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Abstract 1 

Aims: Immunohistochemical stains (IHC) reveal differences between liver lobule zones in health and 2 

disease, including non-alcoholic fatty liver disease (NAFLD). However, such differences are difficult 3 

to accurately quantify. In NAFLD, the presence of lipid vacuoles from macrovesicular steatosis further 4 

hampers interpretation by pathologists. To resolve this, we applied a zonal image analysis method to 5 

measure the distribution of hypoxia markers in the liver lobule of steatotic livers.  6 

Methods and results: The hypoxia marker pimonidazole was assessed with IHC in the livers of male 7 

C57BL/6J mice on standard diet or choline-deficient L-amino acid-defined high-fat diet mimicking 8 

NAFLD. Another hypoxia marker, carbonic anhydrase IX, was evaluated by IHC in human liver tissue. 9 

Liver lobules were reconstructed in whole slide images and staining positivity was quantified in different 10 

zones in hundreds of liver lobules. This method was able to quantify the physiological oxygen gradient 11 

along hepatic sinusoids in normal livers and panlobular spread of the hypoxia in NAFLD, and to 12 

overcome the pronounced impact of macrovesicular steatosis on IHC. In a proof-of-concept study with 13 

assessment of the parenchyma between centrolobular veins in human liver biopsies carbonic anhydrase 14 

IX could be quantified correctly as well. 15 

Conclusions: The method of zonated quantification of IHC objectively quantifies the difference in zonal 16 

distribution of hypoxia markers (used as an example) between normal and NAFLD livers both in whole 17 

liver as well as in liver biopsy specimens. It constitutes a tool for liver pathologists to support visual 18 

interpretation and estimate the impact of steatosis on IHC results. 19 
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Introduction 1 

The liver parenchyma is organised into functional zones, wherein hepatocytes and nonparenchymal cell 2 

types display different phenotypes depending on their localisation along the liver sinusoids and the 3 

circadian rhythm.[1] In various disease states this homeostasis is perturbed, with pathogenic alterations 4 

occurring in specific zones or the entirety of the liver lobule. This zonation is widely studied by means 5 

of histology and antibody-based detection of biomarkers, but changes are difficult to quantify. For 6 

instance, semi-quantitative scoring of immunohistochemistry (IHC) in the centrolobular or periportal 7 

zones of the liver lobule can be prone to bias, especially since those zones are not clearly demarcated.[2–8 

5] Quantitative IHC is not yet routine practice in the histopathology field, although efforts are 9 

undertaken in digital pathology.[6] The issue of zonal quantification in the liver, however, has not been 10 

sufficiently addressed.  11 

Non-alcoholic fatty liver disease (NAFLD), regarded as the hepatic manifestation of the metabolic 12 

syndrome, is recognised as a major cause of cirrhosis and second indication for liver transplantation in 13 

the US.[7–9] Given its epidemic proportions, affecting roughly a quarter of the global adult population, 14 

much (pre)clinical research is conducted to identify druggable targets.[10] NAFLD is defined by 15 

presence of vesicles of fat (mainly triglycerides) in the hepatocytes, termed macrovesicular steatosis, 16 

which form blank spaces created by hepatocellular lipid vacuoles filling the cytoplasm. Evidently, 17 

severe forms of steatosis hamper the interpretation and quantification of the percentage of positively 18 

stained area, especially for cytoplasmic markers, as well as comparison with non-steatotic controls.[11] 19 

Therefore, we applied a method to zonally quantify the distribution of epitopes within the liver lobule, 20 

even in the presence of steatosis, using hypoxia markers as examples in a preclinical model and human 21 

liver specimens. 22 

 23 
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Materials and methods 1 

Animal experiments and Immunohistochemistry 2 

C57BL/6J male mice (Janvier Labs, Le Genest-Saint-Isle, France), housed in 12 hour light-dark cycles 3 

and fed ad libitum, were randomised to receive either the choline-deficient L-amino acid defined high-4 

fat diet (CDAHFD, A06071302, Research Diets, New Brunswick, NJ, USA) or standard diet (controls) 5 

for three weeks. Subsequently, animals received an intraperitoneal injection of pimonidazole 6 

