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8621 articles identified

5458 potentially relevant articles 

3163 excluded at screening

5044 excluded on full-text review

- 2254 mechanistic studies

- 1132 non-Phase 2/3 drug

- 757 not relevant

- 343 description of NAFLD model

- 215 phase 2/3 drug but no data suitable for 
meta-analysis

- 126 other (non-interventional) study type

- 68 not mouse or rat study

- 43 couldn’t obtain full-text

- 41 in vitro or in silico only

- 38 review, commentary, or protocol

- 16 duplicates

- 4 human studies

- 3 not in English

- 2 abstract only

- 2 retracted studies 

414 articles suitable for meta-analysis

(721 cohorts)

414 articles included for meta-analysis

(603 cohorts)

118 cohorts combined due to shared controls

Figure 1. Study inclusion and exclusion flow chart.
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Figure 2. Meta-analysis of hepatic triglyceride content in rodent studies of NAFLD. (A) Forest plot with subgrouping by class of drug. Individual studies

have been hidden and only subgroup summaries are illustrated. Results are expressed as a percentage difference relative to control (/placebo). The

Figure 2 continued on next page
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Figure 2 continued

total number of animals per subgroup is calculated from the sum of control and interventional animals for each subgroup. CI, confidence interval;

DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; GLP-1, Glucagon-like peptide-1; MD, mean difference; LXR, Liver X receptor; PDE,

Phosphodiesterase; PPAR, Peroxisome proliferator-activated receptor; SCD-1, Stearoyl–CoA desaturase-1; SGLT2, Sodium-glucose co-transporter-2;

TUDCA, Tauroursodeoxycholic acid. (B) Meta-regression bubble plot using (log) difference in weight between intervention and control animals, after

removal of studies using models that induce weight loss. (C) Meta-regression bubble plot using (log) difference in fasting insulin between intervention

and control animals, after removal of studies using models that induce weight loss.
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Figure 2—figure supplement 1. Meta-analysis of hepatic triglyceride content in rodent studies of NAFLD by individual drug. Forest plot with

subgrouping by individual drug. Individual studies have been hidden and only subgroup summaries are illustrated. Results are expressed as a

percentage change relative to control (/placebo). Total animals is the sum of control and interventional animals for each subgroup. ARB, angiotensin

receptor blocker; CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; GLP-1, Glucagon-like peptide-1; MD, mean

difference; LXR, Liver X receptor; PDE, Phosphodiesterase; PPAR, Peroxisome proliferator-activated receptor; PUFA; omega-3 polyunsaturated fatty

acid; SCD-1, Stearoyl–CoA desaturase-1; SGLT2, Sodium-glucose co-transporter-2; TUDCA, Tauroursodeoxycholic acid.

Hunter, de Gracia Hahn, Duret, et al. eLife 2020;9:e56573. DOI: https://doi.org/10.7554/eLife.56573 5 of 25

Research article Medicine

https://doi.org/10.7554/eLife.56573


−200 −100 0 100 200

1
0
0

8
0

6
0

4
0

2
0

0

Mean difference in hepatic TG (%)

S
ta

n
d

a
rd

 E
rr

o
r

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●●
●

●●● ●●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●
●

●

●
●

●

●

●

●
●

●
●

●
●

●

●
●

●

●

●

●

●

● ●

●

●

●

●

●
●

●
●

●

●
●

● ●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

● ●

●●

●

● ●●

●
●

●

●

●

●

●

●

●
●

●

●●●
●

● ●

●●

●

●

●

●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

● ●

●

● ●

●

●

● ●

●

●
●

● ●

●

●

●
●
●
●

● ●

●

●●

●

●
●

● ●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●
●●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●
●

●

●

●
●

●

●

●

●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●●●●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

● ●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●●

●

●

p < 0.05

p < 0.025

p < 0.01

0 100 200 300 400

0
1

2
3

4
5

6

Contribution to overall heterogeneity
In

fl
u
e
n
c
e
 o

n
 o

ve
ra

ll 
re

s
u
lt

●

●●● ●●●● ●●●●●●● ●●●●

●

●

●●●●●●●●●●

●

●
●●

●●●●● ●●●●●●●●●●●●●● ●●●●●●●●●●●●●●

●

●●●● ●● ●●●●●●●

●

●●
●

●●●●●●●●●●●●●●●

●

●●●

●

● ●● ●●●●●●●●

●

●●●●●

●

●●●●●
●

●

●

●●●●●●●● ● ●
●●●●● ●●●

●
●●●●●●●● ●●●●

●

●●●●●

●

●●●●

●

●●● ●●●●●●●
●

●●●●●●●● ●●●●●●●●● ●●●
●

●●●●●●●●●
●●

●

●●
●

● ●●●●●●●●●●●●●● ●
●

●●●●●●●● ●●●●●●●●●●●●

●

●●

●●●●●●●●●●●

●

●●●●●● ●● ●●●●●●●●●●●●●●●
●● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●● ●

