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ABSTRACT

Background: Healing dynamics after anterior skull base (ASB) reconstruction following transnasal endoscopic surgery (TES)
for sinonasal malignancies remain poorly characterized. This study aimed to describe the postoperative healing process, quantify
time to healing, identify factors influencing healing, and assess radiologic evolution over time.

Methods: This multicenter retrospective study included adult patients undergoing TES with craniectomy and ASB reconstruction
for sinonasal malignancies between 2016 and 2024. Serial endoscopic examinations were reviewed using a novel stage-
based classification system. Postoperative contrast-enhanced magnetic resonance imaging (MRI) was analyzed to evaluate
reconstruction layers, enhancement patterns, thickness changes, and brain sagging. Cumulative incidence analysis, multistate
modeling, and uni- and multivariable analyses were performed to identify factors associated with healing.

Results: A total of 173 patients were included. Complete endoscopic healing was achieved in 15.9% of patients at 6 months, 69.9%
at 12 months, and 94.4% at 24 months. Local pedicled flap reconstruction was associated with faster healing, with complete
healing achieved in 89.4% of patients at 12 months compared with 60.7% in graft-based reconstructions (p < 0.001). Adjuvant
radiotherapy (RT), particularly intensity-modulated proton therapy, was independently associated with delayed healing. MRI
showed progressive reduction in reconstruction thickness, decreased visibility of adipose tissue and the outer graft layer, and
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increased brain sagging over time. RT was associated with greater remodeling changes, whereas flap-based reconstruction

appeared to mitigate these effects.

Conclusions: Healing after ASB reconstruction following TES is a prolonged and dynamic process influenced mainly by

reconstruction technique and adjuvant RT. Local vascularized flaps promote faster and more stable healing and may be particularly

advantageous in patients requiring postoperative RT.

1 | Introduction

Transnasal endoscopic surgery (TES) has progressively become
the mainstay of treatment for sinonasal cancers that require
surgery, and craniectomy with dural resection is indicated if the
tumor is in close contact or crosses the anterior skull base (ASB)
[1-4]. A watertight reconstruction of the ASB that separates the
intracranial compartment from the sinonasal cavities is essential
to prevent cerebrospinal fluid (CSF) leak and its potentially life-
threatening complications. Tissue remodeling after skull base
repair depends on the integration of the different layers of
reconstruction, which is one of the key concerns in achieving
tight dural closure [5]. An effective option for ASB reconstruction
is the three-layer iliotibial tract (ITT) technique, owing to its
favorable characteristics of thickness, strength, and pliability [4-
8]. When the tumor does not extend contralaterally and the nasal
septum is uninvolved, local pedicled flaps can be harvested to
reduce the probability of postoperative CSF leaks and to promote
rapid healing of the surgical cavity, with reduced crusting and
nasal discharge [9].

Several studies have analyzed possible factors associated with
prolonged healing time and failure of ASB reconstructions: (i) size
of the defect [10, 11], (ii) anatomical site of the defect and whether
the borders of the defect can be identified and exposed, [12] (iii)
presence and flow of intraoperative CSF leaks [13, 14], (iv) surgical
techniques (grafts vs. vascularized flaps) [15], and (v) adjuvant
radiotherapy (RT) [10, 16, 17]. To the best of our knowledge,
no clear evidence is available on the timing of healing of ASB
reconstructions after TES with dural resection. Moreover, there
is limited evidence regarding the variables that affect the healing
process, and no consensus exists on how to define and classify the
different stages of the healing process after endoscopic resection
with transnasal craniectomy (ERTC). The primary objectives of
this study were to (i) define the endoscopic phases of healing
of ASB reconstruction through a novel classification system and
(ii) quantify the time required to achieve complete healing. The
secondary objective was to identify clinical, surgical, and adjuvant
treatment-related factors associated with the healing process.
In addition, postoperative magnetic resonance imaging (MRI)
findings were analyzed to characterize the radiological evolution
of the reconstruction over time.

2 | Materials and Methods

The study included adult patients undergoing ERTC with cura-
tive intent and a reconstruction of the ASB for nasoethmoidal
malignancies from January 1, 2016, to December 31, 2024. The
institutional database on sinonasal cancers of (a) the Section of
Otorhinolaryngology-Head and Neck Surgery of the University of

Padova (Padova, Italy), (b) the Unit of Otorhinolaryngology-Head
and Neck Surgery, ASST Spedali Civili of Brescia—University of
Brescia (Brescia, Italy), (c) the Division of Otorhinolaryngology-
Head and Neck Surgery, University of Insubria (Varese and
Como, Italy) was retrospectively analyzed. Patients who received
previous surgery involving the ASB and those missing both
endoscopic and radiologic evaluations were excluded from the
analysis. The study was conducted according to the ethical stan-
dards established in the Declaration of Helsinki. Retrospective
research on patients with sinonasal cancers was approved by
local ethics committees of the Centers involved in the study: (i)
Comitato Etico per la Sperimentazione Clinica della Provincia
di Padova, protocol no. 433n/A0/23; (ii) Comitato Etico ASST
Spedali Civili, protocol no. 3616; (iii) Comitato Etico Ospedale
di Circolo e Fondazione Macchi, code: 0033025/2015; and (iv)
Comitato Etico ASST Lariana, protocol no. 212/2024.

