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Objective: This study aims to summarize the clinical characteristics of skull base osteoradionecrosis (ORN) with the internal carotid
artery (ICA) involvement and to distill the key surgical techniques that can enhance the protective measures for ICA.

Methods: We conducted a retrospective, observational study over a six-year period from February 2017 to May 2023. We included
patients who were diagnosed with osteoradionecrosis with invasion of the internal carotid artery and collected their demographic
information, pathology results, complication rates, ect. The goal was the alleviated rate after the surgery and the anatomic considera-
tion during the surgery. We compared the verbal rating score (VRS) of headache pre- and post-operation by the Wilcoxon rank-sum
test.

Results: A retrospective analysis was conducted on 19 patients diagnosed with ORN, with a mean age of 53.73 yr (range, 32—68 yr).
Among them, 17 patients (89.47%) were nasopharyngeal carcinoma (NPC), 1 patient (5.23%) was squamous cell carcinoma of the
sphenoid sinus, and 1 patient (5.23%) had adenoid cystic carcinoma. After the surgery, 1 fatality occurred within 2 months, which was
attributed to a severe parapharyngeal space infection.1 patient succumbed to ICA rupture two days post-operation. Additionally, 1
patient experienced ORN recurrence 2 years after the initial surgery. The mean follow-up period for the study was 37.47 mo (range 2
—77 mo). The alleviation rate was 89.4%. The results revealed a significant decrease in VRS after the surgery (Z=—3.921, P=0.000).
Finally, we summarized clinical evidences of ICA involvement, such as the formation of pseudoaneurysm.

Conclusion: A four-quadrant division of SBORN as a standardized and systematic approach is meaningful to guide surgical
intervention for osteoradionecrosis. There are relevant clinical and imaging evidences that can predict the rupture of ICA.
Keywords: skull base osteoradionecrosis, skull base debridement surgery, endonasal endoscopic approach

Introduction

Skull base osteoradionecrosis (SBORN), a long-term complication resulting from radiotherapy for malignant tumors in
the rhino-sinuses and nasopharynx, persists as a potentially life-threatening challenge with an incidence of 1-10%.'
Radiotherapy induces hypo-vascularity, hypoxia, and hypocellularity, leading to the development of ORN.” Recent
advancements in intensity-modulated radiotherapy and prophylactic management strategies have significantly reduced
the morbidity associated with ORN.>”7 Approximately 90% of cranial ORN cases occur in the mandible, a condition
referred to as dental-extraction-related ORN.? However, for patients receiving radiotherapy for malignant tumors in

nasopharynx, the skull base regions, including the palatine, vomer, sphenoid bone, clivus in the occipital bone, and the
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petrous apex in the temporal bone, are particularly susceptible to this damage. The onset of necrosis in these areas can
result in lateral invasion of the parapharyngeal space, anterior extension into the planum sphenoidale and sella turcica,
and posterior destruction of the atlanto-axial joint structure,®® which is the main cause of poor prognosis.

Both conservative treatments and surgical interventions can effectively mitigate the risks associated with SBORN.
Medical therapies, such as Pentoclo (a combination of tocopherol, pentoxifylline, and clodronate), emphasize the
importance of antioxidant and antifibrotic agents in managing the condition. But in cases where medical treatment is
ineffective, especially in instances involving ICA, surgical intervention remains the definitive solution. Compared to
mandible ORN, SBORN is less well understood, owing primarily to its lower incidence rate.'®'> Furthermore, the
complexities and potential risks associated with ORN invading ICA pose significant challenges, including life-
threatening hemorrhage, pseudoaneurysm, and blow-out carotid Blowout Syndrome (CBS).

In light of these challenges, the purpose of the manuscript is to develop a four-quadrant division approach for SBORN
surgery with ICA involvement (Figure 1). This methodological framework can provide a systematic, reproducible, and
step-wise surgical procedure that relies on anatomical landmarks for the management of SBORN.

Materials and Methods

The eligibility criteria were as follows: patients who had been diagnosed with SBORN, and patients in whom any
segment of ICA was invaded and exposed during the surgical procedure, individuals who had a history of radiation and
chemotherapy treatment for their primary tumor and presented no evidence of tumor recurrence, and patients who were
suitable candidates for endoscopic endonasal debridement surgery. However, patients with a prior diagnosis of SBORN
but confirmed tumor recurrence were disqualified. Additionally, patients who adopt a palliative surgical strategy or
receive local anesthesia are also excluded.

