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Purpose: To assess the feasibility of four-dimensional (4D) flow MRI as a noninvasive imaging marker for stratifying the risk of
variceal bleeding in patients with liver cirrhosis.

Materials and Methods: 'This study recruited participants scheduled for both liver MRI and gastroesophageal endoscopy. Risk of vari-
ceal bleeding was assessed at endoscopy by using a three-point scale: no varices, low risk, and high risk requiring treatment. Four-
dimensional flow MRI was used to create angiograms for evaluating visibility of varices and to measure flow volumes in main portal
vein (PV), superior mesenteric vein, splenic vein (SV), and azygos vein. Fractional flow changes in PV and SV were calculated to
quantify shunting (outflow) from PV and SV into varices. Logistic analysis was used to identify the independent indicator of high-
risk varices.

Results: 'There were 23 participants (mean age, 52.3 years; age range, 2575 years), including 14 men (mean age, 51.7 years; age
range, 2575 years) and nine women (mean age, 53.2 years; age range, 31-72 years) with no varices (7 = 8), low-risk varices (2 = 8),
and high-risk varices (7 = 7) determined at endoscopy. Four-dimensional flow MRI-based angiography helped radiologists to view
varices in four of 15 participants with varices. Independent indicators of high-risk varices were flow volume in the azygos vein great-
er than 0.1 L/min (P = .034; 100% sensitivity [seven of seven] and 62% specificity [10 of 16]) and fractional flow change in PV of
less than 0 (P < .001; 100% sensitivity [seven of seven] and 94% specificity [15 of 16]).

Conclusion:  Azygos flow greater than 0.1 L/min and portal venous flow less than the sum of splenic and superior mesenteric vein

flow are useful markers to stratify the risk of gastroesophageal varices bleeding in patients with liver cirrhosis.
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Portal hypertension is observed in patients with end-
stage chronic liver disease leading gastroesophageal
varices. Rupture of the varices is a dreaded complication in
patients with cirrhosis (1,2).

Hepatic venous pressure gradient, an invasive measure-
ment of portal pressure, is an important marker for identi-
fication of patients at risk for variceal hemorrhage. Patients
with hepatic venous pressure gradient greater than 12 mm
Hg are known to be at elevated risk of variceal rupture with
high sensitivity (3). However, the majority of patients with
hepatic venous pressure gradient greater than 12 mm Hg do
not bleed (4). This low specificity by hepatic venous pres-
sure gradient is likely related to the fact that many different
venous collateral pathways can develop with high hepatic ve-
nous pressure gradient. Whereas gastroesophageal pathways
are at risk for rupture, others such as splenorenal shunts and
paraumbilical collaterals do not pose a risk for rupture.

As a result, repeated endoscopy must be performed for
patients with cirrhosis to detect the presence of and/or

assess the severity of gastroesophageal varices. Variceal size
and surface markers including red wale sign (ie, red patches
or strips) and nipple sign (ie, platelet-fibrin plug protrud-
ing into the esophageal lumen) on the mucosal surface of
the varices observed at endoscopy are subjective indicators
used to determine the varices that are at a high risk for
bleeding (5). At-risk varices would be treated by variceal
ligation or sclerotherapy to prevent bleeding. However, pa-
tients with cirrhosis develop varices at a rate of only 7% per
year (3). Therefore, the vast majority of endoscopic proce-
dures are performed purely to confirm that there are no
varices. Endoscopy is invasive and requires sedation with
associated potential complications such as perforation,
adverse reaction to sedation, infection, and bleeding (6).
Consequently, a quantitative and noninvasive method for
evaluation of at-risk varices could improve patient care by
decreasing such complications.

Four-dimensional (4D) flow MRI has been developed
for comprehensive mapping of blood flow to and from the
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Abbreviations
4D = four-dimensional, PV = portal vein, SV = splenic vein

Summary

The quantitative flow measurements at four-dimensional flow MRI
in the azygos vein and fractional flow change in the portal vein are
indicators of gastroesophageal varices at high risk of bleeding.

