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Background: Limitations in the operative microscope (OM)’s mobility and suboptimal ergonomics created the
opportunity for the development of the exoscope. This systematic review aims to evaluate the advantages and
disadvantages of exoscopes and OMs in spine surgery.

Methods: Following Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines, a
systematic search was conducted in the major research databases. All studies evaluating the exoscopes and/or
OM:s in spinal procedures were included.

Results: There were 602 patients included in the 16 studies, with 539 spine surgery patients, 19 vascular cases, 1
neural pathology case, 19 cranial cases, and 24 tumor pathologies. When examining surgical outcomes with the
exoscope, results were mixed. Compared to the OM, exoscope usage resulted in longer operative times in 7
studies, comparable times in 3 studies, and shorter operative times in 3 studies. Two studies found similar lengths
of stay (LOS) for both tools, two reported longer LOS with exoscopes, and one indicated shorter hospital LOS with
exoscopes. One study reported higher exoscope-related blood loss (EBL), but four other studies consistently
showed reduced EBL. In terms of image quality, illumination, dynamic range, depth perception, ergonomics and
cost-effectiveness, the exoscope was consistently rated superior, while findings across studies were mixed
regarding the optical zoom ratio and mean scope adjustment (MSA). The learning curve for exoscope use was
consistently reported as shorter in all studies.

Conclusion: Exoscopes present a viable alternative to OMs in spine surgery, offering multiple advantages, which
supports their promising role in modern neurosurgical practice.

1. Introduction the gold standard in contemporary neurosurgical practice since that

time, due to the improved operative field illumination and superior

Spine surgery underwent a critical technological advance when the
operative microscope (OM) was the first used in the neurosurgical
operating room. In 1977, Caspar and Yasargil performed an open
microdiscectomy on the lumbar spine using a binocular system — the first
visual instrument to magnify the surgeons’ view."»> The OM has become

neuroanatomical visualization. Patient outcomes have been improved
by decreasing tissue trauma and optimizing pathological resection and
removal in various procedures.3

However, despite being a significant upgrade over no microscopic
visualization, the OM faces several restrictions in terms of operative
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mobility. Surgeons are often forced into an uncomfortable posture,
which can impact their musculoskeletal health, causing neck and back
pain and reducing physician morale.” ® While recent advancements in
minimally invasive surgery have ushered in an era of enhanced recovery
for patients, they have also introduced the exoscope. Besides intro-
ducing a tubular retractor system along with angulated tools, exoscopes
have a longer focal distance, provide a wider field of vision, and have
demonstrated ergonomic benefits. Exoscopes can easily be positioned
about 20 cm or farther above the operative field allowing for an unob-
structed working space.>”-®

With the increasing utilization of exoscope-assisted spine surgery,
there is a need to assess the exoscope’s comparative efficacy and safety
against OM-assisted spine surgery. Therefore, this systematic review
aims to compare exoscopes with OMs to determine the unique advan-
tages and limitations of these systems to aid clinical decision-making
and improve patient outcomes.

2. Methods
2.1. Search strategy and selection

This systematic review was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines.” Online databases such as PubMed, Scopus, Google Scholar,
and Cochrane CENTRAL were systematically searched from inception to
the 14th of September, 2023. The following combinations of MeSH
terms were used using the Boolean Logic:

“exoscope-assisted spine surgery”, “exoscope”, “exoscope surgery”,
“exoscope technique”, “exoscope-guided spine surgery”, “traditional
operating microscope”, “operating microscope”, “microscope-assisted
spine surgery”, “microscope surgery”’, “microscopic spine surgery”,
“microscopic technique”, “complications”, “surgical outcome”, “clinical
outcome”, “surgical complications”, “postoperative complications”,
“intraoperative ~ complications”,  “perioperative = complications”,

2 <

“complication assessment”, “complication evaluation”.
2.2. Inclusion criterion

Studies that compared the exoscope with the OM and included
perioperative complications in patients undergoing spinal surgery were
included. Original studies including clinical trials, RCTs, cohorts, and
case series were included.

2.3. Exclusion criterion

Review articles, books and documents, commentaries, and letters to
the editor were excluded. Articles other than English language were also
excluded.

2.4. Data extraction and quality assessment

The retrieved articles were initially reviewed by the two independent
reviewers. They screened titles and abstracts and removed the dupli-
cates using the EndNote 20 software. The extracted data was further
verified by the reviewers. The third investigator was then consulted to
address any discrepancies concerning the evaluation of studies. The
study design, baseline characteristics, and various outcomes were
extracted. For the quality assessment of the included studies, the
Newcastle-Ottawa Quality Assessment Tool was used.”*’

2.5. Study definitions and endpoints

The primary outcomes of interest were mean operative time, mean
length of stay, mean blood loss, surgical complications, learning curve
assessment, optical quality, optical zoom ratio, mean scope adjustment,
ease of use, dynamic range, depth perception, and cost.
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3. Results
3.1. Literature search

The preliminary literature search yielded 133 results, which were
screened by title and abstract. Sixteen studies met inclusion criteria
following full-text review, consisting of a total of 602 patients. The
search strategy is shown in Fig. 1. The quality assessment of the included
studies is summarized in Figs. 2 and 3. Study characteristics and baseline
characteristics of participants are provided in Tables 1-3.

