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ABSTRACT2

Liver resection causes marked perfusion alterations in the liver remnant both on the organ scale3
(vascular anatomy) and on the microscale (sinusoidal blood flow on tissue level). These changes4
in perfusion affect hepatic functions via direct alterations in blood supply and drainage, followed5
by indirect changes of biomechanical tissue properties and cellular function.6

Changes in blood flow impose compression, tension and shear forces on the liver tissue. These7
forces are perceived by mechanosensors on parenchymal and non-parenchymal cells of the liver8
and regulate cell-cell and cell-matrix interactions as well as cellular signaling and metabolism.9
These interactions are key players in tissue growth and remodeling, a prerequisite to restore tissue10
function after partial hepatectomy. Their dysregulation is associated with metabolic impairment11
of the liver eventually leading to liver failure, a serious post-hepatectomy complication with high12
morbidity and mortality. Though certain links are known, the overall functional change after liver13
surgery is not understood due to complex feedback loops, non-linearities, spatial heterogeneities14
and different time-scales of events.15

Computational modeling is a unique approach to gain a better understanding of complex16
biomedical systems. This approach allows (i) integration of heterogeneous data and knowledge17
on multiple scales into a consistent view of how perfusion relates to hepatic function; (ii) testing18
and generating hypotheses based on predictive models, which must be validated experimentally19
and clinically. In the long term, computational modeling will (iii) support surgical planning by20
predicting surgery-induced perfusion perturbations and their functional (metabolic) consequences;21
and thereby (iv) allow minimizing surgical risks for the individual patient.22

Here, we review the alterations of hepatic perfusion, biomechanical properties and function23
associated with hepatectomy. Specifically, we provide an overview over the clinical problem,24
preoperative diagnostics, functional imaging approaches, experimental approaches in animal25
models, mechanoperception in the liver and impact on cellular metabolism, omics approaches26
with a focus on transcriptomics, data integration and uncertainty analysis, and computational27
modeling on multiple scales.28

Finally, we provide a perspective on how multi-scale computational models, which couple29
perfusion changes to hepatic function, could become part of clinical workflows to predict and30
optimize patient outcome after complex liver surgery.31

Keywords: liver surgery, perfusion, hepatic function, multi-scale modeling, regeneration32
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1 INTRODUCTION

Liver resection, i.e., removal of part of the liver, is the most important procedure in liver surgery. In Germany,33
more than 20,000 liver resections are performed annually (Filmann et al., 2019). Due to demographic34
changes, the incidence of primary and secondary liver tumors increases as patient’s age. In parallel, the risk35
of liver surgery increases due to age-associated preexisting liver disease and other comorbidities that affect36
blood flow to the liver, such as cardiovascular disease.37

Extended liver resection remains a high risk procedure, as potential postoperative hepatic dysfunction38
and eventual liver failure can lead to patient morbidity and even mortality. Removal of large parts of the39
liver not only poses a high regenerative challenge but also imposes a high metabolic load on the liver40
remnant (Ray et al., 2018). First, the loss of liver mass impairs the function of the remnant liver through41
portal hypertension (increase of pressure in the portal venous system) and hyperperfusion (increased42
perfusion). Both are unavoidable consequences of removing not only hepatic parenchyma but also the43
vascular bed. Second, extended liver resection compromises hepatic perfusion because of the mismatch44
between the two supplying portal veins and three draining hepatic veins. Transection of hepatic parenchyma45
inevitably leads to an impairment of either supply or drainage in the corresponding hepatic region. In46
addition, the surgical procedure itself carries functional risks (e.g. ischemia-reperfusion injury).47

Current preoperative diagnostics allows a detailed anatomical and functional assessment of the liver. As part48
of the clinical routine, the location of the tumor to be resected is visualized in the context of the patient’s49
vascular anatomy. In case of extended resection, hepatic hemodynamics, consisting of measurement of50
portal venous flow and pressure is assessed additionally. Furthermore, selected metabolic functions of the51
liver indicative of the overall function of the liver (e.g. LiMAx or indocyanine green (ICG) clearance) are52
usually quantified.53

However, current preoperative diagnostics have distinct limitations. Despite high-quality imaging, precise54
determination of hepatic hemodynamics and sophisticated functional assays, the spatial resolution of55
specific hepatic functions is still rather low. Although it is known that liver perfusion and function are56
closely related (Takahashi et al., 2014), it is currently not possible to quantify this relationship, neither for57
the whole liver nor for a defined liver lobe.58

