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SAMENVATTING 

In eerste instantie zal deze literatuurstudie de huidige kennis over de microcirculatie, de 

regulatie mechanismen en de hevig gedebatteerde structurele of functionele units van de lever 

in fysiologische toestand samenvatten. De verschillende concepten en visies gerelateerd aan 

de microcirculatie van de lever zullen vergeleken worden en de huidige status van 

geaccepteerde visies wordt aangehaald. Deze studie vindt zijn relevantie in het feit dat recente 

preservatie- en transplantatie technieken (die heel goed werken in de nier) niet even goed 

werken in de lever, maar reeds belovende resultaten tonen. Ook is deze studie belangrijk voor 

andere pathologische condities zoals levercirrose, portale hypertensie en steatose, maar ook 

voor chirurgische heelkunde in de hepatopathologie. Een tweede experimentele deel, dat 

gebruik maakt van micro-CT scanning van een kleine sample van een corrosion cast van een 

lever levert fascinerende twee- en vooral drie-dimensionele beelden op, die besproken en 

vergeleken worden met de gevonden literatuur. 

 

Het zal duidelijk blijken dat de complexiteit en dat de variaties in de microcirculatie de kennis 

van de microcirculatie in de lever bemoeilijken. Het is belangrijk om in het achterhoofd te 

houden dat twee-dimensionele modellen van functionele units hierdoor te simpel zijn, en dat 

deze een illusoir doel zijn. Er is echt nood aan precieze en grondige drie-dimensionele studies 

van de microcirculatie van de lever om beter inzicht te verkrijgen in het functioneren van de 

fysiologische lever.  

 

 

 

 

 

 

 

                 viii 



 

1 

ABSTRACT 

BACKGROUND: This literature study summarizes what is currently known about the hepatic 

microcirculation, its regulation mechanisms and the heavily debated structural or functional units 

related to the livers’ microcirculation in physiologic conditions. The different concepts are compared 

and the current status of accepted visions is discussed. This is relevant for pathological conditions, 

recent preservation and transplantation techniques and liver surgery. In the experimental section, 

findings in micro-CT imaging are discussed and compared with published literature on the subject. 

METHODS & MATERIALS: Most of the literature was gathered by using the search engine 

“Pubmed Medline”, and searches were often refreshed to ensure that no recent findings were missed. 

In the experimental study, a human liver, discarded after unsuccessful rescue allocation was used for 

corrosion casting. Next, a small liver sample (with approximate measurements of 4.3 x 3.2 x 2.6 mm) 

was detached from the liver cast and scanned with a high-resolution CT scanner. Ultimately, the 

dataset was loaded in Mimics, a software package especially developed for image processing. This 

made it possible to calculate two- and three-dimensional reconstructions and visualize several features 

of the liver cast sample. 

RESULTS: The literature study mentions current knowledge regarding the hepatic microcirculation. 

The dual blood perfusion and blood flow regulation mechanisms are explained, as well as the 

microcirculation and its cellular components. Known features of the different functional unitary 

models are summarized and clarified. Also, liver growth and hepatic development is investigated. 

Micro-CT imaging and image processing allowed the two- and three-dimensional investigation of the 

hepatic microcirculation and potentially its functional units. Segmentation of individual lobules was 

possible and resulted in fascinating three-dimensional images. 

CONCLUSION: The complexity and irregularities in the microcirculation make the true 

understanding of the liver one of the most difficult assignments in hepatopathology. When comparing 

the different functional units to each other, it is essential to keep in mind that a two-dimensional 

unitary model is too basic and is in fact, an elusive goal. There is need for meticulous three-

dimensional research of the microcirculation. In this study, the hexagonal lobule of Kiernan is seen as 

the perfect introduction into the hepatic microcirculation but is not accepted as a “primary” functional 

unit. In addition, the liver acinus concept of Rappaport is ruled out. The primary lobule of Matsumoto 

is a strong candidate, but it is the module of Teutsch that shows most resemblance with the three-

dimensional images, that were obtained by micro-CT imaging of a liver corrosion cast sample. 
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The microcirculation of the liver:  

literature study and micro-CT imaging of its 

architecture and hemodynamic properties 

1. INTRODUCTION 

 

The liver is one of the largest and anatomically and functionally most complex organ 

of the human body. The liver constitutes 2.5% of the human body weight and is the 

largest organ in the body 
[3,9]

. In rest, the liver receives approximately 25% of the 

cardiac output via two blood inflows: the portal vein (PV) and the hepatic artery (HA)  

(fig.1.2). Both vessels enter the liver at its hilus accompanied by the hepatic bile duct, 

lymphatics and nerves. The portal vein is a valveless, afferent vessel that drains blood 

from the intestine, spleen, pancreas, omentum and gallbladder, and contributes to the 

liver’s blood supply (+/- 75-80% of its total inflow). The remaining 20- 25% hepatic 

blood flow is delivered by the hepatic artery originating from the coeliac artery, which 

arises from the abdominal aorta 
[3,9]

. Hepatic arterial blood is well-oxygenated, while 

the portal vein carries partly deoxygenated, but nutrient-rich blood.  

The traditional division of the liver into right, left, caudate and quadrate lobes is 

mostly of topographical significance. A more recent and clinically more relevant 

subdivision in nine segments is based on the unique vascular and biliary branching 

patterns to the liver segments (fig. 1.1). Typically, each segment has its own blood 

supply and biliary drainage, without anastomoses between these segments. In the 

centre of each segment there is a branch of the portal vein, hepatic artery and bile duct. 

In the periphery of such a segment lies the vascular outflow through the hepatic veins. 

Hereby, the liver is divided into eight main liver segments and a separate ninth 

posteriorly located segment (the caudate lobe). This segmental pattern is useful to 

facilitate surgical resection 
[8,13]

. On a microscopic level, the liver consists of 

numerous lobules or small structural units, typically depicted as hexagonal prisms (fig. 

1.2). At the corner of every lobule, there is a portal triad or portal tract consisting of a 

portal vein branch, a hepatic artery branch and a portal or interlobular bile duct, which 



 

3 

run together (fig 1.2). Lymphatic vessels originate as blind-ending capillaries in the 

interstitium of the portal tracts and running along with the portal veins and the hepatic 

arteries. Lymphatic vessels as well as autonomic nerves are often collapsed and 

inconspicuous 
[3,8]

. The lymph fluid contained in these lymphatics flows towards the 

hepatic hilus and eventually into the cisternae chyli 
[4]

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1. Segmental subdivision of the liver based on branching patterns of portal vein, hepatic artery 

and bile duct. This results in a segmental pattern with nine segments and is useful in liver surgery. 
[43] 

 

Subsequently, blood flows from the portal tracts and the vascular septa (a continuous 

vascular surface between neighboring lobules) into the interconnected network of 

tortuous hepatic specific capillaries or the so-called sinusoids, where portal venous 

and arterial blood mix. All sinusoids drain into a central vein located at the centre of 

every lobule and then further drained into the hepatic veins. In contrast to the branches 

of the portal vein and hepatic artery, that serve a certain segment of the liver, the 

hepatic veins run independently and are intersegmental. Similar to the portal veins, 
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they also lack valves. The three major hepatic veins (right, intermediate and left) enter 

the upper end of the retro-hepatic segment of the inferior vena cava. Besides, several 

accessory but small hepatic veins drain into the hepatic segment of the inferior vena 

cava. The caudate lobe drains directly into the inferior vena cava and therefore may 

escape from injury due to a venous outflow blockage, as seen in Budd-Chiari 

syndrome 
[8]

. The dual blood supply of the liver is a unique feature of the hepatic 

vasculature and distinctly determines the regulation and distribution of blood flow.  

In addition to the macrocirculation, the anatomy of the hepatic microvasculature has 

been studied in detail by light microscopy, intravital fluorescence microscopy and 

transmission and scanning electron microscopy 
[3,10,15,16,17,18]

. Precise anatomical views 

of the hepatic sinusoid, however, have been limited by e.g. the lack of three- 

dimensional and high resolution imaging techniques with or without the use of 

contrast 
[27]

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2. Left: dual blood supply of the liver with portal vein (PV),  hepatic artery (HA), and venous 

drainage via hepatic vein (HV). Right: hepatic microcirculation with portal tract, sinusoids and central 

vein in a classic lobule of Kiernan. Bile ducts are not shown in figure but run parallel with PV and HA. 

[44] 
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The hepatic microcirculation (fig. 1.2) is of utmost importance for the physiology and 

function of the whole organism. It supplies oxygen and nutrients to the parenchymal 

tissue, serves an entrance gate for leukocytes involved in hepatic inflammation, and is 

responsible for the clearance of toxicants and foreign bodies from the bloodstream. 

Thus, the complex functions of the liver in biosynthesis, metabolism, clearance and 

host defense are highly dependent on an adequate microcirculation. Furthermore, 

failure of the microcirculation plays an important role in the pathogenesis of several 

liver diseases. 

To guarantee hepatic homeostasis, the liver requires a sufficient blood perfusion 

together with oxygen and nutrient supply, and as well as a balanced vasomotor control 

and appropriate cell-cell communication 
[3]

. The liver architecture is structurally and 

functionally extremely complex and it is often said that only the brain shows a higher 

degree of complexity in the human body. Nowadays, many uncertainties exist 

concerning many aspects of liver function and structure and still mystify biologists 

and pathologists. The three-dimensional anatomy of the liver somewhat remains 

poorly understood especially on the level of the functional unit or the lobule, which 

has continued to stump morphologists since the first description of liver lobules by 

Wepfer in 1665 
[3, 13, 38]

. 

