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Virtual image navigation: a new method to control
Intraoperative bleeding in neuroendoscopic surgery
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Object. In this neuroendoscopic study the authors tested the newly developed "red-out modul€" of their visual nav-
igation system that enables the neurosurgeon to achieve hemostasisif total visualization islost dueto hemorrhage ("red
out") within the visua field.

Methods. An optical position measurement system, connected to the endoscope, guarantees that digitized endo-
scopic images are coupled with the accurate endoscopi ¢ position. Computerized images are simultaneously stored with
their respective position data, and this creates a virtual anatomical landscape. The system was tested in in vivo bleed-
ing conditionsin arat model. Artificial endoscopic cavities were created in the inguinal, pelvic, and jugular regions of
the rat to imitate the conditions of the human ventricular system.

Two different experimental settings were tested: Technique | in which a computer landmark has been previously
determined at the point where the vessal will be lesioned; and Technique Il in which alandmark has been previously
set in the surrounding area of the vessel. Immediately after hemorrhage obscures the visual field ("red out"), the com-
puter automaticaly displays the virtual images on a separate monitor. The previously set landmarks and the graphic
overlay of the coagulation fiber enable the surgeon to navigate within the operative field based on the virtual images
and to perform coagulation at the site of the lesion. A total of 175 vessels were coagulated: 43 arteries and 132 veins.
In using Technique | 130 (90.9%) of 143 vessels and in using Technique |l 26 (81.3%) of 32 arteries were success-

fully coagulated.

Conclusions. The authors' data revealed that virtual image guidance has the potential to be a helpful tool in neu-

roendoscopy.

KeEy WORDS

In recent years severa image-guided navigation sys-
tems that use preoperative 3D datasets and achieve a high
degree of accuracy have improved intraoperative orien-
tation in neuroendoscopic surgery'’?> and microsur-

ery.312" These systems make use of preoperative data
and are helpful in focusing on the ROI.6 However, various
intraoperative conditions such as tissue displacement
caused by a loss of cerebrospina fluid or by surgical re-
duction of a space-occupying lesions are not taken into
consideration. Consequently there is demand for a real-
time endoscopic navigation system. Intraoperative CT
scanning,** MR imaging,#?* or ultrasonography?-% were
first used in attempt to acquire real-time imaging data.

Abbreviations used in this paper: CT = computerized tomogra-
phy; MR = magnetic resonance; OPMS = optimum position mea-
surement system; ROI = region of interest; VN = visua navigation;
3D = three dimensiondl.

Neurosurg. Focus/ Volume 8 / June, 2000

neuronavigation < endoscopy

coagulation ¢ rat

One of the important limitations of minimally invasive
surgical methods in general is a complete loss of the real-
time endoscopic visualization when hemorrhage is inad-
vertently caused ("red out"), asin casesin which bleedin
occurs after a tumor biopsy sample is obtained.

[Patient_A.AVI 4 MB]) Until now,
the only counter measures available have been indirect
methods such as continuousirrigation. Additionally, if this
has not been effective, the removal of the endoscope with-
out knowledge of orientation carries the risk of causing
severe tissue damage. In such cases an adequate tool to
achieve hemostasis'® by direct coagulation of the bleeding
vessel would improve the safety of endoscopic procedures
and would help to avoid major complications.® Using the
VN system,*% we are now ableto record all video images
during an endoscopic procedure. This includes being able
to map interesting anatomical landmarks, as well as the
position of the endoscope tip in acomputerized dataset. In
comparison with other navigation systems,*1°the VN sys-
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tem offers the advantages of intraoperative calibration and
digitalization of all video data, which can be used in dif-
ferent image-control modules. Using standard camera cal-
ibration techniques® and a newly developed system cali-
bration,'® any 3D point can be mapped within the visua
field of the endoscope. In cases in which visualization is
completely logt, the VN system automatically supports the
surgeon by displaying on a computer screen the virtual
images previoudly stored (*red-out modul€”). Computer-
generated calculations demonstrating the endoscopes ex-
act position and the previously stored endoscopic images
alow the surgeon to navigate the endoscope in a virtua
Setting.

