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Study Objectives: The aim of this study is to generate and validate supervised machine learning algorithms to detect patients with Chiari malformation (CM) 
1 or 1.5 at high risk of the development of sleep-related breathing disorders (SRBD) using clinical and neuroradiological parameters.
Methods: We prospectively included two independent datasets. A training dataset (n = 90) was used to obtain the best model, whereas a second dataset 
was used to validate it (n = 74). In both cohorts, the same clinical, neuroradiological, and sleep studies were carried out. We used two supervised machine 
learning approaches, multiple logistic regression (MLR) and the unbiased recursive partitioning technique conditional inference tree (URP-CTREE), to detect 
patients at high risk of SRBD. We then compared the accuracy, sensitivity, and specificity of the two prediction models.
Results: Age (odds ratio [OR] 1.1 95% confidence interval [CI] 1.05–1.17), sex (OR 0.19 95% CI 0.05–0.67), CM type (OR 4.36 95% CI 1.14–18.5), and clivus 
length (OR 1.14 95% CI 1.01–1.31) were the significant predictor variables for a respiratory disturbance index (RDI) cutoff that was ≥ 10 events/h using MLR. 
The URP-CTREE model predicted that patients with CM-1 who were age 52 years or older and males with CM-1 who were older than 29 years had a high 
risk of SRBD. The accuracy of predicting patients with an RDI ≥ 10 events/h was similar in the two cohorts but in the URP-CTREE model, specificity was 
significantly greater when compared to MLR in both study groups.
Conclusions: Both MLR and URP-CTREE predictive models are useful for the diagnosis of SRBD in patients with CM. However, URP-CTREE is easier to 
apply and interpret in clinical practice.
Keywords: Chiari malformation type 1, craniovertebral junction malformation, logistic regression, machine learning, magnetic resonance imaging, 
morphometric analysis, posterior cranial fossa, sleep apnea, sleep disorders, sleep-related breathing disorders
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INTRODUCTION

Chiari malformation type 1 (CM-1) is traditionally defined as 
a congenital hindbrain anomaly characterized by a descent 
of the cerebellar tonsils (TD) through the foramen magnum 
(FM) of at least 3 mm.1 Experimental work and morpho-
metric studies have shown that CM-1 results mainly from a 
small posterior cranial fossa (PCF) due to a short/dysplastic 
occipital bone, which is a consequence of paraxial mesoder-
mal underdevelopment.2,3 Together, small PCF and tonsillar 
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herniation cause compression of the lower brainstem, the 
lower cranial nerves, the upper cervical spinal cord, and the 
cerebellar components. CM-1 symptoms are heterogeneous 
and may include headache and neck pain, paresthesia, mo-
tor deficits, dysphagia, and nocturnal respiratory disorders.4–6 
In some patients with CM-1, dysfunction of the respiratory 
drive has also been described, in addition to severe and po-
tentially fatal complications that include respiratory failure, 
postoperative susceptibility to respiratory failure, and even 
sudden death.7–18 Surgical treatment of CM-1 with posterior 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Sleep studies are not routinely considered in the workup of patients with Chiari malformation. However, 
evidence collected over the past decade shows that sleep disorders are highly prevalent in these patients. In the routine clinical workup for 
patients with Chiari malformation, clinicians should therefore identify those with a high likelihood of presenting clinically relevant sleep-related 
breathing disorders.
Study Impact: The current study proposes an easy algorithm than can facilitate the high pretest probability of sleep-related breathing disorders in 
patients with Chiari malformation to decide whether to recommend sleep study.
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fossa decompression or reconstruction is effective in reducing 
clinical symptoms.19–21

Sleep-related breathing disorders (SRBDs) are highly prev-
alent among adults and are a well-documented independent 
risk factor for reduced vitality, impaired quality of life (QoL), 
and increased incidence of hypertension, cardiovascular dis-
ease, all-cause mortality, stroke, occupational and traffic ac-
cidents, and sudden cardiac death.22–26 Patients with CM-1 have 
a higher prevalence of SRBD than the prevalence described in 
population-based studies or control patients.6,27–31 In a previ-
ous study, we found a very high prevalence of SRBD (50%) 
in adult patients with CM-1, which was moderate to severe in 
~30% of cases. In most of these patients, we found obstruc-
tive hypopneas or apneas and poor sleep efficiency and sleep 
quality.27 Currently, few studies have addressed the clinical 
and radiological biomarkers that may help to detect patients 
with CM-1 at high risk of SRBD, and such studies are limited 
by small cohorts and contradictory results.6,27,29 Previous work 
has shown that age, male sex, excess weight, and the presence 
of hydrocephalus could increase the risk of SRBD. However, 
severity of SRBD was not related to any traditional clinical 
CM-1 symptom or the degree of TD.27

