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Abstract

Rationale: Obstructive sleep apnea (OSA) is associated with
cardiovascular disease and incident type 2 diabetes (T2DM).
Seven OSA phenotypes, labeled on the basis of their most
distinguishing polysomnographic features, have been shown to be
differentially associated with incident cardiovascular disease.
However, little is known about the relevance of
polysomnographic phenotypes for the risk of T2DM.

Objectives: To assess whether polysomnographic phenotypes
are associated with incident T2DM and to compare the predictive
value of baseline polysomnographic phenotypes with the
Apnea-Hypopnea Index (AHI) for T2DM.

Methods: The study included 840 individuals without baseline diabetes
from a multisite observational U.S. veteran cohort who underwent OSA
evaluation between 2000 and 2004, with follow-up through 2012. The
primary outcome was incident T2DM, defined as no diagnosis at
baseline and a new physician diagnosis confirmed by fasting blood
glucose >126 mg/dL during follow-up. Relationships between the seven
polysomnographic phenotypes (1. mild, 2. periodic limb movements of
sleep [PLMS], 3. non-rapid eye movement and poor sleep, 4. rapid eye
movement and hypoxia, 5. hypopnea and hypoxia, 6. arousal and poor
sleep, and 7. combined severe) and incident T2DM were investigated
using Cox proportional hazards regression and competing risk regression

models with and without adjustment for baseline covariates. Likelihood
ratio tests were conducted to compare the predictive value of the
phenotypes with the AHL

Results: During a median follow-up period of 61 months, 122
(14.5%) patients developed incident T2DM. After adjustment for
baseline sociodemographics, fasting blood glucose, body mass
index, comorbidities, and behavioral risk factors, hazard ratios
among persons with “hypopnea and hypoxia” and “PLMS”
phenotypes as compared with persons with “mild” phenotype
were 3.18 (95% confidence interval [CI], 1.53-6.61] and 2.26
(95% CI, 1.06-4.83) for incident T2DM, respectively. Mild OSA
(5= AHI <15) (vs. no OSA) was directly associated with
incident T2DM in both unadjusted and multivariable-adjusted
regression models. The addition of polysomnographic
phenotypes, but not AHI, to known T2DM risk factors greatly
improved the predictive value of the computed prediction model.

Conclusions: Polysomnographic phenotypes “hypopnea and
hypoxia” and “PLMS” independently predict risk of T2DM
among a predominantly male veteran population.
Polysomnographic phenotypes improved T2DM risk prediction
comared with the use of AHI.
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Obstructive sleep apnea (OSA) affects up to
30% of adults and is associated with major
neurocognitive and cardiovascular sequelae,
including hypertension, stroke, heart failure,
and overall mortality (1-3). Emerging
evidence also indicates that OSA is
independently linked with increased risk of
type 2 diabetes (T2DM), which is known to
predispose individuals to a wide range of
vascular diseases (4-6). However, it remains
unknown whether the association between
OSA and T2DM is direct (e.g., due to effects
on insulin secretion and/or insulin action) or
indirect (e.g., due to OSA being a marker of
obesity and insulin resistance that increases
risk of T2DM) or due to shared mechanisms
(7-9). Data from animal and human studies
suggest that intermittent hypoxia and sleep
fragmentation, the two cardinal features of
OSA, may be causal in glucose metabolism
dysregulation observed in patients with OSA
(10-12). However, the exact mechanisms
connecting intermittent hypoxia and sleep
fragmentation to metabolic dysfunction are
less well understood. More work is needed to
better characterize subgroups of the OSA
population who are most susceptible to its
metabolic effects (10, 11).

The conventional metric used to
capture intermittent hypoxemia and arousals
in OSA is the Apnea—Hypopnea Index
(AHI). Thus, most previous studies exploring
prognostic significance of OSA for incident
T2DM were based on the AHI (4, 5, 13).
Only a few studies have shown relevance of
other metrics such as sleep time with oxygen
saturation under 90% in T2DM risk
prediction (T90) (5, 14). OSA, however, is a
heterogeneous syndrome (15) with varied
pathophysiological mechanisms (16), clinical
and polysomnographic presentations (17),
and consequences of respiratory events (e.g.,
apneas and hypopneas) (18). A single metric
such as the AHI (or several) may not fully
capture the physiologic consequences of
OSA (15, 19, 20). Accordingly, we have
previously identified seven distinct
polysomnographic phenotypes in patients
with suspected OSA by applying cluster
analysis to a wide scope of
polysomnographic metrics. These
phenotypes captured different sleep apnea
phenomena, including co-occurrence with

periodic limb movements of sleep (PLMS),
association of respiratory events with
arousals, hypoxic load, and specific sleep
states. Importantly, they differentially
predicted adverse cardiovascular disease
(CVD) outcomes (20).

Because pathophysiological processes in
the causal pathway between OSA and CVD
(breathing disturbance, autonomic
dysregulation, hypoxemia, and sleep
disturbance) (21, 22) may also link OSA with
T2DM, such phenotypes may help identify
individuals at the greatest risk for T2DM.
Therefore, our objectives were to I) examine
the relationship between polysomnographic
phenotypes and incident T2DM and 2)
compare the predictive value of
polysomnographic phenotypes and the AHI
as risk factors for the development of
incident T2DM.

Part of this work was published in an
abstract in the American Thoracic Society
2021 International Conference (23).

Methods

Study Design, Participants, and
Analytic Sample

We analyzed the data from the DREAM
(Determining Risk of Vascular Events by
Apnea Monitoring) study, a clinic-based
observational cohort of veterans referred for
OSA evaluation at three Veterans Affairs
Medical Centers (West Haven, Connecticut;
Cleveland, Ohio; and Indianapolis, Indiana)
(24). Briefly, this study was designed to
identify polysomnographic metrics of OSA
physiology predictive of incident
cardiovascular and metabolic outcomes.
Details of the DREAM study, its data
acquisition, and its variable definitions have
been described previously (21, 24).

A total of 2,041 Veterans were enrolled
from 2000 to 2004 and followed through
2012 for incident CVD and diabetes (24). At
the time of enrollment (baseline: defined as
time of the nocturnal clinical
polysomnography), detailed characterization
of PSG metrics was performed, and clinical
risk factors for CVD and metabolic
outcomes were identified. Our analytic
sample included 840 patients, with selection

criteria shown in Figure 1. The DREAM
study was approved by the research ethics
committee at each participating center.

Outcomes

Our primary outcome was incident T2DM,
defined as a fasting glucose level >126 mg/
dL with a corresponding new diagnosis of
diabetes during follow-up. Two physician
investigators, who were blinded to patients’
OSA status, reviewed electronic medical
records to ascertain diabetes status.

