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Ventricle wall dissection and vascular preservation with
the pulsed water jet device: novel tissue dissector for
flexible neuroendoscopic surgery
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OBJECTIVE Neuroendoscopic surgery allows minimally invasive surgery, but lacks effective methods to control bleed-
ing. Water jet dissection with continuous flow has been used in liver and kidney surgery since the 1980s, and is effective
for tissue manipulation with vascular preservation, but involves some potential risks, such as elevation of intracranial
pressure during application in the ventricles. The authors previously reported the efficacy of the actuator-driven pulsed
water jet device (ADPJ) to dissect soft tissue with vascular preservation in microscopic neurosurgery. This feasibility
study investigated the use of the ADPJ to reduce the amount of water usage, leading to more safety with sustained ef-
ficacy.

METHODS A small-diameter pulsed water jet device was developed for use with the flexible neuroendoscope. To iden-
tify the optimal conditions for the water jet, the flow rate, water pressure, and distance between the nozzle and target
were analyzed in an in vitro study by using a gelatin brain phantom. A ventricle model was used to monitor the internal
pressure and temperature. For ex vivo experiments the porcine brain was harvested and ventricle walls were exposed,
and subsequently immersed into physiological saline. For in vivo experiments the cortex was microsurgically resected to
make the small cortico-ventricle window, and then the endoscope was introduced to dissect ventricle walls.

RESULTS In the in vitro experiments, water pressure was approximately 6.5 bar at 0.5 mm from the ADPJ nozzle and
was maintained at 1 mm, but dropped rapidly toward 50% at 2 mm, and became 10% at 3.5 mm. The ADPJ required less
water to achieve the same dissection depth compared with the continuous-flow water jet. With the ventricle model, the
internal pressure and temperature were well controlled at the baseline, with open water drainage. These results indicated
that the ADPJ can be safely applied within the ventricles. The ADPJ was introduced into a flexible endoscope and the
ventricle walls were dissected in both the ex vivo and in vivo conditions. The ventricle wall was dissected without obscur-
ing the view, and the vascular structures were anatomically preserved under direct application. Histological examination
revealed that both the vessels on the ventricle wall and the fine vessels in the parenchyma were preserved.

CONCLUSIONS The ADPJ can safely and effectively dissect the ventricle wall, with vascular preservation in immersed
conditions. To achieve the optimal result of tissue dissection with minimal surgical risk, the ADPJ is a potential device for
neuroendoscopic surgery of the ventricles.

http://thejns.org/doi/abs/10.3171/2015.3.JNS142121
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INIMALLY invasive surgery is the goal of many
Mrecent advances in surgical devices. Neuroendo-

scopic surgery is now widely indicated for the
surgical treatment of various diseases. Intraventricular
lesions are often indicated for the neuroendoscopic ap-
proach, but tissue dissection performed using the flexible
endoscope in the ventricles is still challenging because the
number of instruments that can be used through the work-

ing channel is restricted. Moreover, the lack of effective
devices to control bleeding remains a problem with neuro-
endoscopic surgery, so that strategies to avoid bleeding are
extremely important.

Water jet dissection has been used in liver and kidney
surgery since the 1980s.4>12-14 This technique initially used
high-pressure continuous flow and could dissect tissue but
preserve the vasculature, resulting in reductions in blood

ABBREVIATIONS ADPJ = actuator-driven pulsed water jet device; ICP = intracranial pressure.
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loss, operative time, and surgical complications.?!21920
However, the continuous-flow water jet device has several
problems to be resolved, because a high volume of water
supply is required for dissection, and the consequent wa-
ter vortex tends to disperse tissue debris.'* Although the
possible usefulness of a water jet dissector with a neuro-
endoscope has been reported previously,® these character-
istics can risk elevation of intracranial pressure (ICP) and
obscuring of the neuroendoscopic view during ventricle
wall dissection.

Our group has developed the actuator-driven pulsed
water jet device (ADPJ) to dissect soft tissue.’® Initially,
the ADPJ was applied in glioma and pituitary surgery,
which achieved fine vessel preservation and increased re-
section rate.®'%'' The ADPJ is useful for microscopic neu-
rosurgery and submucosal dissection of the esophagus,’3:5
but no water jet device has been used in the ventricles with
the flexible endoscope. Therefore, whether ADPJ can ef-
fectively dissect tissues immersed in fluids, and is safe for
dissection of intraventricular lesions, remains unknown.

