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Abstract: Spinal cerebrospinal fluid (CSF) leaks can be caused by tears in the dura and are challenging
to treat. Traditional methods of treating spinal CSF leakage include nonsurgical management,
epidural blood patches (EBP), and direct surgical repair. Minimally invasive surgery (MIS) is rapidly
progressing within neurosurgery due to its advantages for patient safety and comfort. Existing MIS
techniques to spine surgery utilize a rigid endoscope, which has limitations when reaching smaller
areas requiring greater degrees of visualization. The simultaneous use of a flexible endoscope and
wearable heads-up display (WHUD) improves access and visualization in these small areas while
allowing the surgeon to maintain optimal ergonomics. In this article, we review minimally invasive
approaches to spine surgery and the management of spinal CSF leaks. We also demonstrate a novel
minimally invasive technique utilizing flexible endoscopy and a wHUD to treat a case of recurrent
CSF leak. We describe the successful utilization of this technology and provide the groundwork for
future practitioners to incorporate this approach into their practice.

Keywords: spine; flexible endoscope; wearable heads-up display; ergonomics; minimally invasive
surgery; cerebrospinal fluid leak

1. Introduction

Although uncommon, cerebrospinal fluid (CSF) leaks are difficult to manage and
can be fatal [1]. Traumatic spinal CSF leaks involve a breach of the dura from blunt or
penetrating injury that leads to CSF escape from the thecal sac [1,2]. Damage to the dura
mater during medical procedures such as spinal taps or laminectomies can precipitate
traumatic spinal CSF leaks [3]. Patients can develop intracranial hypotension after the
initial breach, which commonly manifests as a positional headache [4].

Conservative management, consisting of antiemetics, hydration, and analgesics, is the
cornerstone of initial treatment for spinal CSF leaks [5,6]. Following a course of conservative
management, a minimally invasive non-targeted epidural blood patch (EBP) is typically
administered [6]. An EBP involves injecting autologous blood into the epidural space [7]. If
symptoms persist following multiple EBPs, direct surgical repair is considered [6]. Surgical
repair of a CSF leak entails dissection, visualization, and direct suturing or fibrin sealant
patch placement to close the defect [2]. While effective, surgical repair is a complex
operation associated with greater blood loss and damage to the surrounding tissue [2,8].

In cases where direct localization and repair of CSF leaks is required, endoscopy has
been applied to guide instrumentation to the leak site [8]. Traditionally, endoscopic spine
surgery has utilized rigid endoscopes, which are set at fixed angles [9]. The tips of flexible
endoscopes, by contrast, can rotate, allowing for easier access and visualization along
non-linear paths [9].

In this article, we review existing approaches to managing spinal CSF leaks and
demonstrate the simultaneous utilization of flexible endoscopy with a wearable heads-up
display (WHUD) to treat a case of recurrent spinal CSF leakage. We propose the flexible
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endoscope as an alternative to rigid endoscopic visualization of the epidural space and
discuss applications of wHUD:s in spine surgery.

2. Minimally Invasive Approaches to Spinal CSF Leak Repair
2.1. Epidural Blood Patch

An epidural blood patch is the primary treatment attempted after a period of conser-
vative medical management for patients with CSF leakage [6]. This repair is a minimally
invasive method that involves injecting autologous blood into the epidural space through
an epidural needle, which can be guided by fluoroscopy [5,7]. In the acute period, it
is thought that EBPs improve symptoms by compressing the dural sac to increase pres-
sure [10]. Over time, the EBP occludes the dural tear to halt CSF leakage [10]. While
this method can provide acute relief of symptoms, some patients continue to have CSF
leaks that require further management [7,11]. In a retrospective review of patients treated
with non-targeted EBP, Piechowiak et al. found that 71% of their cohort still had CSF
leaks. In their study, they noted that 88% of patients experienced clinical improvement
within 1-week follow-up, but only 36% had clinical improvement at extended follow-up [7].
Nevertheless, epidural blood patch repair is a rapid, cost-effective, minimally invasive
approach to acutely manage CSF leaks, which remains a strong first-line treatment.

2.2. Epidural Fibrin Patch

Fibrin sealant injection is an alternative approach to occluding CSF leaks for patients
who do not demonstrate clinical improvement with repeated EBPs [11]. In an epidural
fibrin patch, fibrinogen and thrombin are injected to secure tissue and prevent leaks [11-13].
To prevent premature fibrin polymerization, this sealant can be administered in two stages:
(1) a fibrinogen injection followed by (2) a thrombin solution injection [14]. Compared to
EBPs, fibrin sealants have shorter coagulation times and assemble a stronger seal around
the dural defect [14]. These sealants have been used as both prophylaxis and treatment for
CSF leaks [12].

