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Scientific investigations

Study Objectives: To evaluate the validity of the Apnea Risk Evalua-
tion System (ARES™) Unicorder, a self-applied, limited-channel por-
table monitoring device for the evaluation of sleep disordered breath-
ing (SDB).
Design: Prospective study with blinded analysis.
Setting: Sleep disorder center, academic institution.
Participants: Eighty patients with suspected obstructive sleep apnea 
hypopnea syndrome (OSAHS) and 22 volunteers.
Interventions: N/A.
Measurements and Results: Subjects used the ARES™ Unicorder at 
home for 2 nights using only written instructions. Within 2 weeks, they 
returned to the laboratory for full nocturnal polysomnography (NPSG) 
with simultaneous monitoring with the Unicorder. NPSGs were scored 
manually to obtain an apnea-hypopnea index based on Medicare 
guidelines (AHI4%) and a respiratory disturbance index (RDI). ARES™ 
studies were autoscored and reviewed to obtain indices based on 
equivalent definitions i.e., AHI4% ARES and apnea hypopnea (events 
with 1% desaturation) index (AHI1%ARES ). Indices from the NPSG 
were compared to the in-lab ARES™ and in-home ARES™ indices 
using mean differences and the intraclass correlations (ICC). For the 
in-lab comparison, there was high concordance between AHI4%NPSG 
and AHI4%ARES (ICC = 0.96, mean difference = 0.5/hour) and RDINPSG 
and AHI1%ARES (ICC = 0.93, mean difference = 3.2/hour). For NPSG 

versus In-Home ARES™ comparison, there was good concordance 
between AHI4%NPSG and AHI4%ARES (ICC = 0.8, mean difference = 4.1/
hour) and RDINPSG and AHI1%ARES (ICC = 0.8 mean difference = 8.6/
hour). The diagnostic sensitivity of in-lab ARES™ for diagnosing SDB 
using an RDI cut-off of 15 per hour was 95% and specificity was 94%, 
with a positive likelihood ratio (LR+) = 17.04, and negative likelihood 
ratio (LR-) = 0.06. For in-home ARES™ data the sensitivity was 85% 
and specificity 91% (LR+ = 9.34, LR- = 0.17). There was good agree-
ment between the manually scored NPSG SDB indices and the au-
toscoring ARES™ algorithm.
Conclusions: ARES™ Unicorder provides acceptably accurate esti-
mates of SDB indices compared to conventional laboratory NPSG for 
both the simultaneous and in-home ARES™ data. The high sensitivity, 
specificity, and positive and negative likelihood ratios obtained in the 
group we studied supports the utility of an ambulatory limited-monitor-
ing approach not only for diagnosing sleep disordered breathing but 
also to rule out SDB in suitably selected groups.
Keywords: Sleep disordered breathing, home monitoring, obstructive 
sleep apnea/hypopnea syndrome, diagnosis, portable monitoring
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The high prevalence,1,2 morbidity, 3 and economic impact 4,5 
of sleep disordered breathing (SDB) has prompted increas-

ing interest in expedited and economical strategies for diag-
nosis and exclusion of disease. The complexity of a standard 
nocturnal polysomnogram (NPSG) performed in the laboratory 
places a large patient burden and economic cost to society and 
may contribute to limitations of access to care. Prolonged wait-
ing times of up to 10 months6 have been reported in the United 
States, particularly in Medicaid populations (personal observa-
tion), and up to several years in other countries6 and are likely 
to increase with recent recommendations for screening of vul-
nerable populations.6,7 This lack of access has been highlighted 
by the recently published Institute of Medicine report that has 
recommended “examination of new technologies… especially 
portable monitoring.” 5

Recently published studies and a growing use in Europe and 
Asia have suggested that unattended limited monitoring focus-
ing on respiratory measures may provide sufficient informa-
tion for the diagnosis and exclusion of sleep SDB, especially 
if combined with appropriate clinical assessment.8-11 The Apnea 
Risk Evaluation System (ARESTM) is one such system designed 
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for unattended limited monitoring that has been shown to have 
high sensitivity and specificity to the diagnosis of SDB, along 
with a low failure rate.9 Recently, the ARES™ Unicorder was 
modified to include measurement of airflow using a nasal can-
nula connected to a pressure transducer, which we have shown 
to provide important information for the diagnosis of SDB.12 
The Unicorder has several features—including use of the nasal 
cannula, full disclosure of raw data, the possibility of recording 
multiple nights of data, and easy self-application—which are 
desirable in an unattended limited monitor.13

The present study reevaluates the ARES™ Unicorder as 
modified to include the nasal cannula, as this allows the airflow 
monitoring to meet criteria proposed by the American Academy 
of Sleep Medicine (AASM) taskforce (e.g., use of a validated 
measure of airflow and desaturation).14,15 The 2 purposes of this 
study were (1) to compare the respiratory disturbance index 
(RDI; all SDB events) and the apnea-hypopnea index (AHI; 
events with a 4% desaturation as required by the Centers for 
Medicare & Medicaid Services) obtained from conventional 
in-lab NPSG with similar indices obtained from the ARES™ 
Unicorder and (2) to evaluate the autoscoring algorithms in the 
device with and without technician editing.

