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OBJECTIVE As decisions regarding tumor diagnosis and subsequent treatment are increasingly based on molecular
pathology, the frequency of brain biopsies is increasing. Robotic devices overcome limitations of frame-based and
frameless techniques in terms of accuracy and usability. The aim of the present study was to present a novel, minimally
invasive, robot-guided biopsy technique and compare the results with those of standard burr hole biopsy.

METHODS A tubular minimally invasive instrument set was custom-designed for the iSYS-1 robot-guided biopsies. Fea-
sibility, accuracy, duration, and outcome were compared in a consecutive series of 66 cases of robot-guided stereotactic
biopsies between the minimally invasive (32 patients) and standard (34 patients) procedures.

RESULTS Application of the minimally invasive instrument set was feasible in all patients. Compared with the stand-
ard burr hole technique, accuracy was significantly higher both at entry (median 1.5 mm [range 0.2-3.2 mm] vs 1.7 mm
[range 0.8-5.1 mm], p = 0.008) and at target (median 1.5 mm [range 0.4-3.4 mm] vs 2.0 mm [range 0.8-3.9 mm], p =
0.019). The incision-to-suture time was significantly shorter (median 30 minutes [range 15-50 minutes] vs 37.5 minutes
[range 25-105 minutes], p < 0.001). The skin incision was significantly shorter (median 16.3 mm [range 12.7-23.4 mm]
vs 28.4 mm [range 20—42.2 mm], p = 0.002). A diagnostic tissue sample was obtained in all cases.

CONCLUSIONS Application of the novel instrument set was feasible in all patients. According to the authors’ data, the
minimally invasive robot-guidance procedure can significantly improve accuracy, reduce operating time, and improve the

cosmetic result of stereotactic biopsies.

https://thejns.org/doi/abs/10.3171/2018.8.JNS182096
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basis for many oncological treatment decisions,?

the frequency of brain tumor biopsies is rising. For
accurate tissue sampling with the least possible morbidity,
high precision in stereotactic biopsies is essential.

If maximum accuracy is needed, e.g., in brainstem bi-
opsies, skull-mounted stereotactic frames are still widely
preferred.?633 The price of high-accuracy stereotactic
frames, however, is a time-consuming, complex, and in-
convenient procedural workflow and often restricted ac-

ﬁ s molecular pathology continues to emerge as the

cess to the surgical field.3#10121328 Bijopsies of large su-
pratentorial lesions are commonly performed “frameless”
with manual adjustment of a navigation-guided mechani-
cal positioning device. However, these neurosurgical pro-
cedures are routinely performed with considerably lower
aCCuraCy.l‘2‘13’28’29’33‘34

We recently presented a small form factor robot-guid-
ance device that combines the advantages of frameless and
frame-based techniques into a highly accurate, safe, and
rapid stereotactic procedure.”’” However, this procedure

ABBREVIATIONS RTE = real target error; SEEG = stereo-electroencephalography.
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TABLE 1. Patient characteristics

Minchev et al.

TABLE 2. Histological diagnosis

Standard Procedure  Minimally Invasive

No. of Patients

No. of patients 34 32 Astrocytoma 16
F/M sex ratio 1.1.27 1.28:1 Grade | (pilocytic) 1
Median age, yrs (range) 50 (20-83) 56 (29-82) Grade Il 3
Rt/It side 1:1.12 1.28:1 Grade IlI 12
Location Oligodendroglioma 4
Frontal 8 4 Grade Il 3
Temporal 7 7 Grade llI 1
Brainstem 6 2 GBM (grade IV) 25
Corpus callosum 2 8 Lymphoma 8
Parietal/trigonal 3 3 Germinoma 2
Basal ganglia/thalamic 4 4 Glioma (isomorphic) 2
Central 3 1 Metastasis 2
Multiple 1 0 Multiple sclerosis plaque 1
Cerebellar 0 3 Gliomatosis 1
Histiocytosis 1

Chondrosarcoma 1

Gliosarcoma 1

still required a considerable skin and muscle incision and Medulloblastoma 1
a standard burr hole with its drawbacks. Furthermore, the Vasculitis 1

lack of stable bone contact of the guidance device assem-
bly could potentially reduce procedural accuracy.

