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Objectives: Increasing awareness of the high prevalence
of obstructive sleep apnea (OSA) and its impact on
health in conjunction with high cost, inconvenience, and
short supply of in-lab polysomnography (PSG) has led
to the development of more convenient, affordable, and
accessible diagnostic devices. We evaluated the reliability
and accuracy of a single-channel (finger pulse-oximetry)
photoplethysmography (PPG)-based device for detection of
OSA (Morpheus Ox).

Methods: Among a cohort of 73 patients referred for
in-laboratory evaluation of OSA, 65 were simultaneously
monitored with the PPG based device while undergoing
PSG. Among these, 19 had significant cardiopulmonary
comorbidities. Using the PSG as the “gold standard,” the
sensitivity, specificity, negative predictive value (NPV), positive
predictive value (PPV), as well as the positive likelihood
ratio (+LR) for an apnea hypopnea index (AHI)... > 5/h and
AHI.. > 15/h were calculated for the PPG.
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Results: Valid results were available for 65 subjects. Mean age:
52.1 £ 14.2, Male: 52%, and BMI: 36.3 £ 9.7 kg/m?. Positive
correlation was found between PPG-derived and PSG-derived
AHI(r=0.81, p <0.001). For AHI., > 5/h, sensitivity was 80%,
specificity 86%, PPV 93%, NPV 68%, and +LR was 5.9. For
AHI.. > 15/h, sensitivity was 70%, specificity 91%, PPV 80%,
NPV 85%, and +LR was 7.83. The corresponding areas under
the receiver operator curves were 0.91 and 0.9.
Conclusions: PPG-derived data compare well with
simultaneous in-lab PSG in the diagnosis of suspected
OSA among patients with and without cardiopulmonary
comorbidities.
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bstructive sleep apnea (OSA) is a common sleep related
disorder with a prevalence ranging from 5% to 15% among
the general population.'? It has been widely recognized as a
significant risk factor for many health-related consequences,
including hypertension,® heart failure,® cardiac arrhythmias,’
stroke,® and all-cause mortality.” Effective treatment of OSA
can mitigate these deleterious consequences.®'® All the while,
OSA frequently remains unrecognized and underdiagnosed,
depriving a large number of patients much needed treatment,
and resulting in increased health-care utilization and expendi-
tures.'*"* One important reason OSA remains underdiagnosed
is that the clinical symptoms do not map well to the presence
or severity of the disease, thus hindering initiation of an appro-
priate work-up by the healthcare provider."* Furthermore, this
gap can be at least partially attributed to inconvenience and cost
associated with in-laboratory polysomnography (PSG), as well
as the current discrepancy between demand and availability of
diagnostic services.'*!¢ With the goal of circumventing many
of the limitations noted above, new technologies facilitating
ambulatory diagnosis of OSA have been developed,'” and their
validation is a clear research priority in sleep medicine.'®
OSA has traditionally been diagnosed following a full-night
in-lab, technician-supervised multichannel PSG. Although
this remains the “gold standard” diagnostic method, the need
for a less labor-intensive and costly procedure has led to the

BRIEF SUMMARY

Current Knowledge/Study Rationale: Obstructive sleep apnea re-
mains mostly underdiagnosed, partially due to limited access and the
cumbersome nature of in-lab polysomnography studies. In this study we
evaluated the validity and accuracy of a single-channel, photoplethys-
mography-based, simple and affordable sleep monitoring device for the
diagnosis of obstructive sleep apnea.

Study Impact: We show that utilization of the photoplethysmographic
signal enables accurate diagnosis of obstructive sleep apnea among
a diverse cohort of patients, using a convenient and affordable single-
channel sleep monitoring device.

introduction of convenient home-based technologies for the
diagnosis of OSA." It is commonly assumed that these new
technologies might have the potential of being cost-effective,
though the evidence so far is equivocal.'*?