Further knowledge of the liver and its microcirculation are needed, and may allow a 

better insight in function of the liver not only in physiological situations, but also in 

several pathological conditions including liver cirrhosis, steatosis 
[6, 27, 28]

. For 

example, the sequence of pathological vascular events in cirrhosis and portal 

hypertension has been elucidated to some extent, but the underlying cellular and 

molecular mechanisms causing endothelial dysfunction are still being explored 
[5]

. 

Portal hypertension can lead to lethal complications such as gastro-oesophageal 

varices and ascites, and treatment options are very limited once end stage liver disease 

has developed. Facing this serious clinical situation, there is need for further studies on 

the vascular changes associated with cirrhosis and portal hypertension, and liver 

pathologies in general 
[5,7]

.  

The study of the hepatic microcirculation is also relevant in the preservation of livers 

in view of transplantation. Newer preservation techniques for donor livers that 

continuously perfuse the liver by means of Machine perfusion (MP) techniques (under 

hypothermic, subnormothermic or normothermic conditions) are still in their infancy. 

Nevertheless, some potential benefits, such as diminished liver preservation injury and 
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improved graft function have been demonstrated in preclinical models and its 

feasibility has also been shown clinically. In liver transplantation, preclinical work in 

various animal models has shown promising results 
[1, 2, 19, 20, 21, 65]

. MP has already 

proved its use and benefits in renal preservation and transplantation; however, the 

extrapolation of MP techniques of renal to liver transplantation has been hindered by 

logistics and serious complications of delayed or poor liver graft function 
[1]

. Obvious 

and distinct differences exist between the liver and kidney on a macroscopic, 

microcirculatory and cellular level, which should be taken into account when 

addressing optimal liver perfusion settings 
[2]

. Thus, in order to make progress in 

developing these techniques, it is necessary to understand the liver and its micro-

architecture better.  

In liver surgery, understanding the complicated liver structure and vasculature together 

with a detailed evaluation of the functional liver remnant volume are essential to 

perform safe surgical procedures such as segmentectomies, partial or hemi- 

hepatectomies. Recent advances in imaging technology have enabled surgical 

planning using three-dimensional image-processing software. Virtual liver resection 

systems provide three-dimensional imaging of the liver structure, detailed volumetric 

analyses based on portal perfusion, and quantitative estimates of the venous drainage 

area 
[14]

.  

The goal of this literature study is to summarize the current knowledge and concepts 

regarding the hepatic microcirculation, its regulation mechanisms and the structural or 

functional units related to the liver’s microcirculation. In this study, different concepts 

are compared and the current status of general supported visions is discussed. In 

addition, an experimental part of the study will discuss the findings of micro-CT 

imaging of a hepatic microcirculatory cast sample. Ultimately, the results of this 

experimental study will be compared with literature on the subject. 
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2. METHODS & MATERIALS 

 

2.1 Literature study 

This literature study was performed from September 2011 to April 2013 to collect 

information regarding the liver and its microcirculation. Most of the literature was 

gathered in the period between September 2011 and September 2012 but searches 

were often refreshed - to keep the information up to date - and, to ensure that no recent 

findings were missed. Before understanding the established complex findings, the 

remaining questions and the latest developments in studies concerning the hepatic 

microcirculation, it was necessary to become familiar with the hepatic vasculature. 

The majority of the information in this literature study was gathered by using the 

search engine “Pubmed Medline”. Following keywords or combinations of these 

keywords were used: “liver”, “hepatic”, “anatomy”, “vascular”, “macrocirculation”, 

“microvascular”, “microcirculation”, “microcirculatory”, hemodynamic”, “functional 

(liver) unit”, “hepatic lobule”, “machine perfusion”, “normothermic”, 

“subnormothermic”, “hypothermic”, “architecture”, “microarchitecture”, “cirrhosis”, 

“portal hypertension”, “surgical planning”, “hexagonal lobule”, “classic lobule” 

“portal lobule”, “acinus”, ”primary lobule”, “single-sinusoid”, “metabolic lobulus”, 

“modified zonal unit”, “choleon”, “choleohepaton”, “secretory unit”, “bloodflow”, 

“sinusoid(s)”. Searches were also based on authors, because many studies concerning 

the hepatic microcirculation were conducted by frequently recurring names. These 

authors were: “Kiernan”, “Mall”, “Rappaport”, “Matsumoto”, “McCuskey”, 

“Lamers”, “Vollmar”, “V. Desmet”, “Teutsch”, “Lautt”, “Roskams”, “Wake”, 

“Ekataksin”. Also, for the selection of the articles, the year of publication, the number 

of citations and the impact factor were taken into account. 

In addition, the search engine “Web of Knowledge” and more specifically “Web of 

Science” was used to compare search results with the “Pubmed Medline”. Ultimately, 

the search engine “Google” was occasionally used to search for figures and drawings 

of the microcirculation to create a better three-dimensional perspective of several 

concepts and ideas.  
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2.2 Experimental study 

This experimental study was conducted on one human liver discarded for clinical 

transplantation after failed reallocation. This was approved by the Ethical Committee 

of the University Hospitals Leuven, Belgium, and by the Belgian Liver and Intestine 

Committee as foreseen by the initial protocol. To obtain anatomical data from the 

hepatic microcirculation a procedure consisting of three steps was used: HMP and 

vascular corrosion casting, micro-CT scanning and image processing 
[54]

. 

 

HMP and vascular corrosion casting 

First, a human liver that was initially allocated for transplantation but eventually 

discarded after unsuccessful rescue allocation through Eurotransplant was machine 

perfused during 24 h, with KPS-1 perfusion fluid using a Liver Workstation MP 

device (Organ Recovery Systems, Zaventem, Belgium) at 4-6 °C. By this continuus 

perfusion - albeit at hypothermic conditions - both the macrocirculation and the 

microcirculation were preserved. Perfusion settings were a hepatic artery perfusion 

pressure (PHA) of 25 mmHg and a portal vein perfusion pressure (PPV) of 7 combined 

with a portal venous flow limitation of 300 mL/min. In order to preserve the normal 

anatomical shape of the liver as much as possible, the organ was positioned with its 

diaphragmatic surface down in a bowl-shaped container (fig 2.1).  

 

 

 

 

      PV 

     

        HA 

 

 

 

 

Fig. 2.1. Example of a liver corrosion cast. Two colouring dyes were used: 

red represents the hepatic artery (HA), blue the portal venous tree (PV). 

The liver is positioned with its diaphragmatic surface down in a bowl-

shaped container to preserve the organ’s shape. 
[54]
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Afterwards, the liver was simultaneously injected via the hepatic artery and the portal 

vein with a casting resin (Batson #17 monomer, catalyst and promoter - Polysciences, 

Warrington, USA - and monomeric methyl metacrylate - Merck, Darmstadt, 

Germany), which was prepared just before the injection. Two different colouring dyes 

were used to visually distinguish arterial (red) from portal venous (blue) trees (fig. 

2.1). To allow differentiation on high resolution CT imaging of the two inlet vessels 

(hepatic arterial and portal venous tree), a contrast agent of 25% barium sulphate was 

mixed with the resin for the hepatic artery tree. The injection of the casting resin in the 

hepatic artery and portal vein was stopped after the resin was emerging from the 

hepatic vein in sufficient quantities. After the injection, all vessels were clamped and 

the injected resin was able to polymerize for approximately 2 h, while manipulation of 

the liver was kept to a strict minimum during this period of time. Next, the liver was 

immersed in a 25% potassium hydroxide solution and macerated for approximately 

two days. What remained was a liver cast, which was rinsed in tap water, flushed with 

distilled water, and ultimately dried under a vented hood. Subsequently, a small 

microvascular sample was dissected from this liver cast (fig. 2.1), with approximate 

measurements of 4.3 mm x 3.2 mm x 2.6 mm.  

 

Micro-CT imaging 

The sample was scanned with a high-resolution CT scanner in order to acquire its 

three-dimensional geometry. The resolution used was 4,949 µm. The obtained imaging 

dataset, was converted to DICOM format (Digital Imaging and Communications in 

Medicine) for image processing. 
 

Image processing 

Analysis of the procured micro-CT dataset was possible by using Mimics (Materialise, 

Leuven, Belgium). This software package is developed especially for medical image 

processing. Mimics can be used for the segmentation of three-dimensional medical 

images coming from CT (Computed Tomography), CBCT (Cone Beam Computed 

Tomography), MRI (Magnetic Resonance Imaging), micro-CT, Ultrasound, Confocal 

Microscopy, etc. The dataset thus was segmented in Mimics based on gray values, 

thereby extracting the features of the liver lobules and sinusoids. This made it possible 

to calculate two- and three-dimensional reconstructions of the liver cast sample and 

visualizing several features such as liver lobules, portal tracts and hepatic veins. 
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3. RESULTS 

 

3.1 Literature overview 

3.1.1 Dual blood perfusion and blood flow regulation mechanisms 

The hepatic microcirculation is complex and has been studied extensively by 

numerous pathologists, biologists and scientists, whilst providing numerous scientific 

discussions on the concepts and visions over the last few decades 
[3,8,13]

. As previously 

discussed (see section “Introduction”), the liver has a unique blood supply via two 

inflows: the portal vein carrying partly deoxygenated but nutrient-rich blood; and the 

hepatic artery, transporting well-oxygenated blood to the liver 
[3,9]

. The oxygen 

requirement of the liver, however, is nearly equally supplied by both portal vein and 

hepatic artery due to the high flow rate of portal venous blood 
[3]

.  