Changes in blood flow affect transport to and from regions of the liver (macroscale), in turn changing59
gradients of oxygen and nutrients in the lobulus and sinusoid (micro-scale), and thus directly impacting60
metabolic functions. Furthermore, changes in blood flow impose traction, tension and shear forces on61
liver tissue. Metabolic consequences of those mechanical forces cannot yet be determined, because the62
molecular links between perfusion and function are unknown. Although perfusion changes are likely sensed63
via mechanosensors that transmit mechanical forces into the cell, the link to hepatic metabolism is largely64
elusive.65

The liver is the only parenchymal organ capable of near complete regeneration in response to tissue loss.66
Loss of liver mass by liver resection initiates liver regeneration and tissue remodeling, both necessary67
to restore tissue homeostasis and volume. Although the physiology and molecular mechanisms involved68
in liver regeneration have been studied for many years, prediction of the course and outcome of liver69
regeneration for individual patients is still not possible.70

The perfusion-associated mechanical forces are crucial for tissue regeneration and remodeling. Both,71
regeneration and remodeling, are ultimate prerequisites for restoring tissue homeostasis after partial72
hepatectomy. The molecular basis of functional changes after liver surgery is not well understood because73
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of complex feedback loops, non-linearities, spatial heterogeneities, and different time-scales of events. This74

complexity requires novel approaches to relate surgically induced alterations in liver perfusion to hepatic75

metabolic functions. A better understanding of perfusion-function relationships hence is needed to improve76

preoperative diagnostic and risk assessment. This would allow us to identify patients who bene�t most77

from surgery and those at increased risk for complications.78

Systems medicine using multi-scale computational modeling is a unique approach to gain a better79

understanding of complex biomedical systems, such as the perfusion-function relationship after80

hepatectomy.81

To improve patient-speci�c risk assessment in the context of liver surgery, computational modeling aims to82

(i) integrate heterogeneous data and knowledge at multiple scales about how perfusion connects to hepatic83

function, (ii) generate hypotheses based on integrated models (which need to be validated experimentally84

and related to clinical data), (iii) support surgical planning by predicting surgically induced perfusion85

perturbations and their functional (metabolic) consequences, and (iv) minimize surgical risk for the patient.86

In this review, we will delineate the relationships between alterations in hepatic perfusion and their87

consequences for hepatic functions in the context of liver surgery, using hepatectomy as an example. First,88

we provide an overview of the current knowledge and available tools in clinical and experimental settings.89

Second, we will discuss how computational models and systems medicine approaches can contribute to a90

better understanding of the complex perfusion-function interactions. We end with a perspective on how91

such a systems medicine approach based on multiscale predictive models can be incorporated into the92

clinical decision-making process.93

2 CLINICAL AND EXPERIMENTAL PART

2.1 Clinical problem94

The term liver resection does not refer to a single surgical procedure, but comprises a wide spectrum of95

procedures that differ in their respective surgical strategy and technique. Two key surgical strategies are96

currently in use: Conventional (single-stage) hepatectomies and, for critical extended liver resections,97

multiple two-stage procedures.98

Conventional liver resections involve the removal of one or more anatomically de�ned liver segments,99

de�ned as the hepatic territory supplied by the corresponding portal venous branch. Removal of liver100

segments requires transection of the hepatic parenchyma. Surgical techniques have been developed to101

minimize the tissue and vascular damage associated with transection in order to preserve the viability and102

perfusion of the adjacent liver tissue.103

Two-stage hepatectomy is performed when the volume and expected function of the future liver remnant is104

considered too small to maintain vital metabolic functions for the patient. In the �rst step, the portal vein105

branches of the tumor-bearing liver lobe are occluded. Occlusion causes atrophy of the corresponding liver106

lobe. To compensate for this reduction in functional liver tissue, the volume of the non-ligated liver lobule107

increases substantially. Once compensatory hypertrophy of the future remnant liver is deemed suf�cient to108

maintain the life-saving functions, the atrophied tumor bearing lobe is resected during the second step.109

However, frequently the liver does not regenerate suf�ciently because preexisting liver conditions such110

as steatosis, �brosis or cholestasis impair the course of regeneration. Furthermore, simple portal vein111

occlusion without parenchymal transection often leads to a compensatory �ow redistribution via existing112

porto-portal shunts, which reduces the ef�cacy of this strategy (Deal et al., 2018).113
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To prevent collateral formation, a novel procedure called associating liver partition and portal vein ligation114

for staged hepatectomy (ALPPS) has been developed (Schnitzbauer et al., 2012). Here, portal vein occlusion115

is combined with transection of the hepatic parenchyma in the �rst step, followed by removal of the already116

mobilized and transected portally deprived liver lobe in the second step. However, in two-stage hepatectomy,117

the patient must undergo two major operations within a short time period of 7 to 10 days. Therefore, the118

