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Abstract
Pathologists use a semiquantitative scoring system (NAS or SAF score) to facilitate the reporting of disease severity and
evolution. Similar scores are applied for the same purposes in rodents. Histological scores have inherent inter- and intraobserver variability and yield discrete and not continuous values. Here we performed an automatic numerical quantiﬁcation
of NASH features on liver sections in common preclinical NAFLD/NASH models. High-fat diet-fed foz/foz mice (Foz HF)
or wild-type mice (WT HF) known to develop progressive NASH or an uncomplicated steatosis, respectively, and C57Bl6
mice fed a choline-deﬁcient high-fat diet (CDAA) to induce steatohepatitis were analyzed at various time points. Automated
software image analysis of steatosis, inﬂammation, and ﬁbrosis was performed on digital images from entire liver sections.
Data obtained were compared with the NAS score, biochemical quantiﬁcation, and gene expression. As histologically
assessed, WT HF mice had normal liver up to week 34 when they harbor mild steatosis with if any, little inﬂammation. Foz
HF mice exhibited grade 2 steatosis as early as week 4, grade 3 steatosis at week 12 up to week 34; inﬂammation and
ballooning increased gradually with time. Automated measurement of steatosis (macrovesicular steatosis area) revealed a
strong correlation with steatosis scores (r = 0.89), micro-CT liver density, liver lipid content (r = 0.89), and gene expression
of CD36 (r = 0.87). Automatic assessment of the number of F4/80-immunolabelled crown-like structures strongly correlated
with conventional inﬂammatory scores (r = 0.79). In Foz HF mice, collagen deposition, evident at week 20 and progressing
at week 34, was automatically quantiﬁed on picrosirius red-stained entire liver sections. The automated procedure
also faithfully captured and quantitated macrovesicular steatosis, mixed inﬂammation, and pericellular ﬁbrosis in CDAAinduced steatohepatitis. In conclusion, the automatic numerical analysis represents a promising quantitative method to
rapidly monitor NAFLD activity with high-throughput in large preclinical studies and for accurate monitoring of disease
evolution.
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Nonalcoholic fatty liver disease (NAFLD) is the hepatic
complication of obesity and metabolic syndrome and now
the most common chronic liver disease in the world [1]. As
many as 116 million people in the EU alone may suffer
from NAFLD (25% of the general population, 90% of obese
subjects) (EASL statement 2017). NAFLD represents a
spectrum of diseases ranging from benign steatosis to
nonalcoholic steatohepatitis (NASH), in which hepatocellular injury and inﬂammation promote ﬁbrosis and evolution to end-stage liver disease. It is estimated that between
20 and 50% of NAFLD patients have NASH [1].
The gold standard for NASH diagnosis is the liver
biopsy. The diagnosis is based on pattern recognition by the
pathologist followed by the evaluation of the severity of
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individual histological criteria, namely liver steatosis, lobular or portal inﬂammation, hepatocellular injury including
cell death and predeath (coined by hepatocyte ballooning),
and staging of ﬁbrosis. Scores, such as NAS or SAF, are
compilations of such criteria and were developed as tools to
measure changes in NAFLD during therapeutic trials [2, 3].
A reduction in at least 2 points in NAS can be an acceptable
marker of disease improvement if it is associated with no
progression in ﬁbrosis [4, 5]. However, it is still ill-deﬁned
whether resolution of NASH with no worsening of ﬁbrosis
(assessed as an increase in the ﬁbrosis stage), improvement
of lobular inﬂammation and cell death, or improvement in
ﬁbrosis with no progression of steatohepatitis (i.e., no
increase in activity as assessed by NAS) better predict the
outcome [5].
The histology-based NAS scoring system is dependent
on the subjective evaluation by the pathologist and therefore
subject to intra- and inter-reader variability [2, 6–8]. Also,
the range of grading scores is limited. Importantly, data
support that disease evolution, and singularly ﬁbrosis evolution, is not linear [9] and therefore change in ﬁbrosis may
not be satisfactorily captured by a scoring system even if the
impact on the disease and overall health could be important.
Hence, histological semiquantitative scores may not accurately capture the evolution of NAFLD/NASH severity and
consequently precisely quantify the effectiveness of pharmacological treatments.
Objective and continuous measurement would overcome
these limitations. Computerized image analyses are used for
this purpose in noninvasive imaging techniques, such as
Magnetic resonance imaging (MRI), computed tomography
(CT-scan), and ultrasounds [10, 11] applied widely for
clinical investigations. MRI-derived sequences, such as
MRI PDFF (Proton density fat fraction) and Magnetic
resonance elastography, are the current noninvasive gold
standard for assessing steatosis and ﬁbrosis, respectively
[10, 12, 13]. Transient elastography combined with controlled attenuation parameter is the point-of-care technique
to diagnose advanced ﬁbrosis and cirrhosis and accurately
grade steatosis (AUROC of 0.91, 0.95, and 0.89 for steatosis grades 1, 2, and 3, respectively) at the patient’s bed.
The technique is however suboptimal for low steatosis or
ﬁbrosis scores [10, 12, 13]. Importantly, in spite of promising developments [14, 15], none of the noninvasive
imaging modalities reliably discriminates NASH from
simple steatosis, largely due to the limited power for
detecting inﬂammation and hepatocellular injury. Therefore,
to date, histopathological evaluation remains a key for
diagnosis.
Computerized image techniques were also developed for
the morphometrical assessment of NAFLD/NASH histology, particularly steatosis [16–20], and ﬁbrosis [21]; the
advantage being to provide an operator-independent

