Acta Neurochirurgica (2020) 162:3167-3177
https://doi.org/10.1007/500701-020-04284-y

ORIGINAL ARTICLE - NEUROSURGICAL TECHNIQUE EVALUATION m

Check for
updates

Intraoperative CT and cone-beam CT imaging for minimally invasive
evacuation of spontaneous intracerebral hemorrhage

Nils Hecht' - Marcus Czabanka' - Paul Kendlbacher - Julia-Helene Raff' - Georg Bohner? - Peter Vajkoczy'

Received: 15 January 2020 / Accepted: 4 March 2020 / Published online: 19 March 2020
© The Author(s) 2020

Abstract

Background Minimally invasive surgery (MIS) for evacuation of spontaneous intracerebral hemorrhage (ICH) has shown
promise but there remains a need for intraoperative performance assessment considering the wide range of evacuation effective-
ness. In this feasibility study, we analyzed the benefit of intraoperative 3-dimensional imaging during navigated endoscopy-
assisted ICH evacuation by mechanical clot fragmentation and aspiration.

Methods 18 patients with superficial or deep supratentorial ICH underwent MIS for clot evacuation followed by intraoperative
computerized tomography (iCT) or cone-beam CT (CBCT) imaging. Eligibility for MIS required (a) availability of intraoperative
iCT or CBCT, (b) spontaneous lobar or deep ICH without vascular pathology, (¢) a stable ICH volume (20-90 ml), (d) a reduced
level of consciousness (GCS 5-14), and (e) a premorbid mRS < 1. Demographic, clinical, and radiographic patient data were
analyzed by two independent observers.

Results Nine female and 9 male patients with a median age of 76 years (42—85) presented with an ICH score of 3 (1-4), GCS of
10 (5-14) and ICH volume of 54 + 26 ml. Clot fragmentation and aspiration was feasible in all cases and intraoperative imaging
determined an overall evacuation rate of 80 + 19% (residual hematoma volume: 13 + 17 ml; p < 0.0001 vs. Pre-OP). Based on the
intraoperative imaging results, 1/3rd of all patients underwent an immediate re-aspiration attempt. No patient experienced
hemorrhagic complications or required conversion to open craniotomy. However, routine postoperative CT imaging revealed
early hematoma re-expansion with an adjusted evacuation rate of 59 +30% (residual hematoma volume: 26 +37 ml; p <0.001
vs. Pre-OP).

Conclusions Routine utilization of iCT or CBCT imaging in MIS for ICH permits direct surgical performance assessment and the
chance for immediate re-aspiration, which may optimize targeting of an ideal residual hematoma volume and reduce secondary
revision rates.

Keywords Minimally invasive surgery - Intracerebral hemorrhage - Stroke - Intraoperative imaging - Cone-beam CT -
Intraoperative CT - Image guidance

Introduction

This article is part of the Topical Collection on Neurosurgical technique
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craluation Intracerebral hemorrhage (ICH) accounts for up to 15% of all
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morbidity of the surgical approach. Consequently, a number
of MIS techniques, such as stereotactic thrombolysis [18, 29],
hematoma evacuation through a tubular retractor [24], and
navigated, endoscopic ICH evacuation with mechanical clot
fragmentation and aspiration [21, 37], have been developed
and meanwhile suggest superiority versus conventional sur-
gery and medical management [33]. Nevertheless, the surgical
performance of MIS for ICH remains a matter of debate and
this is important, because recent evidence has demonstrated
that hematoma reduction below a certain threshold is required
to provide the highest chance of reaching a favorable long-
term outcome [3].

For neurosurgical performance assessment, intraoperative
imaging such as MRI [7, 10, 35], angiography [13, 22], and
computerized tomography (iCT) [20] or cone-beam CT
(CBCT) [11] have been evidenced to increase patient safety
and provide a measure of immediate quality control. For cra-
nial imaging in MIS for ICH, the simple and fast use of iCT
and CBCT appears particularly attractive but the benefit of
using this technology in that setting has not yet been investi-
gated. In the present study, we therefore analyzed the benefit
of navigated, endoscopy-assisted ICH evacuation by mechan-
ical clot fragmentation and aspiration in combination with
intraoperative CT or CBCT imaging.

