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Abstract

The objective of this study was to provide the characteristics of hepatic computed tomography images and
optimize their transition delay with a bolus-tracking technique for triple-phase hepatic computed tomography in
cats. Dynamic triple-phase computed tomography was performed in nine healthy cats. The upper third of the liver
was dynamically scanned every 0.5 s for 40 s. The time density curves of the aorta and hepatic parenchyma mean
enhancement were analyzed. Triple-phase hepatic computed tomography was performed three times with a bolus
trigger of 200 Hounsfield units of aortic enhancement. The transition delays of the arterial, portal, and hepatic
parenchymal phases were respectively 0, 5 and 60 s in the first scan; 2, 7 and 62 s in the second scan; and 4, 9 and
64 s in the third scan. All computed tomography images were evaluated by a certificated radiologist. The arterial
vessels and their main branches were well enhanced at a 2 s transition delay. The contrast of the portal vein to the
liver parenchyma was most obvious at a 7 s transition delay. The mean enhancement of the hepatic parenchyma
peaked at a 62 s transition delay, whereas the degree of enhancement of the hepatic vasculature decreased. In this
study, the recommended transition delays for the arterial, portal, and hepatic parenchymal phases were 2 s, 7 s and
62 s, respectively, after triggering at 200 Hounsfield units of aortic enhancement. This information may be helpful in
diagnosing feline liver diseases and provides a key reference for the clinical implementation of CT.
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Introduction
Liver function is dependent on adequate blood perfusion
of the parenchyma. Outflow disturbances of the hepatic
blood, including portosystemic shunts, portal hyperten-
sion and portal vein thrombosis are frequently observed
in dogs and can also occur in cats (Van den Ingh
et al. 1995; Lamb et al. 1996; Rogers et al. 2008; Respess
et al. 2012). Computed tomography angiography (CTA),
with its high spatial and contrast resolution, is helpful to
intuitively visualize portal vein obstructions or shunts. In

dogs and humans, triple-phase helical computed tomog-
raphy (CT) has been proposed as a valuable technique
for detecting hepatic vascular or parenchymal abnormal-
ities (Vauthey et al. 1997; Zwingenberger et al. 2005;
Stieger et al. 2007). It has been reported that CTA is
more reliable for detecting portal vein thrombosis than
ultrasound in dogs (Von Stade 2021).
Triple-phase hepatic CT consists of the arterial, portal,

and hepatic parenchymal phases, which are evaluated ac-
cording to the attenuation changes in the liver and asso-
ciated vasculature after a contrast agent is intravenously
injected. The arterial and portal phases can provide ac-
curate information regarding the hemodynamic changes
in the hepatic artery and portal vein, whereas liver
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parenchymal lesions such as inflammation, neoplasia, or
masses can be detected in the hepatic parenchymal
phase (Leela-Arporn 2019). Whether in humans or ani-
mals, the quality of enhanced CT can be ultimately in-
fluenced by several external factors: (1) patient-related,
such as body weight and cardiac function; (2) contrast
agent-related, such as the iodine content, infusion dur-
ation and rate, and the size of a catheter by which it is
infused into the cephalic vein; and (3) scanning-related,
such as the method and delay time of scanning (Heiken
et al. 1995; Berland and Lee 1988; Bae 2010; Makara et al.
2015; Lee et al. 2017; Thierry et al. 2018).
An appropriate scan delay is needed for contrast-

enhanced CT to acquire adequate enhancement of the
arterial, portal, and hepatic parenchymal phases, which
is critical for generating two-dimensional (2-D) and
three-dimensional (3-D) angiographic images (Berland
and Lee 1988). However, there is a lack of relevant re-
search, and the scan delay time used in humans is not
suitable for dogs and cats. A bolus-tracking technique
can optimize the delay time for each hepatic phase, irre-
spective of individual cardiovascular dynamics. After the
region of interest (ROI) threshold is reached, the scanner
will have a preprogrammed transition delay (TD) before
initiating the CTA scan to acquire optimal visualization
of the bolus (Saade et al. 2011). The TD, defined as the
delay between the time at which the ROI threshold is
reached and the time when the actual CTA scan starts,
is a pivotal parameter of the bolus-tracking technique to
obtain a high-quality CTA. Optimal scan delays for
multiphase CT using the bolus-tracking technique in the
canine pancreas (Soo-Young et al. 2015) and kidneys
(Cho et al. 2018 ) have been reported.
Triple-phase CTA separates the arterial phase from