Clinical Data

Demographic, anthropometric, and clinical
variables, including measures of fasting
glucose and HbA 1¢, body mass index (BMI),
alcohol intake, smoking, medication usage,
and details of medical history, were
abstracted from electronic health records by
experienced and trained research staff.

Sleep Studies and
Polysomnographic Phenotypes

Sleep stages and events were scored at a
single center (West Haven, Connecticut) by
trained technicians according to standard
criteria (21, 24). The AHI was determined
using the hypopnea definition of 30% flow
decrement associated with 4% arterial
oxygen desaturation (24).

Previously, we identified seven distinct
patient subgroups by applying cluster
analysis to 29 polysomnographic variables
from the following four domains believed to
represent pathophysiological processes
linking OSA to CVD: breathing disturbance,
autonomic dysregulation, hypoxemia, and
sleep disturbance (21, 22). See the full
variable list in Tables E1 and E2 in the online
supplement. The seven subgroups, referred
to as “phenotypes,” were named according to
their distinguishing polysomnographic
features, as follows: mild, PLMS, non-rapid
eye movement (NREM) and poor sleep,
rapid eye movement (REM) and hypoxia,
hypopnea and hypoxia, arousal and poor
sleep, and combined severe (21). These
phenotypes constitute the primary predictors
in our study. Continuous positive airway
pressure (CPAP) therapy adherence was
dichotomized as regular use and not regular
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Veterans referred for OSA evaluation & enrolled in

DREAM study (N = 2,041)

1. Missing data on any polysomnographic

2. Inconsistently abstracted polysomnograms
or scoring discrepancies (n = 308)
3. Sleep duration <15 min (n = 4)

1. Documented histroy of diabetes at

2. Loss of follow-up (n = 27)

Excluded:
« | variables (n = 482)
Y
With complete polysomnographic data
(n=1,247)
Excluded:
N
”| enroliment (n = 380)
Y

Final dataset (n = 840)

Y
Y Y Y Y Y Y Y
Mild PLMS NREM & poor REM & Hypopnea Arousal & Combined
(n =395 (n=73 sleep hypoxia & hypoxia o severe
47%) 8.7%) (n =115, (n=107 (n =43, (np= 24 2 9'3/0 ) (n=83,
13.7%) 12.7%) 5.1%) T 9.9%)

Figure 1. Selection of analytic sample. DREAM = Determining Risk of Vascular Events by Apnea Monitoring; NREM = non-rapid eye movement;
OSA = obstructive sleep apnea; PLMS = periodic limb movements of sleep; REM =rapid eye movement.

use. Further details of this CPAP use metric
were previously published (21, 25).

Statistical Analyses
We summarized baseline characteristics and
polysomnographic metrics using mean
(=SD) or median (interquartile range) for
continuous variables and using frequencies
with proportions for categorical variables.

The T2DM incidence rate was
calculated as the number of patients with the
outcome divided by the total number of
patient-years under observation, expressed as
the number of events per 100 patient-years.
The cumulative incidence of incident T2DM
for each phenotype group was estimated by
using the Kaplan-Meier method and
compared among polysomnographic
phenotypes using a log-rank test. Patients
who did not develop incident T2DM were
censored at either the end of follow-up or the
time of death, whichever occurred first.

We used Cox proportional hazards
regression survival models to evaluate
associations between polysomnographic
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phenotypes and incident T2DM (with the
mild phenotype designated as reference
group). The Cox proportional hazards
assumption was assessed and confirmed
using a test of correlation between
Schoenfeld residuals and survival time
(26,27) (Text E3).

Potential confounders were adjusted for
in a sequence of six models to assess the role
of each confounder domain (e.g.,
demographics, baseline blood glucose
concentrations, obesity, BMI changes over
time, comorbidities, and behavioral risk
factors) (28). Because many comorbidities
were considered as potential risk factors, to
avoid model overfitting, we selected those
reported in prior literature and those with P
values of less than 0.1 on bivariate analyses
with the primary outcome. The final model
was adjusted for sex, age, race/ethnicity,
baseline fasting glucose concentrations, BMI,
changes of BMI over time, hypertension,
heart failure, myocardial infarction,
depression, smoking status, and alcohol
use.

We also investigated whether OSA
severity categories defined by AHI (AHI < 5,
5= AHI < 15,15 < AHI < 30, and AHI =
30 events/h) predicted incident T2DM.
Covariates were adjusted for using the same
procedure as for polysomnographic
phenotypes. We also performed a sensitivity
analysis with the same approach using
hypoxia metrics (sleep time with oxygen
saturation under 90%, oxygen desaturation
index >4%, and nadir oxygen saturation).

To assess the added value of phenotypes
(or AHI severity categories) in predicting
incident T2DM, we first developed a
parsimonious model of T2DM risk using the
covariates noted above and excluding
polysomnographic characteristics
(“established risk factor model”). We then
added the phenotypes (or AHI severity
categories) to assess for improvement in the
established risk factor model of T2DM using
likelihood ratio tests (29) (P values from
likelihood ratio tests are reported). Because
diabetes is a major risk factor for
cardiovascular morbidity and mortality and
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vice versa (30, 31), we conducted exploratory  data, power calculation, parsimonious model ~ patients were men with a mean age of 57 +

analyses to assess for overlap between the building, and additional analyses are listed in ~ 12.4 years, BMI of 33.4 * 6.9, and median

subjects who developed CVD events or death  the online supplement (Tables E4-E8, Text (interquartile range, IQR) AHI of 12.0 (32.1)

and those who developed T2DM (analytic E9, and Tables E10-E13). events/hour. Of the 122 patients who

details reported in Tables E8, E10, E11, and developed incident T2DM, 79 (64.8%) were

Text E9). Results receiving antidiabetic medications by the end
Statistical analyses were conducted of follow-up. Compared with patients

using SAS version 9.4 (SAS Institute Inc.). A Cohort Baseline Characteristics without diabetes, patients who developed

two-sided P value of 0.05 was used to assess Table 1 shows baseline characteristics of incident T2DM had higher baseline

statistical significance. Details about missing ~ patients by diabetes status. Most (94%) BMI, fasting blood glucose concentrations,