Methods

Subjects

All patients presenting to the NYU Sleep Disorders Center 
for evaluation of sleep complaints suggestive of SDB between 
April 2005 and August 2006 were eligible to participate in the 
study. The only 2 exclusion criteria were the inability to read 
English (the ARES™ Unicorder instructions were only avail-
able in English at the time of recruitment) and the inability to 
wear any device on the forehead. Eighty patients and 22 ad-
ditional healthy subjects, recruited by word of mouth, were 
enrolled. The healthy subjects were recruited with the under-
standing that they had no sleep complaints. However, they were 
not excluded for snoring or when further questioning suggested 
mild SDB. The normal volunteers were included in order to 
amplify the range of SDB breathing, especially at the low end 
of the spectrum. Because the majority of patients coming to our 
laboratory have a high likelihood of having obstructive sleep 
apnea hypopnea syndrome (OSAHS), we used volunteers who 
had no specific sleep complaints in order to get a large enough 
number of true negatives (to calculate specificity). All subjects 
were paid $20 for participation in the study. A full clinical evalu-
ation was performed on all subjects by a sleep physician, which 
included a full medical history, detailed snoring history, physi-
cal examination, global evaluation for the presence of excessive 
daytime somnolence, and administration of the Epworth Sleepi-
ness Scale. Demographic data are shown in Table 1.

Protocol

For all subjects, home-based limited monitoring with the 
ARES™ Unicorder was performed first. The Unicorder and its 
associated questionnaire was either given to the subjects at the 
time of their initial visit to the NYU sleep laboratory or mailed 
to the subject’s home. Standard written instructions were pro-

vided for application of the Unicorder, and no additional in-per-
son training was provided beyond these. Randomization of the 
order of home unattended and laboratory use of the ARES™ 
Unicorder was not performed, as we wished to capture success 
rate of the home use of this device in naïve subjects. The written 
instructions were for subjects to use the device for 2 full nights 
at home and return it for download of the stored physiologic 
signals in full disclosure format.

Within 2 weeks of the home study, subjects returned to the 
sleep laboratory for a standard diagnostic NPSG, performed by 
a trained sleep technician according to the usual clinical proto-
col for the NYU Sleep Laboratory. A new Unicorder recording 
was initiated simultaneously with the laboratory NPSG by the 
sleep technician.

ARES™ Unicorder

The ARES™ consists of the Unicorder device, a self-admin-
istered questionnaire, and off-line analysis software.9 The data 
from the questionnaire were not used in the present analyses, as 
the focus was on the relationship of the SDB indices obtained 
in an unattended setting to those obtained in the laboratory. 
Automated analysis on the downloaded physiologic data from 
the Unicorder is performed with custom software (ARES™ In-
sight) to obtain SDB indices. The software allows all signals 
and events scored by auto analysis to be visualized and edited 
by a technician before tabulation.

The ARES™ Unicorder is worn on the forehead and does not 
require additional wires to external devices such as an oximeter 
probe. It measures oxygen saturation (Spo2) and pulse rate from 
reflectance oximetry, air flow from a nasal cannula and pres-
sure transducer, snoring levels via a calibrated acoustic micro-
phone, and head movement actigraphy and head position from 
accelerometers. The device also provides audible alerts during 
the study if poor-quality airflow or Spo2is detected so that the 
subject can reposition the device.

Laboratory NPSG

Each NPSG consisted of a full night spent in the NYU Sleep 
Disorders Center. Recordings of frontal, central, and occipital 

Table 1—Demographic Data From 97 Subjects Who had Either 
Home or Lab Study with ARES™

		  Patients (n = 77)	 Volunteers (n = 20)
		  Mean	 Min	 Max	 Mean	 Min	 Max
Gender, number						    
	 Men	 60			   9		
	 Women	 17			   11		
Age, y	 46	 26	 74	 36	 19	 73
BMI, kg/m2	 30	 21	 70	 24	 19	 32

Severity of SDB
RDI range, no./h	 0-5	 6-10	 11-20	 21-40	 40-104
Subjects, number	 13	 14	 20	 23	 27
Mean ESS score	 6 ± 4	 8 ± 6	 9 ± 4	 9.5 ± 6	 10 ± 5

Data are expressed as mean, minimum and maximum, except for 
gender, which is number in each group. BMI refers to body mass 
index; ESS, Epworth Sleepiness Scale.
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electroencephalogram, electrooculogram, and submental elec-
tromyogram were used to monitor sleep. Leg movements were 
monitored with an anterior tibialis electromyogram. A unipolar 
electrocardiogram was used for cardiac monitoring. Oxygen sat-
uration was monitored with a pulse oximeter. A nasal cannula/
pressure transducer system (Pro-Tech PTAF2, Mukilteo, WA) 
was used to measure airflow, along with an oral thermistor to 
detect mouth breathing. A single nasal cannula was placed on the 
patient, and the tubing was split to provide pressure inputs to both 
the Pro-Tech pressure transducer of the NPSG system and the 
ARES™ Unicorder. Preliminary testing showed that this setup 
did not affect the pressure tracing obtained in either device. Snor-
ing was monitored using the Pro-Tech PTAF2 system. Chest wall 
and abdominal movement were monitored with piezoelectric 
strain gauges (EPMSystems, Inc, Midlothian, VA.) Subjects un-
derwent either a full-night NPSG or a split-night NPSG (diagnos-
tic study and continuous positive airway pressure titration) when 
severe SDB was observed, as per the usual clinical protocol.

