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Background & Aims: Liver fibrosis stage is traditionally assessed of advanced fibrosis and cirrhosis in patients with chronic hepa-

with biopsy, an imperfect gold standard. Two widely used tech-
niques, FibroTest�, and liver stiffness measurement (LSM) using
Fibroscan� have been validated using biopsy, and therefore the
true performances of these estimates are still unknown in the
absence of a perfect reference.

The aim was to assess the relative accuracy of FibroTest, LSM,
and biopsy using methods without gold standard in patients with
chronic hepatitis C (CHC) and controls.
Methods: A total of 1289 patients with CHC and 604 healthy vol-
unteers, with assessment of fibrosis stage by the three tech-
niques, and alanine aminotransferase (ALT) taken as a control
test, were analyzed by latent class method with random effects.
In the volunteers, the false positive risk of biopsy was obtained
from a large surgical sample of four normal livers.
Results: The latent class model with random effects permitted to
conciliate the observed data and estimates of test performances.
For advanced fibrosis, the specificity/sensitivity was for FibroTest
0.93/0.70, LSM 0.96/0.45, ALT 0.79/0.78 and biopsy 0.67/0.63,
and for cirrhosis FibroTest 0.87/0.41, LSM 0.93/0.39, ALT 0.78/
0.08 and biopsy 0.95/0.51. The analysis of the discordances
between pairs suggested that the variability of the model was
mainly related to the discordances between biopsy and LSM (resid-
uals >10; p <0.0001).
Conclusions: A method without the use of a gold standard con-
firmed the accuracy of FibroTest and Fibroscan for the diagnosis
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Introduction

New tests generally are evaluated in comparison with a reference
test, often termed a ‘‘gold standard’’, whose sensitivity and spec-
ificity are both assumed to be 100%. If the reference test is not
perfect, classical estimates of accuracy (sensitivity, specificity
and AUROC) of the new diagnostic test are false [1].

One example of major debate surrounds the efforts to find the
best means of evaluating and managing the increasing numbers of
patients with chronic liver disease [2,3]. Liver biopsy, due to its
risks and limitations, is no longer considered mandatory as the
first-line indicator of liver injury, and several markers have been
developed as non-invasive alternatives [2,3]. Among patients with
chronic viral hepatitis, the assessment of liver fibrosis by two
validated non-invasive techniques, biomarkers [FibroTest� (FT)]
Biopredictive Paris, France [4] and liver stiffness measurements
(LSM) by Fibroscan� Echosens, Paris, France [5], is now widely
done in countries where these techniques are available and
approved [6].

The true liver disease status, the ‘‘true gold standard’’, is the
histological analysis of large surgical biopsies [7]. Therefore, the
definitive diagnosis is impossible to obtain in routine practice,
and liver biopsy, an ‘‘imperfect gold standard’’, is used as a
standard against which new tests are evaluated.

In this situation with several tests and no perfect gold standard,
latent class analysis has been recommended to better estimate the
rate of false positives and false negatives [1], and we previously
performed a pilot study using this methodology [8].

The aim was then to apply this methodology to estimate the
relative accuracy of FT, LSM and biopsy for the diagnosis of fibro-
sis in the absence of a gold standard in a large group of patients,
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with CHC, independent of our institution, and in healthy volun-
teers. The reference was the model which fitted the best the
observed distribution of the estimates of fibrosis.
Materials and methods

Patients

The final database included 1893 subjects retrospectively extracted from four
prospective cohorts (Fig. 1): three populations of patients with CHC (n = 1289
out of 2675), and one population of apparently healthy volunteers (Healthy
cohort, n = 604 out of 766). HCV patients belonged to one tertiary center in Bor-
deaux, France (Bordeaux cohort, n = 768) [9], one multicenter French study
(Fibrostar cohort, n = 378) [10] and one multicenter Romanian study (Romanian
cohort, n = 143) [11].

The inclusion criteria were retrospectively determined: patients had to have
chronic hepatitis C, be PCR positive, and have the results of liver biopsy, FibroTest,
LSM and alanine aminotransferase [ALT] interpretable according to the usual rec-
ommendations and precaution of use [4,9]. In all these cohorts, each of the four
tests was performed without knowledge of the three others.