quantiﬁcation and continuous variables. In the present study,
we report on automated computerized image analysis of
NAFLD/NASH with simultaneous quantiﬁcation of steatosis, lobular inﬂammation, and ﬁbrosis from the entire liver
sections stained with Hematoxylin and eosin (H&E), F4/80,
Ly6G immunolabeling, and picrosirius red in preclinical
models. Several nutritional, genetic or toxic models have
been proposed to study various aspects of NAFLD [22–26]
and reviewed in [27]. The foz/foz mouse model is relevant
model for NASH: Foz/foz mice voluntarily overeat and
when offered a high-fat (HF) diet develop consistently a full
blow NASH with ﬁbrosis in a context of obesity-related
insulin resistance and adipose tissue inﬂammation [28–30],
while a similar dietary regimen causes progressive obesity
and mild (uncomplicated) steatosis in wild-type (WT) mice.
Liver pathology in foz/foz mice has been reviewed by
experienced liver pathologists and meets the histological
criteria of human NASH [28, 30, 31] including hepatocyte
ballooning and presence of crown-like structures (CLS) of
macrophages surrounding lipid-laden hepatocytes [32, 33].
Mild to moderate ﬁbrosis (generally stages 1–2) develops at
late stages with bridging ﬁbrosis (F3) or cirrhosis (F4) being
uncommon as in many other mouse models of NASH [27].
The foz/foz model has been reproduced in several laboratories [30, 33–35] and used as a preclinical model to test
therapeutic interventions [32, 36–39]. C57Bl6J mice fed an
HF choline-deﬁcient diet is a model of histologically severe
steatohepatitis. Metabolic syndrome and hepatocellular ballooning are however absent and therefore is not stricto sensu
a model of NASH [27, 40–43]. In these models, we validated the accuracy of the computerized analysis to automatically assess and quantify pathological criteria versus
semiquantitative scoring and biochemical investigations.

Materials and methods
Animals
NOD.B10 foz/foz (Foz) mice and their WT littermates were
bred and housed in a temperature- and humidity-controlled
environment in a 12-h light/12-h dark cycle. Animals had
free access to food and water at all times. After weaning
(time 0), male WT and Foz mice were fed an HF diet
(OpenSource Diets D12492; 60% of calories from fat and
0.03% cholesterol) (WT HF and Foz HF, respectively); WT
mice fed a rodent chow (WT ND) (SAFE A03 diet; 13.5%
of calories from fat) served as controls. C57Bl6/J mice were
fed a fat-rich choline-deﬁcient amino acid deﬁned (CDAA
—Research Diets, A06071302) or the same diet supplement
in choline (CSAA—Research Diets, A067071306) for the
controls. Body weight, glycemia, and food intake were
recorded once a month during the study protocol and the
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Fig. 1 Histological assessment
of NAFLD/NASH severity in
WT and foz/foz mice fed an
HFD. a Representative images
of H&E-stained histological
slides of WT ND, WT HF, and
Foz HF mice at week 34 (scale
bar: 200 µm). b Histological
NAS score [2] within each group
and time point. The height of the
bars corresponds to the mean
NAS, the whithe part of the bar
to steatosis score, the gey part of
the bars to the ballooning score,
and the black part of the bars
to the inﬂammatory score. (n =
5 mice/group/time point)

liver was analyzed at time 0 and after 4, 8, 12, 20, and
34 weeks of the nutritional experiment in the Foz model and
after 4 and 8 weeks in the CDAA model (n = 5 per group).
At the time of kill, between 10.00 A.M. and 01.00 P.M., the
liver was excised, weighted, and liver wedges snap-frozen
and stored at –80 °C until analysis. Wedges of the median
and left lateral lobes were ﬁxed in 4% buffered formaldehyde solution for histology purposes. The animals
were handled according to the guidelines for humane care
for laboratory animals established by the Université catholique de Louvain as per European Union Regulations. The
local ethics committee approved the study protocol (2016/
UCL/MD/003).

