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Abstract—This investigation demonstrates the utility of
image-based computational models in portal venous hemo-
dynamics. The long-term objective is to develop methodol-
ogies based upon noninvasive imaging and hemodynamic
computational models for blood flow in major vessels of the
liver that will significantly augment and improve current
practices in clinical care. Magnetic resonance imaging (MRI)
and computational fluid dynamics (CFD) were used to
investigate liver hemodynamics. MRI data were obtained in 7
healthy subjects and 4 patients diagnosed with cirrhosis, and
computational models were developed and validated for two
healthy subjects and two patients. Additional simulations of
post-prandial hemodynamics and portal hypertension were
completed. The MRI studies identified several new param-
eters (portal vein Vavg/total liver volume, Vvar, splenic vein
flow rate per total liver volume, and % splenic flow/portal
vein flow) that offer statistical differentiation between
healthy subjects and patients with liver disease. Computa-
tional models were used to calculate the contribution of
blood supply to the right and left lobes of the liver derived
from the superior mesenteric vein (greater in healthy subjects
vs. patients); and simulate post-prandial conditions and
progressive portal hypertension. CFD offers a tool to test
hypotheses without the acquisition of additional data and
elucidate hemodynamic effects as disease progresses. In
addition, several new MRI derived parameters have been
identified as having promise to distinguish between healthy
and patient groups and, potentially, to monitor disease
progression.

Keywords—Portal vein, Magnetic resonance imaging, Com-

putational fluid dynamics, Cirrhosis.

INTRODUCTION

Diseases of the liver, including hepatitis C, non-
alcoholic fatty liver disease and liver cancer, present
major health problems that affect over 30 million
Americans of all ages and ethnicities1 and cause over
30,000 deaths annually.15 It is estimated that up to
25% of people in the U.S. may have non-alcoholic
fatty liver disease, representing an additional looming
threat to public health. Diseases such as primary bili-
ary cirrhosis, primary sclerosing cholangitis, and
autoimmune hepatitis affect fewer people but are
concentrated in women and have devastating conse-
quences. Liver disease diagnosis is accomplished
through liver function tests; and, once detected, life
style changes and medications that slow disease pro-
gression are treatment modalities. However, chronic
disease that leads to irreversible scarring, or cirrhosis,
requires liver transplantation; and since the need for
donated livers far exceeds the supply, early diagnosis
and treatment are critical.

While liver diseases arise from various causes
including viruses, toxins, and genetics, one common
manifestation is altered hemodynamics. The liver is an
organ with a complex, dual blood supply as illustrated
in Fig. 1.13 The portal vein (PV) provides the majority
of blood to the liver (~80%) while the hepatic artery
(HA) supplies the remainder. The PV forms from a
confluence of the splenic vein (SV), which drains the
spleen, and the superior mesenteric vein (SMV), which
drains the digestive tract. Before entering the liver, the
PV splits into the right and left branches. The liver is
drained by the hepatic vein. Chronic liver disease
results from changes in tissue architecture that cause
an increase in resistance to blood flow in the lobes of
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the liver, leading to an elevated pressure in the PV and
resulting in portal hypertension (PH). The PV is
unique in that it is situated between two capillary beds,
the digestive tract and the liver, and thus it is not
possible to measure pressure in the PV directly. Clini-
cally, a hepatic venous pressure gradient based on the
invasively measured wedge pressure in the hepatic vein
(difference between wedge hepatic venous pressure and
free hepatic venous pressure) is used to determine PH.2

Additional hemodynamic consequences of liver disease
include dilation of the PV, decreased PV velocity,
enlarged spleen with increased splanchnic circulation,
varices and ascites.12 In addition to hemodynamic
changes, a notable anatomic change is enlargement of
the left lobe of the liver, which grows to compensate
for the asymmetric nature of liver disease that char-
acteristically is more advanced in the right lobe. One
hypothesis for this asymmetry is that disease initiation
and progression in the right lobe are due to the com-
position of the blood that supplies that lobe. Since
blood in the SMV comes from the digestive tract, it
carries substances absorbed during digestion, including
toxins, such as alcohol, known to damage the liver.
After eating, blood flow in the SMV and hence to the
liver increases, carrying both nutrients and toxins
arising from digestion. If the right portal vein (RPV)
contains a disproportionate blood flow originating
from the SMV, this could support the hypothesis.