Controls

This group was analyzed in order to define the specificity of each test, as the prob-
ability of true advanced fibrosis was very low. Among a prospective cohort of
healthy volunteers, a group of 604 subjects without any risk of liver disease was ret-
rospectively selected [12]. The inclusion criteria were: no liver disease history, no or
low alcohol consumption (610 g/day for females,620 g/day for males), HBsAg neg-
ative, HCV antibodies negative, and FibroTest and LSM results interpretable.

As it was not possible to perform liver biopsy in these healthy volunteers, we
used large surgical biopsies obtained from four subjects without liver disease.
From the digitized image of the whole section, 626 virtual biopsy specimens of
20 mm length were produced [13] (Supplementary Table 1).

FibroTest and ALT

FibroTest was performed according to published recommendations [4]. The fol-
lowing usual recommended cut-offs were used to estimate the presumed fibrosis
stages: 0.48, and 0.74 for the F2 and F4 staging, respectively. ALT was used as a
control liver test as a nonspecific biomarker of liver injury. As there is no
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Fig. 1. Cohort and number of patients included and excluded.
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consensual definition for the upper limit of normal for ALT, the following simple
cut-offs were predetermined: 50 IU/L and 100 IU/L for F2 stage and F4 stage
METAVIR, respectively.

Liver stiffness measurements

Patients were studied using transient elastography. The LSM results are expressed
in kilopascals (kPa). For LSM reliability, the recommended criteria were a success
rate greater than 60%, at least 10 valid LSM and interquartile range/median
LSM <30% [9]. The following usual recommended cut-offs were used to estimate
the presumed fibrosis stages: 8.8, and 14.5 kPa for the F2, and F4 staging, respec-
tively [9,14,15].

Biopsy among patients with chronic hepatitis C

Staging and grading were performed blinded to the non-invasive methods. In the
three groups, liver biopsies were performed with a 1.6 mm needle (Hepafix,
Brown, Melsungen, Germany), and were formalin-fixed and paraffin embedded.
Sections (4 mm) were stained with hematoxylin-eosin-saffron and picrosirius
red. The liver fibrosis stage was evaluated according to the METAVIR scoring sys-
tem [16] by one senior pathologist in the Bordeaux cohort and in the Romanian
study, by two senior liver pathologists in Fibrostar. In Fibrostar, slides were
simultaneously reviewed to reach a consensus in case of disagreement; to be eli-
gible for scoring, biopsies less than 20 mm had to measure at least 15 mm and/or
contain at least 11 portal tracts, except for cirrhosis. The reliability of biopsy was
decided by each pathologist in the Romanian study and Bordeaux cohorts.
Design and modeling

Concept
The first concept was to estimate the performances of four estimates (tests) of
liver fibrosis using methods without a gold standard.

The second concept was to use a control population without any risk of
chronic liver disease, therefore with a very low risk of advanced fibrosis. This con-
cept will permit to assess the performance of the fibrosis tests in screening strat-
egies. As a biopsy cannot be directly performed in a large group of non-selected
healthy volunteers, the distribution of subjects according to the results of a virtual
biopsy (fibrosis present or absent) was calculated using the prevalence of fibrosis
observed using large surgical biopsies from normal livers. For each eight possible
combinations of FibroTest, LSM and ALT results (fibrosis present or absent), the
number of virtual biopsy results (fibrosis present or absent) was calculated by
multiplying the number of subjects in each eight possible combinations by the
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mean prevalence of fibrosis observed using large surgical biopsies from normal
livers. This method has permitted to generate the 16 distributions of subjects
according to the four test results (Supplementary Table 3).

Basic model
Four different tests (FibroTest, LSM, ALT, biopsy) were applied in all patients, with
each test producing a dichotomous test result (e.g. the test was either positive or
negative). None of these tests was error-free. For a single test, the probability of
obtaining a positive test result could be written as the sum of finding a positive
test in a patient who has fibrosis and a positive test result in a patient without
fibrosis. These probabilities can be written as a function of the following
unknown measures: prevalence, sensitivity and specificity of the test. Therefore,
nine parameters were unknown in this study: one prevalence parameter and the
sensitivity and specificity for each of the four tests.