Analysis of Signals

ARES™ Unicorder

Automated event analysis was performed using custom 
(ARES™ Insight) software. SDB events were identified as 
follows. Apnea was cessation of airflow for 10 seconds. Hy-
popnea4% included events identified as a hypopnea (airflow < 
50%) with a 3.5 or greater percentage desaturation and 1% re-
saturation. In addition Hypopnea1% events were determined as 
those hypopneas with a minimum 1% desaturation and resatura-
tion and at least 1 surrogate arousal indicator (head movement, 
changes in snoring, or changes in pulse rate); this definition is 
similar to the AASM inclusive criteria for all SDB events. In or-
der to calculate the valid recording time (denominator for SDB 
indices), the ARES™ automatically excludes (a) the first 15 
minutes and last 3 minutes of the study, (b) periods in the record 
with poor or bad airflow or oxygen saturation (Spo2) quality, 
(c) periods with excessive head movement, (d) any period the 
patient was upright, and/or (e) the first 30-seconds after each 
change of head position.

Each automatically scored ARES™ study was subjected 
to technical review by visual inspection of the signals. In this 
manual review, we allowed the technician only limited editing 
options: (a) change to an earlier start time based on indicators 
suggesting sleep onset (i.e., absence of head movements or ap-
pearance of apnea, hypopnea, flow limitation, or snoring), (b) 
override the exclusion of periods identified by the automated 
analysis as invalid (this typically occurred when airflow or Spo2 
quality was poor but obstructive events could be readily distin-
guished using all available signals), and (c) exclude additional 
periods of unacceptable Spo2 quality not detected by the auto 
analysis. Finally, the technician was allowed to edit the number 
of events by excluding automatically detected events but the 
technician did not insert new events undetected by the auto-
mated algorithms. This was based on prior experience that the 
auto analysis rarely misses events but may overscore in some 
instances. The duration of the technical review averaged 5 min-
utes per record and was performed at Advanced Brain Monitor-
ing without knowledge of other patient data or NPSG results.

Nocturnal Polysomnograms

All scoring of the NPSGs was performed by a single trained 
sleep technician at the NYU Sleep Disorders Center who was 
blinded to the results of the Unicorder studies and their scor-
ing. Sleep was manually scored on 30-second epochs using the 
standard criteria of Rechtschaffen and Kales.16 Brief arousals 
from sleep were manually scored using the AASM criteria.17 
For the full NPSG, the total sleep time scored by Rechtschaffen 
and Kales criteria was used as the denominator to calculate the 
SDB indices.

Respiratory signals were scored manually for the presence 
of SDB events as follows. Respiratory events longer than 10 
seconds were scored while viewing all channels on the full 
NPSG. Apneas were identified when the airflow amplitude on 
the nasal cannula was less than 10% of baseline. Hypopneas4% 
(Medicare definition) were identified when airflow amplitude 
was reduced by 30% from baseline and the event was followed 
by a 4% or greater oxygen desaturation.17 An additional defini-
tion of hypopnea was used for the calculation of the RDINPSG, in 
which events were identified when airflow amplitude was less 
than 50% of baseline or, alternatively, whenever a discernable 
change occurred in the airflow amplitude (generally amplitude 
was between 50% and 80% of the baseline) and the event was 
followed by a 4% oxygen desaturation17 within 30 seconds. 
Respiratory effort-related arousals were identified whenever 
a discernable change was seen in the airflow amplitude and 
electroencephalographic arousal occurred within 5 seconds of 
its end.18 Thermistor and the chest wall/abdominal movement 
detectors were only used when the nasal cannula signal was 
uninterpretable, which occurred only rarely in these studies (< 
1% of time) because technicians intervened immediately when 
the signal failed. A single rater was used to minimize interrater 
variability.

Tabulation

For the ARES™ studies (home and in-lab), SDB indices 
were calculated from the technician-edited data.

Time Valid
eron Unicord %Hypopneas1  Apneas#        %1AHI

 Time Valid        
eron Unicord  %Hypopneas4  Apneas#       %4AHI

ARES

ARES

For ARES™ home studies, the number of events and valid time 
refer to cumulative data from 2 nights of recording. The AHI1% 
was selected as an analog to the RDI inclusive of respiratory 
effort-related arousals recommended by the AASM task 
force.14,15

For the NPSG, the following indices were calculated.

Time Sleep Total
NPSG Fullon  RERAs   Hypopneas  Apneas#                 RDI

 Time Sleep Total        
NPSG Fullon  4% Hypopneas  Apneas#       %4AHI

NPSG

NPSG
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initiation due to scheduling issues. In addition, 6 subjects did 
not initiate home monitoring after being given the ARES™ 
Unicorder to take home, citing “lack of time” as the reason. 
Five subjects reported that they were unable to tolerate the Uni-
corder for more than 1 hour. Finally a technical failure prevent-
ed data collection in 1 subject. Thus, there were 88 successfully 
collected home recordings with the Unicorder.

Of the 102 subjects, 96 returned to the NYU Sleep laboratory 
(within 2 weeks of the home Unicorder study) for the in-labo-
ratory NPSG. In this group, there was 1 NPSG failure (nasal 
cannula signal unusable), 1 study in which the Unicorder was 
not started, and 2 studies with Unicorder technical failures in 
the laboratory. Of note, 2 of the 5 subjects who could not toler-
ate the Unicorder in the home had no difficulty using it in the 
laboratory. Thus, only 3% (3/93) of subjects had trouble tolerat-
ing the Unicorder once recordings were initiated. Five subjects 
called the technical phone support line, which is provided by 
Advance Brain Monitoring and available throughout the night, 
prompted by the audible prompts. In 2 of these, the subject re-
solved the problem by repositioning the Unicorder, and, in 3, a 
new Unicorder was mailed to the patient. Figure 1 summarizes 
the results of data collection.

