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Abstract

BACKGROUND: The test-retest/interobserver repeatability and diagnostic value of 4D flow MRI
in liver disease is under-reported.

PURPOSE: To determine the reproducibility/repeatability of flow quantification in abdominal
vessels using a spiral 4D flow MRI sequence; to assess the value of 4D flow parameters in
diagnosing cirrhosis and degree of portal hypertension.

STUDY TYPE: Prospective.
SUBJECTS: 52 patients with chronic liver disease.
FIELD STRENGTH/SEQUENCE: 1.5T/spiral 4D flow acquired in 1 breath-hold.

ASSESSMENT: Thirteen abdominal vessels were identified and segmented by 2 independent
observers to measure maximum and time-averaged through-plane velocity, net flow and vessel
cross-section area. Interobserver agreement and test-retest repeatability were evaluated in 15 and 4
cases, respectively. Prediction of the presence and severity of cirrhosis and portal hypertension was
assessed using 4D flow parameters.

STATISTICAL TESTS: Cohen’s kappa coefficient, coefficient of variation (CV), Bland-Altman,
Mann-Whitney tests, logistic regression.

Results: For all vessels combined, measurements showed acceptable agreement between
observers, with Cohen’s kappa=0.70(p<0.001), CV<21%, Bland-Altman bias <5%, but high limits
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of agreement ([—-75%,75%]). Test-retest repeatability was excellent in large vessels (CV=1-15%,
bias=1-25%, BALA=[4%,150%]), and poor in small vessels (CV=7-130%, bias=10-200%,
BALA=[8%,190%]). Average velocity in the right hepatic vein and average area of the splenic
vein were higher in cirrhosis (p=0.027/0.0039). Flow in the middle hepatic vein strongly
correlated with Child-Pugh score (p=0.84, p=0.0238), while flow in the splenic vein
(p=0.43,p=0.032), time-average (p=0.46,p=0.02) and peak velocity in the superior mesenteric vein
(p=0.45,p=0.032), and peak velocity in the infrarenal IVC (p=0.39,p=0.032) positively correlated
to an imaging-based portal hypertension score. Average area of the splenic vein predicted cirrhosis
[p=0.019; AUC(95% CI1)=0.87(0.71,1.00)] and clinically significant portal hypertension [p=0.042;
AUC(95% CI)=0.78(0.57-0.99)].

DATA CONCLUSION: Spiral 4D flow allows comprehensive assessment of abdominal vessels in
one breath-hold, with substantial interobserver reproducibility, but variable test-retest repeatability.
4D flow may potentially reflect vascular changes due to cirrhosis and portal hypertension.
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Introduction

Portal hypertension (PH) is commonly present in patients with cirrhosis and can lead to high
morbidity and mortalityl. The hepatic venous pressure gradient (HVPG), which is the
transvenous measurement of the pressure difference between the portal vein and the inferior
vena cava (IVC) is an accepted indirect measurement of portal pressure for diagnosing and
assessing the severity of PH1-2. HVPG has been shown to provide prognostic information
and predict the development of complications of PH including bleeding from
gastroesophageal varices34. However, HVPG measurement is relatively invasive, costly, and
not available at all institutions®. These limitations underlie the need for non-invasive
methods of assessing PH.

Doppler ultrasound (US) has been used to assess the severity of PH and changes in portal
and splanchnic blood flow in liver disease, with variable results6-12. In addition, Doppler US
has limited inter-observer reproducibility!3-16. Two-dimensional phase-contrast MRI (2D
PCMRI) directly evaluates blood flow dynamics and has been shown to be an effective
noninvasive and reproducible technique for the assessment of PH217-19_ However, 2D PC-
MRI requires the use of double-oblique imaging planes, which is difficult and time
consuming to position in coordination with patient breath-holds20. Additionally, this
technique only allows visualization of large splanchnic vessels such as the portal vein (PV),
which may be insufficient for a comprehensive flow evaluation?.