The Morpheus Ox (WideMed Ltd., Herziliya, Isracl) is a
portable single-channel (pulse oximeter), photoplethysmography
(PPG)-based sleep monitoring device. PPG and oxygen satura-
tion signals derived from the pulse oximeter are transmitted via
Bluetooth technology to a dedicated cellular phone serving as a
temporary data storage device. These data are later downloaded
to a secured server via the internet and imputed into a propri-
etary algorithm to generate clinically relevant respiratory wave-
forms as well as detection of sleep-wake state. This facilitates
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the detection of OSA.* Thus, an estimate of sleep time, apnea-
hypopnea index, and oxygen saturation values are obtained.

Literature validating this technique is limited. Currently
available literature used the American Academy of Sleep
Medicine (AASM) 2007 scoring criteria for breathing events.
Finally, currently available literature was conducted by the
company producing the device.?***

In the present study we independently evaluated the utility
of the PPG device for the diagnosis of OSA in a cohort of
subjects undergoing routine in-lab PSG. We also compared
the utility of the device applying both the 2007 and the 2012
AASM scoring criteria. >

MATERIALS AND METHODS

Subjects and Data Collection Protocol

Seventy-three consecutive patients undergoing routine in-lab
PSG as ordered by their physicians had the PPG based device
placed on one of their hands in addition to routine sensor place-
ment. Inclusion criteria were age > 18 years and willingness
to wear the device in addition to routine leads. The indication
for PSG referral, among all patients , was a high pre-test suspi-
cion for OSA as judged by the referring physician based on the
patient’s symptoms (snoring, witnessed apnea, daytime sleepi-
ness), comorbidities (hypertension, heart failure), and physical
examination (BMI, Mallampati score, neck circumference).
The sole exclusion criterion was pregnancy. All PSGs obtained
were purely diagnostic and did not include noninvasive venti-
lation titration studies. Demographic, polysomnographic,
comorbidities, and medication utilization data were extracted
from patients’ chart. Significant cardiopulmonary comorbidi-
ties were defined as either a persistent cardiac arrhythmia, a
cardiac ejection fraction < 45%, or an abnormal spirometric
value consistent with moderate to severe ventilatory defect
as defined by the American Thoracic Society.”” None of the
patients received supplemental oxygen during the overnight
PSG. The IRB of the University of Maryland School of Medi-
cine approved the protocol.

Pulse Oximeter Photoplethysmograph

Theory

We used a device called Morpheus Ox (WideMed Ltd,
Herziliya, Israel) to obtain PPG derived signals. This device
utilizes a simple noninvasive technique based on optically
obtained volumetric measurements of an organ, in this case the
finger. PPG is frequently obtained through the use of a pulse
oximeter, to detect blood volume changes in the microvascular
bed of the tissue. Proprietary software”?* was used to analyze
the PPG for baseline variations, envelope, and rate. These
parameters are combined to generate a PPG-derived respiration
(PDR) waveform. PDR amplitude changes are further analyzed
by the signal processing application and correlated with satura-
tion reductions to detect a clinically relevant apnea-hypopnea
index (AHI). The original software used a 4% reduction in
saturation to define hypopneas (2007 AASM criteria). We also
had the software modified to use a 3% reduction (2012 AASM
criteria) for defining hypopneas. Each parameter or feature is
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modeled using Gaussian mixture model (GMM) probability
density function (PDF) during sleep and wake. A Bayesian clas-
sifier using the likelihood ratio test is applied to discriminate
sleep versus wake epochs based on their GMM PDFs. Thus the
PPG software platform facilitates the detection and measure-
ment of respiratory events, sleep/wake epochs, and total sleep
time.?*?* Respiratory events occurring during wake epochs are
excluded from further calculations while the remaining are
averaged over the total sleep time to generate the AHI value.

PPG Acquisition

Data including PPG and saturation signals were obtained
using a standard digital pulse oximeter (Nonin OEM III, Plym-
outh, MN) recorded simultancously during the in-lab PSG.
Following completion of the sleep study, proprietary software
was used to process overnight data from the PPG, allowing
measurement of sleep/wake status and respiration. Thereafter,
correlation between the PPG and PSG was assessed on a per-
patient basis. Patients who were assessed as having slept <2 h
by standard PSG were excluded from further analysis. In addi-
tion, if the PPG estimated sleep time < 2 h, the algorithm judges
the data as “unreliable.” In this case, the data were also excluded
from analysis.