2.1 | Dural Repair Technique

In our Institutions, dural reconstruction following ERTC is
performed according to a standardized, defect-driven algorithm
based on the extent of resection and availability of vascularized
flaps. When the nasal septum is not available due to tumor
involvement, a three-layer reconstruction using ITT grafts is
routinely adopted, consisting of (i) an intradural layer, (ii) an
intracranial extradural layer, and (iii) an extracranial layer to
achieve a watertight closure [4]. Autologous fat is interposed
between the second and third layers along the margins of the
reconstruction to obliterate dead spaces and enhance sealing.
In cases of bilateral craniectomy where the inferior portion of
the contralateral septum can be preserved, multilayer ITT recon-
struction is combined with a posteriorly based nasoseptal flap
used as the outermost layer. For unilateral defects, reconstruction
is typically achieved using autologous or heterologous grafts in
combination with a septal flip flap, allowing effective mucosal
resurfacing of the skull base [9, 18]. For study purposes, patients
were categorized according to the presence or absence of a
local vascularized flap, since all reconstructions shared the same
multilayer graft-based foundation. When available and deemed
adequate to the defect size and characteristics, a collagen matrix
was used instead of the ITT layers to avoid donor site morbidity.

2.2 | Data Collection

Demographic and clinical data, including information on previ-
ous treatment, histology (defined in accordance with the fourth
edition of WHO Classification of Head and Neck Tumors)
[19], pre- and post-operative images, TNM classification (eighth
edition), [20] surgical reports, size of the defect, margin status,
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FIGURE 1 | Endoscopic classification of the healing of the anterior skull base reconstruction. Healing grade varies from phase 1, postoperative, to
phase 6, complete recovery.FS: frontal sinus; PFP: posterior frontal plate; LIT: left inferior turbinate; RIT: right inferior turbinate; LMS: left maxillary
sinus; RMS: right maxillary sinus; NP: nasopharynx; LMT: left middle turbinate; FF: flip flap; o: third layer of the iliotibial tract; *: granulation tissue; ":
mucosa; white arrow: stenosis with purulent secretion of the frontal sinusotomy.

complications, adjuvant treatments, and follow-up data, were 2. Phase 2: Integration or necrosis of the third layer of ITT
retrieved with medical chart review. (necrosis can appear as either desiccation or colliquation or
a combination of the two). Gentle manipulation of the ITT
(necrotized—Figure 1B, or integrated—Figure 1C) confirms
graft stability with respect to the underlying tissues.

2.3 | Endoscopic Classification
3. Phase 3: It includes formation of granulation tissue. The
Endoscopic follow-up videos were retrospectively analyzed. The second or third layer of ITT is still visible, and granulation
healing status of the ASB reconstruction and the surrounding tissue develops from the edges of the plasty, starting to cover
sinonasal cavity was classified as follows: the graft (Figure 1D).
4. Phase 4a: The ASB reconstruction is completely covered by
1. PhaseI: The reconstruction of the ASB as it appears at the end granulation tissue. The ITT is no longer visible; at the edges
of surgery: the third layer of ITT is evident and has its native of the defect, mucosa starts to replace the granulation area
appearance (Figure 1A). (Figure 1E).
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5. Phase 4b: The ASB reconstruction is mostly covered by
mucosa. Granulation tissue and/or areas of bone/cartilage
exposure can still be appreciated in the sinonasal cavity
surrounding the ASB reconstruction. This grade was assigned
to the first endoscopic evaluation of ASB reconstructions with
local flaps (Figure 1F), unless there was necrosis of the flap.

6. Phase 5: The ASB reconstruction is completely covered by
mucosa. No areas of bony/cartilaginous exposure are visible;
granulation or non-integrated mucosa edges are appreciable
(Figure 1G).

7. Phase 6a: The sinonasal cavity is entirely covered by mucosa.
No areas of bony/cartilaginous exposure, granulation, or non-
integrated mucosa edges are appreciable; at least one of the
following findings was present: (1) areas of edema, (2) crust-
ing with purulent secretions, and (3) stenotic sinusotomy
(Figure 1H).

8. Phase 6b: The sinonasal cavity is entirely covered by mucosa.
No areas of bony/cartilaginous exposure, granulation, non-
integrated mucosa edges, edema, crusting with purulent
secretions, or stenotic sinusotomy are appreciable (Figure 1I).

