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Abstract

Magnetic resonance elastography (MRE) is an MRI-based noninvasive technique for quantitatively 

assessing tissue stiffness. The hypothesis of this study is that stiffness increases with portal 

pressure. We further hypothesized that the rate of stiffness change with pressure would be larger in 

liver tissue treated to simulate the stiffening effects of fibrosis. In agreement with our hypothesis, 

the formalin-treated livers were stiffer than the untreated livers, and in both groups the liver 

stiffness increased with portal venous pressure. The rate of stiffness change with portal pressure 

was significantly greater after formalin treatment. In this study, we have developed an ex vivo liver 

model incorporating portal venous pressure variations and observed significant changes in liver 

stiffness due to portal pressure. This model could be useful for understanding and investigating the 

changes in the static and dynamic components of liver stiffness.
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Introduction

Hepatic fibrosis is a common consequence of liver diseases caused by viruses, fat, alcohol, 

drugs and other risk factors. Magnetic resonance elastography (MRE) is an MRI-based 

noninvasive technique for quantitatively assessing tissue stiffness [1]. Studies have shown 

that MRE-assessed liver stiffness can be used to assess hepatic fibrosis, which systematically 

increases with disease progress, and that MRE offers a safer, less expensive and potentially 
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more accurate alternative to invasive liver biopsy for determining hepatic fibrosis [2]. It has 

consistently been shown that liver MRE has excellent diagnostic accuracy for assessing 

hepatic fibrosis. Receiver operating characteristic (ROC) analysis has provided evidence that 

MR elastography can discriminate between patients with moderate and severe fibrosis and 

those with mild fibrosis [3, 4]. However, some studies, including those performed using 

ultrasound-based transient elastography, have found a discordance between liver stiffness 

and the biopsy-proven fibrosis stage [5, 6]. This could be caused by confounding factors 

such as inflammation and portal hypertension, which can elevate intrahepatic resistance and 

tissue tension via increased portal pressure [7–9]. It is possible that in order to more 

accurately assess hepatic fibrosis in patients with chronic liver disease, it may be helpful to 

consider two components of liver stiffness: a static component reflecting the extent of 

fibrosis and a dynamic, pressure-dependent stiffness component. Yin et al. reported a 

postprandial increase in hepatic stiffness in patients with hepatic fibrosis when compared 

with normal volunteers which may indicate that the portal pressure has a greater influence 

on liver stiffness in fibrotic livers than in normal ones [10]. Wallihan et al. and Serai et al. 

reported separately that patients with congenital heart disease palliated with the Fontan 

procedure had abnormal liver stiffness and a long Fontan duration resulted in a greater liver 

stiffness than a shorter duration; however, it was unknown if the increase in stiffness values 

was due to fibrosis or venous congestion [11–12]. Furthermore, an vivo animal study has 

shown that liver stiffness has a dynamic component that increases significantly with 

increases in portal pressure [13]. A possible explanation is that increasing intravascular 

pressure creates volumetric strain, causing increasing stiffness due to elastic nonlinearity of 

the tissue.

Direct portal pressure measurements in vivo can be inaccurate due to calibration variations 

and possible misplacement of the catheters. In this study, we developed an ex vivo liver 

model where portal pressure was well controlled and investigated the effect of portal 

pressure on liver stiffness before and after formalin treatment. The hypothesis of this study is 

that stiffness increases with portal pressure. We further hypothesized that the rate of stiffness 

change with pressure would be larger in liver tissue treated to simulate the stiffening effects 

of fibrosis.

2. Materials and methods

2.1 Ex vivo porcine liver portal pressure model

Six whole pig livers were harvested from six healthy domestic pigs in a local butcher shop 

(#1 and 2) and in an animal lab in our institute (#3–6). Pigs 1 and 2 were male, about 8 

months old and 130 kg. Pigs 3–6 were female, about 3–5 months old and 60 kg.

A catheter was inserted in the portal vein and the hepatic artery was tied. The catheter was 

connected to a saline bag hanging from an IV pole about 2 meters high. Each liver was 

perfused with 2L of saline (0.9% sodium chloride solution) to wash the blood out; we saw 

saline and blood flow out from the second hepatic portal. After the perfusion, the hepatic 

venous outflow (hepatic vein) was closed. The setup is shown in Fig. 1.
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The livers were kept at room temperature (22 °C) and MRE scans were performed within 6 

hours of the harvest. The portal venous pressure was controlled by adjusting the height of 

the saline bag to 0, 20, 40, and 80 cmH2O. At each height, we waited 8 minutes for the 

pressure to stabilize before each MRE scan.

