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ABSTRACT

Purpose: To compare obstructive sleep apnea screening classifications, anthropometric characteris-
tics, and mechanical behaviors between participants with keratoconus and controls and to explore
their associations with disease severity. Methods: This prospective cross-sectional study included 74
participants with keratoconus and 49 controls. The paper-based Berlin and STOP-BANG questionnaires
were administered face-to-face by a researcher and scored manually. A study-specific questionnaire
assessed eye rubbing and sleep position, whereas a separate structured field recorded self-reported
ocular compression during sleep. Both groups underwent corneal tomography. The primary logistic
regression model included age, sex, body mass index (BMI), eye rubbing, and ocular compression.
Results: Participants with keratoconus had a higher BMI (29.4+6.4 vs. 26.3%5.1 kg/m?% p=0.005),
larger neck circumference (40.1£4.6 vs. 37.6%4.6 cm; p=0.004), more frequent eye rubbing (71.6%
vs. 51.0%; p=0.020), and more frequent ocular compression (43.2% vs. 20.4%; p=0.009) than controls.
High-risk classifications did not differ significantly between groups according to either the Berlin
Questionnaire (p=0.206) or STOP-BANG (p=0.139). In exploratory models adjusted for age and sex,
positive associations were observed for the Berlin Questionnaire (OR, 2.58; 95% Cl, 0.91-7.28) and
STOP-BANG (OR, 3.30; 95% Cl, 0.83-13.05). In the primary model, younger age (OR, 0.88; 95% Cl,
0.83-0.93), male sex (OR, 2.91; 95% Cl, 1.14-7.42), and higher BMI (OR, 1.15; 95% Cl, 1.05-1.27) remained
associated with keratoconus, whereas the estimates for behavioral factors were attenuated.
No association with disease severity was detected. Conclusions: Participants with keratoconus had
higher anthropometric measurements and more frequent mechanical behaviors; however, the
prevalence of high-risk obstructive sleep apnea classifications did not differ significantly between
groups. Questionnaire-based and anthropometric findings are not independent because BMI
contributes to both screening instruments, whereas neck circumference contributes to the STOP-
-BANG score. Ocular compression was assessed using a nonvalidated self-report measure rather than
objective pressure measurements. Severity analyses were underpowered, and causality cannot be

inferred from the study design.
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INTRODUCTION

Keratoconus (KC) is a progressive, bilateral, and often
asymmetric ectatic corneal disorder characterized by
central or paracentral thinning, biomechanical instability,
and protrusion, resulting in irregular astigmatism and visual
impairment. Traditionally considered a noninflammatory
condition, KCmay involve chroniclow-grade inflammation, as
evidenced by elevated cytokines, matrix metalloproteinases
(MMPs), and oxidative stress markers in the tear film®2.

The etiology of KC is multifactorial, with genetic predis-
position, environmental exposure, allergy, and mechanical
trauma all implicated®®. Repetitive eye rubbing may disrupt
the stromal collagen architecture and trigger inflammatory
cascades®"),

An association between keratoconus and obstructive
sleep apnea (OSA) has been proposed. OSAis characterized
by recurrent upper-airway obstruction, intermittent
hypoxia, and systemic inflammation and is strongly
associated with increased body mass index (BMI) and
neck circumference™™. A higher prevalence of OSA or
its risk factors has been reported among individuals with
keratoconus, suggesting potentially shared anatomic and
inflammatory mechanisms%. Proposed mechanisms
include systemic oxidative stress and direct mechanical
stress on the cornea during sleep. Prone or lateral decubitus
sleeping positions may result in sustained pressure on the
globe against the pillow, and greater corneal steepening
has been observed in eyes on the preferred sleeping side in
patients with asymmetric disease(5).

Validated screening tools, such as the Berlin Questionnaire
and the Snoring, Tiredness, Observed apnea, high blood
Pressure, Body mass index, Age, Neck circumference, and
Gender (STOP-BANG) questionnaire, identify individuals at
increased risk of OSA but differ in their emphasis. The Berlin
Questionnaire is more symptom-oriented and incorporates
obesity, whereas STOP-BANG prioritizes sensitivity and
includes age, sex, BMI, and neck circumference7*°. Because
these instruments contain overlapping anthropometric
variables, concordant results should not be considered
independent validation. The associations of anthropometric
and sleep-related variables with keratoconus severity also
remain unclear; tear-film mediators and sleep posture
have been associated with disease severity or tomographic
asymmetry(516:20,

The present study compared questionnaire-estimated
OSA risk, anthropometric characteristics, and mechanical
behaviors between participants with keratoconus and
controls and explored their associations with tomographic
disease severity.
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METHODS

Study design and ethical approval

This was a prospective, cross-sectional observational
study. The study protocol was approved by the Research
Ethics Committee of Hospital de Olhos Paulista (CEP/
HOLHOS SP) on June 4, 2024 (Approval No. 6,866,697; CAAE
78456924.7.0000.9867). Recruitment commenced only after
ethical approval and was conducted during the approved
period from June 2024 to January 2025. All participants
provided written informed consent before undergoing any
study procedures. The study was conducted in accordance
with the Declaration of Helsinki.