4D flow MRI mapping using PC pulse sequences with 3D vascular coverage and 3-direction
velocity encoding is a promising technique for comprehensive hemodynamic analysis by
providing both co-registered anatomic and hemodynamic information 21-25. 4D flow
Cartesian sequences with cardiac and respiratory triggering have acquisition times on the
order of 10-20 minutes23. 4D flow MRI has been validated against 2D PC-MRI and Doppler
US for measurement of blood flow in recent studies?0-23-26, A non-Cartesian sampling
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combined with compressed sensing allowing the acquisition of 4D flow data covering the
major abdominal vessels in a single breath-hold has been recently described?®. Previously
published work on non-Cartesian 4D flow sequences showed strong interobserver agreement
in image quality scores?5, and in quantitative flow parameters for the portal vein and hepatic
artery20:27_ but did not report test-retest repeatability results.

Hence, the objectives of this study were to: 1) Determine the reproducibility and
repeatability of flow quantification parameters in abdominal vessels using a breath-hold 4D
flow spiral PC-MRI sequence combined with compressed sensing; 2) Assess the value of 4D
flow parameters for predicting the presence of cirrhosis/PH and the severity of liver disease.

Materials and Methods

Patients

Clinical data

This prospective, single-center study complied with the Health Insurance Portability and
Accountability Act. The study was approved by the local IRB and written informed consent
was obtained from all subjects. Between March 2015 and March 2017, 54 patients with
chronic liver disease underwent abdominal MRI with cardiac-triggered, phase-contrast MRI
evaluation (Fig. 1). Patients with clinically indicated abdominal MRI for chronic liver
disease follow-up and hepatocellular carcinoma screening/surveillance were included.

Age, sex, histopathologic liver fibrosis stage (when available), the presence of
gastroesophageal varices on upper gastrointestinal endoscopy (when available), and portal
hypertension composite imaging score® were recorded and calculated for all patients at the
time of the MRI exam. In patients who had clinical histopathological evaluation of liver
biopsy samples (n=25; time interval between MRI and biopsy, 485+780 days, range 7-2510
days), METAVIR (in chronic HBV/HCV) or the Brunt (in NASH) semiquantitative scoring
systems28:29 were used for histopathologic determination of the stage of fibrosis (fibrosis
stage: FO-F4). In patients without liver biopsy, cirrhosis was diagnosed from clinical history
(n=1 pre liver transplant patient), morphologic MRI findings (n=4; liver surface nodularity
and findings of PH), or liver stiffness measurements by magnetic resonance elastography
(MRE; n=7 patients) according to published liver stiffness cut-off values of cirrhosis3%:31.,
The Child-Pugh and the Model of End-Stage Liver Disease (MELD) scores were calculated
in cirrhotic patients28-30, For all patients, a non-invasive, imaging-based PH composite score
(Table 1) was calculated, previously validated against HVPG measurement®. The PH
composite score rates the presence and severity of abdominal ascites, the maximum cranio-
caudal diameter of the spleen, and the number of variceal sites on a scale of 0 to 3, each. The
PH composite score was determined from qualitative evaluation of the MRI exam by a
radiologist with 1 year of abdominal MRI experience (S.P.).

Image acquisition

All patients were instructed to fast for at least 2—4 hours before the MRI exam. Patients were
imaged on a 1.5T system (Magnetom Aera, Siemens Healthineers, Erlangen, Germany)
equipped with a 30-channel spine and flexible body array coil for RF receiving and 33
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mT/m maximum gradient strength. All patients were imaged with a cardiac-triggered, PC
sequence with 3D velocity encoding (velocity encoding parameter VENC=60 cm/sec in each
direction) and undersampled variable-density spiral trajectory (“spiral 4D flow”)2> acquired
before injection of gadobenate dimeglumine (MultiHance, Bracco Diagnostics Inc., Monroe
Township, NJ; n=21) or 10 min after injection of gadoxetic acid (Primovist/Eovist, Bayer
Healthcare, Whippany, NJ; n=31). A coronal-oblique abdominal 60 mm slab (TR/TE/FA
16.5/3.8/9, FOV 400x400 mm, acquired matrix size 160 x 160 x 12, acquired voxel size 2.5
x 2.5 x 5 mm3, interpolated voxel size 1.3 x 1.3 x 2.5 mm3, temporal resolution 6671 ms,
acceleration factor of 6), covering abdominal vessels, was acquired over 24 cardiac cycles,
in one 22-sec breath-hold at end expiration2®. Four patients underwent repeat (test-retest)
imaging, in two separate breath-holds within the same MRI exam, without moving or
repositioning the patients.

