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Evaluation of a Near-Infrared-Type Contrast Medium
Extravasation Detection System Using a Swine Model

Toshihiro Ishihara, RT,*7 Tatsushi Kobayashi, MD,* Naoya lkeno, RT,* Takayuki Hayashi, MD,*
‘Masahiro Sakakibara,} Noboru Niki, PhD,T Mitsuo Satake, MD,* and Noriyuki Moriyama, MD, PhD§

Purpose: To refine the development and evaluate the near-infrared (NIR)
extravasation detection system and its ability to detect extravasation during
a contrast-enhanced computed tomography (CT) examination.
Materials and Methods: The NIR extravasation detection system
projects the NIR light through the surface of the human skin then, using
its sensory system, will monitor the changes in the amount of NIR that
reflected, which varies based on absorption properties.

Seven female pigs were used to evaluate the contrast media extravasa-
tion detection system, using a 20-gauge intravenous catheter, when
injected at a rate of 1 mL/s into 4 different locations just under the skin
in the thigh section, Using 3-dimensional CT images, we evaluated the
extravasations between time and volume, depth and volume, and finally
depth and time to detect.

Results: We confirmed that the NIR light, 950-nm wavelength, used
by the extravasation detection system is well absorbed by contrast me-
dia, making changes easy to detect. The average time to detect an extrav-
asation was 2.05 seconds at a depth of 2.0 mm below the skin with a
volume of 1.3 mL, 2.57 seconds at a depth between 2.1 and 5 mm below
the skin and a volume of 3.47 mL, 10.5 seconds for depths greater than
5.1 mm and a volume of 11.1 mL. The detection accuracy was signifi-
cantly deteriorated when the depth exceeded 5.0 mm (Tukey-Kramer,
P <0.05)

Conclusions: The extravasation system detection system that is using
NIR has a high level of detection sensitivity. The sensitivity enables
the system to detect extravasation at depths less than 2 mm with a volume
of 1.5 mL and at depths less than 5 mm with a volume of 3.5 mL. The ex-
travasation detection system could be suitable for use during examinations.

Key Words: computed tomography, contrast media, contrast-enhanced
CT, extravasation detection

(J Comput Assist Tomogr 2014;38: 285-292)

It is common during computerized tomography (CT) exam-
inations for the intravenous injection of contrast media to be
performed using an automated power injector (injector). The in-
jector provides the flexibility, consistency, accuracy, and safety
precautions necessary to perform the required high speed and
pressure injections for CT examinations to obtain clinically
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acceptable images. With this, however, comes the risk of contrast
medium extravasation, which requires careful attention." Wang
et al >* reported that, in 69,657 patients who were injected with
intravenous contrast medium (CM), 475 patients (0.7%) experi-
enced extravasation, and Chew >* determined that the occurrence
of extravasation was 0.45%, applying the Self-Assessment Mod-
ule Scenario 1 by checking previous reports of extravasation after
CM injection.*

Early symptoms of extravasation include local inflamma-
tion, sharp pain, and redness of the skin; however, later and
more severe extravasations can result in the destruction of tis-
sue. This comes about because of the difference in osmotic
pressure between CM and human blood and body fluids. Al-
though it is considered that the toxicity of nonionic contrast me-
dia is generally mild, the osmotic pressure is twice that of body
fluids. Therefore, a large volume of extravasated CM may cause
critical conditions such as ulcer formation or compartment syn-
drome.”™'* In addition, the workflow is disrupted, examination
efficiency is decreased, plus the reputation of the facility is neg-
atively affected.*
Nelson et al '®!7 report an extravasation detection acces-
sory (EDA) that used strain gauges connected (4 points) in a
Wheatstone bridge configuration. This system detects the im-
pedance change under a patch measuring 5 X 8 cm and indicates
extravasation when a change limit value is exceeded. It was
reported this EDA kept 100% sensitivity for 10-mL extra-
vasations. Bouton et al 18 report an extravasation detection acces-
sory that uses radiofrequency. This system detects the change of
conductivity using its 4 radiofrequency transmitter/receiver
modules surrounding the puncture point. The average volume of
the sensing area is 12.5 mL, and it was reported that the system
could detect extravasations from 8 to 10 mL.

Hereinafter we shall focus on the extravasation detection
system that uses near-infrared (NIR) light. This system uses
the absorption characteristics of NIR light by the CM, monitor-
ing the changes of absorption of the scattered NIR light just un-
der the skin.18-20

For our evaluation, 7 swine models were used to simulate
the extravasation of contrast media inside the thigh skin and
evaluate the duration, depth, and volume of extravasation to
demonstrate the effectiveness of the system.

MATERIALS AND METHODS

Contrast Media Extravasation Detection System

Overview of the System

The contrast media extravasation detection system consists
of 3 parts: a sensor part that includes an alarm box to indicate
when contrast media is extravasating, a receiver, and a computer
(Windows XP; Dell) that is used to analyze the signal. The con-
figuration is shown in Figure 1. The sensor part detects the in-
tensity changes of the scattered light illuminated into the skin
compared with the base intensity that is measured before the
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FIGURE 1. Extravasation detection system block diagram. The system is composed of three parts: the calculation unit, the box for
receiving (including the box leak detector contrast medium), the leak-detecting sensor signal, the signal sensing, and the signal received.

Device used to perform a spectral analysis of the reflected light.

injection. These intensity changes are converted and measured
as a change in voltage. When an extravasation occurs, the volt-
age signal from the sensor part will decrease. Once the voltage
decreases below the lower limit, the system will signal an alarm.
The computer displays the voltage fluctuation as a trend graph.

Contrast Media Extravasation Detection Sensor

Determination of Light-Absorption Characteristics
of Human Skin

Using the diffuse reflectance method, the light-absorption
characteristics of human skin around the median cubital vein
were measured. For the light source, an incandescent lamp
(GA-30H; ELPA) was used because it has a wide optical spec-
trum. A spectrometer (InGaAs NIR Spectrometer EPP-2000;
StellartNet) was used to measure the reflected light. The mea-
suring device is shown in Figure 2. To obtain a baseline for
the total reflected light intensity, the incandescent lamp was

Light source

directed to a white board maintained at a distance of 50 mm
and the reflected light was measured. The lamp was then shaded
with a black board, and another measurement was made to de-
termine the reflected amount with 100% absorption. Finally,
we directed the lamp toward human skin and measured the scattered
light. Compared with the total reflected light possible, we con-
firmed that the option spectrum was 600 to 1000 nm (Fig. 3).

Determination of Absorption Characteristics
of Water and Contrast Media

To determine the absorption characteristics of water and
contrast media, we used the transmit method. Again, the incan-
descent lamp was used for the light source and the spectrometer
was used to measure the light. Tools were used to prevent the am-
bient light from affecting our measurements of characteristics of
water and contrast media. The measurement system is shown in
Figure 4. To determine the absorption characteristics, the lamp
was placed on one side of the spectrometer the other side of the

Spectrometer

M

Ground side of the object to be
measured, such as Skin.

| @40mm

> Skin
White board
Black board

FIGURE 2. Diagram. Detector to measure the light absorption characteristics. Measuring the light absorption characteristics of the

reflected light.
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FIGURE 3. The spectrum of light reflected was measured at 600 to approximately 1000 nm for human skin compared with total

reflection of light in the air.

water and contrast media. The absorption spectrum band was spe-
cifically identified at 950 nm wavelength (Fig. 5). It was deter-
mined from these results that a wavelength of 950 nm is ideal to
permeate and scatter in the human skin and provide adequate
changes based on the absorption by water and contrast media.

