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Abstract
Study Objectives

Significant interindividual variability in sleepiness is observed in clinical populations with obstructive sleep apnea (OSA). This phenomenon is
only partially explained by the apnea—hypopnea index (AHI). Understanding factors that lead to sleepiness is critical to effective management
of patients with OSA. We examined demographic and other factors associated with sleepiness in OSA.

Methods

Prospective study of 283 patients with newly diagnosed OSA by polysomnography (AHI > S per hour). Subjective sleepiness (Epworth Sleep
Scale [ESS] > 11) and objective sleepiness (psychomotor vigilance task [PVT] mean lapse > 2) were assessed.

Results

Participants were classified into four groups (1: sleepy by ESS and PVT, 2: sleepy by PVT only, 3: sleepy by ESS only, and 4: nonsleepy
reference group) and compared by generalized logit model. Shorter daily sleep duration by actigraphy and less morningness were associated
with higher risk of sleepiness (Odds ratio [OR] = 0.52, 95% confidence interval [CI] 0.33-0.82 and OR = 0.89, CI 0.80-0.98, respectively).
African-American race was associated with sleepiness (group 1, OR = 8.8, CI 2.8-27.3; group 2, OR = 16.6, CI 3.3-83.6; and group 3, OR =
3.3, CI 1.0-10.1). IL-6 level was higher in groups 1 and 3 (OR = 1.9, CI 1.0-3.4 and OR 2.0, CI 1.1-3.7, respectively).

Conclusions

African-American race, short sleep duration, chronotype, and increased proinflammatory cytokine IL-6 level were associated with sleepiness in

OSA. These findings will inform future investigations determining mechanisms of sleepiness in OSA.

OSA, OSA-clinical assessment, home sleep apnea testing, cytokines, sleepiness, vigilance

Statement of Significance

This study was undertaken to systematically identify mechanisms of interindividual variation in sleepiness in patients with obstructive sleep
apnea (OSA). It contributes to and extends the knowledge of OSA by identifying factors beyond polysomnography-based disease severity
measures that predict sleepiness in clinical populations with OSA and helps us to better understand the factors that affect presentation of this
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symptom. Short daily sleep duration and African-American race independently increase the risk, whereas morning chronotype reduces the risk

of sleepiness patients with OSA. Cytokine IL-6 is a biomarker of sleepiness with potential clinical utility in OSA.

Introduction

Daytime sleepiness is a cardinal symptom of obstructive sleep apnea (OSA) and an important factor in treatment acceptance and outcomes [1-5].
However, significant interindividual variability in sleepiness exists in patients with equivalent severity of OSA, and determinants of this variability
remain poorly understood [6-8]. OSA severity measures, including apnea—hypopnea index (AHI), correlate modestly with both subjective and
objective sleepiness [0, 7, 9-12]. The relationship between AHI and subjective sleepiness by Epworth Sleepiness Scale (ESS) is weaker in
community-based cohorts compared with clinical populations [8, 13]. Although the association of Mean Sleep Latency (MSL by Multiple Sleep
Latency Test [MSLT]; gold-standard objective measure of sleepiness) with AHI is reportedly superior to ESS, the data regarding this association are
conflicting, and AHI appears to explain only a small portion of the variance in MSL [14-16]. Other reported predictors of sleepiness in OSA include
younger age, obesity, higher sleep efficiency, frequent respiratory arousals, greater nocturnal hypoxemia on polysomnography (PSG), and possibly
inflammatory cytokines [7, 17-20]. Nevertheless, the role of potentially important factors such as chronotype, habitual sleep duration, or use of

relevant medications has not been systematically examined.

A fundamental challenge in understanding mediators of sleepiness in patients with OSA is to define sleepiness. In healthy individuals, subjective and
objective measures of sleepiness dissociate under conditions of chronic sleep restriction [21] and in the context of interindividual differences [22]. As
subjective (ESS) and objective (MSL) sleepiness measures may yield disparate results even in clinical populations with OSA, previous studies have
employed a twofold approach of identifying “sleepy” patients based on combined subjective and objective sleepiness [16, 23]. Although the
psychomotor vigilance task (PVT) measures neurobehavioral alertness, it is sensitive to sleepiness in populations with OSA and is economical in
terms of time and cost compared with MSLT [10, 24]. Lapses in attention on the PVT reflect state instability associated with sleep loss, have high
ecological validity with regard to those real-world situations that require high levels of attention, such as driving, and are the most common PVT
metric (68%) used in peer-reviewed literature [25]. Two lapses were noted to be the lowest threshold differentiating sleep-deprived from nonsleep-
deprived individuals. We identified a priori factors that potentially affect sleepiness in patients with newly diagnosed OSA and prospectively examined
the association of these factors within sleepy and nonsleepy phenotypes of OSA. We employed both subjective (ESS > 11) and objective (PVT lapse
> 2 per trial) measures to stratify patients into four groups: group 1 = concordantly sleepy (ESS > 11 and PVT lapse > 2), group 2 = objectively sleepy
(ESS <11 and PVT lapse > 2), group 3 = subjectively sleepy (ESS > 11 and PVT lapse < 2), and group 4 = nonsleepy (ESS <11 and PVT lapse <
2). This approach allowed for the identification of factors mediating concordant sleepiness (subjective sleepiness with neurobehavioral impairment) as

well as discordant sleepiness (subjective sleepiness or neurobehavioral impairment only).

