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Abstract

This study used magnetic resonance imaging (MRI), computational fluid dynamics (CFD)
modeling, and in vitro experiments to predict patient-specific alterations in hepatic hemodynamics
in response to partial hepatectomy in living liver donors. 4D Flow MRI was performed on three
donors before and after hepatectomy and models of the portal venous system were created. Virtual
surgery was performed to simulate (1) surgical resection and (2) post-surgery vessel dilation. CFD
simulations were conducted using in vivo flow data for boundary conditions. CFD results showed
good agreement with in vivo data, and in vitro experimental values agreed well with imaging and
simulation results. The post-surgery models predicted an increase in all measured hemodynamic
parameters, and the dilated virtual surgery model predicted post-surgery conditions better than the
model that only simulated resection. The methods used in this study have potential significant
value for the surgical planning process for the liver and other vascular territories.

Key Terms

Portal hemodynamics; Living Donor Liver Transplantation; Computational Fluid Dynamics;
Virtual Surgery; 4D Flow MRI

1. Introduction

Liver transplantation is a successful and definitive treatment for patients with liver failure.
However, over the last two decades, there has been a short supply of organs from deceased
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donors. This shortage has motivated the implementation of living donor liver transplantation
(LDLT), a therapy that has produced results comparable to traditional cadaveric liver
transplantation.[251.[12] |n this procedure, a portion of the liver is resected from a living
donor and transplanted into a patient with liver failure.[3] In both the donor and the recipient,
the liver tissue can regenerate up to around 80 and 90 percent of its original size,
respectively, after the procedure.[18] However, the central vasculature of the liver cannot
regenerate, and therefore the same amount of blood volume must flow through a smaller
vascular bed, inevitably leading to higher resistance to blood flow. Such changes in hepatic
resistance have been shown to have a role in the liver regeneration process.[2% However, the
increased resistance also has the potential to induce hyperperfusion and pre-sinusoidal portal
hypertension, which can lead to early graft dysfunction and tissue damage due to elevated
pressure and wall shear stress.[221.[23]

The post-transplant health and safety of the donor is of paramount importance, and therefore
the effects of LDLT on the living donor are monitored with in vivo imaging and functional
biomarker testing after the procedure has taken place.[17].[8] However, the hemodynamic
alterations due to mechanical changes in the vasculature of the liver have not yet been
thoroughly examined. A proper understanding of the mechanical effects of LDLT, such as
pressure and wall shear stress alterations, may give further insight into the function of the
remaining graft and also allow for enhanced preoperative planning.[5116] Nevertheless, these
parameters are difficult to obtain and predict in vivo. Therefore, researchers have turned to
numerical and experimental techniques in an attempt to predict the changes in these
parameters due to a surgical procedure, such as LDLT. Hwang et a/used numerical
simulation, an experimental fluid dynamics model, and medical imaging to develop surgical
methods for right hepatic vein reconstruction in living liver donors.[®] C-M Ho et a/used CT
imaging, sonographic measurements, and computer simulation to predict changes in a portal
vein aneurysm after a right lobectomy. Results of the study were used to determine the
eligibility of the subject for liver donation.[®] Later, the same group examined the
hemodynamic alterations in a right lobectomy using three models of the portal vein. The
models were derived by performing a “virtual surgery” that mimicked the in vivo surgical
procedure.[®] In a similar “virtual surgery” study, H Ho er a/employed a 0D resistance
circuit analyses and 3D modeling technique to examine flow, stress, and pressure changes in
the left portal vein and surrounding vasculature after a right lobe hepatectomy.l”] Lastly, Li
et al used numerical simulation and physical model experiments to examine the
hemodynamic effects of portal vein hypertension in hepatic cirrhosis patients.[14]

The primary purpose of this study was to develop a methodology that provides further
insight into the hemodynamic alterations of LDLT through computational models that
consider patient specific flow conditions and hepatic vasculature expansion approximations
from medical imaging. To do this, 4D Flow MRI, vascular strain values from a meal
challenge study, computational fluid dynamics (CFD) simulations, and virtual surgery
techniques were used in living donor portal venous models. A secondary goal of this study
was to develop an in vitro experimental procedure that can be used to validate and
complement medical imaging and computational simulation results.
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2. Materials and Methods

Human subjects

In this Institutional Review Board approved and Health Insurance Portability and
Accountability Act - compliant study, three healthy subjects with no known liver disease
being evaluated for liver donation were recruited. Written informed consent was obtained
prior to inclusion. Two of the donors underwent a right hepatectomy (cases 1 and 2), and the
third underwent a left lateral hepatectomy (case 3).