●

●●●●
●

●●●●●●●● ●●●●●●●● ●●●●●

●

●

●

●
●●●●●●●

●

●●●●
●

●●●●●●●●●

●

●●●●●●●●●●●●●●
●
●●●●

●●●●●

●

●●●
●
●●●●●●●●●●

●

●

Kabil 2018_1
Haczeyni 2017a_2Kobyliak 2017_1Jia 2012_3Soon 2010Valdecantos 2017_2Ishii 2009Yang 2011aommis 2017Wang 2018bZhu 2017aTatsumi 2011Chang 2015Ishikawa 2014_2Larter 2008bPanjwani 2013_1Ding 2018_2Jia 2012_2Jia 2012_1

Pan 2015
Goto 2018_1

Jojima 2016 _1Kamada 2013Nakashima 2018Kato 2015Konuma 2015Ni 2016_1Ni 2016_2Briskey 2016Lee 2012aPanjwani 2013_2

Bae 2016

Kawai 2012b_2
Meng 2016a_2Meng 2016a_1

Cho 2014_1Van Rooyen 2013_3Haczeyni 2017a_1Cho 2014_2Van Rooyen 2013_1Zarzour 2017Jojima 2016 _2Ideta 2015Orime 2016_3Orime 2016_2Orime 2016_1Park 2016_1Park 2016_4Park 2016_2Park 2016_3Park 2016_5Aguirre 2013_1Aguirre 2013_4Aguirre 2013_5Aguirre 2013_3Aguirre 2013_2Ma 2008_2Ma 2008_1Van Rooyen 2013_4Van Rooyen 2013_6Monteiro 2013_4Monteiro 2013_2Wei 2008Patel 2018_1Patel 2018_2Jena 2018Pizarro 2015everria 2018

Liu 2017b_1

Valdecantos 2017_1Tajima 2013_3Park 2013_1Bertrand 2013Koppe 2004Li 2017aFranko 2017De Oliveira 2016_1De Oliveira 2016_2Chiba 2016Chicco 2016Choi 2016Govindaraj 2016

Mnafgui 2012

Kim 2017_1Kim 2017_2
Sim 2014_1

Cong 2008_2Cong 2008_1Van den Hoek 2013_2Van den Hoek 2013_3Van den Hoek 2013_1Van den Hoek 2013_4Van den Hoek 2013_5Veiga 2017Vigueira 2017_1Vigueira 2017_2Vilà 2011Xiong 2014_1Xiong 2014_2Kuo 2016_1Kuo 2016_2

Tan 2013

Wan 2017Wang 2017Shirakami 2016_1

Kawaguchi 2004_1

Kudo 2009Fujita 2006_3Fujita 2006_1Fujita 2006_2Okada 2009Zhao 2014_2Zhao 2014_1Zheng 2008 _1Zheng 2017Zhou 2015_2Zhou 2015_1

Khaleel 2017

Fujimoto 2012Arias 2015Soledad Roselli 2009_1Soledad Roselli 2009_2Yamada 2015b

Ambika 2016

Siddiqui 2015_1Siddiqui 2015_2Raso 2008_1Raso 2008_2Feng 2015Ahn 2008

Chen 2015

Liu 2016_2
Liu 2016_1Liu 2016_3Lee 2014Allam 2017_1Alberdi 2013Sadi 2014Li 2013gPoulsen 2012Rull 2014_1 Rull 2014_2Prakash 2014_1Harris 2016Honda 2016Kita 2012Komiya 2016_2Komiya 2016_1Yamagata 2013Nakano 2008_2

