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A significant and persistent rise in the global burden of adolescent NAFLD and NASH estimated by BMI
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Background: Currently, there is a lack of global or even country/regional level data on adolescent non-alcoholic fatty liver disease (NAFLD) prevalence. However, an evidenced dose-dependent relationship exists between body mass index (BMI) and the risk of NAFLD. We aim to estimate the global and regional prevalence of adolescent NAFLD and related non-alcoholic steatohepatitis (NASH) based on BMI.

Methods: Sigmoidal fitting curves were generated between BMI and the risk of NAFLD/NASH using the data extracted from the NHANES database. With global and regional BMI data from the NCD-RisC database, adolescent NAFLD/NASH prevalence was estimated at the international, regional, and country levels from 1975 to 2016. The prevalence of adolescent NAFLD/NASH from 2017 to 2030 was also forecasted.

Results: The mean NAFLD prevalence was 15.31, and 12.68%, while the mean NASH prevalence was 2.50, and 2.47%, in boys, and girls aged 12–18, respectively. For both boys and girls, NAFLD/NASH prevalence increased with increasing BMI, and age. The global prevalence of adolescent NAFLD/NASH has gradually increased in the period from 1975 to 2016 and will maintain a similar trend between 2017 and 2030. High-income Western Countries had higher adolescent NAFLD/NASH whereas South Asia and Sub-Saharan Africa exhibited relatively lower adolescent NAFLD/NASH prevalence. The estimated annual percentage change (EAPC) of NAFLD prevalence in boys ranged from 0.72% (age 18) to 1.16% (age 12) while that in girls ranged from 0.69% (age 18) to 0.92% (age 12). EAPC of NASH prevalence in boys ranged from 1.65% (age 18) to 1.77% (age 12), and in girls from 1.48% (age 18) to 1.68% (age 12).

Conclusion: The adolescent NAFLD/NASH prevalence increases year by year, and its burden varies significantly among different countries and regions. BMI is a precise predictor of NAFLD/NASH prevalence.
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Introduction

The prevalence of nonalcoholic fatty liver disease (NAFLD) is consistently rising, which is a recognized problem for global public health (1, 2). The annual increasing epidemic of NAFLD among children is even more substantial in recent years (3–5). NAFLD is characterized by excess liver fat without other etiologies such as infection, autoimmune conditions, hepatotoxic medications, and storage disorders (6). With the development of the economy, NAFLD has gradually become the leading cause of chronic liver disease in children and adolescents (7). NAFLD not only causes serious and progressive liver damage, but also parallels high rates of insulin resistance, metabolic syndrome, type 2 diabetes mellitus (T2DM), and cardiovascular diseases, which seriously lower the life quality and bring a huge burden to the social economy (8, 9). Our study has also shown that NAFLD, usually accompanied by metabolic syndrome, has a significant correlation with intrahepatic and extrahepatic cancers (10).

A systematic review of over 100,000 individuals found that NAFLD prevalence was up to 69.99% and NASH prevalence was 33.50% among the overweight population (11). Similarly, Li et al. (12) reported a NAFLD prevalence of 52.49% among obese participants and 39.17% among overweight/obese participants in children and adolescents, respectively, in their meta-analysis. Body mass index (BMI) is a well-known factor for NAFLD and is considered the most reliable predictor in both sexes (8, 13). Multiple studies have shown a dose-dependent link between BMI and NAFLD risk (2, 13–15), suggesting that NAFLD prevalence can be estimated from BMI rates.

Childhood overweight or obesity often raises the risk of adolescent NAFLD (14, 16, 17), which can lead to early death from liver-related complications. While meta-analyses have examined NAFLD in young people (12, 18), there is a shortage of large-scale epidemiological studies. Moreover, most research has not considered how BMI changes or impacts different life stages of NAFLD. There is a lack of longitudinal data on how BMI changes over time affect NAFLD/NASH prevalence in adolescents. In this study, we modeled and predicted NAFLD/NASH prevalence based on BMI to better understand the current and future burden in adolescents, enabling detailed comparisons.



Materials and methods


Definition of NAFLD/NASH

Based on the literature (19, 20), we employed the following criteria to determine whether an adolescent had NAFLD or NASH:

NAFLD, controlled attenuation parameter (CAP, an index reflecting the degree of fatty liver) ≥ 238 dB/m;

NASH, CAP≥238 dB/m with alanine aminotransferase (ALT, which indicates definite liver cell injury due to many causes) ≥ 29 IU/L (boys) or ALT≥19 IU/L (girls); or CAP≥238 dB/m accompanied by liver stiffness (E) ≥ 7.3 kilopascal (kpa).



NHANES database

We download data from the NHANES database, which includes demographic data, questionnaire data, dietary data, examination data, laboratory data, and limited access data. The detailed NHANES study design and data are publicly available.1 From NHANES 2017-March 2020 Pre-Pandemic Examination Data, we obtained the data for body measures, laboratory assays, and liver Transient Elastography. The adolescents aged 12–18 with completed information on sex, age, BMI, ALT, aspartate transaminase (AST, an enzyme released when the liver or muscles are damaged), CAP, and liver stiffness (E), were enrolled in this study.



