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Summary

Background: The composite histological endpoint comprising nonalcoholic steato-

hepatitis (NASH) and NAFLD activity score ≥4 and advanced fibrosis (F ≥ 2) (“fi-

brotic NASH”) is becoming an important diagnostic target in NAFLD: it is currently

used to select patients for inclusion in phase III therapeutic trials and will ultimately

be used to indicate treatment in clinical practice once the new drugs are approved.

Aim: To develop a new blood test specifically dedicated for this new diagnostic tar-

get of interest.

Methods: Eight Hundred and forty-six biopsy-proven NAFLD patients from three

centres (Angers, Nice, Antwerp) were randomised into derivation and validation sets.

Results: The blood fibrosis tests BARD, NFS and FIB4 had poor accuracy for fibro-

tic NASH with respective AUROC: 0.566 � 0.023, 0.654 � 0.023, 0.732 � 0.021.

In the derivation set, fibrotic NASH was independently predicted by AST, HOMA

and CK18; all three were combined in the new blood test MACK-3 (hoMa, Ast,

CK18) for which 90% sensitivity and 95% specificity cut-offs were calculated. In the

validation set, MACK-3 had a significantly higher AUROC (0.847 � 0.030,

P ≤ 0.002) than blood fibrosis tests. Using liver biopsy in the grey zone between

the two cut-offs (36.0% of the patients), MACK-3 provided excellent accuracy for

the diagnosis of fibrotic NASH with 93.3% well-classified patients, sensitivity:

90.0%, specificity: 94.2%, positive predictive value: 81.8% and negative predictive

value: 97.0%.

Conclusion: The new blood test MACK-3 accurately diagnoses fibrotic NASH. This

new test will facilitate patient screening and inclusion in NAFLD therapeutic trials

and will enable the identification of patients who will benefit from the treatments

once approved.
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1 | INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), the liver manifestation of

the metabolic syndrome (MetS), encompasses a wide spectrum of

liver lesions.1 While isolated steatosis is generally considered benign,

nonalcoholic steatohepatitis (NASH) represents the aggressive form

of the disease responsible for accelerated liver fibrosis progression,

higher rates of cirrhosis and its associated complications, and higher

rates of hepatocellular carcinoma.2 Now that the burden of NAFLD

among the general population has reached 25%,3 NASH is expected

to become the leading indication for liver transplantation in the Uni-

ted States within 10-20 years.4

Knowledge of the pathophysiological mechanisms driving NAFLD

has advanced considerably and resultantly research in drug develop-

ment has become a highly active field within which numerous thera-

peutic trials are underway.5 A recent workshop conducted by the

American Association for the Study of Liver Diseases concluded that

therapeutic trials in NAFLD should enrol patients having an active dis-

ease defined by the presence of steatohepatitis and a NAFLD activity

score (NAS) ≥ 4.6 The first phase III trials in NASH were recently

launched with the aim of demonstrating the clinical benefits of obeti-

cholic acid (REGENERATE study, NCT02548351) and Elafibranor

(RESOLVE-IT study, NCT02704403). These two trials are using clinical

outcomes as study endpoints and, to be included, patients must have

biopsy-proven NASH, a NAS ≥ 4 and significant/advanced F2-3 fibro-

sis. This enrichment of the study populations with fibrotic patients is

intended to ensure that the number of required clinical events will

occur during patient follow-up and within a reasonable time frame.

Because it is a condition required for inclusion in phase III trials, the

composite criterion of “NASH and NAS ≥4 and fibrosis F ≥ 2” is there-

fore becoming an important new diagnostic target in NAFLD. More

importantly, it will become an indication for treatment in clinical prac-

tice when and if these drugs receive their market authorisations. This

second aspect particularly reinforces the interest of non-invasive tests

able to accurately diagnose this composite histological endpoint. Sev-

eral blood fibrosis tests are available but they have been usually devel-

oped for the diagnosis of advanced fibrosis and they are less accurate

for earlier stages of fibrosis.7 Serum level of apoptotic caspase-3 gen-

erated cytokeratin-18 fragments (CK18) has been shown as a candi-

date biomarker for NASH8 but a large study has recently challenged

its diagnostic accuracy.9

In the present work, we aimed to evaluate the accuracy of blood

fibrosis tests and CK18 for the diagnosis of “NASH and NAS ≥4 and

fibrosis F ≥ 2” in a large multicentre series of NAFLD patients, and

to improve the accuracy by developing an accurate blood test specif-

ically designed for this new diagnostic target of interest.

