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Abstract
Objective

To evaluate the relationship between postoperative posterior fossa decompressive volume and
polysomnographic outcomes in adults with Chiari malformation type |I.

Methods

This retrospective single-center study included 47 adult patients with Chiari malformation type | who
underwent suboccipital craniectomy, C1 laminectomy, and duraplasty. All patients had preoperative and
postoperative polysomnography and radiological evaluation. Posterior fossa volume was assessed
using both manual morphometric measurements and 3D Slicer-based segmentation. Preoperative and
postoperative polysomnographic parameters were compared, and correlations between volumetric
parameters and postoperative sleep outcomes were analyzed. Multivariable linear regression was
performed to identify predictors of postoperative sleep-disordered breathing outcomes.

Results

The mean age was 37.8 + 12.8 years, and 10 patients (21.3%) were male. After decompressive surgery,
N3 sleep duration increased significantly from 106.4 + 61.2 to 138.0 + 60.9 min (p = 0.008), and total
sleep time increased from 380.3 + 82.5t0 410.2 £ 60.1 min (p = 0.044). Central apnea index decreased
from 3.66 + 12.32 to 1.58 + 2.77 events/h, but this change was not statistically significant (p =0.210). 3D
Slicer posterior fossa volume increase percentage was positively correlated with postoperative total
sleep time (r=0.293, p = 0.048). Larger 3D Slicer postoperative posterior fossa volume was negatively
correlated with apnea—hypopnea index (r=-0.331, p = 0.028) and mean central apnea duration (r=-0.309,
p =0.041). In multivariable analysis, age independently predicted postoperative apnea—hypopnea index
(B=0.295,p =0.011), and preoperative central apnea index independently predicted postoperative
central apnea index (8 =0.093, p = 0.006).

Conclusion

Posterior fossa decompression was associated with improved sleep architecture, and volumetric
decompression showed significant associations with selected postoperative polysomnographic
outcomes.

Introduction

Chiari malformation type | (CM-I) is a structural abnormality of the craniocervical junction characterized
by caudal displacement of the cerebellar tonsils through the foramen magnum [1, 2]. Although CM-I may
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remain asymptomatic in some individuals, it can be associated with a wide spectrum of clinical
manifestations, including headache, neck pain, dizziness, sensory disturbances, lower cranial nerve
dysfunction, and sleep-related respiratory abnormalities [3, 4]. In adults, the clinical presentation may be
heterogeneous, and symptom severity is not always directly proportional to the degree of tonsillar
herniation observed on magnetic resonance imaging.

Sleep-disordered breathing has increasingly been recognized as an important clinical component of CM-I
[5]. The involvement of brainstem respiratory centers, altered cerebrospinal fluid dynamics, and
compression at the cervicomedullary junction may contribute to central apnea, obstructive events,
hypoventilation, and sleep architecture disturbances (6]. Polysomnography provides objective
assessment of these abnormalities by evaluating sleep stages, total sleep time, sleep efficiency, apnea-
hypopnea index, central apnea index, and central apnea burden [7, 8]. However, the relationship between
radiological decompression and postoperative polysomnographic outcomes remains incompletely
understood.

Posterior fossa decompression is the main surgical treatment for symptomatic CM-I and aims to restore
cerebrospinal fluid flow, reduce neural compression, and increase the functional volume of the posterior
fossa and craniocervical junction [9]. While many studies have focused on clinical improvement,
syringomyelia regression, and radiological changes after surgery, fewer have examined whether the
magnitude of decompressive volume gain is associated with objective improvements in sleep
parameters [10]. Volumetric assessment using manual measurements and three-dimensional
segmentation methods, such as 3D Slicer, may provide a more quantitative evaluation of postoperative
anatomical change than linear measurements alone [11].

The aim of the present study was to evaluate the relationship between postoperative decompressive
posterior fossa volume and polysomnographic findings in adults with CM-I. Specifically, we investigated
preoperative and postoperative changes in sleep parameters, examined correlations between posterior
fossa volumetric measurements and postoperative polysomnographic outcomes, and assessed whether
decompressive volume parameters were independently associated with postoperative sleep-disordered
breathing indices.