Statistics, data mining, and artificial intelligence have im-
proved significantly in the past two decades with the aid of 
parallel increases in computer storage and processing power, 
which allow the application of repetitive complex mathematical 
calculations to big data. Statistical learning or machine learning 
techniques are based on complex algorithms that have been suc-
cessfully applied in predicting either quantitative or categori-
cal outcomes.32 A traditional classification of machine learning 
techniques is to divide them into supervised and unsupervised 
techniques. A supervised learning problem in medicine starts 
with a dataset of patients in which we want to predict a categori-
cal outcome (ie, apnea, no apnea) based on a set of variables, 
for example, demographic, clinical, radiological, biomarkers, 
etc.32 In supervised machine learning techniques, researchers 
have the outcome variable measured and so the algorithms are 
guided in the learning process. In unsupervised machine learn-
ing, researchers observe only the variables but do not have the 
outcome measurement; the algorithms try to detect some struc-
ture within the data and identify patterns and trends.32 Multiple 
logistic regression (MLR) is considered a classic algorithm of 
supervised machine learning because MLR uses a classification 
algorithm and learns from data when constructing the model 
to predict the outcome in binary classification problems. How-
ever, MLR assumes linearity, does not account for interactions, 
and does not provide direct decision rules for the stratification 
of patients.33,34 Hothorn et al. and Seibold et al. developed an 
unbiased recursive partitioning regression tool called the Con-
ditional Inference Tree (URP-CTREE).33,35 The main advantage 
of this method over MLR is that it provides direct decision rules 
for stratification, its visual representation is directly interpre-
table, and it can be easily implemented in a clinical setting.33–36

The goal of the current study is to develop and apply two 
supervised machine learning approaches, MLR and URP-
CTREE, to screen for patients with CM-1 and identify those 
with a high risk of SRBD based on clinical and neuroradiologi-
cal characteristics. In addition, we compared the accuracy of 

the prediction models and conducted an external validation in 
a second independent cohort of patients.

METHODS

Our study was based on two independent datasets: a train-
ing dataset (n = 90) to obtain the best model and a sec-
ond dataset for validating the model (n = 74). Both cohorts 
were studied in a single institution and underwent the same 
neuroradiological studies.

Sleep Studies and Scoring Criteria
Excessive daytime sleepiness in patients in both cohorts was 
estimated with the Epworth Sleepiness Scale (ESS).37 ESS is 
considered abnormal in adults when the ESS score is ≥ 11.37 
Conventional nocturnal polysomnography (PSG) recordings 
(PROFUSION, Compumedics, Abbotsford, Victoria, Austra-
lia) were performed and evaluated by the same investigator ac-
cording to the American Academy of Sleep Medicine (AASM) 
standard criteria (version 2.2).38 Respiratory measurements 
were made using an oronasal airflow thermistor and nasal pres-
sure cannula, inductive thoracic and abdominal movements, 
diaphragmatic electromyography, arterial oxygen saturation 
(SaO2) using a pulse oximeter, inductive snoring, electrocar-
diogram, piezoelectric sensor for leg movements, body posi-
tion recordings, and pulse transient time. Cardiorespiratory 
polygraph (CRP) (SOMNEA, Compumedics, Abbotsford, 
Victoria, Australia) included analysis of the nasal pressure 
cannula, inductive thoracic and abdominal movements, SaO2 
using a pulse oximeter, and body position recordings. Video 
and audio recordings were obtained for each study, and all PSG 
and CRP data were collected and stored in a digital system.

Apnea was defined as a decrease of 90% in pre-event base-
line airflow for at least 10 seconds detected by the oronasal 
thermal sensor. A differentiation was made between obstructive 
and central apneas according to respiratory effort channels (the 
presence or absence of thoracoabdominal movement). Hypop-
nea was defined as a ≥ 30% reduction in flow amplitude with 
respect to the baseline using a nasal cannula pressure sensor 
for a duration of at least 10 seconds and associated with either a 
drop in SaO2 of at least 3% or arousal. Respiratory effort-related 
arousal (RERA) was defined as a sequence of breaths lasting 
10 seconds and characterized by increasing respiratory effort 
or flattening of nasal pressure waveforms, leading to arousal 
when the sequence of breaths did not meet criteria for apnea or 
hypopnea. The apnea-hypopnea index (AHI) was defined as the 
sum of apnea and hypopnea divided by total sleep time. The re-
spiratory disturbance index (RDI) was defined as the sum of the 
number of apneas plus hypopneas and RERAs divided by total 
sleep time. The diagnosis of SRBD by PSG, established ac-
cording to the definitions of the AASM,39 required an RDI ≥ 5 
events/h, with a stratification of mild (RDI 5–14.9 events/h), 
moderate (RDI 15–29.9), or severe (RDI ≥ 30 events/h). We also 
calculated the oxygen desaturation index as a reduction in SaO2 
of ≥ 3% and hypoventilation, which was defined when the cu-
mulative percentages of time spent at a SaO2 of < 90% (CT90) 
were ≥ 30% of the total sleep time.
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Training Dataset
This study was approved by the ethics committee and written 
informed consent was obtained from all patients. The 90 pa-
tients included in the study were prospectively selected from a 
group of nonsurgically treated patients in whom primary CM-1 
was diagnosed and who had been referred to the department of 
neurosurgery from 2006 to 2013.27 Inclusion criteria consisted 
of primary CM-1 in patients aged 18 to 68 years in whom a 
TD ≥ 3 mm below the foramen magnum had been diagnosed 
in midsagittal T1W1 magnetic resonance imaging (MRI).1 The 
study protocol for these patients included clinical evaluation, 
neurological examination, cranial and spinal MRI, computed 
tomography of the craniovertebral junction with coronal, sag-
ittal, and three-dimensional reconstructions, and neurophysi-
ological examination (brainstem auditory evoked potentials, 
somatosensory evoked potentials, and nocturnal PSG). Medi-
cal history included clinical manifestations and a systematic 
interview about sleep complaints, which focused mainly on 
excessive daytime sleepiness. Sleepiness was evaluated using 
the ESS and was considered abnormal when the ESS score was 
higher than 11.