The aim of our experimenta study was to test the po-
tential uses and limitations of this new tool in standarized
bleeding conditionsin arat ventricular model. The effica
cy of successful coagulation and the accuracy following
artificially induced bleeding were analyzed in thisin vivo
model.

MATERIALS AND METHODS

Testing the potential of the VN system to control intra-
operative bleeding required that we induce hemorrhagic
conditions in an in vivo mammalian model. Thus, an ar-
tificial endoscopic cavity was created in the inguinal,
pelvic, and jugular regions, in which vessdls of different
calibers (comparable with the diameter of human intra-
cerebral vessels) could be punctured to induce bleed-
ing. Depending on the experimental conditions, three to
10 puncture wounds were produced in each animal. All
experiments were performed by ateam of threeinvestiga:
tors: a neurosurgeon who performed the endoscopic navi-
gation, an assistant responsible for guiding of the coagu-
lation fiber, and an engineer to control the VN compuiter.

Twenty-five adult Wistar rats (13 femae and 12 male)
weighing 215 to 313 g were deeply anesthetized with so-
dium pentobarbita and fixated on adissecting table. After
the incision was made in the inguinal, jugular, and pelvic
regions, skin and hypodermis were dissected from the
underlying body fascia. In the pelvic region two retractors
were inserted, and the ascending colon was lifted and
fixed at the abdominal wall to gain accessto the retroperi-
toneal space. To create an artificial cavity of 5to 8 cm®the
margins of the surgical wound were lifted and fixed on a
specialy designed device placed 8 cm above the level of
the dissecting table (Fig. 1). The wall of the saphenous ar-
tery and vein, epigastric vein, abdomina aorta, inferior
venacava, common iliac artery, and jugular vein were ex-
posed by dissecting the surrounding connective tissue. To
make additional analyses and measurements easier we set
marker points in the surrounding tissue of the vessels by
using a waterproof pen. The artificial cavum was filled
with prewarmed Ringer’'s solution adapted to the body
temperature of the animal.

The experiments were conducted according to the reg-
ulations of the European Convention for the Protection of
Vertebrate Animals for Experimental and other Scientific
Purposes and were controlled by the Animal Care Com-
mittee of the Ruhr-Universitét.

A rigid endoscope (Camaert/Wolf, 5.9-mm outer diam-
eter), with three infrared (light-emitting diodes) placed 18
cm from thetip of the endoscope, was fixed with a specia
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Fig. 1. I5hotograoh showing the surgically created cavum in the
inguinal region with the endoscope in place.

device (Magic Arm, Philips [Author: city/state/country?])
alowing free movements in a 3D space. The positions of
the infrared light-emitting diodes are measured by the
OPMS, which is part of the EasyGuide Neuro navigation
system. (Philips Medical Systems, Best, The Netherlands).
The endoscopic images were continuously registered at a
frequency of two per second, digitalized on a frame grab-
ber, and stored as a computerized dataset including the
OPMS position data of the endoscope. The experimental
setting is shown in Fig. 2 left. Using standard camera cal-
ibration techniques® and a newly developed system cali-
bration, any 3D point registered by the endoscope can be
mapped. In particular, the system displays the coordinates
of any anatomical landmark in the ROI as it is viewed
from the current position of the camera. Another impor-
tant feature of the “red-out module” isthat the virtual map
is automatically updated with new position data each time
aprevioudy stored 3D point is passed again.

Successful coagulation requires not only good spatial
resolution within the camera plane but also a high accura-
¢y in the depth direction, such as along the optica axis.
The principle of depth measurement in the VN system is
shown in Fig. 2 right. We take advantage of the fact that
the endoscope position is known from the tracking digi-
tizer (OPMS) with good accuracy and perform triangula-
tion to obtain the 3D positions of landmarks. This proce-
dure has been used in many preclinical and clinical tests
and has been found to be accurate and reliable.*# The
accuracy is directly related to the opening angle. In apre-
viously published study we showed that small movements
(of several millimeters) of the endoscope are sufficient to
obtain an opening angle (larger than 7.5°) and that with
such opening angles a depth accuracy of 0.25 to 0.50 mm
can be achieved.®

This degree of accuracy is comparable with that of the
tracking digitizer (OPMS), which is in the order of 0.3
mm and poses, therefore, the current limitation on opti-
mizing the accuracy of the technique. However, an accu-
racy of 0.25 to 0.50 mm is sufficient for the current appli-
cation in the “red-out module” because the diameter of the
coagulation fiber is 2.0 mm.