2 | PATIENTS AND METHODS

2.1 | Patients

The study population was obtained by pooling the data from three

published studies performed in Angers (France),7 Antwerp (Belgium)10

and Nice (France).11 Inclusion criteria were biopsy-proven NAFLD as

defined by the presence of liver steatosis after exclusion of concomi-

tant steatosis-inducing drugs (such as corticosteroids, tamoxifen,

amiodarone, or methotrexate), excessive alcohol consumption (>30 g/

d in men or >20 g/d in women), chronic hepatitis B or C infection, and

histological evidence of other concomitant chronic liver disease.

Patients were excluded if they had cirrhosis complications (hepatic

encephalopathy, ascites, variceal bleeding, systemic infection or hepa-

tocellular carcinoma). Patient recruitment differed across the three

centres: Angers centre included out-patients from its hepatology

department; Antwerp centre included obese patients without pre-

existing diabetes who presented at their obesity clinic; and Nice centre

included morbidly obese patients referred for bariatric surgery. Meta-

bolic syndrome was defined as the presence of at least three of the

following parameters:12 elevated waist circumference (≥94 cm in men

or ≥80 cm in women), elevated blood pressure (systolic blood pressure

≥130 mm Hg or diastolic blood pressure ≥85 mm Hg or antihyperten-

sive drug), elevated glycemia (≥100 mg/dL or anti-diabetic drug), ele-

vated triglycerides (≥150 mg/dl or lipid-lowering drug), low HDL

cholesterol (<40 mg/dL in men or <50 mg/dL in women or lipid-lower-

ing drug).

2.2 | Histology

Liver biopsy was performed percutaneously (16-gauge Menghini in

Angers and Antwerp) or during surgery (14-gauge Tru-Cut in

Antwerp or hepatic wedges in Nice). In each centre, pathological

examination of liver biopsies was performed by a senior expert

specialised in hepatology and blinded for patient data. Steatosis,

lobular inflammation and ballooning were semi-quantitatively graded

using the NASH-CRN scoring system.13 The NAS, ranging from 0

to 8, corresponded to the sum of the scores for steatosis, lobular

inflammation and ballooning.14 NASH was defined according to the

latest recommendations6,15 as the presence of a score ≥1 for each

of the three components of the NAS. “Active NASH” was defined

as the presence of NASH with a NAS score ≥4. Liver fibrosis was

staged from F0 to F4 according to the NASH-CRN scoring sys-

tem.13 Significant fibrosis was defined as F ≥ 2 and advanced fibro-

sis as F ≥ 3. Finally, the presence of an active NASH with

significant fibrosis, ie NASH and NAS≥4 and fibrosis F ≥ 2, was ter-

med “fibrotic NASH”. This latter was the primary diagnostic target

of the study.

A subgroup of 30 patients covering the histological spectrum of

NAFLD lesions was selected in the Angers population to study the

inter-centre agreement on histopathological evaluation of liver

lesions. Liver biopsies were digitised using an Aperio digital slide

scanner (Scanscope CS System, Aperio Technologies, Vista CA

92081, USA) image processor that provided high quality

30 000 9 30 000 pixel images at a resolution of 0.5 lm/pixel (mag-

nification 920). Two slides were digitised for each patient: one

stained with haematoxylin and eosin and one with picrosirius red.

The digitised slides were sent to the expert pathologist from each of

the three investigating centres (SM, SP, AD) to score steatosis,
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lobular inflammation, ballooning and fibrosis according to the NASH-

CRN scoring system.

2.3 | Blood parameters

All blood samples from the three original studies were taken in fast-

ing conditions.7,10,11 The blood results available from these works

enabled the calculation of the following blood fibrosis tests accord-

ing to published formulas: BARD,16 FIB4,17 and NAFLD fibrosis

score (NFS).18 Serum level of insulin were measured on fresh sam-

ples using Chimiluminescence I2000 (Abbott) in Angers, Cobas

Instrument (Roche) in Antwerp, and Centaur XP (Siemens) in Nice.