Configuration of Contrast Media Extravasation
Detection Sensor

For the contrast media extravasation detection sensor, NIR
LED (AN1111R; Stanley) having a peak wave length of 950 nm
was used for light source and NIR phototransistor (PS1101WA;
Stanley) was used for the detector.

The configuration is shown in Figure 6.

The contrast media extravasation detection sensor emits
light at a wavelength of 950 nm, NIR, into the human skin, then
a measurement of the intensity of reflected light intensity is
made using the phototransistor. Comparing the reflected light
intensity before injection with the intensity of reflected light
during the contrast media injection makes the detection of ex-
travasation possible. If a sufficient amount is absorbed, then
an extravasation is suspected and reported.

Determination of Measurement Point of Swine Model

The National Cancer Research Center Animal Study ethics
committee and ethics committee of the institute approved this
study using animals for data collection of human subjects.

A location with similar hardness and absorption charac-
teristics with the upper median cubital vein of humans for intra-
vascular contrast enhancement CT examination was chosen in
the swine model (Specific Pathogen—Free).

The skin hardness was measured on the upper median cubital
vein with 6 volunteers (2 women, 4 men; age range, 2843 ycars,
mean age, 34 years; body mass mdex range, 17.8-27.6 kg/m?;
mean body mass index, 22.8 kg/m“) and the 5 points were the ab-
domen and outer thigh and inner thigh of both legs of 2 swine
models (body weight, 30.2 and 31.5 kg).

Skin hardness was measured with a durometer (ASTM D
2240, GS754H, TypeOO Durometer; Teclock Ltd., Okaya, Japan).
Three measurements were made then averaged to determine the
skin hardness. Note that the hardness measurement is a relative
physical amount and has no units of measure. In addition, the ab-
sorption characteristics were also measured in the same location,
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again 3 times then averaged, using the measuring equipment shown
in Figure 2 to determine the absorption characteristics.

Evaluation With Swine Model
Simulate an extravasation on 7 swine models and evaluate
the performance of contrast media extravasation detection system.

1. The puncture area was chosen based on having similar skin
hardness and absorption characteristics as the upper median

cubital vein of our human skin measurements. A 20-gauge in-
travenous catheter (Terumo) was inserted by a physician, and
the depth of insertion was adjusted to 1.0 to 10.0 mm. The ex-
travasation detection sensor was placed such that the center of
the sensor was positioned 5 mm from the catheter tip and light
source. Refer to Figure 7.

2. To set the baseline, the light intensity level before the mjcctor
was measure and recorded via the computer. A contrast injec-
tion via a power injector (Dual Shot; Nemoto Kyorindo, Tokyo,
Japan) was performed at a rate of 1.0 mL/s. The light intensity
was observed and compared with that of the baseline during the
injection. The contrast media was Iohexal 300 that was diluted
3 times with saline to decrease the influence of artifact.

3. The physician stopped the injection when the light intensity level
exceeded the limit. After the injection was stopped, the detection
duration and the volume of extravasation were determined.

4. After the extravasation was detected, an image via CT scan-
ner (Aquilion 4; Toshiba Medical Systems, Ootawara, Japan)
of the injected area along with the sensor still applied was
completed (Fig. 8).

Spectrometer

60mm

FIGURE 4. Measuring devices for light absorption characteristics
of the contrast medium, water, and air, Used to eliminate the
effect of ambient light shielding.
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FIGURE 5. Absorption spectrum of the contrast medium with water, which absorbs light at a wavelength of 950 nm specifically, as

compared with that passed through air.

Imaging condition of CTwas 120 kV, 400 mA, 0.5 sec/rotation
speed; low slice thickness, 1.0 mm; pitch factor, 0.875; image slice
thickness, 1.0 mm.

5. The depth of the extravasated contrast media was measured us-
ing the CT images. Using the profile curve of the CT value, we
obtained the distance between the sensor surface on the skin
and edge of contrast media. The depth measurement from
the skin surface was defined using the full width at 10 maxi-
mum (FWTM) of profile curve.

RESULTS

Determination of Measuring Point and the Result
of the Swine Model

Skin hardness of human and swine model was measured
by the durometer, as shown in Tables 1, 2. The average of skin
hardness around the cubital vein was 45.4, and its SD was
0.82. The inside thigh skin of 2 swine models, average was
45.4 and SD was 0.28. Similar skin hardness between inside
thigh skin of swine model and cubital vein of human is shown.

Absorption characteristics of cubital vein and inside thigh
skin of swine model are shown in Figure 9. Each absorption
characteristics shown is in the range of 600 to approximatey
1000 nm, demonstrating similar characteristics.

Result of Swine Model Examination

The relation between the detection duration, depth of ex-
travasation, and extravasated volume for total 28 points of the
7 swine models and 4 points of inside thigh skin are shown in
Figure 10A, B.

Figure 10A shows the difference of the extravasated vol-
ume compared with the detection time.

A minimum extravasated volume (0.9 mL) could be detected
in 2.0 seconds. A shorter detection duration shows a lower extrav-
asated volume. Detection duration and leakage volume were clas-
sified into 3 groups (detection duration: group I, 0-3 seconds;
group I1, 3.1-6 seconds; group I, 6.1-16 seconds). Extravasated
volume was 0.9 mL in a detection duration of 2.0 seconds and
the average was 3.7 mL in group I; average volume was 8.8 mL
in an average detection duration of 5.2 seconds in group II; in
group III, the maximum volume was 13.0 mL in 15.0 seconds
and the average volume was 13.0 mL in an average duration
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14.0 seconds. Correlation between detecting duration and volume
were R? = 0.85, and a positive correlation is shown. When apply-
ing the statistical test (Tukey-Kramer), no significance difference
was shown between groups I and II; however, comparing group
I with groups I and II showed a significant difference because
P <0.05. It is also shown that a longer detection time causes an
increase in extravasated volume.

Figure 10B shows the difference between the extravasated
volumes compared with the depth of extravasation. A minimum
extravasated volume (0.9 mL) could be detected in extravastion
depths of 0.98 mm. A deeper extravasation leads to an increase
in extravasation volume. The depth of extravasation and leakage
volume were classified into 3 groups (depth: group I, 0—2.0 mum;
group II, 2.1-4.2 mm; and group III, 4.3-10.2 mm); extrava-
sated volume was 0.9 mL in a depth of 0.98 mm and the average
was 1.1 mL in group I, average volume was 3.1 mL in group II
and the average volume was 6.9 mL. Correlation between detecting
duration and volume was R = 0.85, and a positive correlation is

Infrared
luminescence LED /\\ /]/K
4 l =

\Y

Phototransistor

Transparent sheet; PET

cable
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B

FIGURE 6. Diagram sensor head. Using a phototransistor
(Stanley ANT111R), you place the sensor structure (PST10TWA
Stanley) LED with infrared emission peak wavelength of 950 nm
onto the light source.
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FIGURE 7. Summary installing the sensor in the swine model.

shown. When applying the statistical test (Tukey- Kramer), no sig-
nificance difference is shown in groups [ and II; however, compar-
ing group I with groups I and II shows a significant difference
because P < 0.05. It is also shown that the delay of detection dura-
tion increases with extravasated volume.