After the untreated livers were scanned, each specimen was immersed in a tank of 10% 

neutral buffered formalin (NBF, Fisher Scientific Company L.L.C., Kalamazoo, MI, USA) 

for 3–4 days. The MRE exams were repeated in all livers after the formalin treatment at the 

same 4 portal pressures (0, 20, 40, and 80 cmH2O) at room temperature.

2.2 Magnetic Resonance Elastography Acquisition

MRE scans were performed in a 1.5T whole-body MRI scanner (Signa HDxt, GE 

Healthcare, Milwaukee, WI, USA) with a four-channel torso coil. During the MRE scans, 

the liver was placed in a plastic container with a passive driver positioned on top of the liver; 

the driver was vibrating at 60 Hz continuously during the MRE acquisitions.

A two-shot multislice EPI MRE sequence was used for imaging the wave propagation in the 

liver. Data acquisition parameters included the following: 44.8-cm field of view (FOV), axial 

imaging plane, right-left frequency-encoding direction, 3.5-mm slice thickness, 72×72 

image acquisition matrix, 128×128 reconstruction matrix, 32 slices, 3 time offsets, TR/TE = 

1067/36.6 ms, parallel imaging acceleration factor = 1, motion sensitivity = 37.8 μm/π 
radians, 3 motion-encoding gradient (MEG) sensitization directions, receiver bandwidth = 

250.00 kHz, total scan time = 1.5 minutes.

Images of tissue stiffness (elastograms) were calculated from the MRE wave data by first 

calculating the vector curl of MRE wave data, and then using the curl data to calculate tissue 

stiffness using a 3D direct inversion of the Helmholtz wave equation with 20 evenly spaced 

3D directional filters incorporating a fourth-order Butterworth bandpass filter. The cut-off 

frequencies of the directional filters (0.001 and 24 cycles/FOV) were used to remove 

undesired low-frequency wave information due to background phase artifacts, longitudinal 

waves, and bulk motion, and to remove high-frequency noise.

ROIs were drawn manually in the entire hepatic parenchyma excluding major blood vessels 

in each slice, keep 2 pixels away from the edges and exclude the first and last 2 slices. 

Average stiffness values were measured for each slice; mean and standard deviation values 

of the average values were reported for the whole liver.

2.3 Statistical Analysis

A least-squares linear regression analysis was performed to calculate correlation coefficients 

between liver stiffness and portal pressure before and after formalin treatment. The slope of 

the linear fit for each liver was compared before and after formalin treatment using a paired 

Student’s t test. A p value of less than 0.05 indicates statistically significant difference. A 

correlation coefficient of greater than 0.8 indicates a strong correlation and a coefficient of 

less than 0.5 indicates a weak correlation. Statistical software (JMP 8.0; SAS, Cary, NC, 

USA) was used in this study.
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3. Results

MRE data were showed from one of the six ex vivo livers at the four pressures (0, 20, 40, 

and 80 cmH2O) before (Figs. 2) and after formalin treatment, respectively. We observed that 

the wavelength of the shear waves and the liver stiffness increased with increased hydrostatic 

pressure with and without treatment for all six livers.

Before formalin treatment, the mean stiffness of the 6 livers was 2.63± 0.34 kPa at 0 cmH2O 

(baseline), 2.79 ± 0.48 kPa at 20 cmH2O, 3.03 ± 0.54 kPa at 40 cmH2O and 3.58 ± 0.65 kPa 

at 80 cmH2O. After the formalin treatment, the mean liver stiffness was 7.60 ± 1.25 kPa at 0 

cmH2O (baseline), 7.87 ± 1.44 kPa at 20 cmH2O, 8.93 ± 2.13 kPa at 40 cmH2O and 10.00 

± 2.22 kPa at 80cmH2O.

The linear regression analysis showed that the liver stiffness was highly correlated to the 

hydrostatic pressure (Fig. 3) and the correlation coefficients (R) were greater than 0.8 for all 

livers, both before and after formalin treatment. The slope of the fits of liver stiffness versus 

pressure (kPa/cmH20) increased significantly after the formalin treatment for all livers. The 

range of the slopes was 0.0049 to 0.0174 (before) versus 0.0143 to 0.0528 (after). The t-test 

showed a significant difference between the means of the slopes: mean (± sd) = 0.0121 

± 0.0050 (before) versus 0.0316 ± 0.0157 (after), p =0.0419.

