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Abstract The purpose of this study was to compare mea-
surements of hepatic tissue blood flow (TBF) calculated by
xenon and perfusion CT. Seven patients with normal liver and
eight with chronic liver disease underwent both xenon and
perfusion CT. During xenon CT examinations, serial abdom-
inal CT scans were obtained every minute before and during
4 min of nonradioactive 25% (v/v) xenon gas inhalation and
5 min of administration of oxygen-rich air. Hepatic arte-
rial and portal venous TBF were measured separately with
a special imaging system using the Kety-Schmidt expres-
sion based on the Fick principle (AZ-7000W; Anzai Medical
Co.). The hepatic arterial fraction (HAF) was calculated as
follows: [hepatic arterial TBF/(hepatic arterial TBF + portal
venous TBF)]. During perfusion CT examinations, total hep-
atic TBF and HAF were also calculated from the enhanced
CT cine image data on a workstation using a commercially
available software package based on a deconvolution algo-
rithm (CT Perfusion 3 GE Healthcare, USA). Total hepatic
TBF measured by xenon and perfusion CT was 82.9 & 15 and
82.8 £ 18 ml/min/100 g, respectively. The measured values
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by the two techniques showed a significant correlation (R? =
0.657, P < 0.05). HAF measured by xenon and perfusion CT
was 26.6 = 11 and 21.8 £ 13%, respectively. The measured
values by the two techniques also showed a significant cor-
relation (R? = 0.869, P < 0.05). We conclude that there was
a good correlation between hepatic TBF quantified by xenon
CT and perfusion CT.

Keywords Hepatic tissue blood flow - Xenon CT -
Perfusion CT - Hepatic arterial tissue blood flow - Portal
venous tissue blood flow - Hepatic arterial fraction

Introduction

In chronic liver disease, high intrahepatic vascular resistance
decreases the portal fraction of liver perfusion [1, 2]. This
decrease in portal perfusion is partially compensated by an
increase in arterial inflow [1, 3, 4]. These hemodynamic
changes in cirrhosis have a profound effect on hepatic func-
tion and could be useful for a precise and objective diagnosis.
Various methods exist for the measurement of hepatic per-
fusion [5-9], however, the majority of these methods are
controversial [5, 10].

Previous reports indicated that xenon computed tomog-
raphy (CT) could provide quantitative measurement of hep-
atic tissue blood flow (TBF) [11, 12]. However, the applica-
tion of xenon CT requires special equipment and materials,
such as nonradioactive xenon gas. Recently, some studies
have demonstrated the capacity of perfusion CT to evalu-
ate hepatic TBF [13-16]. The application of perfusion CT
requires only a workstation with perfusion analyzing soft-
ware. Therefore, we hypothesized that if a good correlation
between xenon CT and perfusion CT, in hepatic TBF, could
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be demonstrated, xenon CT could be replaced with perfusion
CT for quantification of hepatic TBF.

The purpose of this study was to evaluate the correlation
between hepatic TBF calculated with xenon CT and perfu-
sion CT, based on a deconvolution algorithm.

Materials and Methods
Patients

Seven patients without liver disease (four females, three
males; age range, 24-58 years; mean age, 39.6 + 12 years
[SD]) and eight patients with chronic liver diseases (four
females, four males; age range, 48—68 years; mean age,
57.1 £ 8 years) underwent both xenon and perfusion CT ex-
aminations from April 2003 to January 2004. Three of the
eight patients with chronic liver disease had living donor liver
transplantation, and the other five had liver tumors (hepato-
cellular carcinoma [HCC], three cases; cholangiocarcinoma
[CCC], two cases) underwent hepatectomies. With regard to
the Child-Pugh classification, five patients were classified as
Child A, one as Child B, and two as Child C. The seven
patients without liver disease were donor candidates for liv-
ing liver transplantation; the diagnosis of normal liver was
confirmed by needle biopsy history, physical examination,
laboratory screening, and Doppler sonography of the liver.

All patients provided informed consent to undergo the
enhanced CT, xenon CT, and perfusion CT examinations
and to be included in the study, which was conducted in
accordance with the principles of the Declaration of Helsinki
[17]. Approval from our Ethics Committee was not required
for this study.