Table 1. Baseline characteristics of 840 patients stratified by diabetes status

Incident T2DM No Incident T2DM All Patients

Characteristics (n=122) (n=718) (N =840) P Value*
Age, mean *= SD, yr 55.7+11.6 57.7+125 57.4+12.4 0.1003
Sex, male, n (%) 117 (95.9) 676 (94.2) 793 (94.4) 0.4365
Race, white, n (%) 86 (70.5) 577 (80.4) 663 (78.9) 0.0364
Employed, n (%) 40 (32.8) 281 (39.1) 321 (38.2) 0.045
BMI, mean = SD 36.1+7.0 33.0+6.8 33.4+6.9 <0.0001
BMI change from baseline, mean = SD 0.7+4.6 -0.1+42 0.0+4.2 0.0437
ESS, mean += SD 11.3+6.1 10.9+5.6 10.9+5.7 0.5287
Tobacco, current use, n (%) 54 (44.6) 238 (34.0) 292 (35.5) 0.0234
Alcohol, current use, n (%) 72 (60.0) 353 (51.0) 425 (52.3) 0.0688
Hypertension, n (%) 87 (71.3) 446 (62.1) 533 (63.5) 0.0512
Coronary artery disease, n (%) 22 (18.0) 95 (13.2) 117 (13.9) 0.1567
Congestive HF, n (%) 7 (5.7) 51 (7.1) 58 (6.9) 0.5824
Prior CVD, n (%) 5(4.1) 49 (6.8) 54 (6.4) 0.2563
Atrial fibrillation, n (%) 4 (3.3) 46 (6.4) 50 (6.0) 0.1770
MI within past 5 yr, n (%) 11 (9.0) 47 (6.5) 58 (6.9) 0.3197
B-blockers, n (%) 43 (35.2) 215 (29.9) 258 (30.7) 0.2406
Renal failure, n (%) 1(0.8) 18 (2.5) 19 (2.3) 0.2452
Chronic lung disease, n (%) 41 (33.6) 221 (30.8) 262 (31.2) 0.5397
Cancer, n (%) 5(4.1) 71 (9.9) 76 (9.0) 0.0393
Depression, n (%) 54 (44.3) 260 (36.3) 314 (37.5) 0.0936
PTSD, n (%) 14 (11.5) 78 (10.9) 92 (11.0) 0.8494
Dementia, n (%) 2 (1.6) 10 (1.4) 12 (1.4) 0.8348
AHI, median (IQR), events/hr 19.5 (47.7) 10.9 (29.8) 12.0 (32.1) <0.0001
OSA severity by AHI categories 0.0002

No OSA (AHI < 5/hr), n (%) 25 (20.5) 257 (35.8) 282 (33.6)

Mild OSA (5 < AHI < 15/hr), n (%) 27 (22.1) 152 (21.2) 179 (21.3)

Moderate OSA (15 < AHI < 30/hr), n (%) 15 (12.3) 116 (16.2) 131 (15.6)

Severe OSA (AHI = 30/hr), n (%) 55 (45.1) 193 (26.9) 248 (29.5)
T60-89, median (IQR), % 2.0 (13.0) 1.0 (8.0) 1.0 (9.0) 0.0787
Desat 2 to 4% Index, median (IQR), events/hr 13.5 (19.1) 8.4 (12.8) 9.0 (14.4) <0.0001
Desat 4% or greater Index, median (IQR), events/hr 18.2 (45.2) 9.8 (23.4) 10.9 (25.5) 0.0008
Total arousal index, median (IQR), events/hr 43.6 (43.6) 33.1 (34.8) 34.8 (37.1) 0.0005
Sleep Efficiency, median (IQR), % 77.3 (26.1) 77.1 (24.8) 77.2 (24.9) 0.8885
Regular CPAP use, n (%) 48 (39.3) 231 (32.2) 279 (33.2) 0.120
Fasting glucose, mean = SD, mg/dL 114.0 £22.7 101.2+18.3 103.0 = 19.4 <0.0001
ADA impaired fasting glucose definition, n (%) <0.0001

Fasting glucose < 100 mg/dL 23 (23.5) 337 (55.4) 360 (51.0)

Impaired fasting glucose (100-125 mg/dL) 53 (54.1) 228 (37.5) 281 (39.8)

Fasting glucose = 126 mg/dL 22 (22.4) 43 (7.1) 65 (9.2)
WHO impaired fasting glucose definition, n (%) <0.0001

Fasting glucose < 100 mg/dL 51 (52.0) 479 (78.8) 530 (75.1)

Impaired fasting glucose (110-125 mg/dL) 25 (25.5) 86 (14.1) 111 (15.7)

Fasting glucose = 126 mg/dL 22 (22.4) 43 (7.1) 65 (9.2)
Antidiabetic medication at end of follow-up, n (%) 79 (64.8) 49 (6.8) 128 (15.2) <0.0001

Definition of abbreviations: ADA = American Diabetes Association; AHI = Apnea—-Hypopnea Index; BMI =body mass index; CCl = Charlson
comorbidity index; CPAP = continuous positive airway pressure therapy; CVD = cardiovascular disease; Desat = desaturation; ESS = Epworth
sleepiness scale; HbA1c =hemoglobin A1c; HF = heart failure; IQR = interquartile range; MI =myocardial infarction; OSA = obstructive sleep
apnea; PTSD = post-traumatic stress disorder; T60-89% = T60-89% O, saturation index; WHO = World Health Organization.

*P values compared the differences between patients with incident diabetes and those without diabetes.
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and median AHI and greater oxygen
desaturation and total arousal index.

Baseline Characteristics of Different
Polysomnographic Phenotypes

The main polysomnographic features of
phenotypes were similar to those reported in

our prior study and are described below (21).

Because OSA severity is conventionally
assessed on the basis of AHI categories, we
grouped the seven polysomnographic

(<15 none/mild OSA, 15 to <30 moderate
OSA, and =30 severe OSA) to facilitate
easier understanding of phenotypes
characteristics.

None/Mild OSA. Patients with the mild
phenotype exhibited the lowest AHI, greater
sleep efficiency, and higher percentage of
REM sleep and nadir nocturnal oxygen
saturation (Table 2). The PLMS phenotype
was characterized by the highest PLMS index
and low respiratory event frequency (AHI =

Moderate OSA. Despite similar AHIs,
the polysomnographic features of the NREM
and poor sleep phenotype and the REM and
hypoxia phenotype were dramatically
different. Impaired sleep architecture (56%
sleep efficiency; 38% Stage 1 sleep), events in
NREM sleep, and minimal hypoxia (T90%
0, index, 0.01) characterized the NREM and
poor sleep phenotype. In contrast, patients
with the REM and hypoxia phenotype
exhibited relatively preserved sleep (81%

sleep efficiency; 14% Stage 1 sleep) and

phenotypes into three AHI-based categories 12.6 events/h).