Material and Methods
Study Design and Patient Selection

This retrospective, single-center study included adult patients who underwent surgery for Chiari
malformation type | (CM-I) at the Department of Neurosurgery, Turgut Ozal Medical Center, inénii
University, between January 2010 and June 2025. CM-| was defined radiologically as cerebellar tonsillar
descent of at least 5 mm below the foramen magnum. Patients were considered surgical candidates if
they had clinical symptoms attributable to CM-I, such as headache, paresthesia, dysarthria, motor
weakness, or balance and coordination disturbances, and/or associated syringomyelia and/or abnormal
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polysomnographic findings suggestive of sleep-related respiratory dysfunction. During the study period,
121 patients underwent surgery for CM-I. Of these, 60 patients were excluded because preoperative
polysomnography was not available. Among the remaining 61 patients, 7 were excluded because
duraplasty was not performed as part of the standard surgical procedure, 4 because postoperative
polysomnography was not completed, 2 because preoperative polysomnography had been performed at
an external center and did not include all required parameters, and 1 because preoperative radiological
images were unavailable. The final study cohort consisted of 47 adult patients. Patients were included if
they were aged 18 years or older, had a diagnosis of CM-I, underwent suboccipital craniectomy, C1
laminectomy, and duraplasty, had both preoperative and postoperative polysomnography, had at least 1
year of clinical follow-up, and had available preoperative and postoperative magnetic resonance imaging
and non-contrast cranial computed tomography including the craniocervical junction. Patients younger
than 18 years, those who underwent non-standard surgical procedures, those without postoperative
polysomnography, those with incomplete polysomnographic parameters, those with missing radiological
imaging, and those with inadequate follow-up were excluded.

The study protocol was approved by the inénii University Health Sciences Scientific Research Ethics
Committee, Scientific Research and Publication Ethics Board (session no: 15; decision no: 2025/8371;
date: November 18, 2025). The study was conducted in accordance with the principles of the Declaration
of Helsinki. Because of the retrospective design of the study, the requirement for written informed
consent was waived by the ethics committee.

Data Collection

Demographic data, clinical records, radiological images, operative details, and polysomnographic
findings were obtained from the hospital information system, radiology archive, and sleep laboratory
records. Age, sex, body mass index, tonsillar herniation distance, syringomyelia status, posterior fossa
morphometric measurements, posterior fossa volumetric parameters, sleep stage durations, total sleep
time, sleep efficiency, apnea—hypopnea index, central apnea index, mean central apnea duration, and
number of central apneas were recorded.

Radiological Assessment and Posterior Fossa Measurements

All patients underwent preoperative and postoperative magnetic resonance imaging including the
craniocervical junction. Non-contrast cranial computed tomography scans were used for posterior fossa
morphometric and volumetric assessment. Postoperative radiological measurements were obtained
from follow-up imaging performed at least 2 months after surgery.

Tonsillar herniation distance was measured on mid-sagittal magnetic resonance images as the
perpendicular distance between the tip of the cerebellar tonsils and the foramen magnum reference line.
Syringomyelia was evaluated on cervical or spinal T2-weighted magnetic resonance images and
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recorded as present or absent. Representative preoperative and postoperative magnetic resonance
images demonstrating syringomyelia regression after decompressive surgery are shown in Fig. 1.
Posterior fossa volume was first estimated manually using a morphometric approach based on an
ellipsoid geometry assumption. On cranial computed tomography images, craniocaudal height,
anteroposterior diameter, and transverse diameter of the posterior fossa were measured on sagittal,
coronal, and axial planes. Posterior fossa volume was calculated using the ellipsoid volume formula:
where AP represents anteroposterior diameter, TR represents transverse diameter, and CC represents
craniocaudal height. Posterior fossa volume increase was calculated as the difference between
postoperative and preoperative volumes. The percentage of volume increase was calculated as follows:
Volume increase (%) = ((postoperative volume - preoperative volume) / preoperative volume) x 100

Left: Preoperative image showing prominent syringomyelia extending along the cervical spinal cord.
Right: Postoperative cervical magnetic resonance image obtained in the second postoperative week
after suboccipital craniectomy, C1 laminectomy, and duraplasty, demonstrating marked regression of
syringomyelia.

3D Slicer-Based Volumetric Analysis

Posterior fossa volume was also measured using three-dimensional segmentation with 3D Slicer
software. Preoperative and postoperative non-contrast cranial computed tomography images were
exported in DICOM format and imported into the software. The anatomical borders of the posterior
fossa were manually identified, and segmentation was performed on multiplanar views. The software-
based volume calculation module was then used to obtain posterior fossa volume in cubic centimeters.
Preoperative and postoperative segmented volumes were compared for each patient, and absolute
volume increase and percentage volume increase were calculated. A representative example of
preoperative and postoperative segmentation-based posterior fossa volumetry is shown in Fig. 2.