In addition to the spiral 4D flow acquisition, the MRI protocol also included the following
standard sequences: axial and coronal single-shot To-weighted imaging; axial fat-suppressed
fast spin echo To-weighted imaging; axial 3D Tq-weighted imaging in- and out-of-phase,
axial diffusion-weighted imaging; and 3D T1-VIBE before and after injection of a
gadolinium-based contrast agent (at approximately 4 min in n= 21 patients who had dynamic
contrast-enhanced MRI acquisitions 8 sec before, during and up to 4 min. post injection of
gadobenate dimeglumine; at 20 sec, 1 min, 10 and 20 minutes after injection of gadoxetic
acid).

Image analysis

Image reconstruction was performed offline using a dynamic compressed sensing framework
and an open-source GPU re-gridding software for radial 3D MRI, implemented in MATLAB
R2016a (The MathWorks, Natick, MA)2%:32, Reconstruction of each dataset took
approximately 1 hour with use of a computing server (32 Intel Xeon CPUs, 2.2GHz, 256 GB
RAM, K20 NVIDIA graphics card) running the Linux Ubuntu operating system. Images
were analyzed using prototype software (Siemens Healthineers, Princeton, NJ) for 4D flow
data visualization and vessel segmentation using a centerline model33. After performing
corrections for phase aliasing, eddy currents and motion, up to 13 hepatic vessels, including
the aorta and its celiac branches, the portal vein (PV) and inferior vena cava (IVC) (Fig. 2),
were identified and segmented?> by two observers in consensus (O.B., an MRI physicist
with 4 years of experience, and M.W., a body MRI radiologist with 6 years of experience).
Anatomical To-weighted and post-contrast T1-weighted imaging was used as a reference to
identify the abdominal vessels. A third independent observer (S.P., a body MRI fellow with
1 year of experience) performed vessel segmentation for a subsample of 15 cases for the
purpose of inter-observer reproducibility assessment. Time-averaged vessel cross-section
area, peak and time-averaged through-plane velocity, and net flow were measured.

Statistical analysis

Statistical analysis was performed using MATLAB, SPSS (version 20.0; IBM SPSS Inc,
Armonk, NY) and GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA).
Inter-observer reproducibility and test-retest repeatability of vessel identification was
evaluated by Cohen’s kappa. Kappa values < 0.2 represent poor agreement, 0.21-0.40, fair
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agreement, 0.41-0.60, moderate agreement, 0.61-0.80, substantial agreement, and 0.81-1.00
excellent agreement34. Interobserver and test-retest agreement of area, velocity and flow
measurements were evaluated by coefficient of variation (CV) and Bland-Altman statistics.
Flow parameters in all vessels were compared between patients grouped according to
cirrhosis status, PH, MELD and Child-Pugh scores, using Mann-Whitney tests. Flow
parameters were correlated to MELD and Child-Pugh scores by Spearman correlation. The
diagnostic utility of hemodynamic parameters that showed significant differences between
groups or trends towards significance was tested using binary logistic regression and ROC
analysis. A stepwise model selection procedure based on the Wald statistic was used to
select the best combination of hemodynamic and clinical covariates (age, gender, HCV/HBV
status, alcohol abuse) for the prediction of cirrhosis, PH and clinically significant PH. Two-
tailed p-values <0.05 were considered to be statistically significant; p-values between 0.05
and 0.1 were considered to show a trend towards statistical significance.

The final population included 52 patients (Fig. 1; M/F 32/20, mean age 57 y, age range 22—
82 y); two patients were excluded because of poor image quality on PC-MRI (Table 1).
Cirrhosis was diagnosed in 48% of patients (n=25) based on biopsy (n=10) or liver stiffness
measured with MRE (threshold for cirrhosis: >5 kPa) (n=10)3° or morphologic changes on
MRI (n=5). Based on the PH composite score cut-off (=3) indicating PH (HVPG =5
mmHg), 26 of 52 patients were suspected of PH or clinically significant PH. PH scores
shown to correspond with clinically significant PH (HVPG = 10 mmHg, PH composite score
>4) were observed in 21 patients (40% of patients).