To pursue the goal of minimal invasiveness and to
increase the procedural accuracy at the same time, we
adapted a tubular instrument set originally designed for
stereo-electroencephalography (SEEG) depth electrode
placement at our department®® for robot-guided frame-
less stereotactic biopsies. For the skin incision, the pre-
sented technique requires a minimally invasive incision
of the skin to rigidly fixate a stereotactic drill guide to
the bone. For bone drilling, a stereotactic small twist drill
hole of only 3.2 mm in diameter is necessary to accom-
modate a standard biopsy needle. We hypothesized that
as the system attaches the robot to the skull, the resulting
rigid system may increase accuracy. As the workflow is
optimized and skin retraction, electrocautery, and drilling
are reduced to a minimum, procedural duration may be
reduced at the same time.

The aim of the present study was to evaluate the fea-
sibility of a novel, minimally invasive biopsy technique
and compare the results with a standard burr hole biopsy
procedure performed with robotic guidance in terms of
accuracy, procedural duration, and cosmetic result.

Methods

The study was approved by the ethics committee of the
Medical University of Vienna and the Austrian Agency
for Health and Food Safety.

Patients

Since development of the proposed technique com-
menced in October 2014, 66 consecutive robot-guided
stereotactic biopsies were performed with either the mini-
mally invasive instrument set (32 cases) or the standard
burr hole procedure (34 patients) depending on the sur-
geon’s preference (Tables 1 and 2).
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GBM = glioblastoma.

All patients gave informed consent to their participa-
tion in the study.

Surgical Planning

The iSYS-1 robotic guidance device (iSYS Med-
izintechnik) was used for all biopsy procedures. It is a
4-axial modular positioning system that receives spatial
data of the predefined trajectory and present instrument
position from the navigation system (StealthStation S7,
Medtronic) and precisely aligns the biopsy needle with
the trajectory. The surgeon is in full control of advancing
the needle manually to the target point. For a detailed de-
scription of the robotic guidance system, see our previous
work.?’

The biopsy target was defined 1) by significant contrast
enhancement on MRI, or if absent 2) by highest tracer up-
take on !"C-PET scan, or if also absent 3) by a pathological
hyperintense area on FLAIR/T2-weighted MRI.3*¥ The
needle trajectory was defined on T1-weighted contrast-
enhanced MR images as the shortest distance from an en-
try point behind the hairline to the target and adjusted to
avoid eloquent cortex/fibers, vessels, sulci, or ventricles.

Patient registration was performed by optic tracking of
CT data merged with MRI/PET either by surface match
(350 surface points) or by point-to-point match of 6 bone-
screw fiducials in cases of small or deep-seated lesions.

Surgical Workflow

All procedures were performed under general anesthe-
sia with the patient rigidly held in a head clamp. The robot
was mounted to the head clamp adapter ipsilateral to the
lesion and contralateral to the navigation reference frame.
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FIG. 1. Minimally invasive instrument set for robot-guided stereotactic brain biopsies (order of labeling does not correspond with
the workflow). A: Spacer bit for prepositioning of the robotic device (upper bit) and reduction sheath for Nashold passive biopsy
needle (lower bit). B: Custom-designed guidance sheath with special bone-anchor teeth for rigid bone contact. C: Twist drill bit
(3.2-mm diameter) for the Colibri drill battery-driven system. D: K-wire (4-mm diameter) for percutaneous bone fixation. E: Mo-
nopolar needle for perforation and electrocautery of the dura and pia. F: Standard Vertek probe (Medtronic) for optical tracking
and precise trajectory alignment. G: Hammer for bone fixation of K-wire and guidance sheath. H: Adjustable stop device for the
monopolar needle and biopsy needle for depth control.

Sterile preparation and draping were performed in a stan-
dard fashion.

At the beginning of the procedure, the robot was manu-
ally prepositioned within 2 cm of the entry point and auto-
matically aligned its guidance sheath with the preplanned
trajectory.

Minimally Invasive Biopsy Procedure

First, a 4-mm stab incision of the skin was performed
through the robotic guidance sheath. With the robot tem-
porarily moved out of the surgical field by joystick control,
this incision was then enlarged to a minimum length of
12.4 mm to accommodate the custom-designed guide tube
with a diameter of 7.9 mm (d x 7/2).