With four different dichotomous tests, there were 16 possible combinations.
By using the probabilities for a positive or negative test result, the likelihood of
observing each pattern of test results could be calculated. We observed the num-
ber of subjects for each of the 16 patterns of test results. Standard maximum like-
lihood methods could be used to obtain a (unique) solution [1,17,18].

Latent class analysis

Latent class uses the standard maximum likelihood method to combine the test
results from each patient for constructing a reference standard [1,17–19]. This
method acknowledges that there is no gold standard and that the available tests
are all related to the unknown true status: fibrosis present or absent. These unob-
servable outcomes are named latent classes.

The fact that a two-class model might not fit the data is either seen as an arti-
fact of the measurement instrument or as a result of within-class heterogeneity.
To allow for local dependencies and within-class heterogeneity, we used a LCM
model with a random-factor, the LCM-R model [1,17–19]. The LCM-R model
incorporates random effects and thus relaxes the conditional independence
assumption (see Supplementary statistical method details).

The specific assumptions for random effects were the following: the depen-
dency between tests for FibroTest and LSM which were initially validated by
biopsy; the intra-class heterogeneities for biopsy due to inter-observer variability
and sampling error; for LSM, the inter-observer variability and the impact of
inflammation and steatosis.

In LCM-R, it is assumed that the outcome of a diagnostic test is governed by
two mechanisms or factors: the disease status of the subject, and the individual
biological process or the diagnostic test technological characteristics.

Sources of fit impairment
We assessed which test dependency or heterogeneity significantly impaired the
fit of the standard LCM without random effects by using bivariate residuals of
the baseline latent class analysis. The pair of tests was excluded step by step
up until a model fitting the observed results was obtained. The fit was reached
when the likelihood-ratio goodness-of-fit value [likelihood squared (L2)] L2 signif-
icance was >0.05 [1,17–19].

Standard performance analysis using biopsy as a gold-standard
The standard performances of FibroTest, LSM and ALT were assessed using the
fibrosis stage obtained by liver biopsy, the classical gold standard, expressed
using the METAVIR scoring system. The thresholds for test positivity were the
usual ones. The standard area under the Receiver Operating Characteristics
Curves (AUROC) was estimated by the empirical (non-parametric) method, and
compared using the paired method of Zhou et al. [20].

Sensitivity analyses
To assess possible variability due to the sampling population, we performed suc-
cessive LCM-R models (excluding each populations): excluding false positives
from each test, one without any false positive, one with lower cutoff for cirrhosis
10.1% of the area of fibrosis, and two with lower LSM cut-offs: 7.1 for advanced
fibrosis and 12.5 kPa for cirrhosis. We performed also a meta-analysis using ran-
dom effect model of weighted AUROCs (Obuchowski measure) to identify signif-
icant heterogeneity between the different populations of patients [21].

Statistical analysis and software

We used NCSS software (Kaysville, Utah, USA) [22] for standard statistics and
LatentGold-4.5 software (Statistical Innovation, Belmont, MA, USA) for estimating
the model parameters [19]. We used the following criteria to identify a good
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model: the p-value of the likelihood squared (L2) had to be greater than 0.05,
and the Bayesian information criterion (BIC), defined as L2 – log (N) � Df (degrees
of freedom of the data), had to be the smallest among all competing models. Stan-
dard error of L2 was calculated used bootstrap method [19].

This study was conducted according to the principles expressed in the decla-
ration of Helsinki. Signed informed consent was obtained for all controls and for
patients for whom tests were not routinely performed according to the standard
of care.
Results

Failure and non-reliable results were observed in 15.3% (525/
3441) of LSM and in 0.6% for FibroTest (20/3441).

Subjects included

The characteristics of included patients are described in Table 1.
Healthy controls were more often female and older than HCV
patients. Patients of the Romanian population were more often
female, and had less cirrhosis at biopsy. The median length of
biopsy was 17 mm in the Bordeaux group, 25 mm in the French
multicenter group and 20 in the Romanian multicenter group.