After applying these criteria, a total of 20 patients were diagnosed with SBORN. Among them, 19 patients were included
in this survey. The diagnosis of SBORN was based on the clinical presentation, medical history, computed tomography (CT)
scan, magnetic resonance imaging (MRI), transnasal endoscopic examination, and pathological results.'® All patients were
subject to follow-up assessments 1 month after surgery, and then at regular intervals of 3 months for the first year after surgery,
and 6 months thereafter. We compiled data on age, sex, tumor histopathology, TNM staging classification and clinical stage,
post-radiotherapy complications, surgical approach, reconstruction technique, and survival time.

Figure | Schematic diagram of anatomical structure: The figure shows the surgical field is divided into four parts by the intersection of the horizontal segment of the
internal carotid artery and the paraclival segment of the internal carotid artery (PCA) at the lacerum foramen and the pterygoid canal nerve (VN).

Notes: (A and B) lllustration of the division of the surgical field into four distinct parts based on the intersection of the horizontal segment of the internal carotid artery and
the paraclival segment of the internal carotid artery (PCA) at the lacerum foramen and the pterygoid canal nerve (VN). Part (B) provides an enlarged view of part (A) for
improved clarity. In part (B), some parts of the nasopharyngeal mucosa have been removed to expose the underlying structures in greater detail.

Abbreviations: ET, eustachian tube;V3, mandibular nerve; V2, maxillary nerve; SS, sphenoid sinus; PN, The pharyngeal nerve; PPG, the pterygopalatine ganglion; FR,
Foramen rotundum; IT, inferior turbinate; LCM, longus capitis muscle; PCA, paraclival carotid artery; CCA, cavernous carotid artery; GPN, greater petrosal nerve; MN,
maxillary nerve; TL, the temporal lobe; TG, trigeminal ganglion; FL, Foramen lacerum.
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We employed ICA classification system:'” (1) parapharyngeal segment (2) petrous segment (3) paraclival segment (4)
parasellar segment (5) paraclinoid segment (6) intradural segment, then located ICA by CT or magnetic resonance
imaging (MRI), with confirmation under endoscopic view.

The primary objectives were to assess the alleviated rate and to evaluate patient recovery status. We utilized the
Verbal Rating Score (VRS) to evaluate the degree of headache experienced by patients both before and one week after
surgery. The VRS consists of a 4-point scale with descriptive phrases ranging from “no pain” to “intense pain”.
Respondents were asked to select the single phrase that best characterized their level of pain intensity, providing
a clear and objective measure of pain relief following surgery.'®

All the advantages and adverse side effects after the surgery were part of the informed-consent discussion with
patients and their families before surgery. All clinical records from the study were reviewed by the Ethics
Committee of Longgang ENT Hospital. (SZLGENTEC2022-0224). Our research was in line with the Declaration
of Helsinki.

Debridement Surgery

The patient was positioned in a supine position and administered general anesthesia. Following a revised
prelacrimal recess approach, the medial wall of the maxillary sinus was carefully removed to expose the surgical
site.'”?° Subsequently, the anterior and posterior ethmoid sinus were opened, and either a nasal septal flap or
lateral nasal wall flap was preserved for reconstruction.?’ Next, the pterygopalatine fossa (PPF) was exposed, and
the vidian nerve was traced in a ventral-dorsal direction to the foramen lacerum. At this point, the petrous part of
ICA was observed as it transitioned into the paraclival part. To gain access to ICA, necrotic bone was carefully
drilled away, and the root of the pterygoid process was removed to expose the parapharyngeal space. Finally,
a pedicled nasal septal flap was used to cover the surgical site and protect the exposed ICA. Following surgical
intervention, patients received routine nasal irrigation and oral antibiotic treatment to promote healing.

In the context of the surgical approach, we have delineated the operative field into four quadrants. This segmentation
is centered around the horizontal segment of ICA as it courses through the carotid canal, using the vidian nerve (VN) and
the Lacerum foramen as central reference points (Figure 1).