The leak positions were classified into 6 groups in accor-
dance with their depths (group I, within 1 mm; group II, 1.1-
2.0 mm; group I, 2.1-3.0 mm; group IV, 3.1-4.0 mm; group
V, 4.1-5.0 mm; and group VI, 5.1 mm or more), and the average
leak volume and average detection time in each leak depth
group were compared.

In the case of group II, it was possible to detect within a detec-
tion time of 2.1 seconds or less with a leak volume of 1.32 mL or
less. In the case of group III, it was possible to detect under within
2.7 seconds or less with a leak volume of 2.7 mL or less. However,
in the case of group III, the detection time was 10.5 seconds and
the leak volume was 11.1 mL, which showed a remarkable in-
crease. In the multiple simultaneous hypotheses testing (Tukey-
Kramer), no significant differences were observed in the leak
volumes in I to IV (*P < 0.05), but a significant difference was

FIGURE 8. CT image showing extravasation in the swine model.
The contrast medium accumulated in the right inner thigh.

© 2014 Lippincott Williams & Wilkins

L

observed in I to VI (*P < 0.05), I to VI (*P < 0.05), III to VI
(*P < 0.05), IV to VI (*P < 0.05), V to VI (*P < 0.05). Regard-
ing the detecting duration, no significant differences were ob-
served in | to IV, significant differences were observed in I to VI
(*P <0.05), W to VI (*P <0.05), I to VI (*P < 0.05), IV to VI
(*P < 0.05), and V to VI (*P < 0.05) (Fig. 11). As for the con-
trast medium extravasation detection system, no false-positives
or false-negatives were identified. From the above results, extrav-
asation volume could be detected in 1.3 mL in 2.0 mm, and 3.5 mL
in 5.0 mm could be detected, and high detection sensitivity
was shown.

DISCUSSION

We developed the contrast extravasation detection system,
discussed the detection accuracy, and examined the detection
performance during an intravenous contrast-enhanced CT ex-
amination using a swine model.

7 'The detection accuracy of the contrast detec’aon system
that used NIR is high, and an extravasated volume of 1.3 mL
could be detected at 2.0 mm depth, and 3.5 mL could be
detected within the depth of 5.0 mm. The correlation between
the leakage volume and. the leakage point showed that deeper
extravasations result in increases in the extravasation volume.
As for detection accuracy of the contrast medium extravasion de-
tection system, it was confirmed that a deeper contrast medium

TABLE 1. Cubital Vein Measurements in 6 Volunteers

Human

Volunteer Sample No. Hardness Part
A 1 . 45.1  Elbow
B 4 46.4 Elbow
C 7 44.8 Elbow
D 10 46 Elbow
E 13 442 - Elbow
F 16 45.7 " Elbow

Average: Elbow 45.36667

SD: Elbow 0.816497

The average hardness of the skin was 45.4 £ 0.82.
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TABLE 2. Search Results for 5 Hardness Measurements of the
Human Body at the Same Level as the Upper Cubital Vein
Swine Model of 2 Animals

Swine Model

Pig Sample No. Hardness Part
X 1 45.2 Rt. thigh on inside
2 464 Lt. thigh on inside
3 69.3 Rt. thigh on outside
4 60.2 Lt. thigh on outside
5 50.1 Abdomen
y 6 44.8 Rt. thigh on inside
7 453 Lt. thigh on inside
8 70.5 Rt. thigh on outside
9 63.4 Lt. thigh on outside
10 527 Abdomen
Average: Thigh on inside 45.425
SD: Thigh on inside 0.2828427
Average: Thigh on outside 63.4
SD: Thigh on outside 4.8802322
Average: Abdomen 514
SD: Abdomen 1.8384776

The skin of the inner thigh hardness was 45.4 £ 0.28.

leak position resulted in a longer detection time. There was a cor-
relation between the leakage depth and the leakage volume.
Especially, for example, a leak depth of 5.1 mm or more
resulted in a detection time of 10.5 seconds or more. Comparing
this with a leakage depth of 5.0 mm or less, the leakage volume
significantly increased. It was suggested, however, that there

FIGURE 9. Comparing the average value of the absorptioh
characteristics of the pig and the human body. Light absorption
characteristics are equivalent.
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FIGURE 10. A, Relationship between the amount of time and
leakage detection. Leakage increases with the increase of leakage
detection time. B, Relationship between the amount of leakage
and leakage position. Leakage increases with increasing depth of
the leak position.

may be several opportunities to improve the device wherein
detecting deeper extravasations more accurately would become
possible. There is an adequate correlation to the natural loga-
rithm to the depth, detection level, and the transmission loss
of light that could enable variations in the operating algorithms
to be considered. It was also shown that the rise time of the in-
jection until the flow rate setting is achieved is directly related to
the mechanical accuracy of the injector; therefore, mechanical
improvements are possible. Finally, testing with human subjects
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FIGURE 11. Comparison of the amount of leakage and the
detection time.
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would help in determining the detection influences that were
caused by the puncture point resistance by using the swine
" model. Furthermore, the delay time from when the sensor
detects extravasation until the injection stops is influenced by
the systems configuration and human factors. From this delay
time, the injection volume can be calculated; therefore, improv-
ing the system response time can reduce the injected volume be-
fore the injection stops.

Based on the results, the contrast medium extravasation de-
tection system could prevent serious diseases such ulcer forma-
tion and compartiment syndrome by detecting extravasations at
their early stage if used at clinical sites. The contrast medium
extravasation detection system, if used in the clinical setting,
could decrease the probability of occurrence of compartment
syndrome with its ability to detect extravasation early and min-
imize the extravasated amount of contrast. Sistrom et al % clas-
sified the amount of extravasation into 3 groups (minor, <10 mL;
moderate, 10-49 mL; major, 250 mL) plus related each group
to the damage.

Clinically, it is generally accepted that the contrast medium
leak volume, from which the subject feels pain, is about 5.0 to
10 mL. Our newly developed contrast medium extravasation de-
tection system can detect extravasation of about 1 mL and
allows stopping injection of the contrast medium before the sub-
ject feels pain. Moreover, when the contrast medium extravasation
detection system is interfaced with the injector and contrast me-
dium extravasation is detected, it is possible to stop the contrast
medium injection automatically. Therefore, interconnecting the
two systems is highly recommended, if not indispensable.

It should be noted though, with the sensor tip set close to
the tip of the catheter needle, there might be a case that the con-
trast medium extravasation occurs in the area where the sensor
cannot detect it. Therefore, it is necessary to properly install
the sensor, noting the effective range of the sensor.

In this study, the injection flow rate of the contrast medium
was 1.0 mL/s, but at present, many facilities perform CT exam-
Inations at hlgher flow rates (3.0-5.0 mL/s) that heightens the risk
of extravasation.”> However, Jacobs et al *® propose that there
is no correlation to the contrast medium injection flow rate and
frequency of extravasation. As for the relation between injection
flow rate and contrast medium extravasation, further investigation
is needed, taking into account the patients’ age and sex, a punc-
tured blood vessel, the catheter needle size, and so on. However,
if the flow rate of contrast medium increases, the leak volume
per unit time increases. Therefore, the relation between the con-
trast medium extravasation detection system detection speed and
the contrast medium injection flow rate needs further consider-
ation. This study was also limited to only Japanese patients, and
although good results were obtained, additional factors, for exam-
ple, the skin thickness, skin color, hardness, and thickness of the
hypodermis should be considered for further study.