Healing phases were grouped into three stages: stage 1 cor-
responded to phase 1 (i.e., the “postoperative stage”), stage 2
grouped together phases 2, 3, 4a and 4b (i.e., the “healing
stage,” characterized by an ongoing healing process), and stage
3 included phases 5, 6a and 6b (i.e., the “complete healing stage,”
where the healing process is completed). Transitions in the vari-
ous stages were defined as follows: transition I indicated the tran-
sition from stage 1 (“postoperative”) to stage 2 (“healing”), refer-
ring to the initiation of the healing process; transition 2 indicated
the transition from stage 1 (“postoperative”) to stage 3 (“complete
healing”), referring to a very rapid healing process (no evidence of
stage 2 at the endoscopic evaluations), and transition 3 indicated
the transition from stage 2 (“healing”) to stage 3 (“complete heal-
ing”), referring to a healing process with clinical evidence of inter-
mediate healing phases at outpatient endoscopic evaluations.

2.4 | Radiological Evaluation

Postoperative contrast-enhanced MRIs were retrospectively ana-
lyzed. MRIs without contrast agent or with a section thickness of
>3 mm were excluded from the following analyses. The following
radiological features were assessed (Figure 2): visualization of the
first and second layers, their vascularization (defined as evidence
of contrast enhancement), visualization of the fat and third layer,
the minimum thickness of the ASB reconstruction, measured on
the sagittal plane, the presence or absence of a layer of contrast-
enhanced endonasal tissue (and its thickness), and brain sagging.
The last feature was evaluated in the coronal plane passing
through the origin of the optic nerves, posterior to the eyeball,
using as a reference the line tangent to the upper margins of the
superior oblique muscles.

3 | Statistical Analysis

RStudio (version 4.3.1, https://rstudio.com/) was used for statisti-
cal analysis. The description of the healing process was performed

using a unidirectional multistate model, analyzing the transition
through healing stages as a function of time.

Inter- and intra-rater reliability of the endoscopic healing clas-
sification was assessed by calculating Krippendorft’s alpha for
overall agreement among raters (G.C., P.G., S.T., and G.R.) and
weighted Cohen’s kappa coefficients for pairwise inter-rater and
intra-rater agreement.

The inferential analysis of the factors influencing the healing
process was performed using cumulative incidence analysis and
multistate model analysis. For the cumulative incidence analysis,
the achievement of the healed stage (stage 3) was considered as
an event, and the impact of independent variables was checked
by applying the Gray’s test. In addition, a multivariate Cox model
was performed to study the effect of different variables on the
healing process.

A linear regression model was created to study the relationship of
continuous variables (i.e., “minimum plastic thickness,” “thick-
ness with enhancement,” and “brain sagging”) with the time
elapsed since the date of surgery. A logistic regression model was
created to study the relationship of the categorical variables (i.e.,
“visualization of the first and second layers,” “enhancement of
the first and second layers,” “visualization of the third layer,” and
“visualization of the fat”) with the elapsed time from the date of
surgery. Through these models, the influence of relevant clinical
information, such as the type of radiotherapy and the use of a local
flap, was analyzed.

The level of significance was 0.05 for all applied tests.

4 | Results

The study included 173 patients. General characteristics of the
cohort are summarized in Table 1. One hundred and thirty-one
patients were males (75.7%) and 42 females (24.3%), with a mean
age at surgery of 62 years (95% confidence interval [95% CI]: 49.2—
74.8). Fifty-two (30.0%) patients were smokers, and 54 (31.2%) had
comorbidities, including 15 (8.7%) patients with diabetes mellitus,
14 (8.1%) with peripheral vascular disease, and 9 (5.2%) with
chronic rhinosinusitis. ASB reconstruction was performed with
three layers of ITT in 163 (94.2%) cases, while collagen matrix
was used in 10 (5.8%) cases in place of the first (intradural) and
second (epidural) ITT layer. Autologous adipose tissue was placed
between the second and third layer in 154 (89.0%) cases. A local
mucoperiosteal flap (i.e., septal flip flap) [18] was harvested to
cover the dural reconstruction in 55 (31.8%) patients. One hundred
and twenty-nine (74.6%) patients received adjuvant radiotherapy
(RT), out of which 112 (86.8%) underwent RT alone and 17 (13.2%)
chemoradiation. A total of 110 (63.6%) and 19 (11.0%) patients
underwent photon-based intensity-modulated RT (IMRT) and
intensity-modulated proton therapy (IMPT), respectively.

4.1 | Endoscopic Evaluation of the Healing
Process

The following findings were extracted from 1097 follow-up endo-
scopies in 133 patients. General characteristics of this subcohort
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FIGURE 2 | Radiological features evaluated on post-operative MRI. In (A) the first and second layers of the iliotibial tract are visible and appear
on this T2-weighted sequence as a hypointense intracranial layer (white arrows). The third layer is also identifiable, showing a hypointense signal
on T2-weighted imaging and an extracranial location (white arrowheads). In (B), adipose tissue is visible on T1-weighted imaging, where it appears
hyperintense and shows signal loss on fat-suppressed sequences. In (C), the brain sagging (white dotted line) is evaluated in the coronal plane passing
through the origin of the optic nerves, using as a reference the line tangent to the upper margins of the superior oblique muscles (white line). (D)
Minimum thickness of the ASB reconstruction, measured on the sagittal plane (white lines). Finally, a comparison is shown between MRI performed
at 3 months after surgery (E) and at 12 months (F). In both examinations, contrast enhancement is observed on the dural side of the first layer (black
arrowheads). However, on the 3-month MRI, the first and second layers are still distinguishable (black arrows) and no enhancing endonasal tissue is
present. In contrast, on the 12-month MRI, enhancing endonasal tissue is visible (black dotted line), indicating that the skull base is undergoing or has
completed the process of revascularization of the reconstructive graft.

