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Abstract

Objectives: To develop pediatric-specific models that predict liver stiffness and hepatic steatosis 

in non-alcoholic fatty liver disease (NAFLD), based on clinical and laboratory data.

Methods: Children with NAFLD, who had undergone magnetic resonance imaging with 

proton density fat fraction (MRI-PDFF) for steatosis quantification and/or magnetic resonance 

elastography (MRE) for liver stiffness assessment were included. We used data from patients 

imaged between April 2009 to July 2018 to develop a predictive model for fat fraction and 

stiffness. We validated the performance of the models using data from a second cohort, imaged 

between 2018 and 2019.

Results: The first cohort (n = 344) consisted of predominantly non-Hispanic (80%), male (67%) 

adolescents. MRE data were available for 343 children, while PDFF data were available for 130. 

In multivariable regression, ethnicity, insulin levels, platelet count, and aspartate aminotransferase 

independently predicted liver stiffness and these variables were used to develop the predictive 
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model. Similarly, sex, ethnicity, alanine aminotransferase, and triglycerides levels independently 

predicted liver PDFF and were used in the PDFF model. The AUC of the optimal cutoff for the 

model that predicted a stiffness of >2.71 kPa was 0.70 and for the model that predicted PDFF >5% 

was 0.78. The validation group (n=110) had similar characteristics. The correlation coefficient of 

the model with the measured liver stiffness was 0.30 and with the measured liver PDFF was 0.26.

Conclusions: Pediatric-specific models perform poorly at predicting exact liver stiffness and 

steatosis; however, in the absence of magnetic resonance imaging can be used to predict the 

presence of significant steatosis (>5%) and/or significant stiffness (>2.71). Thus, imaging remains 

an invaluable adjunct to laboratory investigations in determining disease severity.
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hepatic steatosis; liver fibrosis; magnetic resonance elastography; non-alcoholic fatty liver disease; 
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Non-alcoholic fatty liver disease (NAFLD) is a highly prevalent condition affecting more 

than one-third of the global population, with a growing prevalence in preschool ages 

children (1,2). NAFLD diagnosis traditionally requires a liver biopsy for confirmation, but 

magnetic resonance imaging (MRI) has significantly expanded our ability to accurately 

detect and measure steatosis and advanced fibrosis noninvasively (3–6). Liver biopsies are 

typically obtained on patients with persistently and significantly elevated liver enzymes, 

specifically alanine aminotransferase (ALT) (7); however, liver biopsies are invasive and, 

hence, far from ideal as the sole diagnostic tool of such a prevalent condition (6,8). In 

addition, clinicians are often hesitant to obtain liver biopsies for the indication of NAFLD 

(6). Serologic markers, such as ALT, are of limited value, as NAFLD can occur in patients 

with normal ALT levels (9–11). Similarly, ultrasonography, which is also often used for the 

identification of NAFLD, currently has suboptimal sensitivity and specificity in determining 

the presence and quantifying the severity of steatosis and fibrosis (8). In contrast, MRI-

proton density fat fraction (PDFF) and MR elastography (MRE) can noninvasively detect 

and quantify hepatic steatosis and fibrosis.

MRI-PDFF can be achieved with a rapid (<1 minute) scan and does not require the use 

of intravenous contrast material (12–15). In addition, MRE, which can be performed in 

the same examination as MRI-PDFF, allows the noninvasive measurement of liver stiffness, 

which reflects liver fibrosis (3,5). Assessing the latter is useful, as in adults with NAFLD, 

fibrosis is the sole determinant of long-term liver outcomes (16). An advantage of MRI 

over histology is that it assesses the entire liver, rather than a microscopic fraction, 

which is important for a disease like NAFLD, which can be patchy in its distribution; 

however, considering the lack of widespread availability of MR-based imaging, and the 

costs associated with MRI, it is of great interest to develop novel, non-invasive approaches 

to assess the disease severity of children with NAFLD. In adult NAFLD, combinations 

of routine clinical and laboratory measurements have been used to develop mathematical 

equations that predict liver disease severity. These equations provide an estimate of either 

hepatic steatosis or fibrosis with variable accuracy (17–21). Similarly, a pediatric equation 

has been developed for pediatric fibrosis estimation using liver biopsy data (19). To date, 
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there is no way to non-invasively estimate steatosis severity, or to predict the stiffness of the 

entire liver without using advanced imaging methodologies.