After auto-realignment of the robot, the custom-de-
signed guidance tube (10-cm length, 4-mm inner diam-
eter, bone-anchor teeth at the distal end) was introduced
through the robotic guidance sheath to the level of the skin.
Then, a 4-mm K-wire was inserted through guidance tube
and skin incision down to the level of the bone and affixed
by slight pounding. The guidance tube was also advanced
along the K-wire and affixed by pounding onto the bone
and the K-wire was removed. At this point, a rigid connec-
tion of the robotic system to the skull was ensured.

Stereotactic drilling was performed through the guid-
ance tube using a battery-driven system (Colibri Power
Tools, Johnson & Johnson, Synthes) with a 3.2-mm-diam-
eter drill with a stop device positioned at 10 cm plus thick-
ness of the bone on individual CT. For perforation of the
dura and pia, we performed coagulation with a monopolar
needle through the drill hole. The instruments used in this
procedure and the workflow are shown in Figs. 1 and 2,
respectively.

Standard Burr Hole Biopsy Procedure
First, a skin mark was performed through the robotic
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guidance sheath. Then, the robot was temporarily moved
out of the surgical space for the skin incision, electrocau-
tery, and insertion of the retractor.

For bone drilling, the robot was automatically re-
aligned, and a burr hole was drilled through the robotic
guidance sheath using an 8-mm-diameter high-speed
drill. Then, the robot was again temporarily moved out
of the surgical space for completion of the burr hole ap-
proach by application of bone wax, dural coagulation, and
cruciform dural opening.

For the actual biopsy procedure, a Nashold-type 2.1-
mm-diameter biopsy needle was manually advanced
through the guide tube to the target under continuous
depth guidance by its 2 passive markers. Samples were
taken as appropriate. Closure was performed by 1-2 skin
sutures in the minimally invasive biopsy group, by placing
a cube of Gelfoam into the burr hole and double-layered
suturing in the standard burr hole group.

Accuracy
Intraoperative Accuracy Assessment

The registration accuracy was checked on anatomical
landmarks?® and repeated if judged inaccurate. The trajec-
tory alignment error, a parameter for deviation between
instrument and trajectory, was continuously updated by
the navigation system until locked for biopsy needle ad-
vancement.

Postoperative Accuracy Assessment

The real target error (RTE), a parameter that defines
how accurately a procedure has reached the target, was
assessed by merging the postoperative (within 48 hours)
CT or MR images with the preoperative planning images
using the same scanner. The RTE of a navigation-guided
stereotactic procedure is derived from multiple factors,
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FIG. 2. Workflow of the novel minimally invasive instrument set (schematic, left column; intraoperative, right column). After trajec-
tory alignment and stab incision, the K-wire is affixed onto the external table of the skull bone (A) by gentle punching through the
guidance sheath. The custom-designed guidance sheath is then advanced along the K-wire, and its bone-anchor teeth are fixated
onto the bone, ensuring a rigid connection to the patient’s head (B). Stereotactic drilling is performed through the guidance tube
using a 3.2-mm-diameter drill bit with a stop device positioned at 10 cm plus thickness of the bone (C). A monopolar needle with

a prepositioned depth stop device is used for perforation and coagulation of the dura and pia (D). For tissue sampling, a Nashold-
type 2.1-mm-diameter biopsy needle is manually advanced through the guidance sheath to the target under continuous depth

guidance (E).

mainly from surface registration (< 2 mm),">2> distortion
of imaging (0.23 + 0.03 mm for CT with 1-mm slice thick-
ness,” < 0.4 mm for MRI depending on field strength and
static field inhomogeneities?**), and technical system er-
ror (< 0.12 mm)."® For the target point, this value was as-
sessed by air bubbles and the biopsy cavity; for the entry
point, the value was defined as the distance between the
preplanned trajectory and the center of the burr or drill
hole. Due to inaccuracy, PET data were excluded for ac-
curacy assessment. We measured the maximum devia-
tion at entry and target points in the x-/y-plane. Since the
z-plane is not dependent on the technique but rather on
the surgeon advancing the instrument and due to multiple
samples taken along the preplanned trajectory at the target
site, it was excluded for accuracy assessment. Due to the
image resolution of < 1 mm of CT and MRI in the x-/y-
plane, the navigation system’s calculated resolution of 0.1
mm was suitable for our results.
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Clinical Outcome

Diagnostic yield was calculated as the rate of represen-
tative samples as established by the local neuropathology
team according to the WHO 2016 criteria.*® Postopera-
tive hemorrhage was classified according to the location
(target site or along the trajectory) and size on early post-
operative CT scanning. Procedure-related clinical status
changes were assessed at discharge and at early postoper-
ative follow-up and compared with the preoperative status.