2.3. Targeted Patch Repair

The targeted placement of a patch to repair dural defects can be performed as an
MIS treatment for CSF leaks that are refractory to EBPs [15]. Unlike non-targeted EBPs,
this technique requires localization of the dural tear. Nonexpandable tubular retractors
are used with a microscope to visualize dural defects [15]. Dural tears can be repaired
by disconnecting any CSF-venous fistulas and placing a fibrin sealant patch at the defect
site [15]. An endoscope can also be used to guide instrument access to the spinal cord for
minimally-invasive patch placement [8].

3. A Novel Minimally Invasive Approach to Spinal CSF Leak Repair

Minimally invasive surgery (MIS) has become more prevalent in neurosurgery as it
minimizes disruption of normal physiology, blood loss, postoperative pain, narcotic use,
recovery time, and complications. However, MIS relies upon multiple image-guidance
modalities. Adjusting and visualizing these separate images can lead to poor surgical
posture, surgeon fatigue, and discomfort [16-18]. Wearable heads-up displays solve these
issues by allowing the endoscope camera’s field of view (FOV) to be transmitted to the
surgeon’s direct line of sight [19]. Our group published the ergonomic advantages of using
a wHUD with a rigid endoscope for a lumbar discectomy [20,21]. While useful for a straight

“line of sight,” a rigid endoscope has limitations in smaller critical spaces that require more

degrees of visualization freedom [22].

Flexible endoscopy can be performed with the use of a wHUD to conveniently display
real-time camera output to the surgeon. Endoscopes typically project their FOV to an
external monitor in the operating room [23]. This design necessitates that the surgeon
shift their view between the patient and the external monitor. The use of a wHUD allows
the surgeon to have efficient access to relevant live data without diverting their focus far
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from the operating table [24]. Improved endoscopic approaches to minimally invasive
surgery also reduce the need for fluoroscopic guidance, sparing providers from unnecessary
ionizing radiation [25].

While prior studies have reported MIS approaches to CSF leak repair, they have used
more invasive surgical repair options [26]. The authors employed a novel MIS approach
utilizing a flexible endoscope and wHUD simultaneously to inspect the epidural space
in a patient with recurrent spinal CSF leaks that were refractory to multiple EBPs. To our
knowledge, this is the first reported spine surgery case using both tools simultaneously in
the English literature.

4. Illustrative Case
4.1. Patient Presentation

This is the case of a 31-year-old female with three children delivered via cesarean
section. Her third pregnancy required an epidural injection, after which she had persistent
positional headaches, requiring multiple epidural blood patches. These provided temporary
relief, but her headaches returned. She dealt with these symptoms for over a year before
being referred to the neurosurgery department. Due to an iodine allergy, she could not
have a CT myelogram; therefore, MRIs of the brain, thoracic, and lumbar spine without
contrast were obtained. All were within normal limits, except the MRI of the lumbar spine,
which revealed an apparent T2 signal tracking from the dorsal aspect of the thecal sac at
lumbar 5 (L5)—sacral 1 (S1) to the surrounding spinal musculature. Additionally, there
appeared to be diffuse bilateral fluid collection around the lumbar muscle mass, which did
not breach the fascial layer into the overlying fat and skin. (Figure 1)

Figure 1. MRI T2 of the lumbar spine. (A) Sagittal image (A: Anterior, S: Superior) and (B,C) axial
images showing the area of concern for CSF tracking out of the thecal sac (thin arrow) and CSF signal
surrounding the thecal sac and surrounding spinal musculature (thick arrows) (R: Right side).
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4.2. Novel Surgical Approach

Given the above findings, a novel approach was considered for treating this patient.
The off-label use of a flexible endoscope was submitted to the human subject research
office, which determined that it did not need IRB approval. The risks and benefits of the
endoscope were explained to the patient, and she consented to the procedure. She was
brought into the operating room, positioned prone, and placed under monitored anesthesia
care (MAC) sedation. The operating table was flexed to open up the interlaminar spaces.
The L5 area was localized with a needle and X-ray. A minimal 3 cm midline incision
was made, and right-sided dissection was performed down to the right L5 lamina. A
Taylor retractor was used to hold the space open. The interlaminar space of L5-S1 was
identified and confirmed with an X-ray. The draped surgical microscope was brought into
the field, and a right L5 hemilaminotomy was performed. The ligamentum flavum was
opened to evaluate the dura. Microscopic visualization of the dura at this level revealed no
obvious openings and defects. At this point, the flexible endoscope (SpyGlass by Boston
Scientific, Marlborough, MA, USA) connected with the “plug and play” wHUD (Moverio,
Epson, Long Beach, CA, USA) were introduced. With this combination, the surgeon had
simultaneous (1) visualization of the endoscopic entry point via the microscope, (2) the
flexible endoscopic FOV on their wHUD, (3) control of the endoscope with one hand, and
(4) control of the microscope with the other—all from an ergonomic upright front-facing
standing position (Figure 2).