The objectives of this study were, therefore, to develop and validate pediatric-specific 

models using routinely used clinical and laboratory data to predict liver stiffness and 

steatosis as measured by MRI.

PATIENTS AND METHODS

Subjects and Study Design

This was a retrospective study performed at Cincinnati Children’s Hospital Medical Center. 

Institutional Review Board approval and a waiver of informed consent were obtained before 

the initiation of data collection. Inclusion criteria were patients 10–19 years of age with 

presumed or histologically confirmed NAFLD, who had undergone at least one MRI-PDFF 

and/or MRE examination from April 1, 2009 to July 30, 2018 for the first cohort (model 

development group), and from August 1, 2018 to August 30, 2019 for the second cohort 

(validation group). Exclusion criteria were secondary cases of liver steatosis (eg, genetic or 

medication-induced), evidence of other liver diseases, and history of bariatric surgery.

Clinical records were reviewed for age, sex, race and ethnicity, anthropometrics (weight, 

height, body mass index (BMI), and waist circumference) within 6 months of the MRI. 

Diagnosis of type 2 diabetes mellitus (T2DM), prescribed medication list, and blood 

pressure measurements at the time of the MRI were collected. Laboratory data obtained 

within 3 months of the MRI (those closest to the MRI, including levels of ALT, aspartate 

aminotransferase (AST), gamma glutamyl transferase (GGT), alkaline phosphatase (ALP), 

fasting glucose, fasting insulin, hemoglobin A1C (HbA1c), platelet count, and lipid profile) 

were also collected. MRI examinations were reviewed to collect information regarding the 

liver volume (mL), liver PDFF (%), and liver stiffness (kPa).

Liver Stiffness and Fat Fraction Measured by Magnetic Resonance Imaging

Per standard clinical practice (22,23), abdominal MRI examinations had been performed 

without intravenous contrast material and with an active-passive driver system operated at 60 

Hz, utilizing either a two-dimensional gradient recalled echo or two-dimensional spin-echo 

echo-planar imaging elastography sequence. Four axial slices through the mid liver had 

been obtained to generate shear wave and elastogram images. Regions of interest had been 

drawn manually by dedicated Department of Radiology imaging postprocessors for the 

measurement of liver stiffness (guided by 95% confidence maps), and overall liver stiffness 

was expressed as the weighted mean of the mean liver stiffness values for each of the four 

elastograms (22).

Liver PDFF imaging was performed with IDEAL IQ (GE Healthcare; Waukesha, WI) or 

mDIXON Quant (Philips Healthcare; Best, The Netherlands). The same postprocessors drew 

ovoid regions of interest for PDFF measurements that included as much liver parenchyma as 

possible while excluding large vessels. PDFF measurements were performed on four slices 

through the mid-liver with overall liver PDFF expressed as a mean of these values.
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Definitions

To categorize obesity severity, patients were defined as overweight (BMI: 85th to <95th 

percentile for age and sex based on Centers for Disease Control and Prevention growth 

charts), obese class I (BMI: 95th percentile to <120% of the 95th percentile), severe obesity 

class II (BMI: 120% to <140% of the 95th percentile), or severe obesity class III (BMI > 

140% of the 95th percentile) (24). Diagnosis of T2DM was defined as HbA1c >6.4%, oral 

glucose tolerance test with plasma glucose >200 mg/dL at 2 hours or confirmation of T2DM 

diagnosis by an endocrinologist.