In casesin which image loss occurs, the virtual mode of
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Fig. 2. Left: Schematic drawing of system arrangement: the computer with frame grabber (1), Live-display on VGA
monitor (2), rigid 5.9-mm endoscope (3), charged-coupled device camera (4), OPMS (5). Right: Drawing depicting the
principle of depth measurement in the VN system. A certain landmark P is seen from two different views of the endo-
scopic camera. Point P is observed in both views at pixel positions x,; and X, respectively. If the opening angle is larger
than zero, then the depth of point P (that is, its distance along the optical axis) can be caculated from the observable fac-

tors x, and x,, by triangulation.

the VN system requires the storage of images. Images are
stored together with the 3D position of the endoscope tip
and the frontoparallel rotation angle at a rate of approxi-
mately 2 Hz. In principle, al three degrees of rotation
would be needed to characterize a camera view uniquely.
However, for agiven 3D position of the endoscope tip the
endoscope provides virtually only the frontoparallel rota-
tion degree of freedom because the endoscope shaft is
guided through the burr hole. Currently we undertake a
fast procedure for image storage and retrieval: in storage
mode, the operating space is divided into voxels of 0.5-
mm side length, and for each visited voxel one image is
stored. Once the endoscope tip passes again through apre-
vioudly visited voxel, the previousimage is overwritten by
the new one. In the virtual mode (retrieval mode) the sur-
geon sees the image of the voxel where the endoscope tip
is localized. If the current frontoparallel rotation angle
differs from that of the stored rotation angle, the image
will be properly rotated (in-plane) to the current rotation
angle. (In the future version of the VN system, we plan to
fine tune this strategy further by allowing the ability to
interpolate between stored images to obtain a smooth
movement and by refining the voxel discretization. It has
turned out, however, that this rather simple strategy al-
ready provides the surgeon with most of the information
he or she needs.)

To test the potential and limitations of the virtua image
guidance system, two different experimental settingswere
used. Technique I, a biopsy technique, was developed to
relocate a point of danger in the event that bleeding ob-
scures the visua field, as in the case of biopsy sampling.
The system provides a virtual anatomical map so that the
surgeon can locate the side of bleeding and perform coag-
ulation especialy at this area. Technique 11, the security
technique, was developed following the good results ob-
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tained with Technique | and was designed to simulate an
accidental bleeding in the visual field.

Technique | (Biopsy Technique)

A computer-registered landmark was determined di-
rectly at the point where the vessel was to be lesioned
(Fig. 3). Prior to induction of bleeding, the diameter of the
arterial or venous vessel was measured using graph paper.
A computerized landmark was directly set at the selected
point of the vascular lesion. The lesion was induced by a
sharp lancet (generally used to collect blood samples for
glucose measurements) mounted at the tip of a Fogarty
catheter located in the working channel of the endoscope.
Severe hemorrhage caused a complete loss of visuaiza-
tion registered by the red detector of the computer system.
To achieve acomplete “red out,” red ink was added imme-
diately to the Ringer’s solution after induction of bleeding
in those cases in which a less pronounced hemorrhage
occurred. The computer automatically displayed the virtu-
al images on a separate monitor in addition to the online
video image. The endoscope was completely dislocated
after induction of bleeding, thus ensuring that the neuro-
surgeon relies only on the virtual images of the VN sys-
tem for manipulating the endoscope. The previoudly set
landmark and the marker displaying the current position
of the endoscope tip on the computer screen were adjust-
ed in the same position.