©

Figure 2. (A) Surgeon handling flexible endoscope (SpyGlass by Boston Scientific, Marlborough,
MA, USA) while wearing wHUD (Moverio, Epson, Long Beach, CA, USA). (B) Use of intraoperative
microscope. (C) Ergonomic upright front-facing standing position and wHUD.
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Using the flexible endoscope, we were able to navigate to the L3 epidural space and
inspect the dura, which had no obvious defects. Around the midline of the L5-51 area, the
endoscope revealed a dural defect as well as an abnormal and paper-thin dura (Figure 3).

Figure 3. Intraoperative images. (A) View from the microscope of the endoscope entering the epidural
space at L5-S1 (directed caudally). (B) Endoscopic view of the epidural space, with the dura (red
arrow) and epidural fat visualized (black arrow). (C) Dural defect visualized through the endoscope.
(D) Lateral fluoro X-ray showing endoscope at L3 level.

The defective and irregular area was covered with a small piece of DuraGen and
DuraSeal. The fascia was closed with 0 Vicryl; the skin was closed with 2-0 Vicryl and
Monocryl and reinforced with Dermabond. The entire surgical time was 1 h 40 min. The
patient went to recovery and was discharged home on the same day.

4.3. Postoperative Outcomes

Two weeks post-op, the patient reported an improvement in her headaches and neck
pain. Her incision was clean, dry, intact, and flat. Six weeks post-op, she had complete
resolution of her preoperative symptoms and remained symptom-free at her 12-month
follow-up.

5. Flexible Endoscopy in Spine Surgery

Uniportal and biportal endoscopic methods have been applied in spine surgery for
lumbar interbody fusions, discectomies, and decompressions [27,28]. Endoscopic spine
surgeries usually utilize a rigid endoscope, angled at 0°, 30°, or 45° [9].
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In minimally invasive procedures, a high-resolution and wide field-of-view can pre-
vent unnecessary damage to neighboring structures [9]. This is especially important in
spine procedures, where surgeons operate adjacent to the spinal cord and nerve roots.
However, when attempting to visualize multiple spinal cord levels through a minimally
invasive incision, rigid endoscopy is limited by the lordotic and kyphotic curves of the
spine [29]. Flexible endoscopy enhances the field-of-view and range-of-motion within a
minimally invasive incision, which would be expected to improve endoscopist comfort
and reduce the rate of tissue damage.

Yet, applications of flexible endoscopy in spine surgery have been mostly limited to
the visualization and removal of cysts, tumors, and adhesions. Zhang et al. demonstrated
the feasibility and use of an ultrafine flexible endoscope system to minimize damage to
the surrounding nervous tissue when resecting an arachnoid cyst [30]. Similarly, Ren
et al. utilized a flexible endoscopic approach to identify a string of schwannomas in the
cauda equina and assess the surgical site after resection [31]. Thecaloscopy is a procedure
that employs a flexible endoscope to inspect the thecal sac of the spinal cord and cauda
equina [32]. This technique has been applied to visualize spinal cysts for removal and
perforate adhesions in conditions such as spinal arachnoiditis [29,33]. The ability of flexible
endoscopes to examine extensive spinal regions in a minimally invasive procedure has also
been applied to detect spinal neurocysticercosis parasites for removal [34].

The flexibility and increased field-of-view that flexible endoscopes provide make
them an exciting advancement that may improve patient safety and operator mobility
in minimally invasive procedures [9,35]. Currently, there are limited spine-specific flex-
ible endoscopy solutions [9]. Ren et al. used a soft choledochoscope to visualize the
cauda equina for a schwannoma resection [31]. Ultrafine flexible endoscopes have small
diameters (<1.5 mm), making them well-suited for probing within a narrow, minimally
invasive incision to safely examine long spinal cord segments [35]. The development of
dedicated flexible endoscopy systems for spine surgery may encourage wider adoption of
this endoscopic technique.

6. Applications of wHUD with Flexible Endoscopy

Compared to open surgical approaches, endoscopic spine surgery offers the advan-
tages of reducing the damage to tissues surrounding the affected structures, magnification,
and shortening postoperative length of stay [27,36].

Traditionally, camera output from the flexible endoscope is projected on an external
monitor in the operating room to assist the surgeon in navigation [23]. However, this design
has been critiqued for its poor ergonomics, with high rates of musculoskeletal injuries
among providers [37]. The monitors used during endoscopic surgery are often difficult to
move, making it challenging for surgeons to keep the endoscope and monitor in the optimal
ergonomic position, which can lead to discomfort [38]. An assessment of 56 providers
performing endoscopies found a 75% incidence of muscle pain and numbness [37].

