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Abstract

Brain arteriovenous malformations (AVMs) near/within eloquent areas are challenging to treat surgically. The insufficient lesion-
to-eloquence distance (LED) is related to poor neurological outcomes. This paper reports the use of in situ embolization
combined with surgical resection in a one-staged hybrid operation for eloquent area protection. Nine patients who underwent
one-staged in situ embolization combined with surgical resection were selected from the database of a prospective clinical trial
(NCT03774017). Nidus got partial in situ embolization in the parts located near/within the eloquence. The rest of nidus was
removed via a microsurgical procedure in the same operation. The in situ embolization ensured a sufficient LED to prevent
eloquent areas and tracts from being damaged in the subsequent resection. All of the patients achieved complete obliteration with
no neurological deficits or complications. One-staged hybrid operation initiates closer cooperation between surgical and
endovascular treatments and proposes an integrative therapeutic mode for AVMs. The in situ embolization combined with
surgical resection is safe and effective for improving the functional outcome of AVMs with eloquence and tracts involved.
The clinical trial is registered at ClinicalTrials.gov (NCT03774017, https://clinicaltrials.gov/ct2/show/NCT03774017).
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Introduction

Brain arteriovenous malformations (AVMSs) near/within elo-
quent areas are challenging to treat surgically. The distance
between the AVM and the eloquent cortical areas or tracts
affects functional outcomes after surgery [11, 19]. With the
assistance of functional magnetic resonance imaging, Jiao
et al. [8] proposed a minimum safe lesion-to-eloquence dis-
tance (LED) of 5 mm. LED <5 mm indicates higher risks of
neurological deficits due to surgery. Assisting techniques,
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such as intraoperative electrocorticogram, digital subtraction
angiography (DSA), neuronavigation, and awake craniotomy,
can help precisely locate the lesion and eloquence and reduce
the damage during surgery [11, 12, 17, 19, 25]. Extra
electrocoagulation and suction of adjacent parenchyma are
common methods of hemostasis that result in damage to ad-
jacent eloquence and tracts when the LED is insufficient.
Preoperative in situ embolization has proven effective at
reducing the blood flow and decreasing the difficulty of sur-
gical excision of high-grade AVMs [13, 16, 20, 24]. In situ
embolization is proposed and introduced to preoperative em-
bolization for function protection purposes [6, 18]. However,
the staged cooperation between surgical and endovascular
procedures fails to improve the functional outcome of AVM
patients [14]. The multistage multimodality treatment makes
each operation stand alone without interacting with one other.
This report describes the technical aspects of in situ embo-
lization combined with surgical resection in a one-staged hy-
brid operation to treat AVMs near/within eloquent areas. The
key point of this technique is to provide sufficient LED by in
situ embolization to prevent damage to eloquence in the sub-
sequent surgical resection. A series of cases are described to
demonstrate our experience treating AVMs near/within
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eloquent areas and verify the safety and efficiency of this
technique. It has been performed successfully over the past
2 years. This report is intended to introduce this technique and
the utility of the one-staged hybrid operation to the neurosur-
gical community.

Methods

This study was approved by the Institutional Review Board at
our institution, and written informed consent was obtained
from all patients. The cases were retrospectively reviewed
from the database of our prospective clinical trial (NCT
03774017) [23] from January 2016 to December 2018. A total
of 344 cases of AVMs received one-staged hybrid surgery,
including (1) intraoperative DSA + surgical resection, (2)
endovascular embolization + surgical resection, and (3) surgi-
cal resection + assistant balloon occlusion. An fMRI exami-
nation (including blood oxygenation level-dependent (BOLD)
and diffusion tensor imaging (DTI) sequences) was recom-
mended for the patients whose AVMs potentially involved
eloquences or tracts. The minimum safe LED was quantified
as 5 mm via fMRI by Jiao et al.’s work [8]. According to this
standard, 70 of 141 patients harbored AVMs with eloquent
areas or tracts involved (LED <5 mm), and 9 of 70 patients
received individualized in situ embolization combined with
surgical resections. Follow-up angiography of computed to-
mography, magnetic resonance, or digital subtraction was per-
formed systematically 6 months after the operation. The
National Institutes of Health Stroke Scale (NIHSS) and mod-
ified Rankin Scale (mRS) were used to evaluate the neurolog-
ical function of patients 48 h and 7 days after surgery.