Elevated MRI-PDFF was considered a result >5% (consistent with NAFLD), whereas an 

elevated liver stiffness was considered a result >2.71 kPa (consistent with increased risk of 

advanced fibrosis) (5).

Candidate Variables for Non-Alcoholic Fatty Liver Disease Liver Fat and Liver Stiffness 
Models

The following variables were studied in modeling of liver fat fraction and stiffness:

a. Clinical variables: age, sex, ethnicity, diagnosis of T2DM, anthropometrics 

(weight, height, BMI, and their respective z scores) and blood pressure 

measurements at the time of the MRI

b. Laboratory variables (within 3 months of the MRI): serum levels of ALT, AST, 

GGT, ALP, insulin, lipid panel for both models, and platelet count for the liver 

stiffness model.

Statistical Analyses

Statistical analyses were performed using SAS v. 9.4 (SAS Institute Inc, Cary, NC). 

Significance was set at a threshold of P value <0.05. Descriptive statistics (medians 

and interquartile ranges (IQRs) for continuous variables and counts and percentages for 

categorical variables) were used to present the demographics and clinical characteristics of 

the cohort.

To build the new pediatric model for liver PDFF and for liver stiffness in our cohort, 

univariable linear regression and one-way analysis of variance (ANOVA) were used to 

describe the relationship between variables and liver PDFF and liver stiffness. Multivariable 

analysis of covariance (ANCOVA) analyses were used to build the prediction models. All 

variables found to be significantly associated with liver PDFF or liver stiffness in the 

univariable analyses were included in a multivariable stepwise model selection procedure 

based on the predicted residual sum of squares. Non-normally distributed data were used 

after logarithmic (base e) transformation. The correlation between the observed values and 

predicted models was investigated by Pearson correlation coefficient. We also evaluated 

the performance of the model using the adjusted coefficient of determination (R2). The 

receiver operating characteristic (ROC) curve of each final model was used to identify 

the optimal cut-off point using the Youden index, the low cut-off point that corresponds 

to 95% specificity and the high cut-off point corresponds to 95% sensitivity for both 

NAFLD (fat fraction > 5%) (24,25) and advanced fibrosis (liver stiffness > 2.71 kPa) (3,22). 
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Lastly, Pearson correlation coefficient and the adjusted R2 were used to validate the newly 

developed equations in the validation group.

RESULTS

The first cohort (model development group, n=344) consisted of predominantly non-

Hispanic, male adolescents (Table 1). Liver stiffness data (MRE) were available for 343 

of the 344 children, while PDFF data were available for 130 of the 344 patients.

Development of Stiffness Prediction Model

The median age of the first cohort was 15 years (IQR 12–16). The majority of patients 

had severe obesity (n=261; 76%). At the time of imaging, metformin, insulin, statins, 

and vitamin E were used by 25%, 4%, 3%, and 6% of patients, respectively. T2DM and 

metabolic syndrome were diagnosed in 26 of 344 (8%) and 98 of 185 (53%) of patients, 

respectively. The remaining of the clinical and laboratory data are summarized in Table 1.

The median liver volume measured by MRI was 2215 mL (IQRs: 1861–2587). The median 

stiffness was 2.47 kPa (IQRs: 2.12–2.81). Thirty percent (n=103) of patients had evidence of 

increased stiffness (>2.71 kPa).

In univariate analyses, log-transformed liver stiffness was associated with multiple clinical 

and laboratory parameters (Table 1). Stepwise multivariable regression analyses defined 

ethnicity, serum insulin levels, platelet count, and serum AST levels as independently 

predicting liver stiffness (details on model selection for Stiffness outcome are included in 

Table 1, Supplemental Digital Content, http://links.lww.com/MPG/C619). Using this model, 

liver stiffness could be calculated as follows:

Liver stiffness kPa = 0.493 − 0.087 × Etℎnicity His panic
= 1/non − Hispanic = 0 + 0.001
× Platelet 109/μL + 0.005
× Insulin mU /L + 0.048
× log AST , U /L − 0.00003
× Platelet 109/μL
× Insulin mU /L + 0.002
× Insulin mU /L
× log AST , U /L

The Pearson correlation coefficient between the measured (by MRI) and calculated (using 

the new prediction model) liver stiffness was 0.5 (P < 0.0001). The adjusted R2 of the model 

was 0.19.