Polysomnography

PSGs were performed in an AASM-accredited sleep labo-
ratory according to commonly accepted clinical standards.?*
The montage included encephalogram leads O1A2, O2Al,
C1A2, C2A1, F1A2, F2A1; electromyogram leads for left eye,
right eye, submentalis, and legs (left and right separately), elec-
trocardiogram, and respiratory status measures by nasal airflow
(nasal air pressure) and oronasal airflow (thermistor, used for
backup), rib cage and abdominal respiratory effort (respira-
tory impedance plethysmographs), and pulse oximetry. Studies
obtained between July 2011 and October 2012 were scored in
30-sec epochs according to the system of Rechtschaffen and
Kales,*® as modified by the 2007 AASM scoring manual.”
Beginning in November 2012, all studies conducted were scored
in 30-sec epochs according to the system of Rechtschaffen and
Kales, as modified by the 2012 AASM scoring manual.® Of
note, the 2007 AASM guidelines define an apnea event as a
decrease in nasal airflow to < 10% of baseline for > 10 s with
continued respiratory effort, and a hypopnea event as decrease
in nasal airflow by 30% to 90% of baseline accompanied by
oxygen desaturation > 4% for 10 s or more. While the definition
of an apnea remains unchanged for the 2012 scoring criteria,
the new guidelines define an hypopnea as a decrease in nasal
airflow by 30% to 90% of baseline accompanied by oxygen
desaturation > 3% and/or an arousal lasting > 10 seconds. For
primary clinical purposes, the severity of OSA was defined
as follows: “mild” = AHI 5-14.9, “moderate” AHI 15-29.9,
and “severe” = AHI > 30. Respiratory event related arousals
(RERA) were scored on PSG according to the relevant criteria,
but did not come into the measurement of AHI. Further, the
PPG system does not estimate RERAs.

Statistical Analysis
Descriptive statistics for continuous data are presented as
means and standard deviations (normally distributed data) or



Photophlethysmography-Based Diagnosis of OSA

Table 1—Summary of patient characteristics

Patient characteristics

Total (% male) 65 (52)
Age (years) 52.1(14.2)
BMI (kg/m?) 36.3 (9.7)
Total by scoring criteria

2007 AASM guidelines 35

2012 AASM guidelines 30
AHI (events/h) 8(3.2,19.6)
OSA severity (%)

No OSA 32.3

Mild OSA 354

Moderate-Severe OSA 32.3
Pulmonary disease (%) 18.5
Cardiac disease (%) 15.4
BB/CCB therapy (%) 32.3

Data are presented as percentage of cohort, mean (SD) for normally
distributed data or median (interquartile range [25%-75%] for non-
normally distributed data. AHI, apnea-hypopnea index; BMI, body mass
index; OSA, obstructive sleep apnea; BB, B-blocker; CCB, calcium
channel blocker.

median and 25-75 interquartile range (non-normally distributed
data) as appropriate. Categorical data are presented as counts
and percentage. Evaluation of the PPG performance at detecting
OSA was carried out using a study-by-study comparison of the
in-lab PSG derived AHI to the PPG based AHI estimator. A
positive diagnosis of OSA was defined by comparing the PSG
derived AHI against clinical thresholds of 5 and 15 events/h. The
PPG based AHI performance metrics were assess for sensitivity,
specificity, positive predictive value, negative predictive value,
likelihood ratios and Cohen’s k coefficient in the diagnosis and
staging of sleep disordered breathing, as well as the area under
the receiver operator curve (ROC) when compared with PSG
derived AHI values. Bland-Altman plots were used to further
illustrate the performance of classification systems between
estimated and actual AHI values. Using proprietary software
(Wide Med), sleep studies obtained after November 2012 and
scored according to the AASM 2012 guidelines were analyzed
using both the original 4% desaturation based algorithm as well
as the modified 3% desaturation based, algorithm (AASM 2012
criteria). The effect of the different algorithms on AHI estimator
accuracy was evaluated. SigmaPlot 12.0 (Systat Software Inc.,
San Jose, CA) was used for all analyses and graph production.