Implication for Patient Care

By including four-dimensional flow MRI in the MR protocol for the
patients with cirrhosis, it may be possible to reduce the frequency of
endoscopic screening for gastroesophageal varices.

liver (7,8). With this approach, three-directional velocity encod-
ing is used to generate volumetric maps of the velocity field and
a corresponding angiogram that is inherently coregistered. Four-
dimensional flow MRI provides three-dimensional angiograms,
which provides inherent coregistration of anatomic and functional
hemodynamic information (9). Abdominal 4D flow has been
shown to make reproducible flow measurements that are inter-
nally consistent and that agree with known literature values. Pre-
vious studies (10) validated the accuracy of radial 4D flow MRI
in the abdominal vasculature in a porcine model. This technique
can make visible the vascular tree including collaterals and possi-
bly gastroesophageal varices, and quantify the flow in these vessels
(11) and characterize alterations in collateral blood flow (12). Fur-
thermore, it is known that portal hypertension increases the azygos
flow, which can be measured at phase-contrast MRI (13). Hence,
we hypothesized that 4D flow MRI can be a marker to predict
portal hypertension, especially for stratifying the risk of varices.

The purpose of our study was to assess the feasibility of 4D
flow MRI as a noninvasive imaging marker for stratifying the
risk of variceal bleeding in participants with liver cirrhosis.

Materials and Methods

Study Participants

This prospective Health Insurance Portability and Account-
ability Act—compliant study was performed after obtaining
approval from the local institutional review board between
January 2014 and February 2015. Written informed consent
was obtained from all participants.

We recruited study participants with known liver cirrhosis
who were scheduled for routine annual endoscopic screening for
varices and also screening for hepatocellular carcinoma by using
MRI within 4 months. Exclusion criteria included any contra-
indication to MRI, age younger than 18 years, and endoscopic
treatment for varices within a year before MRI because we as-
sumed that treatment of varices may affect the flow dynamics of
collaterals and portal system (Fig 1).

We successfully recruited 23 study participants with cirrhosis
(mean age, 52.3 years; age range, 2575 years), which included
14 men (mean age, 51.7 years; age range, 25-75 years) and
nine women (mean age, 53.2 years; age range, 31-72). Fifteen
participants were scheduled for both clinical liver MRI and gas-
troesophageal endoscopy to screen for varices. MRI was sched-
uled before endoscopy because treatment of the varices could
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be performed during the endoscopic procedure if there was a
high risk of bleeding. For the other eight participants, endoscopy
was performed before MRI, but no endoscopic procedure was
performed before MRI (ie, no varices or only small varices were
observed at endoscopy). There were median 0 days (range, —42
to 97 days) between endoscopy and MR

Four-dimensional Flow MRI

Four-dimensional flow MRI was performed on a clinical 1.5-T
scanner (Optima MR450w or Signa HDxt; GE Healthcare,
Waukesha, Wis) equipped with an 8- or 12-channel phased-
array coil or a 3.0-T scanner (Discovery750; GE Healthcare)
with a 32-channel phased array coil. Four-dimensional velocity
mapping was achieved by using a radially undersampled phase-
contrast acquisition (14) with comprehensive coverage of the
upper abdomen and five-point velocity encoding for increased
velocity sensitivity performance (15). MR parameters included
the following: imaging volume, 32 X 32 X 24 cm; 1.25-mm
acquired isotropic spatial resolution; repetition time msec/echo
time msec, 6.4/2.2; and velocity encoding sensitivity, 30 cm/sec.
Adaptive respiratory gating from bellow signals with 50% effi-
ciency was used to minimize motion artifacts from breathing,.
A total of 10000 unique projection angles was acquired, which
resulted in a scan time of 10 minutes with slight variations on
the basis of the respiratory pattern. A phase-contrast angiogram
and all three components of the velocity vector field were gener-
ated by offline reconstruction.