(100mg/kg) one hour prior to sacrifice (n=6 per group). Pimonidazole is a 2-nitroimidazole which is 7 

reductively activated in hypoxic cells and forms stable adducts with thiol groups of proteins, peptides 8 

and amino acids.[12] Serial sections of formalin-fixed paraffin-embedded (FFPE) liver tissue (5µm 9 

thick) were stained with haematoxylin-eosin (H&E) stain, as well as IHC for glutamine synthetase (GS) 10 

and pimonidazole adducts (two sets of serial sections per animal). Briefly, heat-induced epitope retrieval 11 

was performed with pressure cooker for GS in 0.01M sodium citrate buffer (pH 6.0); endogenous 12 

peroxidases and biotin were blocked. Nonspecific binding was blocked with 10% normal goat serum. 13 

Primary antibodies for pimonidazole (PAb2627, 1:750, Hypoxyprobe, Burlington, MA, USA) and GS 14 

(ab73593, 1:500, Abcam, Cambridge, UK) were incubated overnight at room temperature. Binding of 15 

the primary antibody was visualised with VECTASTAIN® ABC-HRP Kit (PK-4001, Vector 16 

Laboratories, Newark, CA, USA) and 3,3'-diaminobenzidine (DAB, D8001, Sigma-Aldrich, St. Louis, 17 

MO, USA). The ARRIVE guideline for animal pre-clinical studies was used during the preparation of 18 

the manuscript.[13] 19 

Human liver specimens and Immunohistochemistry 20 

We studied FFPE human liver tissue obtained from a donor-liver with steatosis, which was rejected 21 

because of a high degree of steatosis (>30%). Moreover, percutaneous core needle biopsy material was 22 

obtained from three patients referred to the outpatient Hepatology clinic at the Antwerp University 23 

Hospital between 2015 and 2019 for mildly elevated transaminase levels. The study was approved by 24 

the Ethical Committee of the Antwerp University Hospital (references 6/25/125 and 15/21/227) and 25 

patients gave written consent for the collection of material. Serial sections of liver tissue (5µm thick) 26 
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were stained with IHC for GS (ab73593, 1:500, Abcam, UK) and carbonic anhydrase IX (CAIX, PA1-1 

16592, Invitrogen, US) as described above. 2 

Whole slide imaging acquisition and data processing 3 

Slides from all murine and human liver specimens were digitalised using the Zeiss Axioscan Z1 4 

automated whole slide scanner (Zeiss, Germany) using a 20x objective lens (pixel size 0,22 x 0,22 µm). 5 

A whole slide image was loaded into FIJI image processing freeware and subjected to the image analysis 6 

script described in supplemental materials.[14] Briefly, colour deconvolution was applied on 7 

pimonidazole IHC to isolate the DAB signal which was binarised by means of the Percentile 8 

autothreshold algorithm to identify positively stained area.[15, 16] A separate segmentation based on 9 

manual thresholding (grey values of 190 and above) and subsequent size (53-580µm) and circularity 10 

(0.5-1.00) filtering was performed to annotate the majority of lipid vacuoles.[17] These parameters for 11 

lipid vacuole detection minimise false-positive selections (only clear macrovesicular steatosis), while 12 

accepting more false-negatives, and were applied uniformly on all images to avoid operator-dependent 13 

bias. Liver lobules are organised according to a principle that is best described by Voronoi diagrams.[5, 14 

18] Hence, we implemented a routine that delineates all lobules by means of Voronoi tessellation after 15 

manual annotation of central veins, based on morphology on H&E and IHC for GS, and the liver capsule. 16 

GS is a well-known marker of hepatocytes adjacent to the centrolobular vein.[19] Next, pixels within 17 

each lobule were assigned with a relative distance value (0 at the lobular edge to 1 in the centrolobular 18 

vein) and visualised with a corresponding colour for each relative distance using the look-up table ’16 19 

colors’. The results were processed in RStudio, expanded with the R-package ”dplyr” for grouped 20 

summary statistics to produce heatmaps and calculate the zonation of pimonidazole positivity.[20] 21 