Table 2. Polysomnographic features of OSA phenotypes grouped according to the domain (breathing disturbance, hypoxemia,
sleep architecture disturbance and autonomic dysregulation)

NREM REM Hypopnea Arousal
and and and and Combined
Phenotypes/variable Mild PLMS Poor Sleep  Hypoxia Hypoxia Poor Sleep Severe P Value
N 395 73 115 107 43 24 83
AHI, median (IQR) 4.0 (9.5) 12.6 (22.9) 19.4 (31.9) 19.2 (28.4) 44.2(34.1) 62.9(31.0) 84.1(26.7) <0.0001
Breathing disturbance
Total apnea index, 2.1 (5.8) 7.3(18.1) 13.8(29.3) 14.1 (20.5) 13.8(33.3) 55.6(26.8) 78.1(26.3) <0.0001
median (IQR)
Total hypopnea Index 3.3 (6.2) 7.4 (10.5) 10.5(13.7) 9.1 (11.4) 34.3(20.3) 10.3 (25.1) 4.6 (11.2) <0.0001
median (IQR)
% Obstructive apneas, 66.0+37.1 82.0+274 787+309 884+189 889+23.6 84.1*+271 82.6+249 <0.0001
mean = SD
% Combined apneas, 442+320 474+327 56.6+30.0 54.0+253 61.2+29.7 30.7+20.3 81.2+20.0 <0.0001
mean = SD
% Apneas with arousal 335+33.8 36.6+34.3 31.3+29.6 16.3+19.7 99+18.9 66.3+208 59+7.0 <0.0001
only, mean = SD
REM: NREM apnea ratio, 3.3*=7.1 1855 1.0+x44 8.0+159 04+13 0.2+0.5 0.1=0.3 <0.0001
mean = SD
Apnea D4: apnea arousal 1.3+2.9 09+1.9 0.8+1.7 35+43 93+13.0 0.1x0.1 52+9.9 <0.0001
ratio, mean = SD
Hypoxemia
T<90% O Index, 0.00 (0.01) 0.02 (0.09) 0.01(0.09) 0.06(0.18) 0.06 (0.27) 0.00 (0.01) 0.21 (0.36) <0.0001
median (IQR)
>4% desaturation index, 4.0 (8.8) 9.1 (15.5) 17.5(24.0) 19.0 (22.5) 49.3 (40.4) 17.4(37.1) 74.7 (30.5) <0.0001
median (IWR)
Lowest nocturnal O,% 86.4+40 834+62 849+47 726+x76 80158 87.3x41 785+6.3 <0.0001
saturation, mean + SD
Sleep architecture disturbance
Sleep efficiency, 78.9+139 678+19.2 56.4=16.9 81.3x128 679x17.0 57.7x25.2 69.7x16.0 <0.0001
mean *= SD
Stage 1%, median (IQR) 13.3 (10.6) 15.8 (17.9) 38.8 (24.1) 14.6 (15.9) 20.7 (21.7) 33.7 (25.7) 30.8 (42.1) <0.0001
Stages 3 and 4%, median 2.2 (10.7) 0.0 (5.8) 0.0 (0.0) 0.4 (7.3) 0.0 (2.2) 0.0 (0.0) 0.0 (0.0) <0.0001
(IQR)
REM, median (IQR), % 12.5 (12.8) 6.1 (13.3) 0.0 (8.0) 12.8 (9.3) 0.0 (4.7) 0.0 (0.0) 0.0 (0.0) <0.0001
Stage shift index, 23.6+10.1 274+14.0 46.6*+236 236=*x11.6 33.6*x19.6 56.1=30.7 41.6x245 <0.0001
mean = SD
Autonomic dysregulation
Total arousal index, 255+x122 41.7x202 645*x239 357*x193 573x26.9 851*x282 90.9+25.0 <0.0001
mean = SD
% Spontaneous arousals, 66.9+21.3 40.6*=196 50.3*x21.6 432+231 312*x142 17.8x109 121x10.1 <0.0001
mean = SD
PLMS index, median 0.0 (4.1) 65.7 (28.8) 0.0 (4.2) 0.0 (4.1) 0.0 (0.0) 0.0 (0.8) 0.0 (0.0) <0.0001
(IQR)

Definition of abbreviations: AHI = Apnea—Hypopnea Index; BMI = body mass index; CPAP = continuous positive airway pressure therapy;

ESS = Epworth sleepiness scale; HF = heart failure; Ml = myocardial infarction; NREM = non-rapid eye movement; OSA = obstructive sleep apnea;
PLMS = periodic limb movements of sleep; PTSD = post-traumatic stress disorder; REM =rapid eye movement; SD.

Numbers marked in bold indicate distinguishing features of each polysomnographic phenotype.
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experienced respiratory events during REM
sleep with a higher burden of hypoxia (T90%
O, index, 0.06).

Severe OSA. Hypopneas comprised
more than 75% of respiratory events in the
hypopnea and hypoxia phenotype, with 9 of
10 events associated with =4% desaturation.
Despite lower AHI, the hypopnea and
hypoxia phenotype exhibited higher burden
of hypoxia compared with the arousal and
poor sleep phenotype (AHI, 44 events/h and
63 events/h, respectively; T90% O, index,
0.06 and 0.01, respectively). The latter
phenotype was dominated by apneas with
arousals only (66%) and markedly disturbed
sleep (57% sleep efficiency; 33% Stage 1
sleep). The combined severe phenotype
presented with markedly elevated AHIs and

total apnea index, the highest percentage of
combined apneas, and the most severe
burden of hypoxia.

Regarding clinical features, patients in
the mild phenotype were much younger, had
the lowest BMI and fasting glucose
concentration, had the highest prevalence of
depression, and were less likely to have a
history of hypertension or myocardial
infarction (Table 3). Compared with the mild
group, the PLMS, NREM and poor sleep, and
REM and hypoxia groups were older, had
more obesity, and were more likely to have a
history of hypertension and use CPAP
regularly. Patients with the hypopnea and
hypoxia phenotype exhibited the highest BMI
and baseline fasting glucose concentrations,
and this group had the largest percentage of

Table 3. Baseline clinical features stratified by polysomnographic phenotypes

regular CPAP users. Compared with the
combined severe phenotype, patients in the
arousal and poor sleep group tended to be
older, were more likely to have history of
hypertension, and were less likely to use
CPAP regularly. One-half of combined severe
phenotype patients smoked.