Standard assessment of biomarker performance using biopsy as the
reference (imperfect gold-standard)

Performances of FibroTest, LSM and ALT using the standard AUR-
OCs (95% CI), observed among patients with biopsy, were similar
to those of the extensive literature [8,10]; for the diagnosis of
advanced fibrosis: 0.75 (95% CI 0.72–0.77), 0.76 (0.73–0.79) and
0.62 (0.59–0.65), and for cirrhosis 0.85 (0.82–0.88), 0.90 (0.87–
0.92) and 0.61 (0.57–0.66) respectively. As expected, perfor-
mances of ALT were significantly lower than those of FibroTest
and LSM (p <0.0001).

Assessment of the specificity of liver biopsy using large surgical
biopsies

The distribution of the area of fibrosis estimated by virtual biop-
sies of different lengths is shown in Fig. 2 and Supplementary
Table 1. Cases with areas of fibrosis above 5.3% were considered
to be false positives of biopsy for the diagnosis of advanced fibro-
sis, and those above 16.5% as false positives for the diagnosis of
cirrhosis. The specificity of a 20 mm length biopsy for the diagno-
sis of advanced fibrosis was 83.71% (Supplementary Table 2).

Assessment of test performances in the absence of a gold standard

The distribution of the subjects according to the 16 possible com-
binations of the four test results are shown in Supplementary
Table 3 for presuming advanced fibrosis, and in Supplementary
Table 4 for cirrhosis. Perfect concordance between the tests for
the diagnosis of advanced fibrosis was observed in 1059 (55.4%)
subjects (728 all negatives and 321 all positives) and for the diag-
nosis of cirrhosis in 1340 (70.8%) (1292 all negatives and 48 all
positives). Details of the assessment in healthy volunteers are
given in Supplementary data 2 for the diagnosis of advanced
fibrosis.

Models using LCM-R were interpretable as they fit (Table 2)
the observed distribution of test results. For advanced fibrosis,
the ranking for the specificities was LSM (0.96), FibroTest (0.93)
2 vol. 56 j 541–548 543



Table 1. Characteristics of the 1893 included subjects.

Characteristics HCV patients’ group Healthy volunteers
Bordeaux Multicenter 

France
Multicenter 
Romania

All patients

n = 768 n = 378 n = 143 n = 1289 n = 604
Age, yr1 48 (47-49) 50 (49-51) 49 (48-52) 49 (48-50) 58 (56-59)
Male, (%) 441 (57%) 239 (63%) 48 (34%) 728 (56%) 209 (44%)
Biopsy stage2 2 (2-2) 1 (1-2) 2 (2-2) 2 (2-2) 0 (0-0)

523 (68%) 176 (47%) 89 (62%) 788 (61%) 16%3

 Presumed cirrhosis
 Presumed fibrosis

 Presumed fibrosis

 Presumed fibrosis

 Presumed fibrosis

 Presumed fibrosis

136 (18%) 57 (15%) 6 (4%) 199 (15%) 3%3

FibroTest 0.47 (0.43-0.50) 0.58 (0.53-0.64) 0.48 (0.40-0.53) 0.50 (0.48-0.53) 0.16 (0.15-0.16)
370 (48%) 229 (61%) 69 (48%) 668 (52%) 19 (3%)

 Presumed cirrhosis 171 (22%) 123 (33%) 18 (13%) 312 (24%) 2 (0.3%)
LSM, kPa (8.8/14.5) 7.0 (6.8-7.3) 7.0 (6.7-7.7) 7.7 (7.2-8.8) 7.1 (6.9-7.4) 5.4 (3.6-6.7)

251 (33%) 126 (33%) 58 (41%) 435 (34%) 19 (3%)
 Presumed cirrhosis 124 (16%) 54 (14%) 28 (20%) 206 (16%) 2 (0.3%)

LSM, kPa (7.1/12.5)
368 (48%) 185 (49%) 84 (59%) 637 (49%) 38 (6%)

