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Morphologic and Doppler Findings from
Hepatic Ultrasonography of Normal Cynomolgus
Monkeys (Macaca fascicularis)

Kyo Won Lee,’, Chan Woo Cho,! Ji Eun Lee,> Hyojun Park,! Gyu-Seong Choi,! Woo Kyoung Jeong,? Jae Berm Park,! and
Sungjoo Kim'”

The present study evaluated the anatomic and ultrasonographic features of the liver in normal cynomolgus monkeys (Macaca
fascicularis). Healthy, male, cynomolgus monkeys from Cambodia (n = 25; mean age, 58.1 mo) were sedated with ketamine (7
mg/kg) and examined by using 2D and Doppler ultrasonography. We measured the diameters of the vascular structures and
bile duct, determined the velocities of the hepatic artery and portal vein, and calculated the resistance index of the hepatic
artery. Vessel diameters were: proper hepatic artery, 1.4 mm (range, 1.0-1.9 mm); main portal vein, 4.4 mm (range, 2.4-6.0 mm);
and common bile duct, 1.5 mm (range, 1.0-2.4 mm). The mean peak systolic velocity of the proper hepatic artery was 75.4 cm/s,
and the resistance index was 0.54. The mean velocity of the main portal vein was 19.3 cm/s. All Doppler ultrasonographic
findings, including the peak systolic velocity, end-diastolic velocity, and resistance index of the proper hepatic artery and
the main portal vein velocity were independent of body weight. These findings have the potential to serve as references for
determining the health status of the liver from cynomolgus monkeys.

Abbreviations: MPV, main portal vein; PHA, proper hepatic artery

The acquisition of immunologic tolerance has been the major
issue in the field of organ transplantation for decades. Experi-
ments in rodents and NHP have improved our understanding
of this phenomenon.®?1013 However, additional studies are
necessary to achieve immunologic tolerance in the clinical set-
ting. The liver is the most tolerogenic solid organ and exhibit
lower rejection rates and immunosuppressant requirements
than do other solid-organ transplants, such as kidney, heart,
and lung.” The high tolerogenicity of the liver is due to the
presence of resident immunocytes and antigen-presenting cells,
which are regulatory in nature and protect against graft injury
and rejection; of various proteins (for example, HLA-G) and
cytokines produced from extramedullary hematopoietic stem
cells; and of the large number of nonhematopoietic, support
cells (for example, hepatocytes, stellate cells, and endothelial
cells). By exploiting this phenomenon of tolerogenicity, recent
studies have used animal models of liver transplantation to
investigate new strategies for immune system modulation.®!!
Doppler ultrasonography plays a key role in the postoperative
monitoring of liver transplant recipients, allowing for patency
evaluation of the portal vein, hepatic artery, and hepatic vein.
Cynomolgus monkeys (Macaca fascicularis) are frequently used
for transplant research because of their anatomic, physiologic,
and pathophysiologic similarity to humans. However, no re-
ports detailing the ultrasonographic findings of the liver in
normal cynomolgus monkeys that can be used as references
have been published.

The objective of this study was to use 2D and Doppler ultra-
sonography to obtain normal sonographic parameters of the
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liver in young adult male cynomolgus monkeys. The measured
sonographic values can serve as references for further transplant
studies that examine the liver in cynomolgus macaques.

Materials and Methods

All procedures were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals® and the Animal
Welfare Act! in the animal facility of the Nonhuman Organ
Transplantation Research Center at Genia (Seong-nam City,
Korea). The animal protocol was approved by the IACUC of
Genia (ORIENT-TACUC-16052).

Animals. From March through June 2016, the livers of healthy,
ketamine-sedated, male cynomolgus monkeys (Macaca fascicula-
ris; n = 25; mean age, 58.1 mo [range, 45 to 79 mo]; mean weight,
4.6 kg [range, 3.2 to 6.8 kg]) from Cambodia were examined us-
ing 2D and power Doppler. Animals were individually housed
indoors on a 12:12-h light:dark cycle and were fed standard
macaque biscuits (Harlan Laboratories, Seoul, Korea) and fresh
fruit twice daily. Hematology and serum chemistry results were
within normal limits for all animals. In addition, the monkeys
were negative for tuberculosis, viral serology (herpes B virus,
simian T-lymphotropic virus, SIV, simian type D retrovirus,
and hepatitis B virus), Salmonella (Shigella), and fecal parasites.