Region A encompasses the paraclival segment of ICA. This area is situated adjacent to the VN inferiorly and abuts
the parasellar ICA superiorly. Medially, it is bordered by the sellar region, while laterally, it is flanked by the maxillary
nerve and the floor of the middle cranial fossa. The optic nerve and the optic-carotid recess (OCR) serve as critical
anatomical landmarks for localization within this region.

Region B is positioned in the inferomedial quadrant of the operative field. Here, the VN serves as a critical marker for
the exposure of the Lacerum foramen and subsequent localization of ICA. This area allows for safe operative maneuvers.
Key anatomical structures within Region B include the petroclival fissure, the jugular foramen, and the hypoglossal
foramen, each of which is integral to the surgical approach. (Figure 2).

Region C is infrequently affected, primarily due to its positioning in the relatively safe zone of the middle cranial
fossa. Specifically, the area lateral to the maxillary nerve (V2) is considered safe for surgical intervention, minimizing the
risk of compromising critical structures.

Region D (Figure 3) encompasses the eustachian tube, with key anatomical landmarks progressing from medial to lateral
as follows: the vidian nerve (VN), the mandibular strut, the mandibular nerve (V3), and the external foramen of the carotid
canal. The stratification from superficial to deep layers in this region includes the the levator veli palatini muscle, the
mandibular nerve, a layer of fat tissue situated between the levator veli palatini (LVPM) and tensor veli palatini muscle
(TVPM), and the parapharyngeal space. Laterally, this region is bounded by the carotid foramen and the parapharyngeal
segment of ICA. Additional anatomical landmarks in this area include the mandibular nerve, the mandibular column, and the
area below the inferior petrous apex. The region located inferior to ICA and anterior to the eustachian tube is deemed safe for

surgical procedures, thereby reducing the likelihood of iatrogenic injury in these interventions (Table 1).
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Figure 2 The picture presents an enhanced MRI T| image that delineates Region B. In this region, while the bone integrity is preserved, there is evident necrosis observable
in the area below the petrous apex and around the Lacerum foramen, as indicated by the white arrow. The red dotted line demarcates the horizontal segment of the ICA.
(A) the coronal plane. (B) the axial plane. (C) the sagittal plane.

Figure 3 The figure reveals an MRI T| enhanced image, specifically illustrating the anatomical features of Region D. This region encompasses the external opening of the carotid
canal, the area surrounding the eustachian tube, and the muscles involved in palatal movement. Notably, the levator veli palatini muscle is indicated by a red arrow, showing signs
of edema, while the tensor veli palatini muscle, marked by a white arrow, exhibits necrosis. (A) the coronal plane, (B) the axial plane, and (C) the sagittal plane.

Statistical Analysis

Categorial variables were transformed into frequencies and percentages. Continuous variables were presented by means
and ranges. We compared VRS before and after the surgery by paired-samples Wilcoxon rank-sum test because VRS was
ordinal statistics. (version 28.0, Chicago, USA). The statistical test was two-sided, and a P value less than 0.05 was
considered statistically significant.
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Table | Division of Anatomical Regions and Corresponding Anatomical Landmarks

Subregion | Subsegments of the ICA Anatomical Landmarks
Region A Paraclival segment The optic nerve, OCR
Region B None Petroclival fissure, jugular foramen, hypoglossal foramen
Region C Cavernous sinus segment of the ICA | Middle cranial fossa, cavernous sinus, 345 cranial nerve
Region D Horizontal segment VN, mandibular strut, mandibular nerve, external orifice of the ICA
Parapharyngeal segment
Results

Clinical Characteristics
A total of 19 patients (12 male and 7 female), with a mean age of 53.73 years (range = 3268 years), were included in

this survey. The demographic characteristics of these patients were presented in Table 2. The median follow-up time was

37.47 months (from 2 to 77 months). All patients had no recurrence during the follow-up period. Table 3 presented the

post-radiation complications observed in these ORN patients. The average time between the end of radiation therapy and
the diagnosis of ORN was 56.8 months (range = 6.8-295.8 months).

