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Background & Aims: We conducted an individual patient data meta-analysis to establish 

stiffness cut-off values for magnetic resonance elastography (MRE) in staging liver fibrosis and to 

assess potential confounding factors.

Methods: A systematic review of the literature identified studies reporting MRE data in patients 

with NAFLD. Data were obtained from the corresponding authors. The pooled diagnostic cut-off 

value for the various fibrosis stages was determined in a two-stage meta-analysis. Multilevel 

modelling methods were used to analyse potential confounding factors influencing the diagnostic 

accuracy of MRE in staging liver fibrosis.

Results: Eight independent cohorts comprising 798 patients were included in the meta-analysis. 

The area under the receiver operating characteristic curve (AUROC) for MRE in detecting 

significant fibrosis was 0.92 (sensitivity, 79%; specificity, 89%). For advanced fibrosis, the 

AUROC was 0.92 (sensitivity, 87%; specificity, 88%). For cirrhosis, the AUROC was 0.94 

(sensitivity, 88%, specificity, 89%). Cut-offs were defined to explore concordance between MRE 

and histopathology: ≥F2, 3.14 kPa (pretest probability, 39.4%); ≥F3, 3.53 kPa (pretest probability, 

24.1%); and F4, 4.45 kPa (pretest probability, 8.7%). In generalized linear mixed model analysis, 

histological steatohepatitis with higher inflammatory activity (odds ratio 2.448, 95% CI 1.180–

5.079, p <0.05) and high gamma-glutamyl transferase (GGT) concentration (>120U/L) (odds ratio 

3.388, 95% CI 1.577–7.278, p <0.01] were significantly associated with elevated liver stiffness, 

and thus affecting accuracy in staging early fibrosis (F0–F1). Steatosis, as measured by magnetic 

resonance imaging proton density fat fraction, and body mass index(BMI) were not confounders.

Conclusions: MRE has excellent diagnostic performance for significant, advanced fibrosis and 

cirrhosis in patients with NAFLD. Elevated inflammatory activity and GGT level may lead to 

overestimation of early liver fibrosis, but anthropometric measures such as BMI or the degree of 

steatosis do not.

Graphical abstract
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Introduction

NAFLD is the leading cause of chronic liver disease worldwide, affecting approximately 

25% of the global population.1 It is a spectrum comprising isolated steatosis, steatohepatitis, 

advanced fibrosis, and cirrhosis.2 Liver fibrosis predicts the occurrence of liver-related 

events and overall mortality in patients with NAFLD.3 Therefore, the accurate detection and 

staging of liver fibrosis is a key issue for the management of patients with NAFLD.4

Liver biopsy is the reference standard for assessing the liver fibrosis stage in patients with 

NAFLD. However, it cannot be widely used in clinical practice owing to its limitations and 

risks, such as sampling errors, poor tolerance, its high cost, and the risk of serious adverse 

events.5,6 Therefore, several biochemical7,8 and imaging biomarkers have emerged to help 

in the diagnose of liver fibrosis, with imaging mechanical biomarkers such as transient 

elastography (TE), shear-wave elastography (SWE), and magnetic resonance elastography 

(MRE) playing a major role among them. MRE evaluates a larger portion of the liver, 

offering the option of choosing the region of interest, which can be performed in conjunction 

with conventional magnetic resonance imaging.9 Several studies reported that MRE has 

a higher diagnostic performance than TE and SWE in assessing liver fibrosis in patients 

with NAFLD,10-13 including morbidly obese patients and those with ascites, additionally 

decreasing the failure rate. However, there are cases in which a discrepancy between fibrosis 

based on histology and liver stiffness measurement (LSM) by MRE occurs. In addition, 

there is not a generally accepted cut-off value for diagnosing the different stages of fibrosis 

because most of the published studies have been based on small and heterogenous cohorts. 

Although two individual patient data meta-analyses (IPD-MAs)14,15 have been previously 

published and presented their respective cut-off values for staging liver fibrosis, they have 

not been directly compared and validated in a large sample cohort. The aim of this study 

was therefore to conduct an IPD-MA including data from studies that evaluated LSM by 

MRE with histology as the reference standard, to establish diagnostic cut-offs and explore 

the potential confounding factors influencing the diagnostic accuracy of MRE for staging 

liver fibrosis in patients with NAFLD.

Materials and methods

Our study was an IPD-MA based on a multicentre collaboration from previously 

published studies. It was performed in accordance with the PRISMA-IPD Statement 

checklist16 and PRISMA-DTA Statement checklist,17 and it was registered in PROSPERO 

(CRD42021264458).