Curve-fitting the correlation between BMI and risk of NAFLD/NASH

Four different models were developed to characterize the correlation between BMI and NAFLD/NASH prevalence for boys and girls. Curve-fitting method was employed to build the model, which was generated process as follows:

1. According to quantiles of BMI, we equally divided the enrolled adolescents into 8 groups, and then calculated the prevalence of NAFLD/NASH within each group;

2. We denoted [image: image]([image: image]) as the median BMI within each group, and [image: image] ([image: image]) as the corresponding disease prevalence. Based on these points [image: image], we used the curve-fitting method to find the best function, which can be used to estimate NAFLD/NASH prevalence for the population with a specific BMI value.

The estimated functions were as follows:

[image: image]



Modeling NAFLD/NASH prevalence based on BMI

The prevalence of NAFLD/NASH was modeled based on BMI using the estimated functions, which were shown as follows:

1. NCD-RisC provided the BMI data2 for boys or girls of different ages at global, regional, or country levels. We obtained the prevalence of the adolescents with different BMIs, which were divided into five levels according to the degree of obesity, i.e., obesity, overweight, normal, underweight, and severely underweight. We denoted [image: image] ([image: image]) and [image: image] as the left and right boundary, respectively, for the BMI interval of the [image: image]th level of obesity. We additionally calculated the median BMI value [image: image] for the latter analysis.

2. From the BMI data provided by NCD-RisC, we obtained the prevalence of five obesity levels in adolescents of different ages, genders, and from different countries or regions in the years 1975–2016. The [image: image] ([image: image]) was denoted as the corresponding prevalence of NAFLD/NASH for adolescents from the [image: image]th level of obesity. The cumulative prevalence of NAFLD/NASH for the adolescents with five obesity levels at a specific age, sex, year, and region, was calculated using the following formula: [image: image]. In this formula, [image: image] estimated the disease prevalence for the children from [image: image]th obesity level. By the weighted summation, the value [image: image] can serve as the estimated cumulative prevalence of NAFLD/NASH.



Projecting NAFLD/NASH prevalence from 2017 to 2030 based on BMI

Based on the prevalence of NAFLD/NASH between 1975 and 2016, we used autoregressive integrated moving average (ARIMA) to project the prevalence for the latter years (21). ARIMA model is a widely used time-series forecasting method. It can help comprehend the data to forecast upcoming series points.



Generation of estimated annual percentage change

The estimated annual percentage change (EAPC) was generated by the method described by Hankey et al (22). In brief, first, we assumed that the natural logarithm of NAFLD/NASH prevalence was submitted to linear distribution over time; second, Y = α + βX + ε, where Y = ln (prevalence), X = calendar year, and ε = the error term; and third, EAPC of prevalence was calculated by the formula 100× (exp[β]-1), while 95% CI was obtained from the linear regression model (22).




Results


Study population

The algorithm of this study was shown in Figure 1. From NHANES 2017–March 2020 Pre-Pandemic Examination Data, a total of 1,348 individuals (717 boys, and 631 girls) aged 12–18 were enrolled in this study, who had completed information on sex, age, BMI, ALT, AST, CAP, and liver stiffness (E), see also Appendix pp. 1–28.

[image: Figure 1]

FIGURE 1
 Algorithm of the study.




Curve-fitting the correlation between BMI and risk of NAFLD/NASH

The correlation between BMI and the risk of NAFLD/NASH was modeled by the curve-fitting method. The related parameters of the generated models were shown in Table 1 while the fitting curves were shown in Figure 2. The curves indicated that the risk of NAFLD/NASH increased with increasing BMI, although it was not a linear relationship. There was a high degree of consistency between the predicted and the actual risk of NAFLD/NASH. The lowest R2 was seen in the NAFLD model of girls, which was still as high as 0.969. The highest R2 was observed in the NASH model of boys, which was as high as 0.993.



TABLE 1 Parameters of the estimation models.
[image: Table1]
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FIGURE 2
 Fitting curves model the correlation between BMI and risk of NAFLD/NASH BMI and risk of NAFLD in boys (A) and girls (B); BMI and risk of NASH in boys (C) and girls (D).




Estimated global NAFLD/NASH prevalence

Overall, from 1975 to 2016, the global NAFLD/NASH prevalence increased year by year, and also increased by increasing age. The global NAFLD/NASH prevalence was higher in boys than that in girls. The estimated NAFLD prevalence for boys ranged from 9.10% (age 12) to 21.75% (age 18) in 2016, while that ranged from 8.13% (age 12) to 16.25% (age 18) for girls in 2016. The mean NAFLD prevalence was 15.31, and 12.68%, in boys, and girls aged 12–18, respectively (Figures 3A,B; Appendix pp. 29–40). For NASH, the estimated prevalence for boys ranged from 1.05% (age 12) to 4.18% (age 18) in 2016, while it ranged from 1.15% (age 12) to 3.64% (age 18) for girls in 2016. The mean NASH prevalence was 2.50, and 2.47%, in boys, and girls aged 12–18, respectively (Figures 3C,D; Appendix pp. 41–52). From 1975 to 2016, of interest, EAPC of NAFLD and NASH prevalence decreased with increasing age in both boys and girls. EAPC of NAFLD prevalence in boys ranged from 0.72% (age 18) to 1.16% (age 12) while that in girls ranged from 0.69% (age 18) to 0.92% (age 12; Appendix p 53). EAPC of NASH prevalence in boys ranged from 1.65% (age 18) to 1.77% (age 12), and in girls from 1.48% (age 18) to 1.68% (age 12; Appendix p 54). Notably, the EAPC of NASH was significantly higher than that of NAFLD. By 2030, global NAFLD prevalence is projected to rise to 24.96% in 18-year-old boys and 18.35% in 18-year-old girls (Appendix pp. 55–58). The global NASH prevalence was projected to increase to 5.42% in 18-year-old boys and 4.63% in 18-year-old girls by 2030 (Appendix pp. 59–62).