Representative preoperative and postoperative non-contrast cranial computed tomography DICOM
images of an adult patient with Chiari malformation type | demonstrating segmentation-based posterior
fossa volume calculation. The upper panel shows preoperative multiplanar segmentation and three-
dimensional modeling of the posterior fossa, with a measured posterior fossa volume of 158.69 cm?3.
The lower panel shows postoperative posterior fossa segmentation after decompressive surgery, with a
measured posterior fossa volume of 188.32 cms.

Polysomnographic Evaluation

All patients underwent full-night polysomnography at the Sleep Disorders Center of Turgut Ozal Medical
Center using a 55-channel Alice 6 computerized polysomnography system. Postoperative
polysomnography was performed as part of the postoperative follow-up protocol at least 2 months after
surgery. The polysomnographic recordings included electroencephalography, electrooculography,
submental and tibialis electromyography, electrocardiography, oronasal airflow, thoracoabdominal
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respiratory effort, oxygen saturation, body position, and snoring parameters. All polysomnographic
recordings were manually scored by an experienced physician certified in sleep medicine. Sleep stages,
respiratory events, sleep efficiency, total sleep time, obstructive and central apnea events, apnea—
hypopnea index, central apnea index, mean central apnea duration, and number of central apneas were
recorded. Sleep stages and respiratory events were scored according to the American Academy of Sleep
Medicine Scoring Manual, version 2.6.

Surgical Technique

All patients underwent surgery under general anesthesia in the prone position with the head slightly
flexed. A midline vertical incision was made from approximately 2 cm above the inion to the C3 level.
The occipital bone and upper cervical posterior elements were exposed through subperiosteal
dissection. A suboccipital craniectomy of approximately 3x4 cm was performed and extended laterally
toward the occipital condyles when necessary. Total C1 laminectomy was then performed. Fibrotic
bands between the foramen magnum and C1 were released. The posterior fossa dura was opened in a Y-
shaped fashion from the occipital region toward C1, and cerebrospinal fluid flow and dural pulsation
were confirmed. Duraplasty was performed using an autologous fascial graft harvested from the
paravertebral fascia. The wound was closed anatomically after placement of a free-drainage surgical
drain.

Outcome Measures

The primary outcome measures were postoperative polysomnographic parameters and their relationship
with posterior fossa decompressive volume parameters. The main volumetric variables were manual
posterior fossa volume increase, manual posterior fossa volume increase percentage, 3D Slicer
posterior fossa volume increase, and 3D Slicer posterior fossa volume increase percentage. Secondary
outcome measures included preoperative-to-postoperative changes in polysomnographic parameters
and subgroup comparisons according to syringomyelia status and residual postoperative tonsillar
herniation.

Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 27.0 (IBM Corp.,
Armonk, NY, USA). Continuous variables were expressed as meantstandard deviation, and categorical
variables were expressed as number and percentage. The normality of continuous variables was
assessed using the Shapiro-Wilk test, histograms, and Q—Q plots. Preoperative and postoperative
polysomnographic parameters were compared using the paired-samples t-test for normally distributed
variables and the Wilcoxon signed-rank test for non-normally distributed variables. Comparisons
between independent groups, including syringomyelia status and residual postoperative tonsillar
herniation categories, were performed using the independent-samples t-test for normally distributed
variables and the Mann—Whitney U test for non-normally distributed variables. Categorical variables
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were compared using the chi-square test or Fisher’s exact test, as appropriate. Correlations between
posterior fossa volumetric parameters and postoperative polysomnographic outcomes were evaluated
using Pearson or Spearman correlation analysis according to the distributional characteristics of the
variables. Correlation coefficients were reported as r values together with corresponding p values.
Multivariable linear regression analysis was performed to identify independent predictors of
postoperative sleep-disordered breathing outcomes. Separate regression models were constructed for
postoperative apnea—hypopnea index, postoperative central apnea index, and mean postoperative
central apnea duration. Clinically relevant covariates were included in the models, including age, body
mass index, syringomyelia status, the corresponding preoperative polysomnographic parameter, and 3D
Slicer postoperative posterior fossa volume. Complete-case analysis was used for regression models.
Regression results were reported as unstandardized (3 coefficients with 95% confidence intervals. A two-
tailed p value of < 0.05 was considered statistically significant.