Table 2 Demographic and Characteristics of ORN

Patients
N
Number of patients 19
Mean age, years (range) 53.73(32-68)
Mean follow-up time, months (range) 37.47 (2-77)
Sex
Male 12
Female 7
Primary cancer
Nonkeratinizing carcinoma of NPC 8
Squamous cell carcinoma of NPC 9
Adenoid cystic carcinoma |
Squamous cell carcinoma of SS |
Cancer staging
1] I
v 8
Status
Alive 17
stable 16
recurrence |
Dead 2

Abbreviations: SS, sphenoid sinus; NPC, nasopharyngeal carcinoma.
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Table 3 Post-Radiation Complications

Post-radiotherapy Complication | N

Nasopharynx reflux 16
Dysphagia 5
Lisp 5
Otitis media 3
Choke when drinking 3
Facial paralysis 2

Vestibular dysfunction |

Sensorineural deafness |

Secondary hypopituitarism |

Subclinical hypothyroidism |

Hypoglossal paralysis |

Postradiotherapy rhinosinusitis |

Nasal cavity infection |

The Effect of the Surgery
1 patient died within 2 months due to a multi-interstitial space infection, and another patient died from the sudden rupture
of ICA. The other 17 patients all experienced varying degrees of headache relief. Among them, 16 patients remained
stable, while 1 patient experienced a recurrence (Table 2). The patient with ORN recurrence had adenoid cystic
carcinoma. Her symptoms improved until 4 years after the initial operation. Sagittal MRI revealed necrosis in the
posterior wall of the pharyngeal occipito-atlantal articulation (Figure 4). Therefore, she underwent another sequestrum
removal surgery and showed improvement.

At the time of the latest follow-up (mean time 37.47 months), the alleviated rate was 89.4%. The Wilcoxon rank-sum test
demonstrated a statistically significant difference in the VRS before and 2 weeks after the surgery (Z = —3.921, P = 0.000)
(Table 4).

Figure 4 MRl results of the recurrent patient: (A) The white arrow shows the midline clivus and superficial mucosa were intensified 2.25 years post operation. There was
no obvious necrotic evidence. (B) The white arrow shows the recurrent necrosis 4 years after the first surgery (C) the white arrow shows the middle line structures are
necrotic. The bone matrix around the ICA and clivus shows hypo-intensity.
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Table 4 Wilcoxon Rank Sum Test Results

No Pain | Mild Pain | Moderate Pain | Severe Pain | Z Value | P value

Before the surgery 0 3 14 2 —3.921 0.000

After the surgery 9 10 0 0

The Clinical Characteristics of SBORN with ICA Involvement
The evidence for determining the involvement of ICA in SBORN is currently unclear. It can be roughly inferred from 3
aspects: symptoms, imaging, and intraoperative exploration.

(1) In terms of symptoms, fatal hemorrhage caused by ICA rupture indirectly proves the involvement. The
angiography and embolization of ICA before and after the rupture can provide relevant evidence.

(2) In terms of imaging, abnormal signals in the soft tissue of the affected segment on MRI (Figure 5a), low-density
on MRI T1 or non-enhancement on enhanced MRI (Figure 2), or compression and deformation of the lumen
(Figure 5a) can indicate the involvement.

(3) Intraoperative anatomical exploration can confirm, such as the formation of pseudoaneurysm (Figure 6).

Figure 5 MRl scans (A—C) reveal the involvement of the adventitia of the right parapharyngeal segments of the ICA (white arrow), which appears compressed and deformed
compared to the contralateral internal carotid artery. The T2-weighted MRI (A) displays the abnormality in soft tissue composition, while the T1-weighted MRI (B) reveals
a hypointense adventitia membrane. After gadolinium contrast injection (C), enhancement of the adventitia is observed, indicating its involvement in the pathological process.

Figure 6 Involvement of the parapharyngeal ICA in a ORN patient leads to the formation of a pseudoaneurysm. (A) Intraoperative finding of pseudoaneurysm formation.
(B) Titanium clips, indicated by the blue arrow, are used to occlude the pseudoaneurysm along the course of the ICA.
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Discussion

SBORN is a rare disease that arises as a consequence of radiation therapy and poses significant clinical challenges. This
condition is characterized by persistent and debilitating headache, which can severely impact quality of life and survival
time. Furthermore, SBORN with ICA invasion poses a considerable risk of rupture and bleeding, which is a leading
cause of mortality in these patients. Given the severity and complexity of this condition, precise surgical intervention is
widely recognized as the definitive treatment modality for alleviating pain, enhancing quality of life, and prolonging
survival time. The importance of timely and accurate diagnosis, along with meticulous surgical planning and execution,
cannot be overstated in managing this uncommon but clinically significant disease.