Methods and materials
Study design

The study was approved by the local ethics committee of the
Charité¢ University Hospital in Berlin, Germany (EA1/223/19)
and performed in compliance with the Health Insurance
Probability and Accountability Act regulations. Informed con-
sent was waived due to the retrospective nature of the study.
Between July 2016 and July 2019, 18 consecutive patients
that underwent navigated, endoscopy-assisted evacuation of
spontaneous intracerebral hemorrhage using a mechanical
fragmentation and aspiration device (Penumbra Inc.,
Alameda, CA, USA) were identified. Demographic, clinical
and radiographic patient data with focus on surgical workflow,
pre-, intra-, and postoperative hematoma volumes, procedure-
related complications, and outcome measured as the level of
consciousness according to the Glasgow Coma Scale (GCS)
score before and at the time of discharge and the 30-day mor-
tality were collected and analyzed by two clinicians who were
not directly involved in the patients’ care (PK, JHR).

Patient management
All patients were treated according to the guidelines of the

German societies of Neurology and Neurosurgery. The indi-
cation for minimally invasive hematoma evacuation was
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based on previous findings [16, 18, 27, 33] under consider-
ation of the following aspects:

* Auvailability of intraoperative CT or CBCT imaging.

» Supratentorial location without vascular pathology (ex-
cluded by computerized tomography angiography (CTA)
and/or digital subtraction angiography (DSA)).

* Hematoma volume 20-90 ml.

* Reduced level of consciousness with a Glasgow Coma
Scale (GCS) score 5-14.

e Premorbid modified Rankin Scale (mRS) score <1.

» Stable control CT after 6 h without spot sign and surgery
ideally within 72 h.

Further information on patient management and intraoper-
ative imaging can be found in the online supplement. In addi-
tion to intraoperative imaging, a routine CT scan was per-
formed on postoperative day (POD) 1. Additional imaging
was performed depending on the individual clinical course.

1. Positioning and navigation registration

Surgery was performed on a mobile, radiolucent, car-
bon fiber examination table (TRUMPF Carbon Floatline,
TRUMPF Medizin Systeme GmbH & Co. KG, Saalfeld,
Germany) in prone or supine position, depending on the
hematoma location. The patients’ head was fixed in a
radiolucent carbon fiber 3-pin head clamp (TRUMPF X-
RAY, TRUMPF Medizin Systeme GmbH & Co. KG,
Saalfeld, Germany). For navigated hematoma evacuation
based on an intraoperatively acquired image data set, the
iCT or CBCT was connected to an image guidance system
with infrared tracking camera (BrainLab Curve™,
Brainlab AG, Munich, Germany) and a preoperative CT
scan or intraoperative CT/CBCT scan was used for auto-
matic patient/image co-registration. The navigation refer-
ence device (Brainlab AG, Munich, Germany) was fixed
to the head clamp. The navigation camera was set up to
allow co-registration of the navigation reference device
and the registration fiducials on the iCT gantry or CBCT
flat panel detector, similar to the setup for automatic
patient/image co-registration in spinal navigation [19].
The iCT or CBCT scan was executed by a CT-qualified
technical radiological assistant or a surgeon qualified for
performing digital volume tomography, respectively. For
both imaging modalities, data sets were automatically
transferred to our in-hospital Picture Archiving and
Communications System (PACS). Alternatively, for nav-
igation registration based on a preoperative image data
set, manual surface matching was performed (Fig. 1).

2. Segmentation and aspiration trajectory planning
Segmentation of the hematoma volume and planning
of the aspiration trajectory was performed preoperatively
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Intraoperative navigation scan or surface matching registration
Surface match/ng CBCT

Automat/c co- reg/strat/on with iCT

the patient is rotated into the iCT gantry (left). For surgery, the OR table is
rotated into surgery position (center). The right panel shows the CBCT
setup for surface matching registration in a case with preoperative regis-
tration CT (patient 15)

Fig. 1 Positioning and navigation registration. The left panels show the
iCT setup for automatic patient/image co-registration in a case without
preoperative registration CT (patient 1): For iCT scanning, the head is
fixed in a radiolucent clamp that holds the navigation tracking device and

or directly in the OR with image guidance software
(Brainlab Cranial Planning SmartBrush Ver. 2.6.0.121
and Trajectory Ver. 2.5.1.5, Brainlab AG, Munich,
Germany). After segmentation, the aspiration trajectory
was planned corresponding to the longest axis of the he-
matoma under consideration of the transverse and sagittal
planes (Fig. 2).