Search strategy and selection criteria

Two investigators (JxL and JA) independently identified suitable studies, published up to 

31 December 2021, by searching in the MEDLINE (using PubMed as the search engine), 

Embase, and Cochrane databases; discrepancies were solved by a third author (MR-G). 

A combination of keywords and medical subject heading terms were used, including 

(‘MR’ OR ‘Magnetic resonance’) AND (‘Elastography’ OR ‘Elasticity’ OR ‘MRE’) AND 

(‘NAFLD’ OR ‘Non-alcoholic fatty liver disease’ OR ‘MAFLD’ OR ‘Metabolic associated 

fatty liver disease’). A manual search was conducted by using references listed in the 

Liang et al. Page 4

J Hepatol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



original articles and review articles retrieved. The search was restricted to English-language 

literature. The inclusion criteria were as follows: (1) patients older than 18 years; (2) no 

presence of other comorbid liver diseases; (3) assessment of liver fibrosis by using MRE; 

(4) histopathology as the reference standard; and (5) access to individual patient data. The 

exclusion criteria were as follows: (1) duplicate reports; (2) studies conducted on animals; 

(3) systematic reviews or meta-analyses; and (4) insufficient data to perform the IPD-MA 

despite having contacted the study investigators.

Once relevant studies were identified, the corresponding author of the eligible study was 

contacted and provided with the background and details of the individual patient data (IPD) 

pooled analysis, as well as a data collection file for the input of individual patient results for 

the project. Then, the completed IPD collection files were sent back to the data management 

team. In case of non-response, the study was excluded after two contact attempts. Data 

harmonisation was performed by at least two independent readers (JxL, JA, JRL, and MR-G) 

at the site of the central data management team. Discrepancies, missing data, obvious errors, 

and inconsistencies between variables or outlying values were queried and rectified as 

necessary with input from the original authors. Finally, the following patient records were 

excluded: (1) no MRE measurements reported or MRE technical failure; (2) lack of essential 

clinical information; and (3) lack of relevant histopathological data.

Data abstraction

Reviewers extracted data and assessed the quality of each study. Differences in opinion 

between reviewers were resolved by consensus with a third reviewer. The following 

variables were recorded.

1. Study characteristics: study location, design, publication year, time period of 

study, interval between MRE and biopsy, and number of patients with NAFLD.

2. Demographic data: age, sex, BMI, weight, type 2 diabetes mellitus (T2DM), and 

arterial hypertension.

3. Laboratory test: aspartate aminotransferase (U/L), alanine aminotransferase 

(U/L), gamma-glutamyl transferase (GGT) (U/L), albumin (g/dl), fasting blood 

glucose (mg/dl), triglyceride (mg/dl), total cholesterol (mg/dl), platelet count 

(109/L), HDL cholesterol (mg/dl), and LDL cholesterol (mg/dl).

4. Imaging data: LSM by MRE. All MREs were performed with 3-T/1.5-T field 

strength scanners using spin-echo echo-planar imaging (SE-EPI)/gradient-echo 

sequence (GRE) sequences, and shear waves at 60 Hz. To quantify the liver 

fat content, a multi-echo gradient-echo sequence was used to obtain magnetic 

resonance imaging (MRI) proton density fat fraction from a single breath-hold 

acquisition; proton density fat fraction was defined to be the proportion of 

magnetic resonance (MR)-visible fat protons to the sum of MR-visible fat and 

water protons. R2* maps (relaxation rate = 1/T2*) data were also collected if 

performed.

5. Histopathological data: Histopathological data were extracted according to the 

Brunt scoring system (n = 58),18 the NASH–Clinical Research Network (CRN) 
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(n = 617),19,20 and the SAF (steatosis–activity–fibrosis) score (n = 123).21 

Steatosis was defined according to the number of affected hepatocytes: S0 (<5% 

depending on the slide), S1 (5–33%), S2 (34–66%), and S3 (>66%). In the SAF 

histological scoring system,21 each of the three features (steatosis, hepatocyte 

ballooning, and lobular inflammation) classified as at least grade 1 was defined 

as NASH, and activity (lobular inflammation 0–2 + hepatocyte ballooning 0–2) 

≥3 was classified as severe activity. In the NASH-CRN scoring system, the 

NAFLD activity score (NAS) ranged from 0 to 8 and consisted of steatosis 

(0–3), lobular inflammation (0–3), and hepatocyte ballooning (0–2). Therefore, 

NAS ≥4, with a subscore of 1 or higher for each subcomponent, was defined 

as NASH in this scoring system; lobular inflammation (0–3) + hepatocyte 

ballooning (0–2) ≥3 was also classified as severe activity to avoid the effect 

of the degree of steatosis. Moreover, on the basis of differentiating between 

NASH and no-NASH, all patients with NASH were classified as either NASH 

mild–moderate activity (NASH-MMA) or NASH severe activity (NASH-SA). 