indication for this complex procedure is taken with even greater caution.119

2.2 Preoperative diagnostics120

Currently, there is no generally accepted standard for preoperative diagnostics prior to partial liver resection121

regarding liver anatomy, technical operability, liver volume and function.122

2.2.1 Liver anatomy, technical aspects and volume assessment123

The minimum requirements are de�ned in national guidelines. For Germany, the S3 guideline recommends124

ultrasound of the liver and multiphase contrast-enhanced computed tomography (CT) to assess technical125

operability and to evaluate the expected remnant liver volume and overall parenchymal quality. If there126

is doubt about the technical operability, more detailed imaging such as additional magnetic resonance127

imaging (MRI) with liver-speci�c contrast agent (Wang et al., 2021a; Geisel et al., 2017; Barth et al., 2016)128

is recommended. However, all contrast-enhanced techniques (CT, MRI and ultrasound (US)) represent129

volume-based procedures and are limited in their predictive power of postoperative organ function.130

2.2.2 Liver function assessment131

In daily clinical routine, most centers rely on standard laboratory parameters covering different aspects132

of hepatic function to assess overall liver function. Liver enzyme release is taken as an indicator of133

hepatocellular injury, bilirubin as a marker of excretory function, and serum cholinesterase (cHE), albumin134

and clotting factors as parameters of hepatic protein synthesis. However, this approach has some pitfalls.135

Although these parameters indicate the condition and main functions of the liver (injury, detoxi�cation,136

protein synthesis), none of them is considered a reliable marker to quantify either functional hepatic reserve137

or liver dysfunction in critically ill patients (Nista et al., 2004; Bonfrate et al., 2015). Furthermore, these138

parameters provide only a static snapshot of liver function.139

Currently, additional liver function tests are used in selected hepatobiliary centers prior to complex140

resections: global liver function assays such asICG-clearance and the LiMAx-Assay as well as spatially141

resolved imaging technologies such as scintigraphy with radiolabeled tracers (e.g. mebrofenin-scintigraphy)142

and contrast-enhancedMRI. All four provide more detailed insight into liver function (metabolism and/or143

excretion) by re�ecting the dynamic elimination of the test substance from the body.144

ICG based liver function testing such as Indocyanine green plasma disappearance rate (ICG-PDR) and145

ICG-R15 is an established clinical tool for the assessment of liver function and perfusion. It is the most146

commonly used dynamic liver function test performed at bedside. After intravenous injection,ICG is147

selectively taken up by hepatocytes and excreted into bile. The test is performed using transcutaneous148

pulse-densitometry, a non-invasive �ngertip method, and provides results within 6–8 min.ICG kinetics can149

be a reliable indicator in the context of liver surgery.ICG-clearance successfully predicted postoperative150

mortality in cirrhotic patients undergoing hepatic resection unlike other parameters (Hemming et al.,151

1992) and is a very good prognostic marker for liver failure after hepatectomy (Nonami et al., 1999).152

Preoperatively impairedICG results are signi�cantly associated with postoperative liver dysfunction and153

may predict poor outcome on postoperative day 1 (Haegele et al., 2016).154
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The LiMAx test is based on the indirect determination of cytochrome P450 (CYP) 1A2 activity in155

hepatocytes. After i.v. injection of13C-methacetin, theCYP1A2 system metabolizes the substance into156

paracetamol and13CO2. Using the spectral laser technique, the ratio of13CO2/12CO2 can be determined157

via a breath test. The kinetics of13CO2 appearance in the expired air thereby indicates the relative liver158

function (Rubin et al., 2017). The LiMAx test has been applied to predict postoperative outcome after159

hepatectomy (Stockmann et al., 2009). Post-hepatectomy liver failure and related mortality could be160

reduced after implementation of a preoperative LiMAx-based patient selection algorithm (Jara et al.,161

2015). Furthermore, LiMAx has been applied to follow restoration of functional capacity after partial162

liver resection (Bednarsch et al., 2016; Lock et al., 2012). The prediction of future liver remnant function163

via LiMAx highly correlated with future liver volume, and can thus be used to estimate postoperative164

morbidity (Blüthner et al., 2020).165

Scintigraphy-based imaging techniques exploit the speci�c properties of different tracers. Hepatobiliary166

mebrofenin scintigraphy (HBS) allows determination of the speci�c hepatic extraction fraction167

(HEF) (Gupta et al., 2018). For this purpose, technetium (99mTc) mebrofenin is applied intravenously168

before liver scintigraphy is performed. Mebrofenin is transported into hepatocytes via speci�c transporter169

proteins (OATP1B1 and OATP1B3) (Ghibellini et al., 2008) and excreted into the bile canaliculi by170

multidrug resistance protein 2 (MDRP2) (Hendrikse et al., 2004). In liver areas with highHEF, a stronger171

signal can be detected than in areas with lowHEF. The advantage of this method compared toICG and172