MR Imaging
The study was conducted on a clinical 3T scanner (Discovery MR 750, GE Healthcare,
Waukesha, WI) with a 32-chanel body coil (NeoCoil, Pewaukee, WI). 4D velocity mapping
was achieved using a cardiac-gated time-resolved 3D radially undersampled phase contrast
(PC) acquisition (5-point PC-VIPR)! with increased velocity sensitivity performance.
[41.111] Acquisition parameters included: imaging volume: 32x32x24cm excitation with
spherical encoding, 1.25mm acquired isotropic spatial resolution, TR/TE=6.4/2.2ms.
Imaging was performed at the conclusion of a clinical MRI exam aimed at evaluating the
liver and bile ducts for variant anatomy. The subjects received 0.05 mmol/kg of gadoxetic
acid (Eovist, Bayer Healthcare, Wayne, NJ) approximately 20 minutes prior to 4D flow
MRI. All imaging was repeated 14 days after surgery. Pre- and post-surgery 4D flow MR
imaging protocols were identical.

4D flow MRI Data Analysis

Data were reconstructed to 14 time frames per cardiac cycle. Phase offsets for Maxwell
terms and eddy currents were corrected automatically during reconstruction.[*1124] The eddy
current correction was performed using 2"d order polynomial fitting of background tissue
segmented based on thresholding of an angiogram.[24] Velocity-weighted angiograms were
calculated from the final velocity and magnitude data for all 14 time frames.[19] Liver
vasculature was segmented from PC angiograms using MIMICS (Materialise, Leuven,
Belgium) by selecting a threshold level to delineate the fluid flow boundaries. Due to the use
of contrast agent during imaging, the signal to noise ratio was improved and the boundaries
were well defined. Therefore, no significant difference was seen between the segmented
mask of two observers. The segmented vasculature for case 1 is shown in Figure 1. After
segmentation, Ensight (CEI, Apex, NC) was used to place cut-planes manually in the splenic
vein (SV), superior mesenteric vein (SMV), and the left (LPV), right (RPV), and main portal
veins (PV), where flow measurements were made from 4D flow MRI data.[10]

Meal Challenge for Vessel Strain Determination

In a previous study, a meal challenge was performed in a group of 6 healthy volunteers.[19]
A MR scan (“pre”) was performed after at least 5 hours of fasting. After the first scan,
subjects ingested 574mL EnSure Plus® (Abbott Laboratories, Columbus, OH; 700cal, 28%
from fat, 57% from carbohydrates).[131.[161.121] A second MR scan (“post”) was repeated 20
minutes after the meal ingestion. These data were reanalyzed and flow and cross sectional
areas were measured in the main, left and right portal veins before and after the meal. The
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average strain of the vessels was calculated based on the change in cross-sectional area in
response to the meal. Table 1 shows the results of the strain analysis.

Virtual Surgery

In order to create models that could be used to predict the post-transplant splanchnic
hemodynamics of the donors, a “virtual surgery” method with two steps was performed on
the pre-surgery portal vein models using the design software 3-matic (Materialise, Leuven,
Belgium). The first step involved virtually cutting the portal vein at the location of the in
vivo surgical resection, that is, immediately distal the portal vein bifurcation. This produced
the first predictive model, which is named “virtual resection” in this work. It is important to
note that after resection of the right lobe of the liver, as seen in cases 1 and 2 of this study,
the RPV is entirely absent, thus the only remaining path for flow is through the LPV.
Conversely, after a left lateral resection (case 3), the LPV is absent, making the RPV the
only path for flow. Therefore, the portal venous system of the donor must expand after
resection to accommaodate this increase in flow. In order to simulate this adaption, a second
virtual surgery model was prepared that accounted for the expansion of the remaining branch
(LPV in cases 1 and 2, and RPV in case 3). Due to the difficulty of obtaining in vivo vessel
mechanical properties and the variability of these properties between donors, the patient-
specific vessel expansion is typically uncertain. Therefore, portal vein “strain” calculated
from the change in cross-sectional area from the meal challenge was employed. In using
these data, it was assumed that the change in vessel cross-sectional area in post-surgery
adaptation of a healthy donor is similar to the change in vessel area due to increased
splanchnic flow post-meal. Therefore, the average strain value from the meal challenge
study was used to dilate the remaining branch on the virtual resection models. This produced
the second predictive model, which was named “Virtual Dilation” in this study. The models
created from this two-step virtual surgery process are shown in Figure 2 A.