HOMA was calculated as follow: fasting glucose (mmol/L) * fasting

insulin (lU/mL)/22.5. To limit the influence of supra-physiological

results of insulinemia induced by insulin therapy, the HOMA was

capped at 10. Serum levels of CK18 were measured on frozen

(�80°C) samples in each centre using the M30-Apoptosense

enzyme-linked immunosorbent assay kit (PEVIVA, Bromma, Sweden).

2.4 | Statistics

Quantitative variables were expressed as mean � standard devia-

tion. Inter-observer agreement of the histological scoring was deter-

mined using the Fleiss’ Kappa score.19 Correlations between

quantitative variables were determined using the Spearman correla-

tion coefficient (Rs). The accuracy of non-invasive tests was evalu-

ated using the area under the receiver operating characteristics

(AUROC) and compared between tests using the Delong test.

2.4.1 | Development of the new blood test for the

diagnosis of fibrotic NASH

To facilitate future automatic calculation by laboratory systems, only

biological parameters were considered for the development of the

new blood test dedicated to the diagnosis of fibrotic NASH. Vari-

ables with skewed distribution were ln transformed. The study popu-

lation was randomly divided into derivation and validation sets. In

the derivation set, the statistically significant variables identified by

the univariate analysis (P < 0.05) were introduced in a multivariate

analysis (stepwise forward binary logistic regression) whose regres-

sion formula was used to develop the new blood test. The diagnostic

accuracy of the new test was then evaluated in the validation set.

2.4.2 | Sample size calculation

With a risk: 5%, b risk: 10%, fibrotic NASH prevalence: 25%,

expected AUROC for fibrotic NASH: 0.70 for the best blood fibrosis

test and 0.85 for the new test, AUROC correlation: 0.30 and bilat-

eral testing, the required sample size for the validation set was 264

patients. The whole study population (n = 846) was therefore 2:1

randomly divided so that the validation set included 282 patients.

Statistical analyses were performed using SPSS version 18.0 soft-

ware (IBM, Armonk, NY, USA) and SAS 9.1 (SAS Institute Inc., Cary,

NC, USA). All authors had access to the study data and reviewed

and approved the final manuscript.

3 | RESULTS

3.1 | Patient characteristics

The characteristics of the 846 patients included in the study are

detailed in Table 1. A total of 62.1% were female and mean age was

47.5 � 13.6 years. MetS was present in 67.7% of the patients and

diabetes in 27.2% of them. In Angers and Antwerp, mean liver

biopsy length was 24 � 12 mm, 91.0% of biopsies were ≥10 mm,

73.9% were ≥15 mm and 60.8% were ≥20 mm. NASH was diag-

nosed in 54.0% of patients, NAS≥4 in 46.9% and F ≥ 2 in 51.4%.

Finally, 23.3% had fibrotic NASH as defined by the presence of all

the three criteria: NASH, NAS≥4 and F ≥ 2.

3.2 | Inter-observer agreement on histopathological

evaluation of liver lesions

The liver biopsies of the 30 patients were all read by the expert

pathologist from each investigating centre, for a total of 90 observa-

tions. The distribution of the recorded scores is shown in Table S1.

Fleiss’ Kappa score was 0.77 for steatosis, 0.62 for lobular inflamma-

tion, 0.64 for ballooning, 0.58 for NASH, 0.81 for the fibrosis stage,

and 0.60 for fibrotic NASH. These results were similar to those

obtained in a previous inter-observer reproducibility study performed

between nine experts of the NASH-CRN (Table S2).

3.3 | Accuracy of blood fibrosis tests and CK18 for

the diagnosis of fibrotic NASH

As expected, blood fibrosis tests performed better in diagnosing

advanced fibrosis and cirrhosis (Table 2). In contrast, their accuracy

was poor for the diagnosis of NASH or NAS ≥ 4 with

AUROCs ≤ 0.65. For the diagnosis of fibrotic NASH, FIB4 had a

higher AUROC (0.732 � 0.021) than NFS (0.654 � 0.023,

P < 0.001) or BARD (0.566 � 0.023, P < 0.001). Two diagnostic cut-

offs are published for FIB4 (1.30 and 2.67) and for NFS (�1.455 and

0.676) in NAFLD.18, 20 Their low cut-offs provided only poor to

moderate sensitivity for fibrotic NASH: 49.0% of the patients with

fibrotic NASH were included in the lower interval of the FIB4

(<1.30) and 30.4% in the lower interval of the NFS (<�1.455; Fig-

ure S1A). In addition, their high cut-offs identified very few patients

with fibrotic NASH (FIB4: 10.8%, NFS: 18.0%; Figure S1A) and had

poor positive predictive value (FIB4: 55.3%, NFS: 38.0%; Figure S1B).

