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OBJECTIVE The goal of this study was to explore the feasibility and accuracy of using a wearable mixed-reality ho-
lographic computer to guide external ventricular drain (EVD) insertion and thus improve on the accuracy of the classic
freehand insertion method for EVD insertion. The authors also sought to provide a clinically applicable workflow demon-
stration.

METHODS Pre- and postoperative CT scanning were performed routinely by the authors for every patient who needed
EVD insertion. Hologram-guided EVD placement was prospectively applied in 15 patients between August and Novem-
ber 2017. During surgical planning, model reconstruction and trajectory calculation for each patient were completed us-
ing preoperative CT. By wearing a Microsoft HoloLens, the neurosurgeon was able to visualize the preoperative CT-gen-
erated holograms of the surgical plan and perform EVD placement by keeping the catheter aligned with the holographic
trajectory. Fifteen patients who had undergone classic freehand EVD insertion were retrospectively included as controls.
The feasibility and accuracy of the hologram-guided technique were evaluated by comparing the time required, number
of passes, and target deviation for hologram-guided EVD placement with those for classic freehand EVD insertion.

RESULTS Surgical planning and hologram visualization were performed in all 15 cases in which EVD insertion involved
holographic guidance. No adverse events related to the hologram-guided procedures were observed. The mean + SD
additional time before the surgical part of the procedure began was 40.20 + 10.74 minutes. The average number of
passes was 1.07 £ 0.258 in the holographic guidance group, compared with 2.33 £ 0.98 in the control group (p < 0.01).
The mean target deviation was 4.34 + 1.63 mm in the holographic guidance group and 11.26 £ 4.83 mm in the control
group (p < 0.01).

CONCLUSIONS This study demonstrates the use of a head-mounted mixed-reality holographic computer to success-
fully perform hologram-assisted bedside EVD insertion. A full set of clinically applicable workflow images is presented
to show how medical imaging data can be used by the neurosurgeon to visualize patient-specific holograms that can
intuitively guide hands-on operation. The authors also provide preliminary confirmation of the feasibility and accuracy of
this hologram-guided EVD insertion technique.

https://thejns.org/doi/abs/10.3171/2018.4.JNS18124
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ventricular drain (EVD) insertion is widely used
to reduce intracranial hypertension for a variety of
clinical indications.®” EVD insertion is often the first sur-
gery performed by neurosurgical residents’ and generally

B ECAUSE it is considered a simple procedure, external

is performed “blind” using a freehand technique based
on anatomical surface landmarks. Although EVD inser-
tion is considered a relatively simple neurosurgical tech-
nique, a nearly 50% inaccuracy rate for this procedure
has been well documented in the literature.!3® A possible
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explanation for this inaccuracy is that surgeons using the
conventional method for EVD insertion rely to a large
degree on personal experience and familiarity with neu-
roanatomical features, without fully taking into consid-
eration the anatomical variations in individual patients.?
The situation becomes even more challenging in patients
with aberrant anatomy due to trauma or underlying pa-
thology.® The need for multiple passes during EVD in-
sertion performed with the blind freehand technique has
also been criticized,' because each pass leads to greater
injury to the already compromised brain. In addition, an
increased number of catheter passes is associated with a
higher risk of complications, including hemorrhage and
infection.!

To address the above-mentioned problems, a precise
patient-tailored navigational approach would be very ben-
eficial.? The use of image guidance during EVD insertion
has been demonstrated to greatly minimize the number
of passes required for successful insertion and improve
targeting accuracy.” However, because currently avail-
able navigational devices are expensive and large enough
to take up valuable space,'¢ image-guided methods are not
routinely applied to assist in bedside EVD placement. To
achieve a low-cost, portable approach, researchers have
ingeniously adopted the concept of “augmented reality,”
in which computer-generated images are superimposed on
the user’s view, resulting in a composite view. With the
use of smartphone software, a semitransparent 2D CT/
MR image or reconstructed model can be overlaid on the
live feed from the smartphone camera during the surgical
procedure. By aiming the camera at corresponding sur-
face landmarks in the patient, the surgeon can “visualize”
the internal structures of the head through the phone lens.?
A drawback of this method is that the viewing angles are
confined to only a fixed direction behind the mobile phone
lens, which limits enhancement of the operator’s spatial
perception and performance.