Our primary objective was to test whether interindividual differences in sleepiness observed in patients with OSA can be explained by
sociodemographic factors (including habitual sleep duration by actigraphy), presence of comorbid medical conditions, use of sedative-hypnotic
medications, chronotype (assessed with Basic Language Morningness [BALM] questionnaire), or systemic inflammatory cytokines with somnogenic
effects (IL-6 and TNFa) [26], controlling for OSA severity. The aim of this study was to gain a better understanding of daytime sleepiness and its
biological underpinnings in OSA. This knowledge is critical to symptom analysis, treatment decisions, outcome evaluation, and intervention

development.

Methods

Participants

The target population for this study was middle-aged patients with suspected OSA who were referred to the Center for Sleep and Circadian
Neurobiology, University of Pennsylvania, Philadelphia. Participants were selected based on the following eligibility criteria: (1) AHI > 5 on PSG and
(2) 35-60 years of age. These age cutoffs were chosen as patients < 35 years are more likely to have altered sleep schedule (such as phase delay)
and patients > 60 years were not enrolled due to increased occurrence of central apneas, the marked reductions in sleep homeostasis that is attributed
to the aging process as well as the effects of aging on plasma cytokine levels [27-29]. Exclusion criteria included as follows: (1) diagnosis of another
sleep disorder in addition to OSA based on PSG (periodic limb movement disorder, five or more central apneas per hour, insomnia, sleep
hypoventilation syndrome, shift-work, or narcolepsy); (2) previous treatment with home oxygen therapy, uvulopalatopharyngoplasty, tracheotomy, or
other surgery for OSA; (3) pregnancy; (4) inability to write or read English; and (5) upper extremity motor deficit (e.g. previous stroke or spinal cord



injury). This study was approved by the University of Pennsylvania, Philadelphia, Institutional Review Board.

Study protocol

Details on participant recruitment and procedures are presented in Figure 1. After informed consent, urine pregnancy and drug screening tests were
performed. Diagnostic PSG data were acquired using the Sandman system (Elite Sleep System Version 6.1, Natus Medical, Inc., Pleasanton, CA).
PSG was scored according to published criteria. Specifically, hypopneas were scored when >50% flow-amplitude reduction or flow reduction
accompanied by >3% oxygen desaturation or arousal [30]. All participants had sleepiness assessments performed with PVT (Ambulatory Monitoring,
Inc., Ardsley, NY) and the ESS. Four 10 min trials of PVT were performed by each participant at 10:00, 12:00, 14:00, and 16:00 hr to account for
circadian variation in alertness [31]. Usual sleep time was measured with concurrent actigraphy and sleep diary for 2 weeks. Participants also
completed 4-nap MSLT, the gold standard test for physiologic sleepiness [32]. Self-reported medical conditions (comorbidity) and prescription
medications as well as over the counter sleep aids and antihistamine use were recorded. Venous blood samples were drawn at 06.30 am after
overnight PSG in EDTA tubes and processed within 2 hr of collection. The samples were stored in —=70°C freezer before plasma TNFa and IL-6
were measured by enzyme-linked immunosorbant assay (R & D Systems, Minneapolis, MN) [33]. Participants were asked to refrain from use of any
anti-inflammatory (steroidal and nonsteroidal) drugs for 1 week prior to blood sample collection. Participants were classified into four groups based on
the combined results of ESS and PVT. ESS > 11 was considered sleepy; conversely, <I1 was considered nonsleepy [34]. An average PVT lapse
(reaction time more than 500 ms) across four trials of >2 was used to define sleepy and <2 to define nonsleepy [35]. Thus, the participants were
categorized into concordant (objectively and subjectively) and discordant groups in terms of sleepiness. This categorization resulted in the following
four groups: group 1 (concordantly sleepy) =PVT lapse > 2 and ESS > 11, group 2 (objectively sleepy) = PVT lapse > 2 and ESS < 11, group 3
(subjectively sleepy) =PVT lapse <2 and ESS > 11, and group 4 (nonsleepy) = PVT lapse <2 and ESS < 11.