The ROC curve for predicting the binary presence or absence of increased liver stiffness 

(>2.71 kPa) using the calculated value from this model is shown in Figure 1. The cutoff 

point of a predicted liver stiffness value of 2.445 kPa has a sensitivity of 0.77, specificity of 

0.60, and area under the curve (AUC) of 0.70 for predicting the presence of an elevated liver 

stiffness (>2.71 kPa).
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Development of the Fat Fraction Model (n = 130)

The median age of this cohort was 15 years (IQR 13–17); 72% of the patients were male and 

21% were Hispanic. The majority of patients had severe obesity (n=104; 80%). At the time 

of imaging, metformin, insulin, statins, and vitamin E were used by 23%, 4%, 3%, and 4% 

of patients, respectively. T2DM was diagnosed in 12 of 130 (9%) of patients. The remaining 

of the clinical and laboratory data are summarized in Table 2.

The median liver volume was 2333 mL (IQRs: 1943–2745). The median liver PDFF 

was 21.1% (IQR: 11–29.9). In univariable analyses, liver PDFF was associated with sex, 

ethnicity, T2DM diagnosis, use of insulin, as well as serum ALT, AST, and HbA1c levels 

(Table 2). Under stepwise model selection, sex, ethnicity, serum ALT and triglycerides 

levels, and three interactions were selected for liver PDFF (details on selected model 

selection for liver fat fraction outcome are included in Table 2, Supplemental Digital 

Content, http://links.lww.com/MPG/C620). Using this model, the mean liver PDFF could 

be calculated as follows:

Liver fat fraction % = − 21.25 + 28.32
× Sex Female = 1/male = 0 + 56.35
× Etℎnicity Hispanic
= 1/non − Hispanic = 0
+ 7.97 × log ALT , U /L + 1.47
× log Triglycerides, mg/dL − 13.39
× Sex Female = 1/male = 0 Etℎnicity
Hispanic = 1/non − Hispanic = 0
− 6.34 × log Triglycerides, mg/dL
× Sex Female = 1/male = 0 − 9.37
× log Triglycerides, mg/dL
× Etℎnicity Hispanic
= 1/non − Hispanic = 0

The Pearson correlation coefficient between the calculated and measured liver PDFF was 

0.59 (P < 0.0001). The adjusted R2 that measures the model performance was 0.31.

The ROC curve of using predicted liver fat fraction value to predict presence of MRI-

measured fat fraction (>5%) is shown in Figure 2. The best cutoff point (18.3%) that 

maximized the distance to the diagonal line using the Youden index achieves sensitivity of 

0.74, specificity of 0.75, and AUC of 0.78.

Validation of the New Equations in Validation Group with Pediatric Non-Alcoholic Fatty 
Liver Disease

The validation group (n=110) also consisted of predominantly non-Hispanic, male 

adolescents (details on the validation group are included in Table 3).

The Pearson correlation coefficient between the measured (by MRI) and calculated (using 

the new prediction model) liver stiffness was 0.30 (P=0.005). The adjusted R2 of the model 

was 0.052. The Pearson correlation coefficient between the calculated and measured liver 

PDFF was 0.26 (P=0.008). The adjusted R2 that measures the model performance was 

0.081.
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DISCUSSION

In this study, we used all available clinical and laboratory information from a large pediatric 

cohort of patients with NAFLD who had undergone MRI-PDFF and MRE to develop 

novel mathematical models that estimate the liver stiffness and liver PDFF for patients 

with presumed NAFLD. Liver stiffness and liver PDFF values predicted based on these 

newly developed stiffness and fat fraction models had fair correlation with the observed 

MRI measurements. While the performance of these new models in predicting elevated liver 

stiffness (>2.71 kPa) and liver PDFF (>5%) were acceptable (with ROC 0.70 and 0.78, 

respectively), the predicted liver fat fraction and stiffness estimates of the validation group 

correlated poorly with the measured values.