These classification processes are shown in Fig. S1. Liver fibrosis was scored 

stage 0 (F0; none), stage 1 (F1; 1a or 1b perisinusoidal zone 3 or 1c portal 

fibrosis), stage 2 (F2; perisinusoidal and periportal fibrosis without bridging), 

stage 3 (F3; bridging fibrosis), and stage 4 (F4; cirrhosis).

Quality assessment

The risk of bias and applicability concerns of the included cohorts were assessed by two 

independent readers using the QUADAS-2 tool.22 The quality assessment consisted of the 

evaluation of four components: patient selection, index tests, reference standard, and flow 

and timing (Fig. S2).

Statistical analysis

All statistical analyses were performed using MedCalc (version 19.7, MedCalc Software Inc, 

Ostend, Belgium) and Stata 16 (StataCorp LP, College Station, TX, USA). All statistical 

tests were two-sided with a significance level of 5%. For the overall population, continuous 

variables were reported as means with SDs, or medians with IQRs according to the data 

distribution. Categorical variables were displayed as percentages.

Owing to the unbalanced distribution of liver fibrosis, we performed a two-stage method in 

the pooled cut-off meta-analysis. First, we replicated 20,000 stratified bootstrap samples 

to estimate the optimal cut-off (based on the Youden index)23 and 95% CI of each 

fibrosis stage in an independent cohort. Second, we used these study-level cut-off values 

to estimate pooled cut-offs in a fixed- or random-effects model meta-analysis. Random-

effects estimation was carried out if heterogeneity was higher than 50%; fixed-effects 

analysis was used whenever it was lower, and the pooled stiffness cut-off values were 

then displayed graphically as forest plots. Afterwards, the validation group generated 

by 3:1 random sampling was used to compare our pooled cut-off values with those of 

the previous IPD-MAs.14,15 True-positive, false-positive, true-negative, and false-negative 

rates were calculated by sensitivity and specificity (Youden index) for each included 

cohort. Summary sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, 
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diagnostic odds ratio, and area under the receiver operating characteristic curve (AUROC) 

with corresponding 95% CIs were calculated using the bivariate random-effects model 

to examine the diagnostic accuracy of MRE.24 Heterogeneity was assessed using the 

Higgins inconsistency index (I2) test, with values greater than 50% taken as an indicator 

of substantial heterogeneity.25

Several preplanned subgroups and stratified analyses were performed based on study 

population (Asian or non-Asian), sex (male or female), T2DM (presence or absence), 

arterial hypertension (presence or absence), presence or absence of obesity (BMI ≥30 kg/m2 

or BMI <30 kg/m2), presence or absence of NASH, liver steatosis degree (steatosis 0–1 

or 2–3), sequence (GRE or SEEPI), field strength (1.5 T or 3.0 T), and manufacturer 

(Siemens and Philips or GE) of MRI. Subgroup AUCs were compared using the method 

by DeLong et al.26 Furthermore, a sensitivity analysis was also performed to analyse the 

effect of the interval between MRE and liver biopsy, and R2* on the diagnostic performance 

of MRE. Univariate meta-regression analysis was also used to explore possible sources of 

heterogeneity; the covariates of this study level included the following: (1) sequence (GRE 

or SE-EPI), (2) field strength (1.5 T or 3.0 T), (3) manufacturer (Siemens and Philips or 

GE) of MRI, (4) study design (prospective or retrospective), and (5) population (Asian or 

non-Asian). We assessed the potential publication bias using Deeks’ funnel plot asymmetry 

test, in which p <0.10 indicated statistical significance.

To assess factors affecting the discordance between MRE-based staging and histopathology, 

multilevel models were fitted, using a one-stage approach.27 Linear mixed-effects model 

(LMM) and generalised linear mixed model (GLMM), as extensions of traditional linear and 

logistic regression, were often used when heterogeneity was present and IPD were available. 

