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Median contrast enhancement values (HU)

Type of steatosis
Right hepatic lobe | Left hepatic lobe | P-value

Right lobar steatosis group (n=67) | 13 [7-19] 23 [13-33] <0.01

Left lobar steatosis group (n=10) 16 [14.5-22] 15.5[11.75-21.5] 0.20

Diffuse steatosis group (n=82) 10.5 [4-20] 11.5[7-20.3] <0.01

Data represent the median values with the 25th and 75th percentiles
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Purpose: This study aimed to evaluate the association of portal flow hemodynamics with lobar hepatic steatosis
by means of dynamic contrast-enhanced (DCE) CT.

Methods: The study population consisted of 235 patients, 77 with lobar hepatic steatosis (right, n = 67; left, n =
10), 158 with diffuse hepatic steatosis with (n = 76) and without (n = 82) a focal fatty spared area. CT atten-
uation values (Hounsfield units: HU) of the liver with and without hepatic steatosis were measured in unen-
hanced and arterial-phase CT. The contrast enhancement (CE) values were calculated as the difference in HU
values between unenhanced and arterial-phase CT.

Results: In 67 patients with lobar steatosis of the right lobe, the median CE values of the areas of right lobar
steatosis were significantly lower than those of the non-fatty left lobe (13 [IQR 7-19] vs 23 [13-33] HU, P <
0.01), suggesting dominant SMV flow to the right lobe with lobar hepatic steatosis. Conversely, in 10 patients
with lobar steatosis of the left lobe, the median CE values of the areas of left lobar steatosis were lower than those
of the non-fatty right lobe (15.5 [11.75-21.5] vs 16 [14.5-22] HU); however, this difference was not statistically
significant (P = 0.20). In 76 patients with a focal fatty spared area, there were significant differences in the
median CE values between hepatic steatosis areas and focal fatty spared areas in the gallbladder fossa group (P =
0.01) and in the segment IV group (P < 0.01).

Conclusion: Lobar hepatic steatosis may be associated with regional changes of the portal flow hemodynamics (i.
e., predominant perfusion from the SMV flow to the lobes with steatosis).

1. Introduction

Hepatic steatosis is frequently and incidentally detected on unen-
hanced CT as the areas of decreased attenuation. Although there are
several causes of hepatic steatosis, the prevalence of non-alcoholic fatty
liver disease (NAFLD) has increased significantly in recent years [1].
NAFLD is associated with the risk of developing non-alcoholic steato-
hepatitis (NASH), leading to fibrosis, cirrhosis, and finally to the
development of hepatocellular carcinoma (HCC) [2]. Therefore, an early
diagnosis, the proper assessment of the severity of steatosis, and the
elucidation of the pathogenesis of this disease are clinically important.

Diffuse hepatic steatosis that is homogeneously involved by fat
accumulation is the most prevalent form of fatty liver disease [3].
However, hepatic steatosis may present with different patterns of dis-
tribution and sparing. For instance, we have often encountered patients
with lobar hepatic steatosis with expected anatomical border mostly
between the left and right lobes of the liver on unenhanced CT. This
finding may be explained by the hypothesis that the superior mesenteric
vein (SMV) flow, which contains lipogenic alimentary factors (e.g., a
high concentration of fructose and short- or medium-chain fatty acids),
is preferentially distributed to the hepatic lobe with fatty infiltration
[3,4]. However, there is little conclusive scientific evidence to support

Abbreviations: DCE, dynamic contrast-enhanced; HU, Hounsfield unit; NAFLD, non-alcoholic fatty liver disease; ROI, region of interest; SV, splenic vein; SMC,

spleno-mesenteric confluence; SMV, superior mesenteric vein.
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this hypothesis.

On arterial-phase multiphasic dynamic contrast-enhanced (DCE) CT
images, the splenic vein (SV) usually shows high attenuation because of
early venous return with contrast agent. On the other hand, SMV often
shows low attenuation because contrast agents do not reach the SMV
because of the longer route through entero-mesenteric circulation. In
arterial-phase CT, if the areas of lobar hepatic steatosis show signifi-
cantly decreased contrast enhancement in comparison to the areas of
non-fatty liver, this may support the above hypothesis. Therefore, we
attempted to evaluate the relationship between the portal flow hemo-
dynamics and lobar hepatic steatosis by comparing the contrast
enhancement effects between the areas of lobar hepatic steatosis and
non-fatty livers on arterial-phase CT images obtained at the time at
which contrast agent was flowing into the SV (high attenuation in the
SV) but not yet fully into the SMV (low attenuation in the SMV). Un-
derstanding the cause of lobar hepatic steatosis may be an important
insight into the pathogenesis of hepatic steatosis. Thus, the purpose of
this study was to evaluate the association of portal flow hemodynamics
with lobar hepatic steatosis by multiphasic DCE-CT.