Xenon CT technique

Xenon CT technique was used to assess regional TBF by
using the wash-in/wash-out protocol, used previously for
measurement of regional cerebral blood flow [18]. The Kety-
Schmidt equation, based on the Fick principle used for cere-
bral blood flow evaluation, was also used [19, 20]. Xenon gas
(Xenon Cold; Anzai Medical Co., Tokyo) was used as the
nonradioactive xenon gas, and a xenon gas inhalation system
with a closed gas circuit (AZ-725; Anzai Medical Co.) was
used. Xenon concentrations in the respiratory circuit (end-
tidal peak xenon values) were continuously measured during
examination by a xenon monitor incorporated in the AZ-725
circuit. End-tidal peak xenon values were recognized auto-
matically and fitted to a monoexponential curve (end-tidal
xenon curve) [21]. Changes in arterial blood xenon concen-
trations were estimated based on the end-tidal xenon curve
[22].
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Changes in CT values of the liver parenchyma were mea-
sured by an eight-channel multidetector-row CT scanner
(LightSpeed Ultra; GE Healthcare, USA). Four axial images
with a 10-mm slice thickness including the liver parenchyma
around the porta hepatis level were obtained incrementally
as baseline CT images prior to xenon inhalation. In the next
step, patients inhaled 25% (vol/vol) xenon gas for 4 min
(wash-in), then breathed room air for 5 min (wash-out) [18].
CT scans were acquired at each level at 1-min intervals. As
many as 10 CT images per patient were obtained in total,
including the baseline image at each level. Exposure fac-
tors were 100 kVp, 200 mA, and 1-sec scans; patients were
required to hold their breath for 7 sec during a series of
scans at four levels. Smoothing with a 9 x 9-pixel filter was
used to reduce noise contribution on the CT images. Body
movement related to respiration was taken into account, and
changes in the pancreatic position on each enhanced CT im-
age were digitally corrected relative to the baseline image
on the screen of a blood flow imaging analysis computer
(AZ-7000W; Anzai Medical Co.) system.

AZ-7000W was also used to create color maps for hepatic
arterial and portal venous TBF (ml/min/100 g) from images
obtained by xenon CT as well as confidence images, which
showed the variance of value for each pixel based on the
least squares method. High TBF appeared as red regions and
low TBF as blue regions. Confidence images were used to
evaluate the reliability of the TBF value for each pixel of
the image [11, 12]. TBF was determined by placing regions
of interest (ROI) on the noncancerous region of the liver
parenchyma on the color maps. The ROI of the noncancerous
region was carefully placed away from the tumors without
overlapping visible blood vessels.

The percentage hepatic arterial fraction (HAF) was cal-
culated using the following equations.

Hepatic arterial TBF + Portal venous TBF
= Total hepatic TBF

HAF = (Hepatic arterial TBF/Total hepatic TBF) x 100

Perfusion CT technique

Perfusion and xenon CT examinations were performed with
the same CT scanner. At first, whole-liver images were ob-
tained with a tube voltage of 120 kV, a tube current of
300 mA, a rotation period of 0.5 sec, a detector collima-
tion of 2.5 mm, and a table increment of 27 mm/rotation.
Images with an effective section thickness of 5 mm were
reconstructed every 5 mm to provide contiguous sections.
Then CT perfusion examinations were performed with a cine
mode scan (1 sec/rotation) at the level of the porta hepatis,
determined by the whole-liver images. The scan parame-
ters employed for CT perfusion study were 120 kV, 60 mA,
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1 sec/rotation, 10-mm slice thickness x 2, cine scan mode,
standard reconstruction algorithm, and 35-cm display field of
view (DFOV). A dose of 0.5 ml/kg (total dose, 2540 ml) of
300 mg I/ml of the nonionic contrast medium (Iohexol, Omu-
nipaque; Daiichi Pharmaceutical Co., Tokyo) was injected at
arate of 5 ml/sec through a 20-gauge plastic cannula inserted
into the antecubital vein, followed by 30 ml of saline chaser
at a rate of 5 ml/sec with a power injector equipped with
double syringe drivers. Data acquisition was started 8 sec
after the initiation of injection of the contrast medium and
the scan duration was 40 sec. Oxygen inhalation (2 L/min)
was given to help the patients hold their breath during scan-
ning. Image reconstruction was performed every 0.5 sec, and
these images were transferred to the image processing work-
station (Advantage Workstation 4.1; GE Healthcare), to cal-
culate color map images of each blood flow parameter in the
liver parenchyma by using commercially available software
(CT Perfusion 3; GE Healthcare). Blood flow parameters in-
cluded TBF (ml/min/100 g) and HAF (%). To calculate each
functional map image, ROIs (pixel size, 8—20 pixels) were
set on the aorta and portal vein trunk as input function. At the
time of measuring the parameters, one radiologist with 15
years’ experience in gastrointestinal and hepatobiliary imag-
ing carefully placed 10-20 ROIs (pixel size; ~ 400 pixels)
in each section of the liver by avoiding intrahepatic large
vessels or tumors confirmed on a CT image (Fig. 1). The
value of all ROIs was measured and averaged for each case
(Fig. 2b). In our study, ROIs of the liver parenchyma in pa-
tients with HCC were drawn in a nontumor segment in order

to avoid direct mechanical compression of portal radicles
and the influence of arteriovenous shunt.