Flow in the major vessels supplying blood to the
liver has not been studied as thoroughly as in other
vessels such as the carotid and coronary arteries, and
there is a great need for better characterization of both
physiologic and pathologic flows. Noninvasive hemo-
dynamic investigations of the liver employing magnetic
resonance imaging (MRI) are used increasingly and
offer the ability to acquire high resolution anatomic
and velocity data. Previous studies have quantified PV
hemodynamics utilizing phase contrast MR (PC-MR)
in healthy subjects and patients with various forms of
liver disease,11,16,21,25,30 and 4D-MR has been em-
ployed to elucidate time varying flow patterns.7,20,22–24

While these investigations have demonstrated the
potential for non-invasive hemodynamic assessment,
definitive parameters that can be used as measures of
disease state and progression have not been estab-
lished; and large variability in PV flow has been
reported for both healthy subjects and patients, with
somewhat conflicting results. For example, PV flow in
patients with liver cirrhosis showed no significant dif-
ference from healthy subjects in one study,11 while in
another investigation, significant differences between
healthy subjects and patients were demonstrated under
normal respiration and when subjects were breath-
holding after expiration.25 The feasibility of employing
time-resolved 4D-MR to measure blood flow in the PV
and its tributaries has been explored,22,24 and these
studies suggest excellent potential for noninvasive
interrogation of flow. However, investigations in 24
patients with cirrhosis showed no correlation between
flow in the vessels of the PV circulation and MELD
score7; and studies in 17 patients and 7 normal subjects
showed large variability in flow rates, making it difficult
to define parameters that differentiate between patients
and healthy subjects.20 Further, contributions of extra-
hepatic vessels to the PV flow, such as the SV/PV ratio,
have not been discussed. Differences between hepatic
blood flows under fasting and post-prandial conditions
have been investigated using MR and Doppler ultra-
sound with increases in PV flow being documented
following food intake, as expected.14,21,26,27 Taourel
et al.26 found that the postprandial response was sig-
nificantly decreased in patients with cirrhosis, suggest-
ing that pre- and post-prandial studies may allow for
stress testing of portal hemodynamics as a benchmark
for monitoring disease progression.

Only limited computational modeling of PV hemo-
dynamics has been reported in the literature. Previous
investigations have modeled the hepatic circulation
using electrical analogues to optimize device settings
for hypothermic perfusion systems.6,28 Additional
studies have investigated the microcirculatory blood
flow in the lobule, the functional unit of the liver.5,19

There has been some development of computational

FIGURE 1. Liver circulation.13 The splenic and superior
mesenteric veins join to form the portal vein which splits into
the right and left portal vein branches. The liver is also sup-
plied by the hepatic artery which joins the venous flow at the
capillary level before being collected into the hepatic vein
which drains into the inferior vena cava.
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fluid dynamics (CFD) models in the PV; however,
these are limited to idealized models,18 a single healthy
subject,3,9 and uncertainty analyses.17 In the last few
years there have been a small number of clinical CFD
models generated including a single subject before and
after the transjugular intrahepatic portosystemic shunt
(TIPS) procedure10 and a single subject hepatectomy
case.8 Thus, there is a need for developing computa-
tional approaches that enable more thorough investi-
gations of liver hemodynamics in healthy and disease
states.

The goals of the present study are (i) to compare
several MR-derived variables in healthy subjects and
patients with liver cirrhosis in a search for candidate
parameters that might prove useful in describing dis-
ease progression and (ii) to employ MR image-based
CFD as a companion technology for augmenting MR
in the management of patients. Although 4D-MR can
produce geometry and fluid velocity maps, MR alone
is not capable of exploring variations in hemodynamic
parameters unless measurements are repeated, nor can
it simulate different hypothetical scenarios as a pre-
dictive tool. In this investigation we employ CFD to
aid in interpretation of MR data, to determine the
sources of blood flowing to each lobe of the liver, and
to simulate parametrically the effects of eating and
portal hypertension (increased right lobe pressure)
upon PV hemodynamics.

METHODS

Subject Selection

This study includes data from seven healthy volun-
teers (1 male, 6 females) ages 24–28 (25.9 ± 1.3) with
no previous or current diagnosis of liver disease and
four patients (2 males, 2 females) ages 50–63
(55 ± 5.7). The patients were selected from among
those scheduled for an abdominal MRI with a diag-
nosis of cirrhosis, MELD scores ranging from 11 to 13,
and no tumors present. All subjects were instructed to
fast at least 2 h prior to the scan. The study was
approved by the Emory University Institutional
Review Board.

