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Abstract

Background The human white matter pathway network is complex and of critical importance for functionality. Thus, learning
and understanding white matter tract anatomy is important for the training of neuroscientists and neurosurgeons. The study aims
to test and evaluate a new method for fiber dissection using augmented reality (AR) in a group which is experienced in cadaver
white matter dissection courses and in vivo tractography.

Methods Fifteen neurosurgeons, neurolinguists, and neuroscientists participated in this questionnaire-based study. We presented
five cases of patients with left-sided perisylvian gliomas who underwent awake craniotomy. Diffusion tensor imaging fiber
tracking (DTI FT) was performed and the language-related networks were visualized separated in different tracts by color.
Participants were able to virtually dissect the prepared DTI FTs using a spatial computer and AR goggles. The application
was evaluated through a questionnaire with answers from 0 (minimum) to 10 (maximum).

Results Participants rated the overall experience of AR fiber dissection with a median of 8 points (mean + standard deviation 8.5 £ 1.4).
Usefulness for fiber dissection courses and education in general was rated with 8 (8.3 +1.4) and 8 (8.1 + 1.5) points, respectively.
Educational value was expected to be high for several target audiences (student: median 9, 8.6 + 1.4; resident: 9, 8.5 £ 1.8; surgeon: 9,
8.2 £2.4; scientist: 8.5, 8.0+2.4). Even clinical application of AR fiber dissection was expected to be of value with a median of 7
points (7.0 £2.5).
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Conclusion The present evaluation of this first application of AR for fiber dissection shows a throughout positive evaluation for

educational purposes.

Keywords Augmented reality - Awake surgery - Glioma - Tractography

Introduction

As we have learned from surgical and neuroscientific
studies, knowledge of white matter anatomy is crucial
for the surgical treatment of eloquent gliomas [3, 9, 14].
Preserving these structures is essential during the resec-
tion of eloquent brain tumors. Our current knowledge of
this complex anatomy is currently based on cadaver dis-
sections, insights through direct electrical stimulation
(DES) during awake craniotomy surgery, and white mat-
ter tractography on MRI, for example by diffusion tensor
imaging fiber tracking (DTI FT) [1, 4, 5, 7, 10, 13, 15].
Thus, learning and understanding white matter pathway
anatomy is an important part of the training for neurosci-
entists and physicians. This is the motivation behind the
growing number of white matter dissection courses being
developed worldwide. However, these require costly in-
frastructure and brain anatomical specimens which can
make such courses expensive and of only limited
availability.

Advances have been made in the interface of digital
image display and the usage of augmented reality (AR)
devices in daily life. While long employed in gaming,
prototype devices for neuroanatomical data visualization
are now on the market. Through the use of specialized
goggles combined with spatial computation, pre-
processed imaging data can be visualized in an office,
educational suite or conference room. Both in research
and in clinical application, this new development has the
potential to improve teaching and understanding of fiber
tract anatomy. This system also has a potential advantage
of making easier to identify white matter tracts which
often remain difficult to identify during dissection of
cadavers.

Ultimately, systems such as this could be of use in
training neuroscientists and neurosurgeons, as well as
for preparation and planning before surgery. While
scrolling through the scans and viewing the anatomical
objects in a group of clinicians, the surgical approach
could be discussed in more detail with the full multidis-
ciplinary team.

To date, the potential benefits of a virtual dissection device
have not yet been evaluated reported. The objective of this
study was to evaluate AR for the use in virtual fiber dissection,
as well as assessing its potential application for virtual fiber
dissection courses.
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Methods

The European Low-Grade Glioma Network workshop
meeting

The European Low-Grade Glioma Network (ELGGN) work-
shop group, consisting of 15 experts with neurosurgical,
neurolinguistic, and neuroscientific experience, met in
December 2019. Since the attending ELGGN members were
experienced in cadaver and in vivo fiber dissections, we de-
cided to evaluate AR and its potential for virtual fiber dissec-
tion courses with this target group.

Prepared cases

The prepared cases consisted of patients who underwent mi-
crosurgical glioma resection during awake craniotomy at our
department. Table 1 gives an overview on the patients and
tumor characteristics as well as the clinical course. The study
approved by the local ethics committee and was performed in
accordance with the Declaration of Helsinki. All included pa-
tients provided written informed consent.