Study population

A total of 123 adults aged 18-60 years were included.
Keratoconus was confirmed in 74 participants based on
clinical and tomographic criteria®. Both groups were
prospectivelyenrolled during the same approvedrecruitment
period at Hospital de Olhos Paulista, Sdo Paulo. The 49
controls were recruited at the same institution and had no
clinical or tomographic evidence of keratoconus according
to the Rabinowitz-McDonnell topographic criteria®). The
available study records did not specify the clinical reason for
the controls’ attendance.

Exclusion criteria included other ocular diseases affecting
visual acuity or corneal measurements, systemic conditions
known to affect the cornea (i.e., diabetes or connective
tissue disease), and a previous diagnosis of or treatment for
obstructive sleep apnea.

Previous corneal surgery was not an exclusion criterion
for participants with keratoconus, who were recruited from
a tertiary corneal service. Among the 74 patients, 33 (44.6%)
had undergone corneal cross-linking, intrastromal corneal
ring segment implantation, or keratoplasty in at least one
eye, and 23 had undergone surgery in the more affected eye.
Because these procedures can alter the parameters used for
Amsler-Krumeich staging, the primary severity analysis was
restricted to the 51 patients whose more affected eye was
surgically naive. The entire cohort was analyzed separately
as a sensitivity analysis.

Ophthalmologic evaluation

All participants underwent measurement of best-correc-
ted visual acuity (BCVA), slit-lamp biomicroscopy, fundus
examination, and corneal tomography using the Pentacam
rotating Scheimpflug system (Oculus Optikgerate GmbH,
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Wetzlar, Germany). Controls had no clinical or tomographic
evidence of keratoconus according to the Rabinowitz-
McDonnell criteria®. Their quantitative tomographic para-
meters were used for eligibility assessment but were not
entered into the analytical database.

For participants with keratoconus, the responsible
researcher reviewed Pentacam data available in the medical
records and assigned the Amsler-Krumeich stage. The
recorded tomographic parameters included maximum
keratometry (Kmax), mean keratometry, and thinnest
corneal thickness®¥. The eye with the highest Kmax was
selected for severity analyses. BCVA was determined using
the best spectacle correction; visual acuity with rigid contact
lenses was not analyzed.

Anthropometric evaluation

Weight and height were self-reported by participants in
both groups, and BMI was calculated as weight in kilograms
divided by height in meters squared. Neck circumference
was measured by the responsible researcher using a flexible
measuring tape at the level of the thyroid cartilage. The
thresholds used (243cm for men and 241cm for women)
were printed on the administered form and corresponded
to those specified in the Brazilian Portuguese adaptation
of the STOP-BANG questionnaire®). A sensitivity analysis
using a threshold of >40 cm for both sexes is reported in the
Statistical Model Output file(.

OSA risk assessment

Paper-based Berlin and STOP-BANG questionnaires were
completed at reception before the clinical consultation in
a face-to-face session under the medical guidance of the
same responsible researcher. No electronic platform was
used. Individual responses, including information regarding
hypertension, were recorded on the paper forms, and risk
categories were calculated manually.

High risk according to the Berlin Questionnaire was
defined as having at least two positive categories. STOP-
BANG risk was classified as low (0-2 positive items),
intermediate (3-4 positive items), or high (5-8 positive items
or at least two positive STOP items plus male sex, BMI
>35 kg/m?, or neck circumference 243cm for men or 241cm
for women), according to the administered Brazilian version
of the questionnaire(7'9?). The two instruments were used
to provide complementary screening profiles and were not
considered independent confirmation of OSAG®. Neither
instrument is diagnostic of OSA.

Behavioral and allergic history

A study-specific, nonvalidated questionnaire was admi-
nistered face-to-face by the same researcher. Eye rubbing
was assessed using the question, “Coca os olhos?” (“Do
you rub your eyes?”), with a yes/no response and without
standardizedassessment of frequency, intensity, or [aterality.

Preferred sleeping position was assessed using the
question, “Tem posicdo preferida para dormir ou lado?
Qual?” (“Do you have a preferred sleeping position or side?
Which one?”), with an open-ended response. In addition,
a separate structured field in the study database, labeled
“Dorme com os olhos afundados no travesseiro” (“Sleeps
with the eyes pressed into the pillow”), recorded whether
participants reported sleeping with neither eye, the right
eye, the left eye, or both eyes pressed against the pillow. For
participant-level analyses, this variable was dichotomized as
any ocular compression versus none.