Preparation for ultrasonography examination. After a 12-h
fast, sedation was induced with ketamine (7 mg/kg IM; Daiichi
Sankyo, Ltd, Tokyo, Japan). Blood pressure, body temperature,
and oxygen saturation (SpO,) were monitored throughout se-
dation of each monkey. The blood pressure was measured by
using an arm cuff. The mean systolic blood pressure was 108.6
mm Hg (range, 88 to 131), and the mean diastolic blood pres-
sure was 57.7 mm Hg (range, 30 to 89); both of these parameters
were within normal limits. SpO, values were also within their
respective normal ranges. Body temperature, which remained
within normal limits (37 to 39 °C), was monitored with a rectal
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probe and maintained by using a heat-circulating blanket. SpO,
was monitored with pulse oximetry at the monkey’s ear and
remained between 90% and 100%. During the examination,
monkeys were restrained on a surgical bed in the supine posi-
tion. Scans were performed by using a 9L linear transducer
and the LOGIQ E9 system (GE Healthcare, Waukesha, WI). All
examinations were performed by the same operator.

2D ultrasonography. The diameters of the proper hepatic
artery (PHA), main portal vein (MPV), right posterior portal
vein, right anterior portal vein, left portal vein, right hepatic
vein, middle hepatic vein, left hepatic vein, suprahepatic inferior
vena cava, infrahepatic inferior vena cava, and bile duct were
measured by using the electrical caliper incorporated in the
ultrasonic device. During measurements, the transducer was
placed transversely to the hepatic pedicle just below the last
rib (Figure 1). The parenchymal echogenicity of the liver was
compared with that of the right kidney with the transducer
parallel to the hepatic pedicle (Figure 1).

Doppler ultrasonography. Flow rates within the PHA, MPV,
right anterior portal vein, right posterior portal vein, left portal
vein, right hepatic vein, middle hepatic vein, and left hepatic
vein were identified with the transducer parallel to the hepatic
pedicle (Figure 1). The Doppler waveforms were obtained by
insonating the PHA, MPV, and hepatic veins at a 60° angle to
the ultrasound beam; the sample volume was then placed in
the middle of the vessel. Peak systolic and end-diastolic veloci-
ties of the PHA were recorded. By using the onboard electronic
caliper, the resistance index (RI) of the PHA was calculated as:

RI = (PSV —~EDV)/PSV,

where PSV is the peak systolic velocity and EDV the end-
diastolic velocity of the PHA. In addition, the velocity of the
blood flow within the MPV was recorded; when slight phasicity
due to respiration occurred, the mean velocity was recorded.

Statistical analysis. All values are presented as means with
ranges for continuous variables. Comparisons between continuous
variables were made using Student ¢ test. Statistical analysis
was performed using SPSS version 22.0 (IBM, Armonk, NY). P
values were considered significant at 0.05.

Results

2D ultrasonographic findings. The normal liver parenchyma
was more hypoechoic than the kidney parenchyma and showed
homogenous echogenicity (Figure 2). The diameters of the ves-
sels and common bile duct are summarized in Table 1. Because
the PHA, MPV, suprahepatic inferior vena cava, infrahepatic
inferior vena cava, and common bile duct are necessarily anas-
tomosed during cynomolgus monkey liver transplantation,
we measured each vessel according to the previously reported
surgical anatomy of the cynomolgus monkey (Figure 3).12
The right posterior portal vein and right anterior portal vein
branched from the MPV in both bifurcation (n = 12, 48%) and
trifurcation (n = 13, 52%) patterns.

Doppler ultrasonographic findings. Doppler ultrasonography
allowed for hemodynamic measurement of the hepatic artery,
portal vein, and hepatic vein (Figure 4). The hepatic artery
showed a pulsatile waveform, whereas the hepatic vein showed
a triphasic waveform (large antegrade systolic and diastolic
waveform with a retrograde wave due to backward transmis-
sion from right atrial pressure changes during the cardiac circle).
The portal vein showed a monophasic waveform in most cases.
However, in some cases, the portal vein waveform exhibited
phasicity due to respiration or pulsation of the adjacent hepatic

Hepatic
pedicle

Figure 1. (A) To measure the diameter of vessels, the ultrasound trans-
ducer was placed perpendicular to the hepatic pedicle, and the echo-
genicity of the liver parenchyma was compared with that of kidney.
(B) To measure the velocity within vessels, the ultrasound transducer
was placed parallel with the hepatic pedicle.

artery.* The mean peak systolic velocity of the PHA was 75.4
cm/s, and the resistance index was 0.54. The mean velocity of
the MPV was 19.3 cm/s.

Differences of ultrasonographic findings according to body
weight. The diameters of the MPV and suprahepatic inferior
vena cava were larger in macaques weighing more than 4.5
kg (P =0.03 and 0.02, respectively). However, the diameters of
the other vessels and the common bile duct did not differ sig-
nificantly by body weight (Table 1). There were no significant
differences in any of the other Doppler ultrasonographic find-
ings, including PHA peak systolic velocity, PHA end-diastolic
velocity, PHA resistance index, and MPV velocity (P =0.07,0.13,
0.81, and 0.24, respectively).