[image: Figure 3]

FIGURE 3
 Estimated global prevalence of NAFLD/NASH in adolescents from 1975 to 2030, stratified by age Estimated global prevalence of NAFLD in boys (A) and girls (B); Estimated global prevalence of NASH in boys (C) and girls (D).




Estimated regional NAFLD/NASH prevalence

From 1975 to 2016, the prevalence of adolescents with NAFLD/NASH increased in most regions (Figure 4). In the past several decades, South Asia had the lowest prevalence of NAFLD and NASH in both boys and girls. High-income Western countries had the highest prevalence of NAFLD and NASH in both boys and girls. However, for girls, the prevalence of NAFLD in Oceania surpassed that in High-income Western countries after 2012. In girls, the prevalence of NASH in Oceania surpassed that in High-income Western countries after 2015. From then on until 2030, the girls in Oceania had the highest NAFLD/NASH prevalence (Figure 4). Fortunately, after reaching its peak in 2016, the NAFLD/NASH prevalence in High-income Asia Pacific gradually decreased until 2030 (Figure 4; Appendix pp. 63–300). Apart from Sub-Saharan Africa, which had a higher EAPC of NAFLD prevalence in girls than in boys, most regions had higher EAPC of NAFLD prevalence in boys than in girls. More than that, EAPC of NAFLD prevalence decreased with increasing ages in both boys and girls. Although boys consistently had higher EAPC of NASH prevalence than girls except for Sub-Saharan Africa, there was no apparent age-related bias in EAPC of NASH prevalence. Regional annual change of NAFLD prevalence in girls ranged from 0.31% (95% CI 0.30–0.32) in girls aged 17 from High-income Asia Pacific to 1.51% (1.50–1.52) in girls aged 12 from Oceania. The range for boys was from 0.44% (0.42–0.46) in the boys aged 18 from High-income Asia Pacific to 2.05% (2.04–2.07) in the boys aged 12 from Central Asia and North Africa-Middle East (Appendix pp. 301–302). For the EAPC of NASH prevalence in boys, it ranged from 1.00% (0.91–1.09) in boys aged 12 from High-income Asia Pacific to 3.16% (3.13–3.19) in boys aged 14 from Central Asia and North Africa-Middle East. While for the EAPC of NASH prevalence in girls, it ranged from 0.76% (0.74–0.78) in girls aged 17 from High-income Asia Pacific to 2.77% (2.73–2.81) in girls aged 12 from Sub-Saharan Africa (Appendix pp. 303–304).

[image: Figure 4]

FIGURE 4
 Estimated mean of regional NAFLD/NASH prevalence in adolescents from 1975 to 2030 Estimated mean of regional NAFLD prevalence in boys (A) and girls (B); Estimated mean of regional NASH prevalence in boys (C) and girls (D).


In boys, the highest NAFLD/NASH prevalence in 2016 was estimated for the High-income Western countries whereas South Asia and Sub-Saharan Africa had the lowest NAFLD/NASH prevalence. This trend remains unchanged until 2030. For girls, High-income Western countries also had the highest NAFLD prevalence while that was exceeded by Oceania in 2012 (Appendix pp. 305–338). The changing trend of NASH prevalence was similar to that. Girls from South Asia consistently had the lowest NAFLD/NASH prevalence from 2016 to 2030. In the same period, NAFLD/NASH prevalence was estimated to experience a sustained growth for both boys and girls in most regions apart from High-income Asia Pacific, which ranged from virtually no change to a slight decline (Appendix pp. 339–371). Regional NAFLD prevalence, stratified by age, was supplied in Supplementary Figure 1. Regional NASH prevalence, stratified by age, was supplied in Supplementary Figure 2.



Estimated NAFLD/NASH prevalence at country/region level

In 2016, the NAFLD prevalence differed dramatically between countries or regions. For boys, Nauru, Cook Islands, and Palau, located in the Pacific, showed the highest estimated burden of NAFLD. In boys, the highest NAFLD prevalence was estimated for Nauru at 34.45% whereas the lowest NAFLD prevalence was estimated for India (9.34%), followed by Nepal, and Afghanistan (Figure 5A). Similar to that, girls from Nauru (29.34%), Palau, and American Samoa, had the highest NAFLD prevalence while India (8.35%), Viet Nam, and Nepal, had the lowest NAFLD prevalence (Figure 5B; Appendix pp. 372–2956). Not surprisingly, country or region-specific burden of NASH prevalence was roughly similar to NAFLD prevalence (Figures 5C,D; Appendix pp. 2957–5541). From 1975 to 2016, most countries or regions apart from Belgium experienced significantly increasing EAPC of NAFLD/NASH prevalence. In boys, the highest increasing EAPC of NAFLD prevalence was estimated for South Africa (3.64%, aged 12), and China (3.55%, aged 12), whereas the lowest increasing EAPC of NAFLD prevalence was estimated for Belgium, which ranged from virtually no change to slightly decline (Appendix 5,542–5,589). For boys, the highest increasing EAPC of NASH prevalence was estimated for South Africa (5.74%, aged 12), and China (5.38%, aged 12), whereas the lowest increasing EAPC of NASH prevalence was estimated for Belgium (0.11%, aged 12), and Andorra (0.32%, aged 12; Appendix 5,590–5,637). In girls, the highest increasing EAPC of NAFLD prevalence was recorded in South Africa (3.30%, aged 12), followed by Lesotho (2.70%, aged 12), whereas the lowest increasing EAPC of NAFLD prevalence was estimated for Belgium, which showed slightly declined (Appendix 5,542–5,589). For girls, the highest increasing EAPC of NASH prevalence was estimated for South Africa (5.67%, aged 12), and Lesotho (4.91%, aged 12), whereas the lowest increasing EAPC of NASH prevalence was estimated for Belgium, which remained virtually no change (Appendix 5,590–5,637).