Inter-observer reproducibility

In 15 patients, both observers identified 136 (70%) out of 195 abdominal vessels (up to 13
vessels per patient). Tables 2 and 3 show interobserver statistics for individual vessels, and
all vessels combined. There was substantial overall agreement between observers in
segmenting the vessels (all vessels Cohen’s kappa=0.70, p<0.001). The celiac trunk and the
supraceliac aorta were segmented with perfect inter-observer agreement (kappa=1, p=0.002),
while the superior mesenteric artery (SMA) had the poorest interobserver agreement
(kappa=0.42, p=0.101). For all vessels combined, area, velocity and flow measurements
showed acceptable agreement between observers, with CV <21%, Bland-Altman bias <5%,
but with high limits of agreement ([-75%, 75%]). Area measurements in the infrarenal aorta
had the best inter-observer reproducibility (Table 2). The best inter-observer agreement for
average velocity and flow was observed in the splenic vein, whereas the PV had the best
interobserver agreement for peak velocity (Table 3).

Test-retest repeatability

Test-retest statistics for all vessels and individual vessels in 4 patients are presented in Tables
4 and 5. For all vessels combined, area, velocity and flow measurements showed modest
test-retest agreement, with Cohen’s kappa=0.50, CV <40%, Bland-Altman bias <55%, and
high limits of agreement ([-150%, 150%]). The supraceliac aorta, hepatic, celiac and splenic
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arteries, were identified with perfect agreement between test and re-test acquisitions
(Cohen’s kappa=1, p<0.001). The PV, splenic vein and SMV were identified with substantial
agreement (Cohen’s kappa >0.7, p< 0.001). The best test-retest agreement was observed in
the PV for average velocity (CV=3.2%, bias=—4.5%) and maximum velocity (CV=5.2%,
bias=-7.4%), in the SMV for area measurements (CV=1%, bias=1.4%), and in the infrarenal
IVC for flow (CV=11.1%, bias= 15.7%). The poorest agreement in hemodynamic
parameters was observed for the splenic artery (CV=16-140%, bias=23-200%) and SMA
(CV=20-60%, bias=30-100%, BALA=[8%,188.7%]). Because these vessels were identified
in test and retest sessions in only 1 patient, BALA are not available.

Prediction of cirrhosis and severity of cirrhosis

Compared to patients without cirrhosis, patients with cirrhosis had significantly increased
mean area of the splenic vein (Fig.3a; p=0.0039) and increased mean velocity in the right
hepatic vein (Fig.3b; p=0.027). No significant differences in the flow parameters measured
in other vessels were observed between these groups of patients. The model selection
procedure identified splenic vein area as a significant predictor of cirrhosis [p=0.019; AUC
(95% CI) =0.87 (0.71,1.00)].

Correlation with MELD and Child-Pugh scores

Among patients with cirrhosis, we observed trends of negative correlations between the
MELD score and flow (Spearman’s p=—0.5, p=0.06) and peak velocity (p=—0.48, p=0.087)
of the PV, and area (p=-0.76, p=0.06) of the SMV. Peak velocity in the splenic artery was
negatively correlated with Child-Pugh score (p=—0.52, p=0.0493; Fig. 4a). Flow in the
middle hepatic vein was strongly positively correlated with Child-Pugh score (p=0.84,
p=0.0238; Fig. 4a). There were also trends of negative correlation of peak velocity in the
suprarenal IVC (p=-0.46, p=0.06), and positive correlation of area (p=0.73, p=0.08) in the
middle hepatic vein with the Child-Pugh score. Cross-sectional area of the PV was
significantly decreased (p=0.035) in patients with Child-Pugh B (Fig. 5a) compared with
patients with Child-Pugh A class. For patients with Child-Pugh’s B and C, there was a trend
of decreased PV cross-sectional area (p=0.097) and flow (p=0.097) compared to patients
with Child-Pugh A. No significant correlations were observed between MELD and Child-
Pugh scores and flow parameters in other vessels.