The present feasibility study investigated whether the
ADPJ can maintain the efficacy of dissection properties
and reduce the amount of water required when using the
flexible neuroendoscope.

Methods

Use of ADPJ for Neuroendoscopy

A small-diameter pulsed water jet device was devel-
oped for use with the flexible neuroendoscope. The nozzle
on the tip was 0.15 mm in inner diameter and 0.75 mm
long. The wired connecting pipe was made of polyether-
etherketone resin. The piezoelectric actuator unit was at-
tached on the other end of the connecting pipe to drive the
water jet. The input voltage of the actuator can range from
0 to 150 V, and in the present study we basically used the
following settings: voltage 30 V, flow rate 5 ml/min, and
frequency 200 Hz."® This actuator can also provide a con-
tinuous-flow water jet. Details of the device are described
elsewhere'® (Fig. 1).

Mechanical Profile of ADPJ

The ADPJ was used to eject 0.016 wt% methylene blue
(methylene blue weight/total weight) into the test chamber
filled with physiological saline. The high-speed camera
was operated at a frame rate of 63,000 frames/sec and an
interframe time of 15.9 usec, with image resolution of 32
x 512 pixels. The distance between the nozzle and target
(standoff distance) ranged from 0.5 to 4.5 mm. A pressure
sensor (Quartz High-Pressure Sensor, Type 601A; Kistler)
was used to measure the deflection pressure. The distance
and the water pressure at each level were plotted.

Evaluation of Dissection Profile in Brain Phantom
Experiments

Experimental brain phantoms were made with gelatin.
Nitta gelatin 1st Grade (G1211; Nitta Gelatin, Inc.), 3.5
wt% (gelatin weight/total weight) was dissolved in warm
water and cooled to solidify at 280 K. Gelatin blocks with
this composition have equivalent mechanical profiles to
the brain parenchyma, so they can be used as a model
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FIG. 1. Upper: Scheme of the piezoelectric ADPJ. Lower: The ADPJ
introduced into the flexible endoscope.

of brain tissue.”?! The gelatin specimen was immersed
into physiological saline, and the nozzle of the ADPJ was
placed perpendicularly to the gelatin surface. A pulsed
or continuous-flow water jet was ejected at different flow
rates, and the cutting depth was measured.

Evaluation of Safety in Brain Phantom Experiments

A small cassette representing the ventricle was made
of lucent 2-mm-thick acrylic plate. The volume inside was
adjusted to 10 ml, conforming to the average size of the
third ventricle in patients with hydrocephalus.'® The cas-
sette was filled with physiological saline and a path for
water drainage was made. To monitor the inside condi-
tions, a pressure sensor (MicroSensor; Codman) and a
thermometer (NCF600; CHINO Corp.) were used. The
water jet device was introduced and a pulsed or continu-
ous water jet was ejected.

Evaluation of Dissection in Porcine Ventricles

All animal procedures and protocols were approved by
the institutional review board of the Center for Labora-
tory Animal Research of Tohoku University. Ten healthy
3-month-old domestic pigs were subjected to anesthesia
induction with medetomidine hydrochloride (0.06 mg/
kg) and midazolam (0.03 mg/kg). Intravenous access was
obtained using a catheter placed in the ear vein, and pen-
tobarbital (10-20 mg/kg) was infused. Subsequently, the
animals were intubated with cuffed endotracheal tubes.
General anesthesia was maintained with isoflurane (1%—
2%) or an intravenous infusion of propofol (2-5 mg/kg/hr).
The animals received continuous ventilation appropriate
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to body weight. During the whole procedure, heart rate,
oximetry, arterial blood pressure, and core temperature
were monitored and maintained at physiological levels.