Computational Fluid Dynamics Simulations

The segmented in vivo pre-surgery model, virtual resection model, virtual dilation model,
and in vivo post-surgery model for each patient were prepared for CFD mesh generation
using 3-matic (Materialise, Leuven, Belgium). Tetrahedral meshes were then generated
using ANSYS ICEM (Ansys, Inc. Cannonburg, PA, USA). The meshes were imported into
Fluent (Ansys, inc Cannonburg, PA, USA), a software package that employs numerical
methods to solve the governing equations of fluid flow. Inlet flow conditions were set for the
SV and SMV inlets, whose values were obtained from the in vivo 4D flow MRI
hemodynamic quantification from the pre-surgery donor scans. Outflow percentages were
also set for all outlet boundaries based on the in vivo pre-surgery data. These percentages
represent the flow patterns that develop due to the hepatic resistance to flow in the
vasculature downstream of the portal vein, as portrayed in Figure 2 B. Note that boundary
conditions were determined only with pre-surgery donor data, as this was readily available
through the use of 4D flow MRI. Fluid structure interaction was not considered in the
simulations, and no-slip conditions were set at the walls of the vessels. Blood, whose density
was set at 1060 kg/m3, was treated as an incompressible fluid with a viscosity of 0.0035
kg/m-s.12] A second order upwind method for momentum spatial discretization was used.
Steady state simulations were run until numerical convergence, which was defined as the
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point when continuity and velocity residuals fell below 1x107°. Final mesh density and
quality were verified by iteratively increasing mesh complexity until there was no change
observed in the quantitative results of the simulations. Fluid structure interaction was not
considered for two reasons. First, wall motion through the cardiac cycle is minimal, due to
the assumption that pulsatility of flow in the portal venous circulation is negligible[>].
Second, the patient specific mechanical properties and vessel wall thickness dimensions of
the vessels that are required for FSI input are unknown. Alternately, the meal challenge data
was used to predict the patient specific wall expansion based on the increase in size of the
fluid region from medical imaging, as previously described.

In Vitro Experiments

3. Results

The segmented donor 1 pre- and post-surgery liver models were prepared for in vitro flow
experiments by virtually fixing tube connectors to all inlet and outlet openings, using the
design software 3-matic (Materialise, Leuven, Belgium). The 3D geometries were then
exported and used to fabricate physical models using powder bed fusion, an additive
manufacturing method that employs a laser to melt polymer particles into the desired shape,
layer by layer. The powder bed fusion equipment (DTM Sinterstation 2500CI ATC, 3D
Systems, Inc., Rock Hill, SC, USA) set-up included 12 W laser power, 0.15mm scan
spacing, 5080 mm/s beam speed, and nylon 11 powder.

The printed models (Figure 3) were connected to a perfusion pump (Stockert Sl Heart-
Lung Machine) using surgical tubing. Water was pumped through the model system at
steady rates of 1 and 2 liters per minute to simulate physiological flow, and flow
measurements were recorded at each inlet and outlet vessel using a flow probe (Transonic
PXL Flowsensor). The in vitro set-up was then taken to a clinical 3T scanner (Discovery MR
750, GE Healthcare, Waukesha, WI), where the model and tubing were set on the scanner
bed. In this set-up, the model was fixed in a polypropylene container and surrounded by
solidified agar to minimize noise in the MR image data. The tubing was again connected to
the perfusion pump, which remained outside of the scanner magnetic field in the MR control
room. This set-up is shown in Figure 4. Flow experiments were then conducted at water flow
rates of 1 and 2 liters per minute, simultaneously with MR scanning procedures. The 4D
Flow MR data were then analyzed using cut planes in Ensight (CEI, Apex, NC).

The models were also used to again perform computational fluid dynamics simulations
using the commercial software FLUENT (ANSYS). The inlet and outlet boundary locations
matched the locations on the physical experimental models. Experimentally determined inlet
flow rates and outflow percentages were imposed at the inlet and outlet boundaries,
respectively. The simulation flow results were recorded and compared with flow probe and
4D flow measurements at the same experimental flow rates with a 2-sided t-test with p<0.05
indicating a statistical difference in flow.