3.2. Study characteristics

In the 16 studies, 602 patients were included, with various pathol-
ogies: spine (n = 539), tumor (n = 24), cranial (n = 19), vascular (n =
19), neural (n = 1). The pathologies that were operated on were
degenerative spine pathologies, spinal canal pathologies disc hernia-
tions, vascular anastomoses, degenerative spinal myelopathies, epidural
abscesses, spondylotic radiculopathies, gliomas, meningiomas, cranio-
vertebral instability, and traumatic spinal cord compression. The pro-
cedures performed were lumbar decompressions, tubular discectomies,
Transforaminal Lumbar Interbody Fusion (TLIF), oblique lateral inter-
body fusion (OLIF), end-to-side bypass procedures, tumour resections
(intraneural schwannomas), anterior cervical discectomy and fusion
(ACDF), microsutures and anastomoses of nerves, arteries, and veins,
cervical corpectomy, cervical laminectomy, lumbar and cervical lam-
inectomies, laminotomies, posterior decompression and fusion, micro-
discectomy, and foraminotomy.

The exoscopes used were Video Telescope Operating Monitor
(ViTOM), ViTOM mounted on mechanical holding arm, ViTOM 3D
model TH200, Aeos Digital Exoscope, HD-XOscope, Mitaka Kestrel View
11, 3D 4K-HD EX Sony Olympus, Synaptive BrightMatter Servo, and HD-
2D Stereotactic Exoscope.

3.3. Surgical outcomes

3.3.1. Operative time

Among the 16 studies examined, the utilization of an exoscope was
found to have varying impacts on operative times. In 6 of these studies,
the operative times were observed to be longer when using an exoscope
in comparison to the operating microscope. In 3 studies, the operative
times were reported as comparable between the two tools, while in
another 3 studies, the exoscope was associated with shorter operative
times. Hafez et al.'' conducted a study where they observed a statisti-
cally significant difference, with the exoscope resulting in an extended
operative time of 9.2 min (p = 0.004). In contrast, Yao et al.'? reported a
significantly shorter operative time when employing the exoscope (p <
0.05).

3.3.2. Length of stay

Length of stay was comparable with the exoscope and OM in 2
studies.'®'* In 2 studies,'>'® LOS was observed to be longer when using
an exoscope (9.71 + 4.78 days) in comparison to the operating micro-
scope (8.95 + 4.11 days) while in another study,® the exoscope was
associated with shorter LOS (5.9 + 2.6 days) in comparison to OM
procedures (7.3 + 5.8 days).

3.3.3. Blood loss

Blood loss exhibited similar outcomes when comparing the utiliza-
tion of an exoscope to that of an OM, as evidenced by Hafez et al.'’
Conversely, in a separate study by Siller et al, it was observed that blood
loss was higher (97 mL and 109 mL in ACDF and LPD groups respec-
tively) when employing an exoscope as opposed to an OM. However, in
four additional studies, the exoscope was consistently associated with
reduced blood loss.'*"”
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Fig. 1. PRISMA flowchart illustrating the study selection process.
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Fig. 2. Risk of bias assessment for each cohort study according to NOS. Plots created using the risk-of-bias visualization (robvis) tool.

3.3.4. Various scores

In the case of Yao et al."“ the operating microscope resulted in higher
Visual Analogue Scores (VAS) and lesser Neck Disability Index (NDI)
scores. Siller et, al. shows greater clinical improvement (lesser NDI
scores, higher Japanese Orthopedic Association (JOA) scores, and
higher Oswestry Disability Index (ODI) scores) with the operating mi-
croscope in ACDF and LPD procedures. Lin et, al.'® demonstrated slight
improvements in JOA and VAS scores with the operating microscope in
some cases. Ramirez et al.'* showed decreased NDI scores with the
operating microscope in minimally invasive TLIF.

1'12

3.4. Comparison of specifications

3.4.1. Optical/image quality

In most studies (7 out of 16), the exoscope was rated as superior in
optical/image quality compared to the OM. Lin et al.'® indicated that
image quality with the operating microscope is comparable, but inferior
in longer and deeper procedures. Conversely, two studies reported that
the image quality of exoscope decreases with depth and is inferior to
operating microscope.'*'® While in 3 studies, image quality exhibited
similar outcomes when comparing the utilization of an exoscope to that
of an operating microscope“’lf”18
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Fig. 3. Risk of bias assessment of cohort studies using Newcastle-Ottawa score. Plots created using the risk-of-bias visualization (robvis) tool.

3.4.2. Illumination

In 3 studies, the exoscope was rated as superior in illumination
compared to the operating microscope.' !> Siller et al.° indicated that
illumination in with the operating microscope is comparable.
Conversely, 2 studies reported that illumination of exoscope is inferior
to operating rnicroscope.&]6

3.4.3. Optical zoom ratio

In certain instances where empirical data has been presented,
discerning a definitive preference for one method over the other based
on optical zoom ratio remains inconclusive. Across a corpus of four
distinct research studies conducted by Hafez et al., Mamelak et al.,
Giorgi et al., and Kartik et al.>®'"?! findings consistently suggest that
the exoscope exhibits a superior optical zoom ratio in comparison to the
conventional operating microscope. Contrastingly, Siller et al.’s®
investigation deviate from this prevailing trend, as their analysis in-
dicates that the exoscope yields an inferior optical zoom ratio when
juxtaposed with the operating microscope. This counterpoint un-
derscores the complexity of the comparative evaluation. In contrast to
both the aforementioned trends, two additional studies’*?° conducted
by Oertel in 2023 and Ramirez et al. yield results indicating that the
optical zoom ratio of the exoscope is on par with that of the traditional
operating microscope.