the portal and systemic venous phases to allow a com-
prehensive assessment of vascular abnormalities or par-
enchymal lesions. CTA has been used to prompt the
diagnosis of extrahepatic arterioportal fistulae (Choi
et al. 2018) and to confirm the absence of the portal vein
(Holloway et al. 2018) in cats. The size, attenuation and
enhancement pattern of the pancreas (Secrest et al.
2017), biliary tract (Pilton et al. 2019) and vascular anat-
omy of the kidneys (Damri and Nan 2019) using multi-
phase CTA in healthy cats have also been described.
However, there is a paucity of information regarding
triple-phase hepatic CT, and no study has described the
optimal TDs for triple-phase hepatic helical CT using a
bolus-tracking technique in cats. Therefore, the aims of
this study were to describe the multiphase CT character-
istics and to explore the optimal TDs for triple-phase
hepatic helical CT using a bolus-tracking technique in
healthy cats.

Results
Time setting for exploring the TDs of the arterial, portal
and delay phases
To facilitate the analysis, time density curves (TDCs) of
the aorta and liver parenchyma were assessed based on
the current studies, and t1, t2 and t3 were three pro-
posed time points on the time axis (Fig. 1). In Fig. 1a,
t1 was presumed to represent the time at which the
aorta CT value reached a threshold of 200 HU,
whereas t2 and t3 were assigned to the time points
for the termination of the arterial and portal phases,
respectively. TD1 and TD2 represent the periods of the
arterial and portal phases, respectively. Given the scanning
time of the entire liver (2.7 s) and the CT table movement
(1 s), high-quality three-phase hepatic CT images could be
acquired if TD1 and TD2 met the following conditions:
(1 + 2.7) ≤ (1 + 2.7 + TD1) ≤ (t2 − t1) and t2 − (TD1 + 2.7 +
1) ≤ (TD2 + 2.7 + 1) ≤ (t3 − t2). The actual TDCs of aorta
and liver parenchymal enhancement are shown in Fig. 1b,
where the measured values of t1, t2, and t3 were 6.11 ±
1.08 s, 10.94 ± 1.57 s, and 24 ± 3.32 s, respectively. The
final conditions were set as 0 ≤TD1 ≤ 1.13 ± 1.09 s and
0 ≤TD2 ≤ 9.33 ± 3 s. Therefore, 0 s, 2 s and 4 s were se-
lected to explore the optimal TD of the arterial phases.
Similarly, 5 s, 7 s and 9 s were assigned to explore the
portal phase. For the hepatic parenchymal phase, a longer
time is required for the contrast agent to be removed from
the hepatic veins and liver parenchyma. Therefore, we
chose 60 s, 62 s and 64 s to explore the TDs of delay phase
for the hepatic parenchyma.

CT values and triple-phase CT images of feline liver
CT values of the aorta and hepatic parenchyma were
measured by placing the ROI at the center of these or-
gans , respectively. The mean CT values of them on the
precontrast CT were 28.00 ± 2.88 HU and 53.63 ± 3.20
HU, respectively. The enhancements of these two organs
in the arterial, portal, and hepatic parenchymal phases
are shown in Table 1.
CT images were transferred to a workstation using 3-