Results

The study included 47 adults with a mean age of 37.8 + 12.8 years; 57.4% had syringomyelia. Mean
tonsillar herniation decreased from 10.6 + 4.1 mm preoperatively to 4.2 + 4.5 mm postoperatively. The
mean 3D Slicer-derived posterior fossa volume increase was 23.8 + 10.0 cm?® (16.0 £ 7.1%) (Table 1).
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Table 1

Clinical, Radiological, Volumetric, and Baseline Polysomnographic
Characteristics of the Study Cohort

Variable Overall cohort (n = 47)
Clinical characteristics

Age, years 37.8+12.8
Male sex, n (%) 10 (21.3)
Body mass index, kg/m? 29.1+6.8
Radiological characteristics

Preoperative tonsillar herniation distance, mm 10.6+4.1
Postoperative tonsillar herniation distance, mm  4.2+4.5
Syringomyelia, n (%) 27 (57.4)
Posterior fossa height, cm 3.3+0.3
Posterior fossa transverse diameter, cm 10.9+0.6
Posterior fossa volumetry

Manual posterior fossa volume increase, cm? 21.1+£9.6
Manual posterior fossa volume increase, % 15.7+7.7
3D Slicer posterior fossa volume increase, cm? 23.8+10.0
3D Slicer posterior fossa volume increase, % 16.0+7.1
Baseline polysomnographic characteristics

Total sleep time, min 380.3+82.5
Sleep efficiency, % 82.2+12.2
N3 sleep duration, min 106.4+61.2
REM sleep duration, min 54.0+25.3
Apnea—hypopnea index, events/h 8.41+14.9
Central apnea index, events/h 3.7+12.3
Number of central apneas 21.9+69.4

Data are presented as mean * standard deviation or number (%). Abbreviations: 3D, three-dimensional;
REM, rapid eye movement.
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Following decompression, N3 sleep duration increased significantly from 106.4 + 61.2 to 138.0 £ 60.9
min (p = 0.008), and total sleep time increased from 380.3 + 82.51t0 410.2 + 60.1 min (p = 0.044). No
significant postoperative changes were observed in apnea—hypopnea index, central apnea index, or
sleep efficiency (Table 2).

Table 2

Preoperative and Postoperative Changes in Polysomnographic Parameters After
Decompressive Surgery

Parameter Preoperative Postoperative p value
Body mass index, kg/m? 29.1+6.8 29.8+6.5 0.713
N1 sleep duration, min 23.2+17.0 24.4+16.7 0.713
N2 sleep duration, min 196.3+81.2 185.5+67.3 0.496
N3 sleep duration, min 106.4+61.2 138.0+60.9 0.008
REM sleep duration, min 54.0+25.3 61.0+27.4 0.164
Total sleep time, min 380.3+82.5 410.2+60.1 0.044
Sleep efficiency, % 82.2+12.2 83.2+11.3 0.656
Central apnea index, events/h 3.66+12.32 1.58+2.77 0.210
Mean central apnea duration,sec 11.717.2 99+6.4 0.116
Apnea-hypopnea index, events/h  8.38 + 14.91 8.67+16.50 0.891
Number of central apneas 21.9+69.4 10.4+18.6 0.195

Data are presented as mean t standard deviation. Statistically significant p values are shown in bold.
Abbreviations: REM, rapid eye movement.

Greater 3D Slicer-derived posterior fossa volume increase was associated with longer postoperative
total sleep time (r = 0.293, p = 0.048). Larger postoperative 3D Slicer volume was associated with lower
apnea-hypopnea index (r=-0.331, p = 0.028) and shorter mean central apnea duration (r=-0.309, p =
0.041) (Table 3).
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Table 3

Correlations Between Posterior Fossa Decompressive Volume Parameters and Postoperative
Polysomnographic Outcomes

Postoperative
polysomnographic
parameter

N3 sleep duration,

min

Total sleep time,
min

Sleep efficiency, %

Central apnea
index, events/h

Mean central apnea
duration, sec

Apnea-hypopnea
index, events/h

Number of central
apneas

Manual

postoperative
posterior fossa

volume

r=-0.100
p=0.503
r=0.077
p=0.606
r=-0.008
p=0.956
r=-0.235
p=0.112
r=-0.371
p=0.010
r=-0.112
p=0.452
r=-0.229
p=0.122

Manual
posterior
fossa
volume
increase
r=-0.014
p=0.926
r=0.245
p =0.097
r=0.176
p=0.237
r=-0.220
p=0.138
r=-0.248
p=0.092
r=-0.061
p=0.683
r=-0.188
p=0.205