Liver histology
H&E staining on 5 µm thick sections of parafﬁn-embedded
livers was used for routine histological evaluation and
assessment of NAS score according to Kleiner et al. [2], as
previously done for assessment of NAFLD severity in this
mouse strain [38]. Picrosirius red staining was performed to
assess ﬁbrosis. For immunohistochemical detection of F4/80,
parafﬁn sections were treated with proteinase K, exposed to a
primary rat anti-mouse F4/80 monoclonal antibody (1/200)
(MCA497G, BioRad). For the detection of Ly6G, slides
were immersed in EDTA pH8 at 95 °C for 30 min for antigen
retrieval, and then exposed to a primary rat anti-mouse Ly6G

Ab (1/2000) (DB Pharmingen 551459). A rabbit anti-rat
immunoglobulin (1/200) (AI-4001, Vector) is then applied
followed by a goat anti-rabbit streptavidin horseradish
peroxidase-conjugated antibody (K4003 EnVision, Dako).
The peroxidase activity was revealed with diaminobenzidine
and slides were counterstained with hematoxylin.

Automated histological analysis
All tissue sections used for the automatic assessment of
NAFLD/NASH were scanned at ×20 using a NanoZoomerSQ. Digital images of entire liver sections were captured
using the NDP.view 2 software (both from Hamamatsu
Corporation, Hamamatsu, Japan). The quantiﬁcation of
steatosis, inﬂammation, and ﬁbrosis was carried out on three
entire liver sections per animal and ﬁve animals per group
thanks to dedicated image processing software developed
by Biocellvia. Macrosteatosis was assessed on H&E-stained
slides. The software solution allows accurate discrimination
of empty vesicles (size > 10 µm2) contained in the entire
liver sections and automatically discard the main vessels
and large empty space. This program assesses automatically
the number and the area of vesicles scattered in the entire
liver section from the native RGB image (pixel size:
0.452 µm). The percentage of steatosis is calculated based
on the total area of vesicles versus the area of the liver
section. The mean size of vesicles was computed as the ratio
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Fig. 2 a Representative native image of the Foz HF liver section
stained with H&E at week 12. b Biocellvia software discrimination of
macrovesicles showed in native image a in which macrovesicles were
pseudo colored in red (Scale bars a, b: left: 1 mm; middle: 220 µm;
right: 35 µm). c Evolution of steatosis area relative to selected time
points in WT HF and Foz HF mice. d The comparison between
steatosis area and steatosis score relative to selected time points in WT
HF and Foz HF mice. e The correlation between steatosis area and

steatosis score assessed in WT HF and Foz HF mice. f Evolution of the
mean fat vesicle size (µm2) relative to selected time points in WT HF
and Foz HF mice. The asterisk denotes the comparison of WT HF to
WT HF at week 0; *p < 0.05, ***p < 0.001. The currency symbol
denotes the comparison of Foz HF to Foz HF at week 0; ¤¤p < 0.01,
¤¤¤p < 0.001. r = Spearman coefﬁcient. Results were expressed as the
mean value per group ± SD (n = 5 mice/group)

of total vesicle area versus the total number of vesicles. In
NASH, the aggregation of active macrophages around fatladen hepatocytes (CLS) correlates with liver inﬂammation
and ﬁbrosis [44]. F4/80 immunopositive CLS were discriminated automatically in the entire liver section and their
number expressed per mm2. Ly6G immunolabeling was
expressed as the % Ly6G positive area in the entire liver
section. The analysis of ﬁbrosis was performed on entire