Taken together, these results suggest that BARD, FIB4, and NFS do

not perform optimally for the detection of fibrotic NASH in NAFLD

patients.

CK18 correlated significantly with steatosis, lobular inflammation,

ballooning and fibrosis with significant differences between most of

the adjacent grades/stages (Table S3). Furthermore, CK18 was signif-

icantly higher in patients with NASH compared to those without
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(respectively: 319 � 316 vs 217 � 142 IU/l, P < 0.001). Despite

this, CK18 showed low accuracy for the diagnosis of NASH, with an

AUROC at 0.595 � 0.019 (Table 2). Thereafter, CK18 was evaluated

as a function of NASH, NAS ≥ 4 and F ≥ 2. In the NAS < 4 and

NAS ≥ 4 subgroups, CK18 levels did not differ significantly between

patients with or without NASH (Figure S2A). Interestingly, in the

four subgroups defined by NASH and NAS ≥ 4, CK18 levels were

significantly higher in F ≥ 2 patients compared to F0-1 patients (Fig-

ure S2B). Consequently, CK18 performed better in diagnosing fibro-

tic NASH (Table 2) and appeared to be a candidate biomarker for

this diagnostic target.

3.4 | New blood test for the non-invasive diagnosis

of fibrotic NASH

The 846 patients were 2:1 randomly divided into derivation and vali-

dation sets, between which patients characteristics were not

significantly different (Table S4). To facilitate a future automatic cal-

culation of the new test by laboratory systems, only biological

parameters were tested in the derivation set. Multivariate analysis

identified AST, HOMA and CK18 as independent predictors of fibro-

tic NASH (Table S5). A new blood test combining these three param-

eters was derived using the regression formula of the multivariate

analysis. This new test, called MACK-3 (hoMa, Ast, CK18), provides

a result ranging from 0 to 1. In the derivation set, the MACK-3

thresholds corresponding to 90% sensitivity and 95% specificity for

fibrotic NASH were, respectively, 0.134 and 0.550.

In the validation set, MACK-3 had a significantly higher AUROC

for the diagnosis of fibrotic NASH (0.847 � 0.030) than BARD, NFS

and FIB4 (P ≤ 0.002, Table 3). 48.3% of the patients had MACK-

3 ≤ 0.134 (90% sensitivity threshold), 36.0% were in the intermedi-

ate grey zone (0.135-0.549) and 15.7% had MACK-3 ≥ 0.550 (95%

specificity threshold). The prevalence of fibrotic NASH in these three

intervals was, respectively, 4.7%, 25.0% and 71.4% (P < 0.001,

TABLE 1 Patient characteristics at inclusion

Angers (n = 309) Antwerp (n = 270) Nice (n = 267) P
a

Age (y) 56.1 � 12.4 44.9 � 12.3 40.3 � 10.7 <0.001

Male sex (%) 60.8 37.8 11.6 <0.001

BMI (kg/m2) 32.5 � 6.0 40.0 � 6.6 43.8 � 4.8 <0.001

Elevated waist circumference (%)b 95.8 100.0 100.0 <0.001

Elevated blood pressure (%)c 79.5 69.7 51.3 <0.001

Elevated glycemia (%)d 75.7 19.3 44.4 <0.001

Elevated triglycerides (%)e 60.4 48.7 37.5 <0.001

Reduced HDL cholesterol (%)f 68.4 57.8 36.1 <0.001

Metabolic syndrome (%)g 83.1 62.8 54.4 <0.001

Diabetes (%)h 53.4 3.3 21.1 <0.001

Biopsy length (mm) 30 � 12 16 � 8 —

i
<0.001

Steatosis (0/1/2/3, %) 5.8/46.3/29.1/18.8 0.0/44.1/31.5/24.4 6.4/36.3/26.2/31.1 <0.001

Lobular inflammation (0/1/2/3, %) 17.2/69.9/12.9/0.0 18.9/44.4/25.6/11.1 83.5/16.1/0.4/0.0 <0.001