Imaging

Magnetic resonance imaging of all subjects was
performed on either a Philips 1.5T Intera system
(Philips Healthcare, Andover, MA) or a Siemens
Avanto 1.5T system (Siemens AG, Erlangen, Ger-
many), both equipped with a body phased array coil.
Scans were completed with the subjects in a supine
position and began with short reconnaissance scans
using balanced fast field echo (BFFE) to locate the PV.

The vessel geometry including the SMV, SV, complete
PV, and the right and left PV branches (RPV and LPV)
was scanned using either the BFFE or the steady-state
free precession technique (SSFP). The scans were
breath-held (~20 s) contiguous slices of 3 mm thick-
ness with a resolution of 1.37 9 1.37 mm, which per-
mitted adequate accuracy for vessel geometry
reconstruction for CFD models. A series of coronal
images was acquired to allow for segmentation of the
liver lobes.

PC-MR scans were taken to acquire time-resolved
velocity distributions that provided flow boundary
conditions for CFD calculations. These scans were
performed during the same session using ECG leads or
a peripheral pulse unit for cardiac vector cardiogram
gating, and velocity data were gathered using a seg-
mented gradient echo sequence obtained from the mid-
PV with the imaging plane placed 90� to the long axis.
PC-MR scans were also acquired for the SMV and SV
before their confluence to the PV and for the RPV or
LPV just after the PV bifurcation. Only the axial
velocity component was measured due to time con-
straints, but this allowed the velocity information to be
employed to calculate flow rates. Scan parameters were
as follows: slice thickness 6–8 mm, resolution of
1.17 9 1.17 mm, TR 24.2, TE 8, number of phases 16–
20, and Venc 30–60 cm/s. An example geometry
showing the sites of PC-MR acquisition is presented in
Fig. 2.

For subjects whose geometry was acquired over
several breath-holds, image registration was necessary,
and segmentation techniques were applied to the
geometry data sets to identify the lumen boundary as
described in.29 Briefly, the segmentation process cre-
ated serial contours in space within the vessel geome-
try, allowing for the reconstruction of a smooth
surface. The vessel lumens were also segmented for the
PC-MR scans using the magnitude portions of the
images and threshold criteria in the region of interest.
Next, the segmented magnitude images were employed
as a mask to multiply the phase images, leaving only
the velocity information of interest. The velocity
intensities were then converted to actual velocity values
employing a MATLAB program developed for this
application, resulting in axial velocity values (over a
cross-section as well as the cardiac cycle), flow rates,
and luminal areas. Liver volume was calculated by
manually segmenting the liver and summing volumes
of the voxels.

CFD Models

CFD models were developed for two healthy sub-
jects and two patients with best data quality. The
geometry obtained from MR data was used to create a
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non-uniform rational B-spline surface employing
Geomagic (Geomagic USA, Morrisville, NC, USA).
The geometry was additionally cropped and smoothed,
and this surface was then imported into Gambit
(ANSYS, Inc., Canonsburg, PA, USA) where the
outlets and inlets were extended and a tetrahedral mesh
was created with a mesh size of 0.1 mm. A grid sen-
sitivity analysis was performed by decreasing the mesh
size to ensure appropriate resolution for the grid. The
velocity at the center of the PV was used as a marker to
determine grid sensitivity.

The governing equations for the CFD model were the
incompressible continuity and Navier–Stokes equations
which were solved numerically using a commercial soft-
ware package, FLUENT (ANSYS, Inc., Canonsburg,
PA, USA). The assumed fluid properties were represen-
tative of blood (density, q = 1060 kg/m3, viscosity coef-
ficient, l = 0.035 Poise). Ho et al.9 found that defining
blood as a Newtonian fluid is a good assumption in the
PV. The boundary conditions necessary for the model
include vessel geometry (Fig. 2), inlet (SMV and SV)
velocities, and outflow flow splits (RPV and LPV). The
inlet vessels were extended by at least 1 diameter with a
mean extension of 2.3 diameters to reduce artificial inlet
effects. The inlet velocities were assumed to be blunt and
were calculated from PC-MR derived flow rates and
geometric area. Flow was measured in the RPV, and flow
in the LPV was assumed to be equal to the flow in the PV
minus flow in the RPV. If the subject had a trifurcation,
the remaining flow was divided between the two
remaining outlets based on area. Two outlet boundary
conditions were run and compared: (i) measured outflow
and (ii) outlet pressures using targeted mass flow rate.
The outlets were extended to reduce artificial end effects.