Statistical analysis

Differences in TBF and HAF calculated by xenon and per-
fusion CT were analyzed using regression analysis. Data
are expressed as mean £ SD. Statistical significance was
defined as a P value of < 0.05.

Results

In all cases, total hepatic TBF calculated by xenon and
perfusion CT was 82.9+ 15 and 82.8 + 18 ml/min/100 g,
respectively (Table 1). HAF calculated by xenon and
perfusion CT was 26.5+11% and 21.8+13%, respec-
tively (Table 1). Linear regression analysis showed a good
correlation in the measurements of both total hepatic
TBF (y=0.936x + 3.666; R*> =0.657, P <0.05) and HAF
(y=1.056x — 6.632; R?>=0.869; P <0.05) calculated by
xenon CT and perfusion CT (Fig. 3).

In patients without liver disease, total hepatic TBF cal-
culated by xenon CT and perfusion CT was 85.7 £ 10 and
88.7 £ 17 ml/min/100 g, respectively (Table 1). HAF cal-
culated by xenon CT and perfusion CT was 23.1£5 and
20.6 = 6%, respectively (Table 1). Linear regression analysis
showed a good correlation in the measurements of both to-
tal hepatic TBF (y = 1.411x — 32.283; R =0.711, P < 0.05)

Fig. 1 Functional map of total hepatic TBF. Right Color map image. At the time of measuring the ROI data, 10-20 ROIs (pixel size, 400 pixels)
were placed in each section of the liver by avoiding intrahepatic large vessels or tumors confirmed on a CT image
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Fig. 2 Blood flow maps of a 24 year-old woman free of liver disease
(donor candidate of living liver transplantation). (a) Xenon CT images.
Left: Hepatic arterial tissue blood flow (TBF) image. Middle: Portal
venous TBF image. Right: Confidence image. Total hepatic TBF is

and HAF (y =0.958x — 1.502; R?> =0.55, P < 0.05) calcu-
lated by xenon CT and perfusion CT (Fig. 4).

In patients with chronic liver disease, total hepatic TBF
calculated by xenon CT and perfusion CT was 80.5 &+ 18 and
77.6 & 18 ml/min/100 g, respectively (Table 1). HAF calcu-
lated by xenon CT and perfusion CT was 29.6 &= 14% and

100.0

97.0 ml/min/100 g; hepatic arterial TBF, 21.0 ml/min/100 g; portal ve-
nous TBF, 76.0 ml/min/100 g; and hepatic arterial fraction (HAF), 22%.
(b) Perfusion CT images. Left: Total hepatic TBF image. Right: HAF
image. Total hepatic TBF is 110.7 ml/min/100 g and HAF is 21.0%

22.9 + 17 %, respectively (Table 1). Linear regression analy-
sis showed a good correlation in the measurements of both to-
tal hepatic TBF (y =0.728x+ 19.211; R?=0.566, P <0.05)
and HAF (y = 1.17x — 12.115; R* =0.936, P < 0.05) calcu-
lated by xenon CT and perfusion CT (Fig. 5).

Table 1 Measurement of the
hepatic tissue blood flow

n

Xenon CT parameters

Total hepatic TBF
(ml/min/100 g)

Portal venous TBF
(ml/min/100 g)

Hepatic arterial TBF
(ml/min/100 g)

HAF (%)

Perfusion CT parameters

Total hepatic TBF
(ml/min/100 g)

HAF (%)

829+£15

60.7+ 14

22.1+11

266 =11

82.8£18

21.8+13

All Patients Normal liver Chronic liver disease

7 8

85.7£10 80.5£18
65.7+7 564418
20.0£6 240+ 14
23.1+5 29.6+ 14
88.7£17 77.6+18
20.6+6 229+17
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Fig. 3 Total hepatic TBF and HAF measured by xenon CT and perfu-
sion CT in all cases. (a) Correlation between total hepatic TBF perfu-
sion CT and TBF xenon CT. Linear regression analysis shows a good
correlation of total hepatic TBF measurements (y = 0.936x + 3.666;
R?=0.657, P < 0.05). (b) Correlation between HAF perfusion CT and
HAF xenon CT. Linear regression analysis shows a good correlation of
HAF measurements (y = 1.056x — 6.632; R> =0.869, P < 0.05)

Discussion

Quantitative measurement of hepatic TBF, using various
methods such as isotope scintigraphy [8], Doppler ultrasound
[9], xenon CT [11, 12], and perfusion CT [13—16], has been
reported. Among these methods, the nuclear medicine ap-
proach has the longest history and is regarded as the gold
standard for cerebral blood flow [23]. However, a limita-
tion of this method is that nuclear medicine approaches such
as positron emission tomography (PET) and single photon
emission tomography (SPECT) require radioisotopes and
special equipment that are very expensive. Moreover, the
spatial resolution of these imaging modalities is inferior to
that of CT. The application of magnetic resonance imaging
(MRI), is associated with difficulties in the quantification
of TBF, because signal enhancement of vessels and tissue
by nonspecific MR contrast medium, such as gadolinium
complex, does not show a linear correlation with the con-
centration of the contrast medium [24]. CT provides much
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TBF Perfusion CT
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0 . T . : :
] | 40 60 80 100