Because this variable was nonvalidated and did not
quantify pressure, duration, or frequency, it is referred
to as self-reported ocular compression during sleep. The
questionnaire was based on behavioral factors previously
reported in studies of keratoconus('>'®).

Separate yes/no items assessed allergic rhinitis and
allergic conjunctivitis. A positive response could have re-
flected a participant’s self-report, a previous medical
diagnosis, information documented in the medical record,
current symptoms, or ophthalmologic findings. The source
of ascertainment and disease severity were not recorded
separately. Asthma, dermatitis, medication use, and broader
atopic conditions were not assessed.

Sample size

The sample comprised all eligible participants enrolled
during the approved recruitment period. No formal a priori
sample size calculation was performed. Post hoc power
calculations were not performed because power derived
from an observed nonsignificant effect would be circular.
Therefore, the nonsignificant STOP-BANG comparison
remains inconclusive, and the possibility of a type Il error
cannot be excluded.

Statistical analysis

Statistical analyses were performed using SPSS Statistics
version 26.0 (IBM Corp., Armonk, New York), Minitab
version 21.2 (Minitab LLC, State College, Pennsylvania), and
Microsoft Excel (Microsoft Corp., Redmond, Washington).
All regression, sensitivity, and severity analyses were
independently recomputed using Python version 3.12 with
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statsmodels version 0.14.6 directly from the study database.
The complete coefficient-level output is provided in the
text-only Statistical Model Output file, which contains no
additional tables or figures.

Normality was assessed using the Shapiro-Wilk test.
Continuous variables were compared using the Student’s t
test. Because several distributions deviated from normality,
sensitivity analyses using the Mann-Whitney U test
were also performed and yielded the same conclusions
(Statistical Model Output file). Categorical variables were
compared using the chi-square test when all expected cell
counts were 25 and Fisher’s exact test when expected cell
counts were sparse. BMI categories of 225 and 230 kg/m?
were summarized descriptively to characterize the study
population; continuous BMI was retained in the regression
models.

Predictors of keratoconus status were initially examined
using separate univariable logistic regression models. The
primary multivariable model included age, sex, BMI, eye
rubbing, and self-reported ocular compression during
sleep. Neck circumference was excluded because of its
strong correlation with BMI (r=0.70). Questionnaire-based
classifications werealso excludedbecause BMI contributesto
both instruments, whereas neck circumference contributes
to the STOP-BANG score.

The primary model included five predictors for the
49 participants in the smaller group, corresponding to
approximately 10 participants per predictor. This contrasted
with approximately six participants per predictor in the
secondary eight-predictor model. Variance inflation
factors in the primary model ranged from 1.09 to 1.30.
Additional exploratory models adjusted each questionnaire
classification for age and sex, replaced BMI with neck
circumference, and incorporated allergic disease. Because
age and sex are themselves components of the STOP-BANG
score, the age- and sex-adjusted STOP-BANG estimate was
considered a partial-adjustment sensitivity analysis rather
than a conventional confounder-adjusted effect estimate.

Severity analyses were exploratory and restricted to
participants with keratoconus. The responsible researcher
assigned the Amsler-Krumeich stage based on Pentacam
data documented in the medical records. Because previous
corneal procedures can alter the parameters used for
staging, the primary severity analysis included the 51
patients whose more affected eye was surgically naive. The
complete cohort of 74 patients was analyzed separately as
a sensitivity analysis.

Disease stage was analyzed using ordinal logistic
regression, whereas Kmax, thinnest corneal thickness,
and BCVA were analyzed using separate univariable linear
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regression models. Given the inclusion of only 51 patients
across four disease stages, the statistical power for the
severity analyses was very limited.

RESULTS

Demographic and anthropometric characteristics

Mean age was 32.1x8.4 years in the keratoconus
group and 42.1£10.1 years in controls (p<0.001), and 64.9%
versus 38.8% were male (p=0.004). BMI was higher in the
keratoconus group (29.4%6.4 vs. 26.3%5.1kg/m?; crude
difference, 3.13 kg/m? p=0.005). BMI was 225kg/m?in 71.6%
versus 55.1% (p=0.060) and 230kg/m? in 40.5% versus 20.4%
(p=0.020). Because weight and height were self-reported,
these comparisons should be interpreted with caution.
Neck circumference, the directly measured anthropometric
variable, wasalsogreaterinthekeratoconusgroup (40.1+4.6
vs. 37.6%£4.6 cm; p=0.004; Table 1). After adjustment for
age, the estimated BMI difference increased to 4.62 kg/m?
(95% Cl, 2.23-7.01; p<0.001; Figure 1), indicating that the