The CFD results were displayed in Tecplot (Tecplot,
Inc., Bellevue, WA), allowing for visualization of velocity
profiles and streamtraces. Validation of the CFD models
was obtained by comparison of average velocity with
PC-MR data at the mid-PV.

Flow in these liver vessels was expected to be only
marginally pulsatile, with little variation over the
cardiac cycle.20,25 Our own PC-MR findings con-
firmed this, as shown for a healthy subject (N9) in
Panel (a) of Fig. 3.To examine the effects of
unsteadiness on computed flow field parameters we
used PC-MR unsteady flow measurements as
boundary conditions for subject N9 and computed
the velocity field. The unsteady solver was pressure
based with first order implicit formulation using the
Green-Gauss node based gradient option. Pressure–
velocity coupling was defined by SIMPLE, and the
discretization methods for pressure and momentum
were standard and first order upwind, respectively.
Two cardiac cycles were computed with only data
from the second cycle used for comparisons. Panel (b)
of Fig. 3 presents calculated velocity profiles at a
cross section in the center of the PV at three different
times (average flow, maximum flow and minimum
flow) obtained from the unsteady computations and
compares these with the steady state calculations
using the average velocity at these times. Although
there are small differences in velocity profiles, the
steady velocity magnitudes are within 0.1–1.2% of the
unsteady values. This similarity is reflected in panel
(c) of Fig. 3 where we compare the cross-sectional
averaged velocities obtained from the fully unsteady
and the quasi-steady assumptions. Based on these
findings, we used steady flow CFD results in our

FIGURE 2. Image reconstruction of the PV geometry in a healthy subject, with the lines indicating sites of PC-MR velocity
acquisition. The PC-MR data from the RPV, SMV, and SV were used as boundary conditions for the CFD models, while the PV data
were used for validation of the computed velocity results.
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subsequent comparisons with time averaged MR-der-
ived parameters.

One concept explored by CFD was motivated by the
question of whether contributions of SMV and SV
blood to the right and left lobes may be different
between normal subjects and those with PH. Thus, the
fraction of flow from the SMV that fed the RPV (or
LPV) branch was calculated using a method described
by Dasi et al.4 Utilizing TECPLOT to analyze the
CFD results, streamtraces were initiated in a grid-like
pattern over a cross-sectional slice of the SMV. The
flow rate contribution for each streamtrace was cal-
culated by multiplying the velocity at the streamtrace
origin by the individual grid area. The outlet (RPV or
LPV) for each streamtrace was determined using a C
program written for this purpose, and the SMV blood
that contributed flow to each outlet was determined by
summing the flow from each streamtrace.

As discussed previously, CFD may prove useful in
modeling changes in liver hemodynamics in specific
individuals, both as related to normal hemodynamic
variations and also to departures from physiologic
flows as liver disease progresses. For postprandial

simulations we parametrically increased the flow in the
SMV, noting that Sadek, et al., found that PV flow rate
increased between 24 and 74% after eating.21 To model
this response in our subjects, increases of 25, 50, and
75% of the baseline PV flow were added to the SMV
flow rate measured by PC-MR. Since these studies are
hypothetical and no PC-MR flow split data were
available for the outlets, the SV inlet flow was kept
constant at its PC-MR measured value, and the outlet
pressure boundary condition was applied using the
pressure from the baseline case. For simulating PH we
increased the RPV pressures in the healthy subjects
systematically in equal increments while keeping the
inlet pressures and LPV outlet pressure constant at
levels corresponding to the baseline calculation.

Data Analysis

MR image data were employed to compute ana-
tomical parameters, including vessel cross-sectional
area and liver lobe volume. To compute an overall
average velocity, Vavg, at a slice, velocity voxels were
averaged over the cross-section at each time interval

FIGURE 3. Quasi-Steady Analysis Results. (a) There was little variation in PC-MR measured cross-sectional average velocity with
time in the PV, SMV and SV. (b) Computed velocity profiles in the PV were very similar when comparing fully unsteady compu-
tations with a quasi-steady assumption. (c) Time-varying PV velocities averaged over the cross section closely correlated well with
steady velocities.
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and then averaged over the entire cardiac cycle. For
computation of flow rate, Qavg, the flow through each
voxel was calculated and all voxels were summed and
averaged over the cardiac cycle. We computed a
velocity variance (Vvar) by averaging the velocities over
the cross section at each time interval and then taking
the difference between the maximum and minimum of
these values. Because of time and technical limitations
during the MRI procedures, not all parameters were
able to be measured in all subjects, and specific group
numbers are referenced in the results section. An Exact
Wilcoxian test was performed to determine statistically
significant differences in parameters between the heal-
thy and patient groups. This test was chosen because
the assumption of normal distributions is not made.