Patients were excluded if they presented with complex cra-
niovertebral junction malformation, defined as the coexistence 
of tonsillar herniation, and at least three of the following ab-
normalities: significant retroflexed odontoid, basilar invagina-
tion (BI), platybasia, severe bone abnormalities in the C0-C2 
complex, unilateral or bilateral occipital condyle hypoplasia, 
atlanto-occipital assimilation, and other abnormalities that 
cause anterior compression of the cervicomedullary junc-
tion. Additional exclusion criteria were: adenoidal or tonsillar 
hypertrophy (tonsil size ≥ 3 of the Friedman stage classifica-
tion),40 advanced congestive failure, the use of psychotropic 
medication—or other medications—that affect sleep and/or 
SRBDs, or previous surgery at the craniovertebral junction.

Validation Dataset
Our validation cohort was selected from 190 patients with 
CM-1 admitted to the Neurosurgery Department between 
January 1, 2013 and June 31, 2017. Of these 190 patients, 63 
were excluded because they were children (age younger than 
18 years) and 48 because they did not meet the inclusion cri-
teria. Therefore, the potential number of patients was 79. Of 
them, only 5 patients declined to participate; therefore, 74 were 
included in the final validation cohort. Sixty patients under-
went in-home CRP, and 14 were studied by conventional PSG. 
This study was approved by the ethics committee of the Vall 
d’Hebron University Hospital.

Brain and Spinal Magnetic Resonance Image Protocol
In Text S1 in the supplemental material, we show the neurora-
diological studies conducted and a reduced version of the more 
comprehensive craniometric parameters, previously used and 
published by our group, that were evaluated in the two statisti-
cal models3,41,42 (Figure 1).

Statistical Analysis
Descriptive statistics were obtained for each variable. The 
Shapiro-Wilk test and inverse probability plot were used to 

test whether data followed a normal distribution. To compare 
between-group differences (in categorical variables) χ2 sta-
tistics or the Fisher exact test were used as appropriate. Be-
tween-group differences were determined by an independent 
two-sample t test or the Mann-Whitney U test, depending on 
assumptions on statistical distribution. To correlate two contin-
uous variables, Kendall tau (when data did not follow a normal 
distribution) or Pearson correlation test (for data following a 
normal distribution) was used. Unless otherwise specified, dif-
ferences were considered statistically significant when P ≤ .05. 
Statistical analyses were carried out with Microsoft enhanced 
R distribution (Microsoft R Open 3.4.1, Microsoft corporation, 
Redmond, Washington, United States; https://mran.microsoft.
com) and the integrated development environment R Studio 
v1.0.153 (RStudio, Inc., Boston, Massachusetts, United States). 
The following R packages were used in the analysis: XLCon-
nect 0.2.13, gmodels 2.16.2, dplyr 0.7.2, rcompanion 1.10.1, 
caret 6.0.76, and partykit.

Supervised Machine Learning Approaches
Logistic Regression Model
The purpose of MLR in this study was to isolate the relation-
ship between predictors and the outcome variable from the ef-
fects of covariates. The outcome variable was described as an 
RDI equal to or above 10 events/h, corresponding to a mild 
SRBD (RDI 5–15 events/h) according to the AASM.39 The ra-
tionale for this threshold is explained in the Discussion section. 
For this model, the absence of a clinically significant sleep dis-
order (RDI < 10 events/h) was coded as 0 and coded as 1 when 
the RDI was above or equal to 10 events/h. To conduct this 
analysis, we applied the general linear model (glm) function in 
R using the binomial family. Preselected input variables (Table 
S2 and Table S3 in the supplemental material) were introduced 
into the model according to the method suggested by Hosmer 
et al.43 Our goal was to obtain the best-fitting model while 
minimizing the number of parameters.43 In brief, risk factors 
in a continuous scale for the preselected RDI cutoff were in-
dividually tested by univariate analysis. Categorical variables 
were tested for significance via a standard contingency table 
analysis of the outcome (y = 0, 1) versus the k levels of the 
independent variable. Significance was tested with the Pear-
son chi-square test. Independent predictors for an RDI ≥ 10 
events/h were age as well as all morphometric parameters, 
planimetric parameters, and syringomyelia measurements. All 
variables with P < .25 in the univariate analysis were then en-
tered in an MLR analysis.43 Variables that were not statistically 
significant at P < .05 were eliminated and a new model was 
generated without them.

In the third step, variables excluded in the univariate analy-
sis were added individually to the final model to test statistical 
significance. According to Hosmer et al., this step is crucial for 
identifying variables that by themselves were not significantly 
related to the outcome, but could be important contributors to 
the final model in the presence of other variables.43 In the final 
model, the original coefficients, their statistical significance, 
the 95% confidence intervals (CI), and the odds ratio (OR) 
were reported. A two-tailed value of P < .05 was considered 
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statistically significant for the MLR. Nagelkerke pseudo R-
squared values were used as a goodness-of-fit measurement for 
the final model. Pseudo R-squared values range from 0 to 1, 
with higher values indicating a better model fit.

Conditional Inference Trees
In addition to the conventional logistic regression method, we 
used URP-CTREE technique developed by Hothorn et al.33 
This method is an unbiased recursive partitioning tree-struc-
tured regression tool that identifies homogeneous subgroups 
from within an initial heterogeneous population. To conduct 
this analysis, we used the ctree function implemented in the 
partykit R package, a toolkit for representing, summarizing, 

and visualizing tree-structured regression and classification 
models.44 In brief, ctree performs an exhaustive search of all 
possible splits of the input variables and selects the covariates 
that show the best split.33 For this model, we used an RDI ≥ 10 
events/h to define the binary outcome. R code is available upon 
request from the corresponding author.