3.4.4. Mean scope adjustment (MSA)

The mean scope adjustment was superior in exoscope as compared to
the operating microscopes in 8 out of 16 studies. Siller et al.® indicated
that MSA is inferior in exoscope as compared to OM. Conversely, 3
studies reported that the MSA of exoscope is comparable to the
OM. 116,20

3.4.5. Ease of use and depth perception

Ratings for ease of use and handling vary and are clearly indicative of
more ease in handling the exoscope than the OM. Ariffin et, al., Bai et,
al., and Abunimer et, al.!*?%?3 suggested the superiority of the exoscope
due to its ergonomic benefits throughout the procedure. Hafez et, al., Lin
et, al., and Mamelak et, al.>'"'® also noted increased freedom of
movement for instruments under the exoscope. Conversely, Lin et, al.'®
reported unease in using 3D glasses with the exoscope. High dynamic
range is found to be superior in exoscopes throughout the data shared by
the studies. Depth perception is rated as superior with the exoscope in
most cases. Lin et, al.'® suggested that depth perception with the OM is
superior in longer procedures with deeper areas. Surgeon discomfort is
found to be less evident during the use of exoscope in most
studies,>'>!>161820.21 in  comparison to the use of operating
microscope.



Table 1
Baseline characteristics of study participants and pathologies.
Author et al Year of Number of Pathology Name of exoscope
publication participants
Shirzadietal 2012 48 [exo = 24; om =  Degenerative Lumbar spinal pathology Video Telescope Operating Monitor
24] (VITOM)
Krishnan et 2017 18 Lumbar and cervical spinal canal compression (n = 5); disc herniations (n = 4); anterior cervical dislocation (n = 1); intraneural ViTOM® exoscope mounted on the
al schwannomas (n = 2); acute cerebellar hemorrhage (n = 1); parafalcine atypical cerebral hematoma caused by a dural arterio-venous mechanical holding arm
fistula (n = 1); microsutures and anastomoses of a nerve (n = 1), an artery (n = 1), and veins (n = 2).
Ariffin et al 2020 74 Spinal canal pathologies N/A
Hafez et al 2020 10 cases [exo = 5; Vascular anastomosis Aeos Digital Exoscope
om = 5]
Yao et al 2021 48 Cervical spondylotic myelopathy N/A
Mamelak et 2010 16 Epidural abscess (n = 1), calcified disc (n = 1), herniated nucleus pulposus (n = 3), foraminal stenosis (n = 1), cranial pathologies'® HD-XOscope
al
Siller et al 2020 120 [exo = 60; om Spinal pathologies VITOM 3D model TH200
= 60]
Lin et al 2022 50 [exo = 23; om =  Cervical myelopathy Mitaka Kestrel View II
27]
Kwan et al 2019 10 Spinal Pathologies 3D 4K-HD EX (Sony Olympus Medical
Solutions, Tokyo, Japan)
Oertel et al 2017 16 5 cranial and 11 spinal pathologies; Cervical canal stenosis C5-C6 (n = 1); Pseudarthrosis C2-C4 (n = 1); Intraspinal extradural 3D-Vitom
angiolipoma Th12-L1 (n = 1); Lumbar canal stenosis L2-L5 with instability (n = 1); Lumbar canal stenosis L3-L4, nerve root scarring due
to previous surgery L4-L5 (n = 1); Lumbar canal stenosis L4-L5, nerve root scarring due to previous procedure L3-L4 (n = 1); Disc
herniation L4-L5 (n = 2); Disc herniation L5-S1 (n = 1)
Moisi et al 2017 6 Spinal pathologies Synaptive BrightMatter Servo, Toronto,
Canada
Lin et al 2023 90 [exo = 47; OM Lumbar disc herniation 3D Exoscope
=43]
Giorgi et al 2022 20 [EX0 = 10; OM Traumatic thoracolumbar spinal cord compression HD 3D VITOM
=10]
Bai et al 2021 19 Spondylotic radiculopathy caused by bony foraminal stenosis HD 3D Exoscope
Ramirez et al 2023 16 (EXO = 8; OM = Lumbar degenerative disc N/A
8)
Abunimer et 2022 41 Spinal and Cranial Pathologies: Gliomas (n = 11) and meningiomas (n = 7), vascular pathologies (n = 6), metastatic tumors (n = 2),

al

oligodendroglioma (n = 1), Langerhans histiocytosis (n = 1), and intracranial hemorrhage (n = 1); Spinal stenosis (n = 8), herniated disks
(n = 2), cervicothoracic syrinx (n = 1), and craniovertebral instability with Chiari I malformation (n = 1)

HD-2D stereotactic exoscope
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Table 2
Comparison of surgical outcomes between exoscope and operating microscope in different studies.
Study Procedure  Operative Time Length of Stay Blood Loss JOA Score VAS Score NDI Score ODI Score
Exoscope Operating Exoscope Operating Exoscope Operating Exoscope  Operating Exoscope Operating Exoscope Operating Exoscope Operating
Microscope Microscope Microscope Microscope Microscope Microscope Microscope
Shirzadi longer - comparable comparable - - - - - - - - - -
Krishnan longer - - - - - - - - — - - -
Ariffin - - - - - - - - - - - - - -
Hafez Bypass longer shorter - - comparable comparable - - - - - - - -
Ramirez shorter longer comparable comparable - - - - - - - - - -
Yao shorter longer - - - - - lesser higher - - - -
Mamlek - - - - - - - - - - - - - - -
Siller ACDF longer shorter shorter longer greater lesser - - lesser higher comparable comparable comparable comparable
LPD comparable comparable shorter longer - - - - - - - - - -
Lin comparable comparable longer shorter slightly slightly improved improved less - - comparable comparable - -
lesser greater ore
Kwan longer shorter - slightly slightly - - - - - - - -
lesser greater
Oertel - - - - - - - - - - - - - -
Moisi comparable comparable - - - - - - - - - - - -
Lin longer shorter longer shorter slightly slightly - - comparable comparable - - Improved improved
lesser greater comparably comparably
Giorgi shorter longer - lesser greater - - - - - - - -
Bai - - - - - - - - - - - - - -
Abunimer  cranial - - - - - - - - - - - - - -
surgery
spinal - - - - - - - - - - - - -
surgery
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3.4.6. Stereopsis, learning curve and cost-effectiveness

Stereopsis is rated as superior in exoscopes with the high dynamic-
range cameras and 3D vision in most cases. However, Mamelak et al.®
reported a lack of stereopsis in the complex procedure as the exoscope’s
major limitation. The exoscope demonstrated a shorter learning curve
compared to the OM in all studies. The exoscope appears to be associ-
ated with lower costs compared to the operating microscope.