First, procedures for other organs such as the liver and
esophagus were performed. Subsequently, the animals
were killed with an injection of potassium chloride and
the whole brain was harvested. The cadaveric brains were
cut along the interhemispheric fissure to expose the ventri-
cle wall. To maintain the in vivo condition, the specimens
were immediately immersed into physiological saline.
The ventricle walls were dissected with the ADPJ, which
was introduced into the flexible endoscope (CLV-260, GIF
TYPE Q260 J; Olympus). The ADPJ conditions were volt-
age 30 V, flow rate 5 ml/min, and frequency 200 Hz. For
the in vivo experiment, a craniotomy was performed in
anesthetized animals. After dural incision the cortex of a
small area was microsurgically resected to make the corti-
co-ventricle window, and then a clear sheath with a diam-
eter of 12 mm (Neuroport, Olympus) was inserted toward
the ventricle. The ventricle walls were dissected with the
ADPJ, which was introduced using the flexible endoscope
(CLV-260, VEF TYPE V; Olympus). The ADPJ condi-
tions were the same as above.

Histological Examination

Dissected specimens were immediately fixed with 4%
formalin solution, and embedded into paraffin. The blocks
were sliced into 2-um-thick sections, stained with H & E,
and examined under a light microscope.

Results
Water Jet Pressure and Standoff Distance

To obtain the effective penetrating strength of the wa-
ter jet, the relationship between the standoff distance and
water pressure of the ADPJ was examined. The water

Pulsed water jet dissector for neuroendoscopic surgery

pressure was plotted at different planes (Fig. 2). The water
pressure was adequate at approximately 6.5 bar at a dis-
tance of 0.5 mm, and was maintained to 1 mm. After that,
the pressure rapidly decreased toward 50% at 2 mm, and
to less than 10% at 3.5 mm.

Dissection Depth in the Phantom Brain Model

Gelatin specimens were dissected with the pulsed or
continuous water jet with different flow rates and the dis-
section depth was measured (Fig. 3). Based on the find-
ings of the standoff distance above, the distance between
the nozzle and gelatin was set at 0.5 mm to obtain effec-
tive penetrating strength. Less water was required for the
pulsed water jet compared with the continuous-flow water
jet to obtain equal dissection depth. The pulsed water jet
required 5 ml/min to dissect to 2.5-mm depth, whereas
the continuous-flow water jet required 15 ml/min.

Safety in the Phantom Ventricle Model

To confirm the safety of the ADPJ, the pressure and
temperature were examined using the device in a closed
system representing the intraventricular condition that was
filled with physiological saline and open or closed water
drainage. With closed drainage, the internal pressure in-
creased with the flow rate. However, with open drainage,
the internal pressure did not increase and was controlled
at the baseline (Fig. 4). Temperature did not change during
the 5-minute trial period (data not shown).

Effective and Safe Dissection of Porcine Ventricle Wall

Cadaveric porcine brains were immediately immersed
into physiological saline (Fig. 5A) and the ventricle wall
was dissected using the ADPJ introduced into the flexible
endoscope. The dissection line crossed the vessels on the
surface of the ventricle wall. The ventricle wall was dis-
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FIG. 2. Graph showing water pressure and standoff distance between the nozzle tip of the ADPJ and the target surface. The inset
is a photograph showing an ADPJ ejecting water, combined with a millimeter scale.

J Neurosurg Volume 124 « March 2016 819

Unauthenticated | Downloaded 03/08/22 10:07 PM UTC



T. Kawaguchi et al.

4.00
3.50
3.00
2.50

0\

i

2.00
1.50
1.00
0.50
0.00

Depth (mm)

0.0 5.0 10.0

Flow rate (ml/min)

\

&
-

W continuous flow
O pulsed flow

Pulsed water jet(Sml/min, 30V, 200Hz)

FIG. 3. Left: Graph showing a comparison of the relationship between flow rate and cutting depth using the continuous-flow jet
and the pulsed water jet. Right: Photograph showing gelatin penetration with the ADPJ.

sected but these vessels were preserved, as shown in Fig.
5B. Histological examination of the dissected ventricles
showed that the ependymal layer and subependymal pa-
renchyma were effectively dissected, whereas large ves-
sels on the ventricle surface were preserved (Fig. 5C), as
was the microvasculature of the parenchyma along the
dissection plane (Fig. 5D).