2. Materials and methods
2.1. Study population

This retrospective study received institutional review board
approval, and the requirement for written informed consent was waived.
A search of our radiology database was performed to recruit patients
who underwent multiphasic DCE-CT and for who suspected hepatic
steatosis was noted on CT reports from July 2015 to June 2020. Hepatic
steatosis was defined based on the CT attenuation value of the hepatic
parenchyma (<48 HU on unenhanced CT) according to a previous study
[5]. Among these patients, we excluded 120 patients due to the
following reasons: 1) history of abdominal surgery (n = 65); 2) hepatic
lesion > 3 cm in diameter (n = 45); 3) portal vein thrombus (n = 1); and
4) failure of dynamic imaging (n = 9). Additionally, patients in whom
the contrast agent was already fully flowing into the SMV on arterial-
phase CT, and who showed high attenuation similar to the SV (n =
68), were also excluded. Lobar hepatic steatosis was defined based on a
> 10 HU difference in the CT attenuation values of the lobes with he-
patic steatosis (<48 HU) and the remaining lobes of on unenhanced CT.
Thus, the final study population consisted of 235 patients (male, n =
135; female, n = 100; mean age, 61.8 + 12.5 years [range, 21-90
years]), 77 with lobar hepatic steatosis, 158 with diffuse hepatic stea-
tosis with (n = 76) and without (n = 82) a focal fatty spared area (Fig. 1).
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2.2. CT

Abdominal CT examinations were performed with a MDCT scanner
(SOMATOM Definition, Sensation 64 or Force; Siemens Healthineers,
Erlangen, Germany, Optima CT660 Pro, GE Healthcare, Tokyo, Japan,
or Aquilion Precision; Canon Medical Systems, Otawara, Japan). Pa-
tients were required to fast for at least four hours prior to CT exami-
nations. All scans were obtained in the cephalocaudal direction. The CT
scanning parameters were optimized for each scanner as follows: tube
voltage, 100 or 120 kVp; mAs were automatically adjusted to the pa-
tient’s body build; field of view (FOV), 35 cm; 512 x 512 matrix; and
section collimation, 0.5 — 0.625 mm. All images were reconstructed
using an interpolated slice thickness and interval of 1.0 mm. After
obtaining an unenhanced CT scan through the liver, triple-phase
contrast-enhanced dynamic CT was performed after a bolus injection
of almost 600 mg I/kg of nonionic contrast agent (iopamidol [Oypalo-
min 300 or 370, Konica Minolta, Tokyo, Japan and Iopamiron 370,
Bayer, Osaka Japan]; or iohexol [Omnipaque 300, GE Healthcare
Pharma, Tokyo Japan]; or iomeprol [Iomeron 300 or 350, Eisai, Tokyo
Japan]; or ioversol [Optiray 320, Guerbet Japan, Tokyo Japan]) using a
standardized protocol. Contrast agent was administered for 30 s using a
power injector (injection rate: 3 to 5 ml/s, depending on the patient’s
weight). A bolus-tracking technique was used to trigger the hepatic
arterial phase scan 22 s after contrast enhancement of the upper
abdominal aorta to an attenuation threshold of 100 HU. Portal venous
phase and equilibrium phase images were obtained 70 and 180 s,
respectively, after the start of injection of the contrast agents.

2.3. Image analyses

Two radiologists with 4 and 11 years of experience in abdominal CT
interpretation set a circular or oval region of interest (ROI) on images of
the liver to measure the CT attenuation values (Hounsfield unit: HU) of
the hepatic parenchyma with and without hepatic steatosis on unen-
hanced and arterial-phase CT, respectively. The angle between the SV
and the SMV which was denoted as the spleno-mesenteric confluence
(SMC) angle [6] was also measured on the coronal images reconstructed
by using partial maximal intensity projection techniques (Fig. 2). Final
verification of the ROI placement and measurement was confirmed by a
senior radiologist with 30 years of experience in abdominal imaging.
The size of the ROI was at least 100 mm? or, in the area of focal fatty
sparing, maximized to fit the size. The contrast enhancement values
were calculated as the difference in HU values between the unenhanced
image and arterial-phase CT image, and were used for the data analysis.

