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Study Objectives: We hypothesized that a dual-channel 
portable monitor (PM) device could accurately identify patients 
who have a high pretest probability of obstructive sleep apnea 
(OSA), and we evaluated factors that may contribute to 
variability between PM and polysomnography (PSG) results.
Methods: Consecutive clinic patients (N = 104) with possible 
OSA completed a home PM study, a PM study simultaneous 
with laboratory PSG, and a second home PM study. Uniform 
data analysis methods were applied to both PM and PSG 
data. Primary outcomes of interest were the positive likelihood 
ratio (LR+) and sensitivity of the PM device to “rule-in” OSA, 
defi ned as an apnea-hypopnea index (AHI) ≥ 5 events/h on 
PSG. Effects of different test environment and study nights, 
and order of study and analysis methods (manual compared 
to automated) on PM diagnostic accuracy were assessed.
Results: The PM has adequate LR+ (4.8), sensitivity (80%), 
and specifi city (83%) for detecting OSA in the unattended home 
setting when benchmarked against laboratory PSG, with better 
LR+ (> 5) and specifi city (100%) and unchanged sensitivity 
(80%) in the simultaneous laboratory comparison. There were 

no signifi cant night-night (all p > 0.10) or study order effects 
(home or laboratory fi rst, p = 0.08) on AHI measures. Manual 
PM data review improved case fi nding accuracy, although this 
was not statistically signifi cant (all p > 0.07). Misclassifi cation 
was more frequent where OSA was mild.
Conclusions: Overall performance of the PM device is 
consistent with current recommended criteria for an “acceptable” 
device to confi dently “rule-in” OSA (AHI ≥ 5 events/h) in a 
high pretest probability clinic population. Our data support the 
utility of simple two-channel diagnostic devices to confi rm the 
diagnosis of OSA in the home environment.
Commentary: A commentary on this article appears in this 
issue on page 411.
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Obstructive sleep apnea (OSA) is a prevalent condition 
commonly associated with obesity, hypertension, ha-

bitual snoring, and hypersomnolence.1,2 A recent update of 
the Wisconsin cohort study reported a disturbing increase in 
estimated prevalence of OSA over the last two decades, with 
population ageing and increasing obesity likely driving infl u-
ences.3 Growing demand for access to diagnosis and treatment 
has led to longer waiting lists as the need for these services 
exceeds capacity.4 Population-based studies estimate that 90% 
of cases in the communities of advanced economies remain 
undiagnosed and untreated.2,5,6

An important limiting factor has been a lack of access to and 
perceived expense of laboratory polysomnography (PSG), the cur-
rent “gold standard” for OSA diagnosis.7 There is an urgent need 
to research novel diagnostic methodologies that are less expensive 
and more widely applicable than PSG.5 Because of these diffi cul-
ties many physicians have resorted to the use of ambulatory diag-
nostic devices, despite limited evidence of their accuracy.8
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BRIEF SUMMARY
Current Knowledge/Study Rationale: The primary aim of this study 
was to assess the accuracy of a dual-channel PM device (type 4) as a 
triaging tool in a clinic population with suspected OSA, since the Ameri-
can Academy of Sleep Medicine (AASM) holds that there is insuffi cient 
evidence to support the use of type 4 PMs in the unattended setting. We 
sought to address limitations in previous studies by ensuring adequate 
sample size, testing in both home and laboratory environments, and 
assessment of night-to-night variability and order effects.
Study Impact: Our study confi rms acceptable accuracy of a two-chan-
nel (type 4) PM device for the diagnosis of OSA in a sleep clinic popula-
tion with a home study. Overall performance of the device is consistent 
with current recommended criteria for ruling in OSA (AHI ≥ 5 events/h) 
in this setting.

SCIENTIFIC INVESTIGATIONS

Several recent reviews have assessed portable monitoring 
(PM) devices in OSA diagnosis.9–11 Identifi ed shortcomings 
of the assessment of these devices include frequent failure to 
evaluate their effectiveness in their intended home setting, low 
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patient numbers, inadequate randomization of the order in which 
at-home and in-laboratory studies were made, and reliance on 
automated scoring of the data generated. In response to these 
deficiencies, Flemons et al. developed a system for grading the 
evidence from such studies and made recommendations regard-
ing the use of appropriate research methods and reporting for the 
validation of PM devices to minimize bias.9,12 All subsequent re-
views have applied this grading methodology in order to build an 
evidence basis regarding the place of PM in the diagnosis of OSA.