In general, signal loss was not a problem once a study was 
initiated. Only 4 patients had less than 3 hours of valid record-
ing time in the home over 2 nights. Although subjects tended 
to use the device on average 45 minutes less the second night, 
only 6 subjects used it for only 1 night.

The above data collection resulted in 86 subjects who had 
complete data in both ARES™ home and laboratory NPSG, 
whereas 92 subjects had complete data in the simultaneous 
ARES™ and laboratory NPSG.

Simultaneous NPSG Versus ARES™ Unicorder

The total sleep time on the 92 NPSGs (14 were split-night 
studies) was 309 ± 115 minutes (mean ± SD), and the valid 

The following comparisons were made for the indices described 
above: (1) simultaneous ARES™ (attended) versus lab NPSG 
and (2) home ARES™ (unattended) versus lab NPSG, and (3) 
ARES™ automated analysis versus technician-edited data for 
all ARES™ lab and home data.

Statistics

Variability in the ARES™ indices was evaluated against the 
gold standard of full NPSG by calculating the mean bias, 95% 
confidence intervals (CI) and limits of agreement (± 2 SD) and 
shown using Bland-Altman plots. Agreement was measured 
with a mixed-effects intraclass correlation coefficient (ICC). 
Typical clinical cut-offs of 5, 10, and 15 events per hour for 
the AHI4% and 10 and 15 events per hour for the RDI/AHI1% 
were used to calculate the diagnostic sensitivity, specificity, 
95% confidence intervals, and positive and negative likelihood 
ratios.

The study was approved by the institutional review board of 
New York University School of Medicine, the NYU General 
Clinical Research Center, and the Health and Hospitals Corpo-
ration of New York City, and all subjects signed informed con-
sent prior to entering the study. This study was partially funded 
by a grant from Advanced Brain Monitoring, and all automated 
and initial technical review of Unicorder studies was performed 
by Advanced Brain Monitoring staff, as per the clinical model 
advocated by Advanced Brain Monitoring for use of their de-
vice. However, Advanced Brain Monitoring played no role in 
patient selection, NPSG evaluation, data collation, or final data 
analysis and interpretation, which were performed entirely by 
NYU Investigators.

Results

A total of 102 subjects (80 patients and 22 volunteers) were 
enrolled in the study. Two subjects dropped out prior to study 

Figure 1—Flow chart of the study design.
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The 4 subjects with the largest difference (> 14.4/h = 2 SD) 
between NPSG and ARES™ AHI4% all had studies lasting less 
than 3 hours (3/4 due to split-night protocol). The mean bias did 
not change when all studies with less than 3 hours of recorded 
data were excluded and was -0.8 per hour (95%CI: -1.8 to 0.2/h, 
ICC = 0.98). However, the limits of agreement were much nar-
rower (± 2SD: -9.2 to 7.6/h). The excluded studies consisted of 
14 studies with split-night protocol in which both ARES™ and 
NPSG were of short duration and 4 studies in which only the 
ARES™ collection was short.

Comparisons of the RDI and AHI1% obtained from the si-
multaneous NPSG and ARES™ were performed in a similar 

time on ARES™ was 309 ± 103 minutes. Figure 2 compares 
the AHI4% obtained from the NPSG with the AHI4% obtained 
from the technician-edited simultaneous ARES™ study. There 
was no significant bias between the NPSG and ARES™ study 
(mean (AHI4%NPSG – AHI4% ARES) = 0.5/h, 95 %CI: -1.0 to 
2.0/h). When the data from the volunteers were excluded from 
the analyses, the results for the 73 patients were similar to that 
of the entire group (ICC = 0.95, bias = 0.7/h, 95% CI: -1.2 to 
2.6/h). Table 2 shows the sensitivity, specificity , 95% confi-
dence intervals, and positive and negative likelihood ratios of 
the ARES™ AHI4% for diagnosing SDB, as defined by mul-
tiple cut-offs for the in-lab NPSG.

Figure 2-A—Relationship between apnea-hypopnea index AHI4%NPSG and AHI4%ARES LAB . Each point represents 1 subject. The closed circles 
represent studies with less than 3 hours of recording time. Fourteen study pairs had less than 3 hours of recording time on both nocturnal 
polysomnography (NPSG) and Apnea Risk Evaluation System (ARES™) studies, and 4 had less than 3 hours in only the ARES™ study. 
B: Bland Altman plot showing the difference between the AHI4% (NPSG-ARES lab) plotted against the average of the 2 AHI4%s. The great-
est differences are in the subjects with short recording durations. 95%CI refers to 95% confidence interval.
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Figure 3-A—Relationship between the respiratory disturbance index derived from the nocturnal polysomnogram (RDI NPSG) conducted in 
the lab and the apnea-hypopnea index based on the Apnea Risk Evaluation System (ARES™) studies conducted in the lab (AHI1%ARES LAB) . 
Each point represents 1 subject. As in Figure 2, the closed circles represent studies with less than 3 hours of recording time. B: Bland Altman 
plot showing the difference between the RDINPSG and AHI1% ARES LAB plotted against the average of the 2. 95%CI refers to 95% confidence 
interval.
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ARES™ Lab Versus ARES™ Home

AHI4% obtained in the lab was higher than in the home (19 
vs 16/h, p = 0.05). The AHI1% obtained in the lab was higher 
than in the home (27 versus 23/h, p = 0.01) In the laboratory 
study, patients spent a significantly greater percentage of the 
recording in the supine position (60% vs 46%, p < 0.01).