All participants were administered 0.1 mmol/kg of gadoben-
ate dimeglumine (Multihance; Bracco, Italy) as part of clinical
MRI of the liver. Four-dimensional flow MRI was performed
approximately 10 minutes after the administration of the con-
trast agent, which increased vascular signal.

Visual Assessment of Angiograms by 4D Flow MRI

A radiologist (PB., with 10 years of experience in abdominal
and cardiovascular radiology and interpretation of abdominal
MRI) who was blinded to the endoscopic results indepen-
dently reviewed all 4D flow MRI angiograms to determine vis-

Gastroesophageal endoscopy scheduled after MRI
Giving consent
n=18

Mb No endoscopy performed within 4 months

n=3
A\ J
Participants in this study (n = 23)
A

No portal flow due to portal thrombosis

—
Excluded n=1

n=9
Gastoesophageal endoscopy performed within 4 months prior to the MRI

No varices on the endoscopy
Giving consent

Figure 1: Flowchart shows participant inclusion and exclusion.
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ibility of gastroesophageal varices, main collaterals (coronary
vein, and proper and short gastric vein) that are major compo-
nents in the development of gastroesophageal varices, and the
umbilical vein and splenorenal shunts.

Quantitative Analysis of 4D Flow MRI
Cut planes were manually placed to perform blood flow mea-
sures in the targeted vessel segments (Fig 2) by using EnSight
(CEIL Apex, NC). The places of those cut planes were defined
as shown in Figure 2: the main portal vein (PV) is proximal
to the mesosplenic confluence and liver hilum; the superior
mesenteric vein is distal to the mesosplenic confluence; and the
splenic vein (SV) is at the splenic hilum and just distal to
the mesosplenic confluence, azygos vein, and, if measurable, the
main collaterals including coronary vein, proper gastric vein,
and short gastric vein.

To identify shunting from the PV into the coronary vein
and subsequently into gastroesophageal varices, we calculated
the fractional flow change in PV and SV with the following

equations:

Fractional flow changein PV = [PV2 - (SMV +8V, )} / (SMV +SV, )
1)

and

Fractional flow change in SV = (SV2 - SV, ) / SV, 2)

wherein PV is the PV at mesosplenic confluence, PV, is liver
hilum, SMV is superior mesenteric vein, SV, is splenic hilum,
and SV, is SV at mesosplenic confluence. The fractional changes
described in Equations 1 and 2 quantify the gain or loss of flow
from the portal circulation while passing the target vessels (PV
or SV). Portal blood stream flows toward the liver in healthy
participants (ie, from mesosplenic confluence toward liver hi-
lum, and from splenic hilum toward mesosplenic confluence).
Blood flow in the collaterals normally flows into the PV toward
the liver. In participants without cirrhosis, the sum of superior
mesenteric vein and mesosplenic confluence should exceed liver
hilum. However, in participants with portal hypertension, blood
flow can reverse in the coronary vein, leading to a decreased
flow volume in the PV at liver hilum compared with the PV at
mesosplenic confluence (Movies E1 and E2 [online]). Similarly,
mesosplenic confluence should exceed splenic hilum in healthy
participants because collaterals (ie, proper gastric vein) flow into
the SV that increases the blood volume.

Assessment of Risks of Variceal Bleeding

Photos of varices evaluated during endoscopy were assessed in-
dependently by a gastroenterologist (S.K., with 3 years of experi-
ence) who was blinded to the MRI results to categorize the risk
of variceal rupture (no varices: no varices found on endoscopy;
low risk: varices that were small [=5 mm] and had no muco-
sal surface markers; high risk: varices that were either large [>5
mm)] or positive for surface markers, ie, red wale sign and/or nip-
ple sign; Fig E1 [online]) (5). High-risk varices typically required
endoscopic treatment because of an elevated risk of rupture.
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Azygos —l—
Main collaterals
Proper gastric v.

Coronary (Left gastric)
Short gastric v.