 Presumed cirrhosis 151 (20%) 70 (19%) 36 (25%) 257 (20%) 5 (1%)
ALT, IU/L 65 (61-68) 72 (65-78) 93 (83-105) 69 (66-74) 22 (21-23)

491 (64%) 271 (72%) 117 (82%) 879 (68%) 23 (4%)
 Presumed cirrhosis 207 (27%) 105 (28%) 64 (48%) 376 (29%) 4 (0.7%)

1Median (95% confidence interval).
2METAVIR scoring system.
3False positive of a 20 mm length biopsy as assessed using large surgical specimens.
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Fig. 2. Area of fibrosis estimated by biopsy according to its length (mm) in
subjects scoring METAVIR F0 (no fibrosis) on the large surgical section. Cases
with area of fibrosis above 5.3% were considered false positives of biopsy for the
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and biopsy (0.67); the ranking for the sensitivities was FibroTest
(0.70), biopsy (0.63) and LSM (0.45). For cirrhosis, the ranking for
the specificities was biopsy (0.95), LSM (0.93), and FibroTest
(0.87); all sensitivities were low with the following ranking:
biopsy (0.51), FibroTest (0.41), and LSM (0.39).

Compared to their performances assessed by biopsy, the per-
formances of FibroTest and assessed by LCM-R were all increased
for the diagnosis of advanced fibrosis and decreased for the diag-
nosis of cirrhosis. The performances of LSM were lower using
LCM-R except for an increase in the specificity for advanced fibro-
sis (Table 3).
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Models using LCM without random effects did not fit the
observed distribution, suggesting a random effect due to depen-
dency between tests (as expected due to previous validation of
FibroTest and LSM by biopsy) and intra-class heterogeneity such
as inter-observers variability for biopsy and LSM (Supplementary
Table 5).

Assessment of significant sources of impairment in modeling

Biopsy-LSM and biopsy-ALT were identified as the two main
sources of impairment in LCM models both for advanced fibrosis
and cirrhosis. Bivariate residuals of LSM-ALT and biopsy-Fibro-
Test were lower but also significantly impaired the model fit
for advanced fibrosis (Table 4).

Sensitivity analyses
The population that impaired the goodness of fit the most was
the healthy population results, since when excluded, the baseline
BIC decreased from 34.4 to �17.7 for advanced fibrosis and from
21.6 to 9.6 for cirrhosis (Supplementary Table 6). The exclusion of
healthy volunteers strongly modified the estimates, reducing
specificities both for advanced fibrosis and cirrhosis and increas-
ing sensitivities for advanced fibrosis (Supplementary Table 7).
None of the other LCM-R analyses showed a major decrease of
the fit assessed by BIC value (Supplementary Table 6). Results
were not different when the diagnosis of cirrhosis used >10.1%
area of fibrosis in healthy volunteers (Supplementary Table 8).
When lower cut-offs (7.1 vs. 8.8 kPa) were used for LSM, this
induced an expected dramatic increase in the sensitivity of LSM
for advanced fibrosis from 0.45 to 0.88 but a decrease of specific-
ity from 0.96 to 0.83 (Supplementary Table 9).
2 vol. 56 j 541–548



Table 2. Best latent class model with random effect of fibrosis estimate performances.

L-Squared (standard error calculated using bootstrap)

Best model for advanced fibrosis (n = 1893)

3.2 (0.02)
p value1 0.20

Bayesian information criterion -11.9
Performance of test SensitivitySpecificity2

Specificity2

2

FibroTest 0.93 0.70
LSM 0.96 0.45
ALT 0.79 0.78
Biopsy 0.67 0.63

Best model for cirrhosis (n = 1893)

L-Squared (standard error calculated using bootstrap) 0.61 (0.01)
p value1 0.74

Bayesian information criterion
Goodness of fit likelihood ratio test statistics:

Goodness of fit likelihood ratio test statistics:

-14.5
Performance of test Sensitivity2

FibroTest 0.87 0.41
LSM 0.93 0.39
ALT 0.78 0.08
Biopsy 0.95 0.51

1Model fit when p >0.05.
2No confidence interval for the LCM-derived sensitivity and specificity estimates because these estimates are calculated from combinations of conditional probabilities,
which have individual maximum-likelihood estimated standard errors.