Figure 1.
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Study recruitment and procedures. $ AHI = apnea—hypopnea index, ¥ ESS = Epworth sleepiness scale, PVT = psychomotor vigilance
test, MSLT = Multiple Sleep Latency Tests, Q Group 1 = PVT lapse = 2 and ESS = 11, Group 2 = PVT lapse =2 and ESS < 11, Group 3
= PVT lapse < 2 and ESS = 11, Group 4 = PVT lapse < 2 and ESS < 11.

Statistical analyses

A sample size estimate was performed using the method of Hsieh [36]. This method enables determination of required sample sizes given (1) the
probability of being a case when the risk factor value is equal to the mean value and (2) the probability of being a case when the risk factor value is
equal to the mean value plus one standard deviation. Together, these values determine the minimum detectable odds ratio (OR) with 80% power. We
assumed o = 0.01 to adjust for multiple comparisons resulting from the model building strategy described above. In addition, the required sample size
depends on the multiple squared correlation of the other variables with a specific risk factor. This value was unknown, so we assumed an R?=0.50 in
sample size determination. Required sample sizes are lower for R values less than 0.50. By design, in our samples, the probability of being a case at
the pooled mean of a predictor was 0.50. The probability of being a case increased to 0.71 if the predictor variable value was one standard deviation
above mean (equivalent to an OR of 2.5). Under these assumptions, a total sample size of 226 was estimated (113 cases and 113 controls). These
values were increased by 15% to be conservative for a total of 130 cases and 130 controls. Data were screened for missing values and appropriate
ranges and distributions using descriptive statistics. IL-6 and TNFa were log transformed to improve distribution. Based on distribution, Spearmans or
Pearsons correlation coefficients were used. The sleepiness status, determined by both the ESS and PVT and using established clinical cutoffs, was
utilized to categorize participants into four groups. This categorical outcome was initially modeled as ordinal in polytomous logistic regression, but
since the proportional odds assumption was not met, a generalized logit model was employed. We regressed the sleepiness outcome on demographics
of age, race and education, clinical factors including body mass index (BMI), presence of a comorbid health condition (yes/no), BALM scores
(chronotype), and OSA and sleep-specific indicators (AHI, average oxygen saturation, sleep efficiency, arousal index, use of sedating medications,
and daily sleep duration by actigraphy). All determinants were tested for multicollinearity using tolerance [37]. A separate analysis examined the
association of inflammation biomarkers IL-6 and TNFa in addition to the other covariates in a subset of the participants who had these data available.

All determinants tested remained in the models regardless of significance. A p-value of < .05 was considered significant. All data were analyzed
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using SAS 9.3 (SAS Institute, Cary, NC).

Results

Participant characteristics

Table 1 shows the baseline characteristics for the four groups defined by their sleepiness status. Overall, 30% of participants reported use of
prescription or over-the-counter medications as sleep aids, and 59% reported comorbid medical conditions. The commonest comorbidities reported
were hypertension (32%) and diabetes (28%), followed by bronchitis, emphysema, pulmonary hypertension, heart failure, heart attack, and stroke (at
<6% each).

Table 1.

Baseline characteristics



Parameter Group 1 (n= Group 2 (n=
90)" 37)f
Count (%)
Gender (men) 62 (69) 21 (57)
Race
European-American 19 (21) 7 (19)
African-American 63 (70) 26 (70)
Other 8(9) 4(11)
Use of sedating medications (yes) 34 (38) 11 (30)
Comorbid medical disorders (yes) 57 (63) 21 (56)

Parameter Mean + Standard Deviation

Age (years) 475+8.8 46.6 + 10.0
Body mass index 404 +124 38.4+10.5
Education (years after high school) 49+0.9 51+1.2
Daily sleep duration (min; 490 + 130 541 + 160
actigraphy)i

BALM score 34+7.6 37+7.3
AHIS 3331 34 +32
Average oxygen saturation 94 +27 94 +£3.7
Nadir oxygen saturation 78+ 14 77 £17
Sleep efficiency 78 £ 16 75+17
Arousal index 279+ 26 249+ 17
Mean sleep latency 8.8+49 10.1+£6.2
IL-6 (pg/mL) 42+34 3.7+29
TNFa (pg/mL) 134038 19420
Epworth sleepiness scale 15.7 £ 3.1 76+23
PVT lapses 11.9+15.9 76193

Group 3 (n =
80)"

43 (54)

35 (44)
40 (50)
5 (6)

29 (36)

41 (51)

453+79
37.6+11.2
53+1.2

495 + 111

7918
78 £ 17
20.3+17
104 5.2
33+£34
1.0£05
149+28

0.8+0.5

Group 4 (n=
76)"

44 (59)

40 (53)
29 (38)
7(9)

23(30)

49 (64)

464 +84
36.3+10.4
55+1.2

540 + 121

7919
87+18
282+21
11.8+53
2729
1.3+£0.6
64+26

0.6+0.5

.20

.0002

67

.004

.02

.08

.006

.08

.004

<.0001

<.0001

AHI = apnea-hypopnea index; BALM = Basic Language Morningness (13-55); ESS = Epworth Sleepiness Scale; PVT = psychomotor

vigilance task.