3D Slicer

postoperative
posterior fossa

volume

r=-0.117
p=0.449
r=0.048
p=0.756
r=-0.008
p=0.958
r=-0.221
p=0.149
r=-0.309
p =0.041
r=-0.331
p=0.028
r=-0.213
p=0.165

3D Slicer
posterior
fossa
volume
increase
r=-0.027
p=0.856
r=0.268
p=0.071
r=0.193
p=0.199
r=-0.243
p=0.104
r=-0.257
p=0.085
r=-0.060
p=0.690
r=-0.211
p=0.160

3D Slicer
posterior
fossa
volume
increase

(%)
r=0.023
p=0.882
r=0.293
p =0.048
r=0.231
p=0.122
r=-0.189
p=0.208
r=-0.145
p=0.337
r=-0.065
p=0.667
r=-0.153
p=0.310

Data are presented as correlation coefficient and p value. Statistically significant p values are shown in
bold. Abbreviations: 3D, three-dimensional.

Patients without syringomyelia had a higher postoperative central apnea index and a greater number of
central apneas than those with syringomyelia, whereas decompressive volume gain did not differ
between groups (Table 4).

Page 11/23




Table 4

Comparison of Central Sleep Apnea-Related Parameters According to Syringomyelia Status

Parameter Without With p
syringomyelia syringomyelia value

Age, years 36.8+12.9 38.5+12.8 0.644

Preoperative tonsillar herniation distance, 11.714.0 9.8+4.0 0.115

mm

Postoperative tonsillar herniation 4550 4041 0.701

distance, mm

Posterior fossa height, cm 3.2+0.3 3.4+0.3 0.028

Posterior fossa transverse diameter, cm 11.0+£0.7 10.9+0.6 0.348

Preoperative central apnea index, events/h 7.6+18.4 0.7+0.7 0.057

Preoperative number of central apneas 459+102.9 42+4.2 0.040

Postoperative central apnea index, 2.7+3.9 0.7+0.9 0.012

events/h

Postoperative number of central apneas 17.8+26.2 49+6.0 0.018

3D ;Slicer posterior fossa volume increase, 23.219.1 24.3+10.9 0.722

cm

g:;D Slicer posterior fossa volume increase, 15.9+6.7 16.0£7.5 0.953

Data are presented as meantstandard deviation. Statistically significant p values are shown in bold.
Abbreviations: 3D, three-dimensional.

Residual tonsillar herniation = 6 mm was associated with differences in selected N2 and N3 sleep-stage
parameters; however, postoperative total sleep time, sleep efficiency, apnea—hypopnea index, and central
apnea index were comparable between groups (Table 5).
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Table 5
Postoperative Polysomnographic Findings According to Residual Tonsillar Herniation

Parameter Residual herniation < Residual herniation = p

6 mm 6 mm value
Age, years 39.4+11.2 34.9+15.0 0.258
Preoperative tonsillar herniation 9.6+3.9 12.4+4.0 0.026
distance, mm
Postoperative tonsillar herniation 1.2+1.7 9.0+3.3 <
distance, mm 0.001
Preoperative N3 sleep duration, min 89.6 £ 50.6 136.1 +68.2 0.011
Preoperative total sleep time, min 358.4+82.4 418.9+69.1 0.014
Postoperative N2 sleep duration, min 203.84 £ 64.51 153.06+61.15 0.011
Postoperative N3 sleep duration, min 123.8+62.7 162.9+50.0 0.033
Postoperative total sleep time, min 410.4+47.3 409.8+79.7 0.978
Postoperative sleep efficiency, % 82.9+9.1 83.7+14.7 0.814
Postoperative central apnea index, 1.6+2.8 1.5+2.8 0.885
events/h
Postoperative apnea—hypopnea 9.8+18.4 6.7+12.6 0.542
index, events/h
Postoperative number of central 11.1+17.4 9.2+20.9 0.741

apneas

Data are presented as meantstandard deviation. Statistically significant p values are shown in bold.
Residual tonsillar herniation was categorized using a 6-mm cutoff. Abbreviations: N2, non-rapid eye
movement stage 2 sleep; N3, non-rapid eye movement stage 3 sleep.