July 2015 and June 2020

423 patients with suspected hepatic steatosis who underwent multiphasic DCE-CT between

188 patients were excluded

« portal vein thrombus (n=1)

* history of abdominal surgery (n=65)
* hepatic lesion >3 cm in diameter (n=45)

« failure of dynamic imaging (n=9)
+ contrast agent was already fully flowing into the SMV on arterial-phase CT (n=68)

v

Final study population: 235 patients
« 77 with lobar hepatic steatosis

» 158 with diffuse hepatic steatosis with (n=76) and without (n=82) a focal fatty spared area

Fig. 1. Flowchart of patient selection.
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Fig. 2. The spleno-mesenteric confluence (SMC) angle. The angle between the
splenic vein and the superior mesenteric vein (SMC angle) was measured on the

portal-phase coronal image reconstructed by using partial maximal intensity
projection techniques.

These measurements were conducted on a picture archiving and
communication system (PACS) workstation (ShadeQuest/ViewR-DG,
FUJIFILM Medical Solutions, Tokyo, Japan) where patients’ information
was anonymized, and CT datasets were randomized for blind-reading
purposes. In patients with a focal spared area within diffuse hepatic
steatosis, the location was recorded.

2.4. Statistical analyses

All statistical analyses were performed using the JMP Pro software
program (version 16; SAS Institute, Cary, North Carolina, USA). The
data distribution was assessed using the Shapiro-Wilk test. Quantitative
variables were presented as the mean and standard deviation, or the
median with 25th and 75th percentiles for non-normally distributed

(a)

B 1:Area 106.31 mmz/Ave 30.37
Area 106.31 mm2/Ave 53.10 HY

A
U(Max 60.00 HU/Mi
(Max 83.00 HU/Min
Fig. 3. A 46-year-old man with right lobar steatosis. a) Unenhanced CT and b) arterial-phase CT show hepatic steatosis of the right hepatic lobe with straight

boundary (arrows). CT attenuation values of the right and the left hepatic lobe on unenhanced CT were 30.4 and 53.1 HU, respectively. Contrast enhancement value
of the areas of right lobar steatosis was lower than that of the non-fatty left lobe.
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data. Data with abnormal distribution were analyzed using Wilcoxon
signed-rank test. Comparison in the SMC angle between the right lobar
and left lobar steatosis groups were analyzed using unpaired t-test. P-
values of < 0.05 were considered to indicate a statistically significant
difference.

3. Results

Among 77 patients with lobar hepatic steatosis, 67 (87 %) patients
had lobar steatosis of the right hepatic lobe (Fig. 3) while 10 (13 %) had
lobar steatosis of the left hepatic lobe (Fig. 4). The comparison of the
mean contrast enhancement value between the areas of lobar steatosis
and the non-fatty lobe in the group with lobar hepatic steatosis is
summarized in Table 1. In patients with lobar steatosis of the right he-
patic lobe, the median contrast enhancement values of the areas of right
lobar steatosis were significantly lower than those of the non-fatty left
lobe (13 [IQR 7-19] vs 23 [13-33] HU, P < 0.01), suggesting dominant
SMV flow to the right lobe with lobar hepatic steatosis. Conversely, in
patients with lobar steatosis of the left hepatic lobe, the median contrast
enhancement values of the areas of areas of left lobar steatosis (15.5
[11.75-21.5] HU) were lower than those of the non-fatty right lobe (16
[14.5-22] HU), but this difference was not statistically significant (P =
0.20) (Fig. 5). Regarding the comparison in the SMC angle between the
right lobar and left lobar steatosis groups, the mean SMC angle in the left
lobar steatosis group (96.2 + 11.9) tended to be small, compared with
that in the right lobar steatosis group (104.8 + 16.4) although the dif-
ference was not statistically significant (p = 0.098).

In 82 patients with diffuse hepatic steatosis without a focal fatty
spared area, the median contrast enhancement values of the right lobe
were significantly lower than those of the left lobe (10.5 [4-20] vs 11.5
[7.0-20.3] HU, P < 0.01), suggesting dominant SMV flow to the right
lobe with diffuse hepatic steatosis (Table 1) (Fig. 5). In these patients,
the median CT attenuation values of the right lobe on unenhanced CT
were significantly lower than those of the left lobe on unenhanced CT
(38.5 [30.75-42] vs 38.5 [33-44.25] HU, P < 0.01) although the mean
difference in their CT attenuation value was<2 HU (35.4 vs 36.9 HU).