LiMAx is the spatial resolution, albeit very coarse. MebrofeninHBS has shown a strong correlation173

with 15 minICG clearance (Erdogan et al., 2004). MebrofeninHBS has been applied to evaluate liver174

function in hepatectomy (Dinant et al., 2007; de Graaf et al., 2010; Bennink et al., 2004) and showed a175

strong correlation between preoperative remnant liver function and the actual 1-day post-hepatectomy176

measurement (Bennink et al., 2004).177

Other functional tracer-based imaging technologies used to quantify liver function include single-photon178

emission-computed tomography (SPECT) and positron emission tomography (PET). SPECTis a nuclear179

imaging scan that integratesCT and a radioactive tracer such as sulfur colloid. Uptake of the tracer by the180

liver is an indicator of hepatic function.PETalso estimates liver function based on the uptake and clearance181

of different radioactive positron-emitting tracers (e.g., FDGal) (Keiding et al., 2018; Bak-Fredslund et al.,182

2017) and has been applied to predict postoperative liver function (Cho et al., 2017).183

MRI is a non-ionizing imaging technique routinely used to detect hepatic tumors (Liu et al., 2017). More184

detailed analysis of the time course of the liver-speci�c contrast agent Gd-EOB-DTPA also allows to assess185

liver function by imaging its spatially resolved uptake and excretion into the bile by the hepatocytes (Wang186

et al., 2021a). Dynamic Gd-EOB-DTPA imaging has been applied to evaluate preoperative remnant liver187

function and post-hepatectomy outcome (Wang et al., 2021b; Yoon et al., 2016; Araki et al., 2020; Kim188

et al., 2018; Chuang et al., 2018; Itoh et al., 2017; Asenbaum et al., 2018).189

2.3 Surrogate approaches to assess liver function190

2.3.1 Assessment of liver stiffness191

Liver diseases not only affect hepatic function, but also lead to morphological changes, which in turn192

alter the mechanical properties of the tissue. Most diseases lead to increased stiffness of the tissue, e.g.,193

liver �brosis results in enhanced stiffness due to an increased extracellular matrix (ECM) (Wells, 2005;194

Li et al., 2020b). Recently, hepatic elastography has gained attention, a medical imaging modality that195

relies on sound waves or forced tissue vibrations to measure tissue elastic properties and stiffness. It can be196
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performed in combination withUS or MRI. Correlations exist between liver elasticity and liver functional197

reserve, as demonstrated with ICG (Sugiura et al., 2019) or LiMAx (Heucke et al., 2019).198

Clinically, a variety ofUSelastography methods have been developed. Shear wave elastography (SWE)199

and acoustic radiation force impulse (ARFI) are the dominant methods in clinics today, offering integration200

with other advanced US imaging modalities (Ferraioli, 2019).201

Alternatively, by using an external vibration generator, elastography can be performed withMRI. Current202

literature generally attributes higher diagnostic performance and fewer technical failures toMRI compared203

to US methods (Yin and Venkatesh, 2018). Magnetic resonance (MR) elastography also has great potential204

to further develop new multiparametric methods to distinguish processes like in�ammation, �brosis, venous205

congestion and portal hypertension (Frydrychowicz et al., 2017; Leung et al., 2018; Palaniyappan et al.,206

2016; Rold́an-Alzate et al., 2015; Yin et al., 2017). In the evaluation of non-alcoholic fatty liver disease207

(NAFLD), MRI has the added advantage of providing an independent method for fat quanti�cation (Zhang208

et al., 2018).MR elastography has successfully been used to predict outcome after hepatectomy (Sato et al.,209

2018; Lee et al., 2017) and regeneration capacity (Jang et al., 2017).210

2.3.2 Quanti�cation of intrahepatic fat211

A clinically frequently observed pathological liver condition that affects liver perfusion, function, and212

recovery is hepatic steatosis. Hepatic steatosis as assessed by routine preoperativeMRI has been shown to213

be an independent risk factor of severe postoperative complications after major liver resection (d'Assignies214

et al., 2016).215

While US, CT andMRI can be used to assess hepatic steatosis in vivo, proton-density fat fraction (PDFF)216

determination withMRI is currently the most accurate imaging modality for quanti�cation (Zhang et al.,217