[image: Figure 5]

FIGURE 5
 Estimated mean prevalence of adolescent NAFLD/NASH at country or region level in 2016 Estimated mean prevalence of adolescent NAFLD at country or region level in boys (A) and girls (B); Estimated mean prevalence of adolescent NASH at country or region level in boys (C) and girls (D).


Nationally, NAFLD prevalence was high throughout Pacific Island Countries, reaching an amazing 53.04% (Niue, aged 18) among boys and 40.06% (Tonga, aged 18) among girls in 2030. The highest NASH prevalence was estimated for Cook Islands (16.69%, aged 18), Niue (16.65%, aged 18), and Palau (16.04%, aged 18) among boys while the highest NASH prevalence was estimated for Tuvalu (14.62%, aged 18), Cook Islands (14.57%, aged 18), and Tonga (14.33%, aged 18) among girls. In 2030, the lowest NAFLD prevalence was estimated for Ethiopia (6.59%, aged 12), Guinea (7.06%, aged 12), and Chad (7.10%, aged 12) among boys while the lowest NAFLD prevalence was estimated for India (6.23%, aged 12), Viet Nam (7.13%, aged 12), and Japan (7.26%, aged 18) among girls (Appendix 5,638–6,391). In 2030, Ethiopia (0.64%, aged 12), Rwanda (0.67%, aged 12), and Niger (0.68%, aged 12), were estimated to have the lowest NASH prevalence among boys while India (0.81%, aged 12), Japan (0.83%, aged 12), and Cambodia (0.95%, aged 12), was estimated to have the lowest NASH prevalence among girls (Appendix 6,392–7,145). Interactive web pages for mean NAFLD/NASH prevalence, age-stratified NAFLD prevalence, and age-stratified NASH prevalence at the country/region level were supplied in Supplementary Files 1–3, respectively.




Discussion

With the aid of NHANES 2017-March 2020 and the NCD-RisC dataset, we have described a panoramic view of the NAFLD/NASH prevalence among global adolescents, which allowed for multiple comparisons across sexes, ages, regions, or countries, and timelines. Our main findings include the following:

(i) Sigmoidal fitting models precisely described the correlation between the BMI and adolescent NAFLD/NASH prevalence. (ii) The NAFLD/NASH prevalence increased with increasing BMI between the ages of 12 and 18 in both boys and girls. (iii) The global adolescent NAFLD/NASH prevalence has increased from 1975 to 2016 and will maintain the increasing trend between 2017 and 2030. (iv) The NAFLD/NASH prevalence gradually rose with increasing age. (v) Boys tended to have higher NAFLD/NASH prevalence than that in girls. (vi) For boys, High-income Western Countries had the highest NAFLD/NASH prevalence, which was also true for girls before 2012. However, after 2012, the NAFLD/NASH prevalence for girls in Oceania surpassed that of High-income Western Countries. By contrast, both South Asia and Sub-Saharan Africa exhibited relatively low adolescent NAFLD/NASH prevalence. Despite having an increased burden of metabolic risk factors, African Americans tend to have a lower risk of NAFLD compared with Hispanic and White Americans. Underlying influencing factors such as genetic factors and gut microbiota associated with NAFLD in sub-Saharan Africa may contribute to this apparent paradox (23).

Several studies have revealed a dose-dependent relationship between BMI and the risk of NAFLD (13, 15). The burden of NAFLD increases proportionally with increasing BMI in most populations (1). However, the dose-dependent relationship between BMI and NAFLD burden was S-shaped, as shown in our estimation models, rather than a linear pattern. The S-shaped correlation between BMI and NAFLD burden exactly serves as the basis of building our estimation model for NAFLD/NASH prevalence. It should be pointed out that lean NAFLD is not necessarily ruled out in the case of employing our estimation model. The likelihood of developing NAFLD/NASH is lower in the case of low BMI, which is consistent with clinical practice.

This study employed a sigmoidal fitting curve to describe the relationship between BMI and adolescent NAFLD/NASH prevalence. The sigmoidal fitting curve was proposed by Venegas et al. (24). The curve consists of relative parameters to shape the lower bound of the dependent variable (i.e., NAFLD/NASH prevalence), the distance between the lower and the upper bound of the dependent variable (from 0 to 100% in this case), the inflection point of the curve, and the dose-effect relationship between the independent variable and dependent variable. In this study, the sigmoidal fitting curve perfectly simulated the relationship between BMI and NAFLD/NASH prevalence, which was proven by the near-perfect R2. Our prediction model possessed impressive accuracy. For example, the United States was estimated to have an adolescent NAFLD prevalence of 23.90% based on our prediction model, which was very close to the reported adolescent NAFLD prevalence of 24.16% by Ciardullo et al. (25). The estimated NAFLD prevalence in the United Kingdom was 19.27%, which was also highly consistent with the reported adolescent NAFLD prevalence of 20.7% by Abeysekera et al. (2). A case–control study indicated that 15.77% of Chinese children aged 7–18 years were diagnosed to have NAFLD (26), which was similar to the NAFLD prevalence of 16.96% estimated by our prediction model.