4. Discussion
4.1. Advantages of exoscopes over other microscopes

A complex picture is shown by 16 studies when comparing surgical
results and technological advancements. The length of the operations
varied; 6 studies®>®'!%1%17 showed greater times with exoscopes, 3
studies®'>'® showed comparability, and 3 studies'*'*?! suggested
shorter periods. Blood loss and length of stay showed conflicting out-
comes. Exoscopes were generally preferred in terms of optical and pic-
ture quality, however, certain investigations found depth limits. The
superiority of illumination varies. Studies comparing optical zoom ratios
produced contradictory findings, with some research endorsing exo-
scopes and others defending conventional microscopes. Lin et al.'®
evaluated the advantages and disadvantages of using high-definition 3D
exoscopes versus binocular OMs in ACDF cases. While noting a slightly
inferior visualization and image quality, it was reported that the exo-
scope is not only a safe alternative to OMs with improved ergonomics
and stereotactic visual experience but also serves as a useful educational
tool for the surgical team. Exoscopes were typically preferred because of
their ease of use, depth perception, and affordability. Exoscopes often
provided improved stereopsis, although there were certain drawbacks in
more complicated surgeries, such as the inability to create a more pre-
cise line of site during deep dissections in some craniotomies.® Impor-
tantly, using an exoscope typically resulted in a reduced learning curve,
which facilitated adoption by both residents and consultants.

Since the late 1960s, the surgical microscope has been a fundamental
tool in neurosurgery, and it is still vital in the microsurgical treatment of
brain and spine disorders.”* Extracorporeal telescopes, colloquially
referred to as exoscopes, are excellent substitutes to conventional OMs
for surgical magnification due to advancements in digital imaging,
wireless internet connection, screen technology, and optics.” In order to
examine the target region while using the microscope, surgeons must
look directly through the surgical microscopic objective lenses; how-
ever, it appears that this face-machine interface has been replaced by
modern digital 3-dimensional (3D) imaging exoscopes.°

4.2. Visualization and comfort

In microsurgery and minimally invasive treatments, it has been
extensively documented that the pursuit of extremely precise pictures
and methods has been producing beneficial clinical outcomes and
increasing patient satisfaction.>?%%”?% 3D glasses and 3D monitors have
enabled surgeons to visualize important neural and vascular structures
as well as tissue differentiation with high magnification. While a sur-
geon’s posture is not restricted to the microscope’s oculars, employing
an exoscope has previously been associated with more mobility during
surgery, higher levels of comfort, and less fatigue following lengthier
procedures.?%%%30

4.3. Learning curve and adaptability

Exoscopes and other contemporary equipment need specialized
training, however, the learning curve is quite short in comparison to
traditional neurosurgery systems like operating microscopes (OM) and
endoscopes."’l?”27 With higher visual quality and more comfort for the
surgeon, Muhammad et al.”® reported cranial surgical outcomes that
were equivalent to the OM. For surgeries involving the skull base, brain

World Neurosurgery: X 21 (2024) 100258

tumors, aneurysm clipping, vascular microanastomosis, and both cer-
vical and lumbar complex spine, the exoscope system is a secure sub-
stitute for or a supplement to the already available binocular
OM.>!11:27:31-37 According to Siller et al.® there were no appreciable
changes between patients who received lumbar posterior decompression
(LPD) and anterior cervical discectomy and fusion (ACDF) surgery using
an OM or an exoscope.’

4.4. Image quality and surgical productivity

Exoscopes are intended to give high-resolution 3D imaging of tissue
structure, blood vessels, and other characteristics to enable more precise
surgery and, by integrating a display video, to allow simultaneous sur-
gical team watching. Exoscopes are the next generation of operational
imaging because they allow the neurosurgeon to work while sitting
more ergonomically, make it easier for the surgical team, and cut down
on the amount of time surgeons spend looking at visuals via a micro-
scope eyepiece. By fusing the endoscope’s form factor with the micro-
scope’s image quality, these devices attempt to close the gap between
OM and endoscopes.'®*® The exoscope’s ability to lower infection
transmission to the surgical team during the COVID-19 pandemic was
underlined by Ridge et al.>° and Teo et al.*® Exoscopic viewing has been
shown to have certain drawbacks, particularly with early 2D exoscopes,
such as limited utility in deep-seated cranial diseases, difficulty identi-
fying hemorrhagic tissue, amplification of deep-seated pathologies, and
most notably, a lack of stereopsis.20’32 New 3D exoscopes appear to
eliminate all of these drawbacks, however, they occasionally cause
headaches and nausea owing to the usage of polarized glasses.'>?%*!
The shared 3D image that is available to everyone performing the sur-
gery is a significant benefit of the exoscope.'*>*® By allowing surgeons
to work simultaneously on the same monitor and exchange information
with the surgical team, productivity is increased. Takahashi and col-
leagues®® noted that assistant surgeons occasionally had a rotated image
of the monitor, which can be resolved by using two or more 3D displays.