Demographic and anthropometric data

Variable Keratoconus (n=74)  Control (n=49) p-value
Age (years) 32.1£8.4 42.1£10.1 <0.001
Male sex 48 (64.9%) 19 (38.8%) 0.004
BMI (kg/m?) 29.4+6.4 26.3+5.1 0.005
BMI 225 kg/m? 53 (71.6%) 27 (55.1%) 0.060
BMI 230 kg/m? 30 (40.5%) 10 (20.4%) 0.020
Neck circumference (cm) 40.1£4.6 37.6%4.6 0.004

Continuous variables are presented as mean+SD and were compared using the Student’s t test;
categorical variables are presented as n (%) and were compared using the chi-square test. BMI
categories were derived from self-reported weight and height and are included for descriptive
contextualization; continuous BMI was used in the regression models. BMI, body mass index.
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Body mass index plotted against age in the keratoconus (n=74) and control
(n=49) groups, with within-group linear regression lines. Horizontal reference lines
indicate BMI thresholds of 25 and 30 kg/m2. The inset shows the age-adjusted linear
regression model, with BMI as the dependent variable and keratoconus status and
age as independent variables (B=+4.62 kg/m? 95% Cl, 2.23-7.01; p<0.001).
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older age of controls attenuated rather than explained the
crude association; additional adjustment for sex yielded
consistent results.

Behavioral, allergic, and sleep-related characteristics

Eye rubbing was reported by 71.6% of keratoconus
patients and 51.0% of controls (p=0.020). Self-reported ocular
compression during sleep was present in 43.2% and 20.4%,
respectively (p=0.009), and both behaviors were reported
in 35.1% and 12.2%, respectively (p=0.005).

Allergic rhinitis (52.7% vs. 51.0%), allergic conjunctivitis
(10.8% vs. 6.1%), and either condition (54.1% vs. 53.1%) were
similarly frequent. Allergy was associated with eye rubbing
across the sample (p=0.021). Allergy variables were based
on binary histories, with corroboration when available;
however, the source and severity were not recorded
separately. A family history of keratoconus was reported by
35.6% and 4.1% of participants, respectively (p<0.001; Table 2).

OSA risk assessment

Berlin high-risk classification was present in 28.4% of
keratoconus participants and 18.4% of controls (p=0.206).
STOP-BANG low-, intermediate-, and high-risk categories
comprised 64.9%, 17.6%, and 17.6% in the keratoconus
group and 77.6%, 14.3%, and 8.2% in controls, respectively
(overall p=0.252). When high risk was compared with low
or intermediate risk combined, the difference remained
nonsignificant (p=0.139; Table 2).

Behavioral factors, allergic history, family history, and OSA risk classification

Variable Keratoconus Control e
(n=74) (n=49)

Eye rubbing 53 (71.6%) 25 (51.0%) 0.020
Self-reported ocular compression 32(43.2%) 10 (20.4%) 0.009
during sleep

Eye rubbing and self-reported OC 26 (35.1%) 6 (12.2%) 0.005
Allergic rhinitis 39 (52.7%) 25 (51.0%) 0.855
Allergic conjunctivitis 8(10.8%) 3(6.1%) 0.523%
Allergic rhinitis or conjunctivitis 40 (54.1%) 26 (53.1%) 0.914
Family history of keratoconus 26/73 (35.6%) 2(4.1%) <0.001

Berlin Questionnaire: High risk 21(28.4%) 9 (18.4%) 0.206
STOP-BANG risk category, overall — — 0.252
48 (64.9%) 38 (77.6%) —
Intermediate risk 13 (17.6%) 7(14.3%) —
High risk 13 (17.6%) 4(8.2%) 0.139%

Values are n (%). Proportions were compared using the chi-square test, except for allergic
conjunctivitis (Fisher exact test, *). Family history was available for 73 of 74 keratoconus
participants. Ocular compression was recorded in a separate structured database field (“Dorme
com os olhos afundados no travesseiro” [“Sleeps with the eyes pressed into the pillow”]) as no,
right eye, left eye, or both eyes and was dichotomized as any versus none. It was a nonvalidated
self-report rather than an objective pressure measurement. Allergy variables were binary
histories, with corroboration when available, but their source and severity were not recorded.
For STOP-BANG, p=0.252 represents the overall comparison; tp=0.139 compares high-risk with
low/intermediate-risk groups. OSA=obstructive sleep apnea; STOP-BANG=Snoring, Tiredness,
Observed apnea, high blood Pressure, Body mass index, Age, Neck circumference, and Gender.

Low risk

Tomographic parameters, BCVA, and disease staging

Among the 51 surgically naive eyes included in the
primary severity analysis, stages 1-4 comprised 16, 15, 2, and
18 patients, respectively. Corresponding Kmax, thinnest
corneal thickness, and BCVA summaries are presented with
the severity results.