Table 3. Sensitivity and specificity of fibrosis biomarkers according to the
choice of the reference: biopsy (an imperfect gold standard) or a model
without gold standard (latent class model with random effect [LCM-R] as
reference) in 1893 subjects.

CirrhosisAdvanced fibrosis
Estimate1

Reference Biopsy Latent class Biopsy Latent Class
Sp Se Sp Se Sp Se Sp Se

FibroTest 0.85 0.66   0.93 0.70 0.89   0.68      0.87 0.41
LSM 0.93 0.48 0.96 0.45 0.95   0.65      0.93 0.39
ALT 0.70 0.73 0.79 0.78 0.83   0.42      0.78 0.08
Biopsy 1.002 1.002 0.67 0.63 1.002 1.002 0.95 0.51

The standard test cut-offs used for the diagnosis of advanced fibrosis and cirrhosis
were 0.48 and 0.74 for FibroTest, 8.8 and 14.5 kPa for stiffness, 50 IU/L and
100 IU/L for ALT, and for biopsy in LCM-R model F2 stage and F4 stage METAVIR
for real biopsy, and 5.3% and 16.5% area of fibrosis for virtual biopsies in healthy
volunteers respectively.
1Standard errors or 95% confidence interval are not given as for the LCM-derived
sensitivity and specificity estimates, because they are calculated from combina-
tions of conditional probabilities.
2In this model, biopsy is considered as the reference (‘‘gold standard’’) with 100%
accuracy.
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The meta-analysis using random effect model of weighted
AUROCs showed no significant heterogeneity between the differ-
ent populations of patients (Supplementary Table 10) contrarily
to nonweighted AUROCs (Supplementary Table 11). The details
of the 95% confidence intervals of standard sensitivity and spec-
ificities (using biopsy as reference) are given in Supplementary
Table 12.
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Discussion

This study is the first using appropriate methods for better recon-
ciliation of the estimates of sensitivity and specificity of non-
invasive fibrosis biomarkers, as well as those of biopsy, the for-
mer gold standard, which cannot be 100% accurate [23]. The main
result is that a model without using reference is compatible with
the distribution of biomarkers and biopsy results.

The high specificity (>0.85) of FibroTest and LSM was con-
firmed for the diagnosis of both advanced fibrosis and cirrhosis.
As already observed in standard analysis and in a preliminary
latent class study [8], the results confirmed that the sensitivity
of FibroTest (0.70) was higher than that of LSM (0.48) for the
diagnosis of advanced fibrosis. The performance for the diagnosis
of cirrhosis was similar between FibroTest and LSM.

One original result of the present study is the relative lower
level of biopsy performance, in comparison with FibroTest and
LSM when evaluated similarly for the diagnosis of advanced fibro-
sis. For cirrhosis, biopsy had the best performance with the highest
specificity, and the highest sensitivity but far from perfection, with
49% of presumed false negativity rate, as FibroTest and LSM.

Strengths of the study

Population included
The first strength was the wide spectrum of liver injury, from
healthy volunteers to cirrhotic patients, with two multicenter
studies in two different countries.

The second strength was the inclusion of a large healthy pop-
ulation with biomarkers, together with the presumed results of
biopsies generated from normal livers. The inclusion of a healthy
population in the model changed it very significantly. One major
2 vol. 56 j 541–548 545



Table 4. Direct effects of pairs of variables that impaired the fit of the baseline latent class model. Effects are estimated by bivariate residuals of the baseline latent class
analysis, without random effects. The effect of the most significant pair was excluded to achieve non-significance.