Augmented reality (AR) solutions have been implemented in the operating room to
provide navigation guidance and data display [19,24]. wHUD-guided flexible endoscopy
allows the surgeon to have convenient access to both real-time endoscope FOV and direct
view of their environment (Figure 4) [24]. Across specialties, including urology, neuro-
surgery, craniomaxillofacial surgery, and orthopedic surgery, head-mounted displays have
been applied to enhance the surgeon’s field-of-view and improve ergonomics [19,24]. The
real-time guidance from AR navigation systems reduces the need for fluoroscopy guid-
ance in minimally invasive procedures, preventing unnecessary radiation exposure [25].
The versatility of flexible endoscopy coupled with the convenience of wHUDs make this
technique a promising approach to minimally invasive surgery across all procedures that
utilize endoscopy.
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Figure 4. Manufacturer image of a wearable heads-up display (Moverio BT-350, Epson, Long Beach,
CA, USA).

7. Discussion

Cerebrospinal fluid leaks can occur at the cranial or spinal level. Cranial CSF leaks are
most often attributed to traumatic etiologies and may present with rhinorrhea as well as
headache [5]. Initial management for cranial CSF leaks can involve conservative medical
management or the placement of a lumbar drain [1,5]. Leaks that will not spontaneously
resolve with conservative management may require endoscopic or open surgical interven-
tion [1]. Similarly, current methods of managing spinal CSF leaks include conservative
medical management, direct surgical repair, as well as minimally invasive epidural blood
patches and fibrin injections [3]. Minimally invasive approaches to spine surgery are
associated with reduced blood loss, tissue damage, and postoperative length of stay [39].

Ergonomics is of utmost importance for MIS surgeons. Proper ergonomics is as-
sociated with longevity, while poor ergonomics is associated with fatigue and muscu-
loskeletal strain/injuries [40,41]. As such, patient, surgeon, and monitor positioning are
critical [18]. The wHUD benefits patient care by allowing the surgeon to be in an ideal
position—both figuratively and literally. In the past, this tool has been used with long rigid
endoscopes [19,20,42,43]. However, flexible endoscopy has yet to be broadly adopted by
spine neurosurgeons, let alone in combination with a wHUD.

This report highlights the advantages of using flexible endoscopy with a wHUD
for the targeted closure of recurrent CSF leaks. It allowed for (1) a 3 cm opening to
visualize a large portion of the lumbar epidural space, (2) different degrees of viewing
freedom, and (3) simultaneous views of the microscopic and endoscopic FOVs. These
advantages benefit the patient, the surgical resident, and the attending surgeon. The
patient experiences the benefits of an MIS approach: decreased operative time, decreased
postoperative pain, narcotic use, and recovery time. For the surgical resident, it allows for
real-time in vivo anatomic education as well as training in an innovative skill set of the
future. For the attending surgeon, it leverages advantages classically associated with a more
traditional open surgery—i.e., inspection of multiple lumbar levels—while decreasing the
disadvantages inherent to MIS approaches, particularly as they relate to poor ergonomics
and their long-term effects.

While the proposed technique offers improved ergonomics through a minimally
invasive approach, there are limitations that should be acknowledged. The lack of dedicated
flexible endoscopy solutions for spine surgery may present a challenge in the broader
adoption of this method [9]. Additionally, short battery life has been described as a
limitation of wearable heads-up displays [19]. This may present an issue for operations that
require prolonged use of the wHUD. However, as new iterations of wHUD systems are
released, battery power would be expected improve. Finally, developing comfort with the
operation of a flexible endoscope while simultaneously monitoring feedback on a wHUD
may present a learning curve to providers.
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Additional research is needed to compare the efficacy of flexible endoscopy-guided
CSF leak repair against existing direct repair techniques. Larger prospective cohort studies
to assess operating times, blood loss, patient outcomes, and provider ergonomics may
provide the foundation for the broader implementation of this approach in managing
recurrent spinal CSF leaks. Furthermore, we hope to see applications of the presented
technique in the management of other spine conditions to improve provider ergonomics
and reduce incision sizes.

8. Conclusions

Multiple minimally invasive methods are currently utilized to manage spinal cere-
brospinal fluid leaks. While epidural blood patch repair is the primary intervention used to
treat CSF leaks, recurrent leaks may require a more targeted direct repair method. Flexible
endoscopy with a wHUD is an innovative, safe, and effective tool that can be added to the
neurosurgical armamentarium to manage spinal CSF leaks. As with all surgical advances,
there is a learning curve associated with gaining a new skill set. However, it is the belief of
the authors that using flexible endoscopy can be rapidly learned and employed. Addition-
ally, the presented novel surgical principles can be easily applied across surgical disciplines
and can greatly increase resident education in a cutting-edge way.