A range of surgical techniques has been described and generally share common principles. These include the
thorough removal of necrotic bone debris through drilling until bleeding from the underlying viable bone is observed,
and the use of grafts or free flaps for skull base reconstruction. While these approaches are often effective and associated
with favorable outcomes, they can be challenged in cases where ICA is involved. However, there is a paucity of literature
that provides specific guidance on preoperative planning, surgical management, reconstruction options, and the preven-
tion and treatment of complications in these complex cases. To address this knowledge gap, we conducted a survey
utilizing ICA classification system proposed by Dr. Kassam. Our findings suggest that the lacerum foramen and its
surrounding area are particularly susceptible to radiation-induced damage, likely due to their proximity to the primary
tumor site.

Preoperative evaluation of the location, length, and extent of ICA invasion is essential to prevent iatrogenic injury
during surgical intervention. Our institutional protocol follows a structured flowchart (Figure 7). Routine evaluation

methods include computed tomography angiography (CTA) and magnetic resonance angiography (MRA), which reveals

CTA+MRA |
. negative
positive N l——> | surgery
‘VV
DSA+BOT |
y negative Embolization:
positive | |[ > if affected area>1
or parapharyngeal space involved
v

Careful manipulation :
If one subsegment involved

Extracranial-intracranial bypass:
1.Severe invasion to ICA
2.More than 1 subsegment involved
3.0ropharyngeal segment involved

Figure 7 Flow chart for handling involvement: If the DSA and BOT are negative, the surgery can be carried out in a safe manner. However, if there are more than | subarea
(A-D) involved, along with invasion of the parapharyngeal space, preoperative embolization is necessary. If the DSA and BOT reveal poor resistance to ischemia and ICA is
invaded within a single subsegment, careful manipulation during the surgery can help mitigate the risk of ICA rupture. If there are more than | subsegment affected or the
oropharyngeal segment is involved, extracranial-intracranial bypass followed by debridement surgery is beneficial. Endovascular stent-graft application can help in dealing
with sudden rupture of the ICA, but it is not recommended for treating ICA rupture in such situations.
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vascular anatomy and the extent of disease invasion. Additionally, we assess collateral circulation using digital subtrac-
tion angiography (DSA) and perform the balloon occlusion test (BOT) to assess cerebral ischemic tolerance.

Exposure of different parts of the invaded artery requires different approaches and techniques. Ultimately, the main
principle is to proceed from the farthest to the nearest site, from relatively safe areas to dangerous ones. To ensure the
safety of the surgery and precise location of the ICA, reliance on a single anatomical structure is unreliable (Table 5).

Moreover, the Eustachian tube, mandible nerve, and levator veli palatini aid in accurately positioning the paraphar-
yngeal ICA. In our surgical approach, we rely on the clivus recess and maxillary nerve to precisely locate the paraclival
segment of the ICA, which lies above the lacerum. By carefully detaching the soft tissue inferiorly, we can identify the
intersection between the vidian canal and pterygosphenoidal fissure, which lies in front of the lacerum segment. The
Eustachian tube, mandible nerve, mandible strut, petroclival fissure, and sphenopetrosal fissure provide crucial landmarks
for tracing the course of the petrous segment, which transitions into the paraclival segment via the lacerum foramen.'’-**2¢
We also utilize the maxillary nerve and lingual process of the sphenoid bone to accurately identify the paraclival segment of
ICA and the lacerum segment. The meticulous exposure and clear recognition of ICA are critical for safe and effective
surgery. The detachment and dissection of necrotic tissue adjacent to the adventitia membrane of the ICA must be
performed with great care. In some cases, sterile necrotic tissue may be present and preserved during the surgery.