Unadjusted Incidence of T2DM

Over a median follow-up of 61.0 months,
122 (14.5%) patients developed incident
T2DM (incidence rate, 3.0 per 100 person-
years; 95% confidence interval [CI], 2.5-3.6).
The incidence of new-onset T2DM (per 100
person-years) varied according to
polysomnography phenotypes (Figure 2 and
Table E14), with the highest rate in the
hypopnea and hypoxia phenotype (6.8; 95%

Phenotype/Variable Mild

N 395
Age, mean = SD, yr 54.4 +12.6
Sex, male, N (%) 361 (91.4)
White, n (%) 319 (80.8)
Employed, n (%) 155 (39.2)
BMI, mean + SD 31.6 £6.1
BMI change, mean = SD 0.2+4.0
Weight change, mean=SD, Ibs 1.8 =23.1
ESS, mean = SD 10.5+5.8
Tobacco, current use, n (%) 136 (35.4)
Alcohol, current use, n (%) 192 (50.1)
Hypertension, n (%) 218 (55.2)
Coronary artery disease, n (%) 43 (10.9)
Congestive HF, n (%) 18 (4.6)
Prior CVD, n (%) 27 (6.8)
Atrial fibrillation, n (%) 22 (5.6)
MI within past 5 yr, n (%) 22 (5.6)
B-blockers, n (%) 126 (31.9)
Renal failure, n (%) 6 (1.5)
Chronic lung disease, n (%) 125 (31.6)
Cancer, n (%) 36 (9.1)
Depression, n (%) 173 (43.8)
PTSD, n (%) 48 (12.2)
Dementia, n (%) 4 (1.0)
OSA severity by AHI categories, n (%)

No OSA (AHI < 5/h) 220 (55.7)

Mild OSA (5 <AHI < 15/h), 110 (27.8)

n (°/o)

Moderate OSA 47 (11.9)

(15 =< AHI < 30/h)

Severe OSA (AHI = 30/h) 18 (4.6)

Regular CPAP use, n (%) 94 (23.8

Fasting glucose, mean = SD,
mg/dL

Lowering-Glucose Medications,
n (o/o)

4(1.0)

NREM and REM and Hypopnea and Arousal and Combined

PLMS Poor Sleep Hypoxia Hypoxia Poor Sleep  Severe P Value
73 115 107 43 24 83

649+11.1 60.5+11.1 57.0=11.5 59.7+125 67.3+x10.9 57.2*=10.5 <0.0001
70 (95.9) 113 (98.3) 102 (95.3) 1 (95.3) 3(95.8) 83(100.0) 0.0162
63 (86.3) 96 (83.5) 5(70.1) 38 (88.4) 6 (66.7) 56 (67.5)  0.0003
21 (28.8) 47 (40.9) 46 (43.0) 12 (27.9) 8 (33.3) 32 (38.6) 0.0001
327+6.0 332*+x70 36.0+x74 37.9+7.8 359+6.4 36.8*+6.6 <0.0001
-0.5+4.1 0.1+3.6 0.2*+5.0 -0.7+£3.7 —-29+55 0.2+46 0.0221
—-1.3+218 —0.9*+243 32+277 —-3.1x258 —-19.3+33.7-25=*+27.6 0.0039
97+56 11.3x56 11.4=x56 12.3+5.5 102+53 123*59 0.2958
23 (31.5) 44 (38.6) 31(29.2) 10 (24.4) 7 (31.8) 41 (50.0) 0.0487
34 (48.6) 67 (60.9) 48 (46.2) 22 (53.7) 15 (65.2) 47 (58.0) 0.1981
53 (72.6) 78 (67.8) 67 (62.6) 33 (76.7) 20 (83.3) 64 (77.1) <0.0001
14 (19.2) 21 (18.3) 17 (15.9) 4 (9.3) 3(125) 15(18.1)  0.1811
10 (18.7) 10 (8.7) 5(4.7) 5 (11.6) 2 (8.3) 8 (9.6) 0.0505
6 (8.2) 8 (7.0) 5 (4.7) 1(2.3) 2 (8.3) 5 (6.0) 0.8718
5 (6.8) 8 (7.0) 7 (6.5) 1(2.3) 4 (16.7) 3 (3.6) 0.3006
6 (8.2) 12 (10.4) 5 (4.7) 2 (4.7) 2 (8.3) 9(10.8)  0.3427
20 (27.4) 39 (33.9) 40 (37.4) 9 (20.9) 7(29.2) 17 (20.5)  0.1487
0 (0.0 6 (5.3) 1 (0.9) 2 (4.7) 1 (4.2) 3 (3.6) 0.1118
28 (38.4) 31(27.2) 35(32.7) 10 (23.3) 12 (50.0) 21 (25.3) 0.1573
8 (11.0) 16 (13.9) 6 (5.6) 5 (11.6) 0 (0.0) 5 (6.0) 0.1833
31 (42.5) 40 (35.1) 33 (31.1) 13 (30.2) 4(16.7) 20 (24.1)  0.0016
6 (8.2) 11 (9.6) 13 (12.3) 2 (4.7) 3 (12.5) 9(10.8) 0.7664
3 (4.1) 3 (2.6) 1(0.9) 1(2.3) 0 (0.0) 0 (0.0) 0.2906
<0.0001

24 (32.9) 23(20.0) 13 (12.1) 2 (4.7) 0 (0.0) 0 (0.0)

4(19.2) 22(19.1) 28 (26.2) 4 (9.3) 0 (0.0) 1(1.2)

23 (31.5) 28 (24.3) 28 (26.2) 5 (11.6) 0 (0.0) 0 (0.0)

2 (16.4) 2 (36.5) 38 (35.5) 32 (74.4) 24 (100.0) 82 (98.8)

28 (38.4) 41 (35.7) 56 (52.3) 24 (55.8) 5(20.8) 31 (37.3) <0.0001

2 (2.7)

4 (3.5)

3 (2.8)

100.8 £17.2102.1 £19.0102.3 = 16.3103.4 =19.9 111.7£24.3

1(2.3)

1(4.2)

3 (3.6)

108.1 = 33.4 108.0 =22.4 0.0049

0.5357

Definition of abbreviations: AHI

= Apnea-Hypopnea Index; BMI
ESS = Epworth sleepiness scale; HF = heart failure; Ml

PLMS = periodic limb movements of sleep; PTSD = post-traumatic stress disorder; REM =rapid eye movement.
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=body mass index; CPAP = continuous positive airway pressure therapy;
=myocardial infarction; NREM = non-rapid eye movement; OSA = obstructive sleep apnea;
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Figure 2. Rates of incident type 2 diabetes (T2DM) among individuals referred for OSA
screening, stratified by polysomnographic phenotypes. Note that Apnea-Hypopnea Index
(AHI) was not used in generating patient phenotypes. The red color data points denote
incidence rate of T2DM for each phenotype; black color data points denote median AHI values
for each phenotype. NREM = non-rapid eye movement; OSA = obstructive sleep apnea;
PLMS = periodic limb movements of sleep; REM =rapid eye movement.