As shown in Figure 3, the burden of NAFLD/NASH became heavier with increasing age. Although several meta-analyses have been implemented to evaluate the prevalence of adolescent NAFLD (12, 27), age-related differences in the NAFLD/NASH prevalence have not been fully discussed. However, several population-based studies have demonstrated that increased age was associated with a significantly increased risk of NAFLD (3, 28, 29). Similar age-related difference in the NAFLD/NASH prevalence was estimated according to our sigmoidal fitting models. In addition, a higher prevalence of NAFLD/NASH was estimated by our fitting curves in boys than that in girls. In line with this sexual dimorphism, the male-predominant trend has been observed in cumulating pediatric NAFLD studies (2, 25, 27–29).

According to our estimation model, the global burden of NAFLD/NASH in terms of disease prevalence underwent a continuous and marked increase between 1975 and 2016. Additionally, this upward trend will continue until 2030. Multiple studies have also indicated that the burden of NAFLD originated from adults and adolescents (30–32), and is continuously increasing globally. Undoubtedly, the NAFLD/NASH prevalence is likely to increase concomitantly with the growing BMI level. Besides growing BMI, increasing prevalence of obesity and T2DM, and aging populations, may also act as important drivers for increasing global NAFLD burden (33). Over the past three decades, the pediatric NAFLD burden has increased with an estimated annual change of 1.35%, driven in part by rising obesity levels (34). In addition, dysfunctional glucose and lipid metabolic pathways, propelled by the growing global prevalence of obesity and T2DM, are most likely behind the expanding population of NAFLD (35).

With persistent efforts to prevent and treat hepatitis B and C, NAFLD has become the leading cause of chronic liver disease while NASH is expected to be the leading cause of cirrhosis. Weight gain in childhood or late adolescence usually leads to a greater risk of NAFLD than weight gain in late adulthood (36). Increment BMI in adolescence would increase the risk of cirrhosis and liver cancer in adulthood (17, 37). Another study from Sweden also indicates that pediatric and young adult patients with NAFLD have substantially higher rates of causes, including cancer, liver, and cardiometabolic-specific mortality (38). Given that adolescent NAFLD/NASH may lead to serious consequences, prevalence modeling can inform the public and professionals about the coming disease burden associated with NAFLD and NASH, and help to take targeted preventive measurements. As indicated by our estimation models, excess BMI is a critical while reversible risk factor for NAFLD. It highlights the possibility of reducing excess BMI by taking effective strategies, including dietary patterns and exercise programs, to prevent and treat NAFLD/NASH. Given the projected increase in adolescent NAFLD/NASH prevalence, specific public health strategies or interventions to address this growing issue would have significant practical value. Lifestyle interventions, including diet (i.e., Mediterranean diet) and physical activity, are the main public health strategies for losing weight (39).

Our estimation model’s limitation is the assumption that BMI consistently correlates with NAFLD/NASH prevalence, regardless of special physical features like abdominal obesity, region, or ethnicity. However, Asians with BMIs under 25 kg/m2 may develop “lean” or “non-obese” NAFLD (40). Studies indicate that waist-to-height ratio might predict NAFLD as effectively, or better, than BMI, especially in adolescents (41, 42). Further research is required to confirm and expand these findings. Our correlation model between BMI and NAFLD/NASH, based on the predominantly Caucasian NHANES 2017-March 2020 data, likely has greater accuracy for Caucasian populations. Another limitation is our use of liver Transient Elastography instead of the more common ultrasound for detecting NAFLD/NASH in population studies. However, liver Transient Elastography offers more objective measurements with less inter-observer bias.
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SUPPLEMENTARY FIGURE 1 | Regional NAFLD prevalence, stratified by age.



SUPPLEMENTARY FIGURE 2 | Regional NASH prevalence, stratified by age.



SUPPLEMENTARY FILE 1 | Interactive web pages for average NAFLD/NASH prevalence at the country/region level.



SUPPLEMENTARY FILE 2 | Interactive web pages for NAFLD prevalence at the country/region level, stratified by age, and sex.



SUPPLEMENTARY FILE 3 | Interactive web pages for NASH prevalence at country/region level, stratified by age, and sex.




Footnotes

1   https://www.cdc.gov/nchs/nhanes/

2   https://ncdrisc.org/data-downloads-adiposity-ado.html



References

 1. Younossi, Z, Tacke, F, Arrese, M, Chander Sharma, B, Mostafa, I, Bugianesi, E , et al. Global Perspectives on Nonalcoholic Fatty Liver Disease and Nonalcoholic Steatohepatitis. Hepatology. (2019) 69:2672–82. doi: 10.1002/hep.30251

 2. Abeysekera, KWM, Fernandes, GS, Hammerton, G, Portal, AJ, Gordon, FH, Heron, J , et al. Prevalence of steatosis and fibrosis in young adults in the UK: a population-based study. Lancet Gastroenterol Hepatol. (2020) 5:295–305. doi: 10.1016/S2468-1253(19)30419-4 

 3. Sahota, AK, Shapiro, WL, Newton, KP, Kim, ST, Chung, J, and Schwimmer, JB. Incidence of Nonalcoholic Fatty Liver Disease in Children: 2009-2018. Pediatrics. (2020) 146:e20200771. doi: 10.1542/peds.2020-0771 

