399343 PMID: 2399343

27. Carr RM, Oranu A, Khungar V. Nonalcoholic Fatty Liver Disease: Pathophysiology and Management.

Gastroenterol Clin North Am. 2016; 45: 639–652. https://doi.org/10.1016/j.gtc.2016.07.003 PMID:

27837778

28. Surowska A, Jegatheesan P, Campos V, Marques AS, Egli L, Cros J, et al. Effects of Dietary Protein

and Fat Content on Intrahepatocellular and Intramyocellular Lipids during a 6-Day Hypercaloric, High

Sucrose Diet: A Randomized Controlled Trial in Normal Weight Healthy Subjects. Nutrients. 2019; 11:

209.

29. Dahlqvist JR, Vissing CR, Hedermann G, Thomsen C, Vissing J. Fat Replacement of Paraspinal Mus-

cles with Aging in Healthy Adults. Med Sci Sports Exerc. 2017; 49: 595–601. https://doi.org/10.1249/

MSS.0000000000001119 PMID: 27741218

30. Crawford RJ, Filli L, Elliott JM, Nanz D, Fischer MA, Marcon M, et al. Age- and Level-Dependence of

Fatty Infiltration in Lumbar Paravertebral Muscles of Healthy Volunteers. AJNR Am J Neuroradiol.

2016; 37: 742–748. https://doi.org/10.3174/ajnr.A4596 PMID: 26635285

31. Fonvig CE, Chabanova E, Andersson EA, Ohrt JD, Pedersen O, Hansen T, et al. 1H-MRS Measured

Ectopic Fat in Liver and Muscle in Danish Lean and Obese Children and Adolescents. PLoS One. 2015;

10: e0135018. https://doi.org/10.1371/journal.pone.0135018 PMID: 26252778

32. Fonvig CE, Chabanova E, Ohrt JD, Nielsen LA, Pedersen O, Hansen T, et al. Multidisciplinary care of

obese children and adolescents for one year reduces ectopic fat content in liver and skeletal muscle.

BMC Pediatr. 2015; 15: 196. https://doi.org/10.1186/s12887-015-0513-6 PMID: 26714769

PLOS ONE Bone marrow fat in pediatric non-alcoholic fatty liver disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0234096 June 2, 2020 10 / 10

https://doi.org/10.1016/j.clinimag.2018.06.011
http://www.ncbi.nlm.nih.gov/pubmed/29958157
https://doi.org/10.1002/hep.30538
http://www.ncbi.nlm.nih.gov/pubmed/30706504
https://doi.org/10.3389/fendo.2016.00074
http://www.ncbi.nlm.nih.gov/pubmed/27445977
https://doi.org/10.1016/j.bone.2018.03.012
https://doi.org/10.1016/j.bone.2018.03.012
http://www.ncbi.nlm.nih.gov/pubmed/29550266
https://doi.org/10.1148/radiology.177.1.2399343
http://www.ncbi.nlm.nih.gov/pubmed/2399343
https://doi.org/10.1016/j.gtc.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27837778
https://doi.org/10.1249/MSS.0000000000001119
https://doi.org/10.1249/MSS.0000000000001119
http://www.ncbi.nlm.nih.gov/pubmed/27741218
https://doi.org/10.3174/ajnr.A4596
http://www.ncbi.nlm.nih.gov/pubmed/26635285
https://doi.org/10.1371/journal.pone.0135018
http://www.ncbi.nlm.nih.gov/pubmed/26252778
https://doi.org/10.1186/s12887-015-0513-6
http://www.ncbi.nlm.nih.gov/pubmed/26714769
https://doi.org/10.1371/journal.pone.0234096