Some continuous missing data were replaced by the mean or median value according to 

the data distribution. A previously published study,28 which lacked too much data, was not 

included in this part analysis. LMM was used to explore the effect of covariates as fixed 

effects on MRE, with different research centres as random effects. There are two categories 

of significant discordance: overestimation and underestimation. Overestimation was defined 

as the stage of MRE determination according to the previous pooled cut-off values at least 

two stages above histopathology or histopathological findings of F3 with LSM by MRE 

greater than 7.5 kPa. Underestimation was defined as the stage of MRE determination 

according to the previous pooled cut-off at least two stages lower than histopathology. For 

these binary outcomes (concordance/overestimation and concordance/underestimation), a 

GLMM was chosen to explore the covariates associated with discrepancies between LSM 

by MRE and histological assessment of fibrosis grading. Covariates with p <0.10 in the 

univariate analysis were entered into the multivariate analysis. Finally, the relationship 

between the selected covariates in GLMM and LSM by MRE was assessed using two-way 

ANOVA.

In additional analyses, ‘rule-in’ (at a specificity of 90%) and ‘rule-out’ (at a sensitivity of 

90%) cut-off values for LSM by MRE were identified with a traditional receiver operating 

characteristic analysis method. Based on Bayes’ theorem,29 we further investigated the 

impact of different prevalence settings on the predictive value under the three cut-off values 

(pooled cut-off, ‘rule-in’ cut-off, and ‘rule-out’ cut-off).
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Results

From 252 unique studies identified using our search strategy, 16 diagnostic 

studies10-12,28,30-41 from nine authors were eligible. All nine authors were contacted; 

however, no response was received from three authors.30-32 The remaining six authors 

agreed to share their data. Moreover, two additional independent cohorts from Virgen del 

Rocío University Hospital, Seville (n = 61),42 and the Department of Gastroenterology 

and Hepatology at Uppsala University, Sweden (n = 66),43 were included after the manual 

search. Fig. 1 shows the detailed study identification and selection flow chart. We updated 

the additional data of each included cohort in January 2022 and received the data of 821 

patients from eight independent cohorts. After screening, 23 patients were excluded, leaving 

a total of 798 patients in our final IPD-MA.

Baseline study and patient characteristics

The total analysis set comprised 798 patients from eight international patient cohorts. Four 

cohorts were from the USA (n = 451), two cohorts were from Europe (n = 123), and 

the remaining two cohorts were from Asia (n = 224). Two cohorts were retrospective 

studies, and the remaining cohorts were prospectively collected; two cohorts used 1.5-T 

MRI scanners, and six cohorts used 3.0-T MRI scanners. A 2D SE-EPI sequence was 

performed in four cohorts, and the remaining with a GRE sequence; all the studies had shear 

waves generated at 60 Hz. Five cohorts used the NASH-CRN scoring system as a reference 

standard. Two cohorts were based on the SAF scoring system, and one cohort was based on 

the Brunt scoring system. Baseline study characteristics are given in Table 1.

The mean age of the pooled cohort was 51.6 ± 14.8 years, and 44% were male with a 

mean BMI of 31.9 ± 6.0 kg/m2. The median interval between the performance of MRE and 

liver biopsy was 41 days (IQR 15–87.25 days). The mean liver stiffness across the entire 

cohort was 3.26 ± 1.51 kPa, ranging from 1.2 to 10.9 kPa. The distribution of fibrosis in 

the pooled cohort was as follows: F0, 203 (25.4%); F1, 281 (35.2%); F2, 122 (15.3%); F3, 

123 (15.4%); and F4, 69 (8.7%). Fig. 2 shows the mean liver stiffness values corresponding 

to each histological liver fibrosis stage. The distribution of steatosis was as follows: grade 

0, 5.5%; grade 1, 42.7%; grade 2, 37.5%; and grade 3, 14.3%. According to the SAF and 

NASH-CRN scoring systems, 425 patients were defined as NASH. The remaining important 

clinical information is available in Table 2.

Quality of included studies

The methodological quality of the studies assessed using the QUADAS-2 tool is summarised 

in Fig. S2A and B. The retrospective design of two cohorts introduced unclear risks in 

the patient selection domain. All studies did not report predefined cut-off values and were 

judged as having a high risk of bias in the index test domain. The reference standard domain 

was judged to have an unclear risk of bias in all included studies owing to the inherent 

limitations of liver biopsy.
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Pooled cut-offs and diagnostic accuracy of MRE

The diagnostic performance of MRE for staging fibrosis and heterogeneity (I2) is shown in 

Table 3, and the main pooled results are depicted in Fig. 3A-D and Fig. S3A-D.