There are several advantages that can be considered by using
the contrast medium extravasation detection system in everyday
CT examinations. For example, incommunicable patients such
as small children including infants, the elderly, sedated, or uncon-
scious patients, wherein the injection could be stopped automati-
cally for even small volumes of extravasation. Early detection
could also prevent the critical side effects before they occur.

Furthermore, by preventing ulcer formation and compart-
ment syndrome, the system contributes to mitigate the mental bur-
den and minimizes the medical treatment time on the side of our
medical staff as well as patlents when extravasations occur.

Paice '° reported in Jmaging Economics (“extravasation,”
an analysis that the economical effect due to the extravasation
with considering the criticality of the damage and the reparation

© 2014 Lippincott Williams & Wilkins

for injury) the economic impact of an extravasation. It is neces-
sary to prevent the economical loss even with a low probability
of occurrence, according to Paice. Also, the occurrence of an
extravasation, because of its interruption of the CT examination,
decreases the CT department efficiency, along with an adverse
impact on the reputation of the hospital.

Often, monitoring with x-rays is performed shortly after the
start of a contrast medium injection (eg, bolus tracking method,
etc.), medical staff must evacuate from the examination room to
avoid being exposed to radiation. However, before leaving the
room, they must ensure that the complete dose was injected to
the patient.

Therefore, to prevent the risk of contrast medium extrava-
sation, operators take the risk of being exposed to radiation.
If, however, the contrast medium extravasation detection system
is used, it is possible to avoid unnecessary radiation.**>° Some-
times, contrast medium extravasation occurs after the medical
staff has confirmed proper puncture, catheter insertion, and left
the imaging room. In this situation, it is difficult to decide
whether to stop the contrast medium injection or to continue,
However, if extravasation is detected with the contrast medium
extravasation detection system, the medical staff can be assured
that extravasation really occurred, and the injection can be
stopped automatically without the medical staff being exposed
to radiation.

Developing a system to detect contrast medium extravasa-
tion during an intravenous CT imaging examination plays an
important role in securing higher levels of safety and reliance on
the examinations. Moreover, if the injector and contrast medium
extravasation detection system are manufactured by the same
manufacturer as the injector, it makes it possible to interconnect
systems, providing a solution for minimizing extravasations. This
detection system was developed by joint research with the injector
manufacturer. Therefore, our detection system provides a high
level of safety to the clinical sites.

CONCLUSIONS

The detection accuracy was verified with similar absorp-
tion characteristics of human cubital vein and the swine model.
The contrast medium extravasation detection system using NIR
to detect contrast medium extravasation occurrence could detect
within 2 seconds at depths of 2.0 mm or less and a leak volume
of 11.1 mL in 10.5 seconds at the maximum depth of 10.2 mm
under the skin. Early detection of extravasation at volumes of
3.5 mL at the depth of 5 mm could decrease the risk of serious
extravasation.
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ABSTRACT

Background: Precise risk assessment for postoperative pancreatic fistula (POPF) after pan-
creaticoduodenectomy (PD) may be facilitated using imaging modalities. Computed to-
mography perfusion (CTP) of the pancreas may represent histologic findings. This study
aimed to evaluate the utility of CTP data for the risk of POPF after PD, in relation to his-
tologic findings.
Methods: Twenty patients who underwent preoperative pancreatic CTP measurement using
320-detector row CT before PD were investigated. Clinicopathologic findings, including CTP
data, were analyzed to assess the occurrence of POPF. In addition, the correlation between
CTP data and histologic findings was evaluated.
Results: POPF occurred in 11 cases (grade A, 6; grade B, 5; and grade C, 0). In CTP data, both high
arterial flow (AF) and short mean transit time (MTT) were related to POPF occurrence (P = 0.001,
P=0.001). AF was negatively correlated with fibrosis in the pancreatic parenchyma (r = —0.680),
whereas MTT was positively correlated with fibrosis (r = 0.725). AF >80 mL/min/100 mL and
MTT <16 s showed high sensitivity, specificity, positive predictive value, and negative pre-
dictive value (80.0%, 100.0%, 100.0%, and 83.3%, respectively) for the occurrence of POPF.
Conclusions: CTP data for the pancreas were found to be correlated with the occurrence of
POPF after PD. Alterations in the blood flow to the remnant pancreas may reflect histo-
logical changes, including fibrosis in the pancreatic stump, and influence the outcome after
PD. CTP may thus facilitate objective and quantitative risk assessment of POPF after PD.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction

is assessed intraoperatively in a subjective and qualitative
manner [1-3]. On the other hand, objective and quantitative

Soft pancreatic consistency has traditionally been regarded asa assessment of POPF risk using preoperative imaging modalities,
definite risk factor for postoperative pancreatic fistula (POPF) such as computed tomography (CT) or magnetic resonance
after pancreaticoduodenectomy (PD); however, the consistency imaging (MRI), have been increasingly reported [4~8].
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Computed tomography perfusion (CTP) is a functional
imaging technique that is used to assess hemodynamic
changes in an organ, and its utility in the diagnosis of cere-
brovascular and coronary artery disease has been widely re-
ported [9,10]. In 1995, Miles et al. [11] demonstrated the
feasibility of absolute quantification to assess blood perfusion
in the pancreas for the first time. Subsequently, circulatory
alterations were reported in patients with acute or chronic
pancreatitis [12—14]. A new generation of CT systems with

320-detector rows offers significant advantages over conven-

tional multidetector CT. Using 320-detector row CT, volu-
metric acquisition over a range of 16 cm can be achieved with
single-rotation scanning, with acceptable image quality and
relatively low radiation exposure [15-18]. Therefore, this
technique makes it possible to obtain perfusion data of the
entire pancreas by performing only one dynamic volume scan
with the administration of a single contrast material bolus.
A few studies have reported the clinical utility of CTP of the
pancreas using 320-detector row CT. Kandel et al. [15] have
stated that the perfusion of pancreatic carcinomas is signifi-
cantly lower than that of normal pancreatic tissue. In hepatic
CTP imaging, parameters obtained using CTP have been re-
ported to be correlated with fibrotic changes in liver biopsy
specimens [19,20]. Therefore, CTP data may reflect the histologic
findings for the specific organ. However, to our knowledge, no
such comparison of CTP data with histologic findings has been
reported for the pancreas. The aims of the present study were to
evaluate the correlations between preoperative CTP data and
the incidence of POPF after PD as well as with histologic findings.

2. Material and methods
2.1. Patients and clinical data collection

Between March 2012 and February 2013, 20 patients who were
scheduled to undergo PD were prospectively recruited for
preoperative CTP examination at the National Cancer Center
Hospital East, Japan. All patients were examined by preoper-
ative contrast-enhanced multidetector row CT focusing on the
lesion, as part of the diagnostic workup; subsequently, PD was
indicated for suspected malignancy. CTP was then performed
in patients from whom written consent was obtained. Clini-
copathologic data were reviewed from medical records. This
study was approved by the Institutional Review Board of the
National Cancer Center.