Logistic regression for keratoconus presence

In unadjusted analyses, younger age, male sex, higher
BMI, larger neck circumference, eye rubbing, and self-
reported ocular compression during sleep were associated
with keratoconus. In the primary model, younger age (OR,
0.88; 95% Cl, 0.83-0.93), male sex (OR, 2.91; 95% Cl, 1.14-
7.42), and higher BMI (OR, 1.15; 95% Cl, 1.05-1.27) remained
associated, whereas eye rubbing (OR, 1.43; 95% Cl, 0.55-3.73)
and self-reported ocular compression (OR, 1.47; 95% Cl, 0.52-
4.11) were attenuated (Table 3; Figure 2). Replacing BMI with
neck circumference produced an OR of 1.17 per cm (95% Cl,
1.03-1.33; Table 3, Panel C). Adding allergy left the estimates
unchanged, and allergy was not associated with keratoconus
(OR, 0.62; 95% Cl, 0.24-1.58; Table 3, Panel C).

In the secondary eight-predictor model (Table 3, Panel B),
only age and BMI retained significance. The predictor
correlation matrix illustrates the structural overlap among
BMI, neck circumference, and the two questionnaire
classifications (Figure 3). In that model, the Berlin classi-
fication yielded an OR of 0.24 (95% Cl, 0.04-1.57), a reversal
of its unadjusted direction that reflects the small number of
high-risk controls (9 of 49) and adjustment for overlapping
anthropometric content; it should therefore be regarded
as uninterpretable rather than as evidence of an inverse
association.

Adjusted for age and sex only, the Berlin (OR, 2.58; 95%
Cl, 0.91-7.28; p=0.074) and STOP-BANG (OR, 3.30; 95% Cl,
0.83-13.05; p=0.089) classifications showed positive but
nonsignificant associations. These estimates are exploratory;
for STOP-BANG, age and sex are also score components, so
this represents a partial-adjustment sensitivity analysis
rather than a pure confounder-adjusted effect.

Exploratory analyses of keratoconus severity

In the 51 patients whose more affected eye had not been
operated on, no predictor was associated with severity.
Neither eye rubbing (stage OR, 1.51; 95% Cl, 0.48-4.72), self-
reported ocular compression during sleep (OR, 1.60; 95% Cl,
0.58-4.42), nor high-risk STOP-BANG classification (OR, 0.95;
95% Cl, 0.27-3.26) was associated with Amsler-Krumeich
stage, and none was associated with Kmax, thinnest
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Logistic regression for the presence of keratoconus (n=123).

Panel A. Univariate analyses and the primary five-predictor multivariable model

Predictor Unadijusted OR (95% Cl) p-value Adjusted OR (95% CI) p-value
Age (per year) 0.89(0.85-0.94) <0.001 0.88(0.83-0.93) <0.001
Male sex 2.91(1.38-6.15) 0.005 2.91(1.14-7.42) 0.025
BMI (per kg/m?) 1.10 (1.03-1.18) 0.007 1.15 (1.05-1.27) 0.002
Neck circumference (per cm) 1.13 (1.04-1.23) 0.005 — —
Eye rubbing (yes) 2.42 (1.14-5.15) 0.021 1.43 (0.55-3.73) 0.466
Self-reported ocular compression during sleep (yes) 2.97 (1.29-6.84) 0.010 1.47 (0.52-4.11) 0.467
Berlin high risk (yes) 1.76 (0.73-4.25) 0.209 — —
STOP-BANG high risk (yes) 2.40(0.73-7.84) 0.148 — —

Panel B. Secondary multivariable model with all eight predictors entered simultaneously
Predictor Adjusted OR (95% CI) p-value VIF
Age (per year) 0.87(0.81-0.93) <0.001 1.43
Male sex 2.62 (0.60-11.51) 0.202 2.85
BMI (per kg/m?) 1.25 (1.05-1.49) 0.013 4.21
Neck circumference (per cm) 0.97 (0.78-1.20) 0.755 4.98
Eye rubbing (yes) 1.38 (0.52-3.67) 0.519 115
Self-reported ocular compression during sleep (yes) 1.42 (0.50-4.08) 0.514 1.33
Berlin high risk (yes) 0.24 (0.04-1.57) 0.136 2.46
STOP-BANG high risk (yes) 2.54 (0.37-17.51) 0.343 1.87

Panel C. Additional exploratory and sensitivity models (term of interest shown)

Model and term of interest Adjusted OR (95% CI) p-value
Berlin high risk, adjusted for age and sex 2.58 (0.91-7.28) 0.074
STOP-BANG high risk, adjusted for age and sex* 3.30 (0.83-13.05) 0.089
Neck circumference, replacing BMI in the primary model 1.17 (1.03-1.33) 0.017
Allergic rhinitis or conjunctivitis added to the primary model 0.62 (0.24-1.58) 0.314