D reconstruction to obtain volume rendering (VR) and
MIP images. Triple-phase hepatic CT 3-D reconstruc-
tion images of the arterial, portal, and hepatic parenchy-
mal phases are shown in Figs. 2, 3 and 4, respectively. In
the arterial phase, the aorta was enhanced, but the hep-
atic arteries did not become contrast-enhanced with a 0
s TD. The arterial vessels and their main branches were
clearly seen with a 2 s TD, whereas the portal vein lu-
mens were slightly enhanced at a 4 s TD (Fig. 2a, b and
c). The VR images of the arterial phase at a 0 s TD dis-
played the arterial trunk and hepatic arterial trunk. The
hepatic arterial branches as well as the portal vein were
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visible at a 2 s TD. The enhancement of the arterial
blood vessels was inconspicuous in the VR images at a 4
s TD (Fig. 2d, e and f). Furthermore, at a 2 s TD, the ar-
terial branches and portal veins were significantly en-
hanced on the MIP (Fig. 2g, h and i). In the portal
venous phase (Fig. 3), the enhancement of the posterior
vena cava was not evident at a 5 s TD. The portal vein
branches were notably visualized at a 7 s TD. The pos-
terior vena cava and hepatic veins did not become
hyperattenuating at a 9 s TD. These vascular character-
izations observed in the CT images were similar to those
in the VR and MIP images. In the hepatic parenchymal
phase (Fig. 4), there was substantial contrast residue in

the blood vessels, hepatic artery, and portal vein, and
hepatic vein were still apparent at a 60 s TD. However,
the aorta, hepatic arteries, portal veins and outlines were
blurred at a 64 s TD.

Characteristics of hepatic vascular anatomy on triple-
phase hepatic CT images
Triple-phase hepatic CT images are shown in Fig. 5. In
the arterial phase (Fig. 5a), hepatic arteries (red arrow)
and partly enhanced portal vein lumens were observed.
In the portal venous phase (Fig. 5b), portal vein (red tri-
angles) branches were hyperenhanced, whereas in the
portal phase (Fig. 5c), the contrast agents were trans-
ferred to the hepatic veins (red triangle). The VR images
of the hepatic vascular anatomy at three delay times are
shown in Fig. 6. In the arterial phase (Fig. 6a), the arter-
ies can be clearly observed, and the anterior mesenteric
artery and the celiac artery can also be easily distin-
guished separate from the aorta. The celiac artery di-
vided into the splenetic artery, the left gastric artery, and
the hepatic artery. The hepatic artery divided into left
and right branches. In the portal phase (Fig. 6b), the
main portal vein can be clearly seen. The main portal
vein divided into the left branch and the right branch at
the hepatic portal as well as many sub-branches. In the
hepatic parenchymal phase (Fig. 6c), the hepatic vein
and portal vein are clearly seen, and the branches of the
hepatic vein can also be clearly observed. The blood ves-
sels of the hepatic vein and portal vein are well devel-
oped and intertwined. The main hepatic vein joins the
posterior vena cava at the second hepatic portal.

Discussion
In this study, triple-phase CT for scanning feline livers
in conjunction with a bolus-tracking technique was per-
formed successfully in all cats. The CT values of the
hepatic parenchyma in our study on precontrast CT
(53.80 ± 6.42 HU) were similar to those reported in dogs
(51.2–65.5 HU) (Lee et al. 2017). The aortic CT value
was 28.00 ± 2.50 HU, which differs from those reported
in dogs (36.6–51.0 HU) (Lee et al. 2017). The discrep-
ancy in CT attenuation of the aorta between the normal
dogs and cats may be due to ROI placement and/or spe-
cies differences. In addition, the CT value is related to

Fig. 1 Time density curves (TDC) of the aorta and liver parenchyma.
(a) Hypothetical TDCs of the aorta and liver parenchyma based on
previous studies. (b) Actual TDCs of the aorta and liver parenchyma
mean enhancement obtained from dynamic contrast-enhanced CT
in this study

Table 1 Mean enhancements (HU) of the aorta and hepatic parenchyma in the arterial, portal and hepatic parenchymal phases

ROI Arterial phase Portal phase Hepatic parenchymal phase

0 s 2 s 4 s 5 s 7 s 9 s 60 s 62 s 64 s

Aorta 394.8 ± 26.57a 479.2 ± 47.43b 560.7 ± 43.35c 588.7 ± 18.96a 466.1 ± 15.98b 342.0 ± 29.91c 164.4 ± 19.39a 207.1 ± 12.55b 107.3 ± 9.05c