CI, 3.6-11.6), followed by arousal and poor
sleep (5.8; 95% CI, 2.1-12.5), combined
severe (4.4; 95% CI, 2.6-6.9), REM and
hypoxia (4.3; 95% CI, 2.7-6.4), PLMS (3.7;
95% CI, 1.9-6.4), and mild (2.0; 95% CI,
1.4-2.7) phenotypes, whereas the NREM and
poor sleep phenotype had the lowest
incidence rate (1.9; 95% CI, 0.9-3.4).

Associations between AHI/
Polysomnographic Phenotypes and
Risk of Incident T2DM
When patients were grouped by AHI severity
categories, the unadjusted hazard ratio (HR)
for incident T2DM was greater among
patients with severe OSA (2.4; 95% CI,
1.5-3.9; P = 0.0003) than in those without
OSA (Table E15). However, when
accounting for confounders, the association
between severe OSA and incident T2DM was
no longer significant. In patients with mild
OSA, the risk for incident T2DM remained
greater than in those without OSA in the
fully adjusted model (Model 6; 2.1; 95% CI,
1.1-4.1; P = 0.024). After accounting for
competing risk of death in the fully adjusted
model, both mild and severe OSA were
associated with increased risk of T2DM
(Table E16) (HR, 2.8; 95% CI, 1.4-5.5, and
HR, 2.4; 95% CI, 1.2-4.9, respectively).

In comparison, when stratifying
patients by polysomnographic phenotypes,

Ding, Qin, Wojeck, et al.: Polysomnographic Phenotypes and Incident Type 2 Diabetes

the cumulative risk of incident T2DM
differed greatly among phenotypes (Figure
3). Compared with mild group patients, the
risk of new-onset T2DM was much greater
for those in PLMS, REM and hypoxia,
hypopnea and hypoxia, and combined severe
groups in the unadjusted model and models
adjusted for sex, age, race/ethnicity, and
fasting glucose concentrations (Figure 4 and
Table 4). After adjustment for BMI and
changes of BMI over time (Model 4;

Table 4), only phenotypes of PLMS and
hypopnea and hypoxia (vs. mild) were
associated with increased risk of T2DM
(Model 4; 2.4;95% CI, 1.1-5.0 [P = 0.03],
and 3.3; 95% CI, 1.6-6.9 [P = 0.002],
respectively). Further adjustment for
comorbidities and behavioral risk factors
(Models 5 and 6) did not alter conclusions.
Adjustment for changes in BMI over time or
CPAP use to the final model did not affect
the associations. In adjusted analyses,
hypoxia measures alone were not
significantly associated with incident T2DM
(Table E12). After accounting for death as a
competing event, HRs were similar for
PLMS and hypopnea and hypoxia
phenotypes compared with HRs obtained
in the fully adjusted Cox proportional
hazards models (Table E17) (2.8; 95%

CI, 1.3-6.4, and 3.7; 95% CI, 1.68-8.1,
respectively).

Prognostic Value of
Polysomnographic Phenotypes
Versus AHI

Analyses using likelihood ratio tests show that
polysomnographic phenotypes greatly
improved the predictive value of a
parsimonious T2DM risk model based on
established predictors, increasing the
likelihood ratio from 40.5 to 54.4 (likelihood
ratio test P = 0.031; x* of 13.9; Table E18).
However, addition of AHI to the established
risk factor model did not improve the
predictive ability of the established risk factor
model for T2DM risk (P = 0.053; x> of 7.7;
Table E18).

Potential Overlap between CVD
and Incident T2DM risk

In prior work, we showed that
polysomnographic phenotypes differentially
predispose to CVD or death (21). In our
current sample (patients without preexisting
diabetes), of the patients who ultimately
developed T2DM, the percentage of patients
who also developed incident CVD or death
varied across different phenotypes (Table E8
and Text E9) and was relatively low (ranging
from 0% [95% CI, 0.0-45.9%] for the arousal
and poor sleep phenotype to 27.8% [95% CI,
9.7-54.0%] for the combined severe group).
The incidence of T2DM among those with
and without baseline CVD was similar
(8.5-33.3% and 8.4-35.3%, respectively),
with relatively low overlap that also varied by
phenotype (Table E10).

We observed a significant association
between PLMS phenotype and T2DM risk
only among patients with baseline CVD
(Table E11; HR, 7.39; 95% CI, 1.89-28.85).
Among those free of CVD at baseline, the
hypopnea and hypoxia phenotype was
significantly associated with increased risk
for incident T2DM (Table E11; HR, 3.48;
95% CI, 1.57-7.73).

Discussion

Although it is known that OSA is a risk
factor for T2DM, we found that distinct
polysomnographic phenotypes were
differentially associated with incident T2DM.
The crude incidence of T2DM was 3.0/100
person-years in our predominantly male
study population, which was 4.3 times higher
than the incidence observed in U.S. adults
(32). Specifically, compared with individuals
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1.0 —=—==2—_. with the mild phenotype, those with PLMS
N and hypopnea and hypoxia phenotypes
09 exhibited more than twofold and threefold
> increased T2DM risk, respectively. Although
3 polysomnographic phenotypes and AHI
% 0.8 - severity categories were independently
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consistent with the hypothesis that sleep-
related hypoxia is related to insulin resistance
and glucose intolerance in the development
of T2DM (33-35). Potential mechanisms
underlying the association between the
hypopnea and hypoxia phenotype and
T2DM may include a direct effect of hypoxia

Figure 3. Kaplan-Meier curves for the association of polysomnographic phenotypes and
incident type 2 diabetes. NREM = non-rapid eye movement; PLMS = periodic limb movements
of sleep; REM =rapid eye movement.

