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ORIGINAL PAPER

Computer simulation of a neurosurgical
operation: craniotomy for hypothalamic

hamartoma

Abstract Although magnetic reso-
nance imaging has revolutionised the
management of intracranial lesions
with improved visualisation of ana-
tomical structures, it only produces
two-dimensional images, from which
the clinician has to extrapolate a
three-dimensional interpretation.
Several approaches can be used to
create 3D images; the discipline of
image segmentation has encom-
passed a number of these techniques.
Such techniques allow the clinician
to delineate areas of interest. The re-
sulting computer-generated outlines
can be reconstructed in a three-di-
mensional arrangement. Although a
plethora of “generic” segmentation
techniques exist, we have developed
arefined form, dependent on general
and particular properties of the ana-
tomical structures under investiga-
tion. High-contrast structures such as
the ventricles and external surface of
the head are found by using a local -
ised adaptive thresholding technique.
L ess definable structures, with poor
or nonexistent signal change across
neighbouring structures, such as
brain stem or pituitary, are found by
applying an “energy minimisation”-
based technique. To demonstrate the
techniques we used the example of

an 8-year-old boy with uncontrolled
gelastic seizures due to a hypotha-
lamic hamartoma, who is being con-
sidered for surgery. We were able to
demonstrate the anatomical relation-
ships between the hypothalamic ha-
martoma and adjacent structures
such as optic chiasm, brain stem and
ventricular system. We were subse-
quently able to create a video, repro-
ducing the stages of craniotomy for
excision of thistumour. By creating
true 3D objects, we were able at any
stage of the simulation to visualise
structures situated contralaterally to
the approaching surgical dissector.
These 3D representations of the
structures can be either invisible or
opaque, in order to afford 3D local-
isation as the “virtual” surgical dis-
section proceeds. The clinical appli-
cation of such techniques will enable
surgeons to improve their under-
standing of anatomical relations of
intracranial lesions and has obvious
implications in image-guided sur-
gery.

Key words Magnetic resonance
imaging - Medical computing -
Image-guided surgery - Image
segmentation - Computer graphics
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Fig. 1 T1-weighted contrast-enhanced MRI scan (a sagittal, b cor-
onal view) of an 8-year-old boy with intractable gelastic seizures. A
hypothalamic hamartoma is seen arising from the inferior aspect of
the right hypothalamus, anteriorly to the brain stem. The tumour is
well defined in all its aspects apart from the area of origin, wherethe
division from normal hypothalamus becomes indistinct. The lesion
is not enhancing with contrast. The optic chiasm has been shifted by
the tumour superiorly and anteriorly

Introduction

The advent of magnetic resonance imaging (MRI) has un-
doubtedly revolutionised the management of intracranial
pathology. While MRI scanning offers improved detail on
soft tissues, in its current form it produces only two-di-
mensional views of the pathology under scrutiny. Neuro-
surgeons have to mentally re-create a 3D reconstruction by
extrapolating from 2D images while planning an opera-
tion. Any means of providing 3-dimensional graphical rep-
resentations would help surgeons enhance their under-
standing of anatomical relationships of deep-seated struc-
tures and advance intracranial surgery even further.

Owingto differencesinthedigital signal and theranges
that MR imaging parameters (TR, TE) can take, the sim-
ple thresholding-based techniques used to create 3D bone
and ventricular CSF reconstructions in CT scanning can-
not be directly applied to MRI [4]. The variation of the
grey range of the MRI signal is such that simplethreshold-
ing would eradicate a significant number of intracranial
structures from the reconstruction, resulting in inaccura-
cies.

During the last decade, different segmentation tech-
niques have been devel oped to overcome these difficulties
[4, 5, 11, 19, 20]. Image segmentation is the technique of
fragmenting a composite picture into several user-defined
outlines/regions, thus accurately defining real-world ob-
jects. Several algorithms can be used to achievethis, rang-
ing frommanual to fully automatic methods|1, 2, 4, 17-20,

22]. Thelevel of operator-independenceachievedisrelated
to the accuracy and the level of structural complexity that
can be handled. Theresulting outlines can bereconstructed
in 3D. Various image modalities can be used with these
techniques, including CT, MRI, MRA, SPECT and PET
scan.