RESULTS

Patient Characteristics (Table 1)

Among the original cohort of 73 patients, insufficient data
were obtained in 8. Reasons included: (1) the patient taking
the device off during the study (N = 3); (2) the Morpheus Ox
estimating sleep < 2 h in spite of adequate sleep time by PSG
(N'=2); and (3) sleep time measured from both the PSG and the
PPG as being < 2 h (N = 3). This analysis is therefore based on
65 patients in whom data from PSG and PPG were compared.

Table 2—Performance metrics comparison of different PPG
algorithm models at AHI threshold of 15* events/h

Algorithm model Sens Spec PPV NPV K
4% oxygen desaturation 73 95 89 86 0.7
3% oxygen desaturation 82 67 60 86 0.52

*Proportion of cohort patients with an AHI,, 2 15 = 28.6%. Sens,
sensitivity; Spec, specificity; PPV, positive predictive value; NPV, negative
predictive value; k, Cohen’s kappa expressed as decimal values; PSG,
polysomnography; AHI, apnea-hypopnea index.

Patients studied prior to November 2012 were scored according
to the 2007 AASM scoring rules (N = 35), while those studies
from Nov 2012 onward had PSG scoring according to the
AASM 2012 guidelines (N = 30).

Half of the study cohort was male, 74% were obese (body
mass index > 30 kg/m?), and mean age was 52.1 years. Just
under a third of the cohort had no evidence of OSA, while
the remaining two-thirds were equally divided between those
with mild OSA (AHI 5-15 events/h) and those with moderate-
to-severe OSA (AHI > 15 events/h). Seven patients reported
chronic use of narcotic pain medications (methadone, oxyco-
done, tapentadol), 2 of whom were noted to have frequent
central apneas comprising > 50% of the total apneas recorded.
In all other patients studied, central apneas were sporadic and
infrequent. None of the patients reported use of hypnotic medi-
cations during their studies.

AHI Estimation with PPG (Table 2)

As noted above, during the study period the PSG scoring
criteria for hypopneas were modified by the AASM. This
prompted us to execute a subgroup sensitivity analysis looking
at the effect of a change in the PPG software algorithm to
include either a 3% desaturation criterion or a 4% desaturation
cutoff level. As might be expected, applying the 3% desatura-
tion cutoff level resulted in increased sensitivity at the cost of
diminished specificity. Overall, the end result of the modified
algorithm (using a 3% desaturation for definition of hypopneas)
yielded less agreement as indicated by the Cohen’s k coefficient
between the PPG and standard PSG. In addition, the use of the
3% criterion resulted in substantially lower prediction power as
indicated by the drop in positive predictive value. Therefore,
we choose to conduct all subsequent comparisons using the
original PPG algorithm (i.e., using the 4% oxygen desaturation
as the defining cutoff level).

Evaluation of sleep/wake estimators including total sleep
time and sleep efficiency failed to show any significant correla-
tion between PSG derived and PPG based parameters (r=0.13,
p=10.29; r=0.12, p = 0.34 for total sleep time and sleep effi-
ciency, respectively).

The AHI estimation algorithm was tested against the gold
standard of full PSG on the dataset of 65 patient recordings,
yielding a correlation of 81% with p < 0.001 (Figure 1). The
Bland-Altman plot (Figure 2) showed good agreement between
the PPG and the PSG estimates of AHI, with most estimates
falling within 2 standard deviations of the mean.