Mixed-reality technology is a further development that
combines augmented reality and virtual reality. It uses
digital objects such as holographic projections to provide
virtual information in the physical environment, lending
immersive realism to users’ experience. The Microsoft
HoloLens, a head-mounted mixed-reality holographic
computer, allows operators to simultaneously maintain
contact with the real and virtual worlds, and to interact
with holograms according to the operators’ own needs and
circumstances. With the help of such state-of-the-art tech-
nology, neurosurgeons may be able to directly see high-
definition 3D holographic targets inside the patient’s head
and the insertion trajectory’s orientation outside the head
from every perspective.

In this study, we used mixed-reality technology to
enhance neurosurgeons’ real-time intuitive correction
of their operative procedures and, theoretically, improve
the spatial accuracy of EVD placement while performing
EVD insertion at the bedside. To share our first hands-on
experience with the use of a wearable mixed-reality ho-
lographic computer to assist bedside EVD insertion, we
provide a full set of clinically applicable workflow images
and a preliminary confirmation of the technical feasibility
and accuracy of this method.
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Methods

Patient Selection

The institutional review board of Xuanwu Hospital ap-
proved this study. As part of the consent process, we re-
quired the patient’s legal decision-maker to be physically
present in the hospital to obtain research consent.

Study inclusion criteria included any patient requiring
ventricular drainage or intracranial pressure monitoring
for any condition. Patients initially deemed to be accept-
able candidates for hologram-guided EVD placement
were excluded if they were judged to be too medically or
neurologically at risk to allow the additional time required
for CT acquisition and data processing.

Holographic guidance was used in 15 consecutive pa-
tients over a period of 4 months from August to November
2017. To investigate the accuracy of our new method, the
same number of successive patients who underwent EVD
insertion performed freehand with the classic technique
made up the control group (retrospectively recruited from
April to July 2017).

CT Acquisition

We routinely performed CT scanning using an 8-slice
portable CT scanner (CeréTom CT, NeuroLogica Corp.)
before and within 48 hours after EVD placement. Imag-
ing parameters were as follows: isotropic voxel size 5 x
5 x 5 mm, matrix size 256 x 256; the imaging time was
3 minutes. In the holographic guidance group, classic lo-
calization lines were drawn before the CT scan in case of
failure of holographic guidance. More importantly, sev-
eral (usually more than 4) sticky electrocorticography gel
electrodes were attached to the patient’s cranium at sites
on the forehead and parietal area along the midline, right
and left Kocher’s points, and above the ipsilateral tragus.
These radiodense markers were used for preoperative
rigid registration between the holograms and the patient’s
head, as well as for intraoperative registration calibration.
All the DICOM data were up-sampled to 1.25 x 1.25 x
1.25-mm voxel size at the CT console, which cost another
4 minutes. Consequently, the whole imaging duration was
7 minutes.

Data Postprocessing and Holographic Visualization

Preoperative DICOM data were imported into 3D Slic-
er software (version 4.7.0, nightly build, Surgical Planning
Laboratory, Harvard Medical School), and segmentation
of the lateral ventricles in both groups was performed to
calculate the ventricular size. The surgical planning pro-
cedures in the holographic guidance group were conduct-
ed as follows. Virtual segmentation and modeling were
performed for the lateral ventricles, position markers, and
the patient’s head. After target localization, entry point
setting, and automatic trajectory calculation (including
length and orientation) had been determined, a slice-wise
scrutiny of the reformatted cross-sectional images perpen-
dicular to the trajectory was performed to confirm that the
planned trajectory did not include important structures
where blood vessels might pass, such as the sulcus. All
of the reconstructed models were imported into Para-
View (version 5.4.0, www.paraview.org) for colorization



and “transparentization.” Then the data were exported
and rendered in Blender (version 2.78, www.blender.
org) and were saved as .fbx files recognized by the “3D
viewer Beta” feature for visualization of the holograms.*
This process allowed wireless access of the data by the
Microsoft HoloLens (developer’s edition, Microsoft Inc.),
enabling the neurosurgeon wearing the HoloLens headset
to visualize holograms of the surgical plan through high-
definition lenses with small computer screens positioned
in front of the eyes. An overview of the whole data post-
processing workflow is shown in Fig. 1.

Hologram-Guided Operative Procedures

All of the surgical procedures required for EVD inser-
tion were performed by the same neurosurgeon in both
patient groups. In the holographic guidance group, the
neurosurgeon used the “Remote Desktop” feature in Ho-
loLens to take control of 3D Slicer on the laptop, double-
check the preoperative image (Fig. 2A) and surgical plan,
and access detailed information such as the target point,
entry point, and length of trajectory. After the holograms
had been resized and rotated by gesture control or voice,
the virtual markers were accurately superimposed on their
physical counterparts (Fig. 2B), and the positions of the
nose and ears verified the precision of registration. Thus
the manual rigid coregistration between the holograms
and the patient’s head was accomplished (Fig. 2C and D).
Then the marker on Kocher’s point was removed for later
scalp incision. The other 4 markers were left intact for in-
traoperative calibration.