Although the technique has been available for awhile,
clinical application has been rather slow, owing partly to
the unfamiliarity of clinicians with computer technology
and to the time involved in achieving accurate and mean-
ingful reconstructions. We demonstrate in this communi-
cationtheclinical use of our segmentation approachessim-
ulating the stages of craniotomy for intracerebral tumour.
Therare and surgically difficult-to-treat hypothalamic ha-
martoma served as a good exampl e of the clinical value of
segmentation in creating 3D MRI images.

Materials and methods

An 8-year-old boy had been suffering from gelastic seizuresfor sev-
eral years, lately with increasing frequency and refractory to medi-
cal treatment. He was referred for assessment of suitability for sur-
gical treatment.

On MRI scanning he was found to have a mostly well-defined,
non-contrast-enhancing lesion arising from the right hypothalamus,
which was thought to be a hypothalamic hamartoma (Fig. 1). At the
areaof origin from the hypothalamus, the definition between normal
tissue and hamartomawas indistinct. The MRI examination used for
thereconstructionwasperformed onan IGE 1.5 T scanner (IGE, Mil-
waukee, USA) and consisted of 124 contiguous images, T1-weight-
ed (TE:20/TR:200), of 1.5 mm thickness, obtained following intra-
venous injection of paramagnetic contrast.

The availability of 3D MRI images would be particularly ben-
eficial in the surgical planning in the case of such a deep-seated | e-
sion. The surgical approach has several associated technical diffi-
culties, mainly related to the anatomical relationship of the lesion
to important structures such as the brain stem, the optic chiasm,
and the pituitary stalk. 3D reconstruction would improve spatial
perception of the lesion and assist surgical planning of adirect ap-
proach.
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To perform the segmentation task we used an in-house X-Win-
dows-based C program running on a UNIX operating system work-
station. The workstation, a Sun SparcStation 20 (Sun Computers,
California), isconnected viaalocal areanetwork to the MRI and CT
scanner systems. The software environment has been devel oped with
the ability to handle numerous image modalities and formats. Addi-
tionally, images obtained in other scanners can be imported via ex-
ternal media such as DAT, optical disc and floppy disk.

The software incorporates segmentation algorithms and 3D vis-
ualisation routines. Automatic, semiautomatic or manual algorithms
can be used to outline structures, depending on the complexity of
their shape and the difference in grey value from adjacent structures
[5, 6, 15, 16].

In the case presented here, automatic segmentation was used for
the skin and the cortical surface. The skin was easily outlined auto-
matically, as the air—skin interface is clearly identifiable as a high-
contrast area. For segmentation of the cortical surface CSF boundar-
ies were determined from a seed derived from the centre of gravity
of the current scan. This seed point was subsequently used for the
other slices. Thisinformation was recorded in a database of cortical
outlines for later use. When this technique failed a more “ user-in-
volved” semiautomatic algorithmwasemployed. Constraintsongrey
level, first- and second-order derivatives were used as primary fac-
tors [6]. The constraints were augmented by energy minimisation
technique, adjusting the contrast between neighbouring structures,
to isolate the region of interest. Where the boundary was weak or
nonexistent, a constraining boundary of arbitrary shape was applied
around the area of interest, to improve the possibility of semiauto-
matic delineation. Thearbitrary shapewas passed on to adjacent slic-
es, to follow anatomical continuity of the structure of interest. This
technique worked well for the ventricul ar system, the brain stem and
the chiasm. The segmentation program allows arange of slicesto be
user-defined, with their anterior and posterior extent determined on
the mid-sagittal plane. This enhances the possibility of correct re-
sults with semiautomatic methods. Whenever the boundaries were
of the correct shape but incorrect size, too big or too small, the tech-
niques of mathematical morphology erosion and dil atation were em-
ployed to improvetheresult. Finally, if errorsstill persisted, the con-
tour was edited manually. A typical example was the hypothalamic
tumour. The ill-defined plane of origin from the inferior aspect of
hypothalamus had to be manually outlined. For selected objects, vol -
umes were measured automatically from cross-sectional area and
slice thickness.