In multivariable analysis, age independently predicted postoperative apnea—hypopnea index (B = 0.295,
p =0.011), whereas preoperative central apnea index independently predicted postoperative central
apnea index (B =0.093, p =0.006). Postoperative 3D Slicer-derived posterior fossa volume was not an
independent predictor of the evaluated sleep-disordered breathing outcomes (Table 6).
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Table 6
Multivariable Linear Regression Analysis for Postoperative Sleep-Disordered Breathing Outcomes

Dependent variable Predictor B 95% CI p
coefficient value
Postoperative apnea— Preoperative apnea—hypopnea 0.143 -0.056 to 0.155
hypopnea index index 0.342
Age, years 0.295 0.073 to 0.011
0.517
Body mass index, kg/m? 0.086 -0.328 to 0.677
0.500
Syringomyelia -0.670 -5.82510 0.794
4.486
3D Slicer postoperative -0.078 -0.182 to 0.137
posterior fossa volume, cm? 0.026
Postoperative central Preoperative central apnea 0.093 0.029to 0.006
apnea index index 0.156
Age, years 0.047 -0.021 to 0.170
0.115
Body mass index, kg/m? -0.002 -0.129 to 0.970
0.125
Syringomyelia -1.462 -3.057 to 0.071
0.134
3D Slicer postoperative -0.005 -0.037 to 0.757
posterior fossa volume, cm? 0.027
Mean postoperative Preoperative mean central 0.242 -0.019to 0.068
central apnea duration apnea duration 0.502
Age, years 0.140 -0.016 to 0.078
0.296
Body mass index, kg/m? -0.071 -0.370to 0.632
0.228
Syringomyelia 0.088 -3.519 to 0.961
3.695
3D Slicer postoperative -0.049 -0.121 to 0.179
posterior fossa volume, cm? 0.023

Multivariable linear regression analysis was performed using complete-case analysis. B coefficients are
unstandardized regression coefficients. Syringomyelia was coded as absent =0 and present = 1.
Statistically significant p values are shown in bold. Abbreviations: 3D, three-dimensional; Cl, confidence
interval.
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Discussion

In this retrospective single-center study of adults with Chiari malformation type |, we evaluated the
association between postoperative decompressive posterior fossa volume and polysomnographic
outcomes. The most clinically relevant findings were that decompressive surgery was associated with
significant increases in N3 sleep duration and total sleep time, while apnea—hypopnea index and central
apnea index showed numerical but statistically non-significant postoperative changes. Importantly,
volumetric parameters were associated with selected postoperative sleep outcomes: 3D Slicer-derived
posterior fossa volume increase percentage was positively correlated with total sleep time, whereas
larger postoperative posterior fossa volume was negatively correlated with apnea—hypopnea index and
mean central apnea duration. In multivariable analysis, age independently predicted postoperative
apnea—hypopnea index, and preoperative central apnea index independently predicted postoperative
central apnea index. These findings suggest that decompressive surgery may improve sleep architecture
in adults with CM-I and that volumetric assessment, particularly three-dimensional posterior fossa
volumetry, may provide clinically meaningful information beyond conventional linear measurements.

Sleep-disordered breathing in CM-I is thought to result from complex interactions between hindbrain
compression, impaired cerebrospinal fluid flow, and dysfunction of respiratory control pathways at the
cervicomedullary junction. Gagnadoux et al. reported a high frequency of sleep apnea in patients with
Chiari malformation and syringomyelia, with a substantial central apnea component, and demonstrated
postoperative reduction in central apnea index after decompression [12]. In contrast, in our cohort,
central apnea index decreased from 3.66 + 12.32 to 1.58 + 2.77 events/h but did not reach statistical
significance, possibly because the baseline central apnea burden was lower and interindividual variability
was high. Marino et al. emphasized that polysomnography is essential for identifying sleep-disordered
breathing in Chiari malformation, particularly because symptoms and imaging severity may not reliably
predict respiratory abnormalities [13]. Our findings support this concept by showing that objective PSG
parameters, especially sleep architecture measures such as N3 sleep duration and total sleep time, may
capture clinically relevant postoperative changes that are not fully reflected by apnea indices alone.