After local anesthesia had been induced, a scalp inci-
sion was made. While wearing the headset (Fig. 2E), the
neurosurgeon made a burr hole by using a 4-mm twist
drill guided by the holographic orientation of the trajec-
tory (Fig. 2F). If there was head movement during the
drilling, the remaining markers were used for calibra-
tion, and reregistration needed to be done before the next
procedure. Hologram shift was defined as intraoperative,
inadvertent movement of the holograms, and a reregistra-
tion was mandatory when this occurred. The number of
times that hologram shift occurred and reregistration was
performed were both recorded. Aiming at the hologram of
the target, the neurosurgeon intuitively guided the stylet-
loaded catheter’s insertion by keeping it aligned with the
trajectory, and the process was continuously monitored
during progression of the EVD placement (Fig. 2G). Both
the free flow of CSF from the distal end and reaching the
planned depth were considered indications of successful
placement.

The neurosurgeon or his assistant noted the number of
passes and the additional time required for holographic
guidance. The holographic guidance time was defined as
the duration of the preparation period before the surgical
part of the procedure began, including imaging, surgical
planning, and registration.

Accuracy Evaluation

The postoperative CT scan (Fig. 2H) from each case in
both groups was imported into 3D Slicer to complete the
rigid registration of the pre- and postoperative images, and
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target deviation was calculated. For the holographic guid-
ance group, deviations of actual catheter tips from planned
targets (point 0, 0, 0) were visualized using the 3D XYZ
coordinate system produced in OriginPro 2016 (Origin-
Lab). For the control group, data regarding the number of
passes were collected retrospectively from the patients’
medical records, which had been designed to record in de-
tail comprehensive information for an EVD complications
research study that was being conducted simultaneously
in our department.

Statistical Analysis

Quantitative data are presented as means + SDs. The
Wilcoxon rank-sum test and Fisher’s exact test were ap-
plied for detection of significant differences in the demo-
graphic variables, and the paired t-test was used for com-
paring the ventricle size between the 2 groups. In addition,
the paired t-test was used for comparing the difference in
the number of passes as well as the target deviation. All
statistical analyses were performed using SPSS version 20
(IBM SPSS Statistics for Macintosh, IBM Corp.), and sta-
tistical significance was set at p = 0.05.

Results

Six male and 9 female patients were included in the
holographic guidance group, and their mean age was 54
+ 14.9 years. There was no significant difference between
the holographic guidance and control groups in age (p =
0.35) or sex (p = 0.27). In addition, no significant differ-
ence was found regarding the ventricular size between the
2 groups (p = 0.36).

Technical Feasibility

Surgical planning and holographic visualization were
achieved in all holographic guidance cases. No adverse
events related to the holographic guidance procedures
were observed. The mixed-reality device succeeded in
creating the feeling of the actual physical presence of the
computational models, whereas such an immersive holo-
graphic environment was hard to fully convey by the si-
multaneously recorded photos or videos.* In addition, real-
time streaming of the mixed-reality view to a computer
screen allowed observers with no experience with such a
technique to share the same view as the operator.

The mean additional time required for holographic
guidance was 40.20 + 10.74 minutes. In addition, only 1
intraoperative hologram shift was encountered during the
operation for the first case in our series. Consequently,
1 more reregistration step was necessary. After drilling,
0.47 + 0.64 reregistrations were needed for further cali-
bration to ensure accuracy. According to the postoperative
CT and medical records, no EVD-related complications
were found in the holographic guidance group before the
patients’ discharge from the hospital. Table 1 summarizes
the comprehensive information for each case.