In 76 patients with diffuse hepatic steatosis accompanying a focal
fatty spared area, 48 patients had a focal fatty spared area around the
gallbladder fossa while it was observed in the posterior aspect of the left
medial segment (segment IV) in 28 patients. There were significant
differences in the median contrast enhancement values between areas of
hepatic steatosis and focal fatty spared areas in the gallbladder fossa

(b)
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(a)

1:Area 106.54 mm2/Ave 47.29 HU
2:Area 100.94 mm2/Ave 62.54 HU,
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(b)

Fig. 4. A 65-year-old man with left lobar steatosis. a) Unenhanced CT and b) arterial-phase CT show predominant hepatic steatosis of the left hepatic lobe (arrows).
CT attenuation values of the right and the left hepatic lobe on unenhanced CT were 62.5 and 47.3 HU, respectively. Contrast enhancement value of the areas of left

lobar steatosis was slightly lower than that of the non-fatty right lobe.

Table 1

The comparisons of the median contrast enhancement value between the right
and left lobe, in patient group with right lobar, left lobar and diffuse hepatic
steatosis.

Type of steatosis Median contrast enhancement values (HU)

Right hepatic Left hepatic lobe P-
lobe value
Right lobar steatosis group (n 13 [7-19] 23[13-33] < 0.01
= 67)
Left lobar steatosis group (n = 16 [14.5-22] 15.5 0.20
10) [11.75-21.5]
Diffuse steatosis group (n =82)  10.5[4-20] 11.5[7-20.3] <0.01

Data represent the median values with the 25th and 75th percentiles.

group (15.5 [9-24.3] vs 17 [8.3-32.5] HU, P = 0.01) and in the segment
IV group (11 [6-25.5] HU vs 23 [10.3-43.8], P < 0.01) (Fig. 6).

4. Discussion

In this study, lobar steatosis was observed in the right hepatic lobe in
67 (87 %) of 77 patients with lobar hepatic steatosis. In these patients,

(a) Right lobar steatosis group (b)

Left lobar steatosis group

the contrast enhancement values of the steatotic right lobe were
significantly lower than those of the non-fatty left lobe. These results
indicated that the SMV flow was dominantly distributed to the right lobe
with lobar hepatic steatosis, and suggested that the predominant SMV
flow may be one of the causes of right lobar hepatic steatosis since the
blood flow from the SMV contains abundant lipogenic alimentary fac-
tors [3,4], which may result in fatty changes in hepatocytes [7].
Although the difference in the lobar distribution of the blood flow from
the SMV and the SV is still controversial, several studies based on
angiography and scintigraphy findings have supported the existence of
selective portal streamlining by which the SV flow is largely sent to the
left liver, and the SMV flow is largely sent to the right liver [8,9].
Therefore, the different portal patterns of the left and right liver might
explain the difference in lobar steatosis [10].

Conversely, in 13 % of patients with lobar steatosis of the left hepatic
lobe, the contrast enhancement values of areas of left lobar steatosis
tended to be lower than those of the non-fatty right lobe, implying that
the SMV flow tended to be distributed to the left lobe with lobar hepatic
steatosis while the SV flow tended to be sent to the non-fatty right lobe in
these patients. In a previous study using unenhanced MR portography
with a selective inversion-recovery pulse, the SV flow was distributed to

Diffuse steatosis group
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Fig. 5. The comparisons of the median contrast enhancement value between the right and left lobe. a) In the right lobar steatosis group, the median contrast
enhancement values of the areas of right lobar steatosis were significantly lower than those of the non-fatty left lobe (P < 0.01). b) In the left lobar steatosis group, the
median contrast enhancement values of the areas of left lobar steatosis were lower than those of the non-fatty right lobe, but this difference was not statistically
significant (P = 0.20). c) In the diffuse steatosis group, the median contrast enhancement values of the right lobe were significantly lower than those of the left lobe

(P < 0.01).
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Fig. 6. A 63-year-old man with diffuse hepatic steatosis accompanying a focal fatty spared area. a) Unenhanced CT shows a relatively hyper-attenuating focal area in
the posterior aspect of the left medial segment (arrow). CT attenuation values of the focal spared area and the right hepatic lobe were 53.5 and 36.7 HU, respectively.
b) Arterial-phase CT. Contrast enhancement value of focal fatty spared areas was higher than that of the areas of hepatic steatosis.