Finally, it is essential to cover and protect the exposed ICA with a vascularized flap to ensure its long-term survival
and to minimize the risk of postoperative complications. When confronted with extensive skull base defects or
compromised nasoseptal flaps, the implementation of remote vascularized pedicle flaps, such as the temporoparietal
fascia or the temporal musculofascial flap, should be contemplated.'”?> The choice between a free graft and
a vascularized flap in protecting the exposed artery depends on the extension and extent of the bared artery.
Submental island flap is commonly used in clinical practice to repair defects of the oropharynx. When necessary, the
multilayer reconstruction technique can efficiently reduce the mortality and morbidity of complications. The exposed
ICA is protected by pedicled soft tissue on the second layer, together with autologous fat graft from buccal fat pad or
infratemporal fossa as substrate. The pedicled tissue with carefully protected supply arteries is of the utmost importance
to mucosal flap survival. In the rare event of ICA rupture, we promptly stuff the nasal cavity with a large amount of
gauze to control the bleeding, stabilize the patient condition and then transfer them to the angiography suite for
endovascular stent-graft insertion. This is a well-established treatment modality that can seal the ruptured vessel and
restore blood flow. If the patient is not suitable for endovascular stent-graft insertion, we collaborate with neurosurgeons
to perform an extracranial-intracranial bypass surgery. Infection, necrosis, and implant exposure are potential complica-
tions, which impacts the patient prognosis and recovery.

Prior to surgery, patients should undergo a comprehensive imaging protocol including CT with contrast, CTA (CT
Angiography), CTV (CT Venography), and CTP (CT Perfusion), MRI with contrast enhancement, and MRA (Magnetic
Resonance Angiography). These images should be scrutinized to assess for any bone destruction around the internal
carotid artery, whether necrosis is adjacent (within 1mm), invading, or encasing the artery, the presence of suspected
pseudoaneurysms in the ICA, or any narrowing or even occlusion. For suspected involvement, DSA (Digital Subtraction

Angiography) and BOT (Balloon Occlusion Test) should be performed.

Table 5 Useful Landmarks to Locate the ICA

The ICA Anatomical Landmark
Classification

Parapharyngeal ICA Levator veli palatini, tensor veli palatini, The Eustachian tube, the mandible nerve
Petrous segment The Eustachian tube, the mandible nerve, mandible strut, petroclival fissure, sphenopetrosal fissure (from external orifice

of carotid artery to lacerum foramen)

Lacerum foramen Vidian canal, pterygosphenoidal fissure, lingual process of the sphenoid bone, mandible strut
segment
Paraclival segment Lacerum foramen, the maxillary nerve, clivus, cavernous sinus
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During surgery, based on the anatomical landmarks of the ICA, necrotic tissue should be debrided, and the artery
should be exposed and protected. The extent of involvement around the internal carotid artery should also be explored.

For patients who have ICA exposed, regular CTA examinations should be scheduled to assess for the development of
pseudoancurysms and the healing of surrounding flaps. These examinations should be conducted within 24 hours post-
surgery, at one week, one month, and three months post-surgery.

The results of our study are encouraging. Apart from 2 deaths, the remaining 17 patients experienced varying degrees
of relief, despite the occurrence of some irreversible post-irradiated complications. Several studies have been conducted
on this topic worldwide. Ahmed Habib'® enrolled 31 ORN patients and employed both EEA and open approaches
(mandibulectomy or infratemporal fossa resection). The median overall survival (OS), 1-yr OS, and mean recurrence-free
survival were 83.9 months, 78.5%, and 89.3 months, respectively. These results align with those of Liu J and Wang
DH,"" who reported a 2-yr OS of 54.2% for 59 patients who underwent SBORN debridement surgery via EEA. Another
study'* included 58 patients who underwent either endoscopic debridement surgery (n=12), maxillary swing operation
(n=40), or mandibulotomy (n=6). The mean follow-up time was 36.2 months (range= 2—68 months), and the overall
survival rate was 85.2%. Numerous other researchers have also reported surgical outcomes using EEA.'%!3:!1527-28
A recent systematic review”” found an overall success rate of 77.3%. Our surgical results are similar to these findings.

Conclusion
This study presents a four-quadrant division of SBORN as a standardized and systematic approach to guide surgical
intervention for osteoradionecrosis.
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