RESULTS

Our studies involved three components: (i) MR
investigations of seven healthy subjects and four
patients with liver cirrhosis; (ii) CFD modeling for two
healthy subjects and two patients; and (iii) CFD sim-
ulations of post-prandial hemodynamics (two healthy
subjects and two patients) and portal hypertension
(two healthy subjects).

MR Results

Locations of MR and PC-MR measurement slices
are shown in Fig. 2, and measured flows in the major
vessels were found to be quasi-steady, as presented in
Fig. 3. We used the period of one cardiac cycle as a
reference over which to compute time averaged
PC-MR results, as summarized in Table 1. The area of
the PV was significantly larger in patients than in
healthy subjects (patients, 1.75 ± 0.49 cm2; healthy
subjects, 0.97 ± 0.08 cm2, p = 0.006). The PV velocity
averaged over the cross section was 12.74 ± 3.17 cm/s
and 8.74 ± 3.09 cm/s for the healthy subjects and
patients, respectively. Although this difference did not
reach statistical significance, it did show a trend for
decreased PV velocity in patients. There was no sig-
nificant difference in PV flow rate in patients vs. nor-
mal subjects (1032 ± 586 mL/min vs. 783 ± 241 mL/
min). There were little velocity and flow rate changes
over the cardiac cycle, but this lack of variability was
more notable in the patients, i.e., the velocity variance,
Vvar, was significantly different between patients and
healthy subjects (1.93 ± 1.0 cm/s vs. 4.4 ± 1.7 cm/s,
p = 0.024). To examine variations in the amount of
blood required by the tissue, the velocity and flow rate
were each divided by the total liver volume. Interest-
ingly, the PV flow/liver volume was similar in both
groups (patients, 0.641 ± 0.187 mL/min/cm3; healthy

subjects, 0.583 ± 0.175 mL/min/cm3), but the ratio of
PV velocity/liver volume was significantly lower in
patients (0.0058 ± 0.0017 cm/s/cm3 vs. 0.01 ± 0.0025
cm/s/cm3, p< 0.05).

The splenic vein (SV) drains blood from the spleen,
which can become enlarged with cirrhosis. This was
seen in our study where the SV area was larger in
patients, (1.18 + 0.37 cm2 vs. 0.578 + 0.1 cm2,
p = 0.024). There was no difference in SV average
velocity between groups (patients, 8.88 ± 1.65 cm/s;
healthy subjects, 7.93 ± 1.53 cm/s), but the average
flow rate was greater in patients (666 ± 311 mL/min
vs. 300 ± 102 mL/min, p = 0.024). When expressed as
SV flow/liver volume, the patients again had signifi-
cantly greater values (0.46 ± 0.163 mL/min/cm3 vs.
0.202 ± 0.033 mL/min/cm3, p = 0.019). The ratio of
SV flow to PV flow was also calculated, and results
show that patients had a significantly increased ratio
(0.74 ± 0.32 vs. 0.36 ± 0.069, p = 0.0095). There were
no significant differences between healthy subjects and
patients in any of the SMV variables examined.

CFD Results: Healthy Subjects and Patients

Computational models were developed for two heal-
thy subjects and two patients. The CFD velocity results
at a center section in the PV were compared to PC-MR
data for these four subjects and the computed values
were within 0.5–27% of the PC-MR values, with subject
N3 having the greatest difference (Table 2). Differences
in assumptions on boundary conditions, e.g., outflow
split vs. outlet pressure, did not affect the computed PV
average velocity (differences ~0.02–0.17 cm/s).

Because of interest in how SMV and SV flows
contribute to the right and left lobes of the liver, the
CFD models were also used to calculate the percent-
ages of SMV blood that flowed to the RPV and LPV,
and the results are presented in Table 3. For the
healthy subjects the majority of the SMV flow went to
the RPV, while for patients the SMV flow was more
evenly divided between RPV and LPV.