Author Contributions: Conceptualization, A.M.K,, M.K. and T.U.; methodology, AM.K., M.K. and
T.U.; resources T.U.; writing—original draft preparation, AM.K,, B.S.S., M.K. and ].V.B.; writing—
review and editing, AM.K,, BS.S.,, MK, ].V.B. and T.U,; visualization, AM.K.,, M.K. and T.U.;
supervision, T.U.; project administration, T.U. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The off-label use of a flexible endoscope was submitted to
the human subject research office, which determined that it did not need IRB approval. The addition
of the wHUD did not add to or detract from any of the core components of the surgery and served as
an additional display for the surgeon; thus, institutional review board approval was not required.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Galli, J.; Morelli, F; Rigante, M.; Paludetti, G. Management of Cerebrospinal Fluid Leak: The Importance of Multidisciplinary
Approach. Acta Otorhinolaryngol. Ital. 2021, 41, S18-S29. [CrossRef] [PubMed]

2. Zappi, K,; Giantini-Larsen, A.; Yan, J.; Konate, M.; Garton, A.L.A.; Knopman, J; Stieg, P.E.; Salama, G.; Park, ] K. Innovations in
the Treatment of Spinal Cerebrospinal Fluid Leaks. World Neurosurg. 2024, 187, 304-312. [CrossRef] [PubMed]

3.  Charalambous, L.T.; Rajkumar, S.; Liu, B.; Adil, S.M.; Wong, M.; Hodges, S.; Amrhein, T].; Leithe, L.G.; Parente, B.; Lee, H.-].; et al.
Treatment Patterns and Health Care Resource Utilization of Iatrogenic Spinal Cerebrospinal Fluid Leaks in the United States. Clin.
Spine Surg. 2022, 35, E725-E730. [CrossRef] [PubMed]

4. Schievink, W.I. Spontaneous Spinal Cerebrospinal Fluid Leaks and Intracranial Hypotension. JAMA 2006, 295, 2286—2296.
[CrossRef]

5. Chae, ].K; Rosen, K.; Zappi, K.; Giantini-Larsen, A.; Yan, J.; Sung, J.; Bander, E.; Schwartz, T.H.; Park, ].K.; Salama, G. Cranial
and Spinal Cerebrospinal Fluid Leaks: Foundations of Identification and Management. World Neurosurg. 2024, 187, 288-293.
[CrossRef]

6. Cheema, S.; Anderson, J.; Angus-Leppan, H.; Armstrong, P; Butteriss, D.; Carlton Jones, L.; Choi, D.; Chotai, A.; D’Antona, L.;
Davagnanam, I.; et al. Multidisciplinary Consensus Guideline for the Diagnosis and Management of Spontaneous Intracranial
Hypotension. ]. Neurol. Neurosurg. Psychiatry 2023, 94, 835-843. [CrossRef]

7. Piechowiak, E.I.; Aeschimann, B.; Héni, L.; Kaesmacher, J.; Mordasini, P.,; Jesse, C.M.; Schankin, C.J.; Raabe, A.; Schir, R.T.; Gralla,

J.; et al. Epidural Blood Patching in Spontaneous Intracranial Hypotension-Do We Really Seal the Leak? Clin. Neuroradiol. 2023,
33, 211-218. [CrossRef]


https://doi.org/10.14639/0392-100X-suppl.1-41-2021-02
https://www.ncbi.nlm.nih.gov/pubmed/34060517
https://doi.org/10.1016/j.wneu.2024.03.112
https://www.ncbi.nlm.nih.gov/pubmed/38970201
https://doi.org/10.1097/BSD.0000000000001363
https://www.ncbi.nlm.nih.gov/pubmed/35858207
https://doi.org/10.1001/jama.295.19.2286
https://doi.org/10.1016/j.wneu.2024.03.111
https://doi.org/10.1136/jnnp-2023-331166
https://doi.org/10.1007/s00062-022-01205-7

J. Pers. Med. 2024, 14, 1090 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Barber, S.M.; Sofoluke, N.; Reardon, T.; Mongelluzzo, G.; Weiner, G.M.; Hofstetter, C.; Telfeian, A.; Konakondla, S. Full Endoscopic
Repair of Spontaneous Ventral Cerebrospinal Fluid Leaks in the Spine: Systematic Review of Surgical Treatment Options and
Mlustrative Case. World Neurosurg. 2022, 168, e578-e586. [CrossRef] [PubMed]

Yuh, W.-T.; Lee, Y.-S.; Jeon, J.-H.; Choi, I. Future of Endoscopic Spine Surgery: Insights from Cutting-Edge Technology in the
Industrial Field. Bioengineering 2023, 10, 1363. [CrossRef]