2018; Troelstra et al., 2021).218

2.3.3 Assessment of hemodynamics and perfusion219

Preoperative assessment of hemodynamics and perfusion relies mainly on noninvasive technologies,220

whereas intraoperative assessment is also performed with direct invasive techniques. The two main221

noninvasive technologies,US andMRI, can quantify blood �ow in the major supplying and draining222

vessels of the liver (Yzet et al., 2010; Chouhan et al., 2017). DopplerUS typically provides localized,223

dynamic �ow measurements.224

Similar to water-fat quanti�cation, the evaluation and quanti�cation of tissue perfusion withMRI has a225

long history (Rinck et al., 1984; Rosen et al., 1990). Perfusion is de�ned here as blood delivery at the226

capillary level. Over the years, two main perfusionMRI approaches have been developed. The �rst uses an227

exogenous contrast agent (Jahng et al., 2014) and includes dynamic susceptibility contrast MRI (DSC-MRI)228

and dynamic contrast-enhanced MRI (DCE-MRI) (Leporq et al., 2018; Weiss et al., 2019).DCE-MRI229

techniques allows quantitative characterization of parenchymal and (lesion) microcirculatory changes (Thng230

et al., 2010) and investigation of liver damage (Byk et al., 2016; Lu et al., 2017). The second group refers231

to arterial spin-labeling (ASL) (Williams et al., 1992), which uses magnetically labeled blood itself as an232

endogenous tracer and measures its tissue accumulation (Johnson et al., 2016), and, by applying different,233

carefully placed labeling planes, arterial and portal perfusion can be assessed separately (Martirosian et al.,234

2019).235

Invasive assessment of hepatic hemodynamics involves direct measurement of portal and hepatic arterial236

�ow rates using theUS Doppler technology. Determination of portal pressure requires placement of237
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a pressure sensor in the vessel of interest. Another valuable parameter is the hepatic vein pressure238

gradient (HVPG) usually measured by inserting a balloon catheter into a branch of the hepatic vein via the239

jugular vein.HVPGhas been applied in the context of hepatectomy showing an association of outcome with240

preoperativeHVPGand a cutoff ofHVPG< 10 mmHg was proposed (Boleslawski et al., 2012; Cucchetti241

et al., 2016). While progress has been made in noninvasive assessment of portal hypertension (Gouya et al.,242

2016) it remains a clinical challenge (Wan et al., 2021).243

2.3.4 Assessment of tissue density by DWI244

Diffusion weighted imaging (DWI) is anMRI technique, which is sensitive to the mobility of water245

molecules in tissue and therefore can provide insight into local tissue changes. Sheng et al. demonstrated that246

DWI can detect and distinguish microstructural tissue changes duringALPPSand portal vein ligation (PVL)247

procedures (Sheng et al., 2018).DWI has been applied to assess hepatic ischemia and reperfusion injury (Lu248

et al., 2017) and to predict survival after partial hepatectomy (Muhi et al., 2013).249

In summary, the selection of a particular procedure for an individual patient is based on the results of the250

extensive preoperative assessment. The diagnostic strategy in preoperative assessment is tailored to the251

needs of the patient and follows the standards of the individual center. However, current approaches are252

limited since they do not allow for detailed spatially resolved assessment of liver function.253

2.4 Experimental approaches in animal models254

2.4.1 Historical overview255

A main limitation for clinical research is the availability of tissue-based data. Human liver tissues can be256

obtained during surgical procedures und by liver biopsy. For ethical reasons, patients cannot be subjected257

to repeated liver biopsies pre- and postoperatively. Therefore, animal experiments are important to better258

understand the pathophysiological mechanisms and processes governing liver surgery and liver regeneration259

(see Figure 1).260

Experimental liver resection in small animals was �rst performed by Higgins (1931). Originally, 70%261

of the liver mass was removed after mass ligation of the wide stump of the median and left lateral262

lobe of the rodent liver, resulting in impaired hepatic out�ow and congestion of the remnant liver. With263

re�nement of the surgical techniques (see Table 1), the parenchyma-preserving vessel-oriented technique264

was established (Madrahimov et al., 2006). Avoidance of congestion and necrosis of the stumps allowed265

survival of the rats even after extended 90% resection, which is lethal when using the mass ligation266

technique. In contrast, additional ligation of portal vessel reduces the functional remnant liver mass and267

prevents survival after 90% PHx.268

A bit earlier, in 1920, the �rst experimentalPVL was performed in rabbits by Rous and Larimore (1920).269