of patients are summarized in Table SI1. Figure 3 displays the
cumulative incidence of complete healing of ASB reconstruction
(stage 3), which was achieved in 15.9% of patients at 6 months,
69.9% at 12 months, and 94.4% at 24 months. The distribution of
patients across endoscopic healing stages at predefined follow-up
intervals is summarized in Table 2.

Inter-rater agreement for endoscopic assessment of ASB recon-
struction healing was excellent. Overall reliability assessed using

Krippendorff’s alpha was 0.93. Pairwise weighted Cohen’s kappa
coefficients demonstrated substantial to almost perfect agree-
ment across all rater combinations, with kappa values ranging
from 0.756 to 0.870 (all p < 0.001, Table S2). Intra-rater agreement
was also excellent, with a weighted Cohen’s kappa of 0.942
(p < 0.001), indicating high consistency of repeated evalua-
tions. Results of the uni- and multivariable analysis of factors
potentially impacting the healing process are shown in Table 3.
At the univariate analysis, age, diabetes, peripheral vascular
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TABLE 1 | Main clinical features of the 173 patients included in the

radiological analysis.

No. of patients

TABLE 1 | (Continued)

No. of patients
(%) or means

(%) or means Characteristics (C1)
Characteristics (CI1) ]
Carcinoma NOS 1(0.6%)
Age at surgery (years) 62 (49.2,74.8) pT pT1 13 (7.5%)
Gender Males 131 (75.7%) pT2 46 (26.6%)
Diabetes Yes 15 (87%) pT4a_4b 62 (35.8%)
No 158 (91.3%) FU (months) 24.5 (6.0, 43.0)
Smoking Yes 52 (30.0%) Abbreviations: AdCC: adenoid cystic carcinoma; CI: confidence inter-
No 121 (70.0%) val; IMPT: intensity-modulated proton therapy; IMRT: intensity-modulated
Peripheral vascular Yes 14 (8.1%) radiation therapy; ITAC: intestinal type adenocarcinoma; MANEC: mixed
di ' adeno-neuroendocrine carcinoma; MiNEN: mixed neuroendocrine non-
15cases No 159 (91-9%) neuroendocrine neoplasms; MM: mucosal melanoma; NEC: sinonasal neu-
Chronic rhinosinusitis Yes 9 (5_2% ) roendocrine carcinoma; nITAC: non intestinal type adenocarcinoma; ONB:
olfactory neuroblastoma; SCC: squamous cell carcinoma; SNUC: sinonasal
No 164 (94.8%) undifferentiated carcinoma.
Exposure to occupational Yes 85 (49.1%) 2Ewing, myofibroblastic, and biphenotypic sinonasal sarcomas.
risk factors No 88 (50.9%)
Presentation Primary 163 (94.2%) =+ Global population
Recurrence 10 (5.8%) ‘_5” 100%
Previous RT Yes 9 (5.2%) E
Q
No 164 (94.8%) )
£
Previous CT Yes 5(2.9%) IS
No 168 (97.1%) 3 50%
[ =4
Laterality of resection Unilateral 49 (28.3%) S
o
Bilateral 124 (71.7%) S 259
2
Margin status RO 142 (82.1%) 5
E
R1 31 (17.9%) 3 %
. 0 10 20 30
Reconstruction Graft 173 (100%) Months
Graft + local flap 55 (31.8%)
Adjuvant RT No 44 (25.4%) FIGURE 3 | Complete healing cumulative incidence plot in the
overall series.
IMRT 110 (63.6%)
IMPT 19(10.1%) disease, smoking, and previous treatments considered separately
Histology ITAC 104 (60.1%) (surgery, RT, or chemotherapy) did not affect the healing process.
nITAC 6 (3.5%) Female gender, chronic rhinosinusitis, recurrent presentation of
sce 3(17%) the disease, only graft-based (i.e., with no flap) reconstruction,
i adjuvant RT, bilateral defect, and positive margins were found
ONB 36 (20.8%) to negatively impact the healing process. The following variables
MM 5(2.9%) were included in the multivariable analysis: age at surgery,
Adcc 3 (17%) use of flap, adjuvant RT, and margin status. In this analysis,
. 0
) the use of a local flap and adjuvant RT maintained statistical
NUT carcinoma 1(0.6%) significance while age and margin status did not. Figure 4
MANEC 1(0.6%) illustrates the cumulative incidence of complete healing of ASB
SNUC 5(2.9%) reconstructions according to adjuvant RT. Pairwise comparisons
showed a significantly lower incidence of complete healing in
NEC 2(1.2%) patients treated with IMPT compared with IMRT (p = 0.004) and
MINEN 2(1.2%) with no adjuvant RT (p = 0.003), while no significant difference
Sarcoma® 4(2.3%) was observed between IMRT and no RT (p = 0.246). The use of
a local pedicled flap was associated with a significantly higher
(Continues) probability of achieving complete healing over time compared
with reconstruction without a flap (Figure 5; Gray’s test, p <
6 of 13 International Forum of Allergy & Rhinology, 2026
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TABLE 2 | Distribution of patients across different endoscopic healing stages and phases of anterior skull base reconstruction at predefined

postoperative timepoints.