4.5. Quality and duration of suturing

In the largest comparison of the exoscope with the OM, Hafez and
colleagues'' demonstrated that both techniques are successful in per-
forming bypass suturing.'> However, the suturing duration was shorter
when using the microscope, and the stitch distribution was better when
using the exoscope. Gonen and colleagues** reported the largest series of
exoscope-assisted glioma resections (56 patients), accounting for 44
cases of high-grade gliomas and 12 cases of low-grade gliomas and
reporting just one (1.8%) perioperative complication (hemorrhage
within the resection bed) in a patient with glioblastoma multiforme.

4.6. Operating time and complications

Up to 8% of postoperative surgical consequences include persistent
motor deficiency.***” In the largest series of patients to undergo
transsphenoidal surgery for pituitary adenoma (239 patients), Roter-
mund et al.*? reported that no serious episodes or minor complications
based on the use of the exoscope occurred, as well as no significant
differences regarding the duration of surgery, complications, or extent of
resection compared to conventional microscopy. Ahmad et al.”® re-
ported 12 microvascular anastomoses in particular, showing no differ-
ence in operating time (p = 0.714), ischemia duration (p = 0.972), or
microsurgical complications (p = 1) between the ORBEYE and tradi-
tional microscopy groups. In a prior assessment comparing exoscopes
and microscopes for 3D visualization, Ricciardi et al.*® concluded that
the exoscope’s picture quality, optical power, and magnification were at
least on par with those of the microscope. To further investigate the
surgical field and monitor bleeding, exoscopes equip surgeons with the
ability to instantly transition between a micro to a macro vision.*"*7*°

Exoscope use has been extensively documented, with a variety of
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Comparison of specifications between exoscope and operating microscope in different studies.

Author et al Procedure  Optical/Image Quality Illumination Optical Zoom Ratio Mean Scope Adjustment Ease of use/
handling
instrument/
holding
arm

Exoscope Operating Microscope Exoscope Operating  Exoscope  Operating  Exoscope  Operating  Exoscope
Microscope Microscope Microscope

Shirzadi superior inferior - - - - - - superior

Krishnan - - - - superior inferior superior inferior -

Ariffin superior inferior - - - - - - superior

Hafez Bypass comparable comparable superior inferior superior inferior comparable comparable superior

Ramirez superior inferior inferior superior comparable comparable superior inferior superior

Yao - - - - - - - - -

Mamelak superior inferior inferior superior superior inferior superior inferior superior

Siller ACDF superior inferior comparable comparable inferior superior inferior superior comparable

LPD superior inferior - - - - - - -
Lin comparable but - comparable but - - - comparable comparable superior
inferior in longer inferior in longer
and deeper and deeper
procedures procedures

Kwan - - - - - - superior inferior -

Oertel superior inferior superior inferior comparable comparable comparable comparable superior

Moisi comparable comparable - - - - superior inferior superior

Lin inferior superior inferior superior - - superior inferior superior

Giorgi Superior - comparable comparable superior inferior superior inferior superior

Bai - - superior inferior - - superior inferior superior

Ramirez Minimally - - comparable comparable comparable comparable inferior superior comparable

invasive

TLIF

Open TLIF - - - - - - - - -

Abunimer cranial - - - - - - - - superior

surgery

spinal - - - - - - - -
surgery

exoscope types also being utilized in spinal surgery.®?%2740:5051 I g 5. Conclusion

fascinating series of minor to large surgical spine operations performed
on 69 patients using the exoscope, Ariffin et al.>? reported only four
incidences of dural rupture as surgical complications (or 5.8%), and no
postoperative neurological impairments. The attending surgeon judged
the comfort level of the surgeon’s position intraoperatively as superior,
particularly during “undercutting” procedures, and the intraoperative
manipulation of the tools as equivalent to that of the OM.*?

Exoscopes do, however, currently have certain limitations. Accord-
ing to Burkhardt et al.”® who analyzed 16 cranial and 18 spinal surgical
operations, switching to the OM was required in 5 out of 10 instances (or
50%) of cranial surgery due to the necessity for 5-ALA
fluorescence-guided imaging in two cases and insufficient illumination
of the depth of the operating field in 3 cases.

4.7. Limitations

No previous reviews exist for direct comparison with our systematic
review, indicating a potential publication bias as only published data
were considered. While our study is the first to systematically examine
the comparative analysis of exoscope-assisted spine surgery versus
operating microscope, a limitation arises from the absence of numerical
data in the included studies, impeding a comprehensive quantitative
comparison. Furthermore, the studies we incorporated, despite pri-
marily targeting spine surgery cases, included a limited number of non-
spine cases.

This systematic review provides a comprehensive comparison be-
tween exoscope-assisted spine surgery and traditional operating
microscope-based procedures. While both technologies have their
unique advantages and limitations, exoscopes exhibit superior ergo-
nomics, shorter learning curves, and improved surgical efficiency.
Despite challenges such as image quality and cost-effectiveness, exo-
scopes demonstrate potential for enhancing surgical outcomes and
transforming the landscape of spine surgery. Future advancements
addressing current limitations may further establish exoscopes as a
valuable tool in neurosurgical practice.
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Ease of use/handling instrument/
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High Dynamic Range

Surgeon’s discomfort

Cost Learning Curve
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inferior superior inferior - - - - shorter longer
inferior - - - - - - shorter longer
inferior inferior superior - - less more shorter longer
inferior superior inferior - - - - shorter longer
comparable comparable comparable superior inferior less more shorter longer
inferior inferior superior superior inferior - - shorter longer
- - - - - - - shorter longer
inferior comparable comparable superior inferior less more - -
inferior - - superior inferior - - - -
inferior inferior superior superior inferior shorter longer
inferior superior inferior superior inferior shorter longer
inferior superior inferior - - - -
comparable - - comparable comparable Longer shorter
inferior superior inferior superior inferior shorter longer
original draft. Abdullah Nadeem: Data curation, Validation, Writing - 6. Siller S, Zoellner C, Fuetsch M, Trabold R, Tonn JC, Zausinger S. A high-definition

original draft. Hamail Malik Gunjial: Data curation, Methodology,
Writing - original draft. Hafiz Abdus Saboor: Conceptualization, Data
curation, Writing - original draft. Aamir Amin: Writing - original draft.
Yumna Salman: Conceptualization, Data curation. Muhammad Has-
san Hafeez: Conceptualization, Data curation, Writing - original draft.
Christian A. Bowers: Conceptualization, Investigation, Project admin-
istration, Supervision, Validation, Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