Ballooning (0/1/2, %) 23.0/50.2/26.9 17.8/44.1/38.1 82.4/16.9/0.7 <0.001

NAS 3.6 � 1.5 4.3 � 1.8 2.2 � 1.4 <0.001

NASH (%) 70.2 72.6 16.5 <0.001

Fibrosis stage (0/1/2/3/4, %) 8.4/26.2/29.8/29.4/6.1 60.4/18.1/12.6/8.1/0.7 1.5/33.0/60.3/5.2/0.0 <0.001

Fibrotic NASH (%)j 42.1 15.9 9.0 <0.001

AST (IU/l) 45 � 24 33 � 18 27 � 16 <0.001

ALT (IU/l) 64 � 38 48 � 28 35 � 28 <0.001

Gamma GT (IU/L) 118 � 141 44 � 33 43 � 40 <0.001

Bilirubin (lmol/L) 11 � 6 10 � 4 8 � 4 <0.001

Prothrombin time (%) 98 � 12 94 � 10 92 � 9 <0.001

Platelets (G/L) 224 � 67 294 � 66 278 � 66 <0.001

CK18 (IU/L) 289 � 321 264 � 243 260 � 172 0.082

HbA1c (%) 6.6 � 1.3 5.7 � 0.6 6.0 � 1.2 <0.001

BMI, body mass index.
aBy Kruskal–Wallis test; bwaist circumference ≥94 cm in men or ≥80 cm in women; csystolic blood pressure ≥130 mm Hg or diastolic blood pressure

≥85 mm Hg or antihypertensive drug; dglycemia ≥100 mg/dL or antidiabetic drug; etriglycerides ≥150 mg/dL or lipid-lowering drug; fHDL cholesterol

<40 mg/dL in men or <50 mg/dL in women or lipid-lowering drug; gdefined as ≥3 of the following parameters: elevated waist circumference, elevated

blood pressure, elevated glycemia, elevated triglycerides, low HDL cholesterol; hglycemia ≥126 mg/dL or antidiabetic drug; isurgical samples; jdefined as

the presence of NASH and NAS ≥4 and fibrosis F ≥ 2.
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Figure 1). MACK-3 ≤ 0.134 provided 90.0% sensitivity for fibrotic

NASH, and MACK-3 ≥ 0.550 had 94.2% specificity. Among the

patients in the highest interval (MACK-3 ≥ 0.550), 85.7% had fibrotic

NASH or advanced F3-4 fibrosis (Figure 1). Using liver biopsy in the

grey zone between the 0.134 and 0.550 thresholds, MACK-3

showed an excellent diagnostic accuracy for fibrotic NASH with

93.3% well-classified patients (Table 4).

3.5 | Sensitivity analysis

The accuracy of MACK-3 for the diagnosis of fibrotic NASH was

different across the three centres (Table S6), likely reflecting the

different populations they included. To evaluate whether there

was a centre effect or this was due to the different characteristics

of the three populations, we tested the influence of centre, age,

sex, BMI, MetS, oral antidiabetic treatment, insulin treatment,

biopsy length ≥20 mm, NAFLD/bariatric patients and derivation/

validation set. By multivariate analysis including all these parame-

ters, only MetS was independently associated with the rate of

well-classified patients by MACK-3 (Table S7). Diagnostic accuracy

of MACK-3 as a function of MetS presence/absence is presented

in Table S6.

3.6 | Practical algorithm for clinical practice

NAFLD represents a very large population in which using MACK-3

to identify the subgroup of patients who need to be treated would

require extensive measurement of CK18 and HOMA-IR. To limit

unnecessary measurements of these biomarkers, we evaluated

whether simple parameters available in routine practice (age, sex,

BMI, MetS, AST, ALT, GGT) can be used in a first step to identify a

subgroup with no need for MACK-3 calculation because of a very

low prevalence of fibrotic NASH. In the derivation set, multivariate

analysis including the seven simple parameters identified AST and

MetS as independent predictors of fibrotic NASH. 25.1% of the

patients had neither MetS nor elevated AST ≥35 UI/L with very low

prevalence of fibrotic NASH in this subgroup (0.7%). This result was

confirmed in the validation set where the prevalence of fibrotic

NASH was 1.5% in patients having neither MetS nor AST ≥35 UI/L.