Cosmetic Result

The length of the skin incision was manually measured
on the 3D skin surface model of the early postoperative
CT scans.

Statistical Analysis
For statistical analysis, IBM SPSS software (version
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TABLE 3. Accuracy assessment

Median (range)

Standard Procedure Minimally Invasive Procedure p Value*
Vol (cm3)
Lesion 9.45 (0.6-91.6) 9.3(0.1-34.5) NS
Target 2.65 (0.6-66.9) 7.3(0.1-34.5) NS
Accuracy, mm
Intraop error (navigation)
Trajectory alignment error 0.1(0.0-0.1) 0.1(0.0-0.1)
Postop real error
Atentry 1.7 (0.8-5.1) 1.5(0.2-3.2) 0.008
At target 2.0(0.8-3.9) 1.5(0.4-3.4) 0.019
Skin-to-suture procedural duration, mins 37.5(25-105) 30 (15-50) <0.001

NS = not significant.
Boldface type indicates statistical significance.
* Unpaired t-test.

22.0, IBM Corp.) was used. We compared median values
of the standard burr hole and minimally invasive biopsy
procedures using the unpaired t-test. Values are given
as mean and standard deviation or median and range. A
p value of < 0.05 was considered significant.

Results
Feasibility

Overall, application of the robotic device was feasible
in all 66 patients, i.e., conversion to manual stereotactic
arm-based biopsy was never needed. In particular, appli-
cation of the proposed minimally invasive instrument set
for stereotactic biopsies proved feasible in all 32 patients,
and conversion of the twist drill hole procedure to a burr
hole procedure was never required.

Patient, Tumor, and Procedure Characteristics

The following targets were chosen for biopsy: contrast
enhancement on MRI (n = 59), maximum tracer uptake
on PET (n = 5), and FLAIR/T2 hyperintensity (n = 2).
Patients were positioned supine in 53 cases and prone in
13 cases. Patient registration was performed by surface
match (n = 57) or bone screws (n = 9) in cases of posterior
fossa/brainstem or small deep-seated lesions.

There was no significant difference between the tech-
niques in terms of lesion volume (minimally invasive
group: median 9.3 cm? [range 0.1-34.5 cm?] and standard
burr hole group: median 9.45 cm? [range 0.6-91.6 cm?],
p = 0.323) or biopsy target volume (minimally invasive
group: median 7.3 cm? [range 0.1-34.5 cm?] and standard
burr hole group: median 2.65 cm?, range 0.1-66.9 cm?, p
= 0.674; Table 3).

Accuracy

Target alignment performed by the robotic system was
accurate to < 0.1 mm in all 66 cases.

The RTE is stratified by the registration method: using
surface registration, the RTE was significantly less when
using the novel minimally invasive technique than when
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using the standard burr hole technique both at entry points
(median RTE minimally invasive group: 1.5 mm [range
0.2-3.2 mm] vs standard burr hole group: 1.7 mm [range
0.8-5.1 mm], p = 0.008) and at target points (median RTE
minimally invasive group: 1.5 mm [range 0.4-3.4 mm] vs
standard burr hole group: 2.0 mm [range 0.8-3.9 mm],p =
0.019; Table 3).

In the 7 cases of bone-screw registration in the mini-
mally invasive biopsy group, further improvement in
accuracy did not reach significance. At entry points, the
median RTE was 1.2 mm (range 0.2-2.5 mm) for bone
screws versus 1.5 mm (range 0.4-3.2 mm) for surface reg-
istration, and at target points, the median RTE was 1.6 mm
(range 0.6—2.7 mm) for bone screws versus 1.5 mm (range
0.4-3.4 mm) for surface registration.