ARES™ Autoscoring with and without Technician Review

Overall, the effect of technician editing, as described in 
the Methods, was minimal. Figure 6 compares the autoscored 
AHI1% (RDI equivalent) before and after technician review, 
in the 181 ARES™ studies, including both those done in the 
home and in the lab. With respect to diagnostic accuracy (using 
an RDI of 15 or more per hour in the NPSG studies as the gold 
standard) the auto-scoring without technician review resulted in 
a sensitivity of 95% and a specificity of 86% for simultaneously 
acquired data. Technical review resulted in little change in the 
diagnostic accuracy (see Table 2). The largest change resulting 
from the type of technician review performed in this study was 
a change in sections marked as valid and considered for analy-
sis (see Figure 7), but this did not have a net impact on the RDI 
(see Figure 6). Overall, 11 lab ARES™ studies and 21 home 
ARES™ had a longer than 30-minute change in valid record-
ing time that resulted from technical review. In those studies in 
which review resulted in an increase in valid recording time, 
this was generally because auto-excluded periods with ques-
tionable signal quality were re-included by the manual review 
because the other signals provided sufficient evidence of valid 
events.

manner to that used for the AHI4% and are presented in Figure 
3 and Table 2. For the subset of patients alone (excluding volun-
teers), the results were similar to those of the entire group (ICC 
= 0.92, bias = 3.3/h, 95% CI: 0.8 to 5.9/h).

Lab NPSG Versus Home ARES™

The mean valid time from the home 86 ARES™ studies was 
594 ± 171 minutes (total of 2 nights). Figure 4A-B compares the 
AHI4% obtained from the NPSG with the AHI4% obtained from 
the technician-edited home ARES™ study. The overall bias be-
tween the NPSG and ARES™ study was greater than the simulta-
neously acquired data (mean [AHI4%NPSG – AHI4% ARES] = 4.1/h, 
95% CI: 0.8 to 7.3/h). Figure 4C-D compares the data after ex-
cluding the 14 split-night studies conducted in the laboratory. 
The mean bias was lower (1.8/h) and the 95% CI was -1.2 to 4.7 
per hour. Tables 3a-b show the sensitivity, specificity, 95% con-
fidence intervals, and positive and negative likelihood ratios of 
using the home ARES™ AHI4% for diagnosing SDB when SDB 
is defined by multiple cut-offs for the in-lab NPSG.

Comparisons of the RDI and AHI1% obtained from the labo-
ratory NPSG and home ARES™ were performed in a manner 
similar to the comparison done for the AHI4% and are present-
ed in Figure 5 and Tables 3a-b.

When the data from the volunteers were excluded from the 
analyses, the mean differences were slightly higher in the 67 pa-
tients, compared with the entire group. Comparing AHI4%NPSG 
– AHI4% AREShome, the ICC was 0.76, the bias was 5.2 per hour, 
and the 95% CI was 1.0 to 9.4 per hour, and comparing RDINPSG 
– AHI1% AREShome, the ICC was 0.76, the bias was 10.3 per hour, 
and the 95% CI was 5.9 per hour to 14.6 per hour. The sensitivity, 
specificity, and likelihood ratio data are presented in Table 3c.

Table 2a—Diagnostic Classification: Lab-Based ARES™ Compared with Lab-Based Nocturnal Polysomnography in All 92 Subjects

	 	 Prevalence	 Sensitivity	 95% CI	 Specificity	 95% CI	 LR+	 LR-
	 	 	 	 LL	 UL	 	 LL	 UL
AHI4%, no./ h
	 ≥ 5	 0.60	 0.98	 0.89	 1.00	 0.84	 0.67	 0.93	 6.05	 0.02
	 ≥ 10	 0.42	 0.97	 0.85	 1.00	 0.85	 0.72	 0.93	 6.46	 0.03
	 ≥ 15	 0.39	 0.92	 0.76	 0.98	 0.95	 0.84	 0.99	 17.11	 0.09
RDI, no./h
	 > 10	 0.75	 0.91	 0.81	 0.96	 0.87	 0.65	 0.97	 7.00	 0.10
	 ≥ 15	 0.61	 0.95	 0.84	 0.99	 0.94	 0.80	 0.99	 17.04	 0.06

Table 2b—Diagnostic Classification: Lab-Based ARES™ Compared with Lab-Based Nocturnal Polysomnography in 73 Subjects, Which 
Excludes Volunteers

	 	 Prevalence	 Sensitivity	 95% CI 	 Specificity	 95% CI	 LR+	 LR-
	 	 	 	 LL	 UL	 	 LL	 UL
AHI4%, no./ h
	 ≥ 5	 0.71	 0.98	 0.88	 1.00	 0.76	 0.52	 0.91	 4.12	 0.03
	 ≥ 10	 0.51	 0.97	 0.84	 1.00	 0.78	 0.60	 0.89	 4.38	 0.03
	 ≥ 15	 0.47	 0.91	 0.75	 0.98	 0.92	 0.78	 0.98	 11.85	 0.10
RDI, no./h
	 > 10	 0.85	 0.95	 0.86	 0.99	 0.73	 0.39	 0.93	 3.49	 0.07
	 ≥ 15	 0.74	 0.94	 0.84	 0.99	 0.89	 0.65	 0.98	 8.97	 0.06

CI refers to confidence interval; LL, lower limit; UL, upper limit; LR+, positive likelihood ratio; LR-, negative likelihood ratio; AHI, apnea-
hypopnea index; RDI, respiratory disturbance index.
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hour and a “large reduction” (LR- = 0.06) in disease probability 
using an RDI of less than 15 per hour.19 For the home study on 
a separate night, the likelihood ratios are slightly lower (9.34 
for LR+ and 0.17 for LR-), though this is likely due to night-to-
night variability.