The segmentation is performed on 2D images. The anatomical
outlines produced are reconstructed in 3D. For the high-resolution
dataset the volume is constructed by summing the cross-sectional
area. For those cases where the 3D resolution is poor, volumes are
generated by interpolation between cross sections. These object
volumes are then superimposed on the actual 3D MRI data. Each
structure outlined becomes a separate 3D object, coloured individ-
ually to be distinguishable. The surface geometry of the MRI data,
for example the cortex, can then be viewed together with the
coloured outline objects. Two modes of visualisation exist: depth
shadows and perspective shading. These objects can be made trans-
parent or removed completely, allowing demonstration of deeper
situated structures. They can also be rotated and viewed from any
desired angle. Simulated “surgical” cuts can be made in any de-
sired trajectory, allowing customised visualisation. Subsequently a
video can be produced, in predetermined sequences, simulating the
entire virtual “operation”. The whole procedure of 3-dimensional
reconstruction is performed by the neurosurgeon and can take from
15 to 60 min, depending on the number of structures that are out-
lined, their complexity and their MR signal appearance.

The environment described above has been in daily clinical use
for several years to measure hippocampal volumes in epileptic pa-
tients scheduled for hippocampectomy. Inthelast 2 yearsits use has
been extended to surgical simulation of tumour resections and cra-
niofacial research.

Results

Using mostly automatic and semiautomatic outlining, af-
ter 40 min of computing work, a complete 3D reconstruc-
tion of the child’s head had been achieved, including skin
with marked skin flap, cerebral hemispheres, ventricular
system, brain stem, tumour, and optic chiasm. Figure 2
demonstrates the process of segmentation. The areas of
interest have been outlined. The resulting outlines were
subsequently reconstructed in 3D together with the real
MR digital data.

For this demonstration suitable viewpoint 3D co-ordi-
nates were chosen to simulate the surgeon’s view of the
patient’s head on the operating table. Figures 3-8 are stills
from a video sequence simulating the steps of a craniot-
omy for resection of thistumour. In Fig. 3 the skin surface
is seen, with the proposed skin flap marked in a different
colour (purple). In Fig. 4 the skin flap is made transparent
to demonstrate the relation of the flap to the underlying
sylvian fissure. In Fig. 5 the superficial part of the brain
has been made transparent to demonstrate the rel ationship
of the tumour to the brain stem (green). This relationship
isbetter demonstratedin Fig. 6, wheretheright frontal lobe
has been removed, exposing the ventricular system (pur-
ple), the tumour (red), and the optic chiasm (yellow). In
Fig. 7 an additional surgical approach via the subfrontal
route is simulated, by “removing” the anterior part of the
frontal lobe through a frontal “craniotomy”. In Fig. 8 all
the superficial structures have been removed to expose the
tumour in relation to the ventricular system and the chi-
asm, which is seen to be severely deformed by the under-
lying tumour. Theability torotatethe 3D object allowsbet-
ter visualisation of the relationship of the tumour to the
surrounding important structures. The tumour volume has
been calculated as 3913 mm?®,

Discussion

Three-dimensional visualisation of intracranial structures
offers realistic perception of the area of interest and, con-
sequently, improved understanding of anatomical relation-
ships. The high level of soft tissue detail that MRI offers
combined with the stereoscopic visualisation of 3D recon-
struction are opening a new perspective in surgical plan-
ning of deep intracranial lesions. The ability to interact
with 3D structures and visualise their anatomical relation-
shipsfrom multipleviewpointsis hel ping surgeonsrapidly
increase their own personal experience.

Segmentation techniques have been present for some
time now, and most of them have been used in various in-
stitutions predominantly for research[3, 12, 13]. The pres-
ence of in-house computer expertise allows the flexibility
of continuing development according to the clinical need.
Recently, simpleformsof segmentation programs have ap-
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Fig. 2 Segmentation of a com-
posite image. Using automatic,
semi-automatic or manual algo-
rithms, the composite MRI im-
ageis“split” into simple multi-
ple outlines of the structures of
interest. Ventricular system
(blue line), optic chiasm
(yellow line), tumour (red line)
and pituitary stalk (brown line)
have been outlined

Fig. 3 3D reconstruction of
the patient’s head. The skin flap
(purple) is marked in the region
of the right pterion