Procedural Time

Procedural duration assessed by incision-suture time
was significantly shorter using the novel minimally inva-
sive technique than the standard burr hole technique (min-
imally invasive group: median duration 30 minutes [range
15-50 minutes] vs standard burr hole group: 37.5 minutes
[range 25-105 minutes], p < 0.001; Table 3).

Clinical Outcome
Diagnostic Yield

A diagnostic tissue sample was obtained in all cases.
In 1 patient, histopathological workup of the sample
(taken precisely from the target point as confirmed on
postoperative imaging) revealed unspecific tissue altera-
tions (see Fig. 3D-F). This histological result was later
confirmed by open resection.

Early Postoperative Hemorrhage

No intracerebral hemorrhage was detected along the
trajectory, and no epi- or subdural hemorrhage was ob-
served in any patient in the minimally invasive group.
An intralesional hemorrhage at the target position was
observed on early postoperative CT scanning in 1 patient
in the standard burr hole group (2.9%, 38-mm diameter).



This patient experienced transient hemiparesis and speech
disturbance, but recovered to the preoperative neurologi-
cal state until discharge.

Cosmetic Result

The skin incision was significantly smaller with the
minimally invasive technique than with the standard burr
hole technique (median length in the minimally invasive
group: 16.3 mm [range 12.7-23.4 mm] vs standard burr
hole group: 28.4 mm [range 20-42.2 mm], p = 0.002).
We did not observe wound healing complications due to
forced dilation or infection in any case.

Discussion

Despite advances in imaging, tumor diagnosis and
treatment decisions are increasingly based on molecular
markers obtained from brain tumor biopsies. Therefore,
accurate tissue sampling and high precision of stereotac-
tic biopsies with low morbidity is essential. We previously
presented a novel miniature robot system for stereotactic
interventions and demonstrated its high procedural accu-
racy and straightforward workflow.®?” To further pursue
the goals of high accuracy and minimal invasiveness, we
adapted the tubular instrument set originally designed for
placement of SEEG depth electrodes?® to stereotactic biop-
sy procedures, and in this report we compared this novel
minimally invasive biopsy technique with the standard
burr hole technique in a consecutive series of 66 patients.

Feasibility

Application of the novel minimally invasive instrument
set was feasible in all cases with a short learning curve.
Even trajectories to “extreme” locations (e.g., low tempo-
ral, posterior fossa) and at extreme angles were possible
with the novel instrument set.

Approaches toward minimizing invasiveness for
frameless stereotactic brain tumor biopsies have been
made before. For example, the skull-mounted Navigus
(Medtronic) passive biopsy system has been used for ste-
reotactic biopsies.’! Due to the screw fixation of the base
onto the bone, high system stability could be achieved at
the cost of a more invasive procedure with a larger burr
hole and large skin incision. To our knowledge, there are
no reports of procedural accuracy in a clinical setting us-
ing this system.

Accuracy

The RTE of a navigation-guided stereotactic procedure
is derived from the technical or system inherent error, the
registration error, and the mechanical alignment error.!*!>
1624253235 The proposed innovation aims to improve the
mechanical alignment errors; current arm-based biopsy
systems suffer an inherent instability due to the lack of
direct contact between the mechanical arm and bony
skull. Through stable bone contact, our custom-designed
guidance tube closes the mechanical loop (skull clamp—
patient’s head—guidance tube—robotic device—skull
clamp). This may explain the higher accuracy at entry and
target points in the minimally invasive group than in the
standard burr hole group. Therefore, our novel, minimally
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invasive method can reduce the RTE to the system and
registration errors. Accuracy results of previous reports
compare well with the results of our trial using surface
registration.2!22:3

Cosmetic Result

Skin incisions for burr hole biopsies are usually per-
formed freehand, with the length of the incision increas-
ing relative to the thickness of the skin-muscle layer. With
electrocautery, periosteal elevation, and retractor inser-
tion, trauma to the skin-muscle layer can be considerable.

The advantage of the presented minimally invasive
technique is the precise placement of a stereotactic stab
incision at a length unaffected by the thickness of the skin-
muscle layer (Fig. 3). This was found especially impor-
tant in areas of thick muscle, such as for temporopolar and
posterior fossa trajectories. Due to the significantly shorter
incision, surgical trauma was minimized and the cosmetic
result improved.

