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Abstract
Background Hybrid operating rooms (hybrid-ORs) combine the functionalities of a conventional surgical theater with the 
advanced imaging technologies of a radiological suite. Hybrid-ORs are usually equipped with CBCT devices providing 
both 2D and 3D imaging capability that can be used for both interventional radiology and image guided surgical applica-
tions. Across all fields of surgery, the use of hybrid-ORs is gaining in traction, and neurosurgery is no exception. We hence 
aimed to comprehensively review the use of hybrid-ORs, the associated advantages, and disadvantages specific to the field 
of neurosurgery.
Materials and methods Electronic databases were searched for all studies on hybrid-ORs from inception to May 2022. Find-
ings of matching studies were pooled to strengthen the current body of evidence.
Results Seventy-four studies were included in this review. Hybrid-ORs were mainly used in endovascular surgery (n = 41) 
and spine surgery (n = 33). Navigation systems were the most common additional technology employed along with the CBCT 
systems in the hybrid-ORs. Reported advantages of hybrid-ORs included immediate assessment of outcomes, reduced sur-
gical revision rate, and the ability to perform combined open and endovascular procedures, among others. Concerns about 
increased radiation exposure and procedural time were some of the limitations mentioned.
Conclusion In the field of neurosurgery, the use of hybrid-ORs for different applications is increasing. Hybrid-ORs provide 
preprocedure, intraprocedure, and end-of-procedure imaging capabilities, thereby increasing surgical precision, and reduc-
ing the need for postoperative imaging and correction surgeries. Despite these advantages, radiation exposure to patient and 
staff is an important concern.
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Introduction

A hybrid operating room (hybrid-OR) consists of a con-
ventional surgical theater equipped with advanced imaging 
systems. The concept of a hybrid-OR was initially described 
for cardiovascular procedures by Barstad et al. [3]. At first, 
imaging was performed using mobile equipment, while 
ceiling- and floor-mounted imaging equipment were devel-
oped later. The integration of imaging equipment in the OR 
requires space and careful positioning to maximize the util-
ity of the hardware while avoiding disruption of the surgical 
workflow and allowing rapid conversion to open procedures 
if needed [76]. Consequently, hybrid-ORs may be easier to 
install de novo in a new building as conversion of exist-
ing ORs may be very costly and still suffers from lack of 
space. Hence, both budget and space restrictions impact the 
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installation and adoption of hybrid-ORs in modern surgi-
cal practice. Nonetheless, the past decade has witnessed an 
increase in the use of hybrid-ORs, in terms of both the num-
ber of procedures performed as well as the number of surgi-
cal specialties employing them [68]. In fact, hybrid-ORs are 
currently being used in cardiothoracic, vascular, orthopedic, 
otolaryngology/cervicofacial surgery, oral and maxillofacial 
surgeries, urology, as well as neurosurgery [68]. Accord-
ing to a recent scoping review of the literature, most of the 
research on hybrid-ORs has been conducted within the field 
of thoracic surgery, reporting the performance of procedures 
such as tumor resection or ablation, lung biopsy, and image-
guided video-assisted thoracoscopic surgery [68].

Intraoperative imaging holds the promise of improved 
patient care. The ability to visualize anatomical and sur-
gical information in detail can increase surgical accuracy 
and hence patient safety. With intraoperative imaging, neu-
rosurgeons can acquire updated, and real time, images of 
the patient in the correct surgical positioning, rather than 
having to rely on preoperative scans performed in standard 
positions. In the hybrid-OR, 3D imaging can assist neu-
rosurgeons at different stages of a surgery: preoperatively 
to visualize the pathology of interest and plan the surgical 
approach, intraoperatively to provide updated information 
and assess possible adverse events, and postoperatively for 
the immediate evaluation of surgical results to allow for 
corrections when needed. Hybrid-ORs also provide a space 
where neurosurgeons and interventionalists can collaborate 
to offer novel treatment options. However, repeated intraop-
erative imaging and multidisciplinary approaches may inter-
rupt the surgical workflow and unnecessarily complicate 
procedures [15]. Another major concern is the potential to 
increase radiation exposure to both patients and staff [11]. It 
is therefore crucial to determine what procedures will benefit 
from the use of a hybrid-OR to the extent that the possible 
disadvantages are outweighed. Based on the latest consensus 
definition, a hybrid-OR is a surgical room equipped with 
a coordinate-based imaging system such as CT, MRI, or 
CBCT, in combination with auxiliary imaging techniques 
such as fluorescence and ultrasound. In neurosurgery, cone-
beam computed tomography (CBCT) has been the most 
commonly used intraoperative 3D imaging modality [68]. 
A CBCT system consists of an x-ray tube and image detec-
tor that rotates around the patient, capturing a series of (2D) 
projections using a cone-shaped x-ray beam. The acquired 
image data are processed using a cone-beam reconstruction 
algorithm to generate 3D data of the patient anatomy. In 
contrast to conventional CT imaging, an extended volume 
can be captured with a single rotation of the CBCT, thereby 
reducing the scan time and minimizing movement artifacts 
[40, 59]. This systematic review provides an overview of the 
applications of hybrid-ORs utilizing fixed CBCT-based radi-
ological systems in the field of neurosurgery, with a focus 