liver sections stained with picrosirius red. A software
automatically delineated tissue area and segmented the
Sirius red-stained collagen ﬁbers. Fibrosis was expressed as
the ratio of the area of stained collagen ﬁbers versus the area
of the liver section in %.
Detailed methodology for biochemical quantiﬁcation of
lipids, gene expression analysis, and micro-computed tomography analysis is provided in the supplementary material.
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Fig. 3 a Evolution of lipid
content relative to selected time
points in WT HF and Foz HF
mice. b The correlation between
liver lipid content and steatosis
score assessed in WT HF and
Foz HF mice. c The comparison
of steatosis area and liver lipid
content assessed in WT HF and
Foz HF mice at selected time
points. d The correlation
between liver lipid content and
steatosis area assessed in WT
HF and Foz HF mice. The
asterisk denotes the comparison
of WT HF to WT HF at week 0;
**p < 0.01. The currency
symbol denotes the comparison
of Foz HF to Foz HF at week 0;
¤p < 0.05, ¤¤p < 0.01, ¤¤¤p <
0.001. r = Spearman coefﬁcient.
Results were expressed as mean
value ± SD (n = 5 mice/group)

Statistical analysis
Data are presented as mean ± standard deviation. Statistical
differences between groups were analyzed using Student's ttest or one-way analysis of variance with subsequent Dunnett’s multiple comparison test for all parametric data and
Kruskal–Wallis test followed by Dunn’s multiple comparison test for nonparametric data (GraphPad Prism 8.0;
GraphPad Software, Inc. La Jolla, CA. Spearman correlation coefﬁcient has been calculated to determine the statistical signiﬁcance of correlated data. A p-value of <0.05 was
considered statistically signiﬁcant.

Results
Foz HF mice exhibit progressive NASH and WT HF
simple steatosis
WT mice on an ND have normal liver histology. On an HF
diet, they develop moderate steatosis at the late time point
of the feeding experiment (34 weeks). By contrast and in
accordance with previous reports [28, 31, 38], Foz HF
develop rapidly a pan lobular macrosteatosis with ballooning and inﬂammation (Fig. 1a). As deﬁned per Kleiner et al.
[2], most Foz HF mice had a NAS score > 5 (the NASH
deﬁning limit) at 8 weeks and all mice in the group reached
the maximum score of 8 at 20 weeks (Fig. 1b). The steatosis
score increased ﬁrst, followed by ballooning and inﬂammation scores together. In WT HF mice, mild steatosis

(score ≤ 2) developed with minimal inﬂammation and rare
ballooning at week 34 (Fig. 1b). Anthropometric data are
provided in Supplementary Fig. 1.

Automated quantiﬁcation of steatosis area highly
correlates with steatosis scoring
The automated quantiﬁcation of steatosis is based on the
recognition at high magniﬁcation (pixel size 0.452 µm) of
the round, empty vesicles with a size > 10 µm2 on H&Estained liver sections. The steatosis area (%) corresponds
to the ratio of the sum of vesicle area and the total area of
the liver section, the large vessels and empty spaces being
automatically discarded from the analysis (Fig. 2a, b). The
analysis performed on control livers without steatosis
(WT and Foz 0 W) indicated that the identiﬁcation of
small vessels (false positive) corresponded to <1.5% of
the liver area (Fig. 2c). To evaluate the performance of the
software to quantify steatosis, we compared software
output with standard histological scoring. In foz/foz mice,
HFD induced a gradual and signiﬁcant increase of steatosis area as early as week 4 to reach a maximum value at
week 12 (Fig. 2c). In WT HF mice, steatosis developed at
a much lesser extent (3–5 times lower) and later time
points (weeks 20 and 34) (Fig. 2c). Computed steatosis
area paralleled steatosis scores (Fig. 2d) with a spearman
rank correlation of 89.1% (Fig. 2e). At week 12, all FOZ
HF had the maximum steatosis score of 3, which corresponds to 20% of the area of the liver section being
occupied by lipid vesicles. The mean size of lipid vesicles
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Fig. 4 Evolution of a ACC1 and
b CD36 gene expression relative
to selected time points in WT
HF and Foz HF mice. The
correlation between CD36 gene
expression and c total lipid
content, d steatosis area, and
e steatosis score assessed in WT
HF and Foz HF mice. The
asterisk denotes the comparison
of WT HF to WT HF at week 0;
**p < 0.01, ***p < 0.001. The
currency symbol denotes the
comparison of Foz HF to Foz
HF at week 0; ¤p < 0.05, ¤¤p <
0.01, ¤¤¤p < 0.001. r =
Spearman coefﬁcient. Results
were expressed as mean value ±
SD (n = 5 mice/group)

gradually and signiﬁcantly increased with steatosis
severity (Fig. 2f).