2.2.  Surgical techniques and preoperative management

Details of the surgical maneuvers and preoperative manage-
ment have been mentioned in our previous article [21]. Sub-
total stomach-preserving PD [22] and modified Child
reconstruction were performed in all cases. End-to-side pan-
creaticojejunostomy with the placement of a 6Fr internal
short stent through the main pancreatic duct (MPD) was per-
formed as a two-layered anastomosis using interrupted duct-
to-mucosa sutures, with coverage of the entire cut surface of
the pancreas by the seromuscular layer of the jejunum.
Pancreatic consistency was evaluated subjectively as soft or
hard by the surgeon during the operation. The definition of

POPF was based on the classification of the International
Study Group on Pancreatic Fistula [23].

2.3.  Acquisition and interpretation of CTP data

Patients were examined using a 320-detector row CT (Aquilion
ONE; Toshiba Medical Systems Corporation, Ohtawara, Japan).
Slices for CTP were selected from precontrast abdominopelvic
helical scans and included images aslarge as an entire pancreas.
For CTP, 60 mL of a nonionic contrast material (Iohexol, Ioverin
350; Teva Pharma Japan Inc, Nagoya, Japan) was administered at
a rate of 3.5 mL/s with a power injector (Dual Shot GX; Nemoto
Kyorindo, Tokyo, Japan), followed by a 40-mL saline bolus. All
dynamic CTP images were acquired with the following param-
eters: 0.5 mm slice thickness, 320slices, 512 x 512 matrix, 100kV,
60mA, and 0.5 s gantry rotation time. The scans were performed
23 times during 6—180 s after injection of the contrast material
under quiet breathing. The effective radiation dose for this
protocol was 9.72 mSv. Misregistrations due to respiration and
automatism were compensated automatically by the Body
Registration software (Toshiba Medical Systems) on the console.
Regions of interest (ROIs) were placed on the abdominal aorta at
the level of the celiac axis, liver, and pancreas to generate time-
density curves. Three different ROIs were then placed in the
remnant pancreas (body and tail) on both axial and coronal CTP
slices, and arterial flow (AF) (mL/min/100 mL) and mean transit
time (MTT) (s) were measured at each ROI using the compart-
ment model [24,25] using the Body Perfusion software (Toshiba
Medical Systems). ROIs in the pancreas were made as large as
possible while avoiding large vessels. Intermediate values for AF
and MTT using the median of three ROIs in the axial and coronal
slices were analyzed as the CTP data. Examples of two repre-
sentative cases are shown in Figure 1A—D,E—H. All radiological
analyses were performed by an experienced radiologist (T.K.),
who was blinded to the operative outcomes and other clinico-
pathologic findings.

2.4. | Histologic evaluation

Histological evaluation was performed as described in our
previous article [26]. Formalin-fixed, paraffin-embedded
specimens obtained from a pancreatic stump were cut into
3-um thick serial sections. The sections were stained with
hematoxylin and eosin (HE) to assess the area of the entire cut
surface and MPD; azan-Mallory (azan) stain, to assess the
degree of fibrosis; and anti-CD31 antibodies, to assess vessel
number and density. Anti-CD31 immunohistochemical
staining was performed automatically using a Ventana
BenchMark ULTRA (Ventana Medical Systems, Tucson, AZ).
Monoclonal anti-human CD31 antibody (Dako, Glostrup,
Denmark) was used at a dilution of 1:200, and the conditions
for antigen retrieval and primary antibody incubation were set
at 95°C for 8 min and 35°C for 60 min, respectively. The slides
were photographed using a NanoZoomer Digital Pathology
virtual slide viewer (Hamamatsu Photonics, Hamamatsu,
Japan) and subjected to morphometric analysis. Histologic
analysis of the two cases for which CTP images are presented
in Figure 1 A—-D,E—H are shown in Figures 2 and 3. Morpho-
metric analysis was performed as described in our previous
article [26], and the details of the procedure are outlined in the
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Fig. 1 — (A—D). Acquisition of CTP data for the remnant pancreas in Case 1; a 71-y-old male whose pancreas was

intraoperatively palpated as soft, underwent PD for bile duct cancer and developed grade B POPF. GTP images: AF of axial
slice (), MTT of axial slice (B), AF of coronal slice (C), and MTT of coronal slice (D). Three different ROIs were placed in the
remnant pancreas (body and tail) on the axial and coronal slices of CTP image. Average data for AF and MTT between the
median of the three ROIs in the axial and coronal slices were 110.1 mL/min/100 mL and 9.0 s, respectively. (E—H).

Acquisition of CTP data for the remnant pancreas in Case 2; a 70-y-old male with a hard pancreas who underwent PD for
pancreatic adenocarcinoma and had an uneventful postoperative course. CTP images: AF of axial slice (E), MTT of axial slice
(F), AF of coronal slice (G), and MTT of coronal slice (H). Average data for AF and MTT between the median of the three ROIs in
the axial and coronal slices were 37.1 mL/min/100 mL and 43.0 s, respectively. (Color version of figure is available online.)

legends of Figures 2 and 3 in this article. One investigator
(M.Su.) carried out all the histologic analyses under the su-
pervision of an experienced pathologist (M.Koji.).

2.5. Statistical analysis

Univariate analysis was performed to compare preoperative
patient characteristics, CTP data, pancreatic consistency, and
histologic findings in the pancreatic stump between patients
who did and did not develop POPF (grade A, B, or C). Categorical
variables are summarized as numbers and percentages and
were evaluated using chi-square test, whereas continuous
variables are presented as median + standard deviation and
were evaluated using Mann—Whitney U test. Correlations

between CTP data and clinicopathologic findings were
evaluated using Spearman correlation coefficientr. AllP values
were based on two-sided statistical tests; the significance level
was set at 0.05. All statistical analyses were performed using
SPSS Statistics software (version 19.0; SPSS, Chicago, IL).

3. Results

3.1.  Relationship between clinicopathologic factors and
POPF o

PD was performed for eight patients with pancreatic adeno-
carcinoma, three patients with bile duct cancer, three patients
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Fig. 2 — Histologic evaluation of the pancreatic stump in Case 1. (4) Loupe image of a HE-stained slide. The arrow indicates a
magnified view of the MPD. The outer circumference of the entire cut surface (red line) and the inner circumference of the
MPD lumen (blue line) were automatically outlined, and these areas were calculated using the tracing algorithm of the
WinROOF software (version 6.5; Mitani Corporation, Tokyo, Japan). The area of the entire cut surface (within the red line)
was 411.1 mm? and the MPD area (within the blue line) was 0.012 mm?. The MPD ratio was 0.003%, calculated as the
percentage area of MPD in the entire cut surface. (B) The HE-positive area was determined as the visualized area stained
with HE using the color-detecting algorithm of the software and identified as bright green in this image. The area of fat was
defined as the area of the entire cut surface minus the MPD area and the HE-positive area. The fat ratio was 36.3%, calculated
as the percentage area of fat in the entire cut surface. (C) Azan-Mallory (azan) staining was evaluated on the loupe image to
determine the degree of fibrosis. (D) The fibrosis area was defined as the visualized area stained with aniline blue using the
color-detecting algorithm of the software and identified as bright green in this image. The fibrosis ratio was 2.4%, calculated
as the percentage area of fibrosis in the entire cut surface. The lobular area was defined as the HE-positive area minus the
MPD area and the fibrosis area. The lobular ratio was 61.3%, calculated as the percentage area of lobules in the entire cut
surface. (E) Loupe image of immunohistochemical staining for CD31. The field was divided to allow separate evaluation on
the magnified image. (F) Inmunohistochemical staining for CD31 at x4.0 magnification in the blue square shown in
Figure 3E. The number of vessels was counted in terms of the number of CD31-immunopositive luminal structures visible in
each field. The total number of vessels in the entire cut surface was 666, and the vessel density was 1.6/mm?. (Color version
of figure is available online.) '

with ampullary cancer, two patients with intraductal papillary
mucinous neoplasm, one patient with duodenal cancer, one
patient with neuroendocrine tumor, one patient with solid
pseudopapillary tumor, and one patient with autoimmune
pancreatitis.