The limitations outlined above appear to relate particularly to 
simple one- or two- channel (type 4) devices. While type 3 PM 
devices (which include ≥ 4 cardiorespiratory channels) have been 
approved for objective testing in several situations, the Ameri-
can Academy of Sleep Medicine (AASM) holds that there is in-
sufficient evidence to support use of type 4 PMs in unattended 
settings.10,13 Given the simplicity and relatively low cost of such 
devices, interest remains in definitively determining their place 
in diagnostic testing, both for clinical and research purposes.

Barriers to acceptance of simple PM devices are their lack 
of an accurate measure of time asleep and inability to detect 
arousals, and therefore arousal-related respiratory events. It 
has been argued that clinicians could accept an index gener-
ated by a PM that may not agree completely with PSG if it 
accurately categorized presence or absence of OSA.14 Based 
upon this premise, the sensitivity, specificity and positive like-
lihood ratio (LR+) appear to be the best statistical measures for 
identifying a clear cutoff for a PM-generated AHI that defines 
presence or absence of the disorder.14 Indeed, Collop et al. de-
vised specific criteria to apply to the PM result to ensure a suf-
ficiently high posttest probability (> 95%) to confidently rule in 
OSA.15 Their approach focussed upon assessing study quality 
and statistical methodology that ensured PM diagnosis accu-
rately categorized OSA, allowing for the limitations inherent 
in their inability to detect and stage sleep.

The recent recommendations of Collop regarding the stan-
dards that should be applied to evaluation of PM devices in-
formed our approach to this study.15 The primary aim of the 
present study was to assess the accuracy of a dual-channel PM 
device (ApneaLink) as a triaging tool for suspected OSA in 
a population referred to a specialist sleep clinic. We hypoth-
esized that by addressing limitations in previous studies we 
could demonstrate that this simple type 4 device could ac-
curately “rule-in” OSA in high pre-test probability patients. 
The methodological weaknesses of previous studies were 
addressed by ensuring adequate sample size, testing in both 
home and laboratory environments, and assessment of night-
to-night variability and order effects. We also compared PM 
analysis using the computer-aided visual data review method 
with automated analysis for this PM device, by uploading PM 
recordings into our PSG analysis platform. We postulated fur-
ther that some of the misclassification reported in past studies 
may be due to analysis discrepancies.

METHODS

Participants
Eligible study participants were patients referred to a sleep 

disorders clinic (West Australian Sleep Disorders Research 

Institute [WASDRI], Sir Charles Gairdner Hospital) for inves-
tigation of suspected OSA. Inclusion criteria were: age 18–75 
years, referral for investigation of possible OSA, scheduled di-
agnostic PSG, and ability to adhere to all study components. 
Exclusion criteria included unstable coronary syndromes, se-
vere chronic airflow limitation (FEV1 < 50% predicted), uncon-
trolled congestive cardiac failure, morbid obesity (BMI > 40), 
neuromuscular disease, cognitive impairment/disability such 
that the PM study was difficult to administer, previous diag-
nosis of OSA, and use of CPAP or oxygen therapy. The study 
was approved by the local Human Research Ethics Committee 
(No. 2007-032).

Study Design
A prospective repeat study protocol (Figure 1) was used in 

which subjects completed a home PM study 2 weeks prior to 
PSG (P1), a PM study simultaneous with laboratory PSG (P2), 
and a home PM study after PSG (P3). Subjects were randomly 
assigned to complete all (P1, P2, P3) assessments (Group 1) or 
only P2 and P3 (Group 2).

The afternoon prior to P1, a sleep technologist issued the 
PM device and instructed the participant in its correct fitting 
and use (education 10 min). The subject took the equipment 
home, wore it during a “usual” night’s sleep and returned 
it by post. During simultaneous PM and PSG (P2), the na-
sal pressure signal was delivered to both sleep systems using 
a Y-piece in the nasal catheter, a methodology validated in 
previous studies,16–19 and the subject wore separate oximetry 
finger probes for the PM device and PSG. At the conclusion of 
the PSG all subjects were given a PM device and instructed 
about its correct use. The subject took the device home, re-
peated the PM study within 1–14 days of the PSG (P3) and 
returned it by post.