TGroup 1=PVT lapse =2 and ESS = 11, Group 2 = PVT lapse = 2 and ESS < 11, Group 3 = PVT lapse <2 and ESS = 11, Group 4 =

PVT lapse < 2 and ESS < 11.

iSleep duration by actigraphy.

SDerived from polysomnography.

||Derived from Multiple Sleep Latency Tests (MSLT).

*p-value = chi-square; **p-value = ANOVA or Kruskal-Wallis test.



Although this sample was generally a highly educated group, the number of years of college education increased across groups 1 through 4, with
group 1 (concordantly sleepy) reporting fewer years of college education (p =.004). Group 1 was also different from other groups as it had the
shortest daily sleep duration by actigraphy and there was a greater proportion of African Americans (p = .02 and .0002, respectively). Participants
that completed cytokine sampling were not different from those that did not have cytokine sampling with respect to the outcomes of sleepiness or any
of the covariates (all p > .1). TNFa, inflammatory cytokine level, was significantly different between the groups. Notably, MSL decreased and IL-6
increased monotonically from group 4 (nonsleepy) to group 1 (concordantly sleepy). This trend failed to achieve statistical significance for IL-6 (p =
.08). By MSL-defined sleepiness (<8 min), 47/90; 52% of group 1, 15/37; 40% of group 2, 30/80; 37% of group 3, and 21/76; 27% of group 4 were
sleepy. MSL was significantly shorter in group 1 vs. group 4 (p =.006) and the OR (1.9, 1.2-3.1) of MSL < 8 min was significantly higher in those
with PVT lapses > 2 compared with PVT lapses <2. A significant correlation was observed between MSL and PVT lapses (» = —0.20, p =.0006) as
well as MSL and ESS (» =—0.20, p = .0002). MSL was not significantly correlated to cytokines (InIL6; » =—0.06, p = .3, nTNFa; » =0.01, p = .8).
None of the sleepiness measures (MSL, ESS, and PVT lapses) were associated with self-reported hypertension (#-statistic 1.1, p = .3; z-statistic 1.9,
p =.1; t-statistic 0.17, p = .7, respectively). Models using MSL (<8 vs. >8) as the outcome did not show an omnibus race effect, but in the logistic
model, the association of African-American race with MSL < 8 was significant (chi-square 6.24, p = .04). In exploratory multivariable linear
regression analysis to examine the association of MSL with determinants described above, only sleep duration and male sex were significantly
associated with short MSL (p =.0004 and .006, respectively).

Determinants of sleepiness

In the initial multivariable regression model of the larger dataset without cytokines, race (p = .007), lower BALM score (p =.02), arousal index (p =
.02), and shorter habitual sleep duration (p =.02) were found to be significant determinants of sleepiness in OSA (Table 2, n = 283). The first three
determinants, race, BALM score, and arousal index, were significantly associated with sleepiness in the second multivariable model using a smaller
dataset including cytokines: IL-6 and TNFa (Table 3, n = 211). In this model, sleep duration was no longer significant. A priori comparisons were
made among groups 1, 2, and 3 individually to reference group 4 for the significant predictor’s of concordant and discordant sleepiness (Tables 4 and

5).

Table 2.

Predictors of sleepiness: model without cytokines (n = 283)

Parameter Wald chi squareJr P
Age 4.36 2
Gender (men) 1.52 7
BMI 0.97 8
Race 17.7 .007
Education (years of college) 2.62 4
BALM score 9.35 .02
Sedating medication (yes/no) 0.59 9
Comorbidity (yes/no) 2.07 5
Daily sleep duration (actigraphy)  9.93 .02
AHI 0.64 .6
Average oxygen saturation 3.33 3
Sleep efficiency 1.88 .6

Arousal index 9.62 .02


https://academic.oup.com/view-large/118228888

One hundred fifteen observations were deleted due to missing values for the predictors or outcome variables in the full model. Group 4
(nonsleepy) is reference group vs. other groups.

BMI = body mass index; BALM = Basic Language Morningness questionnaire; AHI = apnea—hypopnea index.

TGeneralized Logit Type 3 Analysis of Effects, Degrees of Freedom = 3.

Table 3.