 

Arterial autoregulation 

Intrinsic autoregulation mechanisms guarantee a constant flow through the vascular 

bed by adaptations of the vascular resistance, which is normally lower at the portal 

vein and higher at the hepatic artery. An increase in arterial blood pressure will lead to 

a myogenic constriction (of peri-vascular smooth muscle cells) of the hepatic artery, 

mediated by stretching 
[3, 29]

. 

 

Hepatic arterial buffer response 

It is important to know that the two vascular systems of the portal vein and the hepatic 

artery have a close relationship called the “hepatic arterial buffer response” (HABR) 

[3,22]
. This represents the ability of the hepatic artery to respond to portal venous flow 

changes with a compensatory mechanism. This second intrinsic mechanism - the first 

being classical arterial autoregulation - leads to a dilated hepatic artery due to a 

reduced portal flow, and a constriction of the hepatic artery, if portal flow is increased 

[3]
. This buffering capacity of the hepatic arterial blood flow is approximately 25 à 

60% of the decreased portal flow. However, there is no reciprocity of the HABR, 

because the portal vein cannot control its blood flow, for it is simply the sum of the 

extrahepatic splanchic outflow. The HABR is mediated by adenosine concentrations 
[3, 

29]
. A decreased flow in the portal vein, will lead to higher levels of adenosine, 
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inducing a vasodilatation of the hepatic artery, which is followed by immediate 

increase of arterial blood flow. Other vasoactive substances - which will not be 

discussed in detail - that may contribute to these regulatory mechanisms are nitric 

oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H2S) 
[3]

. 

 

Flow competition  

In addition, recent feasibility studies of machine perfusion preservation of porcine and 

human livers reported that – under hypothermic and thus unphysiological conditions - 

the portal venous flow (QPV) may gradually decrease and/or completely cease, while 

the hepatic arterial flow (QHA) increases 
[29]

. This is a result of decreasing vascular 

resistance in the hepatic artery, as perfusion pressure (PHA) was kept constant in initial 

experiences. The perfusion flow of the portal vein (QPV) restored either spontaneously 

or by lowering the perfusion pressure in the hepatic artery (PHA). This phenomenon 

was defined as “flow competition”, evoked by an increasing QHA, associated with a 

progressive decrease of QPV, and was observed during HMP of porcine as well as 

human livers discarded for clinical transplantation. Also, this observed flow 

competition was completely reversible when PHA was reduced. This ex vivo response 

showed that arterial pressure/flow directly determines the portal flow, which, to the 

authors’ knowledge 
[29]

, had never been observed before. In contrast, when the vena 

cava inferior (VCI) was obstructed, both QHA and QPV were affected in an alternating 

and repetitive way 
[29]

. 

 

3.1.2 The hepatic microcirculation 

The hepatic microvascular system comprises, as stated by McCuskey 
[31]

, “all blood 

and lymphatic vessels directly involved in the delivery and removal of fluids to and 

from the hepatic parenchyma”. This includes all of the intrahepatic vessels having an 

internal diameter less than 300 µm including portal venules, hepatic arterioles, 

sinusoids, hepatic venules and lymphatics 
[4, 31]

. Perturbations in the hepatic 

microcirculation in many diseases result in changes in the perfusion of the sinusoids, 

hepatic oxygenation, and the exchange processes between blood contained in the 

sinusoids and the surrounding parenchymal cells 
[4]

. 
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Portal/arterial circulation 

The terminal branches of PV, HA, and the portal bile ducts run parallel to each other 

in the portal tracts, together with main lymphatic vessels and autonomic nerves, which 

are often collapsed and inconspicuous 
[3, 8]

. The portal venous tree breaks up into 

consecutive generations of larger “conducting” veins 
[8]

 and these may be classified, 

according to their position in the hierarchy of branching, as interlobar, segmental and 

the smallest among them: interlobular portal veins. These interlobular conducting 

veins give rise to the smaller “distributing” veins that follow a strict pattern of 

branching and do not directly serve the sinusoidal system 
[8, 37]

. The hepatic arterial 

branches run parallel to the portal venous branches through the liver parenchyma, and 

it is accepted that their number generally equals the number of interlobular tracts in 

the portal area 
[8]

. Further terminal branching of portal veins and hepatic arteries 

distributes blood into the sinusoids. This terminal distribution is different for the portal 

vein and the hepatic artery branches (fig 3.1). Portal venous branches subsequently 

divide into pre-terminal portal venules and terminal portal venules, while hepatic 

arterial branches either drain into the periportal plexus (arterioportal anastomosis), the 

peribiliary plexus (which is the only blood supply to the bile ducts), the vasa vasorum 

on the wall of portal veins or terminal hepatic arterioles draining into sinusoids 
[8, 23, 

30]
. The terminal vessels, being the terminal portal venules, (with a diameter of 15 to 

35 µm 
[3,8]

), and the terminal hepatic arterioles, respectively supply the blood to the 

hepatic sinusoid via short side branches, i.e. “inlet venules” (PV) and ”arteriosinus 

twigs” (HA) 
[3,8]

. Approximately two-thirds of the blood supply of these sinusoids is 

served by the terminal portal venules, which is controlled by “afferent” or “inlet 

sphincters” 
[3]

 (fig. 3.2). Various types of connections between terminal hepatic 

arterioles and sinusoids have been observed in the periportal areas (fig. 3.2) 
[3]

. In 

addition to the arterio-sinusoidal branching, the arterioles wind themselves around the 

portal venules to form 4 types of arterioportal communication mechanisms (fig. 3.1): 

arteriolo-portal anastomoses running to the portal venules (periportal plexus), the 

capillaries of the peribiliary plexus, draining into the sinusoids via arteriosinus twigs 

(lobular veins) and into the portal vein via interlobular veins after nourishing the bile 

duct, the portal venular wall as vasa vasorum, and the connective tissue including the 

nerves of the portal tract 
[3, 8, 30]

.  
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Fig. 3.1. Schematic diagram showing the terminal portal inlet venules and the hepatic artery branches to the 

sinusoid (terminal branching), the bile duct (peribiliary plexus), the arterioportal anastomosis (periportal plexus) 

and the wall of the portal vein (vasa vasorum). Venous plexus of the bile duct is drained into the portal vein via 

the interlobular vein and into the sinusoids via the lobular vein. 
[30]

 

 

Sinusoidal circulation 

Blood flow through individual sinusoids is variable and is believed to be partly 

controlled by sphincter activity in the arteriolar wall and by sphincteric mechanisms at 

the inlet and outlet of the sinusoids 
[24]

 (fig. 3.2). Because the liver is not capable to 

directly control the portal flow nor portal blood flow volume, this blood inflow is 
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controlled by the hepatic artery only and the portal venous flow coming from the 

intestines, splanchic circulation etc. According to Lautt 
[11, 12, 25, 26]

, this arterial blood 

flow is not regulated by liver metabolic demands, but inversely alters to changes in 

portal venous flow (refer to HABR) 
[3, 8, 11, 12, 25, 26]

. A principle site of hepatic blood 

flow regulation is thought to reside in the sinusoids themselves and the sinusoids 

lining cells in particular. The sinusoidal endothelial cells respond to a variety of 

vasoactive substances (e.g. adenosine, nitric oxide (NO), carbon monoxide (CO) and 

hydrogen sulfide (H2S) 
[3]

) and they may vary the diameter of the sinusoidal lumen by 

swelling or contracting.  

 

 

        

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. Schematic view to show relationships of hepatic arteriole (HA), portal venule (PV), sinusoids 

(S) and hepatic venule (HV). There are different types of arterio-sinusoidal (AS) connections. Blood 

flow through the sinusoids is among others determined by the activity of sphincteric mechanisms (SP) 

in arteriolar wall and at inlet and outlet of the sinusoids. 
[8, 24]

 

 

Venous drainage 

Blood drains, after perfusing the liver parenchyma into “central or centrolobular 

veins” which are classically depicted centrally in the “classic lobules” 
[3,8] 

(fig. 1.2). 

Various collecting venules arising from individual neighboring lobules may drain the 

blood into these terminal hepatic venules. The terminal vein branches will further 

unite to form intercalated veins, which will in turn form larger hepatic vein branches 

[3]
. These larger hepatic vein branches are, as previously discussed, intersegmental and 

drain into the major hepatic veins and the inferior vena cava.  
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3.1.3 The hepatic sinusoids (fig. 3.3) 

The hepatic sinusoids are unique and liver specific capillaries that form a structural 

and functional heterogeneous network and represent the principle sites for regulating 

blood flow and material/metabolic exchange of the liver 
[4, 27]

. The sinusoids have a 

tortuous course and are irregular, saccular or tubular, with a diameter from 7 µm in the 

periportal area to 15-20 µm in the pericentral area 
[3, 8, 27]

. Main sinusoids run straight 

between the liver cell cords (composed of hepatocytes) over a length of 250 µm and 

communicate with each other by interconnecting sinusoids (“intersinusoidal 

anastomoses” 
[8]

) running across these liver cell cords 
[3]

. In addition, sinusoids appear 

to be orientated preferentially in the direction of the local fluid pressure gradient as 

proposed and tested by Ricken et al. 
[35, 36]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3. Schematic representation of hepatic arterial (HA) and portal venous (PV) blood supply to 

sinusoids and drainage via hepatic vein (HV). As indicated by the arrows, bile flows opposite to the HA 

and PV flow. Blood in sinusoids drains between liver cell cords, which are composed of hepatocytes. 
[3, 

4, 49]
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Space of Disse (fig. 3.4) 

The space of Disse is a perisinusoidal space, separating the two primary structures of 

the hepatic lobule: the sinusoids and the hepatocytes. The space of Disse contains 

specialized pericytes called stellate cells 
[3, 27]

.  