Stage Phase 6 months 12 months 24 months

1 (postop) 1 0(0%) 0(0%) 0(0%)

2 (healing) 2 112 (84.2%) 7(5.3%) 50 (37.6%) 2(1.5%) 22 (16.5%) 2(1.5%)
3 46 (34.6%) 15 (11.3%) 10 (7.5%)
4 59 (44.3%) 33 (24.8%) 10 (7.5%)

3 (healed) 5 21 (15.8%) 13 (9.8%) 83 (62.4%) 48 (36.1%) 111 (83.5%) 20 (15.0%)
6 8 (6.0%) 35 (26.3%) 91 (68.5%)

Note: Values are reported as number of patients who reached and did not progress beyond the corresponding healing stage/phase within each time interval. Patients
who progressed to a more advanced healing stage/phase within the same interval were not counted in the corresponding category.

-+ No RT -+ Photons - Protons

100%

75%

50%
P values:

No RT - Photons = 0.246
Photons - Protons = 0.004
No RT - Protons = 0.003

25%

Cumulative incidence of complete healing

0%

0 10 20 30
Months

FIGURE 4 | Complete healing cumulative incidence plot in patient
that did not undergo adjuvant RT (0), and in patients that underwent
adjuvant photon-RT (F) and proton-RT (P).

0.001). Table 4 summarizes the cumulative incidence of complete
healing at 12 months in the different sub-cohorts of patients.

4.2 | Radiological Evaluation of the Healing
Process

All 173 patients were included in the radiological analysis, based
on a total of 832 MRIs. The mean time interval between surgery
and the first postoperative MRI (baseline) was 5.97 months (95%
CI, 5.47-6.48), with a median of 5.36 months (IQR, 4.53-6.25).
The first and second ITT layers were consistently visible, whereas
adipose tissue and the third ITT layer showed a progressive
reduction in visibility over time (p < 0.001).

Longitudinal radiological changes in the overall cohort and
subgroup analyses according to adjuvant RT modality and
use of local flaps are summarized in Table 5, while model-
based predicted values at predefined follow-up intervals are
reported in Table 6. The temporal trends of minimum recon-
struction thickness and brain sagging are graphically illustrated
in Figure 6A,B, respectively. The mean minimum thickness
of the ASB reconstruction significantly decreased over time (-

-+~ No flap =+ Flap

100%

75%

50%

<0.001
25% P

Cumulative incidence of complete healing

0%

0 10 20 30
Months

FIGURE 5 | Complete healing cumulative incidence plot in patient
that did not undergo surgery with a flap (0), and in patients that
underwent surgery with a local flap (1).

0.96 mm/year, p < 0.001), with a clear attenuation of the reduction
rate at longer follow-up, stabilizing around 4-5 mm, as shown
in Figure 6A. Thickness reduction was significant in patients
without adjuvant RT and in those treated with IMRT, while
no significant change was observed in the IMPT subgroup.
Reconstructions performed with a local flap did not show a
significant thickness reduction, whereas those without a flap
did. Endonasal enhancement thickness progressively decreased
over time, with lower baseline values and faster reduction rates
in irradiated patients. In contrast, reconstructions using a local
flap showed greater baseline enhancement and relative stability
over time. Brain sagging increased significantly during follow-up
(0.72 mm/year, p < 0.001), with a tendency toward stabilization
at longer intervals, with values clustering around approximately
5-6 mm, as illustrated in Figure 6B. This increase was more
pronounced in patients receiving adjuvant IMRT, whereas no
significant change was observed in the IMPT group.

5 | Discussion

ASB reconstruction after TES for malignant tumors is a safe
procedure [3, 4, 8, 12], but data regarding the time course of
reconstruction healing and the factors influencing this process
remain limited. The present multicentric retrospective study was
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TABLE 3 | Univariate and multivariate analysis on different variables with potential effect on the healing process.