Liver stiffness measured by MRE is a surrogate marker for fibrosis (26). The presence and 

severity of fibrosis are important predictors of the long-term risk for cirrhosis, hepatocellular 

carcinoma, and liver-related mortality (16,26). A variety of equations have been developed 

to predict fibrosis in adults, and fewer in children; however, these have not been found 

to be accurate. Jackson et al recently tested the accuracy of the following fibrosis scoring 

systems: AST to ALT ratio, AST to Platelet Ratio Index (APRI) (16), Pediatric NAFLD 

Fibrosis Index (18), Pediatric NAFLD Fibrosis Score (19), and Fibrosis-4 (20) in a cohort 

of 146 children with NAFLD and found them to perform poorly (APRI was the best 

performing score with an AUC of only 0.67) (27). Similarly, in our study, a novel model 

that was developed based on a combination of clinical and laboratory markers to predict 

liver stiffness also performed poorly. This suggests that liver stiffness measured by imaging 

is complementary to the clinical information and laboratory investigations obtained and 

should remain part of the work up of patients with NAFLD, when available; however, in the 

absence of available MRE, our novel stiffness model could be used to predict the presence of 

increased stiffness (>2.71 kPa) and contribute to clinical decision-making, such as when to 

proceed with a liver biopsy.

Interestingly, of all the clinical and biochemical markers that were significant univariable 

predictors of liver stiffness, only ethnicity, platelet count, serum AST, and insulin levels 

were independent predictors of liver stiffness in multivariable analysis. This is not surprising 

and not different than the variables that have been included in the aforementioned fibrosis 

scoring systems (17,20,27). Large cohort studies of adults with NAFLD have shown that 

patients of Hispanic ethnicity have lower fibrosis scores overall and are less likely to have 

advanced fibrosis than non-Hispanics (28,29). Similarly, in pediatric studies, fasting serum 

insulin levels and the presence of T2DM have been associated with the severity of liver 

fibrosis in NAFLD (30,31).

Similar to the model for predicting stiffness, the novel steatosis model developed in this 

study performed only weakly in terms of predicting the severity of steatosis. While steatosis 

is not the most important determinant of outcome in patients with NAFLD (16), being 

able to quantify the degree of steatosis provides an estimate metabolic dysregulation. 

Furthermore, being able to determine which patients with obesity have a liver fat fraction 

>5% versus <5%, and as such predicting the presence of NAFLD, can be crucial, as it can 

eliminate unnecessary testing, such as costly imaging or interventional studies. Currently, 
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steatosis severity can only be assessed using MRI- or computed tomography-based imaging 

or histology (3–6,32). In our analysis, the variables that independently predicted steatosis 

and that were used in our model were sex, ethnicity, and serum triglyceride levels. Ethnic 

differences in steatosis severity have been shown previously, as Hispanic Caucasians have 

more severe steatosis compared to non-Hispanic Caucasians (28). This may in part be 

due to the increased prevalence of the patatin-like phospholipase domain containing 3 

(PNPLA3) polymorphism (rs738409) in Hispanics, which in turn is associated with steatosis 

severity (33). In addition, individuals heterozygous for the PNPLA3 polymorphism have 

higher hepatic triglyceride levels, compared to individuals with the wild type. Higher serum 

triglyceride levels in the context of NAFLD often also suggest insulin resistance, which is 

a known driver of hepatic steatosis (34). The differences in steatosis severity among sexes 

remains unclear; however, population-based studies suggest a higher prevalence of severe 

liver disease in men during reproductive age (35). This remains to be elucidated further.