on their advantages and disadvantages, including increased 
radiation exposure. Finally, future perspectives based on the 
gathered information will be discussed.

Methods

This systematic review is reported in accordance with both 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) [58] as well as the Assessing the 
Methodological Quality of Systematic Reviews (AMSTAR) 
guidelines [65]. The related 2020-PRISMA and AMSTAR 
2 checklists are provided as supplementary material (Sup-
plementary file 1 and 2). The review protocol was registered 
within the International Prospective Register of Systematic 
Reviews (PROSPERO; date of registration 13 July, 2022). 
The record was consistently updated in the event of major 
changes to the workflow or study design.

Databases and search strategy

A query combining the keywords “hybrid,” “operating 
room,” “CBCT,” and “neurosurgery” was used to search in 
PubMed, Web of Science, and Embase (Supplementary file 
3).

Study selection

As of May of 2022, the database search yielded a total of 
517 papers. Once retrieved onto Rayyan [57] and after dedu-
plication, 341 records were screened by two independent 
and blinded reviewers (M.G. and V.G.E.), first by title, and 
then by abstract. The remaining articles were gathered in full 
text and assessed by three independent and blinded review-
ers (M.G., A.E.T., E.E.). Conflicts were resolved through 
team discussion and subsequent unanimous decision. Apply-
ing the eligibility criteria (Table 1), the screening process 
resulted in 270 exclusions, leaving a total of 74 studies, as 
presented in the PRISMA flowchart (Fig. 1). Finally, two 
articles were added after a reference list screening of the 
included articles was performed.

Data synthesis and risk of bias assessment

Due to the great heterogeneity with respect to methodol-
ogy, design, and outcomes reported among the studies, 
neither pooling nor meta-analysis of data was possible. We 
hence opted for a qualitative and descriptive synthesis of 
the available literature. Studies with overlapping cohorts 
were delt with in a manner such as the same data was never 
regarded twice during synthesis. In addition, a thorough 
appraisal of the risk of bias in the studies included was 
performed using the Newcastle–Ottawa scale (NOS) [73] 
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for non-randomized studies and the Cochrane Risk of Bias 
Tool for the randomized controlled trial. A similar meth-
odology was adopted in previous works [18, 19, 30, 70].

Table 1  Inclusion and exclusion 
criteria applied during the 
article selection process

Criteria Inclusion Exclusion

Study type Original empirical studies and technical reports Reviews, let-
ters, conference 
abstracts, and case 
reports

Study timing n/a n/a
Study language English Non-English studies
Population n/a n/a
Device used • Hybrid-OR

• Stationary, ceiling-, or floor-mounted x-ray imaging system
• CBCT modality

• Mobile radiologi-
cal x-ray imaging 
system (ex: 
O-arm)

• Non-CBCT 
modality

Intervention Neurosurgery and spine surgery n/a
Comparator n/a n/a
Outcome Areas of use, advantages and disadvantages, radiation exposure n/a

Fig. 1  PRISMA 2020 flow 
diagram
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Results

Study characteristics

Among the 74 studies included, 59 (80%) were published 
during the last 5 years (between 2017 and 2022), and 15 
(20%) between 2006 and 2016. Overall, the studies origi-
nated from 14 different countries, with Europe (50%) and 
Asia (47%) contributing equally. The remainder of the stud-
ies (3%) was from the USA. Only one randomized control 
trial (1.5%) was identified. In total, there were 26 studies 
(35%) that presented control or comparison groups (Supple-
mentary file 4). While case reports were excluded from the 
main analysis, an overview of the latest and most intriguing 
ones is presented as supplementary (Supplementary file 4).

Risk of bias assessment

The scores for cohort studies ranged from 3 to 9 of a possible 
total of 9, with a median of 6. The two case–control studies 
both scored 8 out of 8. The randomized controlled study was 
judged to be of “fair quality” based on the Cochrane risk of 
bias tool (Supplementary file 5).