Predictors of sleepiness: model with cytokines (n = 211)

Parameter Wald chi squareJr P
Age 5.82 A
Gender (men) 2.94 4
BMI 2.1 5
Race 21.01 .001
Education (years of college) 0.78 .8
BALM score 10.32 .01
Sedating medication (yes/no) 0.46 9
Comorbidity (yes/no) 3.46 3
Daily sleep duration (actigraphy)  4.95 A
AHI 3.53 3
Average oxygen saturation 1.27 .73
Sleep efficiency 3.26 3
Arousal index 13.43 .003
*InlL-6 6.25 .09
*INnTNFa 714 .06

One hundred fifteen observations were deleted due to missing values for the predictors or outcome variables in the full model. Group 4
(nonsleepy) is reference group vs. other groups.

BMI = body mass index; BALM = Basic Language Morningness questionnaire; AHI = apnea—hypopnea index; *In = log normal
transformation.

TGeneralized Logit Type 3 Analysis of Effects, Degrees of Freedom = 3.

Table 4.

Predictors of objective and subjective sleepiness: model without cytokines (n = 283)
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Parameter’ Group1(n= 90)i Group 2 (n= 37)¢ Group 3 (n= 80):c

Estimate P Estimate P Estimate P

Age 0.04 .06 0.01 .6 0.003 8
Gender (men) 0.29 4 -0.09 .8 -0.15 7
BMI 0.008 .6 -0.01 .6 0.005 7
Race’

African American 1.39 .002 1.92 .001 0.43 3

Other 0.97 1 1.29 A -0.40 5
Education (years of college) -0.24 A -0.00 9 -0.06 7
BALM score -0.41 .02 0.14 5 0.04 8
Sedating medication (yes/no) 0.24 5 0.10 .8 0.25 5
Comorbidity (yes/no) -0.26 4 -0.33 4 -0.52 A
Daily sleep duration (actigraphy)  —0.11 .01 0.006 .8 -0.09 .03
AHI 0.005 5 0.007 .5 0.007 4
Average oxygen saturation -0.12 A -0.17 .08 -0.10 2
Sleep efficiency -0.002 3 -0.01 3 -0.006 4
Arousal index -0.01 2 -0.02 .08 -0.03 .003

One hundred fifteen observations were deleted due to missing values for the predictors or outcome variables.
BMI = body mass index; BALM = Basic Language Morningness (range 13-55); AHI = apnea—hypopnea index.
TGeneralized Logit Type 3 Analysis of Effects, Degrees of Freedom = 3.

IGroup 1=PVT lapse 22 and ESS = 11, Group 2 = PVT lapse = 2 and ESS < 11, Group 3 = PVT lapse <2 and ESS = 11, Group 4 =
PVT lapse < 2 and ESS < 11. Group 4 (nonsleepy) = Reference; n = 76.

SReference race was European American.

Table 5.

Predictors of objective and subjective sleepiness: model with cytokines (n = 211)


https://academic.oup.com/view-large/118228894

Parameter’ Group1(n=71)* Group2(n=24* Group3(n=61)f

Estimate P Estimate P Estimate P

Age 0.06 .03 0.00 9 0.02 4
Gender (men) 0.24 5 -0.20 .6 -0.24 5
BMI -0.00 7 -0.03 3 -0.03 2
Race’

African American 217 .0002 2.81 .0006 1.20 .03

Other 1.16 A 1.17 3 -0.34 6
Education (years of college) 0.06 7 0.15 5 0.17 4
BALM score -0.65 .005 -0.13 .6 -0.04 8
Sedating Medication (yes/no) 0.11 .8 -0.21 7 0.13 .8
Comorbidity (yes/no) -0.61 2 -0.78 2 -0.86 .07
Daily Sleep Duration (actigraphy)  -0.11 .02 -0.05 3 -0.06 2
AHI 0.01 4 0.01 2 0.02 .07
Average oxygen saturation -0.07 5 -0.10 4 -0.00 9
Sleep Efficiency 0.01 A -0.001 9 0.003 8
Arousal Index -0.02 A -0.03 .06 -0.05 .0003
*InlL-6 0.65 .03 0.45 2 0.71 .02
*INTNFa -0.07 .8 0.59 2 -0.81 .09

One hundred eighty-seven observations were deleted due to missing values for the predictors or outcome variables.

BMI = body mass index; BALM = Basic Language Morningness (range 13-55); AHI = apnea—hypopnea index; *In = log normal
transformation.

TGeneralized Logit Type 3 Analysis of Effects, Degrees of Freedom = 3.

IGroup 1=PVT lapse 22 and ESS = 11, Group 2 = PVT lapse = 2 and ESS < 11, Group 3 = PVT lapse <2 and ESS = 11, Group 4 =
PVT lapse < 2 and ESS < 11. Group 4 (nonsleepy) = Reference; n = 55.