This very low prevalence was also consistent across the three cen-

tres: 0.0% in Angers, 1.3% in Antwerp and 1.0% in Nice (P = 0.876).

Therefore, we derived the MACK-3 algorithm where we propose

to use MACK-3 only in patients having MetS and/or AST ≥35 UI/L

(Figure 2). Accuracy of the MACK-3 algorithm was not significantly

different between the derivation and the validation sets (Table S8).

TABLE 2 AUROCs of blood fibrosis tests and CK18 for the diagnosis of NAFLD lesions

Diagnostic target BARD NFS FIB4 CK18

Mild fibrosis (F ≥ 1) 0.626 � 0.022 0.721 � 0.020 0.653 � 0.021 0.607 � 0.022

Significant fibrosis (F ≥ 2) 0.641 � 0.019 0.686 � 0.018 0.648 � 0.019 0.634 � 0.019

Advanced fibrosis (F ≥ 3) 0.633 � 0.025 0.720 � 0.023 0.808 � 0.021 0.659 � 0.027

Cirrhosis (F4) 0.648 � 0.065 0.865 � 0.036 0.874 � 0.040 0.572 � 0.061

NASH 0.466 � 0.020 0.521 � 0.020 0.651 � 0.019 0.595 � 0.019

NAS ≥4 0.433 � 0.020 0.490 � 0.020 0.604 � 0.019 0.643 � 0.019

NASH and NAS ≥4 0.449 � 0.020 0.493 � 0.020 0.597 � 0.020 0.638 � 0.019

Fibrotic NASHa 0.566 � 0.023 0.654 � 0.023 0.732 � 0.021 0.715 � 0.022

NAS, NAFLD activity score.
aDefined as the presence of NASH and NAS ≥4 and F ≥ 2.

TABLE 3 AUROCs of MACK-3 and blood fibrosis tests for the diagnosis of fibrotic NASH

Test All Derivation set Validation set P

BARD 0.566 � 0.023 0.584 � 0.028 0.528 � 0.042 0.267

NFS 0.654 � 0.023 0.671 � 0.027 0.618 � 0.040 0.272

FIB4 0.732 � 0.021 0.738 � 0.025 0.721 � 0.037 0.703

MACK-3 0.846 � 0.016 0.845 � 0.019 0.847 � 0.030 0.955

Comparison (P)

BARD vs NFS <0.001 0.003 0.015 —

BARD vs FIB4 <0.001 <0.001 <0.001 —

BARD vs MACK-3 <0.001 <0.001 <0.001 —

NFS vs FIB4 <0.001 0.007 <0.001 —

NFS vs MACK-3 <0.001 <0.001 <0.001 —

FIB4 vs MACK-3 <0.001 <0.001 0.002 —
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In the whole population, the rates of patients included in the four

subgroups of the MACK-3 algorithm were, respectively, 25.6%,

26.1%, 34.4% and 13.9%. The prevalence of fibrotic NASH in the 4

subgroups of the MACK-3 algorithm was, respectively, 1.0%, 8.7%,

33.5% and 69.1% (Figure 3). Among the patients included in the last

subgroup (MetS and/or AST ≥35 UI/L with MACK-3 ≥ 0.550),

82.7% had fibrotic NASH or advanced F3-4 fibrosis (Figure 3). Only

10.7% of the patients with fibrotic NASH and 15.3% of the patients

with advanced F3-4 fibrosis were missed by the MACK-3 algorithm,

which respectively represented 2.5% and 2.8% of the whole popula-

tion. Finally, the MACK-3 algorithm provided an excellent accuracy

for the diagnosis of fibrotic NASH with 93.2% well-classified

patients, 89.3% sensitivity, 94.4% specificity, 83.1% positive predic-

tive value and 96.6% negative predictive value (Table S8).