Prediction of PH and severity of PH

We observed significant weak to moderate positive correlations between PH score and flow
in the splenic vein (p=0.43, p=0.032), average (p=0.46, p=0.02), and peak velocity in the
SMV (p=0.45, p=0.032), and peak velocity in the infrarenal IVC (p=0.39, p=0.032) (Fig.
4b). For patients with imaging-based PH composite score = 3 (Fig. 5b), corresponding to
PH, infrarenal 1\VC area was significantly decreased (p=0.047). For patients with PH
composite score = 4 (Fig. 5¢), corresponding to clinically significant PH, average velocity
was increased in the supraceliac aorta (p=0.017). Trends of decreased peak velocities in the
SMA (p=0.05) and supraceliac aorta (p=0.05) were observed for patients with PH or
clinically significant PH. There was a trend of increased area in the splenic vein (p=0.057) in
patients with clinically significant PH. There were no significant predictors for PH, while for
clinically significant PH, SV area was a significant predictor [p=0.042; AUC (95%
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C1)=0.78(0.57-0.99)]. A binary logistic regression model with SV area (p=0.046) and
alcohol abuse (p=0.99) as covariates was identified by the model selection procedure as the
best predictor of clinically significant PH [AUC (95% CI1)=0.96 (0.88-1.00)].

Discussion

4D flow MRI has emerged as a valuable non-invasive technique for evaluation of hepatic
and splanchnic hemodynamics20:21:23-25.27.35.36 |njtjal human studies showed feasibility in
small cohorts, with focus on hepatic vessel visualization3’, and subsequently on
quantification of hepatic flow parameters with Cartesian?123.24 and non-Cartesian 4D flow
MRI120:25 and comparison of flow parameters with Doppler US24, 2D PC-MRI25, and
between the Cartesian and spiral techniques?®. More recent studies used radial 4D flow to
monitor hepatic and splanchnic flow in a porcine model of acute pre-hepatic PH3%, in
healthy volunteers and patients with PH undergoing a meal challenge?’, and in PH patients
before and after transjugular intrahepatic portosystemic shunt (TIPS) placement3°. The
present study expands the scope of previous studies by assessing interobserver agreement of
vessel identification and quantitative parameters in hepatic and splanchnic vessels, test-retest
repeatability, and correlation of 4D flow parameters with clinical parameters in a larger
series of patients with chronic liver disease.

Blood flow measurements in abdominal vessels with a single-breath hold, spiral 4D flow
MRI sequence is feasible, with comparable interobserver reproducibility to a previous study
of the portal circulation using a Cartesian 4D flow respiratory gated acquisition with 20 min.
acquisition time21. We also observed substantial to excellent test-retest agreement for
identifying the hepatic and celiac arteries, portal vein, splenic and superior mesenteric vein,
but variable agreement for quantitative parameters (depending on the vessels). The
repeatability results are possibly influenced by the small number of patients (n=4), as well as
by the limited resolution and coverage of the acquisition, combined with changes in vessel
positions during breath-holds at end-expiration. Moreover, the same vessels were not always
identified on the two test-retest acquisitions, which makes repeatability measures such as
coefficient of variation and Bland-Altman statistics less robust.

In our patient cohort, increased area in the splenic vein was a significant predictor of
cirrhosis. Increased splenic vein area and flow were observed by other investigators in
patients with cirrhosis vs. age-matched controls?3. These differences in hemodynamic
parameters may be due to changes in vascular geometry and hyperdynamic circulation in
cirrhosis?3, or splenomegaly and splenorenal shunting in cirrhosis and PH. Area of the
splenic vein predicted PH scores corresponding to clinically significant PH, with increased
AUC when combined with alcoholic etiology of liver disease. Although only 5 patients in
our cohort (10%) had alcoholic liver disease, and their charts reported abstinence from
alcohol for 2 years or more up to the time of MRI, 4 out of the 5 had Child-Pugh B cirrhosis,
and they all had PH scores = 4. Although the high combination AUC may be particular to
our patient cohort, previous studies have shown alcohol consumption in alcoholic liver
disease to increase HVPG and worsen complications of PH38. Increased average velocity
and flow in the right hepatic vein were also observed in cirrhaotic patients. While previous
PC-MRI studies in liver disease did not perform measurements in the hepatic veins, previous
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studies of cirrhosis and PH with Doppler ultrasound show a shift in the waveform pattern in
the right or middle hepatic vein, from triphasic to monophasic, with increased severity of
cirrhosis and PH®:7.9-11,