Nakano 2008_1
Pan 2006_1Pan 2006_2Mookkan 2013_5Mookkan 2013_4Mookkan 2013_1Xu 2015bNozaki 2009_1Nozaki 2009_2Kabel 2015_2Kabel 2015_1Li 2016a_1Li 2016a_2

de Souza Marinho 2017

Tong 2016Zhu 2014_1Wagnerberger 2013Wang 2015Wang 2013

Wierzbicki 2009

Zaitone 2011_2Zaitone 2011_1Zhang 2013aZhang 2009b

Zhang 2015a_2

Zhang 2015a_1Kong 2008_1Kong 2008_2Kim 2008_1Pektas 2016_1Pektas 2016_2Kajikawa 2010aLee 2016cKajikawa 2010bKajikawa 2009_2 Kajikawa 2009_1Heidarian 2014Nishikawa 2015Okada 2013Salamone 2011Gu 2016Yogalakshmi 2013aFatani 2011Gil...Ramirez 2015_2Gil...Ramirez 2016_1Kurita 2008_2Kurita 2008_1Endo 2013Rong 2009_2Rong 2009_1aalan 2012_3aalan 2012_2Shang 2008Shimizu 2011_1Xu 2014a_1Xu 2014a_2Zhou 2017bZhu 2016_2Zhu 2016_1Ran 2004Tsuchiya 2017_2Tsuchiya 2017_1Sverdlov 2006_1Sverdlov 2006_4Sverdlov 2006_3Sverdlov 2006_2Hirako 2010_1Pan 2011_3
Pan 2011_2

Pan 2011_4Pan 2011_1Peng 2014Sasaki 2011_1Nagasawa 2006_1Nagasawa 2006_2Sugatani 2012_2Hwahng 2009_1Ushio 2013 _2Ushio 2013 _4Ushio 2013 _1Ushio 2013 _3Samson 2011Kodama 2015 _2Kodama 2015 _1Baron 2011Tajima 2013_2Tajima 2013_1Velayudham 2009
Yogalakshmi 2013b
Berthiaume 2009Liu 2014b_2Liu 2014b_1Linden 2014Ding 2006 _1Ding 2014Forrest 2013Linden 2015Pan 2013 _1Pan 2013 _2Pan 2013 _3Zhang 2014_2Zhang 2014_1Yachi 2013 _3Yamamoto 2008Tatarkiewiez 2014Ragab 2015Trevaskis 2012_1Trevaskis 2012_2Trevaskis 2012_3

Trevaskis 2012_4

Trevaskis 2012_6Trevaskis 2012_5
Forcheron 2009_1Forcheron 2009_3Forcheron 2009_4Forcheron 2009_2Sugatani 2010_1Sugatani 2010_2Xu 2014bSugizaki 2014Ji 2011bOhyama 2014_1Tzanetakou 2012

Ozcan 2006

Zhang 2016_1Zhang 2016_2Zhang 2016_3Purushotham 2007Bojic 2014Ford 2015Saraswathi 2009_1Saraswathi 2009_2Ji 2015_1Kurikawa 2013_2Kurikawa 2013_1Okubo 2013Yamamoto 2016b_2Yamamoto 2016b_1Staels 2013_1Staels 2013_2Staels 2013_3Depner 2012_2Depner 2012_1Nakano 2015_1Nakano 2015_2Yuan 2015Sim 2015_1Massart 2012wn 2008 Jia 2015Lalloyer 2011Um 2013Liu 2007Soares e Silva 2015Jelinek 2013Haleim 2014_1Haleim 2014_3Gao 2013Hsiao 2008Wada 20132006_1Assy 2006_2Assy 2006_3Lee 2015aXu 2015aMaiztegui 2011_2Maiztegui 2011_1Ni 2015Xu 2012_2Xu 2012_1Zhu 2017bKim 2012a_1Li 2017bHe 2016Depner 2013_2Depner 2013_1van der Neen 2016_1van der Neen 2016_2Zhou 2008_1Zhou 2008_2Zhou 2008_3Suzuki 2014erman 2005_1

Wu 2016

Diaz 2014_1Diaz 2014_2Diaz 2014_3Diaz 2014_4Liu 2014aLaskibar 2017Chao 2000Patel 2013_1Parlevliet 2012_1Parlevliet 2012_2Panzhinskiy 2014Oosterveer 2009Ong 2010Li 2016bMeng 2016bPathak 2017Miyaki 2011_2Miyaki 2011_1Montez 2012_2Montez 2012_1Muraoka 2011Harano 2006Haimeur 2016Wooten 2016_1Wooten 2016_2Inui 1990_1

Ota 2007_1

Ota 2007_2

Pasarín 2011

aalan 2009
Yang 2011b_1Yang 2014bZhou 2010_1Zhou 2010_2Cahova 2015Qi 2011_2Qi 2011_1