The in vivo donor imaging and flow quantification results are shown in Table 2. Note that in
cases 1 and 2, the right portal vein was resected during surgery, thus post-surgery flow
values for this vessel are non-existent and all flow is directed through the left portal vein,
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where flow is shown to increase significantly post-surgery. Likewise, case 3 results display
no flow through the left portal vein branch, as it was resected during left lateral lobectomy.
Despite this change, the ratio of superior mesenteric vein to splenic vein flow remained the
same after surgery in donor 1 However, the SMV to SV flow ratios for donors 2 and 3 did
change from pre to post surgery scans.

Table 3 provides the results used to evaluate the ability of CFD simulation to replicate flow
values recorded in vivo. This table displays this comparison for case 1. Note that the SV and
SMV flow rates are similar between methods due to the fact that in vivo pre-surgery flow
rates were used as inlet boundary conditions in the CFD model. The remaining vessel flow
rates show strong agreement between 4D flow MRI and CFD data. A visual streamline
comparison between these two methods is shown in Figure 5.

Figures 6, 7, and 8 show the CFD simulation velocity streamlines, pressure contours, and
wall shear stress contours in all four models of cases 1, 2, and 3, respectively. Additionally,
Table 4 presents relevant quantitative results of the simulations. In observation of the results
from case 1, as seen in Figure 6, there is a greater fluid velocity in the post- and virtual
surgery models than in the pre-surgery model, particularly in the distal end of the portal
vein. Furthermore, the greatest velocity magnitudes are seen in the virtual resection model
(Fig. 6b), specifically in the LPV branch, as supported by the velocity results in Table 4.
Similarly, the pressure and shear stress in the virtual resection model appears to be much
greater than in the pre-surgery and dilated models, as seen in Figure 6b. The quantitative
results from Table 4 support the occurrence of this pressure increase from the pre-surgery
model to virtual and post-surgery models. Another relevant result in this table is the wall
shear stress values, which are greatest in the virtual resection model, and lowest in the pre-
surgery model. A more comprehensive view of the case 1 results reveals that the virtual
dilation model produced velocity, pressure, and shear stress results more similar to the actual
post-surgery model than did the virtual resection model.

The simulation results of case 2 also displayed a trend of increased velocity, pressure, and
wall shear stress throughout the portal system models when comparing virtual and post-
surgery models to the pre-surgery model, as seen in Figure 7. Table 4 reinforces this trend,
particularly in results seen in the remaining outlet branch. Similarly to case 1, the highest
pressure and velocities are seen in the virtual resection model (Figure 7b). However, the
results from this case showed that pressure in the remaining branch and average wall shear
stress remained elevated in the post-surgery model relative to pre-surgery model results.

The results of the simulations conducted on the case 3 models displayed a trend of increased
velocity and pressure when comparing virtual surgery models to pre-surgery, but a decrease
in these parameters when observing the post-surgery model. Furthermore, the differences
observed in this model were small, as seen through the appearance of similar gradients
across models in Figure 8.

Lastly, Tables 5 and 6 present a summary of the quantitative results of the in vitro
experiments and corresponding simulations, and Figure 9 displays a qualitative
representation of the flow streamlines from the in vitro 4D flow experiments. There was no
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significant difference observed between flow measurements obtained through CFD
simulation and flow probe experiments (p=0.201), and between 4D flow and flow probe
experiments (p=0.068).

4. Discussion

Living donor liver transplant has been a successful treatment for liver failure. However, the
health and safety of the donor post-transplant is of paramount importance, and there remains
insufficient data. Given the difficulty of assessing in vivo liver function and the inability to
predict how a specific procedure will alter liver hemodynamics, further work is needed. To
facilitate this work, development of new and improved methodologies for individualized
prediction of outcomes is needed. This study employed 4D MRI in vivo flow analysis,
computational fluid dynamics simulations, a virtual surgery technique that accounts for
venous adaptation to increased flow, and in vitro experiments to address this unmet need.

In the first two transplant cases examined in this study, the right lobe of the liver was
resected, eliminating the RPV branch. In the third case, the left lateral lobe of the donor liver
was resected, which eliminated the LPV branch. The in vivo results of table 2 display the
consequences of these resections by showing an increase in fluid velocity and mass flow
throughout the portal vein. These results were expected due to the decrease in total portal
vein volume and elimination of one of the flow paths at the portal bifurcation due to surgery.