The computational analyses revealed complicated
flow patterns in the PV with secondary or swirling flow
in both healthy subjects and patients, and there was
substantially more mixing of blood from the SV and
SMV sources in the patients, as demonstrated by the
computed streamtraces seen in Fig. 4 where examples
from a healthy subject (N9) and a patient (D6) are
presented in the left panel for baseline conditions.

CFD Simulations: Post-prandial Flow and Portal
Hypertension

We simulated postprandial hemodynamics by
increasing the SMV flow by 25, 50 and 75%, while
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holding SV flow constant. The right panel of Fig. 4
illustrates changes in streamtraces for a normal subject
(N9) and a patient (D6) when PV flow is increased by
75% to simulate a postprandial state. There is con-
siderably more secondary flow in both subjects by
comparison with the baseline state, with the patient
exhibiting extremely strong swirling patterns.

The percentage of SMV blood that ultimately goes
to the RPV with increases in SMV flow was deter-
mined from computed streamtraces for each of the
four subjects as shown in Fig. 5, with variable results.
Subject N3, who had a high percentage of SMV flow
feeding the RPV at baseline, showed a linear decrease
in this parameter as SMV flow increased, while patient

D4 showed an opposite trend. On the other hand, there
was no apparent trend in N9 and D6, and the small
number of subjects prevents a statistical comparison.

In the PH simulation the RPV pressure was
increased in the two healthy subjects, N3 and N9, while
holding SMV and SV inflow pressures as well as the
LPV outflow pressure constant at their baseline values.
The LPV flow percentage increased, the RPV flow
percentage decreased, and the PV flow decreased with
an increase in RPV pressure. The relationship between
the percentage decrease in pressure drop (caused by the
increased RPV pressure assumption) and the percent-
age increase in LPV flow in each subject was found to
be linear.

Figure 6 displays the computed velocity profiles at
the mid-PV section for the two healthy subjects. For
subject N3 the RPV outlet pressure is increased until
flow reversal was seen in the RPV. There are shifts in
the velocity profile patterns in these examples, but
most noteworthy are the effects of increased RPV
pressures on flow patterns in the outlet branches. Flow
into the RPV is clearly impeded, and as shown by the
streamtraces for N9, there is little flow going to the
right lobe of the liver for this simulation.

DISCUSSION

This investigation demonstrates the feasibility of
employing MRI derived geometry and flow velocity
information from the PV blood vessel system in indi-
vidual subjects to develop computational models that
can be used to explore PV hemodynamics in normal
and diseased states. We also compare differences in
several MRI derived parameters of the PV system
between healthy and patient groups. The potential
utility of CFD to explore relevant hypothetical states is

TABLE 1. Results for MR-derived parameters in the portal venous system.

Healthy subjects Patients p value

Portal vein (PV) n = 7 n = 4

Average area (cm2)* 0.97 ± 0.08 1.75 ± 0.49 0.0061

Average velocity (Vavg) (cm/s) 12.74 ± 3.17 8.74 ± 3.09 0.1636

Vavg/total liver volume (cm/s/cm3)* 0.01 ± 0.0025 0.0058 ± 0.0017 0.0416

Velocity variance (Vvar)* (cm/s) 4.4 ± 1.7 1.93 ± 1 0.0242

Average flow rate (Qavg) (mL/min) 783 ± 241 1032 ± 586 0.6485

Qavg/total liver volume (mL/min/cm3) 0.583 ± 0.175 0.641 ± 0.187 0.7619

Splenic vein (SV) n = 7 n = 4

SV area (cm2)* 0.578 ± 0.1 1.18 ± 0.37 0.0061

SV Vavg (cm/s) 7.93 ± 1.53 8.88 ± 1.65 0.4121

SV Qavg (mL/min)* 300 ± 102 666 ± 311 0.0242

SV Qavg/total liver volume* (mL/min/cm3) 0.202 ± 0.033 0.46 ± 0.163 0.019

n = 6 n = 4

PV blood composition (SV/PV)* 0.36 ± 0.069 0.74 ± 0.32 0.0095

* Indicates a statistically significant difference p < 0.05.

TABLE 2. Comparison of the CFD model with MR results.