The PM study was judged acceptable if it was ≥ 4 h duration, 
and both flow and saturation data were present ≥ 90% of the 
recording time. When a PM study was not acceptable on these 
grounds, participants were invited to repeat the study. Of the 
total number of PM studies conducted (n = 356), there were 70 
(19.7%) failed studies (with some subjects having more than 
one failed study, so that the total number of subjects with failed 
studies was 35). Of the 70 failed studies, 37 (10.4%) were pa-
tient-related failures (insufficient duration or compliance), 20 
(5.6%) were due to administrative error (booking error), and 
13 (3.7%) were technical (signal loss) failures. Of 139 patients 
who gave informed written consent to participate, 35 subjects 
had “failed” PM studies, which left 104 evaluable patients 
(Figure 1).

Measurements

Portable Study (PM Study)
The PM studies were undertaken using the ApneaLink Ox 

device (Firmware version 04.08, software version 8.00) which 
comprises a nasal flow signal (using a nasal cannula/pressure 
transducer system, recording the inverse square root of pres-
sure as an index of flow [sample rate 100Hz]), and pulse ox-
imetry (Nonin XPod 3012 with a Nonin 7000A finger probe 
[sample rate 1 Hz]; Nonin, Hudiksvall, Sweden). Details of 
linearization of the nasal pressure signal and processing of 
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artifact in the pulse oximetry signal have been outlined in past 
validation studies.16,17,20,21

Initial PM data analysis was automated (by ApneaLink 
software) with rules defined to match laboratory PSG set-
tings.22 Manual data review used the PSG data analysis plat-
form after importing ApneaLink signals (EDF format with 
removal of automated results). PM studies were de-identified 
and scored by 2 accredited sleep scientists who are members 
of the Board of Registered Polysomnographic Technologists 
(BRPT), who were blind to the PSG results. To assess scoring 
concordance between the scientists, a random sample of 10 
studies was analyzed by both scorers, and the intraclass cor-
relation coefficient for the apnea-hypopnea index (AHI) was 
calculated.

An apnea was defined as a decrease in airflow by 80% of 
baseline (duration 10–80 s). A hypopnea was defined as a de-
crease in airflow ≥ 30% of baseline plus 3% desaturation or a 
reduction of airflow ≥ 50% of duration 10–100 s. The index 
definition for AHI derived from PM (AHI PM) was apneas 
plus hypopneas per recording hour.

Polysomnography (PSG)
Overnight laboratory-based PSG was performed using the 

Compumedics E-Series (PSG Online 2, Compumedics Ltd, 
Abbotsford, Australia).22,23 Sleep was documented by stan-
dard electroencephalographic (EEG), electro-oculographic 
(EOG) and electromyographic (EMG) criteria.24 Other mea-
surements included electrocardiogram (ECG), nasal pressure, 
oronasal airflow (thermocouple), thoracic and abdominal in-
ductance plethysmography, oximetry (Nonin XPod 3012 with 
a Nonin 7000A finger probe [sample rate 1 Hz]; Nonin, Hu-
diksvall, Sweden) and bilateral leg movements (piezoelectric 
sensors).22

PSG studies were manually scored by sleep scientists ac-
cording to the recommendations published by the AASM,22 
using Profusion 2 software (Compumedics Ltd, Abbotsford, 
Australia). Obstructive apneas were defined as the absence (de-
crease by 80% from baseline) of airflow ≥ 10 seconds. Obstruc-
tive hypopneas were defined as ≥ 50% decrease in airflow, or 
a clear but lesser decrease in airflow associated with either 3% 
desaturation or an EEG arousal in the context of ongoing respi-
ratory effort. In the case of PSG, AHI was defined as the num-
ber of apneas plus hypopneas per sleep hour (AHI PSG). OSA 
was defined as AHI ≥ 5 events/h with severity of OSA defined 
as: Nil = AHI < 5 events/h; mild = 5 ≤ AHI < 15 events/h; mod-
erate = 15 ≤ AHI < 30 events/h; severe = AHI ≥ 30 events/h.22

Data Analysis
Sample size calculation was based upon preliminary data 

showing a standard deviation of the mean difference in AHI 
between a similar PM device (Micromesam, single channel) 
and PSG methods of 11.5 events/h for 25 paired data sets.25 
Assuming α = 0.05 and > 90% power, we estimated 89 pa-
tients were required to detect an AHI difference of 4 events/h 
between methods (a level of discrimination that accounts for 
potential variability in the AHI attributable to home versus 
laboratory-based study differences).26 Allowing for data wast-
age of 17% (based on the previous study), we planned to com-
plete 104 evaluable cases.