The accuracy of the two models was evaluated both inter-
nally and externally in a second validation cohort using the 
following metrics: (1) confusion matrices with accuracy, sensi-
tivity, specificity, and negative and positive predictive values; 
(2) the calculated area under the curve (AUC); and (3) the root 
mean squared error for evaluating the difference between the 
predicted values by a model and the observed values.

Figure 1—Measurements.

(A) Chiari malformation type 1 (CM-1): tonsillar descent (TD) ≥ 3 mm below the foramen magnum (FM) and the obex located above the level of the FM. 
(B) Chiari malformation type 1.5 (CM-1.5): TD ≥ 3 mm below the FM and obex located below the level of the FM. (C, D, E) Morphometric measurements 
made on mid-sagittal T1WI. Linear and planimetric parameters: (C-1) diameter FM; (C-2) cerebellar TD respect to the McRae line; (C-3) clivus length; (C-4) 
suboccipocium length; (D-5) tentorium length; (D-6) basal line (BL); (D-7) cerebellar TD respect to BL; (D-8) pons length; (D-9) fastigium length; (E-a) the 
osseous area of the posterior cranial fossa (PCF); (E-a+b) total PCF area. Angular measurements: (F) (F-12) basal angle; (G) (G-13) Wackenheim angle: 
(G-14*) basilar impression respect to the Chamberlain (F-15*) odontoid angle; (F-16) tentorium-occipital angle. Syringomyelia and spinal measurements: 
(H) (H-c, arrow) syringomyelia superior limit; (I) (I-d, arrow) syringomyelia inferior limit. Syringomyelia length = distance between superior and inferior limit. 
(H-e) Syringomyelia antero-posterior (AP) diameter; (H-f) spinal cord diameter: maximal diameter of the cord in the same slice that maximal diameter of 
the cavity in millimeters; (H-g) maximum spinal canal diameter. More specifications and descriptions of the morphometric measures are included in Text 
S1 in the supplemental material.
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RESULTS

Training and Validation Cohorts
The demographic, clinical, and craniometric data obtained 
from the CM training group (n = 90) are summarized in 
Table 1. Briefly, 64.4% of the participants were women, with 

a mean age of 42.0 ± 12.2 years. The median TD of the entire 
group was 9 mm (min: 3, max: 30). Of the entire cohort, 77.8% 
of patients (n = 70) were classified as CM-1 and 22.2% (n = 20) 
were classified as CM-1.5. Only two patients in both groups 
received a previous diagnosis of SRBD and were on continu-
ous positive airway pressure (CPAP) therapy. In these patients, 

Table 1—Demographic and clinical data in the training and validation groups of patients with CM-1.
Training Cohort (n = 90) Validation Group (n = 74) P

Female sex 58 (64.4%) 54 (73.0%) .597
Age in years 42.0 ± 12.2 (18–68) 44.6 ± 11.8 (19–70) .173
ESS score 5 (0–16) 5 (0–22) .480

ESS score > 11 6 (6.7%) 14 (19.4%) .017
Body mass index (kg/m2) 25.4 ± 4.2 (15–38) 25.4 ± 4.5 (17–37.2) .606

Underweight (< 18.5) 2 (2.2%) 2 (2.7%) .591
Normal weight (≥ 18.5 to < 25) 38 (42.2%) 33 (44.5%)
Overweight (≥ 25 to < 30) 40 (44.4%) 25 (33.7%)
Obese (≥ 30) 10 (11.1%) 16 (21.6%) 

Previous adenotonsillar surgery 4 (4.4%) 6 (8.1%) .349
RM morphometry

Tonsillar herniation (mm) 9.0 (3.0–30.0) 8 (3.0–19.0) .238
Clivus length (mm) 40.0 ± 4.6 (29.0–52.0) 41.0 ± 4.3 (33.0–50.0) .170

CM subtypes
CM-1 70 (77.8%) 55 (74.3%) .540
CM-1.5 20 (22.2%) 19 (25.7%)

Associated problems
Syringomyelia 43 (47.8%) 21 (28.4%) .004
Hydrocephalus 17 (18.9%) 16 (21,6%) .665
Retroflexed odontoid 17 (18.9%) 11 (14.9%) .497

Medical history
Hypertension 7 (7.9%) 13 (17.5%) .057
Diabetes mellitus 2 (2.2%) 2 (2.7%) .843
Stroke 3 (3.3%) 0 (0.0%) .114
Ischemic heart disease 0 (0.0%) 0 (0.0%) –

Clinical symptoms
Headache 72 (80.0%) 58 (78.4%) .799
Sensory abnormalities 50 (55.6%) 48 (64.9%) .228
Reflex abnormalities 38 (42.2%) 17 (23.0%) .010
Motor abnormalities 25 (27.8%) 16 (21.6%) .363
Cranial nerve abnormalities 20 (22.2%) 11 (14.9%) .233

SRBD
RDI 5.1 (0.0–57.0) 3.7 (0.0–61.0) .365
RDI ≥ 10 30 (33.3%) 26 (35.1%) .809
CAHI 0.0 (0.0–57.0) 0.0 (0.0–16.0) .573
CAHI > 5 6 (6.7%) 6 (8.1%) .756