Mokri, B. Spontaneous Low Pressure, Low CSF Volume Headaches: Spontaneous CSF Leaks. Headache 2013, 53, 1034-1053.
[CrossRef]

Jones, M.R.; Shlobin, N.A.; Dahdaleh, N.S. Spontaneous Spinal Cerebrospinal Fluid Leak: Review and Management Algorithm.
World Neurosurg. 2021, 150, 133-139. [CrossRef] [PubMed]

Esposito, F.; Angileri, EE,; Kruse, P.; Cavallo, L.M.; Solari, D.; Esposito, V.; Tomasello, F.; Cappabianca, P. Fibrin Sealants in Dura
Sealing: A Systematic Literature Review. PLoS ONE 2016, 11, e0151533. [CrossRef] [PubMed]

Sung, J.; Lin, M.; Giantini-Larsen, A.; Kim, A.; Edasery, D.; Roytman, M.; Strauss, S.; Schweitzer, A.D.; Park, J.K.; Salama, G.
Cerebrospinal Fluid Leaks: Challenges in Localizing Spontaneous Spinal Leak Sites and Minimally Invasive Treatment. World
Neurosurg. 2024, 187, 294-303. [CrossRef] [PubMed]

Wong, K.; Monroe, B.R. Successful Treatment of Postdural Puncture Headache Using Epidural Fibrin Glue Patch after Persistent
Failure of Epidural Blood Patches. Pain. Pract. 2017, 17, 956-960. [CrossRef] [PubMed]

Beck, J.; Hubbe, U.; Klingler, J.-H.; Roelz, R.; Kraus, L.M.; Volz, E; Liitzen, N.; Urbach, H.; Kieselbach, K.; Fung, C. Minimally
Invasive Surgery for Spinal Cerebrospinal Fluid Leaks in Spontaneous Intracranial Hypotension. J. Neurosurg. Spine 2023, 38,
147-152. [CrossRef]

Janki, S.; Mulder, E.E.A.P; IJzermans, ] N.M.; Tran, T.C.K. Ergonomics in the Operating Room. Surg. Endosc. 2017, 31, 2457-2466.
[CrossRef]

Alleblas, C.CJ.; De Man, A.M.; Van Den Haak, L.; Vierhout, M.E.; Jansen, EW.; Nieboer, T.E. Prevalence of Musculoskeletal
Disorders Among Surgeons Performing Minimally Invasive Surgery: A Systematic Review. Ann. Surg. 2017, 266, 905-920.
[CrossRef]

Van Det, M.].; Meijerink, W.J.H.J.; Hoff, C.; Totté, E.R.; Pierie, ].P.E.N. Optimal Ergonomics for Laparoscopic Surgery in Minimally
Invasive Surgery Suites: A Review and Guidelines. Surg. Endosc. 2009, 23, 1279-1285. [CrossRef]

Yoon, J.W.; Chen, R.E.; Kim, E.J.; Akinduro, O.0O.; Kerezoudis, P.; Han, PK.; Si, P.; Freeman, W.D.; Diaz, R.J.; Komotar, R.J.; et al.
Augmented Reality for the Surgeon: Systematic Review. Robot. Comput. Surg. 2018, 14, €1914. [CrossRef]

Kolcun, J.P.G.; Brusko, G.D.; Basil, G.W.; Epstein, R.; Wang, M.Y. Endoscopic Transforaminal Lumbar Interbody Fusion without
General Anesthesia: Operative and Clinical Outcomes in 100 Consecutive Patients with a Minimum 1-Year Follow-Up. Neurosurg.
Focus. 2019, 46, E14. [CrossRef]

Liounakos, J.I; Urakov, T.; Wang, M.Y. Head-up Display Assisted Endoscopic Lumbar Discectomy—A Technical Note. Robot.
Comput. Surg. 2020, 16, €2089. [CrossRef]

Yoon, ].W.; Chen, REE.; Han, PK; Si, P; Freeman, W.D.; Pirris, S.M. Technical Feasibility and Safety of an Intraoperative Head-up
Display Device during Spine Instrumentation. Robot. Comput. Surg. 2017, 13, e1770. [CrossRef] [PubMed]

Schwab, K.; Singh, S. An Introduction to Flexible Endoscopy. Surgery 2011, 29, 80-84. [CrossRef]

Rahman, R.; Wood, M.E.; Qian, L.; Price, C.L.; Johnson, A.A.; Osgood, G.M. Head-Mounted Display Use in Surgery: A Systematic
Review. Surg. Innov. 2020, 27, 88-100. [CrossRef] [PubMed]

McCloskey, K.; Turlip, R.; Ahmad, H.S.; Ghenbot, Y.G.; Chauhan, D.; Yoon, ].W. Virtual and Augmented Reality in Spine Surgery:
A Systematic Review. World Neurosurg. 2023, 173, 96-107. [CrossRef]