Automated assessment of steatosis area is
coordinated positively with lipid content
We quantiﬁed liver lipids by a biochemical method. Control
livers contained <3.5 mg lipids per 100 g liver. A gradual
and signiﬁcant increase of liver lipid content was observed
with the duration of HF feeding reaching a maximum value
at week 12 in Foz HF (Fig. 3a) while it was signiﬁcant only
at week 34 in WT HF. The mean lipid content as assessed
biochemically increased accordingly to the histological
steatosis score (Fig. 3b, spearman rank correlation of 87%).
In Foz HF mice, automatically assessed steatosis area perfectly matched liver lipid content but slightly underestimated it in WT HF possibly due to the presence of very
small vesicles not integrated by the automated image

analysis (Fig. 3c). In the entire WT HF and Foz HF cohorts,
steatosis area highly correlated with biochemical lipid
content (Fig. 3d, spearman rank correlation of 89.3%). We
then analyzed the expression of key genes involved in lipid
uptake (CD36), de novo lipogenesis (ACC1, FAS, and
SCD1) and β-oxidation (ACO). In Foz HF mice, steatosis
was associated with an early increase in ACC1 mRNA up to
week 8 (Fig. 4a) and with a large increase in CD36 mRNA
at all investigated time points (Fig. 4b); ACO mRNA,
moderately increased at weeks 4, 8, and 12, while expression of SCD1 mRNA and FAS mRNA was stable over time
(Supplementary Fig. 2). In WT HF, there was no patent
change in the expression of these genes over time. Overall,
the present results suggest that, in Foz HF mice, increased
fatty acid uptake predominantly contributes to steatosis. In
support, hepatic expression of the up-take transporter CD36
correlated with lipid content (Fig. 4c), steatosis area
(Fig. 4d), and steatosis score (Fig. 4e).
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Fig. 5 a Liver-to-spleen density
in WT and FOZ HF along the
study period. b The comparison
between the steatosis area
obtained by automated analysis
of histological H&E-stained
liver sections and liver/spleen
micro-CT density relative to
selected time points in WT HF
and Foz HF mice. c The
correlation between liver total
lipid content assessed by the
biochemical assay and liver/
spleen density obtained by CTscan. The asterisk denotes a
statistical difference in WT HF
versus control (time 0) and the
hash symbol in FOZ HF versus
control (time 0)

Comparison of steatosis area with liver tissue
density assessed by micro-CT analysis
Currently, 20–33% is considered a reliable level at which
steatosis is detected by imaging methods, such as CT-scan
in humans [10]. However, the presence of fat >5–10% is
considered abnormal. CT-scan data are scarce in preclinical
models [45, 46]. We, therefore, analyzed liver density by
CT-Scan in our cohort. The liver density was signiﬁcantly
lower in WT HF at 34 weeks and in the Foz HF at 8 weeks
(Fig. 5a), timings at which liver lipid contents were 10%
and 15%, respectively. Changes of liver tissue density
perfectly mirrored those of steatosis area (Fig. 5b) and
strongly correlated with liver lipid content (Fig. 5c).

Comparison of histological inﬂammatory scores
with automatic quantiﬁcation of hepatic
macrophage crown-like structures
In Foz HF mice, progression to NASH was associated with
an early and gradual increase of F4/80 mRNA which was
not observed in WT HF mice (Fig. 5d). In Foz HF, macrophage CLS surrounding hepatocytes with large macrovesicles were present as early as week 4 (Fig. 6a) and much

more numerous as diseases progresses. CLS were automatically detected by pattern recognition on F4/80 immunostained sections. The number of CLS, automatically
assessed, gradually increased with a maximum at week 20
(Fig. 6b) in Foz HF. In WT HF mice the presence of CLS
was automatically captured only at week 12. The evolution
of CLS number with time is in agreement with that of
histologically deﬁned inﬂammatory scores (Fig. 6c): In Foz
HF mice, the number of inﬂammatory foci per high (×20)
power ﬁeld determine by visual analysis and thus the
inﬂammatory score [2] increased continuously with time
(Fig. 6c). It should be emphasized that in week 4 samples
characterized by a NASinﬂammation at 1, the number of CLS
was already increased. Inﬂammatory score and macrophage
CLS presented a high Spearman rank correlation of 80%
(Fig. 6f). The Ly6G positive area, a surrogate for neutrophil
inﬁltration, did not vary signiﬁcantly during disease progression (Supplementary Fig. 3).

Fibrosis assessment
As revealed by the histological evaluation of picrosirius redstained sections, Foz HF exhibited pericellular ﬁbrosis at
week 20, with ﬁbrosis substantially progressing at week 34.