For mild fibrosis (≥F1), analysis was done on seven cohorts; one cohort was not included as 

there were not enough patients to calculate reliable cut-off values. The optimal cut-off value 

determined in the meta-analysis was 2.65 kPa (95% CI 2.52–2.78 kPa), with an I2 statistic of 

17.05.

For significant fibrosis (≥F2), analysis of the cut-off value was done with all eight cohorts. 

The optimal cut-off value determined in the meta-analysis was 3.14 kPa (95% CI 3.01–3.27 

kPa), with an I2 statistic of 44.88.

For advanced fibrosis (≥F3), analysis of the cut-off value was done with all eight cohorts. 

The optimal cut-off value determined in the meta-analysis was 3.53 kPa (95% CI 3.40–3.66 

kPa), with an I2 statistic of 41.15.

For cirrhosis (F4), analysis was done on six cohorts; two cohorts were not included owing to 

the low prevalence of cirrhosis to calculate reliable cut-off values. The optimal cut-off value 

determined in the random-effects meta-analysis was 4.45 kPa (95% CI 3.63–5.27 kPa), with 

an I2 statistic of 85.24.

Subgroup and sensitivity analysis

In subgroup analysis (Table S1), the AUROC (0.86, 95% CI 0.82–0.90) in patients with type 

2 diabetes was significantly higher than the AUROC (0.75, 95% CI 0.70–0.79, p <0.01) in 

patients without type 2 diabetes for staging mild fibrosis. The presence of NASH, as defined 

by histopathological scoring systems, showed significantly lower diagnostic accuracy than 

did the absence of NASH in staging significant fibrosis (no-NASH 0.93 [0.90–0.96] vs. 

NASH 0.87 [0.83–0.90], p <0.01) and advanced fibrosis (no-NASH 0.96 [0.93–0.98] vs. 

NASH 0.90 [0.87–0.93], p <0.01). The diagnostic accuracy of MRE was not affected by 

other factors. Patients with an interval between MRE and liver biopsy >6 and >3 months 

and high R2* (R2* >80 Hz) were removed from the sensitivity analysis, and the diagnostic 

performance of MRE in the remaining patients was not significantly different compared with 

the entire IPD study group.

Meta-regression

Univariate meta-regressions showed that these study-level variables (population, study 

design, field strength, sequence, and manufacturer of MRI) were not associated with 

heterogeneity (see Fig. S4A-D).

Comparison of three cut-off value systems in the overall cohort

A random sampling group was used as a ‘validation set’ to avoid overlapping of data as 

often as possible. The diagnostic performance of these three IPD-MAs (our current study, 

the study by Singh et al.,14 and the study by Hsu et al.15) for staging liver fibrosis is shown 
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in Table S2. However, there was no significant difference in accuracy between these three 

cut-off value systems.

Factors associated with liver stiffness measured by MRE

Table 4 shows the results of the LMM to determine the influence of covariates on MRE 

values. Age, GGT concentration, platelet count, fibrosis stage, and NASH-SA were found to 

have significant and relevant relationships with LSM by MRE.

Factors affecting diagnostic accuracy of MRE

In GLMM, we found that NASH-SA (odds ratio [OR] 2.448, 95% CI 1.180–5.079, p 
<0.05) and high GGT level (>120 U/L) (OR 3.388, 95% CI 1.577–7.278, p <0.01) were 

independent factors causing overestimation (Table 5). Conducting a multivariate analysis 

excluding histological variables (which are difficult to obtain in clinical practice), high 

GGT level (OR 3.700, 95% CI 1.749–7.825, p <0.01) was the only significant variable in 

the multivariate analysis to be implemented in clinical practice (Table 6). No significant 

confounding factors were found between concordance and underestimation patients.

Relationship between steatohepatitis presence, GGT levels, and LSM by MRE in every 
stage of liver fibrosis

The relationship between LSM by MRE, GGT concentration (<60, 60–120, and >120 U/L), 

and NASH levels (no-NASH, NASH-MMA, and NASH-SA) at each fibrosis stage (F0–F4) 

was analysed using two-way ANOVA. The results showed that NASH-SA and higher GGT 

levels increased LSM by MRE, but only significantly in patients with mild fibrosis stage (F0 

and F1), and did not interact with each other (Table S3). Notably, the LSM in the no-NASH 

group (5.14 kPa, 95% CI 4.70–5.57 kPa) was higher than that in the NASH-MMA group 

(4.58 kPa, 95% CI 3.82–5.33 kPa) in advanced fibrosis (F3–F4), although not statistically 

significant. The LSM ranges of no-NASH/NASH-MMA and NASH-SA seemed to show a 

good distinction in the F0–F1 phase, although there was still a small overlap between them 

(Fig. S5).