4D flow MRI results on pre and post-surgery models can give insight into the hemodynamic
alterations that occur due to surgical resection, as was just discussed. However, because such
imaging alone cannot predict what will occur before a surgery happens, we employed
computer simulation to aid in these predictions. To show that CFD simulation can provide an
accurate analysis of hemodynamics in this situation, a comparison was made between the in
vivo pre-surgery flow rates obtained from 4D flow MRI data, and the flow rates obtained
through CFD simulation of the donor 1 pre-surgery model, as shown in Table 3. Through
this comparison, it was observed that flow rate data were in good agreement between the
two methods. This is further supported through examination of the resulting percentage of
outflow to each portal vein branch, which varied by less than one percent between in vivo
and CFD methods for this case. Furthermore, the velocity streamline comparison in Figure 3
shows good flow path agreement between the two methods. In particular, the CFD
simulation streamlines are shown to replicate the helicity seen in the anatomical left side of
the main portal vein.

The agreement of 4D flow MRI and computational simulation is promising. However,
neither of these methods measure real fluid flow directly. Therefore, the results of these
methods should be compared with a method that is based on physical phenomena that can be
directly measured. To do this, a series of in vitro experiments were conducted on physical
models representing the in vivo anatomy. The results showed that there was no significant
difference between inlet and outlet flows measurements produced by 4D flow and
experiment, and between simulation and experiment.
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With confidence in the ability of CFD simulation to produce insightful results given the
correct boundary conditions, the virtual surgery and post-surgery hemodynamic alterations
were examined. Through observation of table 4, an increase is seen in all hemodynamic
parameters in the virtual and post-surgery models compared to the pre-surgery model, in
cases 1 and 2. This is best represented by comparing the average pressure and wall shear
stress results, which are highest in virtual and post-surgery models. It is important to note
that the pressure and shear stress values are relative, as the absolute values depend on in vivo
pressure measurements that were not considered in these models. Nonetheless, these relative
values represent a clear trend of increased post-surgery wall shear stress and pressure due to
the overall increase in portal flow. This may indicate the potential development of portal
hypertension.

A comparison of the CFD results between the two virtual surgery models (dilation vs.
resection) can provide further insight into the hemodynamics of the portal venous system
after transplant. As seen in the streamlines of the virtual resection models in Figures 6b, 7b,
and 8b, the remaining branch flow path experiences a large increase in velocity.

Furthermore, there is an increase in pressure throughout the resection models compared to
pre-surgery model results. Additionally, Table 4 shows that the velocities, stresses, and
pressures are lower in the dilation models than in the resection models. To clarify, the virtual
resection model was intended to represent the portal venous flow directly after surgery,
without any adaptive expansion. This model can also represent the portal vein of a donor
with very stiff vasculature, which does not adapt well to an increase in flow. If the
vasculature does not expand, the pressure throughout the portal system can increase by a
relatively large amount. If the vessel does expand, as we see in the results of the meal
challenge on healthy subjects, we can expect a drop in the velocity, pressure and stress as
seen in the virtual dilation model results. The altered post-surgery hemodynamic parameters,
such as increased pressure (portal hypertension) may even have a role in the long-term liver
regeneration and vessel expansion process, as it has been hypothesized in literature.[25]
However, it is important to note that pressure, wall shear, and velocity are still elevated in the
virtual dilation model and the actual post-surgery model, which suggests that some degree of
long-term portal hypertension will persist.

Lastly, a comparison was made between the two virtual surgery model results and the actual
post-surgery model results. First, the velocity, pressure, and stress values are much higher in
the virtual resection model than in the post-surgery model. This is expected, as the resection
model has less distal volume and outlet area, because the vein has not expanded. However,
through observation of the simulation results of the virtual dilation models, which were
altered based on meal challenge results, we see much closer prediction of the actual post-
surgery flow conditions in cases 1 and 2. For example, Table 4 shows that the outlet velocity,
maximum pressure, and maximum shear stress values of the dilation models of case 1 and
case 2 exhibit much closer agreement to the respective values of the actual post-surgery
models. This suggests that a predictive manual adaptation of the post-surgery vessel may
produce models that better predict post-surgery hemodynamics than a model that only
considers the surgical resection. Additionally, this method can be used to predict how much
a donor vessel may or may not expand, and examine the consequences of the magnitude of
their individual vessel expansion on the hemodynamic outcome of the procedure. Therefore,
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the method proposed here allows for patient-specific prediction of vessel expansion post-
surgery if a meal challenge had been conducted prior to partial hepatectomy.