M. De Rudder et al.
Fig. 6 a Representative native
images of F4/80-immunostained
liver sections at weeks 0, 12, and
34 in WT HF and Foz HF mice;
note the formation of crown-like
structure (CLS) in Foz HF mice
at week 12 and 34 (scale bars:
55 µm). b Evolution of the
number of CLS/mm2 of liver
tissue in WT HF and Foz HF
mice relative to selected time
points. c Evolution of the mean
number of inﬂammatory foci
(mean number/group) and
corresponding inﬂammatory
scores in Foz HF mice at
selected time points.
Supplementary statistics:
4 weeks/20 weeks p = 0.001,
4 weeks/34 weeks p < 0.0001,
12 weeks/34 weeks p = 0.0005.
d Evolution of F4/80 gene
expression in WT HF and Foz
HF mice relative to selected time
points. e The comparison
between the evolution of the
number of CLS and
inﬂammatory score in WT HF
and Foz HF mice. The asterisk
denotes the comparison of WT
HF to WT HF at week 0; ***p <
0.001. The currency symbol
denotes the comparison of Foz
HF to Foz HF at week 0; ¤p <
0.05, ¤¤¤p < 0.001. Results were
expressed as mean value ± SD
(n = 5 mice/group)

There was no ﬁbrosis in WT HF (Fig. 7a). In WT HF, there
is no change over time in total collagen content determined
by automated segmentation and quantiﬁcation of digital
images of picrosirius red-stained sections (Fig. 7b) nor in
the expression of collagen 1α1 gene (Fig. 7c). In Foz HF,
total collagen content as automatically assessed, signiﬁcantly increased from week 20 reaching a value three
times higher at week 34 (Fig. 7b). The expression of mRNA
collagen 1α1 increased as early as week 4 showing that
ﬁbrogenic processes are engaged early in NASH pathogenesis, well before collagen deposition (Fig. 7c). Several
enzymes are involved in extracellular matrix remodeling,
mainly MMP-2,-9 (not shown), MMP13 and TIMP1.
MMP13 and TIMP1 gene expression levels were signiﬁcantly induced in Foz HF with a maximum tenfold
induction at week 12 compared with WT HF (Fig. 7d, e).
Thereafter, TIMP1 gene expression, but not MMP13, further increased, giving rise at week 20 to a large excess of

TIMP1 over MMPs leading very likely to a decrease of
remodeling and scar matrix accumulation (Fig. 7f).
The comparison of the evolution of collagen deposition
and inﬂammation whether determined by histological soring
or by computerized analysis showed a clear temporal dissociation: inﬂammation developed early and gradually
while collagen deposition occurred much later (Fig. 8a, b).
There is no association between steatosis and collagen
deposition (Fig. 8c).

Application of the automated procedure for
quantiﬁcation of steatosis, inﬂammation, and
ﬁbrosis in an independent model
We applied the developed methodology for the quantiﬁcation of NAFLD criteria in an unrelated model of steatohepatitis, namely mice fed a fat-rich diet deﬁcient in choline.
Choline deﬁciency inhibits VLDL secretion while the HF
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Fig. 7 a Representative native
images of picrosirius red-stained
liver sections from WT HF and
Foz HF mice at weeks 12, 20,
and 34 (scale bars: 100 µm).
b Evolution of collagen area
assessed by digital analysis from
WT HF and Foz HF mice
relative to selected time points.
Evolution of c collagen 1α1,
d MMP13, e TIMP1 gene
expression in WT HF and Foz
HF mice relative to selected time
points. f Histogram of
differences between TIMP1 and
MMP13 gene expression
relative to selected time points
(12 weeks/20 weeks p < 0.0001,
20 weeks/34 weeks p < 0.0001).
The currency symbol denotes
the comparison of Foz HF to
Foz mice at week 0; ¤p < 0.05,
¤¤p < 0.01, ¤¤¤p < 0.001; ns
nonsigniﬁcant. Results were
expressed as mean value ± SD
(n = 5 mice/group)

content prevents the weight loss that results from choline
deﬁciency [27, 40–43]. Severe predominantly macrovesicular steatosis (NAS steatosis = 3), severe mixed
inﬂammation (NAS inﬂammation = 3), and ﬁbrosis (Fig. 9)
were faithfully captured and quantitated by the automatic
procedure (Fig. 10 a–d). Note that phagocytic macrophages
and neutrophils are part of the prominent inﬂammation seen
in this model (Fig. 9). The conﬂuence of inﬂammatory foci
(Fig. 9) precluded precise counting. The number of F4/80