 

Cellular components of the hepatic microarchitecture (fig. 3.4) 

The hepatic microarchitecture is composed of parenchymal hepatocytes and four non-

parenchymal contractile cell types. Sinusoidal endothelial cells (SEC) and 

phagocytotic Kupffer cells (KC), extraluminal stellate cells (HSC), which are 

specialized pericytes located in the space of Disse and pit cells or immunoreactive 

natural killer (NK) cells 
[3, 4, 8]

. 

 

 

 

 

 

 

 

 

Fig. 3.4. The hepatic architecture is composed of 4 non-parenchymal contractile cell types next to the 

parenchymal hepatocyte (HC) with microvilli-rich surface, such as (A) sinusoidal endothelial cells (SEC), (B) 

Kupffer cells (KC), (C) hepatic stellate cells (HSC) and lastly, (D) pit cells. The space between the basal 

microvilli-rich surfaces of the hepatocytes and the sinusoidal lining cells (SEC) is called the space of Disse, 

which contains the stellate cells (HSC). Pit cells, which are immunoreactive natural killer (NK) cells, are 

attached to the luminal surface of the sinusoid. Additional cell types may be present in the space of Disse of 

some species, such as mast cells in the dog and adregenic and peptinergic nerve cells in most mammalian species 

except mouse and rat. 
[3, 4]

 

 

A. Sinusoidal endothelial cells (SEC) 

Sinusoidal endothelial cells represent the sinusoid lining cells and separate the 

parenchymal cells from the blood whilst allowing transvascular exchange 
[4]

. Their flat 

extensions are provided with pores or fenestrae of approximately 170 nm in diameter, 

which lack diaphragms and basal lamina. Fenestrae are clustered together in groups of 

10 to 50 pores, forming “sieve plates” 
[3, 4]

. The fenestrae in SEC constitute only 6-8% 

of the surface area of the endothelial lining. In addition, these fenestrae serve as 
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selective sieving barrier to control the exchange of material between the blood and the 

liver cells, and contribute to the homeostatic control of the microcirculation 
[3, 4]

. The 

fenestrae are thought to regulate the transition of larger substances, such as 

chylomicron remnants, through the endothelium and hereby, allowing exchange of 

plasma and large proteins between blood and the perisinusoidal space of Disse. As a 

result, the sinusoidal endothelial filter influences the fat balance in the plasma, and the 

delivery of retinoids to parenchymal and fat storing cells. Ageing of the liver causes a 

reduction of the numbers of fenestrae in endothelial cells 
[4]

. 

 

B. Kupffer cells (KC) 

The Kupffer cells are liver resident macrophages attached to the sinusoidal wall, 

directly exposed to blood stream and preferentially located in periportal regions 
[3, 4]

. 

They play a significant role in the removal of particles and cells as well as toxic, 

infective and foreign substances from the portal blood. They are therefore of great 

importance for the host defense 
[4, 27]

. Because of their large bodies that bulge into the 

sinusoidal lumen, Kupffer cells may cause flow hindrance and are considered 

contractile cells contributing to blood flow regulation through sinusoids 
[3]

.  

 

C. Stellate cells (HSC) 

The sinusoids are surrounded by another unique cellular component: the extraluminal 

or perisinusoidal stellate cells that are specialized pericytes able to store fat and 

vitamin A 
[3, 4]

. In contrast to the Kupffer cells, stellate cells are distributed almost 

homogeneously throughout the different zones of the liver lobule. Stellate cells have a 

remarkable capacity for cellular contraction and are regarded to play a central role in 

the regulation of blood flow through hepatic sinusoids 
[3]

. 

 

D. Pit cells 

Pit cells are derived from circulating large granular lymphocytes, which attach to the 

sinusoidal wall. The majority of these attachments are to endothelial cells, but 

adhesion to Kupffer cells is not uncommon. The pit cells are part of a population of 

liver associated lymphocytes and possess natural killer (NK) activity. 
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The 3.1.4 The hepatic microvascular functional unit 

The search for the functional unit of the liver lobule has continued to stump 

morphologists for over 300 years. It is peculiar that no matter which angle is used for 

cross-section of the liver, it basically has the same histologic appearance, i.e., multiple 

units which consist of about 4-6 portal tracts surrounding a (central) hepatic venule. The 

postulation that the liver has an “isotropic parenchyma” 
[55]

 is based on this 

phenomenon and contributes to the complex, three-dimensional architecture 
[13]

.  

Before entering the search for such a complex and mystifying functional and structural 

unit, it is important to clearly define a functional unit. As such, the functional unit of an 

organ may be defined as “the smallest, structurally distinct, “self-sufficient” unit that 

can independently subserve all known functions of that organ” 
[37]

. A good example of 

such a functional unit is the nephron in the kidney. However, a well-defined hepatic 

functional and structural unit that can reconcile the dual vascular supply and the dual 

outflow tracts (biliary and vascular) with all known liver functions has not yet been 

identified 
[37]

, indirectly reflecting the functional complexity of the liver and its 

sophisticated microarchitectural strucure. Other authors mentioned that the definition of 

the structural or functional unit of the liver has been “an elusive goal since the first 

description of liver lobules in 1665 by Wepfer” [38, 39]
. Over the years, various models 

and concepts of the organisation of the liver into structural or functional units have been 

proposed, none of which are mutually exclusive 
[4]

. Although each can successfully 

explain some of the pathological and physiological processes in the liver, none of them 

can explain them all 
[37]

. In this section, various units will be summarized and clarified, 

as found in the literature. 
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The hexagonal lobule (Kiernan, 1833) 
[40]

 

Kiernan’s concept of the polyhedral lobule, also called “classic lobule”, has stood the 

test of time and is still used often 
[41]

. It is traditionally represented by a hexagonal 

lobule with the portal tracts at the corners of the hexagon and a terminal tributary of the 

hepatic vein at the centre called the “central vein” (fig. 3.5) 
[8, 37]

. The total number of 

classic units in the adult human liver has been estimated at 500 000 ± 100 000 
[34, 59]

. 

The peripheral boundaries of these lobules are well-defined in only a few species (e.g. 

pig, seal, raccoon, camel and polar bear 
[4, 8, 42]

) by interlobular septa of connective 

tissue, making them very distinct. However, in most other species, including man, the 

boundaries of such a lobule are poorly defined because connective tissue is sparse and 

considerable anastomoses occur between adjacent lobules, except in the portal canals, 

which lie between the corners of adjacent lobules 
[4, 8]

. It seems obvious that the classic 

lobule as seen in animals and humans has both a structural and metabolic basis, as it 

includes a porto-central gradient of metabolic processes, vascular flow and biliary 

drainage. However, it does not explain lateral or portal-portal gradients between 

adjacent portal tracts as seen in animals and humans 
[37]

. As a consequence, the 

hexagonal lobule may not be the most optimal way to represent the functional unit. 

Subsequently, the classic lobule as described by Kiernan 
[40]

 is not the smallest hepatic 

unit but rather a composite of multiple smaller units. 

 

The portal lobule (Mall, 1906) 
[45]

 

In this model of lobular organisation, the lobule is defined by biliary drainage 
[4, 8]

. The 

portal lobules have at their centre a portal tract, with hepatic venules (the central vein as 

defined by Kiernan 
[40]

) present around the periphery of each lobule 
[4]

 (fig. 3.5). This 

model has been of limited functional significance 
[8]

.  
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Fig. 3.5. Schematic representation of abutting hepatic lobules illustrating the sinusoidal network derived 

from two portal venules (PV). The sinusoids become more parallel as they course towards the hepatic or 

central venule (CV), which forms the central axis of the classic hexagonal lobule of Kiernan. Hepatic 

arterioles (HA) supply their blood to the sinusoids near the periphery of the lobule, via inlet venules or 

terminal portal venules. As a result, this causes three zones (1, 2, 3) of different oxygenation and 

metabolism as postulated in the model of the hepatic acinus as defined by Rappaport et al. 
[46, 47]

, which 

has the portal tract as its axis (lower left). Several acini would compose the portal lobule (lower right). 

Each classic lobule (or secondary lobule), would be composed by several smaller, cone-shaped subunits, 

called primary lobules. These subunits have a convex surface fed by portal and arterial blood at the 

periphery, and an apex at the hepatic (central) venule. A, B and C (upper left) represent hemodynamically 

equipotential lines in a primary lobule. Recent modifications further subdivide lobules into conical 

hepatic microcirculatory subunits (HMS), each of which are supplied by one single inlet venule. 
[4] 

 

The hepatic acinus (Rappaport et al., 1954) 
[46,47]

 

The hepatic acinus was defined in relation to the terminal branches of the afferent 

microcirculation. The division was initially based on the terminal portal circulation, but 

arterial blood supply and the biliary drainage must also be taken into account 
[8]

.  