Technical setup

Firstly, the cortical surface and tractography of existing fiber
bundles, based on commonly used clinical software, and de-
lineation of other relevant regions of interest, such as a tumor
to be resected, are required. The MRI sequences which were
used for the DTI FT were performed on 3 T magnetic reso-
nance scanners (Philips Medical System, Netherlands B.V.).
All patients obtained MRIs according to the standard glioma
protocol at our department including a T1-weighted three-di-
mensional (3-D) gradient echo sequence with intravenous
contrast administration for anatomical co-registration, a T2-
weighted 3-D FLAIR sequence, and DTI sequences with 32
orthogonal sequences. For the visualization of white matter
pathways, we performed DTI FT of eloquent pathways such
as the corticospinal tract (CST), the arcuate fasciculus (AF),
the inferior and middle fronto-occipital fasciculus (IFOF,
MFOF), the frontal aslant tract (FAT), and the superior and
inferior longitudinal fasciculus (SLF, ILF). Therefore, we
used our standard deterministic algorithm with a fiber assign-
ment by continuous tracking (FACT) (iPlan® Net Cranial
3.0.1 and Brainlab Elements, Brainlab AG, Munich,
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Table 1

Prepared cases

Age Tumor entity

Tumor hemisphere Tumor location Recurrent tumor Prior resections Awake resection Language status

PreOP PODS POM3

Casel 35 AAWHOF°NI  Left Insular Yes
Case2 38 OD WHO °ll Left Parietal No
Case3 40 OD WHO °ll Left Frontal No
Case4 22 DA WHO °ll Left Frontal No
Case 5 58 GBM WHO °IV  Left Parietal No

Yes Yes 1B 1B 1B
No Yes 0 0 0
No Yes 0 1B 0
No Yes 0 0 0
No Yes 0 1B 0

The table gives an overview on the prepared cases. AA anaplastic astrocytoma, OD oligodendroglioma, DA diffuse astrocytoma, GBM glioblastoma
multiforme, WHO World Health Organization, PreOP preoperatively, PODS postoperative day 5, POM3 postoperative month 3. Language grading: 0,
no impairment of language function; 1, slight impairment of daily communication; 2, moderate impairment of language function, daily communication

possible; 3, severe impairment of language function, daily communication not possible; A, non-fluent; B, fluent [12, 13]

Germany). The regions of interest (ROI) were chosen based
upon anatomy and function. The latter ROIs were based on
preoperative navigated transcranial magnetic stimulation
mappings (n'TMS) [12]. Figure 1 shows the 3-D reconstruc-
tions and the visualized steps of the prepared cases.

Here, the special feature for fiber dissection was the oppor-
tunity for participants to virtually dissect prepared white mat-
ter pathways and objects by the use of a spatial computer and
AR goggles (Brainlab AG, Munich, Germany; Magic Leap
Inc., Plantation, Florida, USA). In contrast to a virtual reality
setup, AR allows to still see the room and other participants
while the 3-D objects are projected inside the actual
environment.

Augmented reality fiber dissection

A 3-D model of the chosen objects can be added into the AR
display (Figs. 2 and 3). The pre-selected cases were presented
chronologically (Fig. 1). The participants were divided into
subgroups of five. Each participant was equipped with an
AR goggle headset. In each subgroup of five, one was desig-
nated as “master.” The master was equipped with a controller
which allowed them to zoom and rotate the model. They were
also able to perform virtual dissection of the fiber tracts by
peeling away additional layers. In additional, the master’s
view was presented via live screen for review by the remain-
der of the group who were not wearing goggles for that par-
ticular session. Figures 2 and 3 show screenshots of the par-
ticipant view during the application of AR for fiber dissection.
Figure 1 shows the step-by-step neuroanatomy dissection re-
vealing function-related fiber tracts.

Questionnaire

To evaluate the application of AR for fiber dissection, partic-
ipants were asked to complete a questionnaire on their normal

use of tractography, as well as this simulation experience of
using AR goggles and a spatial computer for fiber dissection.
They were also asked about possible future applications and
suggestions for improvement (Table 2).

Results
Participant’s experience

Table 2 summarize the overall experience, the usefulness for
fiber dissection courses, and the value for educational and
clinical purposes of AR for fiber dissection as rated by the
participants (Table 2).

Suggestions for future improvements

After the general evaluation of AR fiber dissection by ques-
tions 1-14, we also asked for suggestions for future improve-
ments. The participants’ answers on the open questions 15
(“What should be improved before augmented reality for fiber
dissection can be used for virtual fiber dissection?”) and 16
(“What should be improved before augmented reality for fiber
dissection can be used for clinical purposes?”’) are incorporat-
ed in the “Discussion” section of this manuscript.