Publication bias

According to Deeks’ funnel plot asymmetry test, publication bias was not present (p >0.10) 

(Fig. S6A-D).

Additional analysis

The overall diagnostic accuracy of ‘rule-out’ and ‘rule-in’ cut-offs is presented in Table S4. 

To investigate the impact of fibrosis prevalence on the predictive value of LSM by MRE, 

we set out to calculate positive and negative predictive values by using a range of different 

prevalences. The prevalence figures were used to represent values from our cohort (≥F2, 

39.4%; ≥F3, 24.1%; and F4, 8.7%) and also values seen in cohorts of patients with T2DM,44 

and the general population.45 For a diagnosis of ≥F2, ≥F3, and F4, there was a marked 

reduction in the positive predictive value as the prevalence of fibrosis was lowered (Table 

S5).
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Discussion

This IPD-MA, which included data-independent cohorts from Europe, Asia, and the 

USA with a total of 798 patients, showed that MRE has a good or excellent diagnostic 

performance with AUROCs of 0.82, 0.92, 0.92, and 0.94 for staging mild (≥F1), significant 

(≥F2), or advanced (≥F3) fibrosis and cirrhosis (F4), respectively, in patients with NAFLD. 

However, discordance between MRE and pathological findings was still observed in some 

patients. It is recognised that this may, at least in part, be attributable to histology being 

an imperfect reference standard.6,46 Although the AUROC has been the most recommended 

and applied method for evaluating the performance of numerical diagnostic tests, in this 

study, we also used multilevel modelling approaches (LMM and GLMM) to analyse the 

confounding factors.47 Final binary outcomes were evaluated based on the misclassification 

results, which may be more clinically relevant. Compared with the conventional linear and 

logistic regression models, LMM and GLMM are now more widely accepted statistical 

analysis tools using hierarchical (random-effects) data that account for the clustering of 

patients within studies.27 LMM consistently identified age, GGT level, platelet count, 

greater steatohepatitis grade, and liver fibrosis stage to be associated with LSM by 

MRE. Platelet count and age had been included in several indices, such as aspartate 

transaminase (AST)-to-platelet ratio index, fibrosis-4 index, and Hepamet fibrosis score 

for the non-invasive prediction of hepatic fibrosis.7,48 GGT is present in the bile canaliculi 

of hepatocytes and biliary epithelial cells. It is strongly associated with oxidative stress, 

which may contribute to clinical progression from simple fatty liver to NASH.49 In 

addition, a recent clinical trial of paediatric NASH50 showed that GGT had a stronger 

relationship with improvement in NAS than aminotransferase (ALT and AST). GGT 

was associated with the development of metabolic syndrome (MetS) in a non-linear dose-

response relationship.51 It also can be considered a more sensitive and stronger biomarker 

of MetS than aminotransferases (ALT and AST). A previous IPD-MA52 with a large cohort 

(n = 16,802) showed that significant increases in liver stiffness by TE were associated 

with MetS. This may suggest that patients with NAFLD with MetS may exhibit higher 

liver stiffness than patients with NAFLD without MetS. The impact of inflammation on 

ultrasound elastography biomarkers had been reported in two previous IPD-MAs on TE53 

and 2D SWE54 for diagnosing liver fibrosis, which used AST and ALT to indicate liver 

inflammatory activity rather than pathological findings. Furthermore, similar results were 

found in several single-centre studies on MRE,55-57 where higher inflammation activity was 

associated with higher LSM by MRE. Tissue inflammation increases local blood availability, 

inflammatory cell infiltration, and interstitial pressure, which may increase liver stiffness.57 

The results of our study are consistent with the existing literature, which indicates that 

inflammatory activity can increase LSM by MRE in patients showing the same stage of 

fibrosis, as we demonstrated by taking into account inflammatory activity in the liver 

tissue. However, the main aetiology of patients included in these previous studies was viral 

hepatitis. Serum aminotransferases are routinely measured to detect liver disease, but their 

specificity and sensitivity for NASH are low.