Uto 2005

Wu 2011Lee 2012bNakagami 2013_2Nakagami 2013_1
Kessoku 2016_1

Pang 2017Zhao 2018a_1Miyata 2017Cheng 2018Shin 2017Bahirat 2018Zhang 2018Shen 2018aLiu 2017a

Lin 2017_1

Yang 2018aJadhav 2018_2Jadhav 2018_1Ma 2018a_3Ma 2018a_1Ma 2018a_2Zhu 2018_1Guo 2018Chen 2018bYi 2018Kalavalapalli 2018Toriniwa 2018_1Toriniwa 2018_2Chen 2018a
Su 2018

Borges 2018Ma 2018bCuenca 2018Li 2018aShao 2018Zhou 2018Wu 2018Yang 2018bZhao 2018b

Lu 2018

Tiao 2018Zheng 2018Xu 2018Li 2018cTiefenbach 2018Bae 2018Ou 2018Li 2018bIida 2018_1Kim 2018bValdecantos 2018_2Pan 2018_1Kim 2018a_1Kim 2018a_2
Qin 2018

Finn 2019

Egger’s test 

p = 2.2x10-4

A B

Hepatic triglyceride

Figure 2—figure supplement 2. Funnel plot with trim-and-fill added studies and Baujat plot from meta-analysis of hepatic triglyceride content. (A)
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statistical significance associated with each study is illustrated with the coloured background. Egger’s test p-value indicates the likelihood that the

original studies came from a symmetrical distribution. (B) Baujat plot showing individual study contributions to heterogeneity in the meta-analysis. The

studies with highest contribution were excluded in a sensitivity analysis.
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Figure 3. Weight and glucose difference associated with use of each drug class. (A) Box plot illustrating the difference in weight in interventional

animals, expressed as a decimal of the weight of the control animals. Raw data points are plotted for each drug class. (B) Box plot for difference in

fasting glucose in interventional animals, expressed as a decimal of the weight of the control animals. Raw data points are plotted for each drug

class.
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Figure 3—figure supplement 1. Insulin difference associated with use of each drug class and correlation plot of characteristics of studies. (A) Box plot

illustrating the difference in fasting insulin in interventional animals, expressed as a decimal of the weight of the control animals. Raw data points are

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

plotted for each drug class. (B) Plot of Pearson correlation co-efficients (encoded by colour, where red = 1, blue = �1) for continuous traits associated

with each cohort. Traits have been log-transformed prior to analysis. Stars indicate p-value associated with each correlation: ***p<0.001, **p<0.01,

*p<0.05.
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Figure 4. Meta-analysis of steatosis grade in rodent studies of NAFLD. (A) Forest plot with subgrouping by class of drug. Individual studies have been

hidden and only subgroup summaries are illustrated. The total number of animals is calculated from the sum of control and interventional animals for

Figure 4 continued on next page
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Figure 4 continued

each subgroup. CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; GLP-1, Glucagon-like peptide-1; MD, mean

difference; TUDCA, Tauroursodeoxycholic acid. (B) Meta-regression bubble plot using (log) difference in fasting glucose between interventional and

control animals, after removal of studies using models that induce weight loss. (C) Meta-regression bubble plot using (log) difference in fasting insulin

between interventional and control animals, after removal of studies using models that induce weight loss.
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Figure 4—figure supplement 1. Meta-analysis of steatosis grade in rodent studies of NAFLD by individual drug. Forest plot with subgrouping by

individual drug. Individual studies have been hidden and only subgroup summaries are illustrated. Total animals is the sum of control and interventional

animals for each subgroup. ARB, angiotensin receptor blocker; CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; MD,

mean difference; TUDCA, tauroursodeoxycholic acid.
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Figure 5. Meta-analysis of lobular inflammation in rodent studies of NAFLD. (A) Forest plot with subgrouping by class of drug. Individual studies have

been hidden and only subgroup summaries are illustrated. The total number of animals is calculated from the sum of control and interventional animals

for each subgroup. CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; GLP-1, Glucagon-like peptide-1; MD, mean

difference. (B) Meta-regression bubble plot using (log) difference in weight between interventional and control animals, after removal of studies using

models that induce weight loss. (C) Meta-regression bubble plot using (log) fat (%kcal) in diet for each cohort.
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Figure 5—figure supplement 1. Meta-analysis of lobular inflammation in rodent studies of NAFLD by individual drug. Forest plot with subgrouping by

individual drug. Individual studies have been hidden and only subgroup summaries are illustrated. Total animals is the sum of control and interventional

animals for each subgroup. ARB, angiotensin receptor blocker; CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; MD,

mean difference.
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Figure 6. Meta-analysis of hepatocellular ballooning in rodent studies of NAFLD. (A) Forest plot with subgrouping by class of drug. Individual studies

have been hidden and only subgroup summaries are illustrated. The total number of animals is calculated from the sum of control and interventional