4 Discussion

In this study, we observed that the six ex vivo fresh porcine livers all increased in stiffness 

systematically with an increase in portal venous pressure, firstly. The hepatic tissue is a 

biphasic system: a solid tissue matrix and a fluid-filled vascular tree, which create a static 

component and a dynamic component to liver mechanical properties [13–16]. Previous 

studies have shown that liver fibrosis changes the intracellular matrix of liver tissue, 

resulting in the elevation of the static component of liver stiffness. On the other hand, 

changes in the dynamic component of liver stiffness have also been observed in both human 

and animal in vivo studies [10, 13]. For example, liver stiffness increased with portal 

pressure, with correlation coefficients (R) from 0.59 to 0.97, in three in vivo pigs [13]. 

However, the direct portal pressure measurement used in vivo [13] could be inaccurate 

because of variations in the calibrations and possible misplacement of the catheters. In our 

ex vivo model, the portal pressure was well controlled by the height of the saline bag and 

was consistent throughout the six ex vivo livers. We found that liver stiffness increased with 

portal pressure and the correlation coefficient (R) was 0.935 to 0.979 in the six livers.

In this study, we changed the static component of liver stiffness by immersing the livers into 

formalin, secondly. The baseline liver stiffness was significantly greater after formalin 

treatment in all six livers. By doing this, we were able to investigate the effect of portal 

pressure on the liver stiffness in livers that already had elevated baseline stiffness values.

Studies have shown that formalin fixation may alter the intrinsic structural properties of the 

liver [17]. The use of 10% neutral buffed formalin can prevent extensive swelling or 

shrinkage of tissues, and just stiffen the tissues during fixation [18].
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Our study showed that after formalin treatment, the baseline liver stiffness increased by 

about 3 times. In addition, the liver stiffness still increased with increasing portal venous 

pressure for all six livers (correlation coefficients (R): 0.840 to 0.967).

Our study also found that the slope of liver stiffness versus pressure increased significantly 

after the formalin treatment for all livers (p =0.0419). Before formalin treatment, the slope 

ranged from 0.0049 to 0.0174, mean (± sd) = 0.0121 ± 0.0050. After formalin treatment, the 

slope ranged from 0.0143 to 0.0528, mean (± sd) = 0.0316 ± 0.0157. A reasonable 

explanation for this observation is that formalin fixation increases the elastic nonlinearity of 

hepatic tissue. These results are in agreement with a previous patient study, where mean 

postprandial liver stiffness augmentation increased progressively with increased fibrosis 

[10].

The limitations of this study include the small sample size and potential thrombus formed in 

the ex vivo liver model. In our model, we closed the hepatic artery and hepatic venous 

outflow to maintain the portal venous pressure in the liver created by hanging the saline bag 

at different heights. However there was always some leaking from unclosed vessels or 

damaged hepatic tissues due to the harvesting of the liver, which could cause pressure 

variations during the experiments. A thrombus in the ex vivo livers would cause 

heterogeneous pressure distribution and heterogeneous tissue stiffness in the liver. In our ex 

vivo liver model preparation, we took care to wash thrombi from the livers using a saline 

flush before each experiment. Finally, we did not have a catheter based pressure sensor to 

validate the portal pressures set by the different saline bag height.

In conclusion, we have developed an ex vivo liver model incorporating portal venous 

pressure variations and observed significant changes in liver stiffness due to portal pressure. 

The liver stiffness increased with portal venous pressure and the rate of change was 

significantly greater after formalin treatment when the baseline liver stiffness was elevated. 

This model could be useful for understanding and investigating the changes in the static and 

dynamic components of liver stiffness that occur due to diseases related to abnormal hepatic 

blood flow and extracellular matrix remodeling, such as venous congestion or cirrhosis 

induced portal hypertension.
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Fig. 1. 
Liver specimen setup. The catheter was inserted in the portal vein and the hepatic artery was 

tied off.
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Fig. 2. 
Fig. 2 shows the magnetization magnitude, one component of the MRE wave data, and the 

shear stiffness map (elastogram) of one liver at the four pressure levels (0, 20, 40, and 80 cm 

hydrostatic pressure (cmH2O)) before being immersed in formalin. The liver stiffness 

increased with increased hydrostatic pressure.
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Fig. 3. 
Fig. 3 shows the linear regression analysis for all six livers. The liver stiffness increased after 

the formalin treatment. The liver stiffness correlated very well with portal pressure for each 

liver (R>0.8). The linear regression analysis results show that the slope of the fits was larger 

for the formalin-treated livers than for the untreated livers.
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