SRBD subtypes
Normal 45 (50.0%) 44 (59.5%) .278
Mild 20 (22.2%) 14 (18.9%)
Moderate 14 (14.4%) 8 (10.8%)
Severe 13 (13.3%) 8 (10.8%)

Results are expressed as n (%). Variables that followed a normal distribution are presented as mean ± standard deviation and minimum and maximum 
values (min-max). Data that did not follow a normal distribution are presented as median and minimum and maximum values (min-max). Statistical 
significance P ≤ .05. AHI = apnea-hypopnea index, CAHI = central apnea-hypopnea index, CM = Chiari malformation, CM-1 = Chiari malformation type 1, 
ESS = Epworth Sleepiness Scale, RDI = respiratory disturbance index, SRBD = sleep-related breathing disorder.
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our studies were conducted after CPAP treatment was tempo-
rarily cancelled for 2 weeks. Previous adenotonsillectomy was 
reported in four patients in the training group and six in the 
validation group (Table 1).

Logistic Regression Analysis
As described in the Material and Methods section, all variables 
were statistically significant when P < .25 in a univariate anal-
ysis and some clinically relevant variables (age, sex, BMI, Chi-
ari type, ESS score, etc.) were included in the first multivariate 
logistic regression model. In total, 39 covariates were entered 
(Table S2 and Table S3 in the supplemental material). Only 18 
covariates were statistically significant and added to the full 
model. These variables consisted of age, sex, BMI, ESS score, 
Chiari type, Evans index, total bone area of the posterior fossa, 
basal angle, clivus length, fastigium and pons distances to the 
basal line, Wackenheim angle, and the superior limit of the sy-
ringomyelia. In a second iteration, a new reduced model fit was 
tested using the covariates that were statistically significant 
(P ≤ .05) in the full model. Deleting, refitting, and verifying 
covariates was continued until all relevant variables were in-
cluded in the model, with those excluded being clinically and/
or statistically irrelevant.43 The final model retained only four 
variables: age, sex, Chiari subtype, and clivus length. The ade-
quacy of the final model gave a log-likelihood of −44.18 (df = 5) 
and an AIC of 98.35. The Nagelkerke pseudo R-squared value 
was 0.35 for the final model. A summary of the coefficients and 
the OR for the final model is shown in Table 2.

Post Hoc Logistic Regression Analysis With an RDI 
Cutoff of 5 events/h
Despite our primary endpoint being the detection of patients 
with an RDI ≥ 10 events/h, we conducted an additional MLR 
post hoc analysis using the lower traditional cutoff of 5 events/h 
that corresponds to a mild sleep disturbance according to the 
AASM.39 The methods and results are shown in Text S1 and 
Table S4 in the supplemental material.

Conditional Inference Trees
The first approach to build this model included the same 18 
variables entered in the logistic regression model. However, 
when the entire set of 18 variables entered in the ctree function 
was implemented in the partykit R package, the algorithm was 
unable to fit any model. In a second iteration, the covariates 
found in the final MLR were entered, and the ctree function 

developed a conditional inference tree with four terminal nodes 
(Figure 2). The model retained age and sex as relevant vari-
ables, but excluded Chiari type and clivus length as irrelevant 
in the recursive partitioning tree. The URP-CTREE algorithm 
led to a partition of the initial cohort into three subgroups based 
on age and sex, with four final nodes (nodes 4 to 7).

Internal and External Validation of the Models
Both MLR and URP-CTREE were validated by a second 
independent cohort (n = 74). The demographics and clinical 
and craniometric parameters of the validation cohort are also 
shown in Table 1. The only statistically significant differences 
between the training and validation groups were frequency of 
an ESS score > 11 (higher in the validation group), abnormal 
reflexes (higher in the training group), and a lower frequency 
of syringomyelia in the validation group (Table 1).

Goodness of fit was evaluated internally and externally us-
ing the following metrics: confusion matrices with accuracy, 
sensitivity, specificity, and negative and positive predictive val-
ues, and the calculated area under the curve of the predicted 
values versus the true responses with both models. These met-
rics are summarized in Table 3. The accuracy in the training 
dataset was 0.80 (95% CI 0.70–0.88) for the MLR model and 
0.78 (95% CI 0.68–0.86) for URP-CTREE. Sensitivity was 
somewhat lower in URP-CTREE (0.78). However, specificity of 
the model was much greater in the URP-CTREE model (0.77) 
when compared to the MLR model (0.57). These changes were 
also reflected in the positive and negative predictive values, as 
shown in Table 3. Both models showed a similar acceptable 
discrimination, shown by the area under the receiver operating 
characteristic curve of 0.74 for MLR and 0.78 for URP-CTREE 
in the training cohort. According to Hosmer, an AUC ≥ 0.80 
indicates excellent discrimination.43

External validation was conducted in both models by ap-
plying them to the second independent cohort (n = 74). As in 
the training cohort, both MLR and URP-CTREE models were 
accurate in predicting patients with an RDI ≥ 10 events/h. 
However, when using the URP-CTREE, the specificity was sig-
nificantly better (0.73) when compared to MLR (0.65) (Table 3).