Technical Accuracy

The entry point in 1 patient was modified from Ko-
cher’s point, selected during holographic planning, to
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FIG. 1. A brief view of the whole data postprocessing workflow. A: Preoperative DICOM data. B: The surgical planning procedures
were made in the 3D Slicer program. C: The models were imported in ParaView for colorization and transparentization. D: The
data scene was rendered in Blender to initially resize and rotate the 3D models. E and F: Wearing the headset enables visualiza-
tion of the holograms of the surgical plan in the physical world. Figure is available in color online only.
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FIG. 2. Hologram-guided operation procedures. A: Preoperative CT image of a patient. B: Electrocorticography gel electrodes
attached to the head of the patient as registration markers. C and D: Before (C) and after (D) manual rigid coregistration between
the holograms and the patient’s head. Arrow denotes hologram of the insertion trajectory. E: The neurosurgeon wore the headset
during the whole procedure. F: A burr hole was performed guided by the holographic orientation of the trajectory (arrow). G: The
stylet-loaded catheter (upper arrow) insertion was intuitively guided by keeping it aligned with the holographic trajectory (lower ar-
row). H: Postoperative CT scan verified the accuracy of EVD placement. Arrow denotes the tip of the catheter. Figure is available
in color online only.

adjacent zones because a cortical vein injury through the guidance group, compared with 2.33 + 0.98 passes in the
cortical sulcus was predicted after scrutiny of each re- control group (p < 0.01).

formatted image perpendicular to the original trajectory. All of the tips of inserted catheters were placed in the
The number of passes was 1.07 + 0.258 in the holographic vicinity of the foramen of Monro in the holographic guid-

TABLE 1. Comprehensive information for 15 patients who underwent mixed-reality hologram-guided EVD insertion

Additional Time (mins)

Case No. Imaging Surgical Planning Registration Total Hologram Shift No. of Reregistration Times
1 7 35 30 72 1 2
2 7 25 21 53 0 1
3 7 21 " 39 0 0
4 7 15 19 4 0 1
5 7 18 14 39 0 1
6 7 15 10 32 0 0
7 7 13 13 33 0 0
8 7 16 21 44 1 1
9 7 15 15 37 0 0

10 7 17 14 38 0 0
11 7 15 9 31 0 0
12 7 15 23 45 1 1
13 7 14 14 35 0 0
14 7 16 12 35 0 0
15 7 13 9 29 0 0

No EVD-related complications were found in the holographic guidance group before the patients’ discharge from the hospital.
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TABLE 2. Detailed number of passes and target deviation
measurement of each patient undergoing EVD insertion

Case  No.of Target Deviation (mm)

No. Passes  Distance X y z
1 2 3.56 1.276 1.929 2.706
2 1 4158 -2.91 2159 2.039
3 1 3.768 1.45 2.885 1.942
4 1 3.59 -0.384 0.33 -3.554
5 1 3.951 -2.996 2544  -0.402
6 1 5.643 =217 -4.599 -2.447
7 1 3.83 -2.489 0.804  -2.798
8 1 4.38 1.768 -0.259 -3.999
9 1 5.705 -2.173 0.163 -5.272
10 1 1139 -0.408 -0.617 -0.866
1" 1 3.927 -2.361 -2.2564  -2184
12 1 4.858 -1.357 2109 4161
13 1 8.767 5.77 -6.514 -1.069
14 1 3.236 -1.778 -2.53 -0.954
15 1 4.569 1.796 -3.911 1.534
16 2 8.39 3.99 -7116 1.959
17 3 9.635 -6.873 5.782 -3.487
18 1 16.961 -15.81 3.776 -4.843
19 3 20.467 6.169  -18.065 7.381
20 2 15.557 3.933 9.111 11.981
21 3 12.698 -8.024 9.618 -2.084
22 2 6.029 3.67 -4.569 1.419
23 3 9.845 -2.733 9.042 -2.775
24 3 75 1.209 4109 6.157

25 1 7.567 3.658 -6.174 -2.4
26 1 4.848 -3.68 3.036  -0.859
27 1 6.239 -1.604 -5.634 -2.147
28 4 18.375 -7.904 -8.791 14.068
29 3 12.993 9.162 -714 5.822
30 3 11.743 2.797 -7.345  -8.725

Cases 1-15 represent the holographically guided cases, and cases 16-30
represent the controls.

ance group. The mean target deviation was 4.34 + 1.63 mm
in the holographic guidance group, whereas it was 11.26 +
4.83 mm in the control group (p < 0.01). Data in Table
2 provide detailed measurements in each patient in the 2
groups, and the vectors in Fig. 3 demonstrate the actual
spatial distribution of target deviation in each case, with
point 0, 0, O representing the preoperative planned target.

Discussion

The blind freehand EVD insertion technique based on
superficial anatomical landmarks currently remains the
method of choice due to its simplicity and, more impor-
tantly, its efficiency,' although the rate of accurate place-
ment is still low even when performed by neurosurgeons
with adequate training and experience.'$ In a multivariate
logistic regression analysis, the only risk factor for inac-
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curate placement was the freehand technique.’ Various
techniques to improve the accuracy of EVD insertion have
been described in the past. However, clinicians are still re-
luctant to embrace these technologies for EVD placement
because such devices are usually bulky, expensive, and
time-consuming.!