The average liver stiffness increased among different activity NASH and GGT 

concentration, but only that at the F0–F1 stage was statistically significant, which may 
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be because of the unbalanced distribution of liver fibrosis (F0–F1 prevalence, 60.6%). The 

difference in stiffness between stages 0, 1, and 2 was much smaller than that between stages 

2, 3, and 4. Accordingly, the effect of incremental stiffness caused by inflammation would 

be expected to be most prominent at lower stages of fibrosis. However, it is worth noting that 

a certain number of cases with high inflammatory activity were still seen in underestimated 

patients. In contrast, the higher inflammatory activity caused by viral hepatitis may affect 

all stages of liver fibrosis.55-57 There was also no interaction between NASH-SA and GGT. 

GGT was a biomarker lacking high specificity, and its elevation could not be explained by 

the inflammation severity. Furthermore, we observed that the LSM of no-NASH appeared 

to be higher than that of NASH-MMA in advanced fibrosis, which may be because of the 

appearance of ‘burn-out in NASH-related cirrhosis’ and its misclassification as no-NASH.58 

These results also provide motivation for further exploration of additional biomarkers 

provided by advanced 3D vector MRE, which shows promise for the independent distinction 

between fibrosis and inflammation.59

In addition to the previously mentioned details, the T2DM presence was shown to 

potentially influence diagnostic performance in subgroup analysis and univariate analysis 

of GLMM. A strong association between increased LSM by TE and the presence of diabetes 

mellitus and/or greater insulin resistance was observed not only in the whole population but 

also in a subgroup of participants with NAFLD.60 This may apparently induce patients with 

NAFLD with T2DM, which positively affects LSM in NAFLD. Although iron overload is 

the most dominant cause of technical failure of MRE9 and could be a confounding factor, 

when patients with R2* >80 Hz in sensitivity analysis were removed, MRE remained as 

efficient as it previously was in detecting advanced fibrosis and cirrhosis; however, the 

number of patients with R2* information was limited.

Up until now, several conventional meta-analyses61,62 have gathered the findings and listed 

different cut-off values for detecting liver fibrosis in patients with NAFLD. However, these 

study-level meta-analyses were unable to establish new cut-offs without access to the 

original data; the widely accepted cut-off value for MRE still remained an unmet need. 

Although the optimal cut-off values were calculated by two previous IPD-MAs,14,15 these 

studies included only 230 and 232 patients with NAFLD, respectively.

There are several limitations to our study. First, the criteria for NASH diagnosis are subtly 

different between the two scoring systems used (SAF and NASH-CRN), which may result 

in misclassification; in addition, the classification of inflammatory activity for NASH is 

also an artificial harmonisation with significant subjectivity, which may introduce selection 

bias. Second, although IPD pooled analysis was able to alleviate several of the limitations 

of a conventional aggregate data meta-analysis, ours was still a retrospective analysis with 

several inherent variations as a result of the lack of standardised performance of index 

tests and the lack of centralised re-reading of biopsies. Third, liver biopsy itself is not a 

perfect gold standard as it samples only one in 50,000 of total liver mass and a significant 

discrepancy in the fibrosis stage as high as 33% can be observed depending on the site of 

liver biopsy.6,46 Thus, potential bias regarding the interpretation of the liver biopsy cannot 

be excluded. Fourth, although the validation group was generated by random sampling, it 

was still difficult to avoid all the influence of overlapping data on the results. Fifth, as 
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significant heterogeneity was present, it was not explained by meta-regression and subgroup 

analysis. We therefore chose GLMM and LMM instead of traditional linear and logistic 

regression analysis. Sixth, note also that MRE values were used as another endpoint, to 

define covariates that affected liver stiffness, irrespective of the diagnosis.

In conclusion, through an IPD-MA, we observed that MRE is a highly accurate, non-

invasive technique for staging liver fibrosis in patients with NAFLD and NASH, where 

we have established cut-offs of 2.65, 3.14, 3.53, and 4.45 kPa for mild (≥F1), significant 

(≥F2), and advanced (≥F3) fibrosis, and cirrhosis (F4), respectively. Nonetheless, clinical 

information and the possible presence of severe inflammation activity should be considered 

for early-stage fibrosis cohorts to optimise the diagnostic accuracy of MRE in staging liver 

fibrosis.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors thank all patients and clinical researchers who were involved in the studies of this meta-analysis of 
individual patient data, and the authors acknowledge Sara Romero-Otero for editorial assistance.