1. Caspar W. A New Surgical Procedure for Lumbar Disc Herniation Causing Less Tissue
Damage through a Microsurgical Approach; 1977:74-80. Available from: https://link.
springer.com/chapter/10.1007/978-3-642-66578-3_15. Accessed September 20,
2023.

. Yasargil MG. Microsurgical Operation of Herniated Lumbar Disc; 1977, 81-81.
Available from: https://link.springer.com/chapter/10.1007/978-3-642-66578-3_16.
Accessed September 20, 2023.

. Krishnan KG, Scholler K, Uhl E. Application of a compact high-definition exoscope
for illumination and magnification in high-precision surgical procedures. World
Neurosurg. 2017 Jan 1;97:652-660. Available from: https://pubmed.ncbi.nlm.nih.
gov/27659814/. Accessed September 20, 2023.

. Kolz JM, Wagner SC, Vaccaro AR, Sebastian AS. Ergonomics in spine surgery. Clin
Spine Surg. 2022 Oct 1;35(8):333-340. Available from: https://pubmed.ncbi.nlm.
nih.gov/34321393/. Accessed September 20, 2023.

. Fisher SM, Teven CM, Song DH. Ergonomics in the operating room: the cervicospinal
health of today’s surgeons. Plast Reconstr Surg. 2018;142(5):1380-1387. Available
from: https://pubmed.ncbi.nlm.nih.gov/30511995/. Accessed September 20, 2023.

10.

11.

12.

13.

14.

15.

16.

17.

3D exoscope as an alternative to the operating microscope in spinal microsurgery.
J Neurosurg Spine. 2020 Jul 10;33(5):705-714. Available from: https://thejns.org/
spine/view/journals/j-neurosurg-spine/33/5/article-p705.xml. Accessed September
20, 2023.

. Sack J, Steinberg JA, Rennert RC, et al. Initial experience using a high-definition 3-

dimensional exoscope system for microneurosurgery. Oper Neurosurg (Hagerstown).
2018 Apr 1;14(4):395-401. https://pubmed.ncbi.nlm.nih.gov/29106670/.
Accessed September 20, 2023.

. Mamelak AN, Nobuto T, Berci G. Initial clinical experience with a high-definition

exoscope system for microneurosurgery. Neurosurgery. 2010 Aug;67(2):476-483.
Available from: https://pubmed.ncbi.nlm.nih.gov/20644436/. Accessed September
20, 2023.

. Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated

guideline for reporting systematic reviews. The BMJ. 2021 Mar 29;372.

Ottawa Hospital Research Institute [Internet]. [cited 2023 June 6]. Available from:
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp.

Hafez A, Elsharkawy A, Schwartz C, et al. Comparison of conventional microscopic
and exoscopic experimental bypass anastomosis: a technical analysis. World
Neurosurg. 2020 Mar;135:€293-e299.

Yao Y, Xiong C, Wei T, Yao Z, Zhu F, Xu F. Three-dimensional high-definition
exoscope (Kestrel View II) in anterior cervical discectomy and fusion: a valid
alternative to operative microscope-assisted surgery. Acta Neurochir. 2021 Dec 15;
163(12):3287-3296.

Shirzadi A, Mukherjee D, Drazin DG, et al. Use of the video telescope operating
monitor (VITOM) as an alternative to the operating microscope in spine surgery.
Spine (Phila Pa 1976). 2012 Nov 15;37(24):E1517-E1523.

Encarnacion Ramirez M, Peralta Baez I, Nurmukhametov R, et al. Comparative
survey study of the use of a low cost exoscope vs. microscope for anterior cervical
discectomy and fusion (ACDF). Front Med Technol. 2022;4, 1055189.

Lin H, Chen F, Mo J, Lin T, Wang Z, Liu W. Cervical spine microsurgery with the
high-definition 3D exoscope: advantages and disadvantages. World Neurosurg. 2022
May;161:el-e7.

Lin H, Chen F, Lin T, et al. Beyond magnification and illumination: ergonomics with
a 3D exoscope in lumbar spine microsurgery to reduce musculoskeletal injuries.
Orthop Surg. 2023 Jun 8;15(6):1556-1563.

Kwan K, Schneider JR, Du V, et al. Lessons learned using a high-definition 3-
dimensional exoscope for spinal surgery. Operative Neurosurg. 2019 May;16(5):
619-625.


https://link.springer.com/chapter/10.1007/978-3-642-66578-3_15
https://link.springer.com/chapter/10.1007/978-3-642-66578-3_15
https://link.springer.com/chapter/10.1007/978-3-642-66578-3_16
https://pubmed.ncbi.nlm.nih.gov/27659814/
https://pubmed.ncbi.nlm.nih.gov/27659814/
https://pubmed.ncbi.nlm.nih.gov/34321393/
https://pubmed.ncbi.nlm.nih.gov/34321393/
https://pubmed.ncbi.nlm.nih.gov/30511995/
https://thejns.org/spine/view/journals/j-neurosurg-spine/33/5/article-p705.xml
https://thejns.org/spine/view/journals/j-neurosurg-spine/33/5/article-p705.xml
https://pubmed.ncbi.nlm.nih.gov/29106670/
https://pubmed.ncbi.nlm.nih.gov/20644436/
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref9
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref9
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref11
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref11
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref11
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref12
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref12
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref12
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref12
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref13
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref13
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref13
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref14
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref14
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref14
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref15
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref15
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref15
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref16
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref16
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref16
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref17
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref17
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref17

J. Igbal et al.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Moisi MD, Hoang K, Tubbs RS, et al. Advancement of surgical visualization methods:
comparison study between traditional microscopic surgery and a novel robotic
optoelectronic visualization tool for spinal surgery. World Neurosurg. 2017 Feb;98:
273-277.