DISCUSSION

In the current study, we demonstrate that the URP-CTREE 
model is not only as accurate as the MLR model for the 

Table 2—Multiple logistic regression predicting the probability of SRBD (RDI ≥ 10 events/h).
Variables Coefficient SE Z P OR 95% CI

Intercept −9.57 3.198 −2.99 .0027 – 0.00–0.02
Age 0.09 0.026 3.68 .0002 1.10 1.05–1.17
Sex (female) −1.66 0.669 −2.48 .0130 0.19 0.05–0.67
CM-1.5 1.47 0.703 2.09 .0362 4.36 1.14–18.50
Clivus length 0.13 0.064 2.05 .0396 1.14 1.01–1.31

Statistical significance P ≤ .05. CI = confidence interval, CM-1.5 = Chiari malformation type 1.5, RDI = respiratory disturbance index, SE = standard error, 
SRBD = sleep-related breathing disorder, OR = odds ratio.
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prediction of SRBD, but it is also easier for the clinician to 
interpret and apply to predict SRBD in patients with CM-1. 
This approach may be useful in conducting patient stratifica-
tion to more precisely determine the indications for surgery 
and screen patients at high risk of postoperative respiratory de-
pression, thus supporting clinical decision making and imple-
menting targeted care in these patients.

What RDI Cutoff is Clinically Relevant in CM-1?
The definition of SRBD is still arbitrary and widely hetero-
geneous. As Hudgel recently remarked, “as polysomnogram 
scoring criteria have changed over time, severity classifica-
tion categories have remained constant.”45 The most widely 
used classification is still based on a report by an AASM Task 
Force published in 1999 that has not been updated since.39 

In this classification, SRBDs were considered to be mild (5 
to 15 events/h), moderate (15 to 30 events/h), or severe (> 30 
events/h).39 However, the separation between mild and moder-
ate degrees—as recognized by the authors of the current clas-
sification—is especially arbitrary and this split is not supported 
by substantial evidence.39 In addition, the scoring of apneas is 
quite consistent across laboratories but the metrics for scoring 
hypopneas may yield significantly different estimates of AHI.46 
We followed the recommendations of the AASM Sleep Apnea 
Definitions Task Force guidelines to score hypopneas, which 
requires “at least a 30% decrease in a measure of airflow ac-
companied by either a 3% decrease in oxyhemoglobin satura-
tion or an event-related arousal.”38

The body’s response to apnea induces brain arousal and blood 
oxygen desaturation, and may result in sleep fragmentation and 

Table 3—Summary of metrics used to evaluate the goodness of fit of the multiple logistic regression and the unbiased 
recursive partitioning technique called Conditional Inference Tree models.

Training Dataset (n = 90) Validation Dataset (n = 74)
MLR URP-CTREE MLR URP-CTREE

Accuracy 0.80 (0.70–0.88) 0.78 (0.68–0.86) 0.76 (0.64–0.85) 0.74 (0.63–0.84)
Sensitivity 0.92 0.78 0.81 0.75
Specificity 0.57 0.77 0.65 0.73
Positive predictive value 0.81 0.87 0.81 0.84
Negative predictive value 0.77 0.64 0.65 0.61
AUC 0.74 0.78 0.73 0.74

AUC = area under the curve, MLR = multiple logistic regression, URP-CTREE = unbiased recursive partitioning technique called Conditional Inference Tree. 

Figure 2—Conditional inference tree for the training dataset for predicting RDI ≥ 10 events/h.

For each node, the Bonferroni-adjusted P values are given and the fraction of patients with CM-1 with RDI > 10 events/h is displayed for each terminal node. 
In the terminal nodes, black shading indicates the probability of an RDI ≥ 10 events/h for a specific subgroup of patients. A multiple testing-adjusted P value 
is given, which describes the strength of the statistical association between the early predictor characteristic (age and sex) and the outcome (RDI ≥ 10 
events/h). The four plots at the bottom show the sample size and the distribution of the clinical endpoint (RDI ≥ 10 events/h) for each subgroup. In these 
plots, 0 equals absence of the clinical endpoint and 1 equals RDI ≥ 10 events/h. CM-1 = Chiari malformation type 1, RDI = respiratory disturbance index.
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nonrestorative sleep. In this screening process, the key issue is 
to define clinically relevant SRBD and determine whether the 
screening algorithms should be fine-tuned to detect patients 
with mild or moderate SRBD. The health effects and the appro-
priate management of patients with mild SRBD in the general 
population (RDI of 5 to 15 events/h) is still a matter of consid-
erable debate. However, the Sleep Heart Health Study showed 
that a significant relationship exists between RDI and excessive 
sleepiness in middle-aged and older adults.47 Excessive sleepi-
ness increased from 21% in participants with RDI < 5 events/h 
to 28% in those with an RDI of between 5 and 15 events/h.47 
In the general population, sleepiness has a clear effect on job 
performance and QoL, and it is a causal factor in motor vehicle 
accidents.47 In addition, two population studies have shown a 
clear correlation between mild SRBD and adverse cardiovas-
cular and metabolic outcomes.47–49 Another source of confu-
sion is that some reviews use RDI and AHI interchangeably; 
however, RDI includes not only apneas and hypopneas but may 
also include other types of breathing irregularities and there-
fore a patient’s RDI can be higher than the AHI.