‘Digital’ biopsies of a preclinical NAFLD model 22 

In clinical practice, there is more availability of needle biopsy material but reconstruction of whole liver 23 

lobules is difficult due to the small amount of liver tissue in that setting, the limited number of 24 

centrolobular veins and the absence of the liver capsule in the biopsy specimen. The method of zonated 25 

quantification of IHC was hence adapted for use in needle biopsy specimens. Indeed, the relative 26 
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distance can be correctly assessed in parenchyma directly connecting different centrolobular veins, so-1 

called centro-central tracts, which are available in needle biopsy specimens. Based on the anatomy of 2 

the Kiernan’s lobule the portal area will be situated between the centrolobular veins in the middle of the 3 

centro-central tracts. We tested this approach by performing ‘digital’ liver biopsies in the murine liver 4 

slides analysed above, in order to compare the analysis in whole liver slides with the centro-central 5 

approach. Random ‘digital’ biopsies (rectangular areas of 300µm x 50µm in size, equivalent to a small 6 

liver biopsy) were hence selected from whole liver slides of C57BL/6J male mice fed CDAHFD or 7 

standard diet (controls) and analysed isolatedly. These specimens of liver tissue contained 3 to 5 8 

centrolobular veins to reconstruct the relative distance maps. 9 

Statistical analyses 10 

Proportions of pimonidazole positive areas and ratios thereof in periportal vs. centrolobular zones from 11 

all laboratory mice were expressed as mean±standard deviation. Differences between normal and 12 

diseased subjects were assessed for statistical significance with the Mann-Whitney U test. Means of 13 

periportal vs. centrolobular ratio assessed in whole liver slides and centro-central tracts were compared 14 

by paired T-test. Intraclass correlation coefficients (ICC) for absolute agreement were calculated to 15 

examine agreement between the two methods of zonated quantification of hypoxia marker pimonidazole 16 

obtained from analysis of whole liver slides and the ‘digital’ liver biopsies in the same experimental 17 

subtjects. ICC values were interpreted as follows: 0-0.2 corresponds to poor agreement, 0.3-0.4 18 

corresponds to fair agreement, 0.5-0.6 corresponds to moderate agreement, 0.7-0.8 corresponds to strong 19 

agreement, and >0.8 indicates near perfect agreement.[21] Statistical analysis was performed with SPSS 20 

(version28; IBM, USA). All figures were generated using GraphPad Prism (version 9.0; GraphPad 21 

Software, USA). 22 

  23 
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Results 1 

Histology of a preclinical NAFLD model and IHC for pimonidazole adducts shows panlobular hypoxia 2 

in NASH 3 

After three weeks all mice on CDAHFD displayed the features of non-alcoholic steatohepatitis (NASH), 4 

as opposed to the controls.[22] In healthy livers, the physiological oxygen gradient was demonstrated 5 

by corresponding pimonidazole adducts with positivity in the centrolobular area attenuating towards the 6 

periportal triads (Fig. 1A upper panel).[23] However, in NASH the staining for pimonidazole adducts 7 

was more equally present throughout the whole liver lobule but interrupted by lipid vacuoles, in 8 

agreement with other reports (Fig. 1A upper panel).[24, 25] It is known that steatosis in this model is 9 

more pronounced in the periportal zones (Fig. 1A middle panel).[22] GS expression was limited to 10 

hepatocytes around the centrolobular veins, both in normal and NASH livers (Fig. 1A lower panel). The 11 

DAB signal of pimonidazole IHC was presented as a heatmap to demonstrate widespread intense 12 

positive staining of the liver parenchyma in CDAHFD compared to more focal positivity around 13 

centrilobular veins in controls (Fig. 1B upper panel). Of note, no staining signal was detected upon 14 

omission of the primary antibody directed against pimonidazole adducts (Fig. S1). Subsequently, 15 

centrolobular veins served as seeds for liver lobule reconstructions and pixels within each lobule 16 

received a relative distance value ranging from 0 (at the lobular edge) to 1 (in the centrolobular vein). 17 

This relative distance map is illustrated by the lower panel of Fig. 1B, wherein each colour represents 18 

points with the same relative distance between centre (centrolobular veins annotated in white) and edge 19 

(annotated in black) of each constructed lobule. 20 

 21 

Zonated quantification of immunohistochemistry confirms the periportal increase in pimonidazole 22 

positivity in a preclinical NASH model vs normal livers 23 

Next, the pimonidazole positive area occupancy (area %) and macrovesicular steatotic area occupancy 24 

(area %) were quantified as a function of the relative distance within individual liver lobules of all 25 

laboratory mice included in this study (Figures 2A and 2B). The amount of pimonidazole positive area 26 
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is diluted by the presence of macrovesicular steatosis (which itself is not uniformly distributed) since 1 

lipid vacuoles occupy space. However, when these lipid vacuoles were excluded from the analysis, the 2 

amount of pimonidazole positive area was significantly higher in the periportal zone of the lobules from 3 

mice on CDAHFD compared to controls (p<0.01; Fig. 2C). 4 

Moreover, to express the zonal distribution in a single value, the ratio of pimonidazole positive areas in 5 

periportal vs. centrolobular thirds of all lobules was calculated without exclusion of lipid vacuoles. This 6 

ratio was low in healthy livers, thereby reflecting the physiological hypoxia towards the centre of 7 