the right side of the portal vein in 10 % of the patients [11], similar to
the frequency of our results showing dominant SV flow in the right
hepatic lobe. An experimental study by Barnett et al. [12], using a model
formed by a tributary stream joining the main stream, suggested that the
SV flow (i.e., the tributary stream) may pass across the portal vein (i.e.,
the main stream), and preferentially distribute to the right lobe when the
SV flow is increased. Additionally, another study also reported that an
increase in the percentage of SMV flow to the left portal vein was
strongly correlated with the helicity of portal flow [6]. This previous
study analyzed the effects of the portal helix on hemodynamic metrics
and blood flow distributions, and examined the influence of the spleno-
mesenteric confluence (SMC) angle and configuration on flow distri-
bution and the development of helical flow. It showed that the degree of
portal helical flow formation can be significantly correlated with the
SMC orientation, and that the lobe-specific portal flow distribution was
significantly affected by the geometry of the SMC. For instance, the
percentage of flow to the left portal vein from the SV decreased when
SMC angle was decreased and the amount of flow traveling from the
SMV to the left portal vein tended to increase. In our study, the SMC
angle tended to be decreased in patients with left lobar steatosis,
compared with patients with right lobar steatosis, supporting the pre-
vious study although the difference was not significant. Additionally, the
flow distribution between the right and left portal venous branches were
significantly correlated with the degree of helicity in the portal vein,
although there may be some variations among human subjects. There-
fore, we should note that there will be several factors involved that
govern these portal flow dynamics and distributional relationships
(angle, orientation, and configuration of SMC, and helicity of the portal
flow).

The present study also showed that contrast enhancement values in
the right liver were increased in comparison to those in the left liver,
even in patients with diffuse steatosis without a focal fatty spared area.
In these patients, a higher amount of steatosis was observed in the right
hepatic lobe, in comparison to the left lobe, although the difference was
minimal. Additionally, in these patients, the contrast enhancement
values of both the right and left lobe were lower than those in patients
with lobar steatosis. These facts suggested that both lobes are strongly
affected by the SMV flow in patients with diffuse steatosis, but the right
lobe was more susceptible to the physiological streamlined SMV flow.

Furthermore, alteration in the portal blood mixture from the SV and
SMV with different blood composition can cause significant changes in
the pattern of portal flow distribution, potentially leading to maldistri-
bution in hepatic steatosis. Therefore, understanding the pathophysi-
ology and hemodynamics in the lobar or segmental heterogeneity of
steatosis would be critical for correctly evaluating the severity and
progression of hepatic steatosis.

Regarding focal fatty sparing within diffuse hepatic steatosis, focal
fatty spared areas around the gallbladder fossa and the posterior aspect
of left medial segment (segment IV) have been reported to be caused by
non-portal venous return from the cystic veins and aberrant gastric veins
[7,13-15]. Decreased portal inflow due to non-portal blood supply (so-
called “third inflow”) via these venous drainages may explain why these
areas were spared from steatosis.

The present study was associated with some limitations. First, our
study population may have resulted in selection bias since patients who
showed high attenuation in the SMV were excluded, and the anatomical
variation of portal vein (e.g., a true portal trifurcation) was not
considered. Second, histological confirmation of the degree of hepatic
steatosis was not obtained. Liver biopsy may be still considered the
reference standard for quantifying the liver fat content. However, biopsy
is not appropriate as a screening tool for hepatic steatosis since it is
invasive, it may suffer from sampling errors and variability [16], and
biopsy samples represent only 1/50,000-1/65,000 of the whole liver
[17]. Third, we used a cutoff value of < 48 HU for steatosis with high
diagnostic specificity for moderate to severe steatosis [5]. However,
there is concern that this cutoff value did not include mild hepatic
steatosis and may have resulted in a population bias. Therefore, our
results require further confirmation in a larger population that includes
patients with mild hepatic steatosis. Fourth, five different CT scanners
were used; however, the imaging parameters have been optimized for
each scanner, and the contrast-enhanced protocol has been standardized
across all scanners. Fifth, since CT examinations were performed in the
fasting state, the blood flow distribution may differ from that after a
meal, which contains a large amount of fatty components. However,
contrast-enhanced CT after food intake is not recommended due to the
risk of aspiration. Finally, this study did not take into account the SMC
angle, orientation, or configuration, which could affect portal flow dis-
tribution and helical flow development. In a future study, it will be
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necessary to consider these factors in relation to lobar hepatic steatosis
and hemodynamic changes of the portal flow.

In conclusion, lobar hepatic steatosis may be associated with
regional changes of the portal flow hemodynamics (i.e., predominant
perfusion from the SMV flow to the lobes with steatosis). Understanding
the mechanism through which lobar hepatic steatosis is related to
regional changes of portal flow hemodynamics will be an important
insight into the pathogenesis of hepatic steatosis.
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