Description of technique

Considerate preoperative plans are needed to determine
the target nidus of in situ embolization and the approach
following the microsurgical operation. The results of
fMRI are an important reference for the operative plan.
Digital Imaging and Communications in Medicine
(Dicom) files of fMRI are processed at a workstation
(Brainlab Cranial 3.0, Brainlab AG, Munich, Germany).
The results of the sequences, such as the structural, angio-
graphic, BOLD, and DTI data, are merged in the final
result. The nidus with an LED <5 mm and their arterial
feeders are labeled as the targets of in situ embolization.
The labeled nidus should be embolized as much as possi-
ble to increase the safe distance of surgical manipulations.
The microsurgical approach is also based on the fMRI
results. Its purpose is to protect the eloquent areas and
tracts around the approach and determine the plane with
sufficient LED.
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The operation is performed in a one-staged hybrid operat-
ing room (OHOR) consisting of a surgical microscope
(Pentero 900, Carl Zeiss Surgical AG, Oberkochen,
Germany), a radiolucent operating table (Maquet Holding
B.V. & Co. KG, Rastatt, Germany), and a monoplane angiog-
raphy unit. All three monoplane angiography units mounted in
our 3 OHORSs are qualified for this work, including the Artis
Pheno and Artis Zeego systems (Siemens Healthineers,
Erlangen, Germany) and the Allura Xper FD20 system
(Philips Healthcare, Best, Netherlands).

The patient is in the surgical position under general en-
dotracheal anesthesia with electrophysiological monitor-
ing. All positions are accepted for the endovascular proce-
dure. However, when the lateral position is used, the head
brace might disturb the whole-angle rotation of the C-arm.
Femoral access is established using a 6Fr sheath (Avanti
Introducer, Cordis Corporation, Miami Lakes, FL, USA)
with the Seldinger technique. A 6Fr guide catheter
(Envoy, Codman Division of Johnson & Johnson Medical
Ltd., Wokingham, Berkshire, UK) is placed at the petrous
segment of the internal carotid artery (ICA) or the foram-
inal segment of the vertebral artery (VA). The candidate
feeding arteries that supply the nidus close to the eloquent
area or track are primarily inspected via 3-dimensional ro-
tating angiography (3D-RA) through the guide catheter. A
flow-dependent microcatheter (Marathon 1.3Fr, eV3,
Covidien, Minneapolis, MN, USA; Excelsior SL-10,
Stryker Neurovascular, Fremont, CA, USA; or Headway
17, MicroVention, Aliso Viejo, CA, USA) is advanced
over a microwire (Synchro 14, Stryker Neurovascular,
Fremont, CA, USA, or Traxcess 14, MicroVention, Aliso
Viejo, CA, USA) into the target feeding artery under road-
mapping. A microcatheter angiography is performed to
confirm its feeding area before embolization. Liquid em-
bolic agent (Onyx 18/34, eV3, Covidien, Minneapolis,
MN, USA) is injected through the microcatheter under
road-mapping. The process of embolization can be repeat-
ed in different feeders until the target part of the AVM is
excluded from circulation. The guide catheter is withdrawn
back to the ipsilateral common carotid artery (CCA) or
subclavian artery from ICA or VA, respectively, to reduce
the disturbance to intracranial blood flow. The guide cath-
eter is preserved for intraoperative angiography and is
slowly flushed by heparin saline to prevent thrombosis. A
craniotomy is subsequently performed with the assistance
of neuronavigation (Brainlab Cranial 3.0, Brainlab AG,
Munich, Germany). The plane adjacent to eloquence
should be cautiously and sharply dissected within the oc-
cluded region. A properly occluded nidus should be main-
tained to preserve a sufficient LED. The sensory-evoked
potential (SEP) and motion-evoked potential are monitored
during the operation (Nicolet Endeavor CR I0M, Natus
Medical Incorporated, Pleasanton, CA, USA).
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Results