Comparative studies revealed that the time course of liver regeneration after partial resection orPVL270

followed different kinetics. After simple hepatectomy, hepatocyte proliferation peaks on day 1 in rats and271

on day 2 in mice (see Table 1) and declines rapidly thereafter. Within a week, the original liver mass is272

restored.273

In both models, the regenerating liver lobes are hyperperfused. However, in case ofPVL, the regenerative274

need is initially much lower. Resection causes an immediate loss of function because a substantial amount275

of liver tissue is removed. In contrast,PVL only compromises function, as the portally deprived lobe is still276

perfused with arterial blood and thus can contribute to the overall liver function. Therefore, hepatocyte277

proliferation afterPVL in rats peaks later, on postoperative day 2, but lasts for several days Garc�́a-Ṕerez278
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Figure 1. Surgical procedures. A: Open situs with liver (encircled in orange). B: 70% portal vein ligation.
Note the slightly darker color of the ligated median and left lateral lobe (encircled in grey) compared
to the fresh color of the right and upper caudate lobe (encircled in orange) C: 70% partial hepatectomy.
Note the stump (encircled in white) above the right lobes (encircled in orange). D: Combined 20% partial
hepatectomy with 70% portal vein ligation: Note the dark color of the portally ligated median and left
lateral lobe (encircled in grey), the fresh red color of the upper caudate lobe (encircled in orange) and the
stumps from the right lobes (encircled in white). LLL left lateral lobe, ML median lobe, RL right lobe, Cl
upper caudate lobe, RK right kidney, (LLL), (ML), (RL) stumps of the respective lobe.

et al. (2015); Rozga et al. (1986). Along with the development of hepatic atrophy, the regenerative need279

increases, leading to a reduced but prolonged regenerative response (see Table 2).280

Several combined procedures were introduced to better understand regulation of liver regeneration.281

Sequential procedures include repeated hepatectomy and 2-stagePVL to elucidate the proliferative capacity282

of the regenerating liver (Saito et al., 2006; Sugimoto et al., 2009). The impact of obstructive jaundice on283

liver regeneration was studied by �rst performing bile duct ligation one week prior to liver resection (li284

2014). Different models of 2-stage hepatectomy (e.g. 70%PVL with (ALPPS) or without transection of the285

median lobe followed by partial hepatectomy (PHx) of atrophied liver lobes) were developed to better assess286

the impact of preventing collateral formation (Garc�́a-Ṕerez et al., 2015; Wei et al., 2020). Here actually,287

the development of animal model only happened after introducing the procedure into clinic (Schnitzbauer288

et al., 2012).289

However, liver resections and portal occlusions were also combined with other interventions to better290

understand factors affecting hepatocyte proliferation and liver regeneration. This includes interventions291

affecting hepatic perfusion such as right median hepatic vein ligation (Dirsch et al., 2008a; Huang et al.,292

2014). For better understanding the impact of additional damage of the portally ligated lobe, bile duct293

ligation was performed resulting in increased regeneration of the future remnant liver (FLR). A similar294

effect on regeneration of theFLR was observed when inducing congestion of the portally ligated lobe295

by performing an additional ligation of left lateral hepatic vein together withPVL. Combination of an296

additional resection withPVL induced hepatocyte proliferation in the portally deprived liver lobe (Wei et al.,297
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2020). In conclusion, the wide spectrum of surgical models, which emerged over the years, is very useful298

to investigate the different facets of liver regeneration and the underlying complex pathophysiological299

mechanism, see Table 2.300

2.5 Regulatory molecular networks in regeneration301

In the past, animal models of liver resection were mainly used to study the molecular mechanism underlying302

the course of liver regeneration (see Table 3). Many experimental studies focused on the exploration of303

single molecular pathways governing central processes such as proliferation, in�ammation, angiogenesis304

(“vessel formation process”), and recently also autophagy (cell survival process) involved in regeneration by305

classical interventional studies. Speci�c blocking and re-introducing of selected molecules was performed306

to elucidate the relevance of the selected molecules for liver regeneration.307

2.6 Interaction between regeneration and metabolism308

Metabolic pathways regulating energy homeostasis are of key importance for regeneration. Their role was309

investigated performing liver resection predominantly in knockout models, see Table 4. As an example,310

lack of sirtuin and PPARb reduced energy metabolism and inhibited regeneration (Liu et al., 2013,311

2019). In contrast, lack of PTEN and aldolase reductase increased energy metabolism and induced liver312

regeneration (Kachaylo et al., 2017; Li et al., 2020a).313

2.7 Hepatic hemodynamics and microcirculation314

Few studies were dedicated to exploring hepatic hemodynamics and microcirculation in small animals315

subjected to different hepatobiliary procedures, as shown in Table 5. They are mainly of descriptive316

nature. This might be partially due to the technical dif�culty in assessing hepatic hemodynamics and317

microcirculation in small animal models. Assessment of hepatic hemodynamics can be performed in318

rats using standard equipment (�uid �lled catheter and ultrasound �ow probes). The same procedure319

is also feasible in mice (Xie et al., 2016), but more challenging due to the small size. Both, portal320

pressure and portal venous blood �ow per liver weight in small animals are comparable to humans.321