Bai LL, Wang WT, Wang JF, Du JP, Xue XK, Hao DJ. Anterior cervical discectomy
and fusion combined with foraminotomy assisted by high-definition 3-dimensional
exoscope in the treatment of cervical spondylotic radiculopathy secondary to bony
foraminal stenosis. Orthop Surg. 2021 Dec;13(8):2318-2326.

Oertel JM, Burkhardt BW. Vitom-3D for exoscopic neurosurgery: initial experience
in cranial and spinal procedures. World Neurosurg. 2017 Sep;105:153-162.

Giorgi PD, Pallotta ML, Legrenzi S, Nardi M, Andrea M, Schiro GR. Spinal cord
compression in thoracolumbar burst fractures: application of high-definition three-
dimensional exoscope in minimally invasive lateral surgery. Eur J Orthop Surg
Traumatol. 2022 Jul 26;33(5):2173-2177.

Ariffin MHM, Ibrahim K, Baharudin A, Tamil AM. Early experience, setup, learning
curve, benefits, and complications associated with exoscope and three-dimensional
4K hybrid digital visualizations in minimally invasive spine surgery. Asian Spine J.
2020 Feb;14(1):59-65.

Abunimer AM, Abou-Al-Shaar H, White TG, Park J, Schulder M. The utility of high-
definition 2-dimensional stereotactic exoscope in cranial and spinal procedures.
World Neurosurg. 2022 Feb;158:e231-e236.

Kriss TC, Kriss VM. History of the operating microscope: from magnifying glass to
microneurosurgery. Neurosurgery. 1998 Apr;42(4):899-907. discussion 907-8.
Ahmad FI, Mericli AF, DeFazio MV, et al. Application of the ORBEYE three-
dimensional exoscope for microsurgical procedures. Microsurgery. 2020 May;40(4):
468-472.

Langer DJ, White TG, Schulder M, Boockvar JA, Labib M, Lawton MT. Advances in
intraoperative optics: a brief review of current exoscope platforms. Oper Neurosurg
(Hagerstown). 2020 Jul 1;19(1):84-93.

Muhammad S, Lehecka M, Niemeld M. Preliminary experience with a digital robotic
exoscope in cranial and spinal surgery: a review of the Synaptive Modus V system.
Acta Neurochir. 2019 Oct;161(10):2175-2180.

Takahashi S, Toda M, Nishimoto M, et al. Pros and cons of using ORBEYE™ for
microneurosurgery. Clin Neurol Neurosurg. 2018 Nov;174:57-62.

Garneau JC, Laitman BM, Cosetti MK, Hadjipanayis C, Wanna G. The use of the
exoscope in lateral skull base surgery: advantages and limitations. Otol Neurotol.
2019 Feb;40(2):236-240.

Nishiyama K. From exoscope into the next generation. J Korean Neurosurg Soc. 2017
May;60(3):289-293.

DE Divitiis O, D’Avella E, Denaro L, Somma T, Sacco M, D’Avella D. VITOM®-3D:
preliminary experience with intradural extramedullary spinal tumors. J Neurosurg
Sci. 2022 Aug;66(4):356-361.

Baron RB, Lakomkin N, Schupper AJ, et al. Postoperative outcomes following
glioblastoma resection using a robot-assisted digital surgical exoscope: a case series.
J Neuro Oncol. 2020 Jul;148(3):519-527.

Ricciardi L, Mattogno PP, Olivi A, Sturiale CL. Exoscope Era: next technical and
educational step in microneurosurgery. World Neurosurg. 2019 Aug;128:371-373.
Wali AR, Kang KM, Rennert R, Santiago-Dieppa D, Khalessi AA, Levy M. First-in-
Human clinical experience using high-definition exoscope with intraoperative
indocyanine green for clip reconstruction of unruptured large pediatric aneurysm.
World Neurosurg. 2021 Jul;151:52.

Dawley T, Schulder M. Commentary: first-in-man clinical experience using a high-
definition 3-dimensional exoscope system for microneurosurgery. Oper Neurosurg
(Hagerstown). 2019 Jun 1;16(6):E161-E162.

10

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

World Neurosurgery: X 21 (2024) 100258

Perrini P, Montemurro N, Caniglia M, Lazzarotti G, Benedetto N. Wrapping of
intracranial aneurysms: single-center series and systematic review of the literature.
Br J Neurosurg. 2015;29(6):785-791.

Yoon WS, Lho HW, Chung DS. Evaluation of 3-dimensional exoscopes in brain tumor
surgery. J Korean Neurosurg Soc. 2021 Mar;64(2):289-296.

Bauer AM, Rasmussen PA, Bain MD. Initial single-center technical experience with
the BrainPath system for acute intracerebral hemorrhage evacuation. Oper Neurosurg
(Hagerstown). 2017 Feb 1;13(1):69-76.

Ridge SE, Shetty KR, Lee DJ. Heads-up surgery: endoscopes and exoscopes for
otology and neurotology in the era of the COVID-19 pandemic. Otolaryngol Clin.
2021 Feb;54(1):11-23.