Baseline demographic and sleep data for the cohort were 
described as mean ± SD, or median [interquartile range (IQR)] 
for skewed data.

The primary outcome of interest was the diagnostic accu-
racy of the PM device to rule in OSA at AHI ≥ 5 events/h. 
Account was taken of factors known to have contributed to 
variability in past studies as follows: (a) night-to-night con-
sistency of PM results, (b) study order effect, (c) underes-
timation of PM results, and (d) manual data review versus 
auto-analysis.

Validation analysis included calculation of sensitivity, speci-
ficity, and positive and negative likelihood ratios (LR+, LR-), 
using the PSG as the reference standard. We applied the sta-
tistical guidelines recommended by Collop et al., whereby an 
acceptable PM device is judged according to whether it can 
produce LR+ ≥ 5 and sensitivity ≥ 0.825 at an in-laboratory 
AHI of ≥ 5 events/h, assuming a pretest probability of 80%.15 
We calculated the expected LR+ to achieve a posttest probabil-
ity > 95% in our clinic population using our known prevalence 
rates for mild, moderate, and severe OSA (expected LR+: 1.8, 
6.5, and > 10, [Table 2]).

The night-to-night consistency of PM results (Group 1, 
n = 52) was evaluated by 4 methods: mean night to night differ-
ences between grouped data, mean night-to-night differences 
between paired data, correlation between repeated results, and 
Bland-Altman plots of paired measurements. Order of study 
effect was investigated by randomization of subjects to 2 
groups (PM first [n = 52] or PSG first [n = 52]) and calculation 
of group mean differences. The misclassification percentages 
(at AHI ≥ 5 events/h) between the groups were compared us-
ing χ2 tests.

The effects of different study night, equipment, and en-
vironment on AHI measured at home and in the laboratory 
were assessed using bivariate correlation, identity plots, 
and Bland-Altman plots. Mean differences between AHI 
PSG and AHI PM for the cohort (P2 and P3, n = 104) were 
calculated.

Accuracy of manual analysis compared with auto-analysis 
was investigated by calculation of sensitivity, specificity and 
percentage of missed cases. The misclassification percent-
age for auto-analysis was compared with manual review by χ2 
analysis.

Data were analyzed using SPSS statistics (GradPack 17.0 
Release 17.0.2, March 11, 2009), and R software (Version 2.14.1, 
2011-12-22). Statistical significance was defined at the 5% level.

RESULTS

Over a one-year period, 223 subjects were approached to 
participate in the study. Of these subjects, 139 consented to 
participate and were randomized to receive either a PM home 
study first (Group 1) or a simultaneous laboratory PM and PSG 
study first (Group 2, [Figure 1]).

Subject Characteristics
Subjects were predominantly male (64%), middle-aged 

(50.7 ± 13.5 y), obese (BMI: 31.3 ± 6.3 kg/m2), and commonly 
reported daytime sleepiness (ESS: 9.3 ± 5.6; Table 1). Subjects 
had moderately severe OSA (AHI: 28.5, 13.3–37.5 events/h), 



436Journal of Clinical Sleep Medicine, Vol. 11, No. 4, 2015

KL Ward, N McArdle, A James et al.

Correlation between PM Studies and PSG
Data from all evaluable subjects (n = 104) showed that there 

were generally good correlations between AHI PM from night 
to night and with laboratory AHI PSG (Figure 2A–2C). The 
closest correlations were seen between tests on different equip-
ment (PM and laboratory) done on the same night in the same 
laboratory environment (r = 0.9, Figure 2A), and between tests 
on the same equipment but different nights and different envi-
ronments (r = 0.9, Figure 2B).