Discussion

Augmented reality for fiber dissection

The described setup in this study currently is the only ap-
proach allowing for an augmented reality illustration of real-
life cases in an easy and straightforward way not requiring

repeated rendering and multistep workflows [11]. While AR
was already described extensively in other surgical
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Fig. 1 The figure shows the 3-D reconstructions of the prepared cases 1—
5 (rows) as summarized in Table 1. Per row this figure shows the step by
step reduction of anatomy until specific function-related fiber tracts are
revealed. Case 1: a cerebral cortex and transparent skin including tumor
and ventricles; b whole brain tractography; ¢ specific fibers revealed,
such as CST (yellow), FAT (blue), IFOF (green), and AF (pink). Case
2: d cerebral cortex and skin including tumor and ventricles; e cerebral
cortex and transparent skin; f whole brain tractography; g IFOF (green),
tumor, and ventricles; h SLF (pink), tumor, and ventricles. Case 3: i
cerebral cortex and transparent skin including tumor and ventricles; j
whole brain tractography; k specific fibers revealed for motor and

applications, spatial computing allowing for an accurate and
real-time visualization of white matter anatomy was only
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language, such as CST (yellow) and SLF (pink). Case 4: 1 cerebral
cortex and skin including tumor and ventricles; m whole brain
tractography; n whole brain tractography without head; o specific
language (pink) and motor (yellow)-related fibers revealed. Case 5: p
whole brain tractography and skin including tumor and ventricles; q
additional cortical location of motor (green) and language (pink)
function; r specific fibers revealed, such as CST (yellow), FAT (blue),
IFOF (green), SLF (pink), optic radiation (red), and tumor; s the skin,
tumor, and ventricles plus MEP-positive sites of cortical motor function
(green) with CST (yellow)

feasible recently [8], yet as an overlay via microscope integra-
tion, neurosurgeons know AR for some years [2, 6].
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Fig. 2 The figure shows a
screenshot visualizing the
participant view during the
application of AR for fiber
dissection. The 3-D
reconstruction is shown from left
occipital. The green and red laser
pointers can be used to describe
structures or answer questions
between participants or
moderator. Additionally, the
patient’s 2-D MRI scan slices can
be visualized in the background
and can be scrolled

Overall, the participants in this study of AR fiber tract
dissection felt that this was a positive development with the
potential for valuable educational and clinical benefits in the
future.

As shown by the results of question 1-4, meanwhile,
tractography is standardly used for clinical and scientific

Fig. 3 The figure shows another
screenshot visualizing the
participants view during the
application of AR for fiber
dissection. The different colors
show different tracts. The
tractography model is projected in
the room

purposes (Table 2). Moreover, proven by the composition
of the participants, various disciplines frequently use this
technique for the visualization of white matter pathways,
and 92.3% of participants evaluated the presented cases as
reflecting their clinical reality. Hence, the present results
of the evaluation of AR for fiber dissection as a new