Subject

CFD—outflow BC CFD—pressure BC MR

PV average

velocity (cm/s)

PV average

velocity (cm/s)

PV average

velocity (cm/s)

N3 7.01 6.98 9.55

N9 10.62 10.6 11.5

D4 8.89 9.06 8.97

D6 8.41 8.41 8.45

TABLE 3. Partition of SMV blood into the RPV and LPV as
determined from CFD results.

Subject

% SMV flow

to RPV

% SMV flow

to LPV

N3 94.3 8.5

N9 66.4 33.3

D4 48 54.2

D6 49.4 47
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demonstrated by simulating postprandial hemody-
namics and portal hypertension without the need for
additional imaging acquisition.

Our study population includes patients aged 50–63
and healthy subjects aged 24–28, which raises a ques-
tion of possible age-related hemodynamic differences
when comparing normal young subjects with older
patients. Using 4D-MR, Stankovic, et al.,22 demon-
strated no significant difference in mean velocity,
maximum velocity, flow volume, and vessel area of the

SMV, SV, splenic-mesenteric confluence, RPV branch
and LPV branch between healthy older subjects (mean
age, 58.6 years ± 5.9; range, 50–69 years) and healthy
young volunteers (mean age, 27.5 years ± 3.3; range,
22–37 years). The only exception was a significant
decrease (0.05 m/s vs. 0.06 m/s) in the LPV mean
velocity in healthy young volunteers when compared to
healthy older subjects. Therefore, preliminary conclu-
sions should not be affected by the age differences in
our two study groups.

FIGURE 4. Streamtraces from CFD results for one healthy subject (N9) and one patient (D6) under baseline and simulated post-
prandial conditions. The stronger secondary flow patterns in the patient, as well as the larger vessel diameter, are readily seen
under both flow conditions. Changes in velocity profiles can also be seen.

FIGURE 5. Percentage of SMV blood feeding the RPV at various increases in SMV flow. The increases in PV flow simulate a range
of post-prandial states provided in the literature.11,27
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Large variations in PV geometry have been reported
in the literature, and both anatomy and flow were
highly variable in our patients, as well as in the healthy
subjects. Such geometric variability is expected to
contribute to variability in velocity profiles in the PV,
and profile skewing was commonly seen in the PC-MR
velocity profiles, as well as in the four cases examined
through CFD. From the computational viewpoint,
both SMV and SV inflows as well as LPV and RPV
outflows contribute to velocity profile skewing, since
both upstream and downstream flow boundary con-
ditions affect details in the region of interest. The
computed velocities demonstrate that simple assump-
tions for velocity profiles in the PV, such as Poiseuille
flow, can be inaccurate, and the strong secondary
patterns suggest caution when interpreting flow data
from Doppler ultrasound measurements.

As expected, a significant difference was found in
PV cross sectional area between healthy subjects and
patients, with the patients having larger lumens.
Interestingly, the variability in PV area among healthy
subjects was relatively small, while that of the patients
was quite large—presumably reflecting patient vari-
ability in increased levels of PH arising from being in

different stages of disease. The PV MR velocity mea-
surements for healthy subjects in this study
(12.74 ± 3.17 cm/s) are within the range reported in
the literature.14,16,24,25,30 Our PV flow rate (783 ± 241)
is also within the range reported in litera-
ture.14,22,23,25,30 When healthy subjects and patients in
our study are considered, the Vavg per liver volume in
the PV was significantly lower in patients which is a
new finding not previously reported. Although there
were no differences in flow per liver volume between
healthy subjects and patients, the combination of
increased liver volume and increased PV cross-sec-
tional area in patients appears to have led to the
observed significantly lower value of Vavg per liver
volume in the patients.

While there was little pulsatility in PV flows by
comparison to arterial flows, there were modest vari-
ations in velocity over a cardiac cycle, and we com-
puted velocity variance, Vvar, as previously described.
One striking feature seen in this parameter was a sig-
nificant difference between the healthy and patient
groups (Table 1), with Vvar being much greater in the
healthy subjects (p< 0.024). This is possibly due to
effects of PH in the patients, and this parameter may

FIGURE 6. Streamtraces from CFD results for both healthy subjects (N3 and N9) under baseline and simulated RPV pressure
increases. The reversed flow and secondary flow can be seen in both subjects, and velocity profile changes can also be seen.
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offer information related to disease progression in an
individual patient, although a larger sample size is
required to establish any measure of utility.