POPF occurred in 11 of the 20 patients (International Study
Group on Pancreatic Fistula grade A in 6; grade B in 5; and
grade C in 0). Table 1 shows the relationship between clini-
copathologic factors and the occurrence of POPF. As compared
with patients who did not develop POPF, patients who devel-
oped POPF showed a higher AF and shorter MTT in the CTP
profile, a lower MPD ratio, lower fat ratio, lower fibrosis ratio,
higher lobular ratio, and lower vessel density in the histologic
assessment of the pancreatic stump. Figure 4 shows a

scattergram of the CTP data and outcomes of POPF. A strong
negative correlation was observed between AF and MTT
(r = —0.983).

3.2.  Correlation between clinicopathologic factors and
CTP data

As shown in Table 2, AF was positively correlated with a soft
pancreatic consistency, lobular ratio, and area of the entire
cut surface, and negatively correlated with the presence of
pancreatic adenocarcinoma, MPD ratio, fibrosis ratio, and
vessel density. MTT was positively correlated with MPD ratio,
fibrosis ratio, vessel density, and negatively correlated with a
soft pancreatic consistency, lobular ratio, and area of the



JOURNAL OF SURGICAL RESEARCH XXX (2014) 1-g 5

Fig. 3 — Histologic evaluation of the pancreatic stump in Gase 2. (A) Loupe image of a HE-stained slide. Arrow indicates the
MPD. The area of the entire cut surface (within the red line) was 101.7 mm?, and the MPD area (within blue line) was
1.091 mm?. The MPD ratio was 1.073%. (B) The fat ratio was 15.4%. (C) Azan-Mallory-stained slide in the loupe image. (D) The
fibrosis ratio was 33.7%. The lobular ratio was 50.6%. (E) Loupe image of immunohistochemical staining for CD31. (F)
Immunohistochemical staining for CD31 at xX4.0 magnification in the blue square shown in Figure 5E. The vessel density
was 6.0/mm?. (Color version of figure is available online.)

entire cut surface. Among the histologic features of the CTP data and the fibrosis ratio are shown in Figure 5. More-
pancreatic stump, the fibrosis ratio was most strongly over, a higher fibrosis ratio was correlated with a harder
correlated with both AF and MTT (r = —0.680 and r = 0.725, pancreatic consistency (r = 0.609), higher MPD ratio
respectively). POPF occurrence and the correlation between (r =0.686), lower lobular ratio (r = 0.690), higher vessel density

Table 1 — Risk factor analysis for POPF after PD.
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Fig. 4 — Relationship between CTP data for the remnant
pancreas and occurrence of POPF after PD. (Color version of
figure is available online.)

(r = 0.832), and smaller area of the entire cut surface
(r = 0.504).

3.3.  Cutoff value of CTP data for the occurrence of POPF
after PD

Because the CTP data were strongly related to the occurrence
of POPF after PD, the cutoff values of AF and MTT were
determined using the receiver operating characteristic curve
to assess their relationship with POPF. The areas under the
receiver operating characteristic curve for the relationship
between AF and POPF and between MTT and POPF were 0.949
and 0.939, respectively. When 80 mL/min/100 mL was set as
the cutoff value for AF and 16 s as the cutoff value for MTT, the
relevant cases were found to be identical. Sensitivity, speci-
ficity, positive predictive value, and negative predictive value
of AF >80 mL/min/100 mL and MTT <16 s for the occurrence of
POPF were 80.0%, 100.0%, 100.0%, and 83.3%, respectively.

Table 2 — Correlation between clinicopathologic factors
and CTP data.
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Fig. 5 — (A) POPF occurrence and correlation between AF
and fibrosis ratio. (B) POPF occurrence and correlation
between MTT and fibrosis ratio. (Color version of figure is
available online.)

4, Discussion

In the present study, a high proportion of patients with high
AF and short MTT of CTP developed POPF. Both high AF and
short MTT were correlated with a soft pancreatic consistency
and histologic features such as a lower MPD ratio, lower
fibrosis ratio, higher lobular ratio, lower vessel density, and
larger area of the entire cut surface. To the best of our
knowledge, this is the first study to demonstrate the rela-
tionship between CTP data and POPF after PD and the corre-
lation between CTP data and histologic findings. In this study,
CTP data acquisition was homogenous and standardized, and
the 320-detector row CT made it possible to acquire volu-
metric CTP data at multiple locations in multiple slices
through the entire pancreas. Moreover, histologic evaluation
was performed by computer-based automatic analysis. As the
utility of morphometric image analysis for immunohisto-
chemical specimens has increasingly been reported [26—29],
we were able to estimate the correlation between radiographic
and histologic findings in an objective and quantitative
manner. This approach may extend our understanding of the
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principles involved in the radiological depiction of hemody-
namic alterations in the pancreas.

Among other options for predicting POPF after PD involving
imaging modalities, the evaluation of the remnant pancreatic
volume by preoperative CT or MRI [4], ratio of the pancreatic
attenuation value between the hepatic and pancreatic phases
as calculated by dual-phase CT [S], time-signal intensity curve
of the pancreas obtained from dynamic contrast-enhanced
MRI [6,7], and the ratio of signal intensity between the early
arterial and portal-venous phases as evaluated by dynamic
MRI [8] have been reported to be accurate predictors of POPF
after PD. In a dynamic MRI study performed by Tajima et al. [7],
the time-signal intensity curve profile was correlated with
fibrosis of the pancreas, and a relationship between fibrosis
and MPD dilation was suggested. In a study of pancreatic CT
enhancement patterns, Hashimoto et al. [5] demonstrated that
the risk of POPF was low in an atrophic, fibrotic pancreas.
Likewise, CTP data may be able to predict POPF after PD
accurately, as these data reflect histologic changes in the
remnant pancreas. In a study of hepatic CTP, Ronot et al. [19]
noted that MTT was an accurate parameter for differenti-
ating the stages of fibrosis in patients with chronic hepatitis C
virus infection.