Univariate analysis

Multivariate analysis

Variable Transition® HR (95% CI) p value HR (95% CI) p value
Male gender (ref. female) 1 2.20 (1.40, 3.45) < 0.001
2 1.67 (0.45, 6.23) 0.441
3 0.91 (0.58, 1.43) 0.696
Age 1 1.09 (0.95, 1.25) 0.217 1.09 (0.95, 1.26) 0.223
2 1.00 (0.80, 1.26) 0.976 1.16 (0.78,1.73) 0.460
3 1.04 (0.90, 1.21) 0.583 1.09 (0.93, 1.28) 0.272
Diabetes (ref. no diabetes) 1 1.03 (0.52, 2.03) 0.934
3 0.90 (0.42,1.95) 0.800
Peripheral vascular diseases (ref. no 1 1.10 (0.58, 2.11) 0.769
peripheral vascular diseases) 3 0.99 (0.48, 2.06) 0.998
Chronic rhinosinusitis (ref. no 1 3.56(1.11, 11.44) 0.033
chronic rhinosinusitis) 3 115 (0.28, 4.69) 0.846
Smoking (ref. no smoking) 1 0.96 (0.66, 1.40) 0.836
2 1.94 (0.49, 7.67) 0.344
3 0.8 (0.02, 0.08) 0.370
Recurrence presentation (ref. 1 0.93 (0.45,1.90) 0.838
primary presentation) 3 4.04 (1.58,10.32) 0.003
Flap (ref. no flap) 1 0.99 (0.88,1.12) 0.940 1.03 (0.91, 1.17) 0.598
2 1.49 (1.01, 2.21) 0.045 1.96 (0.99, 3.83) 0.050
3 1.20 (1.06, 1.35) 0.004 1.16 (1.02, 1.32) 0.022
Adjuvant RT with photons (ref. no 1 0.48 (0.30, 0.75) 0.001 0.48 (0.29. 0.78) 0.003
RT) 3 0.44 (0.26, 0.75) 0.002 0.40 (0.22, 0.71) 0.001
Adjuvant RT with protons (ref. no 1 1.11 (0.57, 2.15) 0.756 0.97 (0.45, 2.10) 0.940
RT) 3 0.12 (0.05, 0.30) < 0.001 0.15 (0.05, 0.45) < 0.001
Bilateral defect (ref. unilateral 1 0.99 (0.68, 1.42) 0.962
defect) 3 0.65 (0.4, 0.97) 0.033
Previous RT 1 1.88 (0.87, 4.07) 0.106
3 1.13 (0.41, 3.08) 0.813
Previous CT 1 1.01 (0.40, 2.52) 0.981
3 1.05 (0.33, 3.35) 0.928
Previous surgery 1 0.99 (0.43, 2.29) 0.994
3 2.02 (0.73, 5.60) 0.175
R1 (ref. RO) 1 1.58 (1.00, 2.48) 0.049 1.18 (0.68, 2.04) 0.559
3 0.38 (0.19, 0.74) 0.004 0.68 (0.31, 1.48) 0.332

Note: Hazard ratio (HR) indicates the probability of transition occurring associated with the variable. Values in bold indicate statistical significance (p < 0.05).

Abbreviations: CI: confidence interval; HR: hazard ratio.

2Data inherent in transition 2 cannot be reported due to failure of the statistical model to converge for the following variables: diabetes, peripheral vasculopathy,
chronic rhinosinusitis, presentation, adjuvant radiotherapy, bilaterality of defect, prior radiotherapy, prior chemotherapy, prior surgery, and surgical margins.

designed with the primary intent of defining the time to complete
healing of ASB reconstruction. To be as objective as possible in
assessing the healing of the reconstruction, we first designed an
endoscopic classification of the healing process. The classification
includes six phases and reflects the physiological integration
process of ITT in the ASB. It is assumed that the graft acts as a

scaffold for the migration of fibroblasts from the dural margins,
until it is replaced by connective tissue [5, 12]. A similar process is
surmised for collagen matrix-based grafts [21]. On the endonasal
side, the third layer of ITT necrotizes in a short time in most cases,
and when the healing process starts, its margins are progressively
replaced by granulation tissue. Integration of the third layer is
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TABLE 4 | cumulative incidence of complete healing (achievement
of Grades 5 and 6) at 12 months in patients that underwent adjuvant RT
(radiotherapy) or not, and in patients were a local pedicled flap (i.e., septal
flip flap) was used or not in the reconstruction.

12-month cumulative

Characteristic incidence p-value
Adjuvant RT
No RT 91.3% 0.084
Photons 70.0%
Protons 27.5%
Flap
No flap 60.7% < 0.001
Flap 89.4%

Note: Values in bold indicate statistical significance (p < 0.05).

rarely observed, supporting its role as a temporary protective layer
for the underlying adipose tissue and ITT layers. Granulation
tissue progresses in a centripetal fashion until it completely coats
the ASB and is subsequently replaced by mucosa with a similar
centripetal pattern.