The postoperative improvement in N3 sleep duration and total sleep time observed in our study suggests
that decompressive surgery may influence not only respiratory events but also global sleep organization.
Sader et al. reported marked polysomnographic improvement after decompression in patients with
Chiari 1.5 malformation and sleep-related breathing disorders, indicating that restoration of
craniocervical junction anatomy may improve sleep physiology [14]. Similarly, Jarrell et al. evaluated
sleep-disordered breathing in Chiari type | malformation and highlighted the potential role of foramen
magnum decompression in improving sleep-related respiratory abnormalities, although outcomes may
vary according to clinical and radiological characteristics [15]. Compared with these studies, our adult
cohort showed a more selective pattern of improvement, with significant gains in N3 sleep duration and
total sleep time rather than statistically significant reductions in apnea—hypopnea or central apnea
indices. This difference may reflect age-related differences, baseline disease phenotype, timing of
postoperative PSG, or the relatively mild mean apnea burden in our cohort.
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A central strength of the present study is the use of both manual and 3D Slicer-based posterior fossa
volumetry to quantify decompressive anatomical change. Kobets et al., in a systematic review of
volumetric segmentation in posterior fossa-related pathologies, emphasized that segmentation-based
approaches provide more detailed anatomical quantification than conventional two-dimensional
measurements, although they may be influenced by operator-dependent variability and segmentation
workload [16]. Mantha et al. also showed that CSF-space volumetric change after posterior fossa
decompression may correlate with clinical outcome in Chiari type | malformation, supporting the
concept that volumetric changes can be clinically meaningful [17]. In our study, 3D Slicer postoperative
posterior fossa volume was negatively correlated with postoperative apnea—hypopnea index and mean
central apnea duration, whereas 3D Slicer posterior fossa volume increase percentage was positively
correlated with total sleep time. These findings suggest that segmentation-based volumetry may better
capture functionally relevant decompressive effects than linear measurements alone.

Syringomyelia is an important radiological feature of CM-I and is often interpreted as a marker of
impaired cerebrospinal fluid dynamics at the foramen magnum. Chotai et al. demonstrated that syrinx
regression after posterior fossa decompression may occur early but can continue over time, indicating
that postoperative structural recovery is dynamic rather than immediate [18]. Ciaramitaro et al. reviewed
adult Chiari-related syringomyelia and emphasized the heterogeneity of clinical and radiological
presentation in adults [19]. In our cohort, syringomyelia was present in more than half of the patients, but
patients without syringomyelia had higher preoperative and postoperative central apnea burden. This
finding is noteworthy because it suggests that sleep-related respiratory dysfunction in CM-l may not
simply parallel the presence of syringomyelia. Instead, central apnea burden may be more closely related
to brainstem compression, respiratory network vulnerability, or local craniocervical CSF-flow disturbance
than to syrinx formation alone.

Residual postoperative tonsillar herniation was associated with differences in selected sleep-stage
parameters but not with postoperative apnea—hypopnea index or central apnea index. Xiao et al.
reported that combining cerebrospinal fluid hydrodynamics with fourth ventricle outlet morphology may
improve prognostic prediction after CM-I decompression, underscoring that postoperative outcome
cannot be explained by a single linear anatomical parameter [20]. EI-Hajj et al. also reported that a
subset of patients may continue to experience deficits or recurrent symptoms after posterior fossa
decompression, supporting the need for multidimensional postoperative assessment [21]. Consistent
with these observations, our findings indicate that residual tonsillar position alone may be insufficient to
explain postoperative sleep-disordered breathing. The lack of independent association between 3D Slicer
postoperative posterior fossa volume and PSG outcomes in multivariable models further suggests that
postoperative sleep physiology is influenced by multiple factors, including age, baseline central apnea
burden, body habitus, syringomyelia status, and the degree of functional rather than purely anatomical
decompression.

The broader literature also supports a high but heterogeneous burden of sleep-related breathing
disorders in Chiari malformation. Dauvilliers et al. found sleep apnea syndrome in 67.4% of 46 patients
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with Chiari malformation, including 73% of adults, with both obstructive and central phenotypes and
recommended systematic screening, particularly before surgery [22]. In a prospective controlled adult
study, Botelho et al. reported higher apnea—hypopnea index values and a greater proportion of central
apneas in patients with craniovertebral junction malformations than in healthy controls [23]. Henriques-
Filho and Pratesi observed an abnormal apnea—hypopnea index in 65 of 103 patients with Chiari type | or
[l malformations and proposed that central apneas and REM sleep behavior disorder may be markers of
brainstem dysfunction [24]. In a prospective cohort of 90 adults with CM-I/CM-1.5, Ferré et al. found
sleep-related breathing disorders in 50%, predominantly with hypopneic/obstructive events; greater
severity was associated with male sex, older age, excess weight, and hydrocephalus [25]. Leu similarly
emphasized that CM-l-associated sleep-disordered breathing may be obstructive, central, or mixed and
can occasionally be the presenting manifestation of the malformation [26]. These observations reinforce
that respiratory involvement in CM-l is not restricted to central apnea and that polysomnographic
findings should be interpreted within the broader clinical phenotype.