Panel A reports separate univariable models and the primary model containing age, sex, body mass index, eye rubbing, and self-reported ocular compression during sleep. Panel B reports the secondary
eight-predictor model; n=123, likelihood-ratio chi-square(8)=53.29, p<0.001, McFadden pseudo R*=0.322, and AIC=130.1. Structural overlap, sparse questionnaire strata, and overparameterization make the
adjusted Berlin estimate uninterpretable rather than evidence of an inverse association. Panel C reports the term of interest from additional models; complete coefficients for all covariates and fit statistics
are provided in the text-only Statistical Model Output file. “Age and sex are components of STOP-BANG; therefore, this represents a partial-adjustment sensitivity analysis rather than a pure confounder-
adjusted effect. Ocular compression was a nonvalidated self-report rather than an objective pressure measurement. 95% Cl, 95% confidence interval; AIC, Akaike information criterion; BMI, body mass index;
OR, odds ratio; VIF, variance inflation factor.

corneal thickness, or BCVA (Table 4). Results were similar

Factors associated with keratoconus __ 055 Ch in all 74 patients (Table 4, Panel B). These analyses were
! 0.89 (0.85-0.94) severely underpowered; therefore, the absence of statistical
Age (per year) 4 o '8 Unadjusted 0.88 (0.83-0.93) L . X
O Adjusted primary model significance does not constitute evidence of the absence of
o 2.92 (1.38-6.15) an association.
Male sex - o 2.91(1.14-7.42)

e 1.10 (1.0:
BMI (per kg/m?) HH 115 (1.05-1.27) DISCUSSION

— —_— — 2.42 (1.14-5.15)
Eve rubbing o 143(035-373) Patients with keratoconus had higher BMI and neck
Ocular compression | _ 297 029600 circumferencethancontrols,representingananthropometric
during sleep | | ! ! profile associated with increased OSA risk, and reported
0.5 1.0 2.0 4.0 8.0 .

0dds ratio (log scale) eye rubbing more frequently. They also more frequently
Adjusted model: age, sex, BMI, eye rubbing, and self-reported ocular compression during sleep. reported Sleeping Wlth one or bOth eyes pressed into the

Ocular compl jonwasar i |f-report, not an objective pressure measurement.

pillow; however, questionnaire-based OSA classifications did
95% Cl= 95% confidence interval; BMI= body mass index; OR= odds ratio.

Forest plot of unadjusted and adjusted odds ratios for the five primary not differ Slgmﬁcant[y between the groups.
model predictors. The adjusted model included age, sex, body mass index, eye rub-
bing, and self-reported ocular compression during sleep. Barsindicate 95% confidence
intervals, and the vertical line indicates an odds ratio of 1.0. pometric variables are incorporated into the screening tools:

A methodological point warrants emphasis. Anthro-
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Correlation among candidate predictors

Age [REJVE -0.15 0.07 0.05 -0.18 -0.39 0.05

Male sex -0.15 -0.02 -0.13 -0.05

BMI | 0.07 0.08
Neck circumference | 0.05 -0.01

Eye rubbing -0.18 -0.02 ) 012 0.01

0.08 -0.01 0.19

Ocular compression -0.39 -0.13
Berlin high risk | 0.05
STOP-BANG high risk | 0.14

R N S TN ©
LSO S \§~'>°\ &{;,)\ e be§
< &9

I T T T T
-1.00 -0.75 =050 =025 0.0 025 050 075 100
Correlation coefficient

Graphical representation of the pairwise correlation matrix for the eight
candidate predictors in the secondary model. The same coefficients are reported
numerically in Section 3 of the text-only Statistical Model Output file to permit full
auditability. Darker shading indicates a larger absolute Pearson correlation, and
signed coefficients are shown in the cells. Ocular compression was self-reported
during sleep. The largest correlations were between body mass index and neck
circumference (r=0.70), body mass index and Berlin high risk (r=0.69), male sex and
neck circumference (r=0.60), and the two questionnaire classifications (r=0.54).
BMI, body mass index.

the Berlin questionnaire scores for obesity, whereas STOP-
BANG includes both BMI above 35 kg/m? and increased neck
circumference. Therefore, the anthropometric differences
and numerically higher questionnaire scores cannot be
considered independent observations, and the contribution
of sleep-specific items cannot be isolated. The older
control group was structurally more likely to receive the
age point in the STOP-BANG score. In contrast, the Berlin
questionnaire incorporates hypertension but not age itself.
Thus, for STOP-BANG, the age imbalance works against,
rather than explains, the observed numerical direction.
Most importantly, screening classifications do not constitute
OSA diagnoses; without polysomnography, clinically valid
“keratoconus with OSA” and “keratoconus without OSA”
groups cannot be established.