PV at hilum (PVs)

PV at mesosplenic SV at splenic
confluence (PV,) Lfllll{n (SV,)

SMV at mesosplenic SV at mesosplenic

confluence confluence (SVs)
Figure 2: Points of flow measurement of the data from four-dimen-

sional (4D) flow MRI. Portal blood stream flows toward the liver in
healthy participants (ie, from main portal vein [PV] proximal to the
mesosplenic confluence [PV,] toward the main PV at the liver hilum
[PV,], and from the splenic vein [SV] at the splenic hilum [SV,] toward
SV distal to the mesosplenic confluence [SV,)]). Blood flow in the col-
laterals normally flows into the PV toward the liver. In patients without
cirrhosis, PV, should exceed superior mesenteric vein (SMV) + SV,. Red
lines indicate cut planes.

Statistical Analysis

Demographics of the study participants were recorded that in-
cluded age, sex, history of variceal treatment, and model for
end-stage liver disease score. The trends toward risks of variceal
bleeding was assessed according to participants’” demographics
and the results of a visual assessment of 4D flow MRI by using
the Cochran-Armitage trend test.

Quantitative results from 4D flow MRI were analyzed with
Spearman correlation to assess a trend toward the risks of vari-
ceal bleeding. If correlation of 0.70 or greater was observed for the
quantitative results, receiver operating characteristic curve analysis
was performed to determine the performance of 4D flow MRI
to distinguish participants with high-risk varices from participants
with no varices or who were at low risk. Optimal cutoff values
were calculated by Youden index to reveal whether those quantita-
tive results were useful for the variceal risk stratification by using
univariable (x?) and multivariable (logistic regression) analyses.

Statistical analyses were performed by using software (JMP
version 13, SAS Institute, Cary, NC; and R, R Core Team, Vienna,
Austria). A P value of less than .05 was considered to indicate
statistical significance. A multiple comparison adjustment was
made by using the Hochberg procedure (16), which is a Bonferroni-
based P value adjustment.

Results

Risk Assessment of Variceal Bleeding

Endoscopy showed that 15 participants had gastroesophageal
varices (any varices), whereas no varices were found in eight
participants (no risk). Among the 15 participants with varices,
seven participants were assigned to the high-risk group because
of large (>5 mm) varices (7 = 4) and mucosal surface mark-
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ers (n = 5), whereas eight participants were low risk because the
varices were small and had no surface marker (Table 1).

Among the participants’ demographics, only the history of
variceal treatment showed a trend toward an increased risk of

high-risk varices (2 = .008). (Table 1).

Visual Assessment of 4D Flow MRI Angiograms
Four-dimensional flow MRI-derived angiograms enabled di-
rect anatomic viewing of varices in three of eight participants
with low-risk (38%) and one of seven with high-risk (14%)
varices. Main collaterals were visible in five of eight participants
(62%) with low-risk varices, and in three of seven participants
(43%) with high-risk varices. No significant trends toward the
risk of variceal bleeding were observed in the results of visual as-
sessments (Table 1).

Quantitative Analysis of 4D Flow MRI

We performed quantitative analysis of 4D flow MRI, and the
resulting Spearman correlation coefficients between measured
flows and variceal risk are in Table 2.

The areas under receiver operating characteristic curves to
distinguish participants with high-risk varices from others were
as follows: 0.723 (95% confidence interval: 0.326, 0.934) for
PV at liver hilum, 0.955 (95% con-

these parameters, multivariable analysis demonstrated that azy-
gos vein flow greater than 0.1 L/min (? = .034) and fractional
flow change in PV less than 0 (P < .001) were associated with
high-risk varices. To distinguish participants with high-risk vari-
ces from no varices or low-risk varices, a fractional flow change
less than 0 yielded 100% sensitivity (seven of seven participants)
and 94% specificity (15 of 16 participants), whereas azygos vein
flow greater than 0.1 L/min yielded 100% sensitivity (seven of
seven participants) and 62% specificity (10 of 16 participants)
(Figs 3-5). By using the combination of these two criteria
(ie, azygos flow > 0.1 L/min and fractional flow in PV of <
0), 4D flow MRI helped to identify participants with high-risk
varices with 100% sensitivity (seven of seven participants) and
100% specificity (16 of 16 participants).