Normal volunteer subjects (recruited by word of mouth) were 
included in the present study in order to amplify the range of 
SDB, especially at the low end of the spectrum. The majority of 
patients coming to our laboratory have a high likelihood of being 
diagnosed with OSAHS. In order to obtain a large enough num-
ber of true negatives (to calculate a meaningful value for specific-
ity) and also to have a wide enough range of AHI and RDI values 
at the low end of the spectrum, we used volunteers who had no 
specific sleep complaints. Using the dataset of patients alone, 19 
of 73 (25%) had an RDI less than15 per hour. With the inclusion 
of the volunteers, 36 of 92 (40%) had an RDI less than15 per 
hour. There was no change in performance of the device when 
the data from the volunteers were excluded from the analysis.

Discussion

The present study shows that SDB indices similar to those 
recommended by the AASM Task Force and required by the 
Center for Medicare and Medicaid Services can be calculated 
from the signals acquired with the ARES™ Unicorder and 
that these indices of SDB correlate with those acquired dur-
ing conventional laboratory NPSG. This was true both for the 
simultaneously acquired ARES™ data and when ARES™ stud-
ies acquired in the home were compared with the laboratory 
NPSG. Of note, patients used the Unicorder in the home with 
no technician input and written instructions only. Furthermore, 
there was good agreement between the SDB indices obtained 
from the manually scored NPSG and the autoscoring algorithm 
used in the ARES™ system.

Based on the likelihood ratios, the indices obtained using the 
ARES™ Unicorder yielded a “large increase” (LR+ = 17.04) 
in disease probability based on an RDI of greater than 15 per 

Figure 4-A—Relationship between apnea-hypopnea index (AHI) derived from the nocturnal polysomnogram (AHI4%NPSG) conducted in the 
lab and the AHI based on the Apnea Risk Evaluation System (ARES™) studies conducted in the home. Each point represents 1 subject. As in 
figure 2, the closed circles represent studies with less than 3 hours of recording time. B: Bland Altman plot showing the difference between 
the AHI4% (nocturnal polysomnogram-ARES Home) plotted against the average of the 2 AHI4%s. Panels C and D: Relationship between 
AHI4%NPSG and AHI4%ARES Home excluding data from the split-night studies. 95%CI refers to 95% confidence interval.
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Figure 4 C-D 
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Figure 4 C-D 
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rience as to application of sensors (especially from the simultane-
ous in-lab use of the ARES™ monitor) during the in-lab study. 
This allowed us to evaluate the ease of use and study failure rate 
of the self-applied ambulatory device in the setting in which it is 
intended to be used. We feel that it is unlikely that lack of ran-
domization in the order of the home versus lab tests introduced 
a systematic bias in the diagnostic measures, as we know of no 
evidence that the performance of a sleep study has any effect on 
SDB measures obtained in subsequent studies. If anything, the 
second study tends to be easier for many subjects, as there is a 
tendency for a “first-night” effect to interfere with sleep.

The failure rate of the ARES Unicorder based on the number 
of successful studies in the home was 12% (12/100), as opposed 
to a failure rate of 1% for the NPSG. Six of the failed home 
studies were in patients who did not start the home study (citing 
lack of time) despite having agreed to the protocol. This may 
have been an unintended consequence of always following the 
home study with a laboratory study: because all patients were 

By definition, any limited monitoring provides a denomina-
tor of the SDB indices that is not the same as total sleep time 
but, rather, some fraction of the total time of recording. Never-
theless, our data show that, if the target is the Medicare AHI4%, 
the ARES™ Unicorder provides an acceptably accurate esti-
mate of the NPSG index. In contrast, if the purpose of a study 
is screening, then an index of SDB that detects subtle disease 
(e.g., the RDI) may be more appropriate than the AHI4%. The 
present study shows that the ARES™ Unicorder also appropri-
ately provided such an index, thus making it a useful tool to 
rule out significant SDB in the clinical situations in which this 
device is likely to be used.

In the present data set, the ambulatory (home) recording with 
the ARES™ monitor was always performed first, followed by 
the in-lab study within 2 weeks rather than in random order. This 
design was specifically chosen so that the home recording would 
not be influenced by any bias (experience) as a result of patients 
knowing their diagnosis or having acquired information or expe-

Table 3c—Diagnostic Classification: Home-Based ARES™ Compared with Lab-Based Nocturnal Polysomnography 67 Patients, which 
Excludes Volunteers

	 	 Prevalence	 Sensitivity	 95% CI	 Specificity	 95% CI	 LR+	 LR-
	 	 	 	 LL	 UL	 	 LL	 UL
AHI4%, no./ h
	 ≥ 5	 0.73	 0.92	 0.80	 0.97	 0.67	 0.41	 0.86	 2.76	 0.12
	 ≥ 10	 0.52	 0.89	 0.72	 0.96	 0.72	 0.53	 0.86	 3.15	 0.16
	 ≥ 15	 0.49	 0.76	 0.57	 0.88	 0.82	 0.65	 0.93	 4.29	 0.29
RDI, no./h
	 >10	 0.87	 0.90	 0.78	 0.96	 0.78	 0.40	 0.96	 4.03	 0.13
	 ≥15	 0.75	 0.84	 0.71	 0.93	 0.81	 0.54	 0.95	 4.50	 0.19

CI: Confidence Interval, LL: Lower Limit, UL:Upper Limit, LR+: Positive Likelihood Ratio, LR-:Negative Likelihood Ratio; ; AHI, apnea-
hypopnea index; RDI, respiratory disturbance index.