To stop the bleeding, a coagulation fiber with a mil-
limeter scale on its outer surface (2-mm diameter) was
carefully removed from the endoscope in a distance cal-
culated by the measurement mode of the computer. The
coagulation (1 second, 15 mA) was performed by a bipo-
lar coagulation device (Erbotom/Erbe Tubingen, Ger-
many). The time between the onset of bleeding and coag-
ulation was documented. After each trial, the endoscopic
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Fig. 3. Technique I. Images obtained using the VN system.
Upper: Target directly over the junction of theiliac artery. Cen-
ter: Virtual image with graphic overlay of the coagulation fiber.
Lower: Control of thelesion after coagulation. Blue crossindicates
the previoudly set landmark at the point of intervention.

cavity was rinsed with the prewarmed Ringer’s solution to
inspect the coagulation resuilts.

Technique Il (Security Technique)

Technique 1l was devised as a security technique in
which the landmark is outside the point of damaged ves-
sel but within the visual field (Fig. 4). This setup simulates
the occurrence of an unexpected intraoperative hemor-
rhagein the visua field. A computer landmark was deter-
mined for safety purposes in the surrounding area of the
vessal, but no additional landmark was set at the site of the
lesion. The distance between landmark and prospective
lesion was measured.
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The ROI and the surrounding area were inspected using
the endoscope to acquire alarge number of images (stored
a afrequency of two/second). After induction of bleeding
and complete image loss, the surgeon navigates the endo-
scope in the virtual images, guiding the graphic overlay of
the coagulation fiber into the ROl where the bleeding
started. Analysis of the coagulation results was performed
using the same method as that described in Technique I.

Technique |1 requires that the neurosurgeon realize the
bleeding region in the last moment before bleeding com-
pletely obscures the visual field. The neurosurgeon has to
locate this region by viewing the virtual images. Cases of
bleeding with a very sudden complete image loss cannot
be managed using this technique, although this complica-
tion can be managed using Technique .

RESULTS

This new animal model was created to simulate opera-
tive endoscopic conditions. The coagulated vessels had a
diameter of 0.5to 1.5 mm (Table 1). One hundred seven-
ty-five vesselswere coagulated: 43 arteries and 132 veins.
In 143 cases we followed the procedures of Technique |
with direct landmark positioning. In 32 cases a security
landmark was set within the endoscopic visua field but
outside of the vessdl itself (Technique I1). In 156 (89.1 %)
of all cases successful coagulation with cessation of bleed-
ing was obtained.

A comparison of the efficacy of successful coagulation
achieved using Techniques | and Il produced severa
results. With Technique | 130 (90.9%) of 143 vessels
could be coagulated. With Technique Il bleeding in 26
(81.3%) of 32 vessals was stopped. In cases of successful
coagulation the center of the coagulation field was not
identical to that in the vascular lesion in all cases (Tables
2 and 3). Occasionally excentric coagulations occurred,
but in most of these cases the cessation of bleeding was
obtained because of the diameter of the coagulation fiber
(2 mm). Figure 3 gives an example of the coagulation pro-
cedure involved in Technique I. Figure 4 shows a typical

coagulation procedure when using Technique 11.
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In six cases a false “red out” alarm was detected that
was caused by the red background color of the surround-
ing tissue. The time between induction of bleeding and
successful coagulation (bleeding time) was registered in
all cases and ranged from 16 to 130 seconds for Technique
| and from 23 to 186 seconds for Technique 1.

A correlation between the experience of the investiga-
tor using the navigation system and the time between
induction and successful coagulation of bleeding was
obvious because the surgeon needed much longer in the
first experimentsthan in later experiments. An example of
the coagulation time in Technique |, in which ared learn-
ing curve is demonstrated, is shown in Fig. 5 upper, and
an example of the sameisgivenin Fig. 5 lower.

Control Group

The time course of hemostasis without control of coag-
ulation was measured in nine experiments. In eight of nine

Neurosurg. Focus/ Volume 8 / June, 2000
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Fig. 4. Techniquell. Images obtained using the VN system.  Upper Left: Sites with security landmark (blue cross)

and target vessel in the upper part of the endoscopic image. Upper Right: Lesioning of the vessel performed using a
lancet. Center Left: Virtua backround with graphic overlay of the coagulation fiber. Center Right: A “red-out” situa-
tion in which normally intervention is not possible due to inadequate visualization. The yellow t indicates the direction
of the security landmark when it is outside of the visual field. Lower Left: Clarity of visudization after coagulation with
security landmark (blue cross). Lower Right: Enlarged image of the coagulation point, showing complete occlusion of

the target vessdl.

vessels bleeding had to be stopped surgically by perform-
ing normal coagulation procedures or applying swabs to
prevent major blood loss in the animal after 131 to 228
seconds (average 178.7seconds). One episode of venous
bleeding ceased after 100 seconds when a hematoma
spontaneously formed. In the light of the data depicted in
Fig. 5, it is obvious that the coagulation time was longer
than 100 seconds in only six of 175 cases (3.4%).