4 | DISCUSSION

NAFLD is closely linked to obesity and insulin resistance, and conse-

quently its treatment is primarily based on lifestyle modifications.1

Weight loss of ≥10% is associated with a 90% resolution in NASH

but less than 10% of patients are able to achieve and maintain that

objective.21 In this context, the development of new drugs to reduce

liver inflammation and stop fibrosis progression in NAFLD is receiv-

ing a great amount of attention.22-26 Fibrotic NASH is now used in

the stratification of NAFLD severity by the latest international

EASL–EASD–EASO Clinical Practice Guidelines.1 Two recently

launched phase III therapeutic trials use the presence of fibrotic

NASH as an inclusion criterion. As it is very difficult to correctly

identify this subset of patients within the very large population of

NAFLD patients, we performed a large multicentre study that

resulted in the development of MACK-3. This new blood test

showed a very good 0.846 � 0.016 AUROC for the diagnosis of

fibrotic NASH. We finally proposed the new three-step MACK-3

algorithm with an excellent 93.2% diagnostic accuracy. To facilitate

MACK-3 calculation for a patient in clinical practice or for an entire

dataset in a clinical study, we have developed an online calculator

available at the following weblink: http://forge.info.univ-angers.fr/

~gh/wstat/mack3-calculator.php

Because fibrosis is part of the definition of fibrotic NASH, we

first evaluated known blood fibrosis tests for this diagnostic target.

NFS and FIB4 showed only moderate diagnostic accuracy, with

respective AUROCs at 0.65 and 0.73. We also evaluated CK18 and

our results (AUROC: 0.60) confirmed the poor diagnostic accuracy of

CK18 for the diagnosis of NASH recently reported by Cusi et al9

Interestingly, however, CK18 was significantly correlated with each

of the individual liver lesions observed in NAFLD (Table S3) and was

highest in patients with fibrotic NASH (Figure S2B). Finally, rather

than a biomarker for the single diagnosis of NASH, CK18 was more

globally associated with the severity of NAFLD and showed promise

as a potential candidate for the non-invasive diagnosis of fibrotic

NASH.

To improve the non-invasive diagnosis of fibrotic NASH, we

identified relevant biomarkers by multivariate analysis in the deriva-

tion set and combined them in a new blood test. The new blood test

MACK-3 includes biomarkers associated with liver inflammation

(AST), insulin resistance (HOMA), and apoptosis (CK18). All these
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F IGURE 1 Prevalence of NAFLD lesions as a function of the 3

intervals of MACK-3 results and derivation/validation sets

TABLE 4 Accuracy of MACK-3 for the diagnosis of fibrotic

NASH. MACK-3 was used with its 2 thresholds (≤0.134: no fibrotic

NASH; ≥0.550: fibrotic NASH). Liver biopsy was performed in the

grey zone

All Derivation set Validation set P value

DA 93.5 93.6 93.3 0.881

Se 90.0 90.0 90.0 1.000

Spe 94.5 94.7 94.2 0.852

NPV 96.9 96.8 97.0 —

PPV 83.4 84.2 81.8 —

�LR 0.11 0.11 0.11 —

+LR 16.4 16.9 15.5 —

OR 155.1 160.0 146.3 —

LB 38.4 39.6 36.0 0.356

DA, overall diagnostic accuracy (ie, rate of well-classified patients, %); Se,

sensitivity (%); Spe, specificity (%); NPV, negative predictive value (%);

PPV, positive predictive value; �LR, negative likelihood ratio; +LR, posi-

tive likelihood ratio; OR, diagnostic odds ratio; LB, liver biopsy require-

ment (%).
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conditions are closely linked with NAFLD severity, providing thus

pathophysiological relevance for this new diagnostic test. Inclusions

in phase III therapeutic trials in the setting of NASH are currently

challenged by high rates of screening failure. Since the MACK-

3 ≥ 0.550 threshold identifies a subset of NAFLD patients with a

high rate of fibrotic NASH, the use of this new test should consider-

ably reduce the rate of screening failure.

NAFLD now concerns 25% of the general population.3 Conse-

quently, with the upcoming arrival of new treatments in the clinic,

many patients will need to be tested for the presence of fibrotic

NASH. With the aim of limiting extensive measurements of spe-

cialised biomarkers and therefore costs related to the use of MACK-

3 in clinical practice, we sought to identify simple parameters able to

exclude fibrotic NASH. Such approach has been previously devel-

oped for the non-invasive diagnosis of advanced fibrosis in chronic

liver diseases.27 In the derivation set, we found that the absence of

MetS combined with AST <35 UI/L defined a subgroup of patients

within which the prevalence of fibrotic NASH was only 0.7%. This

result was confirmed in the validation set and was consistent across

the three centres. Thus, in the MACK-3 algorithm, we propose to

perform MACK-3 calculation only for patients who have either MetS

or AST ≥35 UI/L, and to use liver biopsy in a third step if MACK-3

results fall in the grey zone. The MACK-3 algorithm provided excel-

lent accuracy for the diagnosis of fibrotic NASH: the rate of cor-

rectly classified patients was 93.2%, sensitivity was 89.3%, and

positive predictive value was 83.1%.