Additional studies also help contextualize the postoperative and radiological findings of the present
cohort. Botelho et al. prospectively studied 25 adults with craniovertebral junction malformations and
found that decompression significantly reduced total, obstructive, and central respiratory events; the
central apnea index decreased from 13.81 to 1.68 events/h, whereas the reduction in mean apnea—
hypopnea index from 26.68 to 12.98 events/h did not reach conventional statistical significance (p =
0.06) [27]. Spence et al. described two children in whom isolated central sleep apnea led to the diagnosis
of CM-I and improved dramatically after posterior fossa decompression [28]. In pediatric cohorts,
Dhamija et al. linked perimedullary subarachnoid-space effacement and greater tonsillar descent with
higher central apnea and arousal indices [29], whereas Khatwa et al. found that sleep-disordered
breathing was associated with greater foramen magnum crowding and tonsillar herniation, with
postoperative improvement of central apnea in surgically treated children [30]. Finally, Ferré et al.
developed and externally validated prediction models in cohorts of 90 and 74 patients, showing that
sleep-related breathing disorder risk reflects a combination of age, sex, Chiari subtype, and clivus length
rather than a single morphometric variable [31]. Taken together, these data are consistent with our
finding that postoperative sleep physiology is multifactorial and may be better characterized by
integrating polysomnography with quantitative and conventional imaging rather than relying on tonsillar
position or decompressive volume alone.

This study has several limitations. Its retrospective, single-center design and relatively small sample size
may limit the generalizability of the findings and reduce the statistical power to detect modest
associations, particularly for apnea-related parameters with high variability. Although postoperative
polysomnography was performed at least 2 months after surgery, the exact timing was not identical for
all patients. Because sleep parameters and syringomyelia regression may continue to change over time,
variability in follow-up timing may have influenced postoperative outcomes. Posterior fossa volume was
assessed using both manual morphometric estimation and 3D Slicer-based segmentation; however,
these measurements may be affected by image quality, slice thickness, anatomical boundary definition,
and operator-dependent variability. Interobserver and intraobserver reliability analyses were not
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performed. Potential confounding factors such as craniofacial anatomy, medication use, smoking status,
cardiopulmonary comorbidities, and detailed symptom severity scores could not be fully controlled. In
addition, standardized patient-reported outcome measures and validated sleep quality scales were not
available. Prospective multicenter studies with larger cohorts, standardized follow-up intervals, reliability
testing for volumetric measurements, and long-term clinical assessment are needed to confirm these
findings.

Conclusion

In conclusion, decompressive surgery in adults with Chiari malformation type | was associated with
significant improvement in selected polysomnographic parameters, particularly N3 sleep duration and
total sleep time. Although postoperative apnea—hypopnea index and central apnea index did not show
significant overall improvement, larger postoperative posterior fossa volume and greater decompressive
volume gain were correlated with more favorable sleep-related outcomes, including longer total sleep
time, lower apnea—hypopnea index, and shorter central apnea duration. These findings suggest that
quantitative posterior fossa volumetry, especially 3D Slicer-based assessment, may provide additional
value in evaluating the functional impact of decompressive surgery. Further prospective studies with
larger cohorts and standardized long-term polysomnographic follow-up are needed to confirm the
relationship between decompressive volume and sleep physiology in Chiari malformation type I.
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Figures

Figure 1
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Preoperative and postoperative cervical T2-weighted sagittal magnetic resonance images of an adult
patient with Chiari malformation type | and syringomyelia.

Left: Preoperative image showing prominent syringomyelia extending along the cervical spinal cord.
Right: Postoperative cervical magnetic resonance image obtained in the second postoperative week
after suboccipital craniectomy, C1 laminectomy, and duraplasty, demonstrating marked regression of
syringomyelia.
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Figure 2

Three-dimensional segmentation-based posterior fossa volumetry using 3D Slicer software
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Representative preoperative and postoperative non-contrast cranial computed tomography DICOM
images of an adult patient with Chiari malformation type | demonstrating segmentation-based posterior
fossa volume calculation. The upper panel shows preoperative multiplanar segmentation and three-
dimensional modeling of the posterior fossa, with a measured posterior fossa volume of 158.69 cm?3.
The lower panel shows postoperative posterior fossa segmentation after decompressive surgery, with a
measured posterior fossa volume of 188.32 cmé.
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