Navigated, endoscopy-assisted hematoma evacuation
The general instruments and setup for minimally
invasive hematoma evacuation are shown in Fig. 3.
After navigation registration and surgical planning,
the entry point and skin incision were marked and
an 11-mm burr hole above the entry point was drilled
in standard fashion. Following dural incision, a 19-
French, single-use, neuro-endoscopy trocar (B.Braun
Melsungen AG, Melsungen, Germany) with an at-
tached navigation tracking device (Brainlab AG,
Munich, Germany) was inserted into the distal third

of the hematoma along the planned trajectory. A 6°
video neuro-endoscope with a 2.9-mm working chan-
nel (Storz Lotta®, Karl Storz SE & Co. KG,
Tuttlingen, Germany)—through which the 2.8 mm
mechanical fragmentation and aspiration device is
passed—was inserted through the trocar and hemato-
ma was aspirated within the trocar sheath. Next, the
endoscope was advanced into the hematoma cavity
and navigated endoscopic hematoma evacuation was
performed from distal to proximal under continuous
irrigation. The handling of the endoscope and aspira-
tion device was performed by one surgeon and navi-
gation was guided by a second surgeon (4-hand tech-
nique; Fig. 3c¢).

Intraoperative control imaging

Following ICH evacuation targeting 2/3rd of the initial
hematoma volume, an iCT or CBCT control scan was
performed to determine the degree of evacuation

Volume segmentation and trajectory planning

Fig. 2 Segmentation and planning. The segmentation of the hematoma
volume with planning of the trajectory is shown for patient 2 (left panel).
Hematoma segmentation (red) and trajectory planning according to the

longest hematoma axis (blue trajectory) were performed directly in the
OR. After surface matching of the preoperative image data set the left
frontal entry point and skin incision are marked accordingly (right panel)
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Navigated, endoscopy-assisted hematoma evacuation
Instruments and navigation setup

= 2 A

Fig. 3 Instruments and hematoma evacuation. a Instruments required for
navigated, endoscopy-assisted hematoma aspiration: (1) Fragmentation
and aspiration device, (2) navigation tool for referencing of the endoscope
sheath, (3) endoscope sheath with navigation tracking device, (4) endo-
scope, (5) irrigation. b Endoscope sheath with tracking device clamped to
the distal end of the sheath. ¢ 4-hand technique for hematoma evacuation

(Fig. 4). If evacuation was judged insufficient and
unrelated to the hematoma consistency, an immediate,
navigated re-aspiration attempt based on the control scan
was performed.

Statistical analysis

Descriptive summary statistics are presented as mean =+ stan-
dard deviation, median, and range (minimum—maximum) or
percentage, as appropriate. Statistics were calculated with
GraphPad Prism for Mac (Version 8.1.0, GraphPad
Software, San Diego, California, USA). For comparison of
pre-, intra-, and postoperative hematoma volumes, a repeated
measure one-way analysis of variance (ANOVA) with Geisser
Greenhouse correction and Tukey’s multiple comparison test
was performed. For comparison of the intra- and postoperative
hematoma evacuation rate, a paired ¢ test was performed. To
compare outcome according to the GCS score, a Wilcoxon
matched-pairs signed-rank test was used. All tests were two-
tailed and statistical significance was set at p <0.05.