The populations included by the three centres in our study were

significantly different, due to different recruitment sources. That dif-

ference does however reflect the heterogeneity of NAFLD patients

in clinical practice. We decided to pool our three populations

because large multicentre samples are more suitable for the develop-

ment of diagnostic tests than single centre populations, the latter

being closely linked to intrinsic characteristics of the local popula-

tion, as well as centre procedures and expertise. Finally, we estimate

that pooling our three NAFLD populations was an advantage, allow-

ing us to cover a large spectrum of NAFLD patients and the wide

heterogeneity of the dysmetabolic disease. Our results are thus

probably more robust than they would have been if we had limited

our study population to a single centre.

NAFLD patients

No metabolic syndrome

and AST <35 IU/L

Metabolic syndrome

and/ or AST ≥35 IU/L

MACK-3

0.135 - 0.549

No fibrotic NASH
Grey zone

Liver biopsy
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NASH
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F IGURE 2 MACK-3 algorithm for the

diagnosis of fibrotic NASH in clinical

practice
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The reading of liver biopsies by local pathologists as the dif-

ferent assays used to measure insulinemia could have introduced

inter-centre variability in our work.13,28 To test this, we performed

a multivariate analysis including the “center” variable and the

parameters that differed significantly between the three popula-

tions. The only parameter associated with the rate of correctly

classified patients by MACK-3 was the metabolic syndrome, with

no effect of the “center.” This suggested that the difference in

correctly classified patients we observed between the three inves-

tigating sites was linked to the different prevalence of the meta-

bolic syndrome and not to local expertise or procedures. The

reproducibility study between the three pathologists involved in

the study showed an inter-observer agreement that was very

close to what has been previously observed between nine expert

pathologists of the NASH-CRN.13 These results validate the exper-

tise of our pathologists and therefore the quality of the liver

biopsy examinations performed in our work. Nonetheless, we

acknowledge that further studies are required to independently

validate the diagnostic accuracy of MACK-3 in larger, “real-life”

NAFLD patient sets, and to evaluate inter-laboratory reproducibil-

ity.

Fibrotic NASH, defined by the presence of NASH +

NAS≥4 + F ≥ 2, has the limitation to exclude F3-4 patients without

NASH. Several accurate methods exist for the non-invasive evalua-

tion of liver fibrosis in NAFLD.29 In a recent large study where we

directly compared Fibroscan and eight blood fibrosis tests, FibroMe-

terV and Fibroscan showed the best accuracies for the non-invasive

diagnosis of advanced F3-4 fibrosis in NAFLD.7 Further works will

have to evaluate whether the combination of MACK-3 with Fibro-

MeterV and/or Fibroscan improves the stratification of NAFLD

patients.

Despite it is well established that fibrosis stage is the main

predictor of NAFLD prognosis,30 it remains to demonstrate that

fibrotic NASH is predictive of patient outcome. Liver biopsy is an

imperfect reference for liver lesions because of sample bias and

suboptimal inter-observer reproducibility.31,32 This is well illustrated

by our results: despite our three pathologists involved were all

senior experts specialised in hepatology, inter-observer repro-

ducibility for fibrotic NASH was modest with kappa index at 0.60.

Due to this lack of gold standard, it is not possible to assess the

true diagnostic accuracy of MACK-3. Longitudinal studies circum-

vent this limitation by evaluating the prognostic significance of

non-invasive tests.33 Such longitudinal works are now required to

validate if a blood test targeted for fibrotic NASH, like MACK-3,

accurately identifies the NAFLD patients who have impaired prog-

nosis and therefore require treatment with the upcoming new

drugs.

In conclusion, MACK-3 is a new blood test combining AST,

HOMA and CK18 for an accurate diagnosis of fibrotic NASH. This

test will improve the screening of patients for therapeutic trials in

NASH and, in the future, the identification of patients who will ben-

efit from treatment with the new drugs currently under evaluation.
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