DISCUSSION
There are numerous surgical situationsthat limit amore
extensive application of neuroendoscopy because of par-
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tial or complete visual 10ss.25% | n such cases opaquefluid,
lens dislocation,® tissue covering the lens, and hemorrage
(“red out”) make neuronavigation impossible. We have
shown that successful neuroendoscopic coagulation, how-
ever, can be achieved in a“red-out” situation by the appli-
cation of new methods in digital image processing.*®

It isimportant to note that the term “virtual endoscopy”
was previoudly reserved for specia diagnostic procedures
in which patient-specific high-resolution digital images
are obtained with MR imaging or a helical CT scanning.!
Individual structures can be graphically isolated or “seg-
mented” into fully interactive 3D reconstructions on a
computer screen. This method has its role in preoperative
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TABLE 1
Different vessel regions used in the coagulation precedures

Vessel No. of

(diameter in mm) Cases
saphenous vein ( 0.5-0.75) 90
epigastric vein (0.5-0.75) 36
saphenous artery (0.5) 21
jugular vein (1-1.5) 5
venacava (1) 1
aorta (1.5) 9
iliac artery (1) 13
total 175

planning. However, it is associated with several disadvan-
tages: artifacts can be introduced because current point
resolution of MR imaging is not higher than 1 to 2 mm.
Relevant structuresin endoscopy*>?° such as membranous
structures are much thinner and smaller. Furthermore,
intraoperative neuroimaging until now was only partialy
suitable because of the technical hindrances and limited
image quality. Furthermore, preparation of radiological
virtual datasets is time consuming due to the time it takes
to complete imaging studies in patients.

Bricault, et al.,* have developed anew method by which
imaging data obtained from CT dlices and bronchoscopic
video seguences can be fused. In this computer-guided
transbronchial biopsy system a special segmentation pro-
cess, in which mathematical morphology operators are
used, is utilized to localize the bronchoscopic camera
within the tracheobronchia tree and to analyze the video
sequence.

In comparison with radiological “virtua endoscopy”
our presented method is nearly online, as previousy
stored endoscopic images obtained during the same oper-
ation in conjunction with the current position of the endo-
scopic tip are provided in the event that complete visual-
ization is lost. Just as al 3D datasets are continuously
updated if the same anatomical point is passed a second
time, displacement of surrounding structures is taken into
consideration, which is an important prerequisite for a
high degree of accuracy.

The VN system provides the new possibility to manage

TABLE 2

Distance between target (injured vessel) and center points of
coagulation in successful and unsuccessful coagulation in which
Technique | was used

Target to Coagulation
Coagulation

Point Distance (mm) Successful Unsuccessful
touchless coagulation 6
0 67

0.25 1

0.5 17

0.75 2

10 31

1.25 1

15 9 3
2.0 2 3
25 1
total 130 13

M. Scholz, et d.

TABLE 3

Distance betwen target (injured vessel) and coagulation points
in successful and unsuccessful coagulation in which
Technique Il was used

Target to Coagulation
Coagulation
Point Distance (mm) Successful Unsuccessful
touchless coagulation 3
0 10
0.25
0.5 4
0.75
1.0 4 2
125
15 8
20 1
25
total 26 6

Situations in which complete image loss occurs, in con-
junction with the described virtual background images
and a graphic overlay of the coagulation fiber. If the hem-
orrhagic source is located within the endoscope’s field of
view, the hemorrhage can be controlled in nearly 90% of
cases. In those cases in which the bleeding source is out-
side of the visua field and standard rinsing techniques do
not improve visualization a safe positioning of the endo-
scope and retraction of the instrument can be achieved.