The simple acinus has no distinct morphologic boundaries and is a small parenchymal 

mass, irregular in size and shape 
[4, 8]

. Its axis is a portal tract and the acinus lies 

between two (or more) terminal hepatic venules (or central vein) into which it drains 

[4,8]
. In a two-dimensional view, it only occupies part of two adjacent classic lobules 

(fig. 3.5), and in a three-dimensional view, it appears as a berry-like structure at the end 

of the terminal vascular/biliary stalk. The approximate dimensions of the acinus are 

1480 µm (length), 1070 µm (width) and 800 µm (thickness) 
[8]

. Within the simple 

hepatic acinus, there is further subdivision into three zones (1, 2, 3), with different 
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oxygenation and metabolism 
[4, 8]

 (fig. 3.5). Several acini would compose the portal 

lobule 
[4]

. 

The complex acinus comprises minimum three simple acini and a sleeve of parenchyma 

around the pre-terminal portal vein branches (and their accompanying arterial and 

biliary element). The acinar agglomerate comprises three or four complex acini 
[8]

.  

The greatest merit of the concept of the hepatic acinus is that it has drawn attention to 

the terminal branches of the afferent portal vein, located between the pre-terminal portal 

tracts of the classic lobule of Kiernan 
[8]

. 

 

The primary lobule (Matsumoto et al., 1979) 
[48]

 

In this model, each classic lobule, also called a “secondary lobule”, consists of several 

“primary lobules” 
[4]

 (fig. 3.5). In addition, a distinction between a conducting and a 

parenchymal portion of the portal venous tree was made. The conducting portion should 

ensure blood supply to keep the parenchymal circulation dynamically adapted to any 

metabolic demand 
[8]

, while the parenchymal portion of the portal venous tree follows a 

ramification scheme in three steps that correlate with the portal venous “distributing 

system”. At the first step, branches originate from every terminal branch of the 

conducting portion, supplying a certain amount of parenchymal mass measuring 

approximately 1,6 x 1,2 x 0,8 mm 
[37]

. From one first-step branch, 11 second-step 

branches arise (at about right angles), causing a characteristic portohepatic 

constellation: about six portal vein branches surrounding a certain amount of 

parenchyma with one hepatic vein as the axis. And therefore, this configuration 

corresponds to the concept of the classic lobule of Kiernan. The third-step branching 

occurs at every second-step branch (at about right angles). At this level, branches lack 

connective tissue sheets and their wall structure gradually changes to that of sinusoids 

[8]
. These branches are called the “septal branches” or “vascular septa” 

[8, 37]
.  

Thus, the vascular septum is not a fibrous septum but the terminal and tertiary branch of 

the distributing portal vein, only slightly larger than the sinusoids that arise from it 
[37]

. 

The hepatic parenchyma is therefore composed of primary and secondary lobules. This 

secondary lobule is composed of 6 to 8 primary lobules in a hexagonal array, 

corresponding to the two-dimensional representation of the classic lobule of Kiernan. 

Each side of the hexagonal lobule is composed of 2 vascular septa, which meet midway 

between adjacent portal tracts, called the midseptal region 
[37]

. In a three-dimensional 

view, each primary lobule is cone-shaped, with its convex surface at the periphery of the 
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classic lobule (or vascular septa), and is supplied by terminal portal and arterial 

branches. Its apex, situated at the centre of the classic lobule, is drained by a (central) 

terminal hepatic venule 
[4, 8, 37]

.  

The primary lobule, bordered by vascular septa, is composed of two distinct zones in 

terms of angio-architecture: the portal and septal zone 
[8, 37]

. The portal zone is wedged 

against the portal tract with its largest part neighbouring the portal tract and the tapered 

edges spreading towards the midseptal region (fig. 3.6). This zone is supplied by short 

inlet venules which arise either directly from the terminal portal vein within the portal 

tract or from the most proximal portion of each septal branch. These inlet vessels soon 

break up into sinusoidal branches, which spread almost transversely before heading 

radially towards the central vein. The septal zone, in contrast, is mainly defined by the 

septal branches (second-step branches) and is fed by inlet venules from the distal part of 

the portal venule. They do not only supply this zone with portal blood, but also support 

it as a vascular skeleton. Upwards and downwards, these septal branches give off a few 

branches which break up into “septal sinusoids”, which, in contrast to “portal 

sinusoids”, do not have a transverse course, but immediately head radially towards the  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Schematic representation of the angioarchitecture in the human liver as described by Matsumoto 

et al. 
[48]

. The conducting portal vein (PV) (1) gives off terminal portal vein branches (2) and septal portal 

venules (3). These portal venules penetrate the parenchyma and form inlet sinusoids (4). In addition, inlet 

venules may arise directly from the conducting or terminal portal venule (5). The sinusoidal channels 

spread transversely (not shown in figure) before turning inward along a sickle zone (6) and heading 

radially towards the hepatic venule (THV).  
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central vein 
[8, 37]

. Both these sinusoidal beds of the portal and septal zone together 

constitute a synthetic functional unit: a high potential pool from which portal blood 

pours uniformly into the radial sinusoids 
[8]

. On lobular cross-section, this pool appears 

as a sickle-shaped area, also called the “sickle zone”. This provides an inflow front for 

perfusion of the lobule, which is different from a linear or axial supply described in the 

acinus model 
[8, 37]

. The inflow-front appears to be composed of smaller unit areas and 

about six to eight such units cover the entire surface of the lobule. Each central vein is 

found to comprise six to eight draining poles, each facing a corresponding unit of the 

inflow-front across a certain parenchymal distance. The cone-shaped parenchymal mass 

sandwiched by this pair is termed the primary lobule, as it represents the most 

elementary parenchymal unit 
[8]

 (fig. 3.6). The classic lobule contains, according to this 

model, six to eight primary lobules, which is designated as the secondary lobule.  

In addition, this model makes the distinction of two zones, as a basis for explaining 

differences in the metabolic properties of hepatocytes across a lateral gradient when 

moving from portal tract to midseptal area, in both animals and humans 
[37]

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Primary lobules within a classic lobule of Kiernan (secondary lobule). Arrows represent the 

direction of blood flow. 
[8]
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The hepatic microcirculatory subunit (HMS), choleon, choleohepaton (Ekataksin et 

al. 1995) 
[50, 51, 52]

 

Another advance in the understanding of lobular architecture is achieved based on 

studies on pigs, rats, mice and hamsters. These studies, conducted by Ekataksin et al. 
[50, 

51]
 used a combination of coloured media injection, corrosion casts with scanning 

electron microscopy, and in vivo microscopy with fluorescent dyes. They proposed a 

pyramidal microcirculatory unit with its base at the periphery of the classic lobule and 

its apex at the central vein (fig. 3.7). In the primary lobule model of Matsumoto et al., 

similar vascular beds supplied by an inlet venule were found in the human liver. This 

pyramidal unit was defined as the hepatic microcirculatory subunit (HMS) and is 

supplied by one single inlet venule, which penetrates the limiting plate, feeding a group 

of approximately 19 cross-connecting sinusoids 
[8, 37]

. These sinusoids reduce or “drop 

out”, while they approach the hepatic venule. 

  

 

 

 

 

 

 

 

Fig. 3.7. Representation of a typical pyramidal hepatic microcirculatory subunit (HMS). Its base is 

situated at the periphery of a classic lobule with a portal venule (PV) where the HMS is fed by a single  

afferent inlet venule, which drains into multiple sinusoids. The cross-connecting sinusoids reduce, or drop 

out while approaching the hepatic venule (HV). 
[8, 50]

 

 

Ekataksin & Wake 
[52]

 further showed that the inlet venule, being the last segment of the 

portal venous tree, is closely co-localized at the lobular periphery with the canal of 

Hering, being the first segment of the biliary drainage and draining bile from the same 

pyramidal area 
[8, 37, 52]

. The territory of intralobular bile canaliculi extending through 

the canal of Hering is labelled choleon. The configuration of a choleon spatially 

overlapping with the column of sinusoids of a hepatic microcirculatory subunit is 

equipped with all of the elementary structures that a liver needs to perform its dual 

exocrine-endocrine functions. This constellation was therefore designated as the 
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choleohepaton (fig. 3.8) 
[8]

. The inlet venule would supply blood to the hepatocytes, and 

the canal of Hering would drain bile in opposite directions within the same pyramidal 

territory. The choleohepaton would then, according to Ekataksin & Wake 
[52]

, represent 

the elementary morphofunctional unit of the liver and in analogy with the nephron, 

describe a counter-current flow between the inlet venule and the canal of Hering. 
[8, 37, 

52]
. Further studies in rat livers; indicate that periportal hepatocytes are primarily 

responsible for bile salt uptake and secretion under physiological conditions, supporting 

this counter-current concept 
[37, 53]

. In addition, Ekataksin et al. 
[50]

 observed the 

presence of a hepatic arteriole in the hepatic microcirculatory unit, although its 

relationship to the inlet venule and the canal of Hering is not clear 
[37, 50]

.  

 

Fig. 3.8. Schematic representation of the unit model of the choleohepaton as proposed by Ekataksin et al. 

[50]
 . The terminal portal venule (PV) gives off a single inlet venule that supplies a group of sinusoids 

which are arranged in a pyramidal unit with its base towards the PV and its axis towards the hepatic 

venule (HV). The bile ductile connects the terminal bile duct (BD) to a canal of Hering and next bile 

canaliculi. The embraced hepatocytes are not shown. 
[37]

 

 

The primary and secondary module (Teutsch, 2005) 
[32] 

The liver module concept of Teutsch 
[32]

 was based on the distribution of alkaline and 

phosphatase activity, which allowed clearly to identify the relevant structural elements 

of the modules. This approach confirmed and extended the results of Matsumoto et al. 