Kiernan’s liver lobule, but was significantly higher in NASH livers in accordance with panlobular 8 

positivity (p<0.001; Fig. 2D). 9 

  10 

‘Digital’ biopsies of a preclinical NAFLD model 11 

Analysis of ‘digital’ biopsies of all laboratory mice of the preclinical NAFLD model revealed significant 12 

periportal pimonidazole positivity in centro-central tracts of NASH livers compared to controls, after 13 

exclusion of lipid vacuoles (Fig. 3A-C). Therefore, the analysis of the liver parenchyma between 14 

centrolobular veins detected similar trends as whole liver slides. The means of periportal vs. 15 

centrolobular ratios differed significantly between the two methods (p = 0.004 when including lipid 16 

droplets, p = 0.003 when excluding lipid droplets), indicating the presence of a systematic difference 17 

with higher ratios in the centro-central approach compared to whole liver slides (Fig. S2). In other words, 18 

the lobular gradient of pimonidazole positivity is less steep when analysing the centro-central tracts, 19 

partly due to higher periportal pimonidazole positive area, compared to whole liver slides. In addition, 20 

the ICC between the two methods showed moderate to strong agreement for IHC for pimonidazole in 21 

the preclinical NAFLD model: ICC absolute agreement 0.823 (95% CI 0.486-0.930, p<0.001) when 22 

including lipid droplets, ICC absolute agreement 0.866 (95% CI 0.568-0.949, p<0.001) when excluding 23 

lipid droplets. 24 

 25 

 Application of zonated quantification of immunohistochemistry in human liver material 26 
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An area of a liver resection specimen with steatosis was assessed with IHC for CAIX (Fig. 4A). This 1 

hypoxia marker displayed foci of strong positivity in the centrolobular area (Fig. 4B). As proof of 2 

concept, liver lobules were reconstructed (Fig. 4C) and IHC for CAIX was quantified in different zones 3 

(Fig. 4D), thereby confirming the centrolobular nature of this epitope through accurate, objective 4 

quantification of the staining pattern. 5 

Finally, in order to further test the centro-central approach in humans, three human needle biopsy 6 

specimens were stained with IHC and revealed panlobular, intense positivity for CAIX in two NASH 7 

subjects, compared to one control (Fig. 5A upper panels). Next, distance maps were reconstructed 8 

between centrolobular veins (Fig. 5A lower panels) and the staining pattern of CAIX was plotted in 9 

these centro-central tracts (Fig. 5B). The distribution of CAIX was even in different zones of the liver 10 

lobule with a higher proportion of positive area in the NASH patients compared to control. Fig S3 11 

displays the whole slide images of the three needle biopsy specimens.  12 
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Discussion 1 

The method described in this manuscript quantifies the location of IHC stains within the liver lobule in 2 

normal and steatotic livers, using hypoxia markers as examples. After reconstruction of lobules IHC 3 

staining patterns are quantified according to the relative distance. Interpretation by pathologists is of 4 

paramount relevance, but accurate quantification supports conclusions. Moreover, instead of showing 5 

only representative images or analysing ‘random’ fields per tissue slide which can introduce observer 6 

bias, this method analyses and represents a staining pattern of hundreds of lobules in an objective way. 7 

The exclusion of areas occupied by lipid droplets enhanced the interpretation of the zonal staining 8 

patterns, compared with the whole liver slide area containing lipid vacuoles which are by their nature 9 

unable to stain positively. It enables the pathologist to better assess the (zonal) impact of steatosis on 10 

IHC results. In addition, ‘digital’ biopsies drawn from mice livers demonstrate moderate-to-strong 11 

agreement between whole liver analysis for pimonidazole compared to more limited liver tissue. The 12 

‘digital’ biopsies represent only a small part of the liver tissue and increasing the size/length or number 13 

of those samples could further enhance the agreement with whole liver analysis. Subsequent proof-of-14 

concept in a human surgical resection specimen and needle biopsy specimens another hypoxia marker 15 

suggests that this method could also be used in the human, clinical pathology setting. This can be further 16 

explored in large cohorts of human needle biopsy specimens stained with IHC for various epitopes. 17 