Procedures performed in the hybrid‑OR

Hybrid-ORs were mainly employed in two areas of neu-
rosurgery: cerebrovascular including endovascular surgery 
(n = 41) and spine (n = 33). Other areas were represented 
in eight studies. Several of the studies had addressed more 
than one area of application, and the presented numbers 
are non-exclusive. A wide array of procedures was carried 
out within the hybrid-OR, the most common ones were the 
treatment of different cerebrovascular pathologies, such as 
aneurysms (n = 26), AVMs (n = 20), and AVFs (n = 12). Of 
these, 25 studies reported on combined open and endovas-
cular treatments in the hybrid-OR. Spinal instrumentation 
procedures were also frequently performed in hybrid-ORs 
(n = 27). Other procedures included evacuation of brain 
hemorrhages (n = 6), carotid endarterectomy and stenting 
(n = 6), and resection of skull base tumors (n = 2). Two 
studies reported the use of the hybrid-OR only for imaging 
purposes, while details regarding the procedures were not 
available in three studies.

Intraoperative imaging systems

The CBCT systems used were mainly the Allura (Philips 
Healthcare, Best, The Netherlands; n = 37), Artis (Siemens 
AG, Forchheim, Germany; n = 27), UNIQ (Philips Health-
care, Best, The Netherlands; n = 1), INFX-8000 V (Canon 

Medical Systems Corp., Tochigi, Japan; n = 1), Discovery 
Image-Guided System 730 (GE Healthcare, Milwaukee, 
Wisconsin, USA; n = 1), and a system manufactured by 
Toshiba (Toshiba, Tokyo, Japan; n = 1). In six studies, the 
systems used were undisclosed.

Use of the intraoperative imaging

Preoperative imaging in the OR

The use of CBCT for preoperative imaging at the start of a 
procedure was mentioned in 33 studies. Preoperative imag-
ing was used to acquire the necessary imaging data for intra-
operative navigation systems.

Imaging during the procedure

Fifty-seven studies reported the use of CBCT during the 
procedure, where three separate applications were found: 
intraoperative imaging, interventional guidance, and 
neuronavigation.

Intraoperative imaging (n = 22) refers to the acquisition 
of 3D imaging data during the surgery to obtain updated 
information. Interventional guidance (n = 33) involves live 
imaging during an endovascular procedure. Neuronavi-
gation (n = 31) combines 3D imaging data with real-time 
positional tracking of the patient and surgical instruments. 
This provides accuracy and allows precise procedures to be 
performed even when the anatomical structures are unseen 
such as in minimally invasive procedures. These images 
were generally obtained at the start of a procedure. How-
ever, the hybrid-OR provided the possibility to update the 
3D image set used by the navigation software. In two studies, 
new images were obtained during the procedure.

Imaging at the end of the procedure

The use of CBCT for end-of-procedure (EOP) imaging was 
reported in 56 studies. In these cases, EOP imaging was 
mainly used to assess surgical result and evaluate the need 
for adjustments. Three studies stated that EOP imaging in 
the hybrid-OR was as effective as conventional postoperative 
imaging for evaluation of surgical results [9, 44, 52]. Three 
studies on spinal surgery indicated that EOP scans were par-
ticularly useful for the detection of cases requiring revision. 
In cerebrovascular procedures, 23 studies showed that EOP 
imaging allowed the detection of parent artery occlusion, 
residual perfusion of a pathological vessel, or remnants of 
vascular anomalies such as aneurysms or AVMs. These find-
ings lead to a prolongation of the surgical or interventional 
procedure as stated in 20 of these studies. In tumor surgery, 
EOP imaging was mainly used to identify cases where more 
extensive resection was needed.
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Additional technologies used in the hybrid‑OR

Forty-four studies reported the use of additional technolo-
gies in the hybrid-OR. The use of surgical navigation or 
surgical robots in spine surgery was reported in 23 studies, 
the use of indocyanine green video angiography (ICGV) and 
intraoperative angiography in cerebrovascular surgery in 22 
studies, and other technologies including surgical naviga-
tion and ultrasound in cranial surgery were reported in four 
studies.