Hepatic
parenchyma

13.46 ± 1.14a 19.54 ± 4.57b 26.90 ± 5.63c 46.78 ± 1.62a 58.10 ± 12.09a 97.29 ± 16.20b 68.23 ± 16.15a 81.22 ± 10.61a 49.03 ± 12.86b

The values are shown as the mean ± standard deviation. HU Hounsfield Units, ROI region of interest. Values with different letters among the three
transition delay time points of the arterial, portal or hepatic parenchymal phase differ significantly (P < 0.05) based on a one-way ANOVA with the least
significant difference method
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the scan parameters, the dose and infusion rate of con-
trast agents, and catheter size (Cademartiri et al. 2002;
Kayan et al. 2016; Lee et al. 2017).
TDC of the aortic enhancement derived from dynamic

contrast-enhanced CT presents as a downward parabola;
there was a sharp and rapid peak enhancement (approxi-
mately 660 HU) with a subsequent rapid drop in attenu-
ation. The TDC of hepatic parenchyma enhancement
differed greatly from that of the aorta, gradually increas-
ing to approximately 160 HU and then declining stead-
ily. The shapes of the aortic and hepatic parenchyma
TDCs in this research were similar to those reported

previously (Ichikawa et al. 2006). TDCs of the aorta and
liver parenchyma provided a reference for the delay time
of the bolus-tracking technique used in triple-phase hep-
atic CT, which avoided repeated exploration of the scan
parameters and excessive exposure of the animals to ra-
diation and contrast agents.
For the scanning protocol used in triple-phase hepatic

CT, the hepatic artery and its branches were all com-
pletely displayed at a 2 s TD compared with a 0 s TD or
a 4 s TD. Although the hepatic artery mean enhance-
ment peaked at a 4 s TD, it did not differ significantly
from that at the 2 s TD. Thus, a 2 s TD after the bolus

Fig. 2 Triple-phase hepatic CT images of the arterial phase at different TDs (0 s, 2 s and 4 s). The arterial phase images at 0 s TD: hepatic
transverse CT image (a), hepatic vessels VR image (d) and MIP image (g). The arterial phase images at 2 s TD: hepatic transverse CT image
(b), hepatic vessel VR image (e) and MIP image (h). The arterial phase images at 4 s TD: hepatic transverse CT image (c), hepatic vessel VR image
(f) and MIP image (i). All images have the same orientation; R is on the left of the images
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trigger is optimal for visualizing the hepatic artery in this
study. In the portal phase, the main branch of the portal
vein, rather than the posterior vena cava, was clearly
seen on the triple phase CT images at a 7 s TD com-
pared with those at a 5 s TD and a 9 s TD. Therefore, 7 s
was the optimal TD for the portal phase. The scan delay
of the portal phase in our study was shorter than that re-
ported in humans (13∼15 s) (Nakai et al. 2011) and dogs
(12 s) (Zwingenberger et al. 2005). This difference is due to
a larger volume of contrast agent injected in humans and
dogs, which can shift the time/attenuation curve upward
and to the right (Cademartiri et al. 2002). Thus, when the

contrast agent volume is large, the time to the maximum
enhancement peak is increased. This study showed that the
degree of enhancement of the hepatic vasculature deceased,
whereas the mean enhancement of the liver parenchyma
peaked at a 62 s TD. Therefore, 62 s was determined to
be the TD representative of the hepatic parenchymal
phase, which contributes to the detection of liver paren-
chymal lesions such as inflammation and neoplasia based
on dog and human references (Soyer et al. 2004; Taniura
et al. 2009; Leela-Arporn et al. 2019).
An appropriate scan delay is essential to acquire high-