@ Springer



895-903

Acta Neurochir (2021) 163

900

L'9T 00¢ £'€6 £'es %
- - - - 6C SI ¥ € 4! 8 JoquunN
uone)NSuod JuoneJ dJoenuy dOo1d JUOPISY SIOMSUY
L (91qissod s1omsue odnnur) arimny ur pasn oq UONOASSIP 10q1 10j AJ[eal pajuswigne pinod uonesrdde [edruro yorym 10 0] uonsang)
00¢ L9 €€l £'€e 0 00¢ 0 0 0 0 L9 %
ST oL 01-0 L SI SI € I 4 S 0 € 0 0 0 0 I JoquunN
0l 6 8 L 9 S 14 € 4 1 0 SIoMSUY
(A1om[osqe = (] ‘[[e 18 10U = (—UONIISSIP JoqL 10} Ajear payuswdne jo uoneorjdde [eorurd 10y onfeA © SI 219y JUIY) NOA O(J :6 uonsang)
L'SE (34! 9'8C 0 I'L 0 I'L 0 I'L 0 0 %
V' 08 01-¢ S8 14! 14! S [ 14 0 1 0 1 0 1 0 0 IequinN
0l 6 8 L 9 S 14 € 4 1 0 SIomsuy
ISHUAIdS
6TF°0 [3 481} y1T0 1L0°0 0000 0000 1L0°0 0000 1L0°0 0000 0000 %
V' 8 01+ 6 14! 14! 9 [ € 1 0 0 1 0 1 0 0 IequinN
0l 6 8 L 9 S 14 € 4 1 0 SIomsuy
uooging
00y 00T L'9T 0 0 L9 L9 0 0 0 0 %
8’1 ¢'8 01—+ 6 Sl Sl 9 € 14 0 0 1 1 0 0 0 0 JoquinN
0l 6 8 L 9 S 14 € 4 I 0 SIomsuy
JUOPISOY
£ee L'9T 0°0C el 0 L9 0 0 0 0 0 %
V'l 98 01-¢ 6 Sl Sl S 14 € [ 0 1 0 0 0 0 0 JoquinN
01 6 8 L 9 S 14 € 4 ! 0 SIomsuy
juopmg
(Ingasn AI0A = () ‘[NJasn Jou = (—UONISSIP 1q1J 10J A[eal pajuswidne Aq uoneanpa asn noA pnom uonesyienb yomym 10, :g uonsong)
L'9T L9 L9 0 €€l L9 0 0 0 0 0 %
Sl '8 01-¢ 8 SI SI 14 I L 0 [4 I 0 0 0 0 0 JoquunN
0l 6 8 L 9 S 14 € 4 1 0 SIomsuy
(Ingasn A19A = () “[[e 18 10U = ()—[BIOUIT Ul UONBINPI JOJ UONOISSIP 1oq1) 10J AJI[Edl PAJUSWIINE JO SSIUINJISN ) 9}l NOA Op MOH :/ Uonsang)
L'9T €€l 00t L9 L9 L9 0 0 0 0 0 %
V'l €8 01-¢ 8 Sl Sl 14 [ 9 1 1 1 0 0 0 0 0 JoquunN
0l 6 8 L 9 S 14 € [ 1 0 SIomsuy
(A1oI[0sqe = (] ‘[[& I8 10U = ()—SISINOD UONIISSIP 10q1J 0} UOHIPPE [NJOSN & dq P[NOO UONOISSIP 1oq1j 10J A)I[eal pajuswidne yury) nok o(J :9 uopsand)
£ee el £ee el 0 L9 0 0 0 0 0 %
¥l ¢'8 01-§ 8 S1 S1 S 4 S [4 0 1 0 0 0 0 0 JoquunN
01 6 8 L 9 S 14 € 4 1 0 SIomsuy
(Sunioxe = (] ‘Surioq = (—uondassIp 1qy 10J Ajeal pojuswSne Jo 9ouoLddxo [[e19A0 IO 911 NOK Op MOH :G uonsand)
00y L'9T L99 %
- - - - 0T Sl 9 14 ol JoquunN
paseq-uonounj paseq-sepy paseq-Awojeuy SIOMSUY
((a1qussod sromsue ojdninur) AyderSojoen 1oy osn no& op 1sa10)Ul JO SUOISAI YOIYA f UONSAN)
0 0 £ee L'9T el 00¢ L9 0 0 0 0 %
€l 99 8P L Sl Sl 0 0 S 14 4 € 1 0 0 0 0 JoquunN
0l 6 8 L 9 S 14 € 4 I 0 slomsuy
(A1991dwod = o1 “[re e 10u = —AydeiSoyoen ur jsny nok o :¢ uonsan)
L9v 00¢ £ee 00 %
- - - - Sl Sl L € S 0 JoquunN
yog [eaurpd AJuQ [o1easal AjuQ QUON SIoMSUY
;uonmnsur oK je AydeiSoyoen jo uoneorjdde tofewr oy st jeypy g uonseng)
£ee L9 €€l 0 L9 L'9T 0 €el 0 0 0 %
9T I'L 0l—¢ 8 Sl Sl S I 4 0 I 14 0 4 0 0 0 JoquunN
01 6 8 L 9 S 14 € 4 I 0 SloMsuy
(APUnnoI = () ‘1A = —uonmnsur oKk je AydeiSojoen asn nok o(g :] uonsang)
as UBIIA d3uey  ueipopy  smsuy  sjuedronreq suonsanQ)

#1—1 suonsanb uo sromsuy g 3|qel

pringer

Qs



Acta Neurochir (2021) 163:895-903

901

Table 2 (continued)

SD

Median Range Mean

Answers

Participants

Questions

Question 11: Do the presented cases reflect your clinical reality?

No

1

Answers

13

13

12

Number

%
Question 12: Are the visualized fiber tracts anatomically correct?

7.7

92.3

o

Yes

Answers

10

10

Number

%
Question 13: Did you see a difference between anatomy-based and function-based tractography?

40.0

60.0

Yes favoring function

8

Yes favoring anatomy

Answers

12

12

Number

%
Question 14: Is DTI enough augmented reality for fiber dissection or would you recommend using a more sophisticated approach for such fiber dissection?

66.7

16.7

16.7

More sophisticated

Enough

Answers
Number

14

14

35.7

64.3

%

The table shows the results of questions on the participants’ use of tractography at their institutions and on the participants’ impression of the AR fiber dissection session

technique for visualization are of high relevance for learn-
ing, teaching, discussing, and understanding of both the
methods for tractography and anatomy.