SReference race was European American.

Due to the persistent observed association of race with sleepiness, we first analyzed race without sociodemographic covariates (univariate analysis).
The African-American race was significantly associated with risk of concordant sleepiness (group 1 vs. 4; OR = 3.8, 95% confidence interval [CI]
2.0-7.3) and objective sleepiness (group 2 vs. 4; OR = 4.0, CI 1.7-9.6), but not with subjective sleepiness (group 3 vs. 4; OR = 1.2, CI 0.6-2.2). The
association of the African-American race with concordant sleepiness (group 1) in the multivariate models remained significant (with and without
cytokines, OR = 8.8, CI 2.8-27.3 and OR = 4.0, CI 1.6-9.8, respectively). In contrast, the association of the African-American race with objective
sleepiness (group 2) was stronger in the multivariate models (with and without cytokines, OR = 16.6, CI 3.3-83.6 and OR = 7.18, C1 2.2-22.9,
respectively). The African-American race was associated with subjective sleepiness only in the multivariate model with cytokines (group 3 vs. 4, OR
=3.3,CI 1.0-10.1). Other race (not African-American or European-American) was a smaller sample of 29 participants and showed a trend towards
higher odds of objective sleepiness that failed to achieve statistical significance (Table 4, OR = 4.5, CI 0.9-22.4).

Higher BALM score (morning chronotype) and longer habitual sleep duration were protective for concordant sleepiness in models with and without
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cytokines (BALM: group 1 vs. 4; OR = 0.52, CI 0.33—0.82 and OR = 0.65, CI 0.48-0.93, respectively, and sleep duration: group 1 vs. 4; OR = 0.89,
CI 0.81-0.99 and OR = 0.89, CI 0.80-0.98, respectively). Neither chronotype nor habitual sleep duration was associated with risk of objective or
subjective sleepiness alone (group’s 2 or 3 vs. group 4). Older age was associated with concordant sleepiness only in the model with cytokines (OR =
1.06, CI 1.0-1.1). PSG-derived sleep and respiration variables were not significant determinants of sleepiness with the exception of arousal index. A
high arousal index was associated with lower risk of subjective sleepiness in models with and without cytokines (OR = 0.94, CI 0.91-0.97 and OR =
0.96, CI 0.94-0.98).

Although group 1 had fewer years of college education (Table 1), this was not associated with the outcome of sleepiness in the multivariable models.
Finally, with respect to the association of cytokines with sleepiness in the final model (Table 5), higher IL-6 levels were associated with risk of
concordant and subjective sleepiness (group 1 vs. 4; OR =1.91, CI 1.0-3.4 and group 3 vs. 4; OR 2.0, CI 1.1-3.7). As increases in IL-6 levels have
previously been reported with obesity, sleepiness, and OSA [38—41], we added interaction term BMI X InIL-6 to the final multivariable model and
found no significant interaction (p-value =.99). When BMI was considered in categories, we saw a similar p-value = .87 for the joint test of the

interaction. This suggests that the relationship of IL-6 to the outcome of sleepiness did not differ by BMI.

Although sedating medications were included as covariates, we explored the effect of sedatives on sleepiness by repeating the multivariate analyses
in participants without self-reported sedative use (» = 186; group 1 = 56, group 2 = 26, group 3 = 51, group 4 = 53). The smaller sample size limited
statistical power, but similar trends were seen with respect to determinants of sleepiness. Daily sleep duration by actigraphy and race showed trend
towards association with sleepiness (type 3 ANOVA, p = .06 for each). The analysis of maximum likelihood estimates showed sleep duration trended
to lower values in groups 1 and 3 compared with group 4 (—.09, p = .05 and —.1, p = .05, respectively). African-American race was associated with
groups 1 and 2 compared with group 4 (1.35, p = .02 and 1.57, p = .03, respectively). Lower education level was associated with group 1 vs. group 4
(—.44, p = .04) and a lower arousal index was associated with group 3 vs. group 4 (—.03, p =.03).

Discussion

Excessive daytime sleepiness is a hallmark of clinically significant OSA and leads to impaired function, reduced quality of life, and possibly poorer
cardiovascular outcomes [41-45]. Sleepiness increases healthcare utilization in populations at risk of OSA [46]. This study prospectively examined
determinants of objective and subjective sleepiness in a cohort with treatment-naive OSA. We report a positive association of the self-identified
African-American race and a negative association of morning chronotype with concordant objective and subjective sleepiness in OSA. In addition,
elevated IL-6, a proinflammatory cytokine, was predictive of concordant sleepiness. Our finding of short sleep duration being a significant predictor of
concordant sleepiness is consistent with previous reports in OSA [13, 47]. As noted above, sleepiness appears to be a phenotypic marker of increased
risk of adverse health outcomes in OSA, but its manifestation does not hinge on the severity of OSA. Understanding the sociodemographic and

biological characteristics that lead to sleepiness will aid the development of personalized treatment approaches and goals for individuals with OSA.