Procedural Duration

The operating room time of a stereotactic biopsy pro-
cedure is based on setup time, sampling time, and time
for intraoperative tissue diagnosis. While the latter can be
reduced by application of exogenous fluorophores,?” setup
time was already reduced by application of the robotic de-
vice.”

The application of the proposed minimally invasive
technique aimed to reduce sampling time. Despite its large
size of approximately 8 mm diameter, standard burr holes
for biopsies not uncommonly require further bone adjust-
ments if performed freehand. This was not the case in our
standard burr hole group as drilling was performed with
stereotactic guidance. However, the robotic guidance de-
vice still needed to be pivoted away into its park position
for bone waxing, coagulation, and incision of the dura.

For our minimally invasive technique, the following
improvements in stereotactic drilling were introduced.
First, to keep the drill head centered and prevent sliding on
the external table of the skull, a small divot was punched
with the K-wire as mentioned above. Furthermore, the drill
head diameter was optimized to 3.2 mm so that the result-
ing twist drill hole could easily accommodate the biopsy
needle without burr resistance and consequently without
loss of haptic feedback from intracranial structures.

Safety

The proposed instrument set does not interfere with ro-
botic alignment movement. Robotic movements are only
possible in the x and y directions by continuously pressing
a dead man’s switch and for security reasons. Inadvertent
robotic movements without the surgeon’s interaction are
therefore not possible. The surgeon remains in control of
the instrument insertion into the cranium at all times.

Complications
Wound Healing

After stereotactic skin incision and enlargement, we
mechanically dilated the skin incision using the custom-
made guidance tube. Despite this small blunt trauma, no
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FIG. 3. lllustrative cases. A-C: Case of a male patient harboring a WHO grade Ill oligodendroglioma. Preoperative axial (A) and
sagittal (B) contrast-enhanced T1-weighted MR images revealing a left diencephalic lesion with a tumor volume of approximately
0.4 cm?®. The planned biopsy trajectory (red) is shown on postoperative T1-weighted MRI images after meticulous preoperative
planning (C). The images illustrate the proximity of the biopsy site and trajectory to the left optic tract, the mammillothalamic tract,
and vasculature. D-F: Case of a male patient with unspecific cerebellar tissue alterations (later confirmed by open resection)
illustrating improved cosmesis after a posterior fossa biopsy. Early postoperative T1-weighted MR image (D) and bone-window CT
scan (E) revealing the precise location of the overlaid trajectory in the middle of the twist drill burr hole (E) and along the biopsy
canal best visible on the postoperative non—contrast-enhanced T1-weighted MR image (D). Due to a significantly shorter skin inci-
sion, skin closure with 2 sutures was possible, showing an improved cosmetic result (F).

patient experienced local infection or impaired/prolonged
wound healing.

Hemorrhage

We observed 1 case of hemorrhage with a diameter of
38 mm at the target site on postoperative CT scanning
(2.9%) using standard robotic guidance, resulting in a
transient clinical deterioration only. This hemorrhage rate
is comparable to those of previous studies reporting intra-
cranial hemorrhages in 0.3%-9% of the cases.0!417:19.20.26

Limitations and Outlook

This study was designed to evaluate the feasibility of
a novel instrument set for robot-guided biopsies prior to
its application in routine clinical practice after certifica-
tion. Therefore, the study lacks comparison to a standard
frameless nonrobotic method.

Due to the small stab incision and twist drill hole of
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this minimally invasive procedure, a possible drawback is
the inability to view dura and cortex during electrocautery.
Thus, meticulous preoperative planning is mandatory to
avoid vascular and other critical anatomical structures.
Multiple targets at different angled trajectories from 1
entry point can only be reached through a standard burr
hole. The twist drill hole of the minimally invasive pro-
cedure does not allow various angulations of the biopsy
needle, and multiple targets are thus only feasible when
straight inline. However, such multiple targets at various
angles were never needed during the scope of this study.

Conclusions

We present a novel, minimally invasive instrument set
for robot-guided stereotactic biopsies. Application was
feasible in all cases, and integration into the intraopera-
tive workflow was seamless. According to our data, the
use of the minimally invasive robotic guidance procedure



can significantly improve accuracy, reduce operating time,
and improve the cosmetic result.
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