CLS was four times higher than in the Foz model (Fig. 10b
vs Fig. 6b). The Ly6G positive area signiﬁcantly increased
with the duration of the feeding experiment (Fig. 10c),
while this criterion was inconstant and did not reliably
reﬂect the severity of inﬂammation in the Foz model
(Supplementary Fig. 3). As for the Foz model, the ﬁne
pericellular ﬁbrosis and its evolution over time were captured by automated assessment of collagen deposition in the
entire liver section (Fig. 10d).
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Fig. 8 The comparison between
the evolution of collagen area
and a inﬂammatory score, b the
number of CLS/mm2 of liver
tissue and c steatosis area in WT
HF and Foz HF mice relative to
selected time points. Results
were expressed as mean value ±
SD (n = 5 mice/group)

Discussion
The automated computerized image analysis developed in
the present study shows that a faithful and fast quantiﬁcation of the severity of NAFLD/NASH, totally independent
of the experimenter evaluation, can be accessed from a
continuous measure of its key histological features: steatosis, inﬂammation, and ﬁbrosis.
The automated quantiﬁcation of steatosis based on the
measure of the macrovesicle area highly correlated with the
established steatosis scores performed on the same liver
sections (r = 0.89) in agreement with that found in other
computerized imaging studies carried out with diverse
software’s [47–52]. Some empty vascular spaces may be
mistaken as lipid vesicles thus overestimate steatosis level.
The analysis we performed on nonsteatotic livers indicated
that the identiﬁcation of sinusoids corresponded to less than
1.5% of the liver area, i.e., 7.6 and 17.4 fold lesser than
steatosis area recorded in mild and severe steatosis in Foz
HF. The high correlation with steatosis score and lipid
content also supports that the identiﬁcation of “white
spaces” has a negligible effect on the assessment of steatosis
area. The observation that the time course of the increase of
steatosis area index perfectly matches that of lipid content
but not the steatosis score based on the percentage of fatty
hepatocytes further support that a continuous variable such
as obtained by the automate histological measure better
reﬂects lipid content than the histological categorical score.
This strengthens the potential value of steatosis area index

as an operator-independent and accurate readout of
macrosteatosis.
Besides, computerized image analysis enables to quantify the size of the lipid vesicles. We showed for the ﬁrst
time that the mean size of the vesicles correlated positively
with the increase of steatosis during disease progression in
Foz HF. In this particular mouse model, steatosis severity is
contributed to by the increased proportion of hepatocytes
bearing lipid droplets (a parameter captured by the steatosis
score) and by the increased size of lipid vesicles. Therapeutic interventions in preclinical models that achieve
steatosis reduction unanimously also show a reduction in
vesicles’ size [31, 32, 39]. Therefore, it is tempting to
speculate that monitoring of the vacuoles’ size could indicate steatosis evolution and inform on progression or
regression in advance of the gain or loss of one point of
steatosis score. This is of particular interest to shorten preclinical studies for antisteatosis drug screening. Determination of droplet size is also an important criterion in liver
transplantation as the presence of large fat droplets in more
than 30% of hepatocytes is a risk factor for primary nonfunction, mortality, and morbidity. Nativ et al. suggested
that automated analysis of droplet size and nucleus displacement might help to standardize the criteria for assessing the transplantability of NAFLD livers [16].
The relative liver tissue density assessed noninvasively
by micro-CT-scan accurately detects changes in liver lipid
contents with a threshold around 10% offering an alternative to MRI PDFF for noninvasive quantiﬁcation of

Automated computerized image analysis for the user-independent evaluation of disease severity in. . .
Fig. 9 Representative
histological image of liver
sections of mice fed the CSAA
or the CDAA diet for 4 and
8 weeks and stained: H&E
staining (low and high
magniﬁcation), F4/80 and Ly6G
immunostainings and Sirius red
staining are presented. (Scale
bars: 100 µm)

steatosis in preclinical models [53]. Possible explanations
for higher sensitivity for steatosis detection with micro-CT
in mouse than in human studies are the higher voxel resolution and the larger volume of interest relative to the liver
volume on which density is measured.
The automated quantiﬁcation of CLS macrophages represents a robust tool to quantitate accurately and reliably
NASH-associated inﬂammation, totally independent of the
experimenter, in other words without any intra- and interobserver variability. Macrophages are involved in the pathogenesis of NASH induced experimentally in rodents following long term HFD feeding [44, 54, 55]. Active macrophages
indeed aggregate around fatty hepatocytes to constitute the socalled CLS [31, 44]. Unlike resident macrophages and
immune cells, CLS macrophages were strictly absent in