Farhat, H.I.; Hood, B.; Vanni, S.; Levi, A.D. Minimally Invasive Repair of Spontaneous Intracranial Hypotension: Report of
4 Cases. J. Neurosurg. 2011, 114, 505-509. [CrossRef] [PubMed]

Jitpakdee, K.; Liu, Y.; Heo, D.H.; Kotheeranurak, V.; Suvithayasiri, S.; Kim, ].-S. Minimally Invasive Endoscopy in Spine Surgery:
Where Are We Now? Eur. Spine J. 2023, 32, 2755-2768. [CrossRef] [PubMed]

Gunjotikar, S.; Pestonji, M.; Tanaka, M.; Komatsubara, T.; Ekade, S.].; Heydar, A.M.; Hieu, H.K. Evolution, Current Trends, and
Latest Advances of Endoscopic Spine Surgery. . Clin. Med. 2024, 13, 3208. [CrossRef]

Mastorakos, P.; Pomeraniec, L.].; Bryant, J.-P.; Chittiboina, P.; Heiss, ].D. Flexible Thecoscopy for Extensive Spinal Arachnoiditis. .
Neurosurg. Spine 2022, 36, 325-335. [CrossRef]

Zhang, P; Liu, H.; Sun, Z.; Guo, Y.; Wang, G.; Wang, ].J. Ultrafine Flexible Endoscope Visualization to Assist in the Removal of a
Huge Spinal Extradural Arachnoid Cyst: Case Report and Literature Review. World Neurosurg. 2022, 159, 130-133. [CrossRef]
Ren, Y.-C.; Zhao, B.-].; Xie, Z.-Y,; Ying, G.-Y,; Shen, E,; Zhu, Y.-]. Flexible Endoscope Visualization to Assist in the Removal of
a String of 10 Schwannomas at the Cauda Equina: Technical Case Report. J. Neurosurg. Spine 2020, 33, 688-691. [CrossRef]
[PubMed]

Luchtmann, M.; Klammer, A.; Iova, M.-A.; Roth, A.; Chanamolu, V.K.; Mawrin, C.; Warnke, J.-P. Thecaloscopy Reduces the Risk
of Recurrent Perineural (Tarlov) Cysts after Microsurgical Resection. Neurol. Int. 2024, 16, 450-458. [CrossRef] [PubMed]

Tan, D.C.H.; Vaughan, K.A.; Koeck, H. Endoscopic-Assisted Spinal Arachnoiditis Adhesiolysis and Placement of a Spinal
Cysto-Subarachnoid Shunt. World Neurosurg. 2019, 131, 43-46. [CrossRef] [PubMed]

Torres-Corzo, ].G.; Islas-Aguilar, M.A.; Cervantes, D.S.; Chalita-Williams, J.C. The Role of Flexible Neuroendoscopy in Spinal
Neurocysticercosis: Technical Note and Report of 3 Cases. World Neurosurg. 2019, 130, 77-83. [CrossRef]


https://doi.org/10.1016/j.wneu.2022.10.039
https://www.ncbi.nlm.nih.gov/pubmed/36243360
https://doi.org/10.3390/bioengineering10121363
https://doi.org/10.1111/head.12149
https://doi.org/10.1016/j.wneu.2021.03.115
https://www.ncbi.nlm.nih.gov/pubmed/33798778
https://doi.org/10.1371/journal.pone.0151533
https://www.ncbi.nlm.nih.gov/pubmed/27119993
https://doi.org/10.1016/j.wneu.2024.03.114
https://www.ncbi.nlm.nih.gov/pubmed/38970200
https://doi.org/10.1111/papr.12541
https://www.ncbi.nlm.nih.gov/pubmed/27910226
https://doi.org/10.3171/2022.7.SPINE2252
https://doi.org/10.1007/s00464-016-5247-5
https://doi.org/10.1097/SLA.0000000000002223
https://doi.org/10.1007/s00464-008-0148-x
https://doi.org/10.1002/rcs.1914
https://doi.org/10.3171/2018.12.FOCUS18701
https://doi.org/10.1002/rcs.2089
https://doi.org/10.1002/rcs.1770
https://www.ncbi.nlm.nih.gov/pubmed/27569781
https://doi.org/10.1016/j.mpsur.2010.11.014
https://doi.org/10.1177/1553350619871787
https://www.ncbi.nlm.nih.gov/pubmed/31514682
https://doi.org/10.1016/j.wneu.2023.02.068
https://doi.org/10.3171/2010.8.JNS10412
https://www.ncbi.nlm.nih.gov/pubmed/20932091
https://doi.org/10.1007/s00586-023-07622-7
https://www.ncbi.nlm.nih.gov/pubmed/36856868
https://doi.org/10.3390/jcm13113208
https://doi.org/10.3171/2021.4.SPINE21483
https://doi.org/10.1016/j.wneu.2021.12.090
https://doi.org/10.3171/2020.4.SPINE191390
https://www.ncbi.nlm.nih.gov/pubmed/32619982
https://doi.org/10.3390/neurolint16020033
https://www.ncbi.nlm.nih.gov/pubmed/38668130
https://doi.org/10.1016/j.wneu.2019.07.160
https://www.ncbi.nlm.nih.gov/pubmed/31362104
https://doi.org/10.1016/j.wneu.2019.06.194