Some studies have shown that CM-1 has a significant effect 
on self-perceived QoL.50,51 Mueller and Oro reported that 68% 
of patients with CM-1 reported difficulty sleeping and 61% 
memory and concentration problems.50 Whether or not SRBDs 
are a significant contributor to many of the less objective com-
plaints in patients with CM-1 (fatigue, lack of concentration, 
insomnia, etc.) is still unknown and merits further clarification. 
In designing the model for screening patients, we decided to 
establish the cutoff at the middle of the mild category, with an 
RDI ≥ 10 events/h. This cutoff represents a tradeoff between 
referring too many patients to the sleep specialist and missing 
patients with relevant SRBD. Although it is widely accepted 
that in the management of patients with mild RDI CPAP is not 
indicated, there is a general consensus that in these patients in-
terventions such as weight loss, sleep hygiene, avoidance of al-
cohol and respiratory depressant drugs, positional therapy, etc. 
should be considered.52 We found the combined prevalence of 
mild SRBD was ~50% in both training and validation groups. 
This prevalence is consistent with other reports in more se-
lected populations.27 In a prospective study, Botelho et al. found 
in 32 patients with craniovertebral junction malformations—
including patients with CM-1—that 59% had, minimally, mild 
SRBD (AHI > 5 events/h).29 In another cohort of patients with 
CM that included both CM-1 and CM-2, Dauvilliers et al. found 
an AHI ≥ 5 events/h in 70% of patients with CM-1.53

Comparing Screening Models
The URP-CTREE methodology developed by Hothorn et al. is 
an unbiased recursive partitioning tree-structured regression 
tool that can identify homogeneous subgroups from an initial 
heterogeneous population.33,36,44 This method has been shown 
to have a prediction accuracy that is similar to that of MLR 
in stratifying a cohort of patients with traumatic spinal cord 
injury.34 In our study, the main advantages of this technique 
over MLR were the simplification of the model obtained and 
improved specificity.

Both MLR and URP-CTREE models were accurate in 
predicting patients with an RDI ≥ 10 events/h. However, the 

URP-CTREE had a moderate increase in specificity (0.73) 
when compared with MLR (0.65), and it was also easier to ap-
ply to the clinical setting. Therefore, we believe that patients 
with CM-1 and risk factors for SRBD (mainly age and sex) re-
quire a comprehensive assessment of sleep and breathing, even 
if they are asymptomatic, do not report sleepiness, and have a 
normal BMI. The model defined by URP-CTREE showed that 
any patient with CM-1 with an age of 52 years or older should 
be referred for sleep studies (PSG or CRP). In addition, in 
males older than 29 years who have CM-1, a sleep study should 
be indicated regardless of BMI or symptoms. Males younger 
than 29 and females younger than 52 years without symptoms 
(a normal ESS score) may not require screening for SRBD. In 
our study, age was a strong predictor of SRBD in patients with 
CM-1. Males younger than 29 years and females younger than 
52 years without symptoms (a normal ESS score) may not re-
quire screening for SRBD. In our study, age was a strong pre-
dictor of SRBD in patients with CM-1. This is consistent with 
Dauvilliers et al., who reported that age was the only indepen-
dent predictor of SRBD.53 Our study also supports the finding 
that BMI did not account for the ability to predict a respiratory 
event index in patients with CM, which, as suggested by these 
authors, provides indirect evidence for a causal relationship be-
tween CM and SRBD.53 In both models, age and male sex were 
significant predictors of SRBD. This finding is in line with the 
general literature. In a population study conducted in Spain in 
noninstitutionalized individuals aged 30 to 70 years and with an 
RDI ≥ 10 events/h, the prevalence was 19% for men and 14.9% 
in women.22 A recent systematic review, conducted in the gen-
eral adult population aged 18 years or older using an RDI ≥ 5 
events/h as a criterion showed that the prevalence of SRBD 
ranged from 13% to 33% in men and 6% to 19% in women, 
with an increased risk with age in both sexes.54

Pathophysiology of Sleep Apneas in CM-1
Central apneas are infrequent in patients with CM-1, and this 
was reconfirmed in the current study. Most apneas in patients 
with CM-1 or CM-2 have been reported to be predominantly 
obstructive or mixed.6,27,28,31 Central apneas in CM-1 would ap-
pear to be easily explained by the depression of the respiratory 
centers, the reticular activating system, and reduced ventilatory 
chemosensitivity of the peripheral chemoreceptors or interfer-
ence with their afferent pathways.55,56 However, the etiology of 
obstructive sleep apnea (OSA) is much more difficult to justify 
in the absence of obesity and its pathophysiology remains un-
clear. As remarked in the crucial studies on the embryogenesis 
of CM-1 conducted by Marin-Padilla, cephalic axial skeletal-
neural dysraphic disorders of any severity involve abnormali-
ties in the viscerocranium and therefore the facial skeleton and 
the oropharynx.2,57 He showed that children with CM have a 
small oral cavity and an apparently large tongue that “seems to 
fill the entire mouth.”57 In these specimens, he also found that 
the pharyngeal cavity was small and short and the larynx and 
epiglottis were slightly elevated.57 Marin-Padilla hypothesized 
that these oropharyngeal defects were secondary deformations 
resulting from the adaptation of the facial skeleton to a pri-
marily short axial basicranium.57 In healthy children, SRBD 
is less frequent than in adults. It affects 1% to 4% of healthy 
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children and the criteria for diagnosis differ from those used 
in adults.58 Selvadurei et al. conducted a retrospective study 
of syndromic and non-syndromic children with SRBD that 
underwent MRI.58 They found that in nonsyndromic children 
with abnormal brain MRI studies, the most common abnormal 
brain MRI finding was CM-1 (88% of the group).58 In another 
retrospective study, Amin et al. found that in children with 
CM-1, the prevalence of SRBD was 49%, and most of them 
were obstructive.59

In a case-control study involving 76 adult patients with 
CM-1, Urbizu et al. showed that the oropharynx and oral cav-
ity were abnormal in these patients.60 This study found in these 
patients that the soft palate was longer and thinner, with a 
marked reduction in the oral cavity area, and the epiglottis had 
a lower position when compared to participants in the control 
group.60 Based on these findings, the structural anomalies of 
the oropharynx may explain the frequent obstructive SRBD 
observed in these patients, but because they do not change a 
few months after surgery, they cannot therefore explain the 
postsurgical improvement of symptoms.