The role of race in the manifestation of sleepiness in OSA has been unclear. Studies in general sleep clinic populations and epidemiological cohorts
report 1-2 points greater ESS scores in African Americans compared with European Americans [48, 49]. In a subset analysis, after adjusting for age,
gender, BMI, education, sleep duration, depression, and AHI, ESS remained numerically higher in African Americans by 0.85 points [49]. This study
also noted that higher ESS scores in African Americans stemmed from two out of eight questions. Another report of racial differences in subjective
sleepiness within an epidemiological cohort found less frequent sleepiness, but a 1.5-fold higher prevalence of increased ESS score in African
Americans after adjusting for demographics, sleep duration, OSA, insomnia, medication use, depression, and social support [50]. Few studies have
specifically examined the role of race in sleepiness in clinical populations with OSA. Scharf et al. performed a retrospective analyses of racial
differences in clinical populations with OSA and found higher ESS scores in univariate analyses among African Americans [51]. A recent study by
Eliasson et al. examined the effects of gender and race on ESS in European-American and African-American adults at high risk for OSA [52]. This
study reported a greater ESS in African-American men with OSA, but this association was not significant when adjusted for age, gender, BMI,
perceived stress, and self-reported sleep duration. Another study of patients with severe OSA (AHI > 30 per hour) and more than 60% of the sample
represented by African Americans found no association of ESS with race, but did report depression and oxygen desaturation index as determinants of
increased ESS [53]. In aggregate, these findings suggest greater subjective sleepiness in African Americans with OSA, but highlight the potential
impact of variations on perception and cultural interpretation, limiting the utility of subjective sleepiness in measuring the health effects of sleepiness.
To the best of our knowledge, this is the first study to demonstrate a significant association of African-American race with both objective and
subjective sleepiness, independent of confounders. Multivariate models with and without inflammatory cytokines showed that the African-American
race was predictive of concordant and objective sleepiness. In the second model, after adjustment for cytokines, the African-American race was
associated with higher risk of concordant, objective, and subjective sleepiness (approximately 7-, 16-, and 3-fold increased risk, respectively). Notably,

the association of sleepiness with African-American race was stronger in categories including objective sleepiness (groups 1 and 2) and roughly



doubled with the inclusion of inflammatory cytokines in the model. Similarly, inclusion of education, a socioeconomic status proxy, failed to mitigate
this relationship. Furthermore, sleepiness indicated by MSL, which is less affected by mood, was also associated with African-American race [54].

Overall, these associations indicate that the African-American race is a risk factor for sleepiness in OSA.

The effect of chronotype on sleepiness in OSA has not been systematically studied. Morningness and eveningness have been associated with higher
AHI compared with populations with intermediate chronotype in obese adults with OSA [55]. In contrast, higher prevalence of OSA and higher levels
of stress hormones have been reported in evening chronotype [56]. Stelmach-Mardas et al. reported positive effects of morning chronotype on quality
of life in OSA, particularly in the physical health and social relationship domains. This study assessed the relationship of depression and
cardiometabolic markers (including blood pressure) with quality of life, but did not measure sleepiness [57]. More recently, in a genome-wide
association study of self-reported morningness, the authors found no association of morningness with “self-reported sleep phenotypes” including
insomnia and sleep apnea. This study also reported an association of morningness with lower rates of depression and obesity [58]. Taken together,
these studies suggest that the relationship of chronotype with OSA is complex and confounded by obesity and mood. The protective effect, albeit a
modest one (Cohen’s d effect size = 0.2), of morning chronotype on sleepiness in OSA is an important finding, and vulnerability to adverse health
outcomes in OSA imparted by chronotype needs to be examined in future studies.

Similar to the largest study on the association of subjective sleepiness with short self-reported sleep duration [13], we found that the group with
concordant sleepiness slept an average of 49 min less per night by actigraphy compared with nonsleepy group. Not surprisingly, sleep duration had a
large effect on concordant sleepiness (effect size = 0.7). Objective and subjectively sleepiness alone was also associated with a trend to shorter sleep
duration that failed to achieve statistical significance. Sleep deprivation is the commonest cause of sleepiness in the general population and is
associated with adverse cardiometabolic outcomes [59, 60]. More recently, sleep deprivation—related exacerbation of oxidative stress, inflammation,
and risk for hypertension in OSA has been reported [61, 62]. However, it is unclear whether the adverse impact of sleep loss is further heightened by
OSA. Nevertheless, our findings underscore the importance of sleep extension counseling and intervention as integral components of management of

symptomatic OSA.