Resection respectively portal vein occlusion induce portal hypertension, hepatic hyperperfusion and in322

humans also focal out�ow obstruction. Some experimental studies focused on describing and modulating323

resection-induced impairment of hepatic hemodynamics. Fewer studies aim for interfering by surgical or324

pharmacological interventions (e.g splenectomy, drug treatment). Good examples are the reports from325

Huang (2014) and Arlt (2017) who both used a rat model of 70%PHxcombined with right median hepatic326

vein ligation. This combined procedure mimicks resection- associated focal out�ow obstruction due to327

transection of hepatic veins. The group around Dahmen explored the impact of several interventions (e.g.328

application of vasoactive drugs like Molsidomine, L-NAME) on the formation of sinusoidal vascular canals329

during the spontaneous recovery process from focal out�ow obstruction (Arlt et al., 2017).330

For assessment of hepatic microcirculation two different technologies are commonly used: intravital331

microscopy using �uorescent labeled dyes and dark �eld microscopy. Intravital microscopy is frequently332

performed in animal experiments. It allows the assessment of �uidic �ow based on the injection of333

�uorescent albumin, but also intravascular labeled blood cells labeled as well as the migration of blood334

derived cells into the hepatic parenchyma. However, due to required injection of �uorescently labeled335

molecules or cells, it is not applied clinically. Dark �eld microscopy does also allow the quanti�cation of336

blood �ow velocity (Dahmen et al., 2007) and has occasionally been applied in clinical studies (Puhl et al.,337

2003).338
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In summary, a multitude of experimental approaches was developed to investigate regulatory processes339

in liver regeneration after partial hepatectomy. However, few studies were designed for a comprehensive340

evaluation of the interplay between physical challenges, perfusion changes, their recognition by341

mechanoperception and the impact on regeneration and metabolism.342

2.8 Mechanoperception in the liver and impact on cellular metabolism343

2.8.1 Hemodynamic changes after partial hepatectomy may trigger liver regeneration344

Liver regeneration to restore tissue loss after surgical removal or toxic insult, is achieved by the proliferation345

of both parenchymal and non-parenchymal cells of the liver. In case of loss due toPHx, proliferation of346

hepatic cells is distributed all over the parenchyma and the factors initiating and perpetuating liver cell347

proliferation during regeneration have been described (Michalopoulos, 2017). However, the primary trigger348

sensing the parenchymal loss remains largely elusive.349

Hepatectomy markedly changes blood �ow in the remnant liver featuring, e.g., portal hypertension and350

arterial hypoperfusion. Experimental evidence suggested that �ow changes may regulate regeneration. As351

an example, in pigs, the increase in total hepatic �ow after partial hepatectomy preceded the increase in liver352

regeneration. Changes in hepatic �ow correlated with the degree of liver mass loss resulting in a 2-3-fold353

increase in hepatic perfusion and a 10-30% increase in portal pressure, thus suggesting a quantitative354

relationship (Kahn et al., 1984; Dahmen et al., 2007).355

The surgery-induced increase in portal �ow seems to be crucial for regeneration. Liver regeneration356

was hampered in dogs when a portocaval shunt, reducing portal blood �ow, was added to hepatectomy357

(Mann et al., 1931). Patients with poor clinical outcome displayed a signi�cant decrease of portal �ow358

during extensive hepatectomy suggesting that an adequate rise in portal �ow is essential for hepatic359

regeneration (Kawasaki et al., 1991). Similarly, post-hepatectomy outcome improved in patients featuring360

higher portal �ow postoperatively. Functional improvements like bilirubin levels and hepatic growth rate361

correlated with mean portal �ow velocity (Kin et al., 1994; Hou et al., 2018). In humans, portal blood362

�ow in the remnant portal branches after partial hepatectomy was distributed inhomogenously as was the363

distribution of hepatocyte proliferation, suggesting a causal relationship between heterogeneous distribution364

of portal blood �ow and regeneration (Iimuro et al., 2013).365

Yet, there is some evidence against portal blood �ow being the only regulator of liver regeneration. Minor366

(10-30%) removal of liver mass results only in a marginal regenerative response, suggesting that a threshold367

change in portal blood �ow is needed to initiate an appropriate compensatory growth (Abshagen et al.,368