As was evident from both the individual reactions during
the evaluation, as well as the formal questionnaire, the partic-
ipants were excited and impressed by the technology (ques-
tions 5-8, Table 2). Based on the survey responses, the pri-
mary applications were felt to be for the educational and train-
ing of students, residents, and junior scientists. In addition, the
relevance for board-certified neurosurgeons was highly rated,
with a median score of 9 of 10 (Table 2).

As expected at the outset of the study, the clinical applica-
bility of AR fiber dissection is restricted at the moment. This
was confirmed by the participants. However, 14 of 15 partic-
ipants said they felt that this AR technique could be developed
for clinical settings as a tool for pre-operative preparation of
the respective surgeon (Table 2).

Improvement suggestions

Questions 15 and 16 were open questions, allowing partici-
pants the opportunity to make suggestions for improvements
to the presented technique. Their answers were mainly related
to the interaction of the user with the spatial computer, the
goggles, and the options of visualization.

Participants recommended that, for future applications,
more anatomical structures should be included in the simula-
tion to improve orientation. In fact, this is already available but
was not offered as an option for this simulation assessment.
The anatomical reconstructions used included pre-selected
language pathways, the 3-D reconstruction of the tumor, and
the modeling of the patients’ skin (Fig. 1). We also included a
reconstruction of the cortex to evaluate this additional request
(Fig. 1).

For this study, we used data from patients with brain tu-
mors to demonstrate the virtual dissections in these patients.
The participants also suggested that including fiber tracts from
healthy subjects would be helpful to facilitate greater under-
standing of normal anatomy. We feel that a particular strength
of the virtual approach is that we are able to use AR to dissect
both disease-free normal anatomy and actual tumor cases,
improving our experience and understanding of tumor-
related changes to normal anatomy in a manner which is not
possible in cadaver courses.

The participants also suggested that it would be helpful to
develop a more individualized interactivity, which could al-
low each individual user to control the peeling (virtual dissec-
tion), zooming, and rotating of the reconstruction. Likewise,
participants asked for development of the ability to separately
include and exclude single pathways and to label the fiber
tracts with their name and function, either as a default setting
or after their identification. During the simulation and assess-
ment session, participants were individually able to walk

@ Springer
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through the reconstruction. However, functions like zooming,
rotating, and the inclusion/exclusion of structures could only
be performed by the single master controller, who was the
only enabled interactor. We chose this format to facilitate a
clearer presentation. However, the currently version of the
software already enables all participants to operate individual
controllers, so the limitation experienced by the participants
was simply due to the setup for the assessment trial.

Another suggestion for future development was to enable
the user to interact with the reconstruction with their hands,
without needing a controller. Some participants also asked for
a wider field-of-view in the goggles, to improve orientation,
especially during zooming and rotating of the reconstruction.

In summary, the participants felt that the overall AR system
was useful and had good potential for development and a wide
range of potential future applications in education and clinical
settings. The requested changes are useful for improving the
usability of the system in the future.

Limitations and evaluation of tractography

This report only aimed to evaluate a new AR technique for
fiber dissection but not the different methods and algorithms
for tractography. However, the latter is frequently discussed,
so we sought to evaluate this through questions 12—-14. As
reflected by the answers and through discussions during the
meeting, the actual tractography techniques are also an issue
when evaluating techniques for fiber tract visualization. The
visualized fiber tracts were rated as anatomically correct by
60% and as incorrect by 40%, which must also be seen as a
major limitation of tractography. Most of the participants
(66.7%) favored the setting of function-based ROIs and
16.7% of participants did not see a difference between
anatomy-based and function-based ROIs. Moreover, while
64.3% of participants felt that DTT FT was sufficient for the
presented approach of fiber dissection, 35.7% of participants
asked for a more sophisticated approach for future applica-
tions. The variation of opinion regarding tractography algo-
rithms and methods could be seen as a limitation of this initial
study. However, these issues can be addressed with relative
ease and speed, so we do not feel that it is a significant limi-
tation for future development of the technique itself.

Apart from these limitations, here, it must also be men-
tioned that further options might exist for the visualization
of fiber tracts in future, for example smartphone-based
solutions.

Conclusion
This study evaluating the application of AR for fiber dissec-

tion found a generally positive response as rated by different
complementary neuroscience specialties. Most participants

@ Springer

felt that the greatest initial application would be for education-
al purposes, with potential clinical uses dependent upon the
future developments of the system.
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