Figure 6 continued on next page
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Figure 6 continued

animals for each subgroup. CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; GLP-1, Glucagon-like peptide-1; MD,

mean difference; TUDCA, tauroursodeoxycholic acid. (B) Meta-regression bubble plot using (log) fat (%kcal) in diet for each cohort. (C) Meta-regression

bubble plot using (log) fructose/glucose (% weight) in diet for each cohort. (D) Meta-regression bubble plot using (log) duration of intervention (in

weeks) for each cohort.
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Figure 6—figure supplement 1. Meta-analysis of hepatocellular ballooning in rodent studies of NAFLD by individual drug. Forest plot with

subgrouping by individual drug. Individual studies have been hidden and only subgroup summaries are illustrated. Total animals is the sum of control

and interventional animals for each subgroup. ARB, angiotensin receptor blocker; CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid

X receptor; MD, mean difference; TUDCA, tauroursodeoxycholic acid.
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Figure 7. Meta-analysis of NAFLD Activity Score (NAS) in rodent studies of NAFLD. (A) Forest plot with subgrouping by class of drug. Individual studies

have been hidden and only subgroup summaries are illustrated. k represents the number of cohorts in each subgroup. The total number of animals is

Figure 7 continued on next page
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Figure 7 continued

calculated from the sum of control and interventional animals for each subgroup. CI, confidence interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid

X receptor; GLP-1, Glucagon-like peptide-1; MD, mean difference. (B) Meta-regression bubble plot using (log) difference in weight between

interventional and control animals, after removal of studies using models that induce weight loss. (C) Meta-regression bubble plot using (log) difference

in glucose between interventional and control animals, after removal of studies using models that induce weight loss.
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Figure 7—figure supplement 1. Meta-analysis of NAFLD Activity Score (NAS) in rodent studies of NAFLD by individual drug. Forest plot with

subgrouping by individual drug. Individual studies have been hidden and only subgroup summaries are illustrated. k represents the number of cohorts

in each subgroup. Total animals is the sum of control and interventional animals for each subgroup. ARB, angiotensin receptor blocker; CI, confidence

interval; DPP4, Dipeptidyl peptidase-4; FXR, Farnesoid X receptor; MD, mean difference.
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each subgroup. CI, confidence interval; FXR, Farnesoid X receptor; GLP-1, Glucagon-like peptide-1; MD, mean difference. (B) Meta-regression bubble

plot using (log) difference in weight between interventional and control animals, after removal of studies using models that induce weight loss.
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Figure 8—figure supplement 1. Meta-analysis of fibrosis stage in rodent studies of NAFLD by individual drug. Forest plot with subgrouping by

individual drug. Individual studies have been hidden and only subgroup summaries are illustrated. Total animals is the sum of control and interventional

animals for each subgroup. CI, confidence interval; FXR, Farnesoid X receptor; MD, mean difference.
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Figure 9. Funnel plots illustrating study distribution bias from meta-analyses of histological features. (A) Funnel plot illustrating study distribution

(publication) bias in 145 original studies (solid grey circles) with 54 added studies (from trim-and-fill) for meta-analysis of steatosis grade. The statistical

significance associated with each study is illustrated with the coloured background. Egger’s test p-value indicates the likelihood that the original studies

came from a symmetrical distribution. (B) Funnel plot for lobular inflammation meta-analysis with 103 original studies and 42 added studies. (C) Funnel

plot for fibrosis stage meta-analysis with 34 original studies and 14 added studies. (D) Funnel plot for NAS meta-analysis with 106 original studies and

43 added studies.
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Figure 9—figure supplement 1. Quality assessment of included cohorts. (A) Distribution of overall quality scores

from a four-point scale, composed of the use of a power calculation, use of blinding, randomisation, and referring

to a predefined protocol, with 1-point awarded for presence of each factor. (B) Proportion of cohorts achieving

each factor is shown in B.
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Hunter, de Gracia Hahn, Duret, et al. eLife 2020;9:e56573. DOI: https://doi.org/10.7554/eLife.56573 25 of 25

Research article Medicine

https://doi.org/10.7554/eLife.56573