It is important to note that although the velocity trend across all four case 3 simulation
models was consistent with that seen in cases 1 and 2, the post-surgery pressure and stress
trends were not consistent. As seen in table 4, the post-surgery model of case 3 has the
lowest maximum branch pressure, average venous pressure, and average wall shear stress,
even lower than the values of the corresponding pre-surgery model. This difference may be
due to the fact that case 3 involved a left lateral resection, instead of a right lobectomy as in
cases 1 and 2. If this is the true, it may indicate that a left lateral resection leads to a
noticeably different hemodynamic alteration after surgery than in a right lobe resection.
Further study is needed to determine the cause of this difference.

Several improvements to this study merit consideration. First of all, the recruitment and
study of more subjects is needed before any definitive conclusions about this method can be
determined. With the addition of more cases in future work, we will look to develop metrics
that can be used to predict relevant clinical outcomes based on quantitative features of
simulation results. Second, the addition of a more robust method of model creation and
vessel shape determination may instill more confidence in the results obtained through
computational simulation. One way to improve on the accuracy of these predictions based
on the changing shape of the vessel would be to implement a statistical shape analysis
method as described in recent cardiovascular work.[26: 271 Another potential improvement
would be the implementation of a method that could provide reference values for
physiologic pressure and shear stress in the hepatic vasculature of the donors under study. In
this study, in vivo pressure was not quantified, and therefore only a comparison of the
relative increase in pressure could be made from the CFD simulation data. Future work will
look to implement in vitro experimental pressure measurements that may provide the first
steps in validation of absolute pressure measurements obtained through imaging and
simulation. Further development of experimental methods will also improve the accuracy
and validity of boundary conditions that are implemented in the simulations models.

5. Conclusion

Through this study, a patient specific surgical planning method was developed that
quantified post-surgery hemodynamic changes that occurred in three liver donors. The portal
fluid flow, velocity, pressure, and wall shear stress quantities and their visual representations
were provided so that a comparison could be made between pre-surgery, virtual surgery, and
post- surgery anatomical configurations. Furthermore, the addition of in vivo portal
expansion data provided a method to better predict the patient specific response to increased
post-surgery flow. Additionally, the use of 4D flow MRI provided a source for simulation
boundary conditions and a standard by which numerical flow simulations could be
compared. Lastly, an in vitro experimental method was developed that can be used to
provide a reference for results obtained through imaging and simulation.

The capability to predict the hemodynamic changes induced by a surgery before it occurs
may be of great value in the surgical planning process. In future studies, the methods
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scribed here will be further developed and expanded to more cases so that more insight

may be gained on their validity and utility.
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Figure 1.
4D flow MRI can be used to depict in vivo anatomy before and after partial hepatectomy in

healthy living donors. The models shown were created from MR image data for a) Pre-
surgery donor 1 portal vasculature and b) Post-surgery donor 1 portal vasculature.
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Figure2.
Schematic of the virtual surgery simulation and boundary condition determination for CFD.

a) Portal vein models: before and after virtual right lobectomy (note dilated area shown in
green simulating left portal vein (LPV) accommodation to change in flow). b) Resistance
network based on 4D flow MRI measurements of flow, vessel area (hepatic veins (HVs) and
PVs) and liver volume (sinusoids).
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Figure 3.
Experimental models created by powder bed fusion a) Pre-surgery donor 1 portal vein model

and b) Post-surgery donor 1 portal vein model.