Cerebrovascular

In cerebrovascular surgery, the most commonly used addi-
tional medical technology in the hybrid-OR was intraop-
erative near-infrared indocyanine green video angiography 
(ICGV) (n = 16), a tool for cerebral blood flow assessment. 
It was performed at the end of the procedure in 13 stud-
ies to evaluate the treatment result. A discordance between 
ICGV investigation and subsequent control angiography was 
reported in 12 of these studies, with the intraoperative angi-
ography identifying additional residual aneurysms/AVM/
fistulas that were not detected by ICGV. Only one study 
reported complete agreement between ICGV and intraop-
erative angiography [66]. Another technology employed 
inside the hybrid-OR was ultrasound (n = 10). Eight studies 
used Doppler sonography along with ICGV as routine vas-
cular monitoring at the end of the procedure. Eight studies 
reported the use of neuronavigation. Brainlab navigation 
(Brainlab, Munich, Germany) was used in five and the Xper-
Guide (Philips Medical Systems, Best, The Netherlands) in 
one study. One study reported the use of augmented reality 
for optimal planning of minimally invasive craniotomy [24]. 
The remaining two studies did not specify which navigation 
platform they employed. Intraoperative MRI was performed 
in two [47, 67] and EEG in one study [67].

Spine surgery

Surgical navigation systems were often used in the hybrid-
OR (n = 18). These included augmented reality surgical 
navigation (ARSN) (ClarifEye Philips, The Netherlands; 
n = 10), cranial and spine navigation (Curve, Brainlab, Ger-
many; n = 6, Stealth Station, Medtronic USA; n = 1), and 
the renaissance robotic navigation platform (Mazor Robot-
ics Ltd., Caesarea, Israel, n = 1). Two studies combined 
robotic and ARSN [2, 7]. Two cadaveric studies compared 
the screw placement accuracy in ARSN-guided procedures 
with traditional methods [20, 60]. Results showed that the 
ARSN was non-inferior to fluoroscopy for the placement 
of pedicle screws [60], and reached a significantly higher 
accuracy than the free-hand technique [20]. In two human 
studies, surgical navigation was associated with an increased 

pedicle screw density (possibly resulting in better long-term 
outcomes) [17], and increased clinical accuracy compared to 
the free-hand technique [23]. Robotic-assisted surgery was 
implemented in the hybrid-OR, with the introduction of the 
corresponding technology as a supplement to the hybrid-OR 
equipment. In one study [2], a robotic arm was designed to 
assist pedicle screw placement guided by ARSN. By com-
bining robotic and augmented reality techniques, high clini-
cal (100%) and technical accuracy were achieved. Artificial 
intelligence was tested and validated for the automatic seg-
mentation of vertebrae, pedicle identification, and planning 
of surgical path [6]. Another study using the renaissance 
robotic navigation platform (Mazor Robotics Ltd., Caesarea, 
Israel) to assist in pedicle screw placement reported a high 
level of accuracy [62].

Other uses of additional technologies

Two studies performing skull-base tumor surgery men-
tioned the use of Brainlab navigation (Brainlab, Munich, 
Germany) as an adjunct in the hybrid-OR. In addition, one 
study employed ARSN for guidance during cranial biopsy 
and EVD insertion procedures. One study used ultrasound 
during ventriculoarterial shunt placement.

Radiation exposure

Radiation exposure was addressed in 16 studies, but since 
the data was derived from 14 unique datasets, only 14 stud-
ies were considered in this section. Of these 14 studies, ten 
mentioned at least one occupational radiation protection 
strategy including keeping a safe distance from the scat-
tered radiation source (the patient) or stepping out of the OR 
during image acquisition (n = 6), using radiation protection 
shields (n = 5), or wearing lead aprons (n = 2).

Five studies, all in spine surgery, measured and reported 
the radiation exposure to staff and/or patients without per-
forming any comparison, while the other nine studies pre-
sented comparison groups (Table 2). Among the five studies 
that had not performed comparisons, three studies reported 
the patient radiation exposure in terms of effective dose, 
with one study including the patient entrance surface dose. 
The other studies reported only so-called patient dose index 
expressed in terms of air kerma: the air kerma-area product 
(often referred to as the dose-area product (DAP)), reference 
(point) air kerma, and entrance surface air kerma.

Three studies compared the radiation exposure from 
different intraoperative imaging systems. In one study, a 
ceiling-mounted robotic C-arm (AlluraClarity, Philips, 
The Netherlands) was compared with a mobile O-arm [50] 
(Medtronic, Littleton, MA, USA), indicating that the for-
mer was associated with a statistically significant reduc-
tion of 22% in scatter radiation relating to the occupational 
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exposure [11]. Another study compared fluoroscopy alone 
(mobile C-arm, Veradius unity, Philips, The Netherlands) 
to fluoroscopy and CBCT (Artis Zeego, Siemens Health-
care, Germany) in a hybrid-OR and not surprisingly found 
a higher exposure in the latter case [32].