Bivariate residuals Model improvement after excluding residuals

FibroTest LSM ALT Pair excluded (Cumulative) Significance after pair exclusionFit (L2) (Cumulative) 2

NoneAdvanced fibrosis 79.71 <0.0001
LSM 0.44 Biopsy-LSM 38.3 <0.0001
ALT 2.9 0.14 Biopsy-ALT 30.1 <0.0001
Biopsy 0.11 11.6 0.47 LSM-ALT 13.8 0.003

Biopsy-FibroTest 0.32 0.85
Cirrhosis None 66.01 <0.0001
LSM 0.24 Biopsy-LSM 27.7 <0.0001
ALT 3.52 0.29 Biopsy-ALT 9.96 0.04
Biopsy 0.95 10.8 10.7

1Baseline fit.
2Model fit when p >0.05.
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weakness of previous overviews of LSM performance was the
absence of conciliation between the LSM accuracy estimated in
patients [5] with the positive rate observed in healthy popula-
tions [12,15]. The 95th percentiles of LSM in a healthy non-obese
population without metabolic syndrome, 7.8 kPa for females and
8.0 kPa for males, observed by Roulot et al. [15], were in accor-
dance with the 3% positive rate of LSM (above 8.8 kPa) observed
in our healthy volunteers (Table 1) and with the 4% of false posi-
tive for advanced fibrosis estimated by our LCM-R model (Table 2
and Supplementary Table 5). LSM should not be used at the
8.8 kPa cutoff for screening purposes, as the specificity was 96%
but only applicable in 45% of patients.

Use of latent class with random effects
The third strength was the use of a latent class paradigm with
random effect which introduces a random variability factor in
the model. FibroTest and LSM were initially validated using
biopsy, and therefore it was rational to use a method which takes
into account this non-independence between tests.

All tests can then be compared without the systematic bias of
the absence of error for biopsy. FibroTest performances were sim-
ilar to that of a 20 mm biopsy for the diagnosis of advanced fibrosis.

As expected, performances of ALT were lower than those of
FibroTest for the diagnosis of both advanced fibrosis and cirrho-
sis. The main interest of ALT used as a negative control test was
to better understand the possible sources of variability among
LSM and biopsy.

Sources of major variability among tests
The fourth strength was the identification of the major sources of
test dependency and heterogeneity. Indeed, LCM failed to obtain
a model that fits with the observed distribution, without includ-
ing a ‘‘random factor’’ that is unknown sources of discordances
not related to the diagnostic performance of tests (Table 3). As
FibroTest and LSM were validated using biopsy, the first rational
variability factor was this initial ‘‘dependency’’.

The variability was mainly related to the biopsy-LSM residual.
It was rational to observe the greater variability for the biopsy-
LSM pair, as these indicators have both significant intra- and
inter-observer variability [7,8,9,15,24,25] in comparison with
the smaller analytical variability of FibroTest [26]. Furthermore
the biopsy-LSM pair variability is impacted by the (fibrosis
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stages) spectrum effect to a greater degree than the biopsy-Fibro-
Test pair. LSM has no diagnostic value for the initial fibrosis
stages (METAVIR F0 and F1), a limited accuracy between stages
F1 vs. F2, and a higher accuracy between F2, F3 and F4. Contrary
to LSM, FibroTest has a consistent accuracy between adjacent
stages [3,4,8,10].

The biopsy-ALT pair was the second source of residuals for the
diagnosis of advanced fibrosis, without obvious bias as the pathol-
ogists were not aware of the ALT value. However, a bias related to
an overestimation of liver fibrosis stage cannot be ruled out dur-
ing biopsy readings, when biopsies showed higher activity grades.

The LSM-ALT pair was the third most important residual with
a documented rationale, as necrosis and inflammation increased
LSM independent of fibrosis stage [8,27,28].

The various sensitivity analyses (LSM cut-offs, area of fibrosis
cut-offs, population, false positive rate in healthy volunteers) did
not induced any absence of fit (Supplementary Tables 6 and 8). In
the LCM-R model, despite no change in the fit, there was indeed a
‘‘cutoff effect’’ of LSM on FibroTest performances but limited to
the sensitivity for cirrhosis, which was lower to the impact
observed on biopsy (Supplementary Table 10).