Commercial availability of an easy-to-use 3D mixed-
reality device, the Microsoft HoloLens, has drawn in-
creased attention from neurosurgeons interested in using
this novel technology for bedside guidance of EVD place-
ment. It is a self-contained holographic computer in the
shape of a wireless wearable headset,* which allows the
operator freedom of head movement without losing accu-
racy of spatial registration. With the help of the HoloLens
and previous work of other researchers,* we have designed
a system that allows us to “see through” the brain. This
system not only provides a quick and portable approach
to create an impression of the actual physical presence of
the surgical plan, but also allows the user to interact with
holograms by gesture and voice, which satisfies the aseptic
demands for surgical operation. Here we provide our pre-
liminary evidence that verifies the feasibility and accuracy
of using such a bedside wearable mixed-reality holograph-
ic computer to improve the accuracy of EVD insertion.

In this study, hologram-guided EVD insertion was ac-
complished in every case. The neurosurgeon using this
method was able to walk around the spatially fixed holo-
grams and inspect them from every perspective.* In addi-
tion, the safety of each holographic guidance step was ver-
ified, because no adverse events were observed. The mean
additional time before the surgical part of the procedure
began was 40.20 minutes; such efficiency is comparable
to the use of commercially available navigation systems.!®
With the gradual accumulation of our experience, the ad-
ditional time could be shortened.

Many neurosurgeons may resist changes in the classic
technique of freehand EVD placement because they see
such changes as complicating a relatively simple, time-
proven practice. However, our observations and those re-
ported in other published studies implicate a substantial
rate of inaccurate placement.® In our hologram-guided
series, all of the catheter tips were placed in the vicinity
of the foramen of Monro, with much less mean target de-
viation than that which occurred in the control cases for
which freehand EVD placement was used without holo-
graphic guidance. This improvement in precision demon-
strated in our study is attributable to the use of individual
orientation and depth of insertion determined according
to the unique anatomical features of each patient, infor-
mation made available to the neurosurgeon at the bedside
through the use of the Microsoft HoloLens. Moreover, the
difficulty in identifying surface landmarks did not cause a
problem in our series because visualization of the whole
head was still possible after draping.’

There always are risks involved when the EVD is
passed through vital brain structures. Each additional pass
may increase the frequency of axonal injury in the frontal
lobes.!¢ Data also suggest that multiple passes increase the
rate of hemorrhage or infection.® In our hologram-guided
series, the number of passes was minimized to 1.07, which
is comparable to results in a commercial navigation sys-
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FIG. 3. Vectors representing the actual spatial distribution of the target deviation in each case. A case from the holographic guid-
ance group (green) and a case from the control group (pink) are demonstrated. Figure is available in color online only.

tem.' This low number of passes is a major factor contrib-
uting to the absence of complications in our study.

The successful implementation of this study is based
on the 3D Slicer software. It provides a powerful, free,
open-source platform for clinical research, which facili-
tated the development of the hologram-guided workflow
in this study.>®

Limitations

Shortcomings do exist in our research. The limited
number of cases does not allow a level of evidence high
enough to substantiate the accuracy of hologram-guided
EVD insertion. In addition, manual registration remains
the rate-determining step, and development of an automat-
ic registration algorithm is mandatory. A better fixation
method is also needed to minimize patient head movement
during drilling. Moreover, we are challenged to provide
enough well-trained staff to assist in the surgical planning
and registration, and the use of seemingly complex tech-
nology also makes the surgeon feel mildly hesitant. These
situations are always encountered in studies involving the
initial clinical application of a new technique.® However,
as technology spurs accelerated improvements in medi-
cine, neurosurgery will continue to progress by overcom-
ing those limitations. As a matter of fact, we have already
invented our own in-house software, holographic surgical
planning (HSP) viewer, to advance the registration ac-
curacy and user experience. With further improvement
in registration accuracy and operation simplicity, such a
technique could be used for the navigation of intracere-
bral hematoma aspiration and superficial tumor resection
in the future.

Conclusions

To the best of our knowledge, this is the first positive
experience with the use of a wearable mixed-reality holo-
graphic computer to assist neurosurgeons in bedside EVD
insertion. A full set of clinically applicable workflow im-
ages is presented to demonstrate the patient-specific ho-
lographic surgical plan that intuitively guides hands-on
operation. We also provide preliminary confirmation of
the feasibility and accuracy of this hologram-guided EVD
insertion technique.
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