ROC were determined for 2 different PPG derived diag-
nostic thresholds (AHI > 5 events/h and AHI > 15 events/h)
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Figure 1—Photoplethysmograpy (PPG) versus poly-
somnography  (PSG) apnea-hypopnea index (AHI)
estimates.
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Figure 3—The ROCs for photoplethysmographic versus
polysomnographic AHI estimates.
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and included patients with significant cardiopulmonary comor-
bidity as well as those without (Figure 3). The inclusion of both
groups (with and without cardiopulmonary comorbidity) was
possible since the PPG’s capability to detect OSA was compa-
rable (Table 3): Cohen’s k values of 0.67 and 0.73, respectively;
area under the ROC of 0.909 versus 0.903 among those with
versus without comorbidity at a AHI threshold of 15 events/h.
Table 4 summarizes the performance of the algorithm in
terms of sensitivity, specificity, positive and negative predic-
tive values, positive and negative likelihood ratios, area under
the curve, and Cohen’s k for each of the abovementioned clin-
ical diagnostic thresholds. When a diagnostic threshold of mild
OSA (AHI > 5 events/h) was used, PPG displayed a sensitivity
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Figure 2—Bland-Altman plot of photoplethysmography
(PPG) versus polysomnography (PSG) apnea-hypopnea
index (AHI) estimates.
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Table 3—Performance metrics of the PPG device among
patients with versus without cardiopulmonary comorbidity at
AHI threshold of 15 events/h

Sens Spec PPV NPV K AUC

comorbidity (+)n*=19 86 83 75 91 067 0.899

comorbidity (-) n**=46 71 9 9 87 073 0.909
*Proportion of cohort patients with comorbidity and AHI,., = 15 = 36.8%.

**Proportion of cohort patients without comorbidity and AHI,. . 2 15=30.4%.
Abbreviations as for Table 2; AUC, area under the curve.

Table 4—Performance metrics of the PPG device at AHI
threshold of 5 and 15 events/h

n=65 Sens Spec PPV NPV p-LHRn-LHR k AUC
AHIZ5* 80 86 93 68 590 023 0.67 0.909
AHIZ 15" 70 9N 80 85 7.83 033 0.71 0.903

*Proportion of cohort patients with an AHI., 2 5 = 67.7%. **Proportion of
cohort patients with an AHI_, . = 15 = 32.3%. Abbreviations as for Table 2;
p-LHR, positive likelihood ratio; n-LHR, negative likelihood ratio.

of 80%, a specificity of 86%, a positive likelihood ratio of 5.9,
and area under the ROC of 0.909. Similarly, applying a diag-
nostic threshold of moderate-severe OSA (AHI > 15 events/h),
PPG displayed a slightly lower sensitivity (70%), specificity of
91%, positive likelihood ratio of 7.83, and area under the ROC
0f 0.903.

Table 5 shows individual data in 3 small groups of patients
in whom the difference between PPG and PSG derived AHI
was > 10 events/h. These included patients with high PSG AHI
(> 40), those with arrhythmias, and those with high periodic
limb movement indexes (> 20).

DISCUSSION

We evaluated the validity of a single-channel, dual signal
(oxygen saturation and PPG) portable monitoring system for



the detection of OSA. We found a good correlation between
the AHI using the PPG and that found during standard sleep
testing. Further, the sensitivity, specificity, derived predictive
values, and likelihood ratios were generally acceptable. In the
ensuing discussion we consider these findings in the light of the
currently available literature.

Use of a device such as the PPG is attractive for a number of
reasons. First, it requires minimal set-up, hence making home
testing extremely convenient and simple. Second, its unobtru-
sive nature potentially allows more normal sleep compared to
traditional diagnostic modalities. Finally the device’s relative
low cost can facilitate its more widespread use as well as its
application for several nights’ sleep, thus potentially improving
the detection rate of OSA.*' These advantages clearly need to be
matched by proven diagnostic efficacy.

Using a diverse and representative sleep clinic popula-
tion referred for in-laboratory evaluation of possible OSA,
we found PPG estimation of OSA correlated well with PSG
measurement. The measured outcomes were also assessed
among a smaller subgroup of patients with significant cardio-
pulmonary comorbidity and found to be similar to those of the
cohort at large. Furthermore the device’s accuracy was main-
tained despite the changes made to the scoring manual in the
latter half of 2012. Whether defining OSA as AHI > 5 events/h,
or using a higher threshold (AHI > 15 events/h), we found a
high degree of accuracy, as illustrated by the ROC AUC of 0.91
and 0.9, respectively.