Referring to Table 1, the area, flow rate, and flow
rate per unit liver volume of the SV were significantly
increased in patients. Cirrhosis can cause an increase in
blood flow to the spleen and thus an increase in blood
flow in the SV, so these parameters may prove useful in
disease diagnosis and monitoring progression.

The contributions to PV blood flow arising from the
SMV and SV tributaries were calculated and were
consistent across all normal subjects in that the
majority of the PV blood is from the SMV (Table 1).
However, in patients the percentage of SV blood in the
PV increased, which is again consistent with the
increased spleen size and SV flow. By defining the ratio
of SV flow to PV flow (SV/PV), the difference between
healthy subjects and patients was statistically signifi-
cant, and the variation among patients was much lar-
ger, likely reflecting different stages of disease.

The flow split between the RPV and LPV branches
tended to shift to increase the proportion of blood flow
into the LPV for the patients. Without the presence of
disease one would expect a greater proportion of blood
is required to supply the right lobe than the smaller left
lobe. Liver disease primarily starts in the right lobe of
the liver, increasing resistance on the right side and
perhaps diverting some of the supply to the lower
resistance left side, as seen in the CFD simulations. In
addition, the left lobe of the liver may hypertrophy,
increasing the demand for blood. This flow split
parameter may be an important indicator that could be
investigated more closely in future patient studies.

The use of CFD enables the creation of subject
specific models from MRI data. The data set presented
here, comprising only four subjects, is extremely lim-
ited, and general conclusions should not be drawn. In
the present study four complete CFD models were
created, two healthy subjects and two patients, and
computed velocities compared well with PC-MR data
acquired from the mid-point of the PV. These models
were used to investigate blood flow patterns in the PV
that resulted from the confluence of flows entering
from the SMV and SV. Under the assumption of
steady laminar flow, streamlines also represent particle
path lines, so tracing streamlines (e.g., streamtraces)
gives an indication of secondary flows as well as blood
element trajectories. As seen in Fig. 4, the CFD cal-
culations showed weak secondary or swirling flow in
the PV of the healthy subjects and stronger secondary
flow for the patients, likely due to the increase in
resistance in the liver and to asymmetry in the inlets
and outlets.

The CFD models were also used to determine the
sources of blood to the right lobe of the liver where

disease occurs preferentially. In the healthy subjects, the
majority of the SMVblood fed the right side of the liver,
while in patients the SMV blood fed both sides equally
(Table 3). This finding from the CFD models is consis-
tent with the hypothesis that ‘‘dirty’’ blood may con-
tribute to liver disease in the right lobe at early stages. As
disease progresses and RPV resistance increases, a shift
of SMV blood contribution to the left lobe is consistent
with bilateral disease progression. However, we
emphasize that these results suggest the potential of
computational modeling to elucidate factors in liver
disease, but by nomeans provide conclusive proof of the
‘‘dirty blood’’ hypothesis. Additionally, as noted previ-
ously, SMV flow increases in the postprandial state, so
that variations in flow contributions of the SMV and SV
to the RPV and LPV are to be expected in both healthy
subjects and patients.6,19,28 When simulating disease by
increasing RPV pressure in the two healthy subjects, the
LPV flow percentage increased. Additionally, the PV
flow decreased and the flow into the RPV became sig-
nificantly impeded. While this result is intuitive, the
potential to use computational modeling to assess
redistribution of blood flow in the hepatic vessels with
progressing disease is intriguing.

This investigation demonstrates a methodology that
can be employed to explore subject specific MRI and
CFD to investigate hemodynamic parameters in the
liver in order to provide additional noninvasive infor-
mation to assist in managing patients with chronic liver
disease. Although the number of subjects is small,
several MRI derived parameters have been identified as
having promise to distinguish between healthy and
patient groups and, potentially, to monitor disease
progression as an adjunct to decision making on the
urgency of organ transplantation. Those parameters
that relate to the PV include PV cross-sectional area,
PV velocity variance (Vvar) during the cardiac cycle,
and possibly Vavg and Vavg/liver volume. Parameters
related to the SV that deserve further study are SV
cross-sectional area, SV average flow rate, and SV
average flow rate per unit liver volume. Further, patient
specific CFD can be a powerful tool to investigate
hemodynamic patterns in the PV complex, to test
hypotheses related to the effects of distribution of
SMV and SV blood to the separate lobes of the liver,
and to elucidate hemodynamic effects as disease
progresses.
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