The proposed classification enabled a dynamic assessment of
healing, showing a predominantly unidirectional progression
through stages, with variable timing across patients. Delayed
transitions and persistence in intermediate stages were more
frequent in patients undergoing adjuvant RT or without a local
flap, suggesting an effect on healing kinetics. Radiological find-
ings complemented endoscopic evaluation by documenting the
structural evolution of the reconstruction. Progressive reduction
in adipose tissue and outer ITT visibility, along with preservation
of deeper layers, support a process of resorption and fibrous
replacement over a stable scaffold. Decreasing reconstruction
thickness and increasing brain sagging, both tending to sta-

International Forum of Allergy & Rhinology, 2026

90f13

85U8017 SUOWIWOD dAIIRID 3|qeal|dde au Ag peussnob afe sooilie O ‘esn Jo o Joj Aelq1 8UlUQ AS]IAA UO (SUONIPUOO-PUR-SWLB)/WD A8 |IM Afelq 1 Ul uo//SANY) SUONIPUOD PUe SWus | 8Y1 89S *[920z/80/8z] Uo Ariqiauluo A8|im eiosaig 1 eISBAIUN AQ ZEZ0L 11e/200T 0T/10p/wod" A8 |imAleid 1 pul|uoy//sdny wolj pspeojumod ‘0 ‘v8692702



TABLE 5 | longitudinal changes in radiological parameters of anterior skull base (ASB) reconstruction. Linear regression models were used to
estimate baseline values and annual rates of change in the overall cohort and across predefined subgroups according to adjuvant radiotherapy (RT)
modality (IMRT = intensity modulated RT; IMPT = intensity modulated proton therapy) and use of local flaps.

Baseline Annual rate of
Outcome variable Subgroup estimate (mm) change (mm/year) p value
ASB reconstruction Overall cohort 8.58 —0.96 < 0.001
minimum thickness No adjuvant RT 7.44 ~0.60 <0.001
IMRT 9.34 —-1.08 0.007
IMPT 6.87 —1.08 0.227
No local flap 8.26 -0.84 < 0.001
Local flap 9.25 —0.36 0.215
Endonasal enhancement Overall cohort 2.20 —0.108 0.003
thickness No adjuvant RT 2.92 ~0.36 <0.001
IMRT 2.01 -0.84 < 0.001
IMPT 1.22 —0.84 0.003
No local flap 1.97 —0.108 0.012
Local flap 2.58 0.06 0.4872
Brain sagging Overall cohort 1.64 0.72 < 0.001
No adjuvant RT 4.24 0.48 0.001
IMRT 0.10 0.96 0.018
IMPT 4.90 0.00 0.214
No local flap 1.81 0.72 < 0.001
Local flap 1.23 1.08 0.159
Visibility of first and second Overall cohort 99.3 -0.12 0.726
layers No adjuvant RT 99.9 0.00 1.000
IMRT 98.9 -0.12 1.000
IMPT 100 0.00 1.000
No local flap 98.8 —0.60 0.832
Local flap 99.9 +0.12 1.000
Visibility of fat tissue Overall cohort 28.9 -14,4 < 0.001
No adjuvant RT 44.5 —0.48 0.003
IMRT 22.6 —0.60 0.454
IMPT 71.7 -2,16 0.014
No local flap 30.1 -0.72 < 0.001
Local flap 26.9 —0.36 0.151
Visibility of third layer Overall cohort 51.9 —0.6 < 0.001
No adjuvant RT 60.8 —0.48 0.001
IMRT 50.6 -0.72 0.093
IMPT 67.4 —1.68 0.022
No local flap 56.3 -1.56 < 0.001
Local flap 73.3 -0.24 < 0.001
Enhancement of the first and Overall cohort 94.3 -0.24 0.043
second layers No adjuvant RT 86.6 —0.24 0.075
IMRT 97.7 -0.24 0.983
IMPT 84.3 0.60 0.170
No local flap 94.3 0.60 0.083
Local flap 92.7 —0.60 < 0.001
Note: Values in bold indicate statistical significance (p < 0.05).
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TABLE 6 | Predicted values of radiological parameters of anterior skull base (ASB) reconstruction at predefined postoperative time points. Model-

based estimates derived from linear regression analyses are reported for minimum reconstruction thickness, endonasal enhancement thickness, and

brain sagging at baseline and at 12, 24, 36, and 60 months after surgery.

Outcome

variable (mm) 12 months 24 months 36 months 60 months
Minimum 7.61 6.63 5.66 3.71
thickness

Endonasal 2.09 1.97 1.86 1.63
enhancement

Brain sagging 2.42 3.19 3.97 5.52

bilize over time, likely reflect physiological remodeling and
intracranial adaptation. These changes were more pronounced
in IMRT-irradiated patients and less evident in reconstructions
with local flaps, indicating a role of vascularized tissue in
maintaining structural stability. These observations provide a
reference framework for the expected radiological evolution of
ASB reconstructions, potentially helping clinicians distinguish
physiological postoperative remodeling from abnormal findings
during routine oncological surveillance.

In this study, we identified six variables negatively affecting
the healing process of the ASB reconstructions: only graft-based
reconstruction (i.e., no use of local flaps), adjuvant RT, recurrent
presentation of the disease, involved margins, male gender, and
chronic rhinosinusitis. In the literature, factors such as diabetes,
peripheral vascular disease, and smoking are considered risk
factors, as they create an endothelial dysfunction that reduces
the integration of skull-base reconstructions; [22] conversely, our
results did not support this hypothesis.