J. Pers. Med. 2024, 14, 1090 10 of 10

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tobita, T.; Okamoto, M.; Tomita, M.; Yamakura, T.; Fujihara, H.; Baba, H.; Uchiyama, S.; Hamann, W.; Shimoji, K. Diagnosis of
Spinal Disease with Ultrafine Flexible Fiberscopes in Patients with Chronic Pain. Spine 2003, 28, 2006-2012. [CrossRef]

Nicolau, S.; Soler, L.; Mutter, D.; Marescaux, J. Augmented Reality in Laparoscopic Surgical Oncology. Surg. Oncol. 2011, 20,
189-201. [CrossRef]

Shah, S.Z.; Rehman, S.T.; Khan, A.; Hussain, M.M.; Ali, M.; Sarwar, S.; Abid, S. Ergonomics of Gastrointestinal Endoscopies:
Musculoskeletal Injury among Endoscopy Physicians, Nurses, and Technicians. World |. Gastrointest. Endosc. 2022, 14, 142-152.
[CrossRef] [PubMed]

Xu, X.; Zheng, Y.; Yao, S.; Sun, G.; Xu, B.; Chen, X. A Low-Cost Multimodal Head-Mounted Display System for Neuroendoscopic
Surgery. Brain Behav. 2018, 8, e00891. [CrossRef]

McAfee, P.C; Phillips, EM.; Andersson, G.; Buvenenadran, A.; Kim, C.W.; Lauryssen, C.; Isaacs, R.E.; Youssef, ].A.; Brodke, D.S.;
Cappuccino, A.; et al. Minimally Invasive Spine Surgery. Spine 2010, 35, S271-5273. [CrossRef]

Stucky, C.-C.H.; Cromwell, K.D.; Voss, R.K.; Chiang, Y.-].; Woodman, K.; Lee, ].E.; Cormier, ].N. Surgeon Symptoms, Strain, and
Selections: Systematic Review and Meta-Analysis of Surgical Ergonomics. Ann. Med. Surg. 2018, 27, 1-8. [CrossRef]
Cardenas-Trowers, O.; Kjellsson, K.; Hatch, K. Ergonomics: Making the OR a Comfortable Place. Int. Urogynecol. ]. 2018, 29,
1065-1066. [CrossRef] [PubMed]

Levy, M.L,; Day, ].D.; Albuquerque, E; Schumaker, G.; Giannotta, S.L.; McComb, J.G. Heads-up Intraoperative Endoscopic
Imaging: A Prospective Evaluation of Techniques and Limitations. Neurosurgery 1997, 40, 526-531. [CrossRef] [PubMed]

Van Lindert, E.J.; Grotenhuis, J.A.; Beems, T. The Use of a Head-Mounted Display for Visualization in Neuroendoscopy. Comput.
Aided Surg. 2004, 9, 251-256. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/01.BRS.0000083595.10862.98
https://doi.org/10.1016/j.suronc.2011.07.002
https://doi.org/10.4253/wjge.v14.i3.142
https://www.ncbi.nlm.nih.gov/pubmed/35432744
https://doi.org/10.1002/brb3.891
https://doi.org/10.1097/BRS.0b013e31820250a2
https://doi.org/10.1016/j.amsu.2017.12.013
https://doi.org/10.1007/s00192-018-3674-7
https://www.ncbi.nlm.nih.gov/pubmed/30298292
https://doi.org/10.1097/00006123-199703000-00020
https://www.ncbi.nlm.nih.gov/pubmed/9055292
https://doi.org/10.3109/10929080500165476
https://www.ncbi.nlm.nih.gov/pubmed/16112975

	Introduction 
	Minimally Invasive Approaches to Spinal CSF Leak Repair 
	Epidural Blood Patch 
	Epidural Fibrin Patch 
	Targeted Patch Repair 

	A Novel Minimally Invasive Approach to Spinal CSF Leak Repair 
	Illustrative Case 
	Patient Presentation 
	Novel Surgical Approach 
	Postoperative Outcomes 

	Flexible Endoscopy in Spine Surgery 
	Applications of wHUD with Flexible Endoscopy 
	Discussion 
	Conclusions 
	References