We found a somewhat lower sensitivity and specificity for the
detection of OSA using this device compared to those reported
in prior studies.”* We were also unable to show significant
correlation regarding sleep/wake parameters, as opposed to
reports in earlier studies with the device. These discrepan-
cies could be due to differences in methodology. In the prior
studies, the oximetry data obtained from the laboratory study
were used to generate the estimations for AHI. The present
study used the device as would be used in the home setting,
thus simulating a more “real world” scenario. Using the device
as a home monitor necessitates transmission of the signals from
the PPG to the cellphone receiver by the bedside, which could
result in some degradation. Further, it is possible that the two
pulse oximeters used (each on a different hand) could have also
resulted in slightly different waveforms.

In general the estimates of AHI based on PPG and PSG were
within 10/h and groups were categorized similarly. However,
there were three small groups of patients in whom the discrep-
ancies in AHI estimates were greater than 10. The first group
consisted of six patients with PSG AHI > 40 events/h, in whom
the difference between the PPG derived and the PSG derived
AHI (AAHI) was > 10 events/h (in both directions). Indeed,
this observation is further supported by the correlation coef-
ficient between AHI,,. and the AAHI (p = 0.538, p < 0.01).
However, among these patients, the AHI discrepancy had no
effect on OSA severity categorization in all but two subjects.
The second group consisted of three patients with significant
cardiac arrhythmias, including multiple premature ventric-
ular contractions, atrial fibrillation, and pacemaker generated
rhythm. This could be due to underlying problems with deriving
respiratory events from heart rate rthythm variability. Finally,
three patients with an increased periodic limb movement index

Photophlethysmography-Based Diagnosis of OSA

Table 5—Underlying pathology of patients with increased
AHI estimator discrepancy (> 10/h) between PSG versus
PPG derived AHI values

Patient characteristics AHI. AHL AAHI
AHL., > 40/h
patient #1 78.0 61.3 16.7
patient #2 66.1 90 -23.9
patient #3 82.3 96.4 -14.1
patient #4 76.8 63.6 13.2
patient #5 424 13.4 29
patient#6 417 29.5 18.2
Arrhythmia
patient #1 35.0 19 16
patient #2 32.3 95.1 -62.8
patient #3 5.1 37 -31.9
PLMI > 20/h
patient #1 9.5 314 -21.9
patient #2 39.5 50.3 -10.8
patient #3 415 2.3 39.2
AHI,  apnea-hypopnea index; PPG, photoplethysmography;

AAHI, AHL. . = AHI,,.; PLMI, periodic limb movement index per hour.

(> 20 events/h) had high AHI estimator disagreement. The
reasons for this discrepancy are not clear but may involve the
effect of limb movements on the PPG signal.

Limitations of the current study include its in-lab setting, the
limited number of subjects with significant cardiopulmonary
comorbidities, and lack of patients on supplemental oxygen.
Furthermore, we did not directly determine what additional
diagnostic yield is obtained with PPG in addition to standard
oxygen saturation measurement. Simultaneous PSG derived
ODI 3% and 4% should be compared with PPG to address this
issue in further research. It is important to note that this study
focused on a cohort attending a sleep specialty clinic, thereby
resulting in a selected cohort of patients with a higher pre-test
probability of testing positive for OSA. This directly impacts
the predictive values (PPV, NPV) as they depend on the pre-test
probability as much as they depend on the sensitivity and speci-
ficity. These shortcomings can be partially overcome through
the calculation of likelihood ratios, which are far less dependent
on pre-test disease prevalence.’*** Furthermore, applying the
device to this specific population with a relatively high pre-test
probability is in agreement with the AASM guidelines for the
use of portable monitors in the diagnosis of OSA, which recom-
mends against the use of similar devices in the investigation of
asymptomatic individuals.'” Indeed, the PPG compared favor-
ably with other portable monitoring devices and had similar
performance metrics.*

In conclusion, a single channel, PPG based sleep monitoring
device, compares well with simultaneous in-lab, technician-
attended PSG in the diagnosis of suspected OSA. With the
recognition that as of today, the AASM clinical guidelines for
the use of unattended portable monitors in the diagnosis of OSA
in adult patients explicitly requires minimum of three chan-
nels,'” our paper adds to the growing efforts to show that mean-
ingful predictions can be made with limited channels.* Future
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