A total of 9 patients (male:female = 6:3) with AVMs near/
within the eloquent area or tracts underwent one-staged hybrid
in situ embolization combined with surgical resection. The
patients’ ages ranged from 10 to 52 years (30.4 + 1 4.8 years
on average). The demographic and clinical features are pre-
sented in Table 1. Hemorrhage and epilepsy were the most
common presentation, occurring in 3 patients (33.3%), respec-
tively. Overall, 44.4% of the AVMs (n = 9) were located in the
parietal lobe, including one dural AVM with parietal paren-
chyma. The pyramidal tracts were threatened in 6 cases
(66.7%). The other eloquent areas within the minimum safe
LED included arcuate fasciculus (z = 3), optic radiation (n =
3), and motor areas (n =2). The mean maximal size of nidus
was 4.3 cm (range 2.1-6.3 cm). The Spetzler-Martin grades
ranged from II to V. Satisfactory targeted in situ embolization
was performed in all cases. The mean duration of surgical
resection was 3.5 h (range 0.6-5.0 h) with a mean intraoper-
ative hemorrhage of 577.8 ml (range 100—1500 ml). Details of
the operation are reported in Table 2. There were no postop-
erative complications. All of the patients’ mRS scores de-
creased at discharge. The NIHSS scores decreased in case 1
(left extremities motor drift) and case 6 (aphasia) and were 0 in
the rest of the cases. No residue was reported in follow-up

angiography.

lllustrative cases
Case 1

A 10-year-old male presented with a sudden burst of
headache with numbness in his left leg. Head MRI

revealed an AVM located in the right parietal lobe with
a hematoma lateral to the lesion. The anterior border of
the lesion adjoined to the motor area (left foot) in the
cortices and pyramidal tracts in the deep parenchyma
with a minimum LED of 3 mm (Fig. la, b). The AVM
was supplied by arterial feeders from the right precuneal
artery, lateral lenticulostriate artery, posterior parietal ar-
tery, and parietooccipital artery with both superficial and
deep venous drainage (Fig. 1c—f). In the one-staged hy-
brid operation, an in situ embolization was first per-
formed to occlude the anterior part of the nidus with
the embolizing agent (Onyx 18, eV3 Covidien,
Minneapolis, MN, USA) through superselected
microcatheters to protect the motor area and pyramidal
tracts anterior to the lesion (Fig. 1g, h). Then a surgical
resection was performed after locating the motor cortical
with neuronavigation and electric cortical stimulation to
avoid damaging the superficial eloquence. The lesion
was completely resected with the anterior occluded ni-
dus retained (Fig. li). An intraoperative DSA after re-
section proved the complete obliteration of the lesion
(Fig. 1j, k). The patient’s movement and sensation in
the left extremities improved. The NIHSS score de-
creased in the items on left extremities motor drift (5a
and 6a) from 1 to 0, and the mRS decreased from 1 to
0 at discharge.

Case 2

A 15-year-old male presented with ventricular hemor-
rhage 20 months prior. Surgical resection of the AVM
was previously performed in a local hospital. Eighteen
months after the operation, a follow-up MRI revealed a

Table 1 Demographic and clinical features of 9 patients
Case  Age (years), Presentation AVM location  AVMsize  Adjacent eloquence/tract LED* SM Compact/
no. sex (cm) (mm) grade diffusive
10, M Ruptured Right parietal 6.3 Motor area, pyramidal tracts 3.0 5 Compact
2 15, M Ruptured Right 34 Pyramidal tracts 38 4 Diffusive
frontoparietal
3 46, M Incidental Right occipital 5.0 Optic radiation Compact
4 33, F Epilepsy Left temporal 33 Optic radiation, arcuate 0 3 Compact
fasciculus
5 14, F Hypopsia, limb Left 39 Hand motor area, Pyramidal 1.4 3 Compact
weakness frontoparietal tracts
6 52, F Ruptured Right frontal 4.8 Pyramidal tracts, arcuate 42 3 Diffusive
fasciculus
7 28, M Aphasia Left temporal 4.8 Optic radiation, arcuate 2.1 3 Compact
fasciculus
8 37, M Epilepsy Left parietal 2.1 Pyramidal tracts 1.5 Compact
39, M Epilepsy Right frontal 49 Pyramidal tracts 4.5 3 Compact

*LED was measured in BrainLAB iPlan 3.0 (Brainlab AG, Munich, Germany) with the results of fMRI

AVM arteriovenous malformation, LED lesion-to-eloquence distance, SM grade Spetzler-Martin grade

@ Springer



786

Neurosurg Rev (2019) 42:783-790

Table2  Details of operation

Case no. Arterial feeders from Superselected arteries

Remained feeders from

Duration of surgical resection (h) Blood loss (ml)