In the present study, both low AF and prolonged MTT were
strongly correlated with increased pancreatic fibrosis.
Increased fibrosis was also correlated with a decreased num-
ber of pancreatic lobules, increased vessel density, a larger
MPD lumen, and a smaller entire cut surface. Marked fibrosis
in the pancreas might cause inflow disturbance and prolonged
circulation within the organ. Interestingly, low AF was not
correlated with decreased vessel density; rather, it showed a
correlation with increased vessel density. Increased vessel
density might be suggestive of increased neovascularity.
Neovascularized microvessels do not contribute to effective
blood flow in the organ, and therefore, cause a lower AF and
prolonged MTT in such pancreas. Neovascularization,
increased fibrosis, decreased lobules, a dilated MPD, and a
small amount of pancreatic parenchyma indicate progressive
morphologic alterations of the pancreatic parenchyma,
consistent with chronic inflammation [26,30-32]. The rela-
tionship between these histologic changes and POPF are
consistent with the results observed in a previous study by
Friess et al. [33], who showed that the risk of POPF was low in
pancreas with increased fibrosis and decreased exocrine
function because of chronic pancreatitis. Therefore, the pre-
sent study demonstrated that CTP parameters such as low AF
and prolonged MTT reflect the progression of fibrosis in the
pancreas and are suggestive of a lower risk of POPF.

In a clinical situation, CTP data—as an objective and
quantitative parameter—may facilitate more definitive
assessment of the risk of POPF after PD, and may allow
meaningful comparisons among different institutions and
studies, rather than intraoperatively assessed subjective
pancreatic consistency. Using preoperative assessment with
CTP data, the intraoperative procedures and/or perioperative
management can be used as countermeasures for high-risk
patients to reduce the incidence of POPF after PD. Recent
meta-analyses have reported that reconstruction by pan-
creaticogastrostomy decreases the rate of POPF after PD in
comparison with pancreaticojejunostomy [34,35]. In a recent

randomized controlled study, the perioperative use of pasir-
eotide, a somatostatin analog that has a longer half-life than
octreotide and a broader binding profile, could reduce the risk
and severity of POPF after PD [36]. Precise assessment of POPF
risk may thus allow the use of these countermeasures,
particularly for high-risk patients.

One of the limitations of this study is the relatively small
number of patients included. The cutoff values of AF >80 mL/
min/100 mL and MTT <16 s showed a strong relationship to
the occurrence of POPF; however, the prognostic impact of
CTP data for POPF can be evaluated only after examining data
from a Jarge number of patients. Moreover, the CTP data were
only assessed using a compartment model for determination
of MTT and AF. Comparison with other methods of CTP
measurement might be necessary for accurate assessment.
Furthermore, although preoperative CTP data were measured
in sampled ROIs in the estimated remnant pancreas (body and
tail), histologic examination was performed using specimens
of the pancreatic cut edge. We assumed that the histologic
findings of the pancreatic cut edge might represent the con-
dition of the remnant pancreas.

5. Conclusions

In this preliminary study, high AF and low MTT were related to
a high incidence of POPF after PD. These CTP data reflected
characteristic histologic features in the pancreas, including
low fibrosis, abundant pancreatic lobules, low vessel density,
small MPD, and a large area of the entire cut surface, indi-
cating a less-marked effect of chronic inflammation. There-
fore, CTP data may enable preoperative, objective, and
quantitative assessment of the risk of POPF after PD and allow
surgeons to choose appropriate countermeasures against
POPF.
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Abstract

Objectives This study aimed to evaluate the feasibility and
underlying pharmacokinetics of the retrograde-outflow tech-
nique for percutaneous isolated hepatic perfusion (PIHP).
Methods Retrograde-outflow PIHP was performed in 12 male
pigs (weight, 37-44 kg) by redirecting hepatic outflow
through the portal vein. Blood with cisplatin (2.5 mg/kg) in
an extracorporeal circuit was circulated through the liver
under isolation using rotary pumps with balloon catheters.
Hepatic angiographic examinations were conducted during
perfusion, and histopathological examinations of the organs
were conducted after perfusion. The maximum platinum con-
centration (Cyay), area under the concentration-time curve
(AUC), and chronologic laboratory data were measured.
Results Retrograde-outflow isolated hepatic angiography con-
firmed that contrast media flowed into the portal veins in all 12
pigs. The hepatic veins and inferior vena cava were not
opacified. Hepatic Cyax (86.3 mg/l) was 39-fold greater than
systemic Cpnax (2.2 mg/l), and hepatic AUC (1330.8 min-mg/l)
was 30-fold greater than systemic AUC (44.6 min-mg/l).
Histopathological examinations revealed no ischaemic changes
or other abnormalities in the liver, duodenurm, small intestine,
or colon. Within 1 week of the procedure, chronologic labora-
tory data (n=3) normalized or returned to pre-therapy levels.
Conclusions The retrograde-outflow technique appears to en-
able safe and feasible PIHP therapy.
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Key Points

* The portal vein acted as an outflow tract under retrograde-
outflow PIHP.

* Plasma hepatic-to-systemic exposure ratio was 39.2 for the
maximum platinum concentration.

* Plasma hepatic-to-systemic exposure ratio was 29.8 for the
AUC.

* The retrograde-outflow technique appears to enable safe
and feasible PIHP.

Keywords Liver - Isolation perfusion cancer chemotherapy -
Percutaneous - Retrograde - Experimental

Introduction

Several forms of locoregional treatment have been used to
manage primary and secondary unresectable liver malignan-
cies. Repeated transcatheter arterial infusion (TAI) therapy
yields higher response rates than systemic chemotherapy;
however, no convincing evidence of a long-term survival
benefit has been found [1-4]. Transcatheter arterial
chemoembolization (TACE), a widely used palliative treat-
ment, is based on a high degree of tumour arterialization [3, 6].
However, the effectiveness of transcatheter treatment is re-
duced by the presence of dual blood supply (i.e., arterial and
portal) to hepatic tumours, which makes it impossible to
deliver anticancer agents to the entire tumour or to achieve
sufficient tumour ischaemia without irreversibly damaging the
surrounding non-tumorous parenchyma [7-9].

Several researchers have obtained promising results by
using surgically isolated hepatic perfusion (IHP) to overcome
this obstacle [10-13]. Isolated perfusion is a method to sepa-
rate the hepatic circulation from the systemic circulation by
occluding both hepatic inflow (the hepatic artery and portal
vein) and outflow (hepatic vein), and connecting both to

@_ Springer
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extracorporeal pumps. Ligation and cannulation of each ves-
sel is performed via laparotomy under IHP. However, this
treatment is limited in that it requires an aggressive surgical
intervention that is associated with considerable morbidity
and mortality. Another limitation of this technique is that it
does not allow for repeated intervention, mainly because of
the formation of adhesions [10, 12~-15]. Because laparotomy
is unnecessary, percutaneous IHP techniques using balloon
occlusion catheters may potentially result in lower procedural
morbidity and shorter operative times. Furthermore, percuta-
neous [HP techniques with balloon occlusion catheters can
enable repeated administration of chemotherapy in the same
patient, potentially resulting in greater therapeutic efficacy in
the treatment of unresectable liver tumours [16, 17]. IHP
utilizes an orthograde approach, by employing the hepatic
artery as an inflow route and the inferior vena cava (IVC)
through the hepatic veins as an outflow route, similar to the
physiologic condition. In previous studies, percutaneous IHP
techniques showed higher rates of leakage from the perfusion
circuit into the systemic circulation [16-19], mainly because
the distance between the origins of the right atrium and the
hepatic vein is often too short to allow balloon occlusion of the
suprahepatic IVC without occluding the hepatic veins them-
selves [16, 19] and incompletely occluding the IVC or dia-
phragmatic veins. All orthograde IHP techniques that employ
a double-balloon catheter for IVC occlusion, including com-
binations of orthograde percutaneous and surgical IHP tech-
niques, may develop increased leakage into the systemic
circulation because of this.