Comput Methods Biomech Biomed Eng Imaging Vis. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rutkowski et al. Page 15

MR Scanner

Portal Vein
Model in Agar

MR Bed

i

Scanning
Room
MR Control
Room
Perfusion
System

Figure 4.
Physical model experiments can be used to compare physical flow measurements with those

obtained through 4D MRI. In the set-up shown, the physical model is connected to a flow
loop with a perfusion system that is located outside of the MR scanning room. Experiments
are then conducted and flow is recorded with the MR scanning procedure.
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Figure5.
4D flow MRI and computational fluid dynamics demonstrate comparable streamline

depiction of flow in the portal circulation. a) Pre-surgery donor 1 in-vivo 4D flow MRI
streamlines and b) Pre-surgery donor 1 model computational fluid dynamics simulation
streamlines.
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Figure 6.
Computational fluid dynamics can be used to simulate pre and post-surgery portal velocity,

pressure, and wall shear stress and depict the flow path, pressure, and stress distributions
through streamlines and contours. These depictions can be seen in the Case 1 (right lobe
resection) a) pre-surgery b) virtual resection c) virtual dilation, and d) post-surgery models.
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Figure7.
Computational fluid dynamics can be used to simulate pre and post-surgery portal velocity,

pressure, and wall shear stress and depict the flow path, pressure, and stress distributions
through streamlines and contours. These depictions can be seen in the Case 2 (right lobe
resection) a) pre-surgery b) virtual resection c) virtual dilation, and d) post-surgery models
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Figure 8.
Computational fluid dynamics can be used to simulate pre and post-surgery portal velocity,

pressure, and wall shear stress and depict the flow path, pressure, and stress distributions
through streamlines and contours. These depictions can be seen in the Case 3 (left lobe
resection) a) pre-surgery b) virtual resection c) virtual dilation, and d) post-surgery models
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Figure9.
Flow through in vitro experimental models can be recorded using 4D flow MRI scanning

procedures. a) Pre-surgery and b) Post-surgery experimental velocity streamlines obtained
through 4D Flow MR imaging of an experimental flow rate of 2L/min. Vessel numbers are
denoted on each model, corresponding to their assignment in Table 5 and Table 6.
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Table 4

CFD simulation results for pre-, post-, and virtual surgery models. **Qutlets 1, 2, and 3 refer to the outlet
vessels as labeled in Figure 5 b).

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pre-Surgery | Post-Surgery | Virtual - No Dilation | Virtual - With Dilation
SV Flow [ml/min] 411.6 411.6 411.6 411.6
SV Max Velocity [m/s] 0.08 0.12 0.08 0.08
SMV Flow [ml/min] 591.6 591.6 591.6 591.6
SMV Max Velocity [m/g] 0.09 0.10 0.09 0.09
Outlet 1 Flow [ml/min] 90.3 541.7 541.7 541.7
Outlet 1 Max Velocity [m/s] 0.10 0.25 0.60 0.30
Outlet 2 Flow [ml/min] 40.1 220.7 220.7 220.7
Outlet 2 Max Velocity [m/s] 0.13 0.26 0.55 0.26
Outlet 3 Flow [ml/min] 40.1 240.8 240.8 240.8
Outlet 3 Max Velocity [m/s] 0.09 0.24 0.53 0.24
Maximum Pressure [Pa] 53.5 105.3 265.1 1111
Maximum Wall Shear Stress[Pa] 44 6.7 17.6 7.8
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Flow measurements in the pre-surgery in vitro model at experiments run at 1 and 2 L/min. Vessel numbers

denote the vessel locations shown in Figure 9a.

Pre-Surgery Model

1L/min

Vessel Volume Flow Rate (L/min)
4D Flow | CFD | Flow Probe

1 0.533 0.452 0.452
2 0.470 0.451 0.451
3 0.447 0.444 0.475
4 0.143 0.116 0.123
5 0.109 0.116 0.121
6 0.084 0.125 0.135
7 0.135 0.098 0.102

2L/min
1 1.055 0.940 0.940
2 0.949 0.860 0.860
3 0.920 0.913 0.920
4 0.288 0.234 0.240
5 0.242 0.234 0.250
6 0.153 0.234 0.250
7 0.283 0.216 0.230
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Flow measurements in the post-surgery in vitro model run at 1 and 2 L/min. Vessel numbers denote the vessel
locations shown in Figure 9b.

Post-Surgery Model

Vessel Volume Flow Rate (L/min)
4D Flow | CFD | Flow Probe
1L/min
1 0.467 0.470 0.470
2 0.449 0.460 0.460
3 0.341 0.374 0.370
4 0.283 0.273 0.270
5 0.282 0.283 0.280
2L/min
1 1.027 0.970 0.970
2 0.948 0.910 0.910
3 0.742 0.756 0.740
4 0.591 0.552 0.540
5 0.626 0.572 0.560
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