Financial support

We would like to thank LITMUS (Liver Investigation: Testing Marker Utility in Steatohepatitis) project for 
supporting this research. The LITMUS study is funded by the Innovative Medicines Initiative 2 (IMI2) Joint 
Undertaking under grant agreement 777377. This Joint Undertaking receives support from the European Union’s 
Horizon 2020 research and innovation programme and the European Federation of Pharmaceutical Industries 
and Associations (EFPIA; efpia.edu). RL receives funding support from NCATS (5UL1TR001442), NIDDK 
(U01DK061734, U01DK130190, R01DK106419, R01DK121378, R01DK124318, and P30DK120515), NHLBI 
(P01HL147835), and NIAAA (U01AA029019). QMA is a coordinator of the LITMUS consortium and a Newcastle 
NIHR Biomedical Research Centre investigator. MP acknowledges support from the Oxford NIHR Biomedical 
Research Centre. RLE acknowledges support from the National Institutes of Health (grant R37 EB001981). 
DHL received a grant from KHIDI (Korea Health Industry Development Institute) (HI14C1135), funded by the 
Ministry of Health and Welfare, Korea. JB acknowledges funding support from NCATS (4UH3TR003289), NCI 
1R01CA255809, and NIAAA (5U01AA026978).

Data availability statement

Data are available on reasonable request. Interested parties should contact the corresponding 

author to request specific data.

Abbreviations

ALT alanine aminotransferase

AST aspartate aminotransferase

AUROC area under the receiver operating characteristic curve

GGT gamma-glutamyl transferase

GLMM generalised linear mixed model
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GRE gradient-echo sequence

IPD individual patient data

IPD-MA individual patient data meta-analysis

LMM linear mixed-effects model

LSM liver stiffness measurement

MetS metabolic syndrome

MR magnetic resonance

MRE magnetic resonance elastography

MRI magnetic resonance imaging

NAFLD non-alcoholic fatty liver disease

NAS NAFLD activity score

MMA mild–moderate activity

SA severe activity

OR odds ratio

SE-EPI spin-echo echo-planar imaging

SAF steatosis–activity–fibrosis

SWE shear wave elastography

TE transient elastography

T2DM type 2 diabetes mellitus
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Highlights

• Magnetic resonance elastography demonstrated excellent diagnostic accuracy 

for staging liver fibrosis in patients with NAFLD.

• Assessment of fibrosis was not confounded by steatosis or high body mass 

index.

• Cut-offs for significant fibrosis, advanced fibrosis, and cirrhosis were found to 

be 3.14, 3.53, and 4.45 kPa, respectively.

• Raised GGT levels and increased lobular inflammatory activity may result in 

overestimation of early-stage fibrosis (F0–F1).
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Impact and implications

This individual patient data meta-analysis of eight international cohorts, including 798 

patients, demonstrated that MRE achieves excellent diagnostic accuracy for significant, 

advanced fibrosis and cirrhosis in patients with NAFLD. Cut-off values (significant 

fibrosis, 3.14 kPa; advanced fibrosis, 3.53 kPa; and cirrhosis, 4.45 kPa) were established. 

Elevated inflammatory activity and gamma-glutamyltransferase level may affect the 

diagnostic accuracy of MRE, leading to overestimation of liver fibrosis in early stages. 

We observed no impact of diabetes, obesity, or any other metabolic disorder on the 

diagnostic accuracy of MRE.
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Fig. 1. Study identification and selection flow chart.
MRE, magnetic resonance elastography.
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Fig. 2. Liver stiffness values by MRE corresponding to each liver fibrosis stage.
The bars represent the minimum and maximum; the top and bottom lines in the box 

represent the 25% and 75% levels, respectively; and the middle line indicates the median 

level. MRE, magnetic resonance elastography.
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Fig. 3. Pooled cut-offs for staging liver fibrosis stage in patients with NAFLD.
(A) Pooled cut-off for mild fibrosis (≥F1). (B) Pooled cut-off for significant fibrosis 

(≥F2). (C) Pooled cut-off for advanced fibrosis (≥F3). (D) Pooled cut-off for cirrhosis 

(F4). Pooled cut-offs were estimated by study-level cut-offs in fixed or random-effects 

model meta-analyses and were displayed graphically as forest plots. The diamond symbol 

represents the pooled cut-off value, and its width represents the 95% CI. REML, restricted 

maximum likelihood.
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