Importantly, in this study steatotic livers and hypoxia markers serve to demonstrate this objective zonal 18 

IHC quantification, which could be applied to various epitopes in normal livers and multiple hepatologic 19 

diseases.  20 

Within the healthy liver lobule hepatocytes differentiate to perform very different enzymatic and 21 

metabolic functions depending on their position along the sinusoid. For example, periportal hepatocytes 22 

perform gluconeogenesis, oxidation of fatty acids and ammonia detoxification, whereas their perivenous 23 

counterparts express enzymes required for glycolysis, lipogenesis and drug metabolism. Detailed single-24 

cell  spatial reconstruction revealed that functional separation into nine layers of hepatocytes could be 25 

more accurate than the traditional three lobular zones.[26] Regulators of the phenomenon of zonation 26 

are the gradients of oxygen, nutrients, hormones, as well as various molecular pathways (e.g. Wnt/β-27 



11 

 

catenin, hedgehog), but knowledge of these regulators is incomplete.[19, 27] Functional organisation of 1 

the liver lobule is perturbed in pathologic conditions with nearly every disease entity displaying a 2 

distinct topography. Histological abnormalities in NAFLD, for instance, mostly start in the centrolobular 3 

area, which is also severely affected in ischemic hepatitis and drug-induced liver injury.[19, 28] 4 

Conversely, the inflammatory infiltrate of auto-immune hepatitis radiates from the portal triads to 5 

infiltrate the parenchyma.[29] Topography of histological abnormalities and IHC stains supports 6 

pathologists to make the correct diagnosis (or combinations thereof) in individual patients. The proposed 7 

method could accurately describe the location and extent of histological abnormalities and evolution 8 

within disease progression/regression in routine practice after validation.  9 

Moreover, the method of zonated quantification of IHC could be applied more readily in the setting of  10 

clinical trials and translational research. IHC stains typically provide qualitative data and descriptions, 11 

which semi-quantitative scoring can transform into data amenable to statistical analysis in the setting of 12 

research, through separation into ordinal classes.[30] However, semi-quantitative scoring has limitations 13 

since it relies on labour-intensive, manual observations susceptible to some levels of observer 14 

variability.[3, 4] For instance, the H-score combines the percentage of HER2 positive cells and their 15 

stain intensity, visually estimated by the pathologist, to guide treatment decisions.[31] The results of 16 

this subjecting scoring are influenced by histological expertise and agreement could be improved by 17 

computer-aided digital microscopy.[32, 33] Moreover, the human visual system has limited ability to 18 

detect subtle differences, especially in the low intensity range.[34, 35] Hence, image analysis systems 19 

that yield continuous data, such as the zonated quantification method presented above, may assist 20 

pathologists and researchers in detecting subtle differences. 21 

Indeed, the field of digital pathology has enjoyed much interest in the last decade of (pre)clinical liver 22 

research both autonomous and in conjunction with classical pathology reading. Most of the research 23 

effort has focused on artificial intelligence imaging for automated detection and quantification of 24 

histological hallmarks of disease, i.e. macrovesicular steatosis, ballooning, lobular inflammation and 25 

fibrosis in NAFLD.[6, 36–39] Various machine learning algorithms based on deep convolutional 26 

networks are trained to count those features. For instance, Naoumov et al. recently demonstrated that 27 
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reanalysis of human liver biopsies with artificial intelligence revealed an antifibrotic effect of tropifexor 1 

that was not evidenced by conventional scoring.[40] Hence, these systems might allow for a more 2 

granular assessment of (drug-induced) changes in histological features. Of note, compared to degree of 3 

positive area, semi-quantitative scoring of liver biopsy remains more reliant on the training sets based 4 

on annotation by multiple human pathologists.[37, 41] However, to the best of our knowledge, accurate 5 

evaluation of zonation within the liver lobule of those key histological features has not been incorporated 6 

in the existing systems. The method presented herein could be enhanced with automated detection of 7 

centrolobular veins to allow for higher throughput. Next, the aspect of liver zonation could be added to 8 

digital pathology to describe in more detail the distribution of key histological hallmarks and different 9 

epitopes assessed with IHC. Alternative methods to assess zonation would be (rather cumbersome) 10 

manual counting of positive hepatocytes in rows radiating outwards from the central veins or subjective 11 