control livers and livers with simple steatosis such as in WT
HF mice [31, 44]. The number of CLS immunolabeled with
F4/80 gradually and signiﬁcantly increased in parallel with
disease severity in the foz HF model as also reported in HFDfed melanocortin-4 receptor-deﬁcient (MC4R-KO) mice [44].
In Foz HF, the number of CLS macrophages correlates with
the inﬂammatory score. The link between CLS macrophages
and inﬂammation processes is also highlighted by the fact that
in foz/foz mice amelioration of NASH severity with pharmacological treatments leads to a disappearance of CLS [31].
In CDAA livers, the number of CLS was similar at the 2 time
points examined although disease severity and ﬁbrosis
increased. In this model with severe inﬂammation, monitoring
the recruitment of neutrophils into the inﬂammatory foci
appears of greater value to monitor disease progression.
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Fig. 10 a Steatosis area, b the
number of F4/80 positive CLS,
c Ly6G immunopositive area
and d quantiﬁcation of collagen
deposition as assessed by digital
analysis in mice fed the CSAA
or the CDAA diet for 4 and
8 weeks. *p < 0.05, **p < 0.01,
***p < 0.001 in CDAA versus
CSAA at the respective
time points

In Foz HF mice, scar collagen was only detected after
20 weeks of HFD treatment, although the ﬁbrotic process,
assessed by the expression of mRNA collagen 1α1, was
activated as soon as week 4. Collagen starts accumulating
when the concomitant ﬁbrolysis processes are inhibited
[56, 57]. Our data indicated that in Foz HF mice, inﬂammation and steatosis processes largely preceded the expression of ﬁbrosis. These ﬁndings underline the importance of
knowing the evolution of ﬁbrosis in a given experimental
model in view to deﬁne precisely the optimum test window
for evaluating the effectiveness of new therapeutic molecules. In the present study, ﬁbrosis was quantiﬁed in the
entire liver section for determining the total content of collagen regardless of its distribution in perisinusoidal, central
vein and portal zone. Further developments are needed to
obtain a fully automatic (observer-independent) analysis of
the zonal distribution of collagen depots.
The automated computerized image analysis developed in
the present study provides an accurate and very rapid
assessment of the severity of NAFLD/NASH by quantifying
concomitantly the macrosteatosis, inﬂammation, and ﬁbrosis.
Although these key NAFLD/NASH parameters were analyzed
sequentially from three entire and serial liver slides, their
quantitative analysis is not done at the expense of computing
time since it is reduced to a minute per liver section (2 h per
100 liver sections). Investigations are in progress to realize at
least macrosteatosis and inﬂammation from digital data from a
unique liver section. The enormous advantage of the digital
method is that it is fully automatic and, for all steps from scan
recording to statistical analysis, experimenter-independent.

Also, criteria for detection and quantiﬁcation are strictly
identical for all samples examined, enabling valid comparison
and standardization. Moreover, the system is versatile and
allows to tailor the parameters of interest according to the
speciﬁc pathological features of the NAFLD model.
Other investigations are required to discriminate and reliably quantify hepatocyte ballooning. Ballooning is evident in
Foz HF livers (Supplementary Fig. 4). The deﬁnition of criteria for deﬁning ballooning in rodents on conventional H&Estained sections is poor and, according to our experience,
inadequate for automated pattern recognition. Moreover,
conversely to human pathology [58–60], the immunohistological signature of ballooned cells has not been established in
rodent livers. Gene expression analysis is another approach to
monitor disease evolution. However, the data sets described
(e.g., in [61]) are not unique to NASH and did not make any
discrimination between NASH and simple steatosis. Noninvasive methods and biomarkers, to date, may only help in
identifying and quantifying steatosis and for the diagnosis of
severe ﬁbrosis. Therefore, at this point, the histological
assessment remains the most reliable method to assess NASH.
The computerized procedure frees the acquisition of the
parameters from a possible observer’s bias. The generation of
quantitative values and the addition of parameters such as the
lipid vacuole size increase the accuracy for the assessment of
disease evolution and regression. If proved powerful and
robust to evaluate the impact of therapeutic manipulation in
preclinical models, this will pave the way for the development
of similar automated image analysis procedures for the
monitoring of disease evolution on human biopsies.
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