quality CTA. To date, the scan delay has been

Fig. 3 Triple-phase hepatic CT images of the portal phase at different TDs (5 s, 7 s and 9 s). Portal venous phase images at 5 s TD: hepatic
transverse CT image (a), hepatic vessel VR image (d) and MIP image (g). The portal venous phase images at 7 s TD: hepatic transverse CT image
(b), hepatic vessels VR image (e) and MIP image (h). The portal venous phase images at 9 s TD: hepatic transverse CT image (c), hepatic vessels VR
image (f) and MIP image (i). All images have the same orientation; R is on the left of the images
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investigated using fixed scan delay, test-bolus and bolus-
tracking techniques. The fixed scan delay is estimated
based on experience in CTA, typically ranging from 10 s
to 35 s, which is easy to perform but may miss peak en-
hancement of the tissues (Saade et al. 2011). In the test-
bolus technique, a small amount of a contrast agent is
infused at the same rate as the main bolus, and a single-
level low-dose dynamic scan is performed at determined
time intervals. The time between the start of the test
bolus injection and a determined point of the time/at-
tenuation curve of the test bolus is used as the delay
time for the injection of the main bolus (Cademartiri

et al. 2002). In the bolus-tracking technique, a trigger at-
tenuation value (threshold) is arbitrarily chosen before
starting the CTA data acquisition. A single-level low-
dose dynamic scan is performed at determined time in-
tervals during the injection of a contrast agent. A CT
scan is started after reaching the triggering threshold
(Cademartiri et al. 2002). Bolus tracking provides better
timing of CT scans in relation to the time/attenuation
curve and avoids the need for additional contrast agent
administration (Stieger et al. 2007). Therefore, in this
study, a bolus-tracking technique was used to explore
the triple-phase CT of the feline liver, and the ROI was

Fig. 4 Triple-phase hepatic CT images of the delay phase at different TDs (60 s, 62 s and 64 s). Hepatic parenchymal phase images at 60 s
TD: hepatic transverse CT image (a), hepatic vessel VR image (d) and MIP image (g). Hepatic parenchymal phase images at 62 s TD: hepatic
transverse CT image (b), hepatic vessel VR image (e) and MIP image (h). Hepatic parenchymal phase images at 64 s TD: hepatic transverse CT
image (c), hepatic vessel VR image (f) and MIP image (i). All images have the same orientation; R is on the left of the images
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placed inside the vessel lumen of the aorta, which was
easily identified on precontrast CT.
In the arterial phase at a 2 s TD, the hepatic artery

branches were enhanced incompletely, possibly because
1) feline hepatic arteries are narrow; 2) the subsegmental
branches of the hepatic artery were not completely
perfused by the contrast agent; and 3) the distal hepatic
arteries were automatically removed during image recon-
struction based on having a density similar to that of the
hepatic parenchyma. Moreover, portal vein enhancement
occurred during the arterial phase. This may result from
rapid blood flow from the anterior mesenteric, posterior
mesenteric, and splenic arteries transporting the contrast
agent to the portal vein, resulting in a slight overlap
between the hepatic artery and portal vein. The TD data
from our study provide a useful reference for diagnosing

hepatic blood outflow disturbances or parenchymal lesions.
However, their reliability under pathological states still
needs to be further verified.

Conclusions
In conclusion, this research established the characteris-
tics and optimized scan delays of triple-phase hepatic
CT in cats. The optimal TDs recommended in our scan
protocol for arterial, portal, and hepatic parenchymal
phases in triple-phase CT were 2, 7, and 62 s, respect-
ively, after triggering at 200 HU of aortic enhancement
using a bolus-tracking technique; this provides a basis
for diagnosing and evaluating feline hepatic blood out-
flow related to liver disease or parenchymal lesions.