 4. Doycheva, I, Watt, KD, and Alkhouri, N. Nonalcoholic fatty liver disease in adolescents and young adults: The next frontier in the epidemic. Hepatology. (2017) 65:2100–9. doi: 10.1002/hep.29068 

 5. Arshad, T, Paik, JM, Biswas, R, Alqahtani, SA, Henry, L, and Younossi, ZM. Nonalcoholic Fatty Liver Disease Prevalence Trends Among Adolescents and Young Adults in the United States, 2007-2016. Hepatol Commun. (2021) 5:1676–88. doi: 10.1002/hep4.1760

 6. Brown, GT, and Kleiner, DE. Histopathology of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Metabolism. (2016) 65:1080–6. doi: 10.1016/j.metabol.2015.11.008 

 7. Goldner, D, and Lavine, JE. Nonalcoholic Fatty Liver Disease in Children: Unique Considerations and Challenges. Gastroenterology. (2020) 158:e1961:1967–1983.e1. doi: 10.1053/j.gastro.2020.01.048

 8. Chalasani, N, Younossi, Z, Lavine, JE, Charlton, M, Cusi, K, Rinella, M , et al. The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of Liver Diseases. Hepatology. (2018) 67:328–57. doi: 10.1002/hep.29367

 9. Feldstein, AE, Charatcharoenwitthaya, P, Treeprasertsuk, S, Benson, JT, Enders, FB, and Angulo, P. The natural history of non-alcoholic fatty liver disease in children: a follow-up study for up to 20 years. Gut. (2009) 58:1538–44. doi: 10.1136/gut.2008.171280 

 10. Xing, QQ, Li, JM, Chen, ZJ, Lin, XY, You, YY, Hong, MZ , et al. Global burden of common cancers attributable to metabolic risks from 1990 to 2019. Fortschr Med. (2023) 4:e163:168–181.e3. doi: 10.1016/j.medj.2023.02.002

 11. Quek, J, Chan, KE, Wong, ZY, Tan, C, Tan, B, Lim, WH , et al. Global prevalence of non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in the overweight and obese population: a systematic review and meta-analysis. Lancet Gastroenterol Hepatol. (2023) 8:20–30. doi: 10.1016/S2468-1253(22)00317-X 

 12. Li, J, Ha, A, Rui, F, Zou, B, Yang, H, Xue, Q , et al. Meta-analysis: global prevalence, trend and forecasting of non-alcoholic fatty liver disease in children and adolescents, 2000-2021. Aliment Pharmacol Ther. (2022) 56:396–406. doi: 10.1111/apt.17096 

 13. Miyake, T, Kumagi, T, Hirooka, M, Furukawa, S, Koizumi, M, Tokumoto, Y , et al. Body mass index is the most useful predictive factor for the onset of nonalcoholic fatty liver disease: a community-based retrospective longitudinal cohort study. J Gastroenterol. (2013) 48:413–22. doi: 10.1007/s00535-012-0650-8 

 14. Vusirikala, A, Thomas, T, Bhala, N, Tahrani, AA, Thomas, GN, and Nirantharakumar, K. Impact of obesity and metabolic health status in the development of non-alcoholic fatty liver disease (NAFLD): A United Kingdom population-based cohort study using the health improvement network (THIN). BMC Endocr Disord. (2020) 20:96. doi: 10.1186/s12902-020-00582-9

 15. Li, L, Liu, DW, Yan, HY, Wang, ZY, Zhao, SH, and Wang, B. Obesity is an independent risk factor for non-alcoholic fatty liver disease: evidence from a meta-analysis of 21 cohort studies. Obes Rev. (2016) 17:510–9. doi: 10.1111/obr.12407 

 16. Bush, H, Golabi, P, and Younossi, ZM. Pediatric Non-Alcoholic Fatty Liver Disease. Children (Basel). (2017) 4:4. doi: 10.3390/children4060048

 17. Zimmermann, E, Gamborg, M, Holst, C, Baker, JL, Sorensen, TI, and Berentzen, TL. Body mass index in school-aged children and the risk of routinely diagnosed non-alcoholic fatty liver disease in adulthood: a prospective study based on the Copenhagen School Health Records Register. BMJ Open. (2015) 5:e006998. doi: 10.1136/bmjopen-2014-006998 

 18. Anderson, EL, Howe, LD, Jones, HE, Higgins, JP, Lawlor, DA, and Fraser, A. The Prevalence of Non-Alcoholic Fatty Liver Disease in Children and Adolescents: A Systematic Review and Meta-Analysis. PLoS One. (2015) 10:e0140908. doi: 10.1371/journal.pone.0140908 

 19. Sasso, M, Beaugrand, M, de Ledinghen, V, Douvin, C, Marcellin, P, Poupon, R , et al. Controlled attenuation parameter (CAP): a novel VCTE guided ultrasonic attenuation measurement for the evaluation of hepatic steatosis: preliminary study and validation in a cohort of patients with chronic liver disease from various causes. Ultrasound Med Biol. (2010) 36:1825–35. doi: 10.1016/j.ultrasmedbio.2010.07.005 

 20. Kwo, PY, Cohen, SM, and Lim, JK. ACG Clinical Guideline: Evaluation of Abnormal Liver Chemistries. Am J Gastroenterol. (2017) 112:18–35. doi: 10.1038/ajg.2016.517 

 21. Box, GEP, and Pierce, DA. Distribution of Residual Autocorrelations in Autoregressive-Integrated Moving Average Time Series Models. J Am Stat Assoc. (1970) 65:1509–26.