Three studies compared radiation exposure from differ-
ent image acquisition protocols. As expected, the protocol 
with lower dose settings (133 projection images per CBCT 
rotation) significantly reduced radiation exposure when com-
pared to a protocol with higher dose settings (397 projection 
images per CBCT rotation) during spine instrument implan-
tation [33, 61]. In a third study, the use of large field of view 
protocol during pedicle screw placement was significantly 
associated with a 32% reduction in average effective dose as 
compared to the small field of view [16].

Two studies compared the radiation exposure to patient 
[33] and surgeon [64] during minimally invasive and open 
procedures of the spine. The first study found a statistically 
significant twofold decrease in dose-area product and air 
kerma in favor of conventional open procedures [33] while 
the second showed no significant differences regarding 
the surgeon’s exposure between the approaches [64]. Both 
studies also assessed the influence of navigation systems 
on radiation exposure. Navigation-assisted procedures were 
associated with a significantly reduced surgeon’s radiation 
dose [64] and a similar dose-area product [33] compared to 
non-navigated procedures.

Advantages of the hybrid operating room

Sixty-nine studies (93%) discussed the advantages of the 
hybrid-OR (Table 3). The most consistently referred advan-
tage (n = 24 studies) was the ability to immediately assess 
outcomes. Examples included confirmation of safe aneu-
rysm clip positioning, complete obliteration of aneurysm 
[10, 12, 14, 28, 31, 49, 54, 66, 67, 72, 74] or fistulae [14, 
29, 35, 48, 72, 77], and correct screw placement [4, 9, 17, 

21, 25, 26, 32, 33, 52, 61, 69]. This could be associated with 
a decreased rate of revision surgery (n = 17) and a reduced 
need for routine postoperative imaging (n = 5).

The ability to perform combined endovascular and open 
procedures during a single session and in the same room was 
an important benefit of a hybrid-OR (n = 19). The possibility 
of seamless conversion to open surgical access in the event 
of failure or complication of the endovascular approach, 
without having to move the patient (n = 10), highlighted the 
role of hybrid-OR in improving patient safety (n = 10). In 
fact, rapid detection of complications (n = 4) was one of the 
advantages raised with the use of a hybrid-OR.

Other advantages of the hybrid-OR that were mentioned 
include, but are not limited to, improved surgical results 
(n = 4), increased accuracy of the procedure (n = 12), and 
versatility of the facility as hybrid-ORs can be utilized by a 
wide array of interventional and surgical disciplines (n = 3).

Limitations of the hybrid operating room

In total, 37 studies discussed the limitations associated with 
hybrid-ORs (Table 3). The most frequently mentioned was 
the limited range of motion of the operating tables which 
may cause limitations for optimal patient positioning (n = 8). 
Similarly, one study reported the inability to adequately 
position obese patients in the hybrid-OR, mainly due to the 
limited gantry size of the C-arm [22]. Another consideration 
was radiation exposure and the necessity to properly monitor 
the radiation dose and to implement protection strategies 
(n = 7). Pitfalls in workflow are mostly immanent to the inte-
gration of cumbersome imaging systems into the operating 
room. Sterility issues (n = 4) and the requirement of a lager 
surgical space (n = 2) were both commonly mentioned.

Work in a hybrid-ORs requires proper training for the 
surgeons and the medical staff to attain optimal utilization 
of the equipment and to optimize the surgical workflow. 
Prolonged procedure time (n = 5) due to learning curve 

Table 3  Advantages and 
disadvantages of hybrid 
operating rooms reported by 
studies

Advantage Number 
of studies

Disadvantage Number 
of stud-
ies

Immediate assessment of outcomes 24 Limited patient positioning 8
Ability to perform one stage combined 

endovascular and open treatment
19 Radiation exposure 7

Decreased rate of revision surgery 17 Prolonged procedural time 5
Increased procedural accuracy 12 Sterility issues 4
Reduced need for patient's movement 10 Necessity of proper training 4
Improved patient safety 10 High expenses 3
Reduced need for postoperative imaging 5 Requirement for a larger surgical space 2
Improved surgical results 4 – –
Rapid detection of complications 4 – –
Versatility of the hybrid-OR 3 – –
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on the hybrid equipment is a common concern (n = 4). 
Although no exact costs were mentioned, higher expenses 
associated with the installation of a hybrid-OR has been 
reported (n = 3).