2012a). Moreover, liver regeneration may occur even in the absence of portal �ow. Despite ligation of369

the portal branch, a moderate proliferative response was observed in the corresponding ligated liver lobe,370

especially after an additional liver resection (Weinbren, 1955).371

Although portal hyperperfusion might not be indispensable, the importance of �ow-related mechanical372

forces has been shown repeatedly. Mechanical in�ictions induced by �ow changes may play a major role373

in both the initiation and the termination of liver regeneration (Song et al., 2017). This is corroborated374

by the inverse quantitative correlations between the increase in portal blood �ow and the remnant liver375

volume, which is accompanied by the increase in hepatic shear stress stimulating liver mass restoration.376

Likely, the increase of the blood �ow-to-liver mass-ratio immediately afterPHxand the resulting increased377

intrahepatic shear stress stimulate and regulate liver regeneration (Nobuoka et al., 2006; Sato et al., 1999;378

Schoen et al., 2001; Niiya et al., 1999). Conversely, reduction of shear stress in the liver by portocaval379

shunts resulted in liver atrophy (Sato et al., 1997; Abshagen et al., 2012b).380

Frontiers 11



Bruno Christ et al. Modelling perfusion/function in liver surgery

2.8.2 Changes in haemodynamics may be sensed and trigger cellular responses381

Changes in blood �ow impose forces on the liver tissue. Since the hepatic sinusoids are likely the382

�rst to sense changes in hepatic �ow, the sinusoidal endothelium may play a major role in transducing383

these forces (Shu et al., 2021). This is supported by the hierarchical topology of the hepatic sinusoids384

involving cell-cell and cell-matrix interactions. Hepatocytes communicate directly with the sinusoids via385

theECM. TheECM is connecting the extraluminal side of endothelial cells and the sinusoidal face of386

hepatocytes thereby bridging the space of Disse. Indirect communication connects cells in the space of387

Disse like hepatic stellate cells (HSC) via theECM to endothelial cells, and in turn hepatic stellate cells388

to hepatocytes. Direct cell-cell contacts between adjacent hepatocytes maintain epithelial hepatocyte to389

hepatocyte communication (Kang, 2020).390

Cellular adhesion molecules, which transmit mechanical forces into cells, mediate cellular contacts to391

theECM or to neighbouring cells. In focal adhesion contacts, integrins connect cells and theECM, and392

serve as receptors for components of theECM like �bronectin and collagens. Mechanical challenges393

of theECM induce conformational changes in the integrin chains, followed by integrin clustering and394

intracellular activation of signaling pathways comprising the activation of, e.g., Focal adhesion kinase395

(FAK), phospholipase C, and phosphoinositide 3-kinase (PI3K) and others (Alexius, 1991). Besides396

transmission of mechanical forces imposed to theECM, integrins transmit intrinsic properties of the397

ECM to anchored cells. In the healthy liver, quiescentHSCs and sinusoidal endothelial cells create a398

homeostaticECM of relatively low stiffness in the space of Disse, which is necessary for hepatocyte399

function linked to normal hepatocyte polarity (Müsch, 2014). In the �brotic liver, activated stellate cells400

produceECM featuring augmented stiffness impacting on hepatocyte polarity and function. Transforming401

growth factor� (TGF-� ), the major mediator of liver �brosis, is activated by release from its latent402

integrin-associated form, thus responding to any conformational change of theECM, either triggered by403

mechanical challenges or by changes of theECM composition and stiffness (Hintermann and Christen,404

2019).405

Major cell adhesion molecules comprise E- and N-cadherin. In the rodent liver, E-cadherin is expressed in406

periportal areas, while N-cadherin is expressed all over the parenchyma (see Figure 2). By homodimeric407

binding of the extracellular domains of cadherins on adjacent cells, they form adherens junctions, which link408

the junction complex to the cytoskeleton by connecting the intracellular domains of the cadherins via p120,409

� -catenin and� -catenin to actin. Thus, physical forces as likewise induced by sinusoidal �ow changes410

impact on cellular behavior in respect to proliferation, differentiation and tissue homeostasis (Buckley et al.,411

2014); kyoto encyclopedia of genes and genomes (KEGG) pathway entry: hsa04520. Further, changes of412

mechanical forces outside of the cell are transmitted into the cell by the tight junction complex comprising413

occludins, claudins and junctional adhesion molecules (JAM). These may couple to the actin �lament414

system via interactions withZO. The tight junction complex may activate intracellular signaling pathways415

via protein kinase C (PKC), PI3K and others impacting on cell polarity, differentiation, and paracellular416

transport (Chiba et al., 2008); KEGG pathway entry: hsa04530].417

Flow changes after liver surgery may thus be sensed and transmitted into the cellular interior and induce418

responses like proliferation or cell migration. Only minimal information exists, whether �ow-associated419

metabolic changes might also involve mechano-transduction mechanisms. Yet, there is an obvious and420

hence likely potential crosstalk between mechano-transduction and molecules involved in metabolic421

regulation.422
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