Hazard Ratio and 95% CL on glucose intolerance and insulin resistance
HR  LCL  UCL (36); modification effect of hypoxia in the
Combined severe (Unadjusted) 0002 1271 5.884 pattern of hypothalarplc-p1tu1tary-ad.renal
Combined severe (Fully Adjusted) | o 1.346 0677 2678 axis that leads to cortisol levels elevation (35);
endothelial dysfunction in capillary and
Arousal & poor sleep (Unadjusted) % ’ 2896 1226 6842 arteriolar microcirculation triggered by
Arousal & poor sleep (Fully Adjusted) | +— 1463  0.468  4.574 hypO)(la (37’ 38), and hypox1a—1nduc1ble
factor-1-dependent pancreatic (3-cell
Hypopnea & hypoxia (Unadjusted) e 3419 1826  6.406 functi P if P . B
Hypopnea & hypoxia (Fully Adjusted) — 3182 1520  6.660 dysfunction manifesting as insulin
hypersecretion and resistance (39, 40). In
REM & hypoxia (Unadjusted) e 2148 1282  3.507 aggregate, these data support a central role
REM & hypoxia (Fully Adjusted) | {—e—f 1275  0.630  2.581 for hypoxia during sleep in metabolic
. abnormalities.
NREM & poor sleep (Unadjusted) | |-¢— 0958 0491 1.871 Our data also demonstrate that not all
NREM & poor sleep (Fully Adjusted) | -o— 0735 0313  1.727 . K R
patients with OSA-related hypoxia have the
PLMS (Unadjusted) . 1847 0967 3528 same risk for T2DM. For example,
PLMS (Fully Adjusted) —— 2363 1.106  5.052 phenotypes of REM and hypoxia and
combined severe exhibit a similar or higher
T T T T T 1
0 3 B 5 5 1 degree burden of hypoxia but were not

associated with T2DM in adjusted analyses.
Figure 4. Unadjusted and fully adjusted HRs for incident type 2 diabetes in patients who were  When comparing characteristics of these
referred for obstructive sleep apnea evaluation, stratified by polysomnographic phenotypes.
Adjustments include age, sex, race, fasting blood glucose, body mass index (BMI), changes in
BMI, history of heart failure, myocardial infarction, hypertension, depression, alcohol use,
smoking. AHI = Apnea-Hypopnea Index; CL = confidence level; HR = hazard ratio; LCL =lower
bound of the confidence level; UCL = upper bound of the confidence level; NREM =non-rapid

eye movement; PLMS = periodic limb movements of sleep; REM = rapid eye movement. and hypoxia group. Notably, a mediation
analysis of T2DM risk in the hypopnea and

three groups, highest BMI, higher indices of
hypopneas, and a greater ratio of apnea with
4% desaturations only to apneas with
arousals only were noted in the hypopnea
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Table 4. Cox proportional hazards regression models of incident T2DM in patients who were referred for OSA evaluation,

stratified by polysomnographic phenotypes

NREM and REM and Hypopnea  Arousal and Combined
Mild PLMS Poor Sleep Hypoxia and Hypoxia Poor Sleep  Severe
(n=395) (n=73) (n=115) (n=107) (n=43) (n=24) (n=83)
Model 1, unadjusted* 1 1.85 0.96 2.15 3.42 2.90 2.22
(Reference) (0.97-3.53) (0.49-1.87) (1.28-3.60) (1.83-6.41) (1.23-6.84) (1.27-3.88)

Model 2: Model 1 2.17 1.04 2.05 3.65 3.13 2.16
1+ age + sex + race (Reference) (1.10-4.28)  (0.53-2.05)  (1.22-3.46)  (1.94-6.88)  (1.27-7.72) (1.23-3.83)

Model 3: Model 2 + fasting 1 2.68 0.84 1.97 4.27 2.19 1.93
blood glucose (Reference) (1.30-5.56) (0.36—-1.93) (1.08-3.60) (2.16-8.44) (0.79-6.05) (1.03-3.61)

Model 4: Model 3 + BMI + BMI 1 2.36 0.74 1.46 3.30 1.84 1.61
changes over time (Reference) (1.11-5.02) (0.32-1.73) (0.76-2.81) (1.58-6.91) (0.63-5.38) (0.84-3.09)

Model 5: Model 1 2.42 0.74 1.52 3.12 1.72 1.52
4 + comorbidities (history of (Reference) (1.14-5.17) (0.32-1.73) (0.78-2.94) (1.49-6.52) (0.59-5.07) (0.78-2.98)
HTN, MI, HF, or depression)

Model 6: Model 5 + behavioral 1 2.36 0.74 1.28 3.18 1.46 1.35
risk factors (alcohol use and (Reference) (1.11-5.05) (0.31-1.73) (0.63-2.58) (1.52—-6.66) (0.47-4.58) (0.68-2.68)
smoking)

Sensitivity analyses
Model 6 + CPAP use 1 2.25 0.79 1.48 3.14 1.41 1.42

(Reference) (1.05-4.82) (0.34-1.84) (0.74-2.95) (1.48-6.64) (0.46-4.35) (0.72-2.79)
Model 6 + chronic lung 1 2.3 0.83 1.50 3.29 1.43 1.46
disease’ (Reference) (1.07-4.91) (0.36-1.95) (0.76-2.97) (1.58-6.89) (0.47-4.39) (0.75-2.88)

Definition of abbreviations: BMI = body mass index; CPAP = continuous positive airway pressure; HF = heart failure; HTN = hypertension;
MI =myocardial infarction; NREM = non-rapid eye movement; OSA = obstructive sleep apnea; PLMS = periodic limb movements of sleep;
REM =rapid eye movement; T2DM =type 2 diabetes.

Data are given as hazard ratio (95% confidence interval).

*Model 1 includes polysomnographic phenotypes only.

TChronic lung disease in our study was defined as any of the following: chronic bronchitis, emphysema, asbestosis with symptoms,
pneumoconiosis, chest X-ray suggestive of chronic obstructive pulmonary disease if the patient has symptoms and/or is under treatment,
diagnosis of asthma on standing inhalers or systemic steroids, sarcoidosis, restrictive lung disease, pneumonectomy, or lung fibrosis.

hypoxia phenotype (adjustment for T90%,
ODI > 4% or nadir O, saturation) revealed
that risk persisted, with only a 7% HR
reduction after accounting for T90% (Table
E12), suggesting that hypoxia alone (as
measured by current metrics) is not solely
responsible for higher T2DM risk. Therefore,
we speculate that a combination of hypoxia
and cardiometabolic risk factors, including
obesity and elevated fasting glucose, might be
involved in development of T2DM in the
hypopnea and hypoxia group. In exploratory
analyses, we observed the association
between the hypopnea and hypoxia
phenotype and incident T2DM among
participants with obesity (HR, 3.57; 95% CI,
1.68-7.56), potentially supporting this notion
(Table E13). The rate of oxygen desaturation
and the degree of upper airway obstruction
may also play a role in the association
between hypopnea and hypoxia and incident
T2DM given the known association between
rapid desaturation and CVD comorbidities
(41, 42). Thus, future studies on OSA and
T2DM risk should consider the interaction
of factors such as obesity, desaturation rate,
and degrees of upper airway obstruction

Ding, Qin, Wojeck, et al.: Polysomnographic Phenotypes and Incident Type 2 Diabetes

because these factors may not only determine
the risk and severity of OSA but also the risk
of T2DM.