A post hoc univariate power calculation was performed on the
basis of a two-sided x?* test of a 2 X 2 table. The parameters used
in the power calculations are on the basis of the sample size and
odds ratios obtained in the sample, and are provided in Table 3.

Discussion

The results of our pilot study showed that noninvasive quan-
titative assessment of 4D flow MRI can be used to help de-

fidence interval: 0.720, 0.994) for

fractional flow change in PV, 0.652 toward Variceal Risk

Table 1: Trend of Patients’ Demographics/Qualitative Results by 4D Flow MRI

(95% confidence interval: 0.359,

0.862) f i ceri . Parameter No Risk Low Risk High Risk P Value
. or superior mesenteric vein, .
and 0.732 (95% confidence interval: No. of patients 8 8 7
0.482, 0.889) for azygos vein. Results Age > 65 years 2 (25) 2 (25) 1 (14) 624
from univariable analyses showed Female participants 2(25) 4(50) 3 (43) 461
that the participants with superior Prior bleeding 0 1(13) 4 (57) 008
. . MELD = 10 4 (50) 4 (50) 2 (29) 414

mesenteric vein flow less than 0.7 "
Limin (P = .008), azygos vein flow 4D flow MR, visual assessment

e O L P~ 001 Visible varices 0 (0) 3 (38) 1 (14) 423
& d fracti al' a b R P\} Main collateral 1(13) 5(62) 3 (43) 205
andIraction ow change 1n Collateral others 1(13) 3 (38) 1(14) .891

less than 0 (7 < .001) were higher
in the high-risk varices group than
in other groups (Table 3). Among

Note.—Unless otherwise indicated, data are numbers of patients. Data in parentheses are per-
centages. 4D = four dimensional, MELD = model for end-stage liver disease.

Table 2: Correlations between Variceal Risk and Quantitative Results at 4D Flow MRI

Parameter No Varices Low Risk High Risk Spearman Correlation (p) P Value*
No. of patients 8 8 7

SV, (L/min) 0.32 (0.02, 0.74) 0.26 (0.04, 1.14) 0.30 (0.09, 1.11) 0.048 .384
SV, (L/min) 0.39 (0.07, 0.54) 0.35 (0.05, 1.04) 0.48 (0.05, 1.19) 0.154 .612
SMV (L/min) 0.49 (0.28, 0.90) 0.32 (0.10, 0.68) 0.31 (0.03, 0.67) —0.360 384
PV] (L/min) 0.94 (0.52, 1.35) 0.78 (0.65, 1.06) 0.82 (0.05, 1.70) —0.206 612
PV, (L/min) 1.08 (0.76, 1.42) 0.87 (0.69, 1.32) 0.69 (0.05, 1.63) —0.414 .343
Azygos vein (L/min) 0.06 (0.01, 0.38) 0.06 (0.04, 0.34) 0.17 (0.12, 0.42) 0.355 384
Fractional flow change in SV 0.19 (—0.69, 2.71)  0.18 (—0.32, 0.72) 0.01 (—0.76, 1.47) —0.116 .612
Fractional flow change in PV 0.25 (0.02, 1.28) 0.18 (—0.17,0.53) —0.13 (—0.43, —0.04) —0.677 407

Note.—Data are correlations unless otherwise indicated; data in parentheses are 95% confidence intervals. PV = portal vein, PV, =PV

at the mesosplenic confluence, PV, = liver hilum, SMV = superior mesenteric vein, SV = splenic vein, SV, = splenic hilum, SV, =SVat
mesosplenic confluence.