To confirm the efficacy and safety of ADPIJ in vivo,
the flexible endoscope was introduced into the ventricle
through the cortico-ventricle window and the ventricle
wall was dissected with the ADPJ under continuous ir-
rigation (Fig. 6 left). Histological examination demonstrat-
ed the effective dissection of the parenchyma with vessel
preservation (Fig. 6 right).

Discussion

This feasibility study of ADPJ application for flexible
neuroendoscopic surgery demonstrated the safety and ef-
ficacy of the ADPJ compared with the continuous-flow
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FIG. 4. Plot showing internal pressure of the ventricle model with closed
or open drainage.
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water jet. Therefore, the ADPJ is a promising device that
can avoid bleeding when used with the flexible endoscope
for the treatment of diseases of the ventricles.

Elevation of ICP is one of the potential risks during
flexible neuroendoscopic surgery,> and water injection in-
side the ventricles can lead to intracranial hypertension.
The ADPJ required a smaller amount of water for tissue
dissection compared with the continuous-flow water jet.
Dissection to a depth of 2.5 mm was achieved using the
ADPJ with 5 ml/min flow rate, which required one-third
the amount of water required by the continuous-flow wa-
ter jet (Fig. 3). Although ICP elevation can occur if the
water drainage is not open (Fig. 4), the present findings in-
dicated that the ADPJ can minimize such risks and avoid
severe complications.

Previous studies have shown that the water jet can dis-
sect soft tissue with vascular preservation under dry field
conditions. The present study showed that gelatin with
elasticity equivalent to brain parenchyma could be dis-
sected effectively even under immersed conditions (Fig. 3
right). Moreover, the ADPJ could also dissect the ventricle
wall of the porcine brain ex vivo and in vivo (Figs. 5 and
6). We previously reported that the pulsed water jet cannot
penetrate membranous structures such as the arachnoid
and pia mater, so that the nerves, vessels, and intact paren-
chyma can be preserved.!*!! To dissect lesions beneath the
parenchyma, the membrane should be sharply cut before
ADPJ application. On the other hand, the ventricle wall is
covered with ependymal layer without pia mater. These
histological characteristics allow the ADPJ to directly
dissect the ventricle wall. The vascular structures were
totally preserved even with direct application to the ves-
sels (Fig. 5D). Microvasculature beneath the ependymal
layer was also preserved along with the tract. Therefore,
the ADPJ can safely dissect the ventricles with vascular
preservation.

The present report has several limitations. First, our
dissection study with porcine brain might still be prelimi-
nary. Cadaveric brains can become hard when exposed to
air even if the whole brain is immediately immersed into
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(arrowheads) with the ADPJ (asterisk), and that vessels on the ventricle surface (arrow) were preserved. C and D: Photomicro-
graphs of the ventricle wall dissected with the ADPJ. C: The ependymal layer and parenchyma were dissected and the surface
vessel was preserved (arrowheads). H & E, original magnification x40. D: High-magnification image showing that the subependy-
mal small vessels were also preserved (arrows). H & E, original magnification x200.

physiological saline for application of the ADPJ. We also
performed in vivo experiments to overcome this problem.
Cortical resection was required to introduce the flexible
endoscope, because the ventricle volume is small. Further
validation in an in vivo setting, such as an animal model
of hydrocephalus, is required. Second, other organs such
as the liver and esophagus were used for an in vivo study

FIG. 6. Left: Ventricle wall of a living pig was dissected with the ADPJ
(asterisk). Right: Photomicrograph of the ventricle wall dissected with
the ADPJ. High-magnification image showing that the subependymal

small vessels were also preserved (arrow). H & E, original magnification
x200.

before the brain was harvested. This time course of proce-
dures might not be negligible in terms of tissue elasticity
changes. However, the animals were still alive even after
the procedures, and were killed to obtain the brain for ex-
amination.

Conclusions

The pulsed water jet device was applied using the flexi-

ble neuroendoscope. The ADPJ could effectively and safe-
ly dissect the ventricle walls with minimal risk of bleed-
ing and ICP elevation. To achieve optimal surgical results
under clinical conditions, we would like to emphasize that
the ADPJ is a potential dissection device for flexible neu-
roendoscopic surgery.
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