 22. Hankey, BF, Ries, LA, Kosary, CL, Feuer, EJ, Merrill, RM, Clegg, LX , et al. Partitioning linear trends in age-adjusted rates. Cancer Causes Control. (2000) 11:31–5.

 23. Spearman, CW, Abdo, A, Ambali, A, Awuku, YA, Kassianides, C, Lesi, OA , et al. Health-care provision and policy for non-alcoholic fatty liver disease in sub-Saharan Africa. Lancet Gastroenterol Hepatol. (2021) 6:1047–56. doi: 10.1016/S2468-1253(21)00296-X

 24. Venegas, JG, Harris, RS, and Simon, BA. A comprehensive equation for the pulmonary pressure-volume curve. J Appl Physiol. (1985) 84:389–95. doi: 10.1152/jappl.1998.84.1.389

 25. Ciardullo, S, Monti, T, and Perseghin, G. Prevalence of Liver Steatosis and Fibrosis Detected by Transient Elastography in Adolescents in the 2017-2018 National Health and Nutrition Examination Survey. Clin Gastroenterol Hepatol. (2021) 19:e381:384–390.e1. doi: 10.1016/j.cgh.2020.06.048

 26. Wang, S, Song, J, Shang, X, Chawla, N, Yang, Y, Meng, X , et al. Physical activity and sedentary behavior can modulate the effect of the PNPLA3 variant on childhood NAFLD: a case-control study in a Chinese population. BMC Med Genet. (2016) 17:90. doi: 10.1186/s12881-016-0352-9 

 27. Zou, ZY, Zeng, J, Ren, TY, Huang, LJ, Wang, MY, Shi, YW , et al. The burden and sexual dimorphism with nonalcoholic fatty liver disease in Asian children: A systematic review and meta-analysis. Liver Int. (2022) 42:1969–80. doi: 10.1111/liv.15080 

 28. Schwimmer, JB, Deutsch, R, Kahen, T, Lavine, JE, Stanley, C, and Behling, C. Prevalence of fatty liver in children and adolescents. Pediatrics. (2006) 118:1388–93. doi: 10.1542/peds.2006-1212

 29. Welsh, JA, Karpen, S, and Vos, MB. Increasing prevalence of nonalcoholic fatty liver disease among United States adolescents, 1988-1994 to 2007-2010. J Pediatr. (2013) 162:e491:496–500.e1. doi: 10.1016/j.jpeds.2012.08.043

 30. Estes, C, Anstee, QM, Arias-Loste, MT, Bantel, H, Bellentani, S, Caballeria, J , et al. Modeling NAFLD disease burden in China, France, Germany, Italy, Japan, Spain, United Kingdom, and United States for the period 2016-2030. J Hepatol. (2018) 69:896–904. doi: 10.1016/j.jhep.2018.05.036 

 31. Kang, Y, Park, S, Kim, S, and Koh, H. Estimated Prevalence of Adolescents with Nonalcoholic Fatty Liver Disease in Korea. J Korean Med Sci. (2018) 33:e109. doi: 10.3346/jkms.2018.33.e109 

 32. Lazarus, JV, Mark, HE, Anstee, QM, Arab, JP, Batterham, RL, Castera, L , et al. Advancing the global public health agenda for NAFLD: a consensus statement. Nat Rev Gastroenterol Hepatol. (2022) 19:60–78. doi: 10.1038/s41575-021-00523-4 

 33. Estes, C, Razavi, H, Loomba, R, Younossi, Z, and Sanyal, AJ. Modeling the epidemic of nonalcoholic fatty liver disease demonstrates an exponential increase in burden of disease. Hepatology. (2018) 67:123–33. doi: 10.1002/hep.29466 

 34. Zhang, X, Wu, M, Liu, Z, Yuan, H, Wu, X, Shi, T , et al. Increasing prevalence of NAFLD/NASH among children, adolescents and young adults from 1990 to 2017: a population-based observational study. BMJ Open. (2021) 11:e042843. doi: 10.1136/bmjopen-2020-042843

 35. Stefan, N, and Cusi, K. A global view of the interplay between non-alcoholic fatty liver disease and diabetes. Lancet Diabetes Endocrinol. (2022) 10:284–96. doi: 10.1016/S2213-8587(22)00003-1

 36. Younossi, Z, Anstee, QM, Marietti, M, Hardy, T, Henry, L, Eslam, M , et al. Global burden of NAFLD and NASH: trends, predictions, risk factors and prevention. Nat Rev Gastroenterol Hepatol. (2018) 15:11–20. doi: 10.1038/nrgastro.2017.109 

 37. Berentzen, TL, Gamborg, M, Holst, C, Sorensen, TI, and Baker, JL. Body mass index in childhood and adult risk of primary liver cancer. J Hepatol. (2014) 60:325–30. doi: 10.1016/j.jhep.2013.09.015 

 38. Simon, TG, Roelstraete, B, Hartjes, K, Shah, U, Khalili, H, Arnell, H , et al. Non-alcoholic fatty liver disease in children and young adults is associated with increased long-term mortality. J Hepatol. (2021) 75:1034–41. doi: 10.1016/j.jhep.2021.06.034 

 39. Younossi, ZM, Zelber-Sagi, S, Henry, L, and Gerber, LH. Lifestyle interventions in nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol. (2023) 20:708–22. doi: 10.1038/s41575-023-00800-4

 40. Fan, JG, Kim, SU, and Wong, VW. New trends on obesity and NAFLD in Asia. J Hepatol. (2017) 67:862–73. doi: 10.1016/j.jhep.2017.06.003