*P values are adjusted for multiple comparisons. Relatively higher correlation coeflicients were observed in liver hilum, superior mesenteric
vein, azygos vein, and fractional flow change in portal vein.
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Table 3: Quantitative Flow Measurement to Detect the Presence of High-Risk Varices

Variceal Risk P Value
Detectable Odds (Post Hoc

Parameter High Risk Other Univariable Multivariable Power Calculation)
Patients 7 16

SMV < 0.3 L/min 3 (0.43) 4(0.25) 400 14.75

PV at hilum < 0.7 L/min 4 (0.57) 1 (0.06) .008 .999 30.25

Azygos vein > 0.1 L/min 7 (1.00) 6 (0.38) .001 034 15.75

PV fractional flow change < 0 7 (1.00) 1 (0.06) <.001 <.001 30.25

mesenteric vein.

Note.—Data are numbers of patients; data in parentheses are the fraction of the total number of patients in each risk group. "Other" indi-
cates low risk and no risk. The odds ratios given are the minimal detectable odds ratios for 80% power for an expected prevalence of 20%
for superior mesenteric vein, 5% for portal vein at hilum and fractional flow change, and 30% for azygos vein. Blood flow volume in azygos
vein and fractional flow change in portal vein were the independent indicators of high-risk varices. PV = portal vein, SMV = superior

L/min

0.5 A

0.4 . *
0.3 .
0.2 . . i,
0.14----- o e m e

., ?
0_ .
-0.14 .
0.2 ___
No varices Low risk High risk

Risk of variceal bleeding

1.5
B .
1.0
0.5 .' ]
: LY
047777:L777777777777777777,777
. [}
’ No varices Low risk High risk

Risk of variceal bleeding

Figure 3: Scatterplots show flow volume in, A, the azygos vein and, B, fractional flow change in portal vein grouped by risk
of variceal rupture. Dotted lines indicate the optimum cut-off value derived from receiver operating characteristic curve analyses
to distinguish high-risk varices from no varices or low-risk varices. The threshold for azygos flow is 0.1 L/min and the threshold

for fractional flow change in the portal vein is O.

tect gastroesophageal varices with high diagnostic accuracy.
In particular, flow measurement in the azygos vein and the
fractional flow change in PV may be useful to distinguish
patients with high-risk varices from patients with no varices
or low-risk varices.

A previous study (17) showed that serum-based methods are
the simplest indicator of the presence of varices but have relatively
poor accuracy. Other approaches examined the stiffness of the liver
(18-20) and spleen (21) by using elastography (22). However, not
all patients with stiff liver or portal hypertension develop gastro-
esophageal varices that are at risk of bleeding, and these patients
may develop other portosystemic collaterals that are not at an el-
evated risk of rupture. Therefore, the direct measurement of the
blood flow alterations in the portal circulation is of interest to help
predict the manifestation of high-risk varices.

Previously, two-dimensional phase-contrast MRI was used
to identify gastroesophageal varices by measuring azygos flow
(23-25) or portal flow (18,26). Although the results of portal
flow in those studies were not matching, the azygos flow consis-
tently increased in patients with high-risk varices in two previous
studies (23,24). Our results further indicate that fractional flow
change in PV had the highest diagnostic accuracy to identify

Radiology: Volume 290: Number 1—January 2019 = radiology.rsna.org

high-risk varices. The coronary vein is the most common col-
lateral vessel that supplies the blood flow into gastroesophageal
varices; approximately 80% of varices are supplied by coronary
veins (27,28). Although some collaterals, including the coronary
vein, were too small to be directly viewed at 4D flow MRI, the
decrease of flow in the PV because of hepatofugal shunting of
blood was sufficient to help detect abnormal flow to the varices.

Previous studies showed that flow measurement by using US
in the PV (29,30) or in the hepatic veins (31) can be used to pre-
dict the presence of varices. Although US-based flow measure-
ment is simpler and less expensive than MRI, it is challenging to
measure the flow in the hepatic vasculature at US because of the
complexity of anatomy and limited field of view. In this regard,
4D flow MRI has an advantage. Importantly, the cost and prac-
tical barriers to perform 4D flow MRI in patients with portal hy-
pertension is minimal for those patients who already present for
hepatocellular carcinoma screening by using MRI (32). Adding
4D flow pulse sequence to hepatocellular carcinoma screening
MRI may lead to substantial cost savings if the need or frequency
for endoscopy can be reduced.