@ Springer

4-hand technique

with one surgeon performing endoscopy-assisted aspiration and the sec-
ond surgeon guiding the navigated sheath and endoscope. d Setup using
the second-generation fragmentation and aspiration device with longer
aspiration tubing (arrow) that connects the wand (number sign) to the
aspiration pump (asterisk). e Positioning of the surgical team, aspiration
pump, endoscopy system, and image guidance

Results
Patient characteristics and surgery

Demographic and clinical data are presented in Table 1. The me-
dian patient age was 76 years (range 42-85) with equal gender
distribution and slightly predominant affection of the left hemi-
sphere (56%) and deep location (56%). The mean preoperative
hematoma volume was 54 +26 ml. The median ICH score at
admission was 3 (range 1-4) with a preoperative GCS of 10
(range 5-14). The median time from symptom onset to surgery
was 31 h (range 6-76) with a mean surgery duration of 90 +
39 min. Sixty-seven percent of all patients had a history of platelet
inhibition or anticoagulant use at the time-point of presentation
and 83% received preoperative hemostasiological correction.

Intraoperative imaging and efficiency of hematoma
evacuation

Data on intraoperative imaging and hematoma volume
are shown in Table 2. Intraoperative imaging for
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iCT and CBCT for assessment of residual hematoma
iCT

Preoperative

Intraoperative

Fig. 4 Intraoperative control imaging for hematoma detection. The
preoperative CT images of patients 2 and 14 (upper panels) are
displayed in comparison to intraoperative iCT and CBCT scans (lower

hematoma removal assessment was available in 17/18
patients (94%). Intraoperative control iCT or CBCT
was performed in 5/17 (29%) and 12/17 (71%) patients,
respectively. Both iCT and CBCT permitted robust he-
matoma assessment despite a greater signal-to-noise ra-
tio in intraoperative than in conventional CT imaging
(Fig. 5). In 5/17 patients (29%), a second intraoperative
re-aspiration was performed based on the iCT or CBCT
control scan. In patient number 4, an iCT control scan
was not possible due to logistic reasons resulting in
unavailability of a radiology technician. In this patient,
postoperative CT imaging revealed a hematoma evacua-
tion rate of 43%, which prompted secondary (open) he-
matoma evacuation on POD 2 due to an unchanged
impaired state of consciousness. In patients 8 and 13,
intraoperative evacuation rates were similarly low and
re-aspiration was limited by firm hematoma consistency.
Here, secondary (open) hematoma evacuation was not
considered due to a deep hematoma location. Despite
postoperative hematoma re-expansion, the mean residual

CBCT

aAljeladosld

anljesador.jul

panels) with residual hematoma for evaluation of intraoperative
hematoma assessability after evacuation. L, left

intra- (13+17 ml) and postoperative (26 =37 ml) hema-
toma volumes both remained significantly lower than
the preoperative (54+26 ml) hematoma volume
(¥***p <0.0001 vs. Intra-OP and ***p <0.001 vs.
Post-OP; Fig. 6a). Accordingly, the overall intraopera-
tive and postoperative evacuation rates were determined
at 80+19% and 59 +£30%, respectively (¥*p<0.01
Intra-OP vs. Post-OP; Fig. 6b).

Outcome

A postoperative decline in the level of consciousness
despite hematoma reduction was observed in 2/18 pa-
tients (11%). Postoperative re-hemorrhage beyond the
initial hematoma volume and despite intraoperative re-
duction was observed in 1/18 patients (6%).
Withdrawal-of-care decisions were eventually made in
3/18 patients due to a prolonged clinical course incom-
patible with the patients’ living will, resulting in a 30-
day mortality rate of 17%. The postoperative GCS in

@ Springer
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Table 2 Intraoperative imaging and hematoma volume

No. PreOP IntraOP Percent PostOP Percent Device Imaging IntraOP IntraOP Secondary
volume volume evacuation volume evacuation control second revision
(ml) (ml) (ml) scan look surgery