Methods
Animals
This study was approved by the College of Veterinary
Medicine, Huazhong Agricultural University, Wuhan,

Fig. 5 CT images of hepatic vascular anatomy at three different
delay times in cats. Hepatic arteries (red arrow) and partly enhanced
portal vein lumens were seen in the arterial phase (a). In the portal
venous phase (b), portal vein (red triangles) branches were
hyperenhanced, whereas in the portal phase (c), the contrast agents
were transferred to hepatic veins (red triangle). CT images were
analyzed in a soft tissue window (W/L: 400/40)

Fig. 6 VR images of hepatic vascular anatomy at different delay
times in cats. (a) The arterial phase, (b) the portal phase and (c) the
hepatic parenchymal phase
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China (HZAUCA-2019-008). Nine adult domestic cats
(4 males and 5 females, 2∼3 years, 3.5∼4.5 kg body
weight) without any history or clinical signs of systemic
illness were dewormed and housed together in a com-
fortable environment. The cats were considered healthy
based on the recorded history and the findings of phys-
ical examination, serum biochemistry, electrocardio-
gram, and abdominal ultrasonography. For all included
cats, general anesthesia was administered with an intra-
venous injection of 5∼7.5 mg/kg Zoletil (Virbac, Carros,
France). CT scanning was started when the animals were
in the second stage of surgical anesthesia.

Computed tomography protocol
All hepatic CT scans were performed on a 64-row multi-
detector CT (Aquilion Prime 128, Canon, Japan). Prior
to the dynamic scan, a survey scan of the entire abdo-
men was performed to identify the scan horizontal loca-
tion of the liver. The upper third of the liver was then
immediately scanned every 0.5 s until 40 s after the injec-
tion of a contrast agent (Omnipaque 350, 350 mgI/mL,
GE Healthcare, Cork, Ireland). To obtainTDCs of the
aorta and hepatic parenchyma enhancement, the contrast
agent dose (1.5mL/kg) was injected using a power injector
(SinoPower-D, Sino Medical-Device, Shenzheng, China)
at a rate of 0.5 mL/s through a 24G catheter placed in the
right cephalic vein. The main dynamic contrast-enhanced
CT parameters were set as follows: 100 kV, 160mA, 2mm
slice thickness, and 0.5 s rotation time.
Triple-phase hepatic CT was performed after bolus

tracking was triggered at 200 Hounsfield units (HU) of
aortic enhancement. Nine cats underwent the first
triple-phase CT on Day 1 of the experiment; the TDs of
the arterial, portal, and hepatic parenchymal phases were
0, 5, and 60 s, respectively. The second scan (TDs of 2, 7
and 62 s) and the third scan (TDs of 4, 9 and 64 s) were
conducted on Days 8 and 16, respectively. The contrast
agent and saline were intravenously injected at a dose of
1.5 mL/kg and a rate of 0.5 mL/s before each scan. The
triple-phase hepatic CT parameters were set as follows:
150∼180 kV, 160 mA, 5 mm slice thickness and 0.5 s ro-
tation time. The images were reconstructed using 2 mm
thickness and 2mm intervals. The times for the entire
liver and for table motion were 2.7 s and 1 s, respectively.

Image analysis
The CT images were transferred to a workstation (Radio
Force, Japan). All CT images were evaluated with a soft
tissue window (window width/window level: 400/40).
The CT values of aorta and hepatic parenchyma attenu-
ation were measured by placing the ROI (16 mm2) at the
center of the aorta and hepatic parenchyma, respectively,
on CT images, during the precontrast, arterial, portal,
and hepatic parenchymal phases. The CT measurements

were repeated three times at each TD time point, and
the mean values were represented as CT values (HU) of
the aorta or hepatic parenchyma at the TD time point
for each cat. All CT images were viewed and analyzed by
a qualified professional veterinarian (with over 5 years of
experience on CT) using VR and MIP (maximum inten-
sity projection). The 3-D reconstruction was achieved
via automatic bone removal and virtual cutting tools.

Data analysis
All data are expressed as the mean ± standard deviation.
Statistical analyses were performed using SPSS V. 18.0
(SPSS Inc., Chicago, IL, USA). CT values among the dif-
ferent TDs of the arterial, portal or hepatic parenchymal
phase were compared using a one-way analysis of variance
with the least significant difference method. Differences
were considered significant if P values were less than 0.05.
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