[48]
: the “secondary module” reconstructed by Teutsch is larger than the secondary unit 

from Matsumoto et al. The secondary lobule is composed of 7 primary lobules, which 
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were assumed to be cone-shaped. The secondary module of Teutsch consists of 14 

primary units, each of which drained by a subhepatic vein, and the reconstruction of 

these primary units resulted in polyhedral structures, with 7 to 9 facets, which were 

either plane, convex, or concave. In addition to the variable shapes, the primary 

modules also varied in size (i.e., height, surface area, volume, number and area of 

vascular septa). The secondary module is supplied by six portal veins, with a branching 

pattern that is similar to the branching pattern described by Matsumoto et al. In addition, 

the findings of Teutsch allowed for a critical reappraisal of Matsumoto and Kawakami’s 

conclusion that a secondary lobule correlates with a classic lobule, because of the size 

of the secondary unit and the branching pattern of the central venular tree. Thus, it is not 

the secondary unit but rather the primary units that would correlate with classical 

lobules. Also, such assembly of primary modules into secondary modules becomes 

comparable to that seen in rat and pigs 
[32]

. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9. Distribution of alkaline phosphatase activity in a secondary module and its subdivision by portal veins, 

vascular septa, and branches of the central venular tree into primary modules (italic numbers). Figure B shows 

the portal tracts (light brown) with branches of portal vein (red), vascular septa (black lines), portal areas (dark 

brown), central areas (light brown), central venules (CV) (blue) and borders between inflow sources. Branching 

of portal venules and vascular septa form a continuum in which blood is distributed over the surface of the 

modules and from which the sinusoids originate (black lines). Module Ia: enzyme activity was highest in 

endothelial cells at the beginning of “portal” sinusoids (red arrows), and activity decreased towards the central 

venule and again higher at the end of the sinusoid. Module IIb:  From portal vessels, blood flows towards the 

centre and along vascular septa (red and blue arrows). Module IIIb: Activity was lowest where “septal” sinusoids 

originate (blue arrows). 
[32] 
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Other hepatic units 

Over the years, several other liver unit concepts, based on the hepatic structural 

organisation have been proposed. Bloch 
[38]

 conceptualized the smallest unit ever to be 

proposed, namely the single-sinusoid model and this was refined by McCuskey 
[56]

. The 

single-sinusoid model comprises, as its name reveals, one single sinusoid with its 

perisinusoidal space and surrounding hepatocytes. However, to make this microvascular 

liver unit conceptually valid, it would require the same amount of portal and arterial 

twigs and biliary tributaries as the number of sinusoids. This is a context that is 

unproven and very unlikely 
[8]

. The metabolic lobule (Lamers et al. 
[57]

) is based on 

gradients in enzyme-histochemical patterns and the modified zonal microcirculatory 

unit (Quirstoff & Romert 
[58]

) is another proposed concept 
[8]

.  

Ultimately, a final view on the hepatic functional units, based on a combination of 

different views, is worth mentioning. While various studies already showed that a 

“classic lobule” would be surrounded by 4 to 6 portal tracts, such a lobule has always 

been represented as hexagonal. A recent study in porcine livers postulates that the 

lobule of Kiernan, would in fact rather consist of a predominantly pentagonal pattern, 

with five portal tracts in the periphery (fig. 3.10) 
[33, 34]

. Portal vein branches in the 

portal tracts would represent the “second step” branches of the “parenchymal portion” 

and their further ramification (“third step”) would correspond to the terminal portal 

venules, according to Matsumoto & Kawakami 
[55]

. The vascular septum represents the 

periphery of the liver lobule and also, the periphery of its composing choleohepatons. 

The terminal portal venules arising from two abutting portal tracts meet each other in 

the middle of the interportal distance, also called the midseptal region. This region 

represents the extreme microcirculatory periphery of the portal vein, which has the 

lowest perfusion pressure and oxygen content and lowest number of inlet venules into 

sinusoids 
[34]

. 

 

 

 

 

 

 

 

 



 

28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.10. Schematic representation of a pentagonal liver lobule, with its microcirculatory subunits (HMS), 

which equally represents the corresponding choleohepatons. 
[34]

 

 

3.1.5 Hepatic development and ageing 

During postnatal development and aging, the anatomy and morphology of the hepatic 

microvascular bed undergoes distinct changes 
[4]

. Furthermore, the liver has a 

remarkable capacity to regulate its growth and size, as demonstrated by the restoration 

of liver mass that occurs following partial hepatectomy in animals and humans 
[8]

. 

Growth of the liver would seem to follow the traditional view of its structure, namely by 

division and growth of the “classic lobule”. Growth involves increasing the number and 

size of hepatocytes, partially counter-balanced by a reduction in the diameter of 

sinusoids. New lobules are formed by the division of existing lobules (fig. 3.11). The 

original hepatic venule divides, sending out a side branch. This represents an 

enlargement of the original sinusoids, as a preferred route under the moulding influence 

of increased blood flow, and is not a new outgrowth 
[8]

. The number of lobules in the 

neonatal infant liver has been estimated at about 50 000 
[34]

. 
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Fig. 3.11. a. On the left a schematic representation of a pentagonal liver lobule, and on the right its 

division in two lobules illustrating growth, for simplicity reasons in only vertical direction of the same 

lobule. b. Three-dimensional representation of data from fig 3.11.a. 
[34] 
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However, due to a lack of a clear delineation of the units in human liver, there is very 

few published literature on the development of new liver units during physiologic 

development in human 
[34]

. Reduced oxygen tension in the sinusoids induces Vascular 

Endothelial Growth Factor (VEGF) in hypoxic regions. This may give rise to gradual 

development of new “second step” portal vein branches along midseptal regions of the 

vascular septa by transformation of particular sinusoids into portal venules. This, in 

turn, initiates the development of new portal tracts, whereas these further stimulate the 

formation of new vascular septa, resulting in division of the original lobule in two parts 

[34]
. This would ensure adequate vascularisation and biliary drainage of new 

choleohepatons during enlargement of existing lobules and are the base of ongoing 

lobulogenesis during liver growth 
[34]

. In contrast, aging of the liver is associated with 

reduction in its mass as well as a 30-40% reduction in blood flow 
[60, 61]

. The reasons for 

this age-related reduction of hepatic blood flow remains unknown, but this would be the 

major effect of aging on the liver circulation. In addition, there are few significant 

structural or biochemical changes in the aging liver 
[60, 62]

. However, recent studies in 

rats showed significant age-associated reduction in fenestration of sinusoidal endothelial 

cells SEC, increased expression of von Willebrand’s factor (vWF), which is a blood 

glycoprotein involved in hemostasis, and increased deposition of extracellular matrix, 

basal lamina and connective tissue in the space of Disse, leading to early sinusoidal 

capillarization, also called “pseudocapillarization” 
[60, 63]

. 

 

3.2 Micro- CT imaging and image processing 

Micro-CT scanning of the liver cast sample resulted in data for image processing and 

two- and three-dimensional images of microcirculatory structures (fig. 3.12). Data 

acquired from the micro-CT imaging made two- and three-dimensional image 

processing of these structures possible, which allowed investigation of the hepatic 

microcirculation and potentially its functional units. Once the dataset was loaded in 

Mimics, it was possible to scroll up and down the liver cast sample along three 

orthogonal axes: x, y and z. This allowed recognizing branches of portal and arterial 

tree, hepatic venule branches, and potential lobular formations. In addition, a three-

dimensional view of the complete sample was calculated, as illustrated in figure 3.13. 
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Fig. 3.12. These images were made by the “Centre for X-ray Tomography" of the Ghent University 

(UCGT), immediately after micro-CT scanning of the liver cast sample. It represents the 

microcirculatory structures used in this experimental study. The images show a vast network of small 

anastomosing sinusoids surrounding larger (inlet/outlet) venules and/or arterioles. The larger vessel on 

the bottom of the images, is the only vessel that was cut to separate this liver cast sample from the rest 

of the liver cast. As a result, we may assume that this microcirculatory structure, in terms of 

vascularisation, is a “self-sufficient” whole, which may contain a number of portal tracts, hepatic 

venules, sinusoids, and the strongly debated functional units. 
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Fig 3.13. Three-dimensional representation of the complete liver cast sample (A: frontal view, B: right side 

view). Figure shows entrance vessels of the portal vein (PV) and the hepatic artery (HA) (top), PV and HA 

branching (A: left, B: right). A vast network of sinusoids surrounds these vessels without showing an organised 

pattern. In addition, the figure shows a large “vessel-like” structure (Tw) (A: bottom, B: bottom left): this is, in 

fact, the place where the sample was held with tweezers for micro-CT scanning, and thus, it is not part of the 

structure that was analysed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14. Three-dimensional representation of branching pattern of portal tracts (PV and HA: red vessels) (A: 

frontal view, B: left side view). It was not straightforward to separate these two vessels. Also, several hepatic 

venules were found, three of which shown in this figure (HV: blue vessels). 
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The next step in the image processing made it possible to isolate larger vessels from 

the sinusoids, which allowed differentiation of PV, HA, and HV vessels. Also, an 

attempt was made to separate PV and HA, but failed due to countless “pixel-

connections” between PV and HA branches. The result, as shown in figure 3.14, was a 

portal and hepatic branching pattern that would represent portal tracts. Moreover, 

several hepatic venules were found in the liver cast sample. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.15. Three-dimensional representation of “lobular” organisation in the hepatic microcirculation (A,C: 

frontal view, B,D: right side view; C,D: cross-section of the lobules). In figures A and B: portal vein (PV), 

hepatic artery (HA), a sinusoidal network and three hepatic veins (HV) and their lobular organisation. In the 

cross-section (C), three lobules are shown (1, 2, 3) surrounding a hepatic venule (HV) and surrounded by several 

portal tracts (PT).  
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Ultimately, by manual segmenting the liver lobules based on the sinusoidal network 

around a central vein (e.g. fig 3.16) and the periphery of this network, which contained 

several portal tracts, it was possible to obtain several segregated lobules, which may 

represent “classic lobules” of Kiernan 
[40]

, “secondary lobules” of Matsumoto 
[48]

 et al., 

or “secondary modules” of Teutsch 
[32]

. In this way, the lobules are, as represented in 

figure 3.15, the sinusoids surrounding a hepatic venule, and are surrounded by portal 

tracts. These lobules have a diameter of approximately 0.8 to 1.6 mm, which correlates 

with measurements in literature 
[37]

. In addition, a cross-section of these lobules was 

made. This resulted in three adjacent lobules surrounded by several portal tracts. In the 

approximate centre of such a lobule, a hepatic venule (branch) can be observed (fig. 