01 31 1 97 1 97 Ist gen. iCT Yes No No

02 49 10 79 37 24 Ist gen. iCT Yes No No

03 53 16 70 18 66 Ist gen. iCT Yes No No

04 54 N/A N/A 31 43 1st gen. N/A No No Yes

05 43 10 78 17 62 1st gen. iCT Yes No No

06 47 6 87 36 24 1st gen. CBCT Yes Yes No

07 32 2 93 7 80 Ist gen. CBCT Yes No No

08 42 30 29 27 37 Ist gen. iCT Yes Yes No

09 38 1 97 4 91 Ist gen. CBCT Yes Yes No

10 21 1 95 20 7 Ist gen. CBCT Yes No No

11 92 8 91 21 77 Ist gen. CBCT Yes No No

12 92 22 76 36 60 Ist gen. CBCT Yes No No

13 125 69 44 164 0 Ist gen. CBCT Yes Yes No

14 41 7 83 5 88 2nd gen. CBCT Yes No No

15 68 1 99 3 95 2nd gen. CBCT Yes No No

16 66 21 68 31 53 2nd gen. CBCT Yes Yes No

17 43 13 70 13 70 2nd gen. CBCT Yes No No

18 39 1 97 5 87 2nd gen. CBCT Yes No No
54426 13+17 80+19% 26+37 59+30% 94% 29% 6%

No., number; N/A, not available; 1st gen., first-generation evacuation device; 2nd gen., second-generation evacuation device; iC7, intraoperative,

computerized tomography; CBCT, cone-beam CT

the surviving 15 patients declined in 1 (7%), remained
equal in 2 (13%) and improved in 12 patients (80%),
resulting in a median postoperative GCS of 12 (range
3—-15) The median postoperative mRS score at discharge
was determined at 4 (2-6) (Table 1 and Fig. 6c).

Discussion

In this feasibility study, we investigated the performance of
navigated, endoscopic MIS and intraoperative 3D imaging for
evacuation of supratentorial ICH through mechanical clot
fragmentation and aspiration. Despite lower 3D image quality
than conventional CT imaging, 3D-reconstructed cranial iCT
and CBCT permitted intraoperative navigation planning and
reliable evacuation rate assessment with the possibility to per-
form an immediate re-evacuation attempt, which is important
considering the noted risk of early hematoma re-expansion.

Patient selection, hematoma location, and timing
of surgery

The current situation for ICH appears similar to the situation
during the early days of thrombectomy for ischemic stroke,
where patient selection was considered one of the main

reasons for the initial failure of endovascular therapy, mean-
while successfully established as the standard of care [1]. In
ICH, recent meta-analysis and randomized controlled trials
(RCTs) have demonstrated that selection of the ideal surgical
candidate depends on multiple factors, such as age, premorbid
mRS, hematoma volume, clinical presentation, and timing of
the procedure [16, 17, 27]. Accordingly, we only considered
patients for MIS if these specific criteria were fulfilled, includ-
ing availability of intraoperative imaging, stable clot volume,
and exclusion of an underlying vascular pathology.

Many consider deep hematomas ideal for MIS procedures
due to the large perihemorrhagic involvement of viable but
highly vulnerable tissue. Although our study is underpowered
to draw conclusions regarding the superiority of superficial
versus deep MIS for ICH, technical success was achieved in
both groups with comparable intraoperative evacuation rates
of 79% and 80% but patients with superficial location ap-
peared to benefit more considering a postoperative GCS im-
provement from 11 to 14 compared to patients with deep
hematomas and an unchanged GCS of 9. Thus, our findings
suggest that despite comparable effectiveness, MIS for deep-
seated ICH should remain critically weighed.

Interestingly, time to treatment has been shown to carry
weight in ischemic stroke but it has not yet been shown to
play a key role in hemorrhagic stroke although patients who

@ Springer
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Setup for intraoperative CBCT imaging

Fig. 5 Image quality of intraoperative CBCT versus conventional CT
imaging. The upper panel shows the setup for intraoperative CBCT
scanning after hematoma evacuation. In contrast to iCT, the CBCT flat
panel detector rotates around the patient and requires draping to maintain
sterility during the scan. Below, the imaging sequence in patient 18 shows
sufficient CBCT image quality for reliable intraoperative hematoma
assessment compared to conventional pre- and postoperative CT imaging,

despite lower signal-to-noise ratio. R, right

Fig.6 Illustration ofa pre-, intra-,
and postoperative hematoma
volumes, b intra- and postopera-
tive evacuation rates, and ¢ pre-
and postoperative Glasgow Coma
Scale (GCS) score. a

##¥p < 0.001, ##¥¥kp < 0.0001;
repeated measures one-way
ANOVA with Geisser
Greenhouse correction and
Tukey’s multiple comparison test.