Hybrid vs non‑hybrid ORs

Merely three studies adopted a hybrid-vs-non-hybrid 
study design, where clinical or surgical success was the 
main outcome (Table 4). In one study [32], the use of a 
hybrid-OR equipped with a multi-axis angiography sys-
tem increased pedicle screw accuracy, compared to the 
use of a mobile C-arm. A case–control study assessed the 
benefits of performing microsurgical clipping of ruptured 
aneurysms in the hybrid-OR with intraoperative angiog-
raphy, over the conventional approach where only micro-
doppler and ICGV fluorescence are used to control surgi-
cal outcomes [13]. The matched-pair analysis showed that 
treatment in the hybrid-OR implied an increased operative 
time with no significant improvement in clinical outcomes, 
such as aneurysm remnant, vessel occlusion, revision pro-
cedure, or mortality rates, individually. However, when 
regarded as a composite outcome, the results turned in 
favor of the hybrid-OR. In a technical report, the authors 
described their experience with a new fluoroscopy-guided 
technique for the placement of ventriculoperitoneal shunt 
in a hybrid-OR compared to the standard procedure rely-
ing on anatomical landmarks. Although the novel tech-
nique allowed accurate shunt placement, and a decrease 
of the associated early revision rate was speculated, no 
statistical analyses were provided [39].

Discussion

This systematic review finds that hybrid-ORs equipped 
with CBCT systems have been increasingly used in neu-
rosurgery over the past decades, especially in the fields 
of spine and cerebrovascular surgery. At the same time, a 
shift towards minimally invasive surgery (MIS) has taken 
place in many surgical specialties, and neurosurgery is 
no exception. Characterized by smaller incisions and a 
greater preservation of tissues, MIS inevitably results in 
limited surgical visibility. This is generally compensated 
for using intraoperative imaging and navigation technolo-
gies. Whether the hybrid-OR provides the platform neces-
sary to sustain the further development of MIS or if MIS 
will move towards mobile solutions remains to be seen. 
The publications analyzed in this review should not be 
taken to directly correspond to the everyday clinical use 
of the hybrid-OR. Rather, they reflect research interests 
relating to the technologies and use of the hybrid-OR. As 
such they may also provide an insight into possible future 
applications. In this context, it is notable that most of the 
publications stem from Europe and Asia and only a minor-
ity originates in the USA.

For cerebrovascular surgery, hybrid-ORs are equipped 
with high-end angiography systems comparable to those 
in a conventional angio-suite [28]. This provides the 
opportunity to perform imaging, including angiography, 
to confirm that the treatment goals have been met. Sev-
eral studies have shown that intraoperative angiography 
is superior for the detection of remaining remnant ves-
sel abnormalities compared to the alternatives: visual 

Table 4  Findings of studies comparing hybrid and non-hybrid operating rooms

N/a not applicable, NS non-significant

Study ID Study design Procedure Group 1/experi-
mental

Group 2/control Important findings Significance

Kobayashi 2012 Retrospective 
observational Case 
presentation

Ventriculoperitoneal 
shunt placement

New technique in 
hybrid-OR (n = 39)

Conventional 
method using 
external land-
marks (n = 37)

Decreased revision 
and misplacement 
rate

N/a

Kageyama 2017 Retrospective obser-
vational

Posterior lumbar 
interbody fusion 
(PLiF) using per-
cutaneous pedicle 
screws

Hybrid-OR (n = 12) C-arm (n = 5) (con-
ventional mobile 
C-arm Veradius 
unity)

Increased accuracy p = 0.013
No difference in total 

operation time
p = NS

Dammann 2017 Case control Microsurgical repair 
of ruptured intrac-
ranial aneurysm

Hybrid-OR (n = 20) Conventional Prolonged operation 
time

N/a

Improved the 
combined outcome 
(scoring system 
based on radiologi-
cal and functional 
outcomes)

p < 0.05
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inspection, Doppler ultrasonography, and ICGV [27, 29, 
43]. ICGV is commonly used at neurovascular centers as 
it is easy to use and does not expose the patient and staff to 
radiation. However, it has technical limitations. It relies on 
fluorescence necessitating a microscope equipped with the 
proper filters. Furthermore, the signal is poorly transmitted 
through tissues and consequently provides reliable infor-
mation only regarding surface vasculature directly visu-
alized in the microscope. In addition, as ICG is quickly 
distributed in the bloodstream but not rapidly washed 
away, it does not allow repeated boluses to be injected to 
effectively analyze how different interventions may affect 
blood flow.