A4, lenticulostriate, M4, P4
A3

P4, meningeal

M4, lenticulostriate
A3

P4, meningeal

P4, occipital

A3, M4

A3, M2, M3, lenticulostriate

P2, posterior temporal, meningeal

P4, occipital

A3

M2, M3, lenticulostriate
Posterior temporal
Occipital, superficial temporal
A3, M4, lenticulostriate

Superficial temporal
A3

O 00 N N L AW N~

A4, P4 4.1 500
A3 3.7 500
P4 3.1 100
P4 35 800
A3, M4 33 200
A3, M2, lenticulostriate 4.9 600
P2 5.0 1500
Occipital 0.6 200
M4, lenticulostriate 3.1 800

A anterior cerebral artery with a total of 5 segments, M middle cerebral artery with a total of 4 segments, P posterior cerebral artery with a total of 4

segments

residual of AVM located in the right frontoparietal lobe
and trunk of the corpus callosum. An in-hospital fMRI
identified the pyramidal tracts lying adjacently laterally
posterior to the lesion with an LED of 3.8 mm
(Fig. 2a, b). The diffusive nidus was supplied by the
branches from the right pericallosal artery with both deep
and superficial drainage (Fig. 2c, d). In the one-staged
hybrid operation, the microcatheter was superselected
over a microwire into the distal branches of the arterial
feeders. After the identifying angiogram via a
microcatheter (Fig. 2e), the embolic agent (Onyx 18,
eV3 Covidien, Minneapolis, MN, USA) was injected into
the nidus under road-mapping using the balloon-assisted
pressure cooker technique (Fig. 2f). The nidus was sub-
totally occluded with the anterior and inferior edges
retained (Fig. 2g, h). The residue was completely
resected with a microsurgical procedure under the guid-
ance of neuronavigation (Fig. 2i). The intraoperative
DSA revealed complete obliteration of the nidus with
the posterior occluded part retained to protect the pyra-
midal tracts (Fig. 2j, k). No neurological deficit was in-
duced by the procedure. The NIHSS scores 48 h after
surgery and at discharge remained zero.

Discussion

In this work, a series of patients with AVMs near/within
the eloquent areas and tracts received in situ embolization
combined with surgical resections in our hybrid operating
theaters. Although the AVMs of the 9 cases differed in
location and angioarchitectural features, complete obliter-
ations were acquired in all of the patients without any
neurological deficits.

The one-staged hybrid operation is an effective multi-
function platform for treating AVMs. Published studies
on the one-staged hybrid operation of AVMs have
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involved a total of 60 cases in 6 studies and demonstrat-
ed its efficiency and safety [4, 5, 9, 10, 15, 21]. Among
them, the advantages of the one-staged hybrid operation
for treating AVMs were proposed [5], including (1) pre-
operative embolization could help reduce the blood flow
of the nidus following surgical resection, (2) additional
anesthesia during subsequent operations could be
avoided, (3) the intraoperative angiogram after resection
could help the rapid quality control, and (4) the extent of
AVM obliteration can be observed immediately.
However, the majority of current studies reported the
effect of intraoperative DSA. Only 25% of patients (15/
60) underwent the hybrid operation with endovascular
interventions in those studies [9, 10, 15, 21]. In our
experience with 344 cases, endovascular intervention
combined with surgical resections was performed in
33.1% of patients (n=114), while intraoperative DSA
combined with surgical resection was conducted in the
rest. The one-staged hybrid operation has proven com-
patible with not only intraoperative DSA but also varie-
ties of combinations of different endovascular and surgi-
cal procedures. The technique demonstrated in this article
is one example that focuses on the protection of neuro-
logical functions among the methods derived from the
one-staged hybrid operation. Another technique was al-
ready proposed in our previous work and provides a
novel solution to the difficulties of microcatheterization
via traditional arterial and venous approaches [22]. More
applications of the one-staged hybrid operation remain to
be explored.