Previous smaller studies (n=5-21 patients) found no statistical correlation of flow
parameters with MELD or Child-Pugh scores in patients with cirrhosis?%24. We observed
borderline significant, negative correlations with MELD score for flow and peak velocity in
the PV, and of area in the SMV. Cross-sectional area of the PV was also significantly
decreased in patients with Child-Pugh Class B compared with patients with Child-Pugh
Class A, and there was a trend of decreasing area and flow for Child-Pugh Class B or C
patients, findings also observed in a smaller 4D flow study in 20 cirrhotic patients23. The
trend of decreasing portal flow with severity of cirrhosis is consistent with a large 2D phase-
contrast MRI study (n=69), which found decreasing portal flow in patients with Child-
Pugh’s B compared to patients with Child-Pugh’s A, but without statistical significance?.
The decrease in PV area with cirrhosis severity is unexpected, considering Doppler flow
studies that have shown portal diameter may exceed 13 mm in patients with cirrhosis and
portal hypertension’. The discrepancy between Doppler and 4D flow PV area measurements
can be explained by vessel diameter variation during respiratory phases/ breath-holds and
different measurement locations in the PV. Decrease in the PV area has been documented in
cirrhosis due to hepatic arterial buffer response (e.g. narrow PV, enlarged hepatic artery), and
bi-phasic or hepatofugal flow?.

The positive correlation of flow in the middle hepatic vein, as well as the trends of positive
correlation for the area in middle hepatic vein and negative correlation for peak velocity in
the suprarenal 1VC, with Child-Pugh score were not observed in previous 4D flow studies.
Regional flow acceleration has been previously observed on Doppler ultrasound of the
middle and right hepatic veins in patients with cirrhosis because of compression by
regenerative nodules and dampening of the pulsatile flow®.The negative correlation between
Child-Pugh score and peak velocity in the splenic artery contradicts previous Doppler
studies that showed increase or no change in the splenic artery resistive index calculated
based on peak systolic velocity in cirrhosis®8. This finding may be due to the high
variability of measurements in the splenic artery, as shown by limited interobserver and test-
retest statistics.

The examination of 4D flow parameters in relation to PH revealed moderate positive
correlations to flow in the splenic vein, average and peak velocity in the SMV, and peak
velocity in the infrarenal 1\VVC (in concordance with decrease in area of the infrarenal 1VC in
patients with PH and clinically significant PH). Increased splenic vein velocity and flow
measurements in cirrhotic patients predicted esophageal varices in a previous Doppler
study®, while 4D flow measurements of SMV velocity and flow increased with severity of
cirrhosis?3. Increased time-averaged velocity was also observed in the supraceliac aorta for
patients with clinically significant PH, which is consistent with hyperdynamic circulation in
patients with PH12:20,

Our study has several limitations. Cirrhosis status was determined from MRI and MRE
findings, in the absence of liver histopathology in half of patients. The previously validated,
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imaging-based PH composite score® was used as a surrogate for the invasive HVPG
measurement. In terms of technical limitations, the breath-hold acquisition resulted in
moderate anterior-posterior spatial coverage and moderate spatial resolution, which is not
ideal to identify and measure flow in the hepatic arterial tree, or portal circulation collaterals.
The spatial resolution and coverage can be improved by using concatenated breath-holds, or
higher acceleration factor. While the spiral acquisition with compressed sensing
considerably reduces acquisition time, post-processing for the 4D flow datasets requires 30
minutes - 1 hour of experienced user interaction. Furthermore, the semi-automatic, vessel
centerline segmentation used in this work is subjective, and may result in poorer
identification of some vessels.

Future work will include improvements to the 4D flow acquisition and post-processing, and
will correlate flow data with degree of PH based on direct HVPG measurement. Qualitative
assessment of 3D flow streamline patterns29:23, as well as other hemodynamic metrics, such
as flow3? and pulsatility indices’, pulse wave velocities and flow-derived pressure gradients
in the portal and splanchnic veins and hepatic/splenic arteries will be investigated.
Correlating 4D flow with magnetic resonance elastography (MRE) measurements of liver
and spleen stiffness and invasive HVPG measurements would allow separation of the static
component (reflecting the intrinsic mechanical properties of liver/spleen tissue) from the
dynamic component (reflecting hemodynamic effects from PH) of liver and spleen shear
stiffness. 4D flow measurements will be included in larger studies aiming to validate
multiparametric MRI predictive models combining tissue viscoelastic properties and
splanchnic flow parameters as non-invasive biomarkers of portal hypertension and severity
of portal hypertension. The development of such predictive models may have major impact
on prognosis, for establishing the risk of hepatic decompensation and bleeding.