In acute segmental hepatic venous outflow occlusion, the
corresponding liver parenchyma is supplied only by the artery
and drained via the portal vein [20, 21], suggesting that
retrograde JHP could be applied by employing hepatic artery
inflow and portal vein outflow. Based on this theory, we
developed a retrograde-outflow percutaneous IHP circulation
system (R-PTHP) by redirecting hepatic outflow through the
portal vein. The aim of this study was to evaluate the feasibil-
ity and the underlying pharmacokinetics of R-PIHP.

Materials and methods
Animal model

The Animal Experiment Ethics Committee of our university
approved all animal experiments. Surgical procedures were
performed under sterile conditions and anaesthesia, in 12 male
pigs weighing 37-44 kg (mean, 42 kg). A veterinary physician
was also involved in the study. The liver of each animal was
shown to be morphologically normal by ultrasound examina-
tion prior to the procedure. The results of blood studies were
within normal limits prior to the procedure.

@ Springer

Systemic circulation monitoring

Peripheral arterial oxygen saturation was maintained at >
95 % and was monitored using a probe that was applied to
the ear. Each animal was monitored by electrocardiography
throughout the procedures. The left axillary artery and left
jugular vein were exposed through cut-down incisions, and a
cannula sheath (5-French; Terumo Clinical Co., Ltd., Tokyo,
Japan) was inserted into each vessel. The left axillary artery
cannula was used to monitor blood pressure during the pro-
cedures. The left jugular vein cannula was used to collect
blood samples and administer Ringer's solution (Lactec G
injection; Otsuka Pharmaceutical Co. Ltd., Iwate, Japan) by
itravenous drip infusion.

Catheterization and perfusion techniques
Figure 1 illustrates the techniques used for this study.

Construction of the isolated hepatic circuit

Infusion site: hepatic artery The right common femoral artery
was exposed through cut-down incisions, and an 8-French
cannula sheath (Medikit Co. Ltd., Tokyo, Japan) was inserted.

- Cisplatin
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Fig. 1 The technique used for retrograde-outflow isolated hepatic
perfusion. IVC, inferior vena cava; PV, portal vein; GDA, gastroduodenal
artery; PHA, proper hepatic artery; RA, renal artery
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Anterior mesenteric arteriography and celiac arteriography
were performed for anatomical mapping. The gastroduodenal
artery was embolized with coils to prevent drug leakage. The
8-French balloon catheter (Terumo Clinical Co., Ltd.) was
then positioned in the common hepatic artery.

Aspiration site: portal vein Two intrahepatic portal branches
were punctured with an 18-gauge percutaneous transhepatic
cholangiography needle under ultrasonographic guidance. An
8-French cannula sheath with side holes was inserted into the
portal vein to aspirate blood with cisplatin from the
intrahepatic portal veins. A 12-French sheath was inserted
into the portal vein. After systemic heparinization (120
U/kg), one 12-French cannula sheath with a 35-mm balloon
(Forte Co., Ltd., Tokyo, Japan) was placed in the portal vein
trunk to aspirate outflow blood via the anterior mesenteric and
splenic veins (aspiration pressure at < 100 mm Hg) and return
the blood into the jugular vein. This technique offered two
advantages for R-PIHP. First, it compensated for decreased
systemic venous return. Second, it prevented the inflow of
blood via the anterior mesenteric and splenic veins into the
intrahepatic portal veins beyond the portal occlusion balloon
catheter.

Redirecting the hepatic outflow through the portal vein One
14-French double-balloon catheter with 35-mm balloons
(Forte Co., Ltd.) was placed via the right femoral vein into
the hepatic portion of the suprarenal vena cava to occlude the
hepatic veins.

Perfusion technique The balloon catheters in the hepatic ar-
tery, abdominal aorta, portal vein, and IVC were inflated in
that order. The abdominal aorta was occluded just below the
renal artery to compensate for decreased systemic venous
return [22], by using a balloon catheter with a 35-mm balloon
(Forte Co., Ltd.) that was inserted via the left femoral artery.
After confirming the patency of the R-PIHP system by isolat-
ed hepatic arteriography, blood containing cisplatin (Nippon
Kayaku Co., Ltd., Tokyo, Japan) was injected into the hepatic
artery (injection rate, 100 ml/min) while blood was aspirated
from the portal vein (aspiration rate, 100 ml/min) using rotary
pumps. The period of R-PIHP therapy was fixed at 30 min.
The total liver ischaemia time never exceeded 45 min [16].

Construction of the systemic circuit

Prior to vessel occlusion at each site, blood from the anterior
mesenteric and splenic veins was aspirated via the tip of the
balloon occlusion catheter in the portal vein trunk by using a
rotary pump, while maintaining aspiration pressure at <
100 mm Hg to avoid haemolysis. Another 9-French cannula
sheath was inserted into the IVC via the left femoral vein for
IVC blood aspiration at a pressure of < 100 mm Hg. The

rotary pumps were started after vessel occlusion, and the
aspirated blood from each site was returned to the right jugular
vein.

Choice of drug and dosage

Many researchers have used alkylating agents, such as mel-
phalan, for the treatment of various types of tumours in IHP
[17]; however, melphalan has not been authorized for use in
Japan. Therefore, we decided to use cisplatin as a reference
drug. The use of a large range of cisplatin doses (from
0.5 mg/kg to 3 mg/kg) [23, 24] has been reported in previous
studies on IHP therapies. In the present study, we chose a
relatively high cisplatin dose of 2.5 mg/kg body weight,
because melphalan content in tumour tissue has been shown
to be unaffected with either orthograde or retrograde IHP,
although melphalan content in the liver was reduced by
80 % using the retrograde technique [25]. Moreover, an
in vivo fluorescent microscopic study in a rat tumour model
demonstrated that blood flow in the major portion of the
hepatic lobules was stopped during retrograde THP, with en-
hancement of only 40.7 % of the liver parenchyma [26].

Measurements and assessments

Effects of R-PIHP on haemodynamics Haemodynamic pa-
rameters, arterial blood pressure, and heart rate were measured
before, during, and after R-PIHP. None of the pigs received
Vasopressor agents.

Confirmation of the R-PIHP system Digital subtraction angi-
ography was performed before R-PTHP therapy by the injec-
tion of contrast media (300 mg I/ml) into the hepatic artery to
confirm the patency of the R-PIHP system. The rotary pumps
achieved a perfusion rate of 100 ml/min with the same aspi-
ration rate. Hepatic arteriography was performed using 30 ml
of contrast media injected into the hepatic artery and then
aspirated from the portal vein. Isolated hepatic arteriography
was performed to verify that contrast media flowed only into
the liver, with no extrahepatic opacification, and that the
contrast media in the liver flowed into the intrahepatic portal
vein, and not into the IVC.

Pharmacokinetics of the serum platinum concentration Plasma
platinum concentrations were measured in blood samples
collected from the hepatic arterial circulation and systemic
venous circulation (superior vena cava) before and at 1, 3, 5,
10, 20, and 30 min after beginning R-PTHP. The maximum
platinum concentration (C,,,,) and the area under the platinum
blood concentration-time curve (AUC) were determined from
these data and compared for each site. Plasma samples were
digested with nitric acid for analysis of metal species.
Platinum concentrations were measured using atomic
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