Teo THL, Tan BJN, Loo WL, Yeo AKS, Dinesh SK. Utility of a high-definition 3D
digital exoscope for spinal surgery during the COVID-19 pandemic. Bone Jt Open.
2020 Jul;1(7):359-363.

Rossini Z, Cardia A, Milani D, Lasio GB, Fornari M, D’Angelo V. VITOM 3D:
preliminary experience in cranial surgery. World Neurosurg. 2017 Nov;107:663-668.
Rotermund R, Regelsberger J, Osterhage K, Aberle J, Flitsch J. 4K 3-dimensional
video microscope system (orbeye) for transsphenoidal pituitary surgery. Acta
Neurochir. 2021 Aug;163(8):2097-2106.

Murai Y, Sato S, Yui K, et al. Preliminary clinical microneurosurgical experience
with the 4K3-dimensional microvideoscope (ORBEYE) system for microneurological
surgery: observation study. Operative Neurosurgery. 2019 Jun;16(6):707-716.
Gonen L, Chakravarthi SS, Monroy-Sosa A, et al. Initial experience with a robotically
operated video optical telescopic-microscope in cranial neurosurgery: feasibility,
safety, and clinical applications. Neurosurg Focus. 2017 May;42(5):E9.

Eichberg DG, Di L, Shah AH, et al. Minimally invasive resection of intracranial
lesions using tubular retractors: a large, multi-surgeon, multi-institutional series.

J Neuro Oncol. 2020 Aug 18;149(1):35-44.

Day JD. Transsulcal parafascicular surgery using brain Path® for subcortical lesions.
Neurosurgery. 2017 Sep 1;64(CN_suppl_1):151-156.

Piquer J, Llacer JL, Rovira V, Riesgo P, Rodriguez R, Cremades A. Fluorescence-
guided surgery and biopsy in gliomas with an exoscope system. BioMed Res Int.
2014;2014:1-6.

Ricciardi L, Chaichana KL, Cardia A, et al. The exoscope in neurosurgery: an
innovative “point of View”. A systematic review of the technical, surgical, and
educational aspects. World Neurosurg. 2019 Apr;124:136-144.

Di leva A, Komatsu M, Komatsu F, Tschabitscher M. Endoscopic telovelar approach
to the fourth ventricle: anatomic study. Neurosurg Rev. 2012 Jul 15;35(3):341-349.
Burkhardt BW, Csokonay A, Oertel JM. 3D-exoscopic visualization using the VITOM-
3D in cranial and spinal neurosurgery. What are the limitations? Clin Neurol
Neurosurg. 2020 Nov;198, 106101.

Visocchi M, Mattogno P, Ciappetta P, Barbagallo G, Signorelli F. Combined transoral
exoscope and OArm-assisted approach for craniovertebral junction surgery: light
and shadows in single-center experience with improving technologies.

J Craniovertebral Junction Spine. 2020;11(4):293.

Abbreviations

OM: operative microscope

LOS: lengths of stay

EBL:: exoscope-related blood loss

MSA: mean scope adjustment

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analysis


http://refhub.elsevier.com/S2590-1397(23)00107-2/sref18
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref18
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref18
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref18
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref19
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref19
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref19
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref19
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref20
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref20
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref21
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref21
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref21
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref21
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref22
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref22
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref22
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref22
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref23
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref23
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref23
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref24
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref24
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref25
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref25
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref25
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref26
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref26
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref26
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref27
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref27
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref27
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref28
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref28
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref29
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref29
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref29
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref30
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref30
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref31
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref31
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref31
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref32
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref32
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref32
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref33
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref33
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref34
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref34
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref34
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref34
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref35
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref35
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref35
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref36
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref36
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref36
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref37
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref37
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref38
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref38
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref38
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref39
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref39
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref39
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref40
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref40
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref40
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref41
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref41
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref42
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref42
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref42
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref43
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref43
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref43
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref44
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref44
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref44
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref45
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref45
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref45
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref46
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref46
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref47
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref47
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref47
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref48
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref48
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref48
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref49
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref49
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref50
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref50
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref50
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref51
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref51
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref51
http://refhub.elsevier.com/S2590-1397(23)00107-2/sref51

	Comparative analysis of exoscope-assisted spine surgery versus operating microscope: A systematic review
	1 Introduction
	2 Methods
	2.1 Search strategy and selection
	2.2 Inclusion criterion
	2.3 Exclusion criterion
	2.4 Data extraction and quality assessment
	2.5 Study definitions and endpoints

	3 Results
	3.1 Literature search
	3.2 Study characteristics
	3.3 Surgical outcomes
	3.3.1 Operative time
	3.3.2 Length of stay
	3.3.3 Blood loss
	3.3.4 Various scores

	3.4 Comparison of specifications
	3.4.1 Optical/image quality
	3.4.2 Illumination
	3.4.3 Optical zoom ratio
	3.4.4 Mean scope adjustment (MSA)
	3.4.5 Ease of use and depth perception
	3.4.6 Stereopsis, learning curve and cost-effectiveness


	4 Discussion
	4.1 Advantages of exoscopes over other microscopes
	4.2 Visualization and comfort
	4.3 Learning curve and adaptability
	4.4 Image quality and surgical productivity
	4.5 Quality and duration of suturing
	4.6 Operating time and complications
	4.7 Limitations

	5 Conclusion
	Ethical approval
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	References