The advantages of local flaps are reported in the literature and
include excellent success rates and rapid healing of the surgical
cavity with reduced crusting and nasal discharge [9, 12, 18, 23].
However, no previous studies have quantified the benefits in
terms of healing of the surgical site. In our study, both uni- and
multivariable analysis confirmed the importance of local flaps
in promoting faster healing of the reconstruction. At 12 months,
89.4% of patients who underwent reconstruction with a local
flap achieved a complete healing stage, compared with 60.7%
of patients in whom a local flap was not used. However, their
use requires careful consideration when dealing with sinonasal
cancers in order not to transgress oncological principles. It should
also be acknowledged that regional flaps, such as the pericranial
flap and the temporoparietal fascia flap, were not included in the
present analysis because they were selectively used in a limited
number of salvage or complex cases, precluding meaningful
statistical evaluation. Moreover, since these flaps are entirely
connective tissue-based, they may be associated with slower
healing kinetics, as endonasal surface re-epithelialization occurs
by secondary intention.

Adjuvant RT and its effects on the healing process have been
analyzed in several studies with different outcomes. Turri-Zanoni
etal. did not find any significant association between adjuvant RT
and post-operative complications [12]. Differently, Zanation et al.
showed a relationship between RT and skull base reconstruction
failures and stated that patients who underwent adjuvant IMPT

are at higher risk for reconstruction failure (i.e., CSF leak). In an
interesting study conducted on 152 cases by Thorp et al. [16], 37
patients received adjuvant RT and no significant correlation was
found between perioperative complication rates and RT; however,
an increased risk of prolonged (>6 months) skull base crusting
was found. Our results are in line with this observation: both
adjuvant IMRT and IMPT reduced the probability of achieving
complete endoscopic healing. This was particularly evident in
the IMPT cohort, where a consistent number of patients was
still undergoing the healing process at the end of the observation
(Figure 4). Adjuvant IMRT appeared to influence the healing
process also in the radiological analysis, being associated with
greater reductions in minimum thickness of the reconstruction
over time, decreased vascularized endonasal tissue, and increased
brain sagging.

Exposure to RT leads to a chronically increased level of inflam-
matory cytokines, including IL-1, TNF-a, and IFN-y, which play
a pivotal role in chronic oxidative damage [24]. The relationship
between chronic inflammation and oxidative damage after RT
can explain why some patients would not completely heal. IMPT
appears to further delay the healing process. This finding may
be attributed to the physical properties of protons, which are
generally assumed to have a relative biological effectiveness of
approximately 1.1 compared with photons, along with greater
dose conformality and sharper dose fall-off, which consequently
overlaps with the reconstruction site. In IMRT, the proximity
of organs at risk, such as the optic nerves and brain, may
constrain the dose received by the reconstruction. IMPT instead
allows a more precise and conformal delivery of the radiation
dose [25]. Considering the position of reconstruction relative to
the gross tumor volume of nasoethmoidal cancers, it becomes
clear that ASB reconstruction is likely to receive the maximum
delivered dose with adjuvant IMPT. Further analyses assessing
dose distribution and inhomogeneity in the irradiated volume
in patients receiving adjuvant RT (according to RT modalities)
for a sinonasal cancer are warranted to explore this hypothesis
and potentially assist in optimizing the biological impact of the
radiation (or tailoring the energy deposition) specifically within
the reconstruction site.

This study is limited by its retrospective design, which may intro-
duce selection bias and preclude causal inferences. The proposed
endoscopic healing classification has not yet been externally
validated and was applied retrospectively, potentially introduc-
ing additional bias. In addition, the allocation of adjuvant RT
modality (IMRT vs. IMPT) was not randomized, introducing an
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inherent selection bias, as patients treated with IMPT generally
presented with more critical tumor extensions and a higher risk
of toxicity to adjacent organs at risk. Furthermore, detailed data
regarding the dose delivered to the reconstruction site were not
available. Therefore, the observed association between IMPT and
delayed healing should be interpreted with caution and cannot be
assumed to reflect a causal effect of proton therapy itself. Finally,
although based on the same follow-up protocol, MRI follow-up
intervals were not strictly uniform, which may have affected the
accuracy of radiological temporal analyses.

6 | Conclusions

In this multicentric retrospective study, adjuvant RT and the use
of vascularized flaps were identified as key factors influencing
the healing of ASB reconstructions after ERTC. Adjuvant RT,
particularly IMPT, was associated with delayed achievement of
endoscopic consolidated healing, whereas the use of flaps was
associated with improved healing outcomes. Importantly, our
findings indicate that complete healing frequently requires sub-
stantially longer time than commonly assumed, often extending
beyond 12 months. This information should be taken into account
during preoperative patient counseling and when planning post-
operative surveillance. These findings indicate that, in patients
with a high likelihood of requiring adjuvant RT (especially IMPT),
the inclusion of vascularized tissue in the reconstructive strategy
should be carefully considered. In selected cases, the potential use
of a local (e.g., inferior turbinate/lateral nasal wall) or regional
flap (e.g., pericranial/temporoparietal fascia flap) may also be
considered as part of the reconstructive planning, although this
hypothesis warrants further investigation.
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