Table 3b—Diagnostic Classification: Home-Based ARES™ Compared with Lab-Based Nocturnal Polysomnography in 72 Subjects, which 
Excludes Split-Night Studies

	 	 Prevalence	 Sensitivity	 95% CI	 Specificity	 95% CI	 LR+	 LR-
	 	 	 	 LL	 UL	 	 LL	 UL
AHI4%, no./ h
≥ 5	 0.53	 0.87	 0.71	 0.95	 0.79	 0.62	 0.91	 4.22	 0.17
≥ 10	 0.33	 0.88	 0.66	 0.97	 0.83	 0.69	 0.92	 5.25	 0.15
≥ 15	 0.31	 0.68	 0.45	 0.85	 0.90	 0.77	 0.96	 6.82	 0.35
RDI, no./h
> 10	 0.71	 0.82	 0.69	 0.91	 0.90	 0.68	 0.98	 8.65	 0.20
≥ 15	 0.54	 0.82	 0.66	 0.92	 0.91	 0.75	 0.98	 9.03	 0.20

Table 3a—Diagnostic Classification: Home-Based ARES™ Compared with Lab-Based Nocturnal Polysomnography in all 86 Subjects

	 	 Prevalence	 Sensitivity	 95% CI	 Specificity	 95% CI	 LR+	 LR-
	 	 	 	 LL	 UL	 	 LL	 UL
AHI4%, no./ h
	 ≥ 5	 0.60	 0.90	 0.78	 0.96	 0.79	 0.62	 0.91	 4.39	 0.12
	 ≥ 10	 0.43	 0.86	 0.70	 0.95	 0.82	 0.67	 0.91	 4.71	 0.17
	 ≥ 15	 0.41	 0.74	 0.56	 0.87	 0.88	 0.75	 0.95	 6.31	 0.29
RDI, no./h
	 >10	 0.76	 0.86	 0.75	 0.93	 0.90	 0.68	 0.98	 9.05	 0.15
	 ≥15	 0.62	 0.85	 0.72	 0.93	 0.91	 0.75	 0.98	 9.34	 0.17
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head movements and upright position.9 In addition, periods 
of poor signal (airflow and saturation) are removed from both 
the numerator and denominator. The effect of changing the 
denominator used in the SDB will necessarily be greatest in 
short studies. In fact, our data suggest that the largest differ-
ences in AHI4% between the NPSG and the ARES™ were in 
subjects who had less than 3 hours of recording time and, in 
1 subject, when the majority of the (short) recording time was 
spent in wake. When the overall duration of the study was 
short (which in 14 subjects was due the use of a split-night 
protocol in the laboratory), small changes in denominator and/
or numbers of events have the greatest potential to have an 
impact on the index and appear to have contributed to differ-
ences between ARES™ and NPSG indices. From a practical 
point of view, this problem is likely to be minimized if short 
periods of unattended recordings are avoided (e.g., only col-
lect data for full nights or even 2 nights). In fact, our data sug-
gest that limiting analysis to ARES™ studies with durations 

aware that an in-lab NPSG was scheduled, there may have been 
less incentive for them to perform the home monitoring than 
would have been the case if this were the only scheduled evalu-
ation. From the above, the failure rate of the ARES Unicorder™ 
when utilized by a patient was 6%.

When ARES™ and NPSG data were acquired simultaneous-
ly, only 4 of 92 studies showed a difference in AHI4% greater 
than 14 per hour (2 SD). Factors to which differences in simul-
taneously acquired SDB indices can be attributed include the 
following:

(i) Valid signal time and duration of sleep: In the absence of 
electroencephalogram-defined sleep, the denominator of the 
AHI and RDI during limited studies is not the total sleep time, 
and this will always remain a limitation of not electroencepha-
lographically monitoring sleep. In the analysis of the data col-
lected using the Unicorder, the denominator is obtained from 
the total recording time by subtracting the time during which 
surrogates of arousal are detected, including prolonged large 

Figure 5-A—Relationship between the respiratory disturbance index derived from the nocturnal polysomnogram (RDI NPSG) conducted 
in the lab and the apnea-hypopnea index (AHI) based on the Apnea Risk Evaluation System (ARES™) studies conducted in the home 
(AHI1%ARES HOME). Each point represents 1 subject. As in figure 2, the closed circles represent studies with less than 3 hours of recording 
time. B—Bland Altman plot showing the difference between the RDINPSG and AHI1% ARES Home plotted against the average of the 2. 5-C and 
5-D—Relationship between RDINPSG and AHI1%ARES Home excluding data from the split-night studies. 95%CI refers to 95% confidence inter-
val.
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NPSG indices could be attributed to differences between the 
ARES™ reflectance oximeter and the Masimo transmission 
oximeter (Masimo Radical, Irvine, CA) used in our laboratory 
NPSG. There were also differences in the scoring algorithms 
utilized, and these may have contributed to differences in the 
SDB indices independent of the oximetry-signal acquisition. 
An example of this is that the ARES™ oximeter reports satura-
tion with a resolution of 0.1%, in contrast with the lab NPSG 
oximeter, which reports saturation with a 1% resolution. Thus, 
the NPSG oximeter is subject to different rounding of values 
near 4%, and the ARES™ algorithm allows a cut-off of 3.5% 
for hypopnea.