Our technique provides a safe and effective solution
to eloquence protection in surgical treatment of AVMs.
Preoperative embolization combined with surgical resec-
tion is a primary integration of surgical and
endovascular methods and has proven effective for de-
creasing therapeutic risks and difficulties of high-grade
AVMs [2, 3, 6, 7, 16]. It was used to treat brainstem
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Fig.1 Case 1. a, b Preoperative enhanced axial and sagittal T1-weighted
MR images infused with reconstructions of the left foot motor area and
pyramidal tracts in the workstation. The AVM located in the right parietal
lobe with the motor area of the left foot (yellow area) and pyramidal tracts
(gradient color area) to the anterior. c—f Selective right CCA and left VA
angiograms. g, h Right selective ICA angiograms after embolization. The
AVM was mostly occluded, especially the anterior part of the nidus,
which was adjacent to the motor area. i Microscopic view of the surgical

AVMs and developed for in situ embolization combined
with surgical resection by Han et al. [6] for its unique
capability in eloquence protection. In our work, the in
situ embolization combined with surgical resection was
introduced to the one-staged hybrid operation for the
treatment of eloquent AVMs. Although
angioarchitectures are more complicated in
supratentorial AVMs, our technique contributed to the
complete obliteration in all cases without any neurolog-
ical deficits. The mechanism of eloquence protection
using our technique is not yet clear. According to the
experience obtained from our cohort, we postulate it
works as follows: First, the targeted in situ embolization
could increase the LED to prevent eloquences from be-
ing damaged during surgical resection. Second, the

field. The nidus was stripped off with the anterior occluded part preserved
(white arrow). j, k Right intraoperative ICA angiograms after resection.
The left lateral positioning of the patient limited the rotation of the C-arm.
Thus, mirror images were obtained. The nidus was completely obliterated
with the anterior occluded part preserved (white arrows). Abbreviations:
MR = magnetic resonance; AVM = arteriovenous malformation; CCA =
common carotid artery; VA = vertebral artery; PA = posteroanterior;
ICA =internal carotid artery

embolization provides a bloodless surgical plane for sur-
gical resection and avoids sacrificing the parenchyma for
hemostasis manipulations. Finally, embolic agents act as
markers of arterial feeders, which prevent negligent
damage to nearby arteries.

In this work, we demonstrate our experience using the
in situ embolization combined with surgical resection in
the one-staged hybrid operation for function protection
for treating AVMs near/within eloquence and tracts. A
different utilization of the one-staged hybrid operation
for treating AVMs is demonstrated, rather than intraoper-
ative DSA only. It provides a new one-staged solution to
AVMs, which are difficult to treat using traditional ther-
apeutic methods. However, efficiency and safety need to
be further validated with larger-scale studies.
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Fig.2 Case 2. a, b Preoperative enhanced axial and coronal T1-weighted
MR images infused with the reconstructions of the pyramidal tracts in the
workstation (gradient color area) revealing the AVM located in the right
frontoparietal lobe and trunk of the corpus callosum. The pyramidal tracts
lying adjacently laterally posterior to the lesion with an LED of 3.8 mm. c,
d Right selective CCA angiograms. e Microcatheter angiogram to verify
the target area. f The occluded nidus using the pressure cooker technique.
A balloon (Scepter C 4 x 20, MicroVention, Aliso Viejo, CA, USA;
marked with a white dotted rectangle) was positioned in the proximal

There are limitations to this work. First, the sample size
was small in this study. Only nine patients received this
procedure since it was proposed. Further study with a
larger sample size will be implemented. Second, a control
group, surgically treated without in situ embolization, is
necessary to validate the efficiency of this procedure in
protecting neurological function. A comparative study is
planned that will enroll more participants. Finally, 7 of 9
cases were followed up for 1 year. Case 8 who underwent
surgery in June 2018 reached follow-up in 6 months in
December 2018. Case 9 underwent the procedure in
December 2018 when the data were reviewed. Longer
follow-up periods might be required to investigate the
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trunk of the pericallosal artery and was inflated during embolization to
protect the normal upstream arteries. g, h Right selective ICA angiograms
after embolization. The nidus was mostly occluded with the anterior and
inferior parts retained. i The microscopic view of the surgical field. The
posterior occluded nidus (white arrow) was preserved in resection. j, k
Right intraoperative selective ICA angiograms after resection. The AVM
was completely obliterated with the posterior occluded part preserved
(white arrows)

recurrence or reappearance of AVMs as reported by
Aboukais et al. [1].

Conclusion

The one-staged hybrid operation initiates closer coopera-
tion between surgical and endovascular methods and is
an integrative therapeutic mode for AVMs. Using this
platform, in situ embolization combined with surgical
resection is safe and effective for improving the function-
al outcome of AVMs near/within eloquences and tracts.
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