Fig. 4 The skin flap is made
transparent, allowing visualisa-
tion of the posterior aspect of
the underlying sylvian fissure

Fig. 5 The superficial part of
the brain is made transparent.
The surgical approach to the tu-
mour (red) can be verified
against deep-seated structures
(lateral ventricle purple, brain
stem green)

Fig. 6 Theright frontal lobe
has been removed, to expose
the ventricular system (purple),
the optic chiasm (yellow), and
the tumour (red). The displace-
ment of the optic chiasm by the
tumour is observed

Fig. 7 In addition to the pter-
ional approach, a subfrontal ap-
proach has been simulated by
removing the anterior part of
the frontal bone and the frontal
lobe. The relationship of the tu-
mour to surrounding deep-seat-
ed structures is demonstrated
(ventricular system purple,
brain stem green, tumour red)

Fig. 8 alLateral and b oblique
views when all the superficial
structures have been removed
to visualise the tumour (red) in
relation to the ventricular
system (purple) and the optic
chiasm (yellow). The optic chi-
asm displacement superiorly
and anteriorly is clearly appre-
ciated. Rotation of the three-di-
mensional object allows de-
tailed assessment
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peared as part of image manipulation software in image-
guided surgery systems.

Widespread clinical application of image segmentation
has been limited so far. Thisislargely due to the unfamil-
iarity of most neurosurgeons with computing, and thetime
and the level of interaction involved to create 3D objects
of satisfactory quality for clinical use. Both factors oper-
ate synergistically, creating a gap between surgeons and
computers. The busy clinical schedule of most neurosur-
geonsdoes not allow the luxury of afew spare hoursto ex-
periment with 3D MRI.

Withimproving technology both thesefactorsarelikely
to change. The computer is gradually infiltrating into neu-
rosurgical practice, initially aspart of framel ess stereotaxy
systems. Parallel improvementsin MRI technol ogy and ad-
vances in computers’ memory capacity and speed of exe-
cution are rapidly reducing the time required for 3D and
4D (including time axis) reconstructions.

Several workers have attempted to make use of these
valuable segmentation techniques in clinical practice.
Fieldssuch as skull base or craniofacial surgery lend them-
selves particularly well to this purpose. Although it has not
taken off routinely as yet, the feasibility of surgical plan-
ning using 3D reconstruction has been demonstrated, sev-
eral imaging modalities often being combined [1, 3, 8-10,
13, 14, 23, 25].

Several fieldsof neurosurgery arelikely to benefit from
this technology. Brain tumour surgery, assisted by image
guidance and 3D MRI, would become safer and more rad-
ical. Follow-up of cerebral tumours has obvious benefits
from volumetric serial studies[17]. Stereotactic radiosur-

gery and epilepsy surgery would benefit from any 3D vol-
umetric imaging technology [2]. In addition to surgical
planning, surgical teaching would be improved by the use
of 3D MRI. The advent of 3D atlases of the head [21, 24]
is promising to revolutionise neurosurgical teaching. The
difference betweenidealised atlasesand atrue 3D MRI ob-
ject isthat the latter conforms accurately to reality, at least
initspreoperativeimaging. In asimilar way, the presented
simulation of a neurosurgical operation would allow the
surgeon to visualise the true anatomical relationships of
the various structuresto one another and “ perform” the op-
eration on the computer, thus anticipating potential surgi-
cal difficulties.

As the rate-limiting step remains the operator depen-
dence and the associated time factor, the obvious next steps
for further development would be in the area of improved
automation. The incorporation of physics, anatomica and
continuity constraints, which are currently under develop-
ment in our laboratory [15, 16], would make the technique
more appealing and will help establish its routine clinical
use. Several workershavecontributed significantly onthese
linesinrecentyears[1, 2, 4, 13, 17, 18, 22, 23]. Further de-
velopment on dynamic MRI acquisition [7] islikely toim-
prove the chances of existing automatic segmentation by
improving the definition between various brain structures,
which share similar grey valuesin ordinary MR seguences.

With wider use of segmentation in image-guided
systems and the development of tele-surgery, a new per-
spective in visualisation of neurosurgical pathology is
likely to evolve, which with time will improve surgical
techniques.
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