{ml/min/100g)
(a) TBF Xe CT
(%)

30 7
25 7

10 7

HAF Perfusion CT

0 T T T T T T T

0 § 10 15 20 25 30 35
(%)

(b) HAF XeCT

Fig. 4 Total hepatic TBF and HAF measured by xenon CT and perfu-
sion CT in patients free of liver disease. (a) Linear regression analysis
of TBF perfusion CT and TBF xenon CT showing a good correla-
tion of hepatic TBF measurements (y = 1.411x —32.283; R = 0.711,
P < 0.05). (b) Linear regression analysis of HAF perfusion CT and HAF
xenon CT. Linear regression analysis also shows a good correlation of
HAF measurements (y =0.958x — 1.502; R?=0.55, P <0.05)

clearer and sharper images than other modalities and can be
used to evaluate simultaneously color maps of quantitative
TBF and clear anatomical images. In addition, CT is the most
practical and universal machine on clinical sites and is used
frequently for abdominal scans.

There are two methods available for calculation of TBF
with CT: xenon and perfusion CT. Xenon CT has been in
clinical use for approximately 30 years [25], and perfusion
CT was first described by Miles in 1991 [26]. Patients have
to hold their breath for a relatively long time at the same
level of respiratory cycle in order to have useful CT data for
precise calculation of hepatic TBF. However, recent tech-
nical innovations in CT, such as fast imaging ability, have
overcome this limitation by reducing the breath-holding du-
ration. However, xenon CT might not be practical, given its
requirement for excellent collaboration from patients, in ad-
dition to special materials such as xenon gas and specialized
equipment. Xenon gas may occasionally be responsible for
a decrease in respiratory rate, headaches, nausea, vomiting,
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Fig. 5 Total hepatic TBF and HAF measured by xenon CT and per-
fusion CT in patients with chronic liver disease. (a) Linear regression
analysis of TBF perfusion CT and TBF xenon CT showing a good cor-
relation of total hepatic TBF measurements (y = 0.728x + 19.211; R* =
0.566, P < 0.05). (b) Linear regression analysis of HAF perfusion CT
and HAF xenon CT. Linear regression analysis also shows a good
correlation of HAF measurements (y=1.17x — 12.115, R%=0.936,
P <0.05)

and convulsions [27]. However, there have been no reports
of respiratory failure. A large study involving 1839 patients
reported that 3.6%, 0.4%, 0.2%, and 0.2% of patients ex-
perienced xenon side effects of decreased respiratory rate,
headaches, nausea, vomiting, and convulsions, respectively
[27].

Compared with the complexity of xenon CT, perfusion
CT requires only universal materials to measure blood flow,
such as small amounts of iodine contrast material, except
for a workstation with the CT perfusion analyzing software.
Moreover, perfusion CT can be performed in the same clin-
ical session, immediately before the usual dynamic CT with
iodine contrast medium. In this study, the fast imaging abil-
ity of multidetector CT provided high-quality images that
also contributed to precise measurement of blood flow with
decreasing noise. For these reasons, we considered perfusion
CT to be significantly more practical than xenon CT. This
study demonstrated that total hepatic TBF and HAF mea-

a Springer

sured by perfusion CT show a good correlation with data
from xenon CT.

In the procedure of perfusion CT, the past method using
the Fick principle requires injection rates, as high as 10—
20 ml/sec, of contrast material via a peripheral vein and,
thus, can be very dangerous in patients with fragile or thin
vessels [13]. However, the new perfusion technique using
the central volume principle with a deconvolution algorithm,
employed in this study, needs an injection rate of only 3—
5 ml/sec, which is the normal rate in routine work and is
much safer than previous methods [15].

Under the present conditions, there were some limitations
of this study. Because the aorta and the portal vein should
always be included in the scan section for the calculation
process and a maximum width of 20 mm could be scanned
in cine mode, the examination range was limited to the porta
hepatis. However, wider detectors such as those of 32 to 40
mm that are available in the newest multidetector-row CT
model with a greater number of detector rows can overcome
this limitation. Although we used low-dose x-rays for the
perfusion CT study, doses of radiation exposure to patients
can increase. It is expected that this can be reduced by new
techniques such as the quantum noise filter [28].

In conclusion, xenon CT and perfusion CT showed a good
correlation for measurements of total hepatic TBF and HAF.
We expect that perfusion CT, based on the deconvolution al-
gorithm, could replace xenon CT for measurement of hepatic
TBE
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