3.16). 

 

 

 

 

 

 

 

 

 

 

 

                                              1                         

                                              
 

 

 

 

 

 

 

 

 

Fig. 3.16. Representation of a two-dimensional micro-CT cross-section of the liver sample. The red 

vessels represent portal tracts including portal veins and hepatic arteries. The conducting portion of these 

vessels (PV/HA) lies in the centre of the image. Segmentation of a single lobule (purple-grey) was based 

on the central position of the hepatic venule (or central vein) (HV), peripheral portal tracts (PT) and the 

boundaries of the sinusoids.Two portal tracts (PT) could be distinguished at the borders of this the 

segmented lobule (purple-grey) in this cross-section.  
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4. DISCUSSION 

 

4.1 Literature 

4.1.1 Considerations on portal venular and arteriolar system 

Multiple studies investigated the portal venous system of the liver and the knowledge of 

this vascular system is quite accurate. It consists of a conducting portion, which sends 

numerous branches to the farthest corners of the liver and accommodates to the organs 

shape, and a distributing portion following a precise branching pattern in three steps. In 

contrast, the number of studies on the hepatic arterial system is very modest, and 

observations are complicated by anatomical variations in species. One study in rats and 

human, observed an “intralobular arteriole”, which anastomosed with the sinusoidal 

network, midway between the portal tract and the hepatic venule 
[64]

. Such an arteriole 

would act as an oxygen “booster” for the low-oxygenated pericentral third of the lobule 

[37, 64]
. However, the presence of such an arteriole has not yet been confirmed by other 

publications on the subject. In addition, Ekataksin and Wake 
[52]

, do not believe that the 

arteriolar blood supply is directed towards the parenchyma. The hepatic arteriole would, 

in their opinion, secondarily drain into portal venules, sinusoids, or even sublobular 

veins, only after supplying the portal tract stroma, which consists of the peribiliary 

plexus and the vasa vasorum of the portal tract. However, a lack of studies confirming 

these findings, make the full understanding of these relationships in the physiologic 

function of the liver difficult. 

 

4.1.2 Considerations on hepatic venous system 

The lack of elaborate studies concerning the hepatic venous system complicates the 

knowledge of the pattern of hepatic venous branching in lobular architecture. The 

reconstructions of the hepatic angioarchitecture by Matsumoto et al. 
[48] 

described a 

branching order comparable with the portal venous system up to the first step of  the 

distributing portion. However, second-step branches, as seen in portal vein branching, 

were not observed. This results in one central vein surrounded by 4 to 6 portal tracts. In 

contrast, a three-dimensional study of the modular microarchitecture by Teutsch 
[32]

, 

mentions a secondary module, composed of 14 primary modules, each of which are 

drained by one subhepatic venule. These are not identified in two-dimensional studies.   
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4.1.3 Considerations on hepatic microvascular functional units 

The classic lobule of Kiernan with its hexagonal representation has been accepted as 

functional unitary concept in the liver for more than 150 years. Yet, its unit organisation 

with a hepatic vein at the centre cannot be regarded as the smallest functional unit, but 

rather a combination of multiple smaller units. In this way, it is not really a “primary” 

unit 
[8, 37]

. In addition, the concept of the classic lobule is not able to explain lateral or 

portal-portal gradients between neighbouring portal tracts, which have been observed in 

rats and humans 
[37]

. 

The functional significance of the portal lobule is limited because it is based on bile 

drainage. Therefore, this concept is not further discussed.  

The model of the liver acinus, with the terminal portal venule as its axis, was of great 

interest for pathologists in interpreting irregularities in structure and function of the liver 

and explained important aspects in histopathology. This acinus concept focused on the 

terminal portal venules and on the zonal aspect of heterogeneity of liver parenchyma. 

However, more recent studies criticized this subdivision in three zones. Zone 1 (fig. 3.5) 

would be concave rather than convex and would in this manner correspond to the sickle 

zone in the concept of the primary lobule of Matsumoto 
[48]

. In addition, studies in rat 

livers reported that the septal branches, which represent the axis of the acinus, are not 

running from one portal tract to another 
[65]

. Instead, two septal branches of 

neighbouring portal tracts grow towards each other and meet in the midseptal region 

and thus, the liver acinus unit may not be applied on rat livers.  

Another problem in the idea of having the blood supply as a central axis of a lobule, is 

how blood would drain into a small number of hepatic venules from a large number of 

sinusoids. This would require a sinusoidal course that is conflicting with observations in 

tissue sections, and would hinder the meticulous organised sinusoidal blood flow 
[65]

. 

The primary lobule has recently gained acceptance in the perception of the lobular 

organisation of the hepatic microarchitecture. As previously mentioned, the liver acinus 

concept is not compatible with various other proposed units, which includes the model 

of the primary lobule, and basic differences are shown in various observations. An 

important difference is that the liver acinus has a linear inflow-source with radial 

symmetry, while the primary lobule concept has an inflow-front. Also, the septal 

branches of the primary lobule meet each other midway between neighbouring portal 

tracts, in the midseptal region, whereas the terminal portal venules of the acinus run the 
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entire distance between two portal tracts. Furthermore, the acinar zone 1 differs from 

the sickle-zone of the primary lobule. This sickle-zone pattern has been substantiated by 

Lamers 
[57]

, and Teutsch 
[32]

. However, the primary lobule concept would, structurally 

speaking, not be a single element because it involves one portal tract and several portal 

vein branches. This opinion lead to a smaller unit called the hepatic microcirculatory 

unit. 

The concepts of the hepatic microcirculatory subunit and the choleohepaton received 

more and more attention in the last two decades. The choleohepaton would, at the 

present time, be the best candidate for the smallest structural and functional liver unit. It 

is important to know that the choleohepaton, the primary lobule and the classic lobule 

are compatible with each other and are respectively components of a larger whole.  

The module of Teutsch as well is a strong candidate because it explains the irregularity 

in size and shape of liver units. It is comparable with the primary lobule of Matsumoto 

and confirmed several findings of the primary lobule. The difference between both 

concepts lies in the conceptual view of a primary and secondary unit. The secondary 

module would also be supplied by four to six portal tracts, but the number of primary 

units would be larger than the amount described in the primary lobule. Furthermore, this 

concept is compatible with the choleohepaton and the classic lobule.  

As the hepatic microcirculation and its perfusion is often analysed in idealized two-

dimensional functional models, it is essential to perform more elaborate three-

dimensional research in order to validate previous findings, but more importantly, to 

create a three-dimensional view of the hepatic microcirculation. Such studies have been 

performed by Teutsch 
[32]

 based on the distribution of alkaline phosphatise activity, and 

few others, such as Debbaut et al. 
[44]

. Their study was based on three-dimensional 

reconstructions and computational fluid dynamic analysis and showed that the 

permeability in the longitudinal direction of a lobule is about two times higher, 

compared with the radial and tangential permeabilities, which were approximately equal 

[44]
. Thus, this study postulates that the permeability of the microcirculation is higher 

along the central vein direction and that the blood flow does not preferentially has a 

solely radial course, as is often represented in two-dimensional models (fig. 4.1). In a 

three-dimensional view, this results in a cone-shaped blood perfusion through sinusoids, 

with portal inlet venules at the periphery and a central venule in the centre (fig. 4.1). 
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Fig. 4.1. Left: schematic representation of radial blood flow (grey arrows) from portal 

area towards central vein, often represented in classic two-dimensional models.  

Right: schematic representation of blood flow (grey arrow) from the same portal area 

to central vein, as postulated by Debbaut et al. 
[44]

 

 

4.2 Two- and three-dimensional micro-CT imaging 

The purpose of this section is to compare the findings in literature with the observations 

in two- and three-dimensional views based on micro-CT scanning of a small liver 

sample.  

 

4.2.1 Two-dimensional observations 

At first sight, the liver sample showed a complex and irregular network, which had 

basically the same histological appearance in every cross-section. However, it was not 

difficult to already distinguish a conducting portion of the portal vein, a number of 

portal tracts, the sinusoidal network and potential candidates for hepatic veins, based on 

luminal size and position of the different vessels. In addition, small radioactive particles 

originating from the barium sulphate were found in the hepatic arteries of the 

conducting portion and portal tracts but also in very small vessels at the sinusoidal 

peripheries, and one could put forward the hypothesis if these particles are present in the 

arterio-sinusoidal branches or hepatic arterioles along vascular septa. When making a 

more thorough analysis of the liver sample, it was possible to recognize different 

lobules according to the classical two-dimensional model of Kiernan, as shown in figure 

4.2.  
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Fig. 4.2. Two-dimensional micro-CT cross-section of the liver sample. This figure shows two classic 

lobules (yellow and pink), each of which containing a central hepatic venule (HV) that is surrounded by a 

sinusoidal network and two portal tracts (PT) per lobule. Also, in the centre of the figure, the conducting 

portion of the portal vein and hepatic artery can be noticed (PV/HA). At the periphery of the sinusoids, 

various radio-active particles originating from the barium sulphate in the hepatic artery (B), were seen.   