estimation of the centrolobular or periportal zones.[2, 42] The latter is less accurate given that the lobular 12 

zones are not visibly anatomically delineated. 13 

Furthermore, in this study we chose to quantify the percentage of IHC positive area in relation to the 14 

lobular regions. Alternatively, machine learning and pixel classifiers could have counted the percentage 15 

of positive hepatocytes to use a cell-based quantification instead of the pixel-based approach. Cell-based 16 

automated detection has been employed for quantification of hypoxia markers in other cell types and 17 

can differentiate between nuclear and cytoplasmic positivity.[43, 44] However, such cell-based 18 

recognition might be challenging in steatosis given the abundance of lipid vacuoles which are actually 19 

hepatocytes without stainable cytoplasm and whose nuclei can be situated outside the sectioning 20 

plane.[45] Nevertheless, cell-based and pixel-based methods of quantification could be mutually 21 

supportive. 22 

A limitation of the method presented herein is that compound lobules, tangential sectioning of lobules 23 

and tears in whole liver tissue slides can reduce accurate reconstruction of liver lobules. These 24 

limitations are intrinsic to the 2D representation of 3D structures and could be partially resolved by 25 

whole liver serial sectioning and 3D reconstruction of lobules. Validation of this method for the 26 

detection of zonation of other epitopes is needed. Moreover, the CDAHFD dietary model induces 27 
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histological abnormalities of NASH but lacks other features of the metabolic syndrome, such as visceral 1 

adiposity and systemic insulin resistance.[22] Indeed, the pathophysiology of NAFLD is very complex 2 

with intrahepatic alterations, such as vascular alterations, lipotoxicity, cell death, immune cell 3 

infiltration and important cellular matrix alterations with liver fibrosis, which are intricately related to 4 

the systemic alterations of the metabolic syndrome.[46–50] Choline-deficient diets, such as the 5 

CDAHFD, are considered and accepted liver-centred models with pronounced steatosis to exemplify 6 

the method of zonated IHC quantification.[51] The pattern of liver fibrosis was not a subject in the 7 

present study. In addition, the use of the proposed method in other liver diseases, e.g. alcohol related 8 

liver disease and chronic hepatitis C which can also bear macrovesicular steatosis as a hallmark, is 9 

worthwhile to investigate. Moreover, in this study we used the avidin-biotin complex (ABC) system to 10 

visualise epitopes, whereas a two-step method based on a horse radish peroxidase (HRP) labelled 11 

polymer conjugated with secondary antibodies (e.g. EnVision+ system) is increasingly used. This highly 12 

sensitive assay avoid interference from endogenous biotin, but comes at greater cost per unit of detection 13 

system.[52] In our study endogenous biotin was blocked and a negative control for the ABC detection 14 

system excluded false positivity due to any remaining endogenous biotin. The quantification method for 15 

DAB positivity could be applied for both HRP-based detection systems. Finally, the strength is the use 16 

of a simple algorithm combining previously described open-source methods that is manageable by non-17 

experts in advanced image processing. 18 

In conclusion, this method enables objective zonal quantification of IHC for hypoxia marker 19 

pimonidazole in liver in a preclinical model, even when severely steatotic, and can improve 20 

interpretation of the marker of interest. We provide proof-of-concept that this method could also be 21 

applied to human needle biopsies, paving the way for its use in the clinical pathology setting. 22 
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Figure legends 1 

Figure 1. Representative pictures of immunohistochemistry (IHC) and reconstructed liver lobules 2 

in C57BL/6J mice fed the choline-deficient L-amino acid-defined high-fat diet (CDAHFD) or 3 

standard diet (control) for three weeks. (A) Representative images of IHC for pimonidazole adducts 4 

(Pimo) and glutamine synthetase (GS), and lipid vacuoles from macrovesicular steatosis (annotated in 5 

blue). Pimonidazole is present around centrolobular veins in controls but displays panlobular 6 

distribution in CDAHFD. The enzyme GS is expressed in centrolobular hepatocytes. (B) The upper 7 

panel shows representative images of deconvoluted DAB signal for Pimo adducts, presented with the 8 

pseudocolour image ‘Red Hot’. Next, the lower panel displays reconstructed lobules in whole slide liver 9 

images with centrolobular veins displayed in white. Each pixel in the whole liver slide received a value 10 

ranging from 0 (edge of lobule) to 1 (the centrolobular vein) which represents its relative distance within 11 

the constructed liver lobule. Each colour of the look-up table ’16 colors’ shows points at the same 12 

relative distance between the centre and lobular edge (annotated in black) within these lobules. 13 