 41. Lin, MS, Lin, TH, Guo, SE, Tsai, MH, Chiang, MS, Huang, TJ , et al. Waist-to-height ratio is a useful index for nonalcoholic fatty liver disease in children and adolescents: a secondary data analysis. BMC Public Health. (2017) 17:851. doi: 10.1186/s12889-017-4868-5 

 42. Umano, GR, Grandone, A, Di Sessa, A, Cozzolino, D, Pedulla, M, Marzuillo, P , et al. Pediatric obesity-related non-alcoholic fatty liver disease: waist-to-height ratio best anthropometrical predictor. Pediatr Res. (2021) 90:166–70. doi: 10.1038/s41390-020-01192-w 


Copyright
 © 2024 Lin, Li, Huang, Lin, Hong, Weng and Pan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpubh-12-1437432-e013.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A significant and persistent rise in the global burden of adolescent NAFLD and NASH estimated by BMI



		Introduction



		Materials and methods



		Definition of NAFLD/NASH



		NHANES database



		Curve-fitting the correlation between BMI and risk of NAFLD/NASH



		Modeling NAFLD/NASH prevalence based on BMI



		Projecting NAFLD/NASH prevalence from 2017 to 2030 based on BMI



		Generation of estimated annual percentage change









		Results



		Study population



		Curve-fitting the correlation between BMI and risk of NAFLD/NASH



		Estimated global NAFLD/NASH prevalence



		Estimated regional NAFLD/NASH prevalence



		Estimated NAFLD/NASH prevalence at country/region level









		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fpubh-12-1437432-e012.jpg
q





OPS/images/fpubh-12-1437432-e015.jpg





OPS/images/fpubh-12-1437432-e014.jpg





OPS/images/fpubh-12-1437432-e011.jpg
zk = (I + 1)/ 2





OPS/images/fpubh-12-1437432-e010.jpg





OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

A significant and persistent rise in
the global burden of adolescent
NAFLD and NASH estimated by
BMI












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Public Health






OPS/images/fpubh-12-1437432-e005.jpg
{(u)ly,





OPS/images/fpubh-12-1437432-e006.jpg
“Trexp{(b-x)/c

y=/(x)





OPS/images/fpubh-12-1437432-e003.jpg
Vi





OPS/images/fpubh-12-1437432-e004.jpg





OPS/images/fpubh-12-1437432-e009.jpg





OPS/images/fpubh-12-1437432-e007.jpg





OPS/images/fpubh-12-1437432-e008.jpg





OPS/images/fpubh-12-1437432-t001.jpg
Model
NAFLD, Boys
NAELD, Girls
NASH, Boys

NASH, Girls

a
0.9542
0.7739
0.6169

0.3869

b
257531
26,6447
207734

287782

28929

32978

23269

23384

0.980

0.969

0.993

0.985





OPS/images/fpubh-12-1437432-g005.jpg
A B

Prevalence of NAFLD in 2016 Prevalence of NAFLD in 2016
Boys. Girls.






OPS/images/fpubh-12-1437432-e001.jpg





OPS/images/fpubh-12-1437432-g002.jpg
A INAFLD Boys Ages 1210 18 B NAFLD Girls Ages 1210 18

oo Paieobiey
<
4
Z, z,]
2 :
A "
.
1o ) EY @ o 2 %0 @
. us
A B g 12018 ASH G A 121018
R-squared=0.993 0" R-squared=0 985
ul
%
&
z K
H 3"
0
"
{ 5
7 5
: 5
o0 1 2 % “o
"






OPS/images/fpubh-12-1437432-e002.jpg





OPS/images/fpubh-12-1437432-g004.jpg
Prevalence (%)

Prevalence (%)

200

NAFLD, Boys

FELTEL LS
Year

NASH, Boys

0.0
FEELEL LSS
Year

50

s

Prevalence (%)
g

3

NAFLD, Girls

FEEFELE S0P
Year

NASH, Girls

FEELSELENE S
Year

Cenral Asa and.
ot Afis Midde

Central and Eastem
-

£ 30d South Bt
Higheincome Asia
- pacific

Highvincome Westem
= ounries

Latin America and
W Coibbean

- Occania

- ouh Asia

- ub-Sahoran Affica





OPS/images/fpubh-12-1437432-g003.jpg
Boys, aged 12 to 18 B Girls, aged 12 to 18
250 18 180! 18
17
s 17 i 16
200 16 15
§n s 15 %m 14
Zis50 14 3no 13
E 125 13 E 100 12
100 12
80
i /
6.0°
3 1980 1990 2000 2010 2020 2030 1980 1990 2000 2010 2020 2030
Year Year
C Boys, aged 12 to 18 D Girls, aged 12 to 18
18 s il
50 17
17 40 16
40 16 35 15
H 15 50 14
530 3
H 1“3 13
& 20
20/ 13
L5 12
/ 12
10 10
05
1980 1990 2000 2010

2020

1980 1990 2000

Year

2010 2020 2030





OPS/images/fpubh-12-1437432-e017.jpg





OPS/images/fpubh-12-1437432-e016.jpg
f(zk)





OPS/images/fpubh-12-1437432-g001.jpg
NHANES

S

4

——
Demographic and clinical
data

4

Global, regional, and Curve-fitting for the : Global, regional, and

country-level data of correlation between BMI and country-level prevalence
BMI L NAFLD/NASH prevalence ) of NAFLD/NASH






OPS/images/fpubh-12-1437432-e018.jpg