Our study had several limitations. First, the sample size was
relatively small because of the challenging recruitment of study
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Figure 4: Oblique frontal view four-dimensional (4D) flow MR images in a 54-year-old woman with
high-risk varices. Radial 4D flow MRI can depict both segmented anatomic images (left) and streamline
reconstruction (right). Porfal system is colored yellow, and abnormal collaterals (varices) are pink. In this
patient, hepatofugal flow is observed in a large periumbilical collateral (PUC) arising from the left portal
vein, and an enlarged coronary vein (CV) that supplies flow to prominent gastroesophageal varices
(GEV). Hepatopetal flows are observed in splenic vein (SV) and superior mesenteric vein (SMV). In this
patient, the fractional flow change in the main portal vein (MPV) was —0.14, which helped to predict the

presence of high-risk varices that were observed at endoscopy.

Figure 5:

participants scheduled for both MRI and endoscopy. With
only 23 participants, the results of the multivariable analysis
can be exploratory because of the possibility of overfitting. All
reported values of sensitivity and specificity may have been
overestimates. An independent validation set is required for
unbiased estimates of performance. Second, the time between
endoscopy and MRI varied according to the schedule of pro-
cedures, leading to a potential difference due to any disease
progression between MRI and endoscopy. Lack of assessment
of reproducibility in measurement can be also a limitation. As-
sessment of the intra- and interreader variability of flow mea-
surements made at 4D flow MRI is important when evaluat-
ing the performance of quantitative markers. Fortunately, the
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Four-dimensional flow MR images in a 69-year-old woman with low-risk varices (not seen on
anatomic image). Flow direction in coronary vein (CV) is hepatopetal. The fractional flow change in the
main portal vein (MPV) was 0.23, which provided no evidence of high-risk varices. White arrows show
the flow direction. SMV = superior mesenteric vein; SV = splenic vein.

intra- and interreader variabil-
ity of the radial 4D flow MRI
method describing this work
was extensively evaluated and
previously reported by mul-
tiple authors (12,14,33). An-
other limitation is that we used
only 4D flow MRI-based MR
angiography for a morphologic
assessment of varices. Conven-
tional MR angiography after a
bolus injection of gadolinium
chelate may have higher ac-
R curacy to help detect small
collaterals and varices around
the stomach or esophagus.
Whereas the velocity-encoding
sensitivity was chosen on the
basis of past optimization in the
PV (9,34), optimization of the
velocity-encoding  sensitivity
setting for direct quantification
in varices was not performed.
Future studies will include op-
timization of velocity-encoding
sensitivity settings for viewing
and direct quantification of
flow in the coronary vein and
gastroesophageal varices. The
complexity of analysis at 4D
flow MRI can be also a limita-
tion. It requires double-oblique
postprocessing  planes. How-
ever, two-dimensional phase-
contrast MRI also requires
double-oblique cut planes dur-
ing the MR examination. We
020 note that 4D flow MRI has the
important advantage over two-
dimensional ~ phase-contrast
MRI in terms of simplicity of
data acquisition because it does
not require double-oblique ac-
quisition planes. The acquisi-
tion time of 4D flow MRI is approximately 10 minutes. How-
ever, the postprocessing time for 4D flow MRI data may take
approximately 0.5—1 hour per patient. The cost associated with
human resource is not negligible. Automation of the analysis
may solve this issue in the future.

In conclusion, our pilot study demonstrated that azygos vein
flow greater than 0.1 L/min and portal venous flow less than the
sum of splenic and superior mesenteric vein flow measured at
4D flow MRI are useful markers to stratify the risk of bleeding
in gastroesophageal varices in patients with liver cirrhosis. The
quantitative flow measurements at 4D flow MRI in the azygos
vein and fractional flow change in the PV are useful indicators of
gastroesophageal varices that are at high risk of bleeding,.
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