In a pivotal study in patients with craniovertebral junction 
malformations, Botelho et al. showed that surgery resulted in 
improved respiratory events during sleep, lowered sleep frag-
mentation, and decreased the sleep apnea index in a significant 
number of patients.21 In a pilot study conducted at our institu-
tion (results in preparation), we have confirmed their findings. 
In 62% of our patients: SRBD improved significantly or even 
disappeared after surgery. This make the causal relationship 
between SRBD and CM-1 very likely, but considering that the 
abnormalities described by Marin Padilla and confirmed by 
Urbizu et al. do not change in the months following surgery, 
explaining the pathophysiology of sleep apneas in patients 
with CM remains a challenge. An alternative hypothesis, as 
suggested by Botelho et al., is that the etiopathogenesis of 
OSAS could be related to direct dysfunction of the motor ef-
ferent cranial nerves (IX, X, XI and/or XII), possibly lead-
ing to muscle atrophy and increasing the tendency toward 
pharyngeal collapse.6

Study Limitations
The main limitation of our study is that both our training and 
validation cohorts were referred to our neurosurgical depart-
ment, which has a research program in CM-1. Consequently, 
many patients were referred because of an incidentally found 
Chiari malformation when studying headache, through fa-
miliar screening, or because of other reasons. These patients 
were asymptomatic and neurologically intact or had vague 
complaints, without any specific symptom potentially related 
to the diagnosis of CM-1. Thus, the prevalence of SRBD may 
be underestimated in patients with CM-1 with neurological ab-
normalities. Another limitation is that in the validation cohort, 
CRP was for the most part performed instead of PSG. CRP is 
an accepted method for SRBD diagnosis but cannot be used to 
determine RERAs.61 However, in our previous study, the prev-
alence of RERA in the CM-1 population was negligible, and 
therefore we believe this difference does not affect our results.27 
An additional limitation is that objective measurements of the 
craniofacial structures were not included in either the training 

or in the validation cohort despite their wide acceptance as 
relevant factors in the pathophysiology of OSA. We did not 
include these parameters in the analysis because our main goal 
was to correlate the volume of the posterior cranial fossa and 
the neural compression of the brainstem with the SRDBs in pa-
tients with CM-1. Further studies in this population should in-
clude these parameters to clarify the complex pathophysiology 
of the SRBD in these patients. In addition, both cohorts in the 
current study were adults, and therefore our screening algo-
rithms are only valid for adults, and not children, with CM-1.

CONCLUSIONS

Our study agrees with other reports that show that the preva-
lence of SRBD in adults with CM-1 is high. Undiagnosed 
SRBD in these patients is associated with significant morbidity 
and risks in patients that are not candidates for or do not accept 
surgical treatment. In addition, it is crucial for neurosurgeons 
and anesthesiologists to evaluate the presence and severity of 
SRDB in order to optimize perioperative management (such 
as ventilator support, reducing the use of drugs that depress 
the respiratory drive, and other factors). The potential effect 
on their clinical evolution, selecting patients for surgery, and 
reducing the risk of postsurgical complications has raised 
awareness of SRBD in these patients. Respiratory depression 
and failure, with some fatal outcomes, have been reported as a 
frequent complication of surgical treatment.62

Despite this, PSG is still not routinely considered in the 
workup of patients with CM-1. One of the reasons for this is 
that many institutions have limited access to PSG. Therefore, 
in the routine clinical workup for patients with CM-1, clinicians 
should identify patients with a high risk of clinically relevant 
SRBD when recommending referral for a sleep study—ideally 
PSG—based on this pretest likelihood. The current study pro-
poses an algorithm than can guide the triage of patients with 
CM-1 using the age and sex of the patient. The URP-CTREE 
model found that patients with CM-1 with an age older than 
or equal to 52 years and patients with CM-1 who are male 
and older than 29 years, regardless of BMI, had a high risk of 
SRBD. Males younger than 29 years and females younger than 
52 years had a low risk of SRBD, and therefore sleep studies to 
screen for SRBD may not be indicated.

ABBRE VI ATIONS

AASM, American Academy of Sleep Medicine
AHI, apnea-hypopnea index
AUC, area under the curve
BI, basilar impression
BMI, body mass index
CI, confidence interval
CM, Chiari malformation
CPAP, continuous positive airway pressure
CRP, cardiorespiratory polygraph
CT90, cumulative percentages of time spent at an SaO2 

of < 90%
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EMG, electromyogram
ESS, Epworth Sleepiness Scale
FM, foramen magnum
MLR, multiple logistic regression
OR, odds ratio
OSA, obstructive sleep apnea
PCF, posterior cranial fossa
PSG, polysomnography
QoL, quality of life
RDI, respiratory disturbance index
RERA, respiratory effort-related arousal
SaO2, arterial oxygen saturation
SRBD, sleep-related breathing disorders
TD, descent of the cerebellar tonsils
URP-CTREE, Unbiased Recursive Partitioning Technique 

Conditional Inference Tree
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