Discussion

The present study addressed the ultrasonographic findings
of the normal liver in cynomolgus macaques. Several important
findings were described in this study: (1) the normal diameters
of various vessels and the bile duct; (2) the normal flow velocities
in various vessels; (3) the normal waveforms of various vessels;
and (4) the normal resistance index of the PHA. In addition,
Doppler ultrasonographic findings, including PHA peak systolic
velocity, PHA end-diastolic velocity, PHA resistance index, and
MPV velocity were independent from body weight in cynomol-
gus macaques. Therefore, these values can be applied to all
cynomolgus monkeys, regardless of their body weight. These
important findings can serve as parameters for detecting com-
plications of liver transplantation during the early postoperative
period, such as hepatic artery stenosis, portal vein stenosis, and
hepatic venous outflow obstruction.>* Furthermore, because
knowing the normal ranges of each parameter is necessary
for making diagnoses, this study was conducted to determine
reference ranges for further research. To our knowledge, the
current study represents the first ultrasonographic study of the
normal liver of cynomolgus macaques. Further research aimed
at determining appropriate cut-off values likely would aid the
prompt diagnosis of liver transplant complications.
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Ultrasonography of normal liver in cynomolgus macaques

Figure 2. On grayscale measurement, the liver parenchyma is more hypoechoic than the kidney parenchyma.

Table 1. 2D ultrasonographic findings (mm; mean [range]) in healthy male cynomolgus macaques overall and according to body weight

Overall 4.5 kg or greater (n = 11) Less than 4.5 kg (1 = 14) P
Proper hepatic artery 1.4 (1.0-1.9) 1.5(1.1-1.7) 1.4 (1.0-1.9) 0.44
Main portal vein 4.4 (2.4-6.0) 4.6 (3.7-6.0) 4.1 (2.4-5.3) 0.03
Right posterior portal vein 22 (1.2-3.3) 24 (1.7-3.3) 2.1 (1.2-2.8) 0.08
Right anterior portal vein 2.0 (1.3-3.0) 2.0 (1.3-2.5) 2.0 (1.5-3.0) 0.97
Left portal vein 2.1 (1.4-3.5) 2.2 (1.4-3.5) 2.0 (1.6-2.7) 0.50
Left portal vein medial branch 2.5(1.3-3.6) 2.5(1.3-3.5) 2.4 (1.4-3.6) 0.58
Right hepatic vein 2.3 (1.2-3.4) 2.3(1.2-3.2) 2.2 (1.5-3.4) 0.69
Middle hepatic vein 2.4 (1.5-3.5) 2.5(1.5-3.5) 2.2 (1.7-2.6) 0.22
Left hepatic vein 2.3(1.4-3.1) 2.5(1.9-3.1) 2.2(1.4-3.1) 0.12
Suprahepatic inferior vena cava 10.6 (7.4-15.3) 11.8 (9.3-15.3) 9.7 (7.4-11.9) 0.02
Infrahepatic inferior vena cava 7.4 (5.3-10.7) 7.8 (5.3-10.7) 7.0 (5.6-10.0) 0.15
Common bile duct 1.5 (1.0-2.4) 1.6 (1.0-2.4) 1.5 (1.1-1.9) 0.50

Middle hepatic vein
Left hepatic veim

&} portal vein
Hial branch

eft portal vein

Main portal wein

Figure 3. Vascular structures of the liver measured during ultrasono-
graphic examination.

Subjects should be fasted for at least 12 h prior to ultra-
sonographic liver examination, because a distended stomach
might cover the hepatic pedicle and impair ultrasonographic

visualization of major structures, including the MPV, PHA, and
common bile duct. When the stomach is distended despite a 12-h
fast, stomach contents can be removed by using a gastric tube.

We performed ultrasonographic examinations on macaques
that were sedated by using ketamine (7 mg/kg) rather than
anesthetized by using isoflurane. During the postoperative
period after liver transplantation, frequent examinations are
necessary to detect vascular and duct complications. However,
general anesthesia cannot be used in every examination, because
isoflurane can alter systemic hemodynamics® and thus influ-
ence the findings from ultrasonography as well as regarding
the general condition of cynomolgus monkeys.*

In conclusion, the identification of normal reference values is
necessary for accurately assessing the condition of the liver in
cynomolgus macaques. Studying the normal conformation and
structure of the liver in this species can provide useful data for
correctly interpreting ultrasonographic images. An improved
understanding of these images will contribute to the postopera-
tive management of liver transplantation and the evaluation of
other liver diseases. We recommend that ultrasonography of
cynomolgus macaques should be performed in ketamine-sedated
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Figure 4. Doppler ultrasonography enables measurement of the hemodynamics of the (A) hepatic artery, (B) portal vein, and (C) hepatic vein.
The hepatic artery shows a pulsatile waveform, and the portal vein yields a monophasic wave form. The hepatic vein produces a triphasic
waveform.

animals that have undergone a 12-h fast, to obtain the most
accurate measurements.
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