Considering the link between pediatric obesity and NAFLD, the significant prevalence of 

pediatric NAFLD and its rising incidence (1,36), it is important to pursue non-invasive 

approaches to predict its presence and severity. Specialized MRI with ability to obtain 

PDFF and elastography measurements is not widely available. Vibration controlled transient 

elastography (Fibroscan) is becoming more widely available and is superior to MRI in terms 

of practicality, as it can be used at point-of-care (37); however, it’s use is currently limited 

by the paucity of pediatric data to allow accurate interpretation of results. The use of adult 

cutoffs to interpret transient elastography data is problematic considering the differences 

between adult and pediatric NAFLD histology (38). Therefore, options such as predictive 

equations are needed clinically.

While our study provides further insight into associations between clinical variables and 

liver stiffness and PDFF, it has limitations. The limitations of this study include its 

retrospective nature and the small sample size of the cohort with available liver PDFF 

measurements. Because of the retrospective design, not all clinical variables of interest that 

may have been predictive of liver PDFF or stiffness were available. In addition, the stiffness 

and liver fat fraction models developed in this study remain to be further validated; however, 

this study included a sample size of patients with MRE and MRI-PDFF studies that was 

larger than the sample size of most studies that used histology to generate models to predict 

fibrosis severity (39).

In conclusion, we studied a large cohort of pediatric patients with NAFLD with available 

MRE and PDFF measurements and developed and validated novel mathematical models 

to predict stiffness and liver PDFF using only clinical and laboratory parameters. Similar 

to previously developed models that aimed at predicting the presence of histologically 

determined steatosis and fibrosis, our models had only weak performance in predicting 

MRI-based stiffness and PDFF. The models however had acceptable performance when it 

came to predicting the presence of elevated stiffness (>2.71 kPa) and fat fraction (>5%) 

and could be used in the absence of advanced imaging methodology. Regardless, our results 

underscore that imaging remains an important adjunct to the armamentarium of clinicians 

caring for children with NAFLD.

Yodoshi et al. Page 8

J Pediatr Gastroenterol Nutr. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What Is Known

• Non-alcoholic fatty liver disease (NAFLD) still requires a liver biopsy 

for confirmation, but magnetic resonance imaging (MRI) techniques have 

significantly expanded our ability to accurately detect and measure steatosis 

and advanced fibrosis noninvasively.

• Pediatric-specific models that can accurately predict the disease severity of 

patients with NAFLD in the absence of MRI have not been defined.

What Is New

• Pediatric-specific models were developed using clinical and laboratory data to 

predict MRI-based measurements of fat fraction and stiffness.

• These pediatric-specific models had acceptable performance at predicting 

elevated liver stiffness (>2.71 kPa) and the presence of fatty liver disease 

(>5%).

• The models performed poorly at predicting the exact liver stiffness and fat 

fraction.
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FIGURE 1. 
ROC curve showing the performance of the calculated liver stiffness value in predicting the 

presence of increased liver stiffness (>2.71 kPa). The black dot is the optimal cutoff point 

(2.445) that maximizes the distance to the diagonal line (Youden’s method). The two red 

dots are the cutoff points can predict the presence of MRI-measured liver stiffness >2.71 kPa 

with a minimum sensitivity and specificity of 95%, respectively. MRI = magnetic resonance 

imaging; ROC = receiver operating characteristic.
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FIGURE 2. 
ROC curve showing the performance of the calculated liver PDFF (MRI-measured fat 

fraction) value in predicting the presence of increased liver PDFF (>5%). The black 

dot is the best cutoff point (18.3%) that maximize the distance to the diagonal line 

(Youden’s method). The two red dots are the cutoff points can predict the presence of 

PDFF with at least 95% of sensitivity and with at least 95% of specificity respectively. 

MRI=magnetic resonance imaging; PDFF = proton density fat fraction; ROC = receiver 

operating characteristic.
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