Limitations of the study

Biopsy estimates in healthy volunteers
The results of biopsy in volunteers were directly estimated in only
4 subjects with large, normal liver biopsies, the specificity being
assessed using 626 generated virtual biopsies. This method is
imperfect. However, the observed false-positive rates were com-
patible with other assessments using virtual biopsies, or surgical
samples [7]. The distribution of area of fibrosis was similar to that
of Bedossa et al. (Supplementary Table 1) [7]. Furthermore the
change for another more sensitive cutoff for cirrhosis (Supplemen-
tary Tables 8 and 9) and the exclusion of all false-positive cases of
biopsies (Supplementary Tables 6 and 7) did not impair the model.
The model was constructed with a median of biopsy around 20 mm
and if the length had been around 40 mm the expected perfor-
mance of biopsy would have been better but less realistic [25].

Other test performances
The present study compared the accuracy of tests, which is con-
sidered only one part of the performance. The failure rates and
2 vol. 56 j 541–548
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reliability were not assessed as well as the other features that
could be provided by each test. For liver biopsy, pathologists rec-
ommend lengths of at least 20–25 mm [7], which could corre-
spond to a reliability rate of 50% according to the length
distribution in large cohorts [25]. For LSM using Fibroscan, the
failure rate is 3.8% and the reliability rate 15.8% [9]. For FibroTest,
the failure rate is 0% and reliability rate is 98% [28].

Biopsy has an obvious advantage by providing activity grade,
steatosis grade and features of other liver diseases. FibroTest
assessment includes ActiTest, validated for activity grade diagno-
sis [29]; SteatoTest, which assesses steatosis grade, can also be
associated with FibroTest but has been less validated [30,31].

Variability factors not analyzed
We did not directly analyze the impact of factors from individual
data, such as histological steatosis and activity, metabolic factors,
age, gender, ethnicity or operator effects that could be related to
diagnostic performance [9], and the pathologist variability [24].
As for LSM, the inter-observer variability is a pragmatic weakness
of biopsy in comparison with serum biomarkers.

How can the comparisons between liver fibrosis indicators be
improved?
First, clear guidelines must be provided defining the reliability
criteria of each indicator. For FibroTest, pre-analytical and analyt-
ical recommendations must be applied [28]. Other studies have
previously demonstrated for LSM that few changes in the precau-
tions of use had a direct impact on its reliability rate or on its risk
of false-positives or negatives [8,9]. Publications not applying the
precautions of use concerning IQR/LSM and success rate made
hazardous conclusions, such as the suggestion that five valid
shots could be sufficient for cirrhosis diagnosis [14]. For liver
biopsy, it would be wise to consider the results of specimens
shorter than 20 mm reliable only after checking the concordance
with the reliable results of a validated biomarker.

Second, the intra-indicator variability should be reduced. For
FibroTest, the improvement of analytical calibration should reduce
the inter-laboratory variability [4,26]. For LSM [8,9] and biopsy
[24], the major concern is the operator variability, even if the
results are reliable. New methodology such as the concordance rate
between LSM and FibroTest can identify observers with too high
variability [8]. This method could also be applied to pathologists.

Third, these results must be confirmed by independent
groups. However, in the present study all the included cohorts
of patients were independent of the FibroTest inventor.
Conclusions

In a model without gold-standard, the high specificity (>0.85) of
FibroTest and LSM was confirmed for the diagnosis of both
advanced fibrosis and cirrhosis. However, from the analysis of
the tests that impaired the fit of the model, more studies should
be performed to identify the causes of the high discordances rates
between biopsy and LSM, including their intra- and inter-observ-
ers’ variability.

If the accuracy paradigm cannot convince the users in this
field, it is possible to replace it by a new one: the concept of
the validation of medical tests [1]. The present results were con-
sistent with the recent prognostic validation of fibrosis biomark-
ers. In patients with chronic hepatitis C [32,33] as well as in
patients with chronic hepatitis B [34] and alcoholic liver disease
Journal of Hepatology 201
[35], the prognostic value of FibroTest was at least similar to that
of biopsy.

The present results confirm that balanced discussions are
needed when discordances are observed between estimates of
fibrosis. Biopsy, even of 20 mm, is no more the reference. This
model confirms the first guidelines and reimbursement by French
health authorities recommending either FibroTest or LSM as first
line fibrosis estimates in adult patients with uncomplicated
chronic hepatitis C [36]. Finally to move forward such models
without gold standard should permit also to better estimate the
forthcoming new test performances.
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