One of the most important advantages of the hybrid-
OR in the field of cerebrovascular surgery is the ability 
to perform a combined endovascular and open surgical 
approach without having to perform time-consuming 
transfers of the patient between the OR and angiography 
suite [37]. Combined approaches have gained popularity 
for the management of complex cerebrovascular disorders 
such as giant intracranial aneurysms and AVMs [49]. A 
recent study, published after the inclusion period, vali-
dated the feasibility and safety of combined procedures in 
a hybrid-OR for the treatment of pediatric cerebrovascular 
diseases [75]. Moreover, a hybrid environment allows for 
near-instantaneous detection and reaction to intraopera-
tive complications—as conversion from endovascular to 
open procedure is a conceivable option in a hybrid-ORs. 
In fact, several studies reported performing rescue surger-
ies that would not have been possible in a conventional 
angiography suite [31, 71]. However, intraoperative angi-
ography requires arterial access and is normally done 
with the patient supine which may be in conflict with the 
positioning needs of the surgical approach. Moreover, 
the periprocedural use of antithrombotic or anticoagulant 
drugs routinely used in neurointerventional procedures 
must be managed in relation to the neurosurgical risks.

In spine surgery, intraoperative imaging can reduce the 
risk of instrumentation-related neurovascular injury as 
well as screw misplacement [41]. Traditionally, intraop-
erative imaging in spinal procedures is performed using 
2D fluoroscopy. However, navigation systems using intra-
operatively acquired 3D images provide superior guidance 
with accurate, real-time tracking of the patient’s anatomy 
and surgical instruments. Intraoperative imaging and 
surgical navigation allow OR staff and surgeons to avoid 
radiation exposure and work without lead aprons but may 
increase the exposure to the patient [64]. Based on the 
studies included in this review, it can be concluded that 
navigated pedicle screw placements in a hybrid-OR is safe 
and more accurate than both fluoroscopy-assisted and free-
hand techniques.

The combination of technologies in the hybrid-OR has 
been particularly studied in spine surgery. For instance, the 
ARSN system, specifically developed for the hybrid-OR, 
uses adhesive markers to create a virtual reference and 
provides an alternative to conventional tracking systems 
used for spinal navigation [8]. The incorporation of sur-
gical robots [2, 62] may enhance surgical precision and 
patient safety and consequently increase the utility of the 
hybrid-OR [34, 63].

Unfortunately, only a few of the included studies inves-
tigated radiation exposure [36, 51]. The use of intraop-
erative CBCT for navigation or at end of procedure adds 
substantially to the patient’s radiation exposure. However, 
the patient dose must be calculated with consideration of 
the total dose related to the care provided [5]. A preopera-
tive scan in the hybrid-OR provides better information for 
navigation than a preoperative one, and end-of procedure 
scan can replace a conventional postoperative scan [9]. 
To achieve the lowest patient doses, it is important that 
the hybrid-OR imaging equipment incorporates optimized 
x-ray imaging protocols and is used by trained staff. In a 
randomized control trial, a low-dose protocol was shown 
to significantly reduce the exposure without any compro-
mise to the surgical accuracy [61].

Occupational exposure is reduced by avoiding unnec-
essary use of radiation, minimizing exposure time, main-
taining maximal distance to the scatter source, and using 
radiation protection shielding [46]. This can be achieved 
through the implementation of local safety guidelines 
and proper training of the OR staff [32, 52]. Radioprotec-
tive shields, aprons, and garments can effectively reduce 
the exposure, but wearables are uncomfortable and may 
interfere with the surgeon’s work [1]. The possibility to 
remotely control the imaging systems, especially during 
CBCT acquisitions, enables the staff to protect themselves 
by either stepping out of the room or by standing behind 
protective lead shields. Navigated surgery lends itself well 
to these principles allowing staff exposure to be reduced 
to background radiation levels [25].

While hybrid-ORs provide an advantage in procedures 
where image guidance and navigation are necessary, the 
scientific literature also includes procedures without a 
specific need for this technology. Although no extensive 
cost–benefit analyses have been performed, cost concerns 
have been previously raised by some authors. Currently, 
however, hybrid-ORs are mostly found in academic centers 
and university hospitals, where the additional costs may be 
accepted in favor of research and technological advances 
as well as potential long-term benefits. Other concerns 
with respect to the use of hybrid-ORs that were poorly 
addressed within the covered literature mainly pertain to 
the training of staff and the associated learning curves.
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Future perspectives

Hybrid-ORs provide advanced intraoperative imaging capa-
bilities as well as the possibility to combine endovascular 
and open surgical approaches for the management of com-
plex neurosurgical cases. In this era of rapid technologi-
cal advances, hybrid-ORs are likely to improve and evolve 
in terms of workflow, imaging technologies, and auxiliary 
technologies. This will provide neurosurgeons with the 
opportunity to treat more challenging cases and contribute 
to the advancement of minimally invasive, endovascular, and 
endoscopic approaches. For instance, it has been postulated 
that the adjunct of augmented reality and robotic techniques 
may enhance precision and improve patient safety during 
minimally invasive procedures [2, 45]. Similarly, endoscopic 
procedures may benefit from surgical guidance offered by 
the intraoperative imaging available in the hybrid OR [55].