Q
*
*
*

*kkk

|

80 1

60 A

40 1

b **p <0.01; two-tailed paired ¢
test. ¢ Two-tailed Wilcoxon
matched-pairs signed-rank test

20 -

Hematoma volume (ml)

undergo MIS of ICH within 24 h have a 30% greater likeli-
hood to achieve functional independence than patients who
undergo MIS within 72 h [33]. Accordingly, we aimed to
perform evacuation as soon as reasonably possible beyond a
stable 6-h control scan. However, MIS within 24 h was only
possible in 44%, due to our requirement of a stable 6-h control
CT scan and the logistical availability of endoscopy, naviga-
tion, and intraoperative imaging. Further, a delay beyond 24 h
was influenced by the fact that most patients were referred
from external hospitals or that patients with an initial GCS
of 15 experienced delayed deterioration and were only there-
after considered for MIS. On the other hand, one can argue
that delayed instead of immediate evacuation could also be
beneficial in clinically stable patients due to a more fluid he-
matoma consistency with potentially greater fragmentation
and aspiration effectiveness. In our series, however, we found
no association between aspiration efficiency and the timing of
surgery. This suggests that aspiration effectiveness may de-
pend on additional factors apart from time-dependent clot lig-
uefaction, such as arachnoid involvement, for example, be-
cause hematomas that primarily dissect the brain without mul-
tiple arachnoid compartments create a circumscribed hemor-
rhage that better lends itself to evacuation through the sheath.

Effectiveness of navigated, endoscopy-assisted
mechanical fragmentation and aspiration

Among the various MIS modalities for ICH [18, 24, 37], we
deliberately evaluated endoscopy-assisted ICH evacuation by
mechanical fragmentation and aspiration, because endoscopy-
assisted MIS compares favorably regarding evacuation effec-
tiveness and functional outcome [33, 39] and remains the most
widely investigated MIS for ICH technology [2, 15, 21, 28,
37, 39]. Although stereotactic thrombolysis has the benefit of
simplicity, low cost, and ease of use, it remains limited by a
delayed hematoma evacuation and up to 40% risk of

T

(o

—
o
o

15 -
80 + T 12 4
80%
60 1 9 -
59%)

40 -

GCS score
()]

20 A 3 4

Hematoma removal (%)
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suboptimal or poor catheter placement accuracy, which may
limit effectiveness and promote secondary neurological injury
[32]. Further, delayed ICH resolution may prolong recovery
with an increased risk of systemic complications that can sug-
gest poor long-term neurological outcome and trigger prema-
ture withdrawal of care decisions [6, 30]. In contrast, a navi-
gated, endoscopy-assisted MIS approach has the advantage of
immediacy, precision, and direct visibility with the chance to
address active bleeding through coagulation or irrigation. As a
further technical advancement, the utilization of atraumatic
mechanical fragmentation and aspiration instead of endoscop-
ic aspiration alone appears feasible, effective, and safe [15, 21,
37, 38], which is supported by the finding that none of our
patients required conversion to an open craniotomy.

For the first time, MISTIE III evidenced that reducing the
absolute hematoma volume below a specific threshold appears
to be the most beneficial therapeutic target [3]. Still, this pre-
defined 15-ml threshold was only reached in 60% of all MIS
patients in MISTIE III. In the present pilot study, mechanical
fragmentation and aspiration compared favorably to these re-
sults with an overall intraoperative evacuation rate of 80%,
mean residual hematoma volume of 13 ml and 71% of all
patients below the 15-ml threshold. Although this effect was
somewhat alleviated by hematoma re-expansion between the
time-point of intraoperative imaging and the postoperative
control CT on POD 1, the adjusted evacuation rate of 59%
still compares well to the initial multicenter experience of
other groups using mechanical fragmentation and aspiration
for endoscopic ICH evacuation [37]. In our series, this may
have been caused by residual bleeding that was not addressed
by coagulation or sufficient irrigation but active bleeding from
injured (micro) vessels was visually excluded in each case by
using the previously described underwater blood aspiration
technique (SCUBA) [21]. Alternatively, non-specific bleed-
ing, blood pressure, and coagulation management may be re-
sponsible for this effect. Nevertheless, the generalizability of
our findings need to be confirmed by ongoing RCTs and other
neurosurgical groups, considering the higher cost and greater
challenges that we noted in regard to logistics, setup,
workflow, and technical skill, which fall in line with other
MIS techniques [25, 31].