To test the potential of the virtual image tool we devel-
oped an in vivo model intherat. Evrard, et a.,” have suc-
cessfully used a comparable rat model to test underwater
neodymium:yttrium-albuminum-garnet coagulation of
blood vessels mimicking an in utero situation. In contrast
to the underwater conditions, we created separate artificial
endoscopic cavities in the inguinal, jugular, and pelvic
regions by lifting the skin and hypodermis. The advan-
tages of this set up were “red-out” simulation with in vivo
bleeding conditions, standardized injuries of arterial and
venous vessals with different calibers, and good access to
the ROI due to the open cavity allows direct and accurate
measurements. The stability of the anatomical situation is
an important requirement for the application of this
method (for example, paranasal sinus or retroperitoneal
space). The rat model was very suitable for testing the
“red out” module of the VN system.

The duration of the coagulation procedures during our
experiments followed a clear learning curve. For safe pro-
cedures a third person controlling the computer is neces-
sary, in addition to the neurosurgeon and hisher assistant.
This third person could be a technician, comparable with
cardiac technicians in heart surgery. In any case, specia
training for the application of this digital image-guided
method is recommended.

The procedures involved in Technique Il are much
more difficult for the neurosurgeon and his’her team than
those in Technique | because of the necessity to localize
the bleeding source within the virtual images.

In the future an artificia training system may replace
the in vivo method: a hollow space coated with organic
tissue, such as a dlice of sausage, can be built and filled
with Ringer’'s solution. Anatomical landmarks on this

Neurosurg. Focus/ Volume 8 / June, 2000
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Fig. 5. Graphs showing measured time from induction of hemorrhage to coagulation by using Technique | (upper)

and Technique Il (lower).

organic tissue can be fixed, and coagulation results can be
easily assessed. Red ink could be brought into the system
to induce a complete “red out.”

To improve upon the procedure presented here the fol-
lowing concepts are suggested. In Technique 1, depth
information should be derived from the security landmark
and not from the bleeding vessel. A significant difference
between the position of the security landmark and the cen-
ter of bleeding (the vessel being located deeper than the
landmark) may result in a failure of depth measurement
and, consequently, in coagulation because the coagulation
fiber has no tissue contact. The development of a new co-
agulation fiber would be an improvement; this new fiber
should measure tissue resistance at itstip to give a signal
if tissue contact is made.

An additional improvement could be achieved by the
integration of a robotic unit that performs the steering?®
during the coagulation process. In particular, adjusting the
graphic overlay of the coagulation fiber in the region of
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the bleeding vessdl in Technique I requires high precision
and could be managed by a robot in this single function.
In endoscopy, robotic steering is aready used successful-
ly in laparoscopic interventions.? Robotic steering would
replace the work of the assistant (camera guidance, and
movement of coagulation fiber).

It would be an important step in image-guided surgery
if the present technique were to be undertaken in a clini-
cal setting. During future neuroendoscopic procedures,
the surgeon would have to monitor several security com-
puter screens (just as a pilot in an airplane) in addition to
his endoscopic monitor—that is, the screen of a digital
navigation system and the screen of a conventional navi-
gation system. These screens are only needed if problems
arise during the intervention. An ergonomic positioning
of these system is important for safe management of any
Situation.

It should be emphasized that this VN system is to be
used as an additional tool to improve the safety of coagu-
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lation during surgical interventions and can be integrated
easily in every conventional navigation system. In any
case the indication for a coagulation procedure has to be
carefully determined and should only be used in those
cases in which other methods such as rinsing are ineffec-
tive to stop bleeding. It is obvious that mgor bleeding
such as that caused by damage of the basilar artery in
an endoscopic third ventriculostomy (as described by
Schroder, et al.®) cannot be treated with coagulation
aone. MicroDoppler sonography isahelpful tool to locate
the tip of the basilary artery and to prevent intraoperative
bleeding.?®

Anaysisof our preliminary data revealed that the virtu-
a image guidance in experimental conditionsis a helpful
tool associated with a high degree of efficacy. With the
“red-out module” the safety of neuroendoscopic coagula
tion can be improved due to the online guidance, which
a so broadens the spectrum of its application.
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