The Brazilian National Health Survey 2019, which used
measured anthropometry, estimated that 60.3% of adults
had a BMI 225 kg/m? and 25.9% had a BMI 230 kg/m*%. The
corresponding proportions based on self-reported data were
71.6% and 40.5% in the keratoconus group and 55.1% and 20.4%
in controls. Thus, the control group was somewhat below
the national estimates, whereas the keratoconus group

Exploratory associations of clinical and behavioral predictors with keratoconus severity.

Panel A. Surgically naive more-affected eyes (n=51).

Predictor

Amsler-Krumeich stage, OR
(95% CI); p-value

Kmax, B (95% CI);
p-value

Thinnest pachymetry,
B (95% CI); p-value

BCVA logMAR,
B (95% CI); p-value

Age (per year)

Male sex

BMI (per kg/m?)

Neck circumference (per cm)
Eye rubbing (yes)

Self-reported ocular compression
during sleep (yes)

Berlin high risk (yes)
STOP-BANG high risk (yes)

0.98 (0.92-1.03); 0.411
0.76 (0.28-2.08); 0.594
0.96 (0.88-1.04); 0.307
0.97 (0.87-1.08); 0.562
1.51(0.48-4.72); 0.482
1.60 (0.58-4.42); 0.364

0.89 (0.31-2.61); 0.839
0.95 (0.27-3.26); 0.931

-0.33 (-0.79 to +0.13); 0.151
-0.59 (-8.88 to +7.70); 0.887
-0.15 (-0.80 to +0.51); 0.656
-0.09 (-1.02 to +0.85); 0.854
+4.76 (-4.56 t0 +14.08); 0.310
+4.26 (-3.94 to +12.46); 0.301

+0.34 (-8.67 to +9.35); 0.940
+1.65 (-9.11 to +12.41); 0.759

+0.10 (-2.46 t0 +2.66); 0.939
+12.22 (-33.04 to +57.48); 0.590
-0.95 (-4.53 to +2.64); 0.598
-1.43 (-6.50 to +3.64); 0.573
-27.26 (-78.03 to +23.50); 0.286
-22.71(-67.89 to +22.47); 0.317

-12.92 (-61.96 to +36.11); 0.599
-20.84 (-79.19 to +37.50); 0.476

-0.02 (-0.04 to +0.00); 0.123
-0.02 (-0.38 to +0.34); 0.927
-0.01(-0.04 to +0.02); 0.583
0.00 (-0.04 t0 +0.04); 0.960
+0.20 (-0.22 t0 +0.61); 0.343

+0.12 (-0.23 t0 +0.48); 0.495

-0.04 (-0.43 to +0.36); 0.852
-0.04 (-0.51t0 +0.43); 0.865

Panel B. Whole keratoconus group, including eyes with previous corneal surgery (n=74).

Predictor Amsler-Krumeich stage, OR Kmax, B (95% CI); Thinnest pachymetry, BCVA logMAR,

(95% CI); p-value p-value B (95% Cl); p-value B (95% Cl); p-value
Age (per year) 0.99 (0.95-1.04); 0.759 -0.21(-0.58 to +0.16); 0.265 -0.06 (-2.11t0 +2.00); 0.957 -0.01(-0.03 to +0.01); 0.185
Male sex 0.82(0.35-1.96); 0.659 -0.39 (-6.90 t0 +6.13); 0.906  +12.34 (-23.68 to +48.36); 0.497 -0.05 (-0.34 to +0.24); 0.752

BMI (per kg/m?)
Neck circumference (per cm)
Eye rubbing (yes)

Self-reported ocular compression
during sleep (yes)

Berlin high risk (yes)
STOP-BANG high risk (yes)

1.00 (0.94-1.07); 0.992
1.01(0.92-1.00); 0.884
1.26 (0.50-3.17); 0.626
1.48 (0.64-3.43); 0.359

1.10 (0.45-2.67); 0.839
1.69 (0.61-4.66); 0.309

+0.03 (-0.46 to +0.52); 0.919
+0.11(-0.58 to +0.79); 0.761
+2.53 (-4.35 t0 +9.41); 0.466
+3.59 (-2.63 to +9.82); 0.254

+0.89 (-6.01t0 +7.79); 0.798
+4.34 (-3.77 to +12.45); 0.290

-1.32 (-4.02 to +1.37) and 0.330

-1.38 (-5.16 to +2.40); 0.469

-9.10 (-47.27 to +29.06) and 0.636

-11.12 (-46.03 to +23.79); 0.527

-21.58 (-59.47 to +16.31); 0.260
-36.86 (-81.24 to +7.53); 0.102

+0.00 (-0.02 to +0.02); 0.864
+0.00 (-0.03 to +0.03); 0.959
+0.19 (-0.12 to +0.49); 0.231
+0.12 (-0.16 t0 +0.39); 0.405