Intraoperative CT and CBCT imaging for ICH
evacuation assessment

Surgical performance in MIS for ICH is crucial to ensure the best
possible chances of favorable recovery [3]. This is particularly
important in endoscopic clot fragmentation and aspiration, where
intraoperative performance cannot be evaluated as clearly as in
an open craniotomy and mirrored by the reported evacuation
effectiveness ranging between 54% [37] and 88% [21], similar
to our present experience. For detection of ICH, CT remains the
gold standard due to its comparatively low cost, wide availability,

fast acquisition, clear visualization, and simple interpretation.
Although previous studies in the field of stereotactic and tumor
surgery have shown feasibility and benefit of using iCT and
CBCT for direct control of electrode positioning [8, 9, 23, 36]
and extent of tumor resection [4, 5], information on the feasibility
of iCT or CBCT for identification of ICH does not exist. In the
present study, ICH assessment with ICT and CBCT was feasible
with both technologies, despite an image quality advantage of
iCT over CBCT. Most importantly, both imaging modalities pro-
vided enough information to prompt an immediate re-aspiration
attempt in nearly 1/3rd of our cohort, which underlines the im-
portance of routinely implementing direct intraoperative evacua-
tion assessment in every MIS case considering that the single
patient who did not receive iCT control scanning required sec-
ondary open surgery. Regarding workflow and applicability, iCT
remained hampered because scan execution required a qualified
radiologist or radiology technician, whereas CBCT was utilized
24 h a day by a qualified surgeon alone. Moreover, the CBCT
user interface permitted a completely independent operation
without the assistance of circulating OR personnel, which made
CBCT particularly attractive in settings when radiological assis-
tance or specialized OR personnel was not available.

Limitations

Although our study inherently lacks power due to its retro-
spective nature, small sample size, lack of a control group and
long-term follow-up, the investigated patient cohort is repre-
sentative of ICH patients considered for MIS in regard to
clinical presentation, demographics, hematoma volume, he-
matoma location, and ICH grade. Another limitation is that
we did not analyze radiation exposure. Importantly, the sur-
geon must consider that intraoperative iCT and CBCT imag-
ing exposes the patient to at least one additional iCT or CBCT
scan for intraoperative evacuation assessment. On the other
hand, we believe that the additional iCT or CBCT radiation
exposure is justifiable in MIS for ICH considering the severity
of the disease and impact of targeting a critical volume thresh-
old. Although radiation exposure in iCT imaging is most like-
ly higher than in CBCT imaging, it has been demonstrated that
the effective iCT patient dose remains at an acceptable level
compared to CBCT technology [14, 34]. Nevertheless, the
goal must be to minimize radiation exposure as much as pos-
sible. In the future, this could be accomplished by eliminating
a routine preoperative 6-h control CT in clinically stable pa-
tients, given the potential benefit of ultra-early MIS evacua-
tion [33]. Regarding postoperative imaging, our findings sug-
gest to currently maintain routine imaging in order to gage
procedural success on the intraoperatively achieved target vol-
ume. Most importantly, our setup ensured complete elimina-
tion of radiation exposure of the OR team, because iCT and
CBCT were remotely executed without personnel remaining
in the OR during the scan. Considering the cumulative dose
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that the OR personnel is exposed to during their career this
may be of even greater health-related relevance than the indi-
vidual patient-associated dose, which is outweighed by the
potential advantages that iCT and CBCT may have to offer
in regard to performance assessment, safety, patient outcome,
and reduction of surgical revision rates. In conclusion, MIS
for ICH with mechanical fragmentation and aspiration repre-
sented a feasible and safe treatment for a patient population
with very limited medical and surgical options.
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