(iii) Effects of the automated analysis used in the ARES™ 

of 3 hours or longer may provide the most accurate estimate 
of the NPSG AHI4%.

(ii) Difference in the way the oximeter signal is acquired 
and processed and used in defining events: We have previously 
shown that changing the oximeter used can significantly affect 
SDB indices in attended NPSG studies.20 In the present study, 
some of the differences between the simultaneous ARES™ and 

Figure 8—This figure illustrates the impact of periodic leg movements (PLMs) on the sleep-disordered breathing (SDB) index in a subject in 
whom the RDINPSG was lower than the AHI1%ARES LAB by 21/h. The top panel shows the signals from the nocturnal polysomnogram (NPSG), 
in which no SDB events are scored on the airflow channel by the technician due to the presence of clearly identifiable PLMs. The lower panel 
shows the Apnea Risk Evaluation System (ARES™) data collected simultaneously and the autoscored hypopnea.
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Figure 6—Relationship between the apnea-hypopnea index 
(AHI1%) autoscored with and without technical review for all Ap-
nea Risk Evaluation System (ARES™) studies. The closed circles 
represent in-lab ARES™ studies, and the open circles represent 
in-home ARES™ studies.
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Figure 7—Change in valid time as a result of technical review 
plotted by subject number for all Apnea Risk Evaluation System 
(ARES™) studies. Closed circles represent in-lab ARES™ stud-
ies, and open circles represent in-home studies.
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asymptomatic volunteers) support the potential utility of an am-
bulatory limited-monitoring approach as part of an algorithm 
designed not only for diagnosing SDB (case finding), but also 
to rule out SDB (screening) in suitably selected groups.

Our data are in agreement with those of other studies compar-
ing SDB indices obtained using limited monitoring8,10,11,25,26 or 
unattended NPSG 21compared with in-lab full NPSG. The dem-
onstration that limited monitoring can provide a valid represen-
tation of SDB, as measured by in-lab NPSG along with a home 
continuous positive airway pressure titration, has the potential 
to increase access to underserved populations at a reduced cost 
and with minimal patient burden, but this needs to be tested 
directly. In addition, ambulatory, limited studies should allow 
acquisition of data from large numbers of subjects not easily 
studied in the lab to address the critical issue of the variability 
of SDB and its consequences in multiple populations.
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versus manual scoring in the NPSG: Although autoscoring saves 
time and increases reproducibility of scoring, it is a source of 
deviation from manual scoring and needs to be validated. As is 
customary in clinical practice, all scored NPSGs were reviewed 
manually after initial scoring, including the autoscored ARES™ 
studies. As shown by our data, this did not produce large changes 
in the overall SDB indices produced by the automated ARES™ 
scoring algorithm. Although not directly assessed, this suggests 
that manual scoring of the ARES™ studies would have been 
similar to the results from the automated and manually reviewed 
scoring. The manual review of the ARES™ autoscored raw sig-
nals, in fact, provided a high level of confidence in the automated 
analysis, and our overall results comparing these automated SDB 
indices with the simultaneous lab NPSG-derived indices was suf-
ficiently good that we did not perform an event-by-event analysis 
in the 92 studies in which this could have been done.

(iv) Ambiguity of respiratory signals if period leg movements 
are present: As previously reported,8 periodic arousals result-
ing from period leg movements may create apparent respira-
tory events due to the large breaths associated with the periodic 
leg movement-induced arousals. In 1 patient, this resulted in an 
elevated RDI (but not AHI4%) during the ARES™ analysis, 
compared with the RDI obtained during the NPSG (See Figure 
8.) This was because the technician scoring the full NPSG was 
able to visualize the period leg movements and incorporate this 
information in her scoring.

When ARES™ and NPSG data were acquired on separate 
nights, there was, as expected, a greater deviation in the SDB 
indices. It is likely that, in addition to the factors listed above, 
there was an important contribution from night-night variability, 
including positional and sleep-stage effects. The differences we 
report are in the same range as the night-to-night variability re-
ported for data collected on multiple nights of full polysomnog-
raphy (as part of the Sleep Heart Health Study) in the home or 1 
night in the lab and 1 night in the home.21,22 The ICCs reported 
in these studies were 0.81 (for 2 home studies)22 and 0.77 (lab 
versus home study) ,21 with 15% to 25% of the subjects crossing 
a threshold of 5 or 10 for RDI4% based on 2 separate nights of 
full polysomnographic recording. Consistent with subjects in 
other studies,23 our subjects spent significantly more time in the 
supine position in the laboratory, compared with in the home, 
and this was reflected in the difference between ARES™ lab 
versus home SDB indices. This reinforces the advantage of do-
ing studies in the more typical home environment because the 
data may be more representative of the typical disease burden.

In summary, the present data again confirm that it is possible 
to obtain SDB indices comparable to those obtained by full-lab 
NPSG from data acquired by an unattended, limited diagnos-
tic device, at least in subjects suspected of having only SDB 
or of having no sleep disorder. Furthermore, it is noteworthy 
that these results were obtained with a device that was self ap-
plied by patients in the home with only written instructions and 
analyzed with an automated algorithm. Although the present 
study did not test patient outcomes nor did it explore a full di-
agnostic algorithm, as was recently reported by Mulgrew et al,24 
our intent was solely to evaluate the validity of using an unat-
tended limited-data-acquisition device to obtain SDB indices in 
a population suspected of having SDB. The high sensitivity and 
specificity obtained in the group we studied (which included 
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