A novel finding in the current study is
the positive association of the PLMS
phenotype with incident T2DM. Several lines
of evidence support the importance of PLMS
and their consequences in OSA. First,
sympathetic activation is greater for periodic
limb movements than for other movements
in sleep and is probably causally related to
the pathogenesis of periodic limb
movements (43). The magnitude and
frequency of movements can vary depending
on the magnitude and frequency of
oscillation of sympathetic nerve activity
(43, 44). Second, periodic limb movements
and OSA may have additive effects on
systemic inflammation, and such movements
are independently associated with
inflammation markers, including plasma
C-reactive protein and fibrinogen (45).
Third, periodic limb movements during
sleep are associated with prevalent
hypertension and incident myocardial
infarction (46-48). Although the effect of
periodic limb movements on myocardial

infarction risk may be independent of its
effect on blood pressure, T2DM often
coexists with multiple CVD risk factors such
as hypertension and obesity, and it is
associated with CVD morbidity and
mortality (48-50). Further studies are needed
to confirm our findings in other cohorts and
to determine whether periodic limb
movements act synergistically or
independently of OSA in conferring risk for
T2DM.

Although pathophysiological processes
in the causal pathway of OSA and CVD
(21, 22) may also link OSA and T2DM, our
exploratory analyses revealed relatively low
overlap between subjects who developed
both (<30%) (Table E8 and Text E9). This
suggests that, in addition to the shared
pathways between T2DM and CVD, such as
sedentary behavior, obesity (51), or the
degree of OSA-induced hypoxia (52), there
are also unique mechanisms for each disease.
This is consistent with prior mendelian
randomization studies that identified shared
genes for T2DM and CVD but also suggested
that the shared pathways may have divergent
effects on T2DM and CVD (53, 54). It is
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plausible that such pathways may be reflected
in polysomnographic phenotypes of OSA.
Although our study was not powered to
detect significant differences in T2DM and
CVD co-occurrence, we observed that the
presence of CVD at baseline may modify the
risk of T2DM among the phenotypes. For
example, among those free of CVD, the risk
is increased only for the hypopnea and
hypoxia group. In contrast, among those
with established CVD, only the PLMS
phenotype was at higher risk of T2DM,
suggesting that the increased sympathetic
outflow, altered heart rate, and blood
pressure variability observed in both CVD
and PLMS may play a role in overlap
between risk of CVD and T2DM (12). We
note that caution must be used when
interpreting these exploratory analyses,
especially among those with prevalent CVD.
The Small sample size of this group may
have resulted in insufficient power to detect
significant associations or identifying
erroneous ones because of sampling bias.
Future work, assessing the impact of OSA’s
polysomnographic features on incidence

of both T2DM and CVD, may help

dissect the shared predisposition for and
unique mechanisms of these common
disorders.

Our study confirms and extends findings
of previous reports that evaluated the
relationship between T2DM risk and AHI
(4, 5, 14). Importantly, we compared the fit of
predictive models that included AHI with
polysomnographic phenotypes using
likelihood ratio tests. These tests indicated that
the addition of polysomnographic phenotypes
to the parsimonious model resulted in greatly
improved T2DM prediction compared with
the parsimonious model. Our finding suggests
that assessment of polysomnographic
phenotypes may help identify patients at
increased risk for T2DM more accurately than
solely relying on AHI assessment.

Contrary to previous studies that found
increasing OSA severity to be associated with
increasing risk for T2DM (4, 5, 14), we found

that mild and severe OSA categories were
independently associated with incident
T2DM. To account for potential
confounders unequally distributed between
OSA severity categories, we progressively
adjusted for multiple covariates. Risk for
T2DM in mild OSA category (vs. no OSA)
remained elevated after adjustments. It is
plausible that increased risk with mild OSA
was observed because of unmeasured risk
factors, such as poor diet or sedentary
lifestyle (51). Alternatively, our findings may
suggest a nonlinear, U-shaped association
between AHI and T2DM risk. Notably and
similar to our findings, a recent study
suggests a U-shaped relationship between
myocardial infarct size and AHI, whereby
risk was lowest for patients with moderate
OSA (55). These observations are supported
by animal models of hypoxemic
preconditioning (56). The above findings
highlight a clear need to better understand
which consequences of OSA physiology
portend T2DM risk.

There are several study limitations to
consider when interpreting our findings.
First is the retrospective design and criteria
used to define incident T2DM, which may
have limited our sample size and choice of
variables. Because HbAlc was made the
recommended criterion in 2010 and was not
measured routinely during the study period,
HbA1c was missing for most patients and
thus not used to define T2DM. However, we
used a rigorous definition that required
elevated fasting blood glucose and a chart-
documented diagnosis determined by
physicians blinded to the analyses. Second,
although strict criteria were used to identify
incident T2DM, it is possible a small
proportion of prevalent cases may be
misclassified as incident cases. Because of the
insidious nature of T2DM, patients may not
have any symptoms and are less likely to be
tested or diagnosed. However, we have to
acknowledge that our study did not include
other metrics of physiological sleep
disturbances such as hypoxic burden and

heart rate responses in identifying
polysomnographic phenotypes, which could
be an additional limitation (57, 58). These
new metrics should be incorporated in future
work investigating T2DM risk. Finally, our
sample consisted of mainly male veterans,
which will affect generalizability of study
results. Notably, prior reports indicate that
sex did not modify the association

between OSA severity and incident diabetes
(59, 60). Moreover, T2DM and OSA are
both common among veterans, supporting
the clinical relevance of our findings in this
vulnerable population (4).

Conclusions

Our study provides evidence that
polysomnographic phenotypes can be useful
in predicting T2DM among individuals
referred for OSA evaluation. Specifically,
patients with polysomnographic features
such as those with phentoypes of PLMS and
hypopnea and hypoxia have greater risk for
T2DM than individuals without OSA. We
found that the inclusion of
polysomnographic phenotypes, but not AHI,
improved the predictive value of a T2DM
risk model based on established risk factors
such as BMI and fasting blood glucose levels.
Our results, together with those of previous
studies, suggest other polysomnographic
measures may improve diabetes risk
stratification. Findings in this study add to
growing literature implicating increased

risk of T2DM in OSA and could help
characterize high-risk subgroups that

might not be identified using AHI alone. M
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