Figure 2. Zonated quantification of Pimonidazole immunohistochemistry in a mouse model of 14 

non-alcoholic steatohepatitis (NASH) vs. normal livers. (A) The percentage of Pimo positive area is 15 

calculated at eleven points of relative distance from centre to edge within each lobule on the x-axis. The 16 

graph represents the trend in Pimo IHC along the sinusoid in over 700 liver lobules from all laboratory 17 

animals included in this study (NASH vs controls) (n=6). (B) Y-axis in this graph represents the 18 

proportion of surface occupied by macrovesicular steatosis, as annotated in Fig. 1A middle panel. (C) 19 

After exclusion of lipid vacuoles, the percentage of pimonidazole positive area is significantly higher in 20 

the periportal zone in CDAHFD compared to controls. (D) The ratio of pimonidazole positive area in 21 

periportal (PP) vs. centrolobular (CL) regions is compared in healthy and NASH subjects. Results are 22 

presented as mean ± standard deviation. Mann-Whitney U test; **p<0.01, ***p<0.001. Scale bar 23 

represents 200µm or 1000µm. 24 

Figure 3. Zonated quantification of immunohistochemistry (IHC) in centro-central tracts of 25 

‘digital’ liver biopsies in C57BL/6J mice fed the choline-deficient L-amino acid-defined high-fat 26 

diet (CDAHFD) or standard diet (control) for three weeks. (A) Representative images of a ‘digital’ 27 
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biopsy in control liver stained with IHC for pimonidazole adducts (Pimo). Relative distances within 1 

lobules were reconstructed in the digital biopsy and the staining pattern of Pimo was assessed in the 2 

parenchyma directly connecting different centrolobular veins, termed centro-central tracts (black 3 

rectangles). (B) Y-axis in this graph represents the proportion of Pimo positive area in centro-central 4 

tracts of digital liver biopsies from NASH and controls (n=12). The latter display centrolobular positivity 5 

for this hypoxia marker. (C) After exclusion of lipid vacuoles, the percentage of pimonidazole positive 6 

area is significantly higher in the periportal zone in CDAHFD compared to controls (p<0.05). Hence, 7 

the quantification in centro-central tracts detected the same trends as evaluation in whole liver slides 8 

(Fig. 2). Results are presented as mean ± standard deviation. Mann-Whitney U test; *p<0.05. Scale bar 9 

represents 1200µm. 10 

Figure 4. Quantification of immunohistochemistry for carbonic anhydrase IX in human liver 11 

resection specimen with steatosis. (A) Immunohistochemistry for carbonic anhydrase IX (CAIX) 12 

revealed foci of strong positivity in a human resection specimen with steatosis. (B) Subjective evaluation 13 

of the inset of this image reveals that positivity for CAIX is mainly located near centrolobular veins in 14 

this specimen. (C) Annotated centrolobular veins (white dots) acted as references to reconstruct whole 15 

liver lobules. Of note, lobules near the edge of the specimen where excluded from further analysis, since 16 

the relative distance is less reliable there. (D) The positivity for CAIX (on y-axis) was plotted against 17 

the relative distance in liver lobules (on x-axis). The curve visualises the zonal distribution of hypoxia 18 

marker CAIX in this liver resection specimen. Scale bar represents 5mm or 200µm. 19 

Figure 5. Proof-of-concept: study of the staining pattern of carbonic anhydrase IX in centro-20 

central tracts in human percutaneous liver biopsies with nonalcoholic steatohepatitis (NASH) or 21 

control. (A) Immunohistochemistry for carbonic anhydrase IX (CAIX) revealed more intense positivity 22 

in all lobular zones in percutaneous liver biopsy material of two NASH patients (NASH1 and NASH2) 23 

compared to control (upper panel). Next, we constructed the relative distance in the parenchyma 24 

spanning between centrolobular veins, termed the centro-central tracts (lower panel). (B) Zonal 25 

quantification of CAIX positivity in those centro-central tracts confirmed increased positivity of the 26 

hypoxia marker in specimens with NASH, compared to control, and illustrates differences between 27 
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NASH patients. After exclusion of lipid vacuoles from analysis, the curves of NASH specimens shift 1 

slightly upward (dashed lines). Scale bar represents 10µm or 20µm. 2 
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