In conclusion, a spiral 4D flow sequence allows comprehensive assessment of abdominal
vessel flow parameters in a single breath-hold. Hemodynamic parameters in the splanchnic
vessels were measured with substantial interobserver reproducibility and variable test-retest
repeatability, and may potentially reflect vascular changes due to cirrhosis and PH.
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ABBREVIATIONS (in alphabetic order)

BALA Bland-Altman limits of agreement
Ccv coefficient of variation

HVPG hepatic venous pressure gradient
IvVC inferior vena cava

MELD Model of End-Stage Liver Disease
MRI magnetic resonance imaging
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Fig.1.
Flow-chart showing selection of patients for 4D flow analysis. Patients with chronic liver
disease referred for an abdominal MRI were selected for participation in the study.
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.

i =
\ 1
Fig.2.

Rendering of abdominal vessels in a patient (male, 22 years) with primary sclerosing
cholangitis and advanced liver fibrosis (stage F3). a) Portal vein segmentation with particle
tracing visualization; b) maximum intensity projection with 13 vessel segmentation and
plane ROIs for flow measurements: hepatic artery (1), celiac trunk (2), splenic artery (3),
supraceliac aorta (4), infrarenal aorta (5), superior mesenteric artery (6), superior mesenteric
vein (7), splenic vein (8), portal vein (9), suprarenal I\VVC; 10), infrarenal 1VVC; right (12) and
middle (13) hepatic veins.
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Fig.3.
Scatter plot distribution of 4D flow parameters (splenic vein area and right hepatic vein

velocity) stratified by presence/absence of cirrhosis. The splenic vein (a) and right hepatic
vein (b) showed significantly increased flow parameters in patients with cirrhosis. Mean
cross-sectional area of the splenic vein in patients with cirrhosis (p=0.0039) and mean
velocity in the right hepatic vein (p=0.027) were significantly increased in cirrhotic vs.
noncirrhotic patients. Lines on data distribution plots correspond to mean + standard error of
the mean.
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Fig.4.

Correlation plots of 4D flow parameters with severity of cirrhosis (a) and portal
hypertension (b). Among patients with cirrhosis (a), peak velocity in the splenic artery (SA)
was negatively correlated with Child-Pugh score, and flow in the middle hepatic vein
(MHV) was positively correlated with Child-Pugh score. Among all patients (b), there were
significant modest positive correlations between flow, velocity and peak velocity and portal
hypertension (PH) score in the splenic vein (SV), SMV and infrarenal IVVC, respectively.
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Scatter plot distribution of 4D flow parameters stratified by severity of cirrhosis and portal
hypertension. Cross-sectional area of the portal vein (PV) was significantly decreased in
patients with Child-Pugh’s class B compared to class A, but not to class C (a). For PH score
= 3, corresponding to PH or clinically significant portal hypertension, area was significantly
decreased in the infrarenal inferior vena cava (1\VVC) (b; p=0.047). For PH score = 4,
corresponding to clinically significant portal hypertension, velocity was significantly
increased in the supraceliac aorta (ScAo) (c; p=0.03). Lines on data distribution plots
correspond to mean + standard error of the mean.
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Patient’s characteristics.

Table 1:

All patients (n=52)

Sex (M/F)
Age (mean * SD) (y)

Etiology of chronic liver disease

*

HCV
HBV
NASH *

Alcohol abuse

Primary sclerosing cholangitis/auto-immune hepatitis *

*

Other ™

Cirrhosis status

No cirrhosis

Cirrhosis

PH composite score

No portal hypertension (PH scores 0-2)
Portal hypertension (PH score=3)

Clinically significant portal hypertension (PH score >4)

MELD score (mean * SD)
Child-Pugh class

Data are presented as mean + standard deviation or number of cases (percentage of cases)

A
B
C

32/ 20
57+14

27(52%)

6(11.5%)

7(13.5%)
5(10%)
4(7%)

3(6%)

27(52%)
25(48%)

26(50%)
5(10%)
21(40%)
12+54

13(25%)
9(17%)
3(6%)

Page 18

*
includes 3 cases of HCV associated with another etiology, 2 cases with NASH associated with AIH, and 1 case of AIH associated with PSC,

Hok

Non cirrhotic portal hypertension and nodular regenerative hyperplasia (n=1), hemochromatosis (n=1), cholangiocarcinoma with no underlying
liver disease.
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