 

Each of these lobules contains a central vein surrounded by sinusoids and recognizable 

portal tracts, which includes a clearly distinguishable portal vein and hepatic artery that 

contains barium sulphate particles. In addition, barium sulphate particles can be 

observed at the sinusoidal periphery of such a lobule, without the presence of a portal 

tract. This observation may represent arterio-sinusoidal branching or arterioles running 

along vascular septa or the biliary plexus. In two-dimensional cross-sections, a number 

of portal tracts were noticed around a classic lobule, but this number almost never 

seemed to reach the amount of six different portal tracts. In figure 4.2, two portal tracts 

per lobule can be observed, notwithstanding the fact that more portal tracts could have 

been present though they might not have been integrated in the liver sample when it was 

detached from the liver cast. 
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Another observation, concerning the (central) hepatic veins is worth pointing out and is 

illustrated in figure 3.16 and 4.3. After isolating one classic lobule, one central vein 

(HV1) could clearly be identified. However, when scrolling down the cross-sections of 

the lobule, two different hepatic veins (HV) can be noticed, which originate from HV1. 

In this manner, the classic lobule of Kiernan containing only one hepatic vein (fig. 

3.16), then becomes a lobule with two hepatic veins (fig. 4.3). This may be explained by 

liver growth and the division of one lobule into two or three different lobules (section 

3.1.5 hepatic development and ageing, fig 3.11). Yet, newly formed portal tracts are 

missing along the sinusoidal periphery. This phenomenon was observed along three 

analyzed hepatic veins. A further segregation of the “main lobular unit” into two or 

three smaller lobular units was not made due to the lack of newly formed portal tracts 

and clear sinusoidal boundaries. On the other hand, it should be taken into account that 

studies and published literature about the hepatic vein are somewhat vague and that 

there is strong need for a more elaborate analysis of these draining vessels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. Two-dimensional micro-CT cross-section of the liver sample, which was made a few cross-

sections further than, and parallel with, the cross-section in figure 3.16. The subdivision of the central 

vein in two hepatic vein branches (HV) can be noticed. This could be explained by liver growth leading to 

lobular subdivision. However, newly formed portal tracts, as explained in section 3.1.5, fig. 3.11, could 

not be observed.  
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4.2.2 Three-dimensional observations 

After manual segmentation of three different lobules in two-dimensional cross-sections, 

it was possible to calculate a three-dimensional representation of these lobules, each of 

which containing their constituents, including a (central) hepatic venule, a sinusoidal 

network and various portal tracts, as shown in figure 4.4.  

This three-dimensional calculation seems to confirm Matsumoto’s 
[48]

 findings that 

describe the “septal branches” meeting midway in the “midseptal region” between two 

neighbouring portal tracts.  

Furthermore, it rules out the liver acinus model, as described by Rappaport et al. 
[46,47]

, 

which postulates a terminal portal venule as axis of the functional unit, and running the 

entire distance between two abutting portal areas.  

Next to the irregularities in size and shape of the lobules, which are in concordance with 

Teutsch 
[32]

, it must be taken into account that each lobule consists of a hepatic vein 

making a further subdivision into subhepatic vein branches. These “subhepatic venules” 

run in the same “secondary module”, which is surrounded by four to six portal tracts. As 

a result, this secondary module is larger than the secondary lobule described by 

Matsumoto, and consists of more than 6 to 8 primary units. According to Teutsch, each 

primary unit would be drained by a subhepatic venule, which could also explain the 

further subdivision of the central hepatic vein in the two- and three-dimensional 

observations of this experimental section.  

When making a cross-section of the three-dimensional figure, the exact number of 

portal tracts per lobule could be counted. Ironically, as shown in figure 4.5, each lobule 

has a different number of portal tracts, which respectively were 5, 4 and 6 portal tracts 

in lobules (or secondary modules) 1, 2 and 3. This correlates with findings in literature 

[4, 8, 32, 34, 37, 48]
, but does not confirm one or another predominant amount of portal tracts. 

In addition, as seen in the cross-section in figure 4.5, the “secondary module” 1 clearly 

shows four subhepatic venules in which sinusoidal blood is drained, which would 

confirm Teutsch’s findings that each primary module would be drained by one 

subhepatic venule. It may as well be explained by liver growth, which postulates a 

subdivision of the central hepatic vein and enlargement of the sinusoidal network. 

Nevertheless, newly formed portal tracts and further subdivision into “classic lobules” 

with 4 to 6 portal tracts are not found in the two- and three-dimensional observations. 

Nevertheless it is important to know that one elucidation does not rule out the other. 
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Fig. 4.4. Three-dimensional representation of segregated lobules. The larger vessels represent the 

conducting portion of the portal vein (PV) and the hepatic artery (HA). Three (central) hepatic veins 

(HV) run through the sinusoidal network of the lobules. In addition, several portal tracts (PT) are found 

at the sinusoidal periphery, and between two neighbouring portal tracts, the longitudinal feed of the 

vascular septa (VS) can be noticed.  

 

 

 



 

43 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

Fig. 4.6. Three-dimensional cross-section of three “classic lobules” (or “secondary modules”) (1: grey, 2: 

yellow, 3: purple). Each secondary module consists of a (central) hepatic vein, which shows further 

subdivision in subhepatic venules (HV), its sinusoidal network and a number of portal tracts (PT). 

Module 1 shows four different subhepatic venules in this cross-section. Also, module 1, 2 and 3 

respectively have 5, 4 and 6 portal tracts supplying their sinusoidal network. 
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5. CONCLUSION 

 

It is unnecessary to mention that the complexity and irregularity of the hepatic 

microarchitecture, the resolution and contrast limitations in imaging techniques, the 

uncertainty of the extrapolation of findings in animals to humans, and the heavily 

debated search for a functional unit is making the true understanding of the liver, one of 

the most difficult assignments in hepatopathology. While several authors have been 

assembling their findings and formulated possible hypotheses, others have countered 

these hypotheses based on their research experience in the field. As a result, the hepatic 

microcirculation still holds many secrets waiting to be unravelled. Even so, further 

knowledge of more than a few aspects of the microarchitecture of the liver is necessary, 

in order to allow a better insight in normal liver function, various pathologic conditions, 

recent organ preservation techniques and liver surgery.  

While the portal venous system has received much attention in published literature, the 

reconstruction and the exact function of the hepatic arteriolar system is inaccurate. 

However, the need for more precise studies concerning the physiologic function and 

microanatomy of the hepatic artery is growing, as recent organ preservation techniques 

do not work properly in comparison with preservation techniques in the kidney. 

Moreover, knowledge about the interaction between portal venous and arterial blood 

supply remains insufficient. At the same time, the hepatic venous system needs a more 

thorough approach, when it comes to its branching pattern in a lobular or modular 

organisation.  

As the discussion about one or another hepatic functional unit continues, it would be 

essential to keep in mind that a two-dimensional model of a hepatic unit could never 

solve every condition required for a functional unit. Such a model is too basic for the 

complexity of the liver and is in fact, an elusive goal. There is strong need for 

meticulous three-dimensional research of the microcirculation in human livers, as was 

realized by e.g. Teutsch 
[32]

 and Debbaut et al. 
[44]

.  

When comparing the different models, proposed by various authors in published 

literature, to each other and to the three-dimensional findings in this experimental study, 

certain conclusions can be formulated. First, it is probable that the “classic lobule” 

model of Kiernan 
[40]

 will hold sway because it is a simple representation and the perfect 

introduction into the hepatic microcirculation. However, it is clear that the classic lobule 
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is not a “primary unit”, but rather a combination of multiple functional units. In 

addition, the model of the liver acinus appears to be in conflict with various findings in 

both literature and experimental observations. The primary lobule, as first described by 

Matsumoto et al. 
[48]

 is a strong candidate for a hepatic functional unit, as is the smaller 

hepatic microcirculatory unit or choleohepaton 
[37, 50, 51, 52]

. Nevertheless, these models 

are mostly embodied in an idealized two-dimensional representation, which does not 

explain the irregularity and variation in size and shape of the microcirculation. The 

module concept of Teutsch, on the other hand, shows a three-dimensional model of an 

irregular secondary module supplied by 4 to 6 portal tracts. In addition, this study 

introduces a higher number of primary units compared with the secondary lobule of 

Matsumoto, which contains 6 to 8 primary lobules. According to the findings of Teutsch 

[32]
, a secondary module would consist of 14 primary modules, each of which is drained 

by one subhepatic venule, that drains the sinusoidal blood into the hepatic vein. The 

three-dimensional calculation of the liver “lobules”, that was conducted in the 

experimental section of this study, shows very similar findings to the module concept of 

Teutsch. Yet, more elaborate three-dimensional studies are needed to truly confirm this 

complex combination of functional components and to improve interpretations of two-

dimensional models and cross-sections of normal and pathologically transformed liver 

tissue. Also, it could be of great importance in the development of new preservation and 

transplantation techniques for donor livers. 
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