There are conflicting reports on the somnogenic effects of proinflammatory cytokine IL-6 in OSA [63]. Bravo et al. identified objective and
subjective sleepiness by ESS and MSLT in a clinical sample of men with severe OSA compared with matched controls. OSA patients had higher
levels of IL-6 compared with controls, but this was not different between OSA with and without sleepiness [19]. A similar approach to identifying
sleepiness by ESS and MSLT in OSA was taken in a recent report that found a significant relationship between objective sleepiness and elevated IL-
6 levels but no association between severe subjective sleepiness and IL-6 [20]. Our results replicate and extend these findings by showing a similar
association of IL-6 levels with concordant sleepiness identified by PVT and ESS and with subjective sleepiness. This study failed to show an
association with PVT-measured sleepiness alone, likely due to the small sample size. Notable differences that may account for the discrepant findings
with respect to subjective sleepiness are a smaller sample size and a lack of objectively measured habitual sleep duration in the study by Li et al.
Although IL-6 levels do not appear to improve with continuous positive airway pressure (CPAP) treatment of OSA in unselected populations [64], it
is unclear whether this may yet prove to be a useful biomarker of CPAP treatment response or lack thereof in sleepy OSA populations. The potential
utility of IL-6 as a biomarker of physiological sleepiness and residual sleepiness in treated OSA, independent of obesity, sleep duration, and other

confounders, needs to be further explored [63, 65].

TNFa level was not associated with sleepiness. There are conflicting reports regarding elevated TNFa levels and its association with sleepiness in
children with OSA [66, 67]. The role of TNF4, if any, as a biomarker of sleepiness in OSA remains to be clarified. Unlike previous reports, the lack
of association of sleepiness with OSA severity in this study is likely due to the overall modest severity of OSA [68]. A lower arousal index was noted
in the subjectively sleepy group, similar to another report of longer and deeper sleep noted in patients with moderate OSA with subjective sleepiness
[7]. This finding suggests that subjective sleepiness alone may reflect homeostatic sleep drive in moderate OSA. As respiratory arousals were not

separately assessed in this study, it is difficult to ascertain the significance of this finding with respect to OSA.

There is limited data regarding the role of age, obesity, and gender in pathogenesis of objective sleepiness in OSA. Similar to the previous report by
Kapur et al., we did not find age to be associated with subjective sleepiness [13], but older age increased the risk of concordant sleepiness, when
inflammation was taken into account. Unlike the previous report, this study included a middle-aged relatively healthy sample with a low prevalence of
serious medical conditions such as chronic cardiopulmonary disease (<6% vs. 10%—24%). It is plausible that aging in this sleepy OSA population
increases vulnerability to functional impairment. This finding needs replication and further validation. In this study, PVT, a brief objective measure of
sleepiness that is easily deployable in the clinic, has shown sensitivity to short MSL, chronic sleep deprivation, chronotype, and inflammation in OSA.
This adds to the evidence that suggests that PVT is an underutilized objective tool for assessment of sleepiness in OSA [69-71]. Larger studies
examining IL-6 as a biomarker of sleepiness in treated and untreated OSA are needed to understand its utility in predicting occupational and health
risks attributable to OSA. Additional novel pathways and tools that can improve our understanding of the pathogenesis of sleepiness in OSA include

metabolic pathways and advanced neuroimaging [72, 73]. Finally, a parsimonious combination of physiological and biochemical biomarkers may be



more valuable than any single measure of sleepiness [74].

The strengths of this study include a diverse, well-characterized sample of treatment naive OSA, objective assessment of sleepiness, and usual sleep
duration. Important confounders, such as other primary sleep disorders, were excluded. Medical and psychiatric disorders as well as use of
medications were considered in the final analyses. In this context, it is important to note that subjective sleepiness has been studied more widely than
objective sleepiness, and factors important in its regulation include mood [53, 75]. A notable limitation of this study is that mood and psychosocial
stress or support were not measured as potential confounders in participants. This is important given the association of self-identified African-
American race and chronotype with sleepiness. Adequately powered studies are needed to address the association of chronotype and race with
sleepiness, independent of mood and psychosocial stress. This is relevant to designing effective therapeutic interventions and is an important area of
future investigation. Another limitation of this study that may affect the generalizability of our findings includes lack of young and older adults,
precluding conclusions regarding the effect of aging on sleepiness.

In summary, this study highlights known and novel factors that are important in the pathogenesis of sleepiness in OSA, namely, chronic sleep
deprivation, chronotype, African-American race, and inflammation. An important next step is to understand the extent and mechanisms by which

these factors mediate sleepiness and identify sleepiness measures that are valid biomarkers of adverse health outcomes in OSA.
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