+0.05 (-0.26 t0 +0.36); 0.749
+0.01(-0.35 to +0.37); 0.953

Each cell reports a separate univariable model for the more affected eye. Panel A is the primary severity analysis: stage, n=51; Kmax, n=51; thinnest pachymetry, n=50; and BCVA, n=46; stage distribution, 16,
15, 2, and 18. Panel B is the whole-cohort sensitivity analysis: stage, n=74; Kmax, n=74; thinnest pachymetry, n=73; and BCVA, n=67; stage distribution, 27, 18, 7, and 22. The responsible researcher assigned
the Amsler-Krumeich stage based on the Pentacam data. Ocular compression was a nonvalidated self-report rather than an objective pressure measurement. These analyses were severely underpowered;
nonsignificance does not provide evidence of no association. 95% Cl, 95% confidence interval; B, regression coefficient; BCVA, best-corrected visual acuity; logMAR, logarithm of the minimum angle of
resolution; Kmax, maximum keratometry; OR, odds ratio. B coefficients are expressed in diopters for Kmax, micrometers for pachymetry, and logMAR units for BCVA.
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was above them. However, these external comparisons
are contextual only because the national sample differed in
age and sex and used measured rather than self-reported
anthropometry. The crude BMI difference was 3.13 kg/m?
and increased to 4.62kg/m? after adjustment for age,
indicating that the older age of controls masked part
of, rather than explained, the association. This adjusted
finding was consistent with a population-based association
reported in more than half a million adolescents®”. Because
neck circumference was measured directly, its between-
group difference is less susceptible to self-report error.
Nevertheless, its strong correlation with BMI and sex limits
interpretation of its independent contribution.

Eye rubbing was more frequent among patients with
keratoconus in the unadjusted analysis, consistent with
its recognized mechanical and inflammatory effects(®"2",
Allergy is an important potential confounder because
itching promotes eye rubbing, and keratoconus shares
inflammatory features with allergic conjunctivitis®*®. Binary
histories of rhinitis and conjunctivitis were similar between
the groups, and adding allergy to the model did not
materially alter the estimates. However, the source, subtype,
severity, medication use, asthma, and dermatitis were not
systematically recorded; therefore, residual confounding
cannot be excluded.

Self-reported ocular compression during sleep was more
frequent among patients with keratoconus, consistent with
reports linking preferred sleeping side and unfavorable
sleeping posture to asymmetric disease'>'®). However, this
variable should not be interpreted as a measure of obser-
ved or quantified pressure because it was derived from a
single nonvalidated structured field and did not capture
frequency, duration, or force. No association with disease
severity was detected in the exploratory analyses, which
had limited statistical power. Objective sleep studies remain
necessary to establish the burden of OSA among patients
with keratoconus(429:39),

A strength of this study is the joint evaluation of kera-
toconus and OSA screening risk using two validated ques-
tionnaires while integrating anthropometric, behavioral, and
tomographic data(9),

Several limitations should be considered. These include
the cross-sectional design, unmatched age and sex, and
absence of polysomnography®. Participants with a previous
diagnosis or treatment of OSA were excluded; therefore,
the screening comparisons apply only to individuals without
recognized OSA. This exclusion may have attenuated
high-risk classification rates and between-group contrasts
and may limit the generalizability of the findings. Controls
were a convenience sample from the same institution, and
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the clinical reason for their attendance was not retained,
allowing the possibility of selection bias and limiting
population representativeness. Paper questionnaires
were administered and scored manually by a single
researcher, which standardized their application but may
have introduced interviewer or classification bias. Weight
and height were self-reported in both groups, creating
potential reporting errors that cannot be eliminated by age
adjustment; neck circumference was directly measured and
was therefore less susceptible to self-report error. The ocular
compression variable was based on a single nonvalidated
self-report field and did not quantify pressure, duration, or
frequency. Allergy was assessed as a binary variable and was
incompletely characterized, leaving the possibility of residual
confounding®®®. Control tomography was unavailable for
post hoc quantitative comparison. Prior surgery affected
staging variables, and the timing of tomography relative to
surgery was undocumented for operated eyes. BCVA was
assessed using spectacle correction, and seven participants
lacked numeric logMAR data, five of whom were among the
51 surgically naive patients.

In summary, patients with keratoconus had higher BMI
and neck circumference, more frequent eye rubbing, and
more frequent self-reported ocular compression during
sleep, but OSA screening classifications did not differ
significantly between the groups. Behavioral estimates were
attenuated after adjustment, while ocular compression
represented a nonvalidated self-report rather than an
objective measure of pressure, and the severity analyses
were inconclusive. Prospective studies should incorporate
polysomnography, measured anthropometry, prespecified
assessments of sleep position and ocular compression, and
standardized evaluation of allergic conditions.
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