Furthermore, the hybrid OR may provide an ideal envi-
ronment for the multidisciplinary aspect of trauma manage-
ment. Hybrid environments where neurosurgeons, vascular 
surgeons, and trauma surgeons collaborate with interven-
tional radiologists manage patients with multiple injuries 
have already been described [38, 53, 56]. The increased 
availability of hybrid-ORs at major trauma centers may con-
tribute to improved management and better patient outcomes 
by allowing immediate assessment of performed interven-
tions, such as hematoma evacuations or spinal fixations. 
Additional measures could be undertaken immediately with-
out the need for back-and-forth transportation between facili-
ties. In the future, a module-based hybrid OR combining 
different technologies that may be used for different types 
of procedures could be envisioned. This type of ORs could 
contain CBCT, MRI, ultrasound, and different image-guided 
navigation solutions. The auxiliary technologies available 
might be active robotics, endoscopic devices, mixed-reality 
solutions, AI-guided decision tools, telemedical communica-
tion, and tutoring applications for consultation and teaching.

Nonetheless, more research is needed to develop proto-
cols and optimize the workflows for different scenarios. It 
is also important that future work focuses on assessing the 
impact of hybrid ORs on patient outcomes from both a clini-
cal and a socioeconomic perspective.

Limitations

The main limitation of this review relates to the limitations 
of the literature itself. The lack of standardized outcome 
measures makes the results difficult to interpret and compare 
across studies. Metrics of radiation exposure and doses were 
rarely standardized, uniform, or consistent among studies, 
impeding direct quantitative and meta-analytic comparisons 
or pooling of the published data. Estimating the actual cost-
effectiveness of a hybrid-OR could not be achieved, as this 

information was nearly non-existent. Other poorly addressed 
concerns regarding the use of hybrid-ORs mainly pertain 
to the training of staff and the associated learning curves. 
Due to the lack of objective metrics, addressing the effects 
of the learning curves associated with the introduction of 
hybrid-ORs was not possible. The learning curves depend 
on the complexity and degree of integration of new tech-
nologies in the hybrid-OR, on the previous training of the 
staff and the number of cases available for staff training, 
making this parameter difficult to evaluate. Albeit challeng-
ing, a thorough analysis of this aspect is important to justify 
the increasing use of hybrid-ORs. Furthermore, only a few 
studies compared hybrid-ORs to more conventional ORs. 
Randomized control trials to evaluate the efficacy and safety 
of hybrid-ORs are needed, as are studies aimed at determin-
ing which procedures and what patient categories benefit 
the most from treatment in hybrid-ORs. In fact, one study 
reached the conclusion that the hybrid-OR was only crucial 
to 2% of cerebrovascular procedures [42]. A study by Ogi-
wara et al., published after the inclusion period, compared 
CBCT-based hybrid-ORs to operating rooms equipped with 
other imaging devices and concluded that different proce-
dures require surgical suites with different properties [55]. 
The authors reported that 12% of the neurosurgical proce-
dures at their institution were conducted in a CBCT-based 
hybrid OR mostly concerning spine cases. Similar studies 
are needed to define the specifications of different hybrid-
OR setups. This information would assist stakeholders in 
choosing what equipment better suits the specific needs of 
the hospital. Finally, funding in research on novel technolo-
gies may be provided by manufacturers, causing a potential 
source of bias. In this review, however, the risk of bias asso-
ciated with each of the studies and its design was thoroughly 
assessed and provided as supplementary (Supplementary file 
5).

Conclusion

Hybrid-ORs, equipped with CBCT and angiography, are 
increasingly used in the context of both vascular and spinal 
neurosurgery. They provide preprocedure, intraprocedure, 
and end-of-procedure imaging capabilities, thereby increas-
ing the surgical precision, and reducing the need for post-
operative imaging and correction surgeries. Despite these 
advantages, prolonged operative durations and radiation 
exposure to patient and staff are important concerns. How-
ever, protective measures may result in reduced exposure 
for both patient and staff compared to conventional solu-
tions. Hybrid-ORs offer possibilities in the development of 
new minimally invasive surgical approaches, but the costs of 
installation and equipment acquisition limit their current use 
to large centers. Given the lack of randomized, controlled 
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studies objectively evaluating the superiority of hybrid-ORs, 
the current state of the literature indicates that the use of 
hybrid ORs in neurosurgery is still in an experimental and 
developmental phase.
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