Agreement between PM Studies and PSG
The AHI PM (home and laboratory) underestimated AHI 

PSG, and the difference between the 2 methods increased 
with the mean AHI PSG/AHI PM (Figure 2A and 2C). In 
Figure 2A, almost all data points fell below the line of identity 
in the identity plot and above the line of no difference in the 
Bland-Altman plot. The AHI PM on all 3 study nights was 
significantly lower (p < 0.001) than AHI PSG. Mean differ-
ences ranged from 13.5 events/h (95% CI 11.1, 15.9) on the si-
multaneous night (P2) to 17.2 events/h (95% CI 12.0, 22.4) on 
the pre-PSG night (P1), and 14.8 events/h (95% CI 11.8, 17.8) 

and evaluable subjects (n = 104) had a wide range of disease 
severity (AHI range: 1 to 129 events/h). The median minimum 
oxygen saturation was 88% (81% to 92%), and time spent at 
an arterial oxygen saturation ≤ 90% was 0.6 min (0.0–10.7) 
[Table 1]. There were no significant differences between the 
demographic and sleep characteristics of subjects who were 
evaluable (n = 104) and those who were not (n = 35) [Table 1]. 
Scoring reliability between the 2 BRPT-accredited scorers was 
high, with intraclass correlation coefficient (ICC) values for 
P2 and P3 of 0.97 (95% CI 0.88, 0.99) and 0.98 (95% CI 0.70, 
0.99). The prevalence of OSA in this study cohort is compa-
rable to the prevalence in our tertiary referred clinic population 
(Table 2).23

1. PM Device Performance
There were no significant night-to-night variability or order 

effects for PM data (see Potential sources of PM device per-
formance variability, below); hence, all data for P2 and P3 (i.e., 
from Groups 1 and 2) were combined to optimize statistical 
power (n = 104) in the following correlational, agreement, and 
diagnostic accuracy analyses.

Figure 1—Recruitment flow diagram.

*Detail of ineligible subjects given in text. #Detail of incomplete data given 
in text.

Table 1—Characteristics of the study cohort.
Subjects (N = 104)

Sex, male, n (%) 64 (62)
BMI, kg/m2 31.3 ± 6.3
Age, y 50.7 ± 13.5
ESS, score 9.3 ± 5.6
AHI, events/h 28.5 (13.3, 37.5)
ARI, events/h 34.2 (21.4, 48.0)
Minimum SpO2, % 88 (81, 92)
Time spent < 90% SpO2, min 0.6 (0, 10.7)
PSG sleep parameters

Total recording time, min 472.9 ± 54.5
Total sleep time, min 349.0 ± 78.8
Sleep efficiency, % 74.2 ± 14.3
Total time awake, min 123.9 ± 74.1

Data are presented as mean ± standard deviation or median (interquartile 
range); BMI, body mass index; ESS, Epworth Sleepiness Scale; AHI, 
apnea-hypopnea index; ARI, arousal index; SpO2, arterial oxygen 
saturation; PSG, polysomnography. 

Table 2—Prevalence of OSA in portable study cohort 
compared with WASHS.

Level of OSA

Study Cohort
N = 104
N (%)

WASHS
N = 2,663

N (%) p value
Nil 6 (5.8) 179 (6.7) 0.72
Any OSA 98 (94.2) 2,484 (93.3) 0.72
Moderate-severe 75 (72.1) 1,904 (71.5) 0.88
Severe 51 (49.0) 1,166 (43.8) 0.31

OSA, obstructive sleep apnea; Any OSA, AHI ≥ 5 events/h; Moderate-
severe OSA, AHI ≥ 15 events/h; Severe OSA, AHI ≥ 30 events/h; 
WASHS, West Australian Sleep Health Study;23 p value, Pearson χ2 test.
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Figure 2—Identity and Bland-Altman plots comparing AHI for in-lab PSG with AHI for PM studies, (N = 104, composed of all 
data from P2 and P3 nights (i.e., Group 1 and Group 2 combined).

(A) Simultaneous recordings (same night and environment, different equipment). (B) Compares PM studies done in-lab and at home (different night and 
environment, same equipment). (C) Compares in-lab PSG with home PM study (different night, environment and equipment).
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on the post-PSG night (P3). By contrast, agreement was best 
using the same equipment, on a different night but in the same 
environment (Figure 2B, Bland-Altman plot, and Figure 3).

Diagnostic Accuracy of the PM
Table 3 presents data for the diagnostic accuracy of the PM 

to categorize mild, moderate, and severe OSA for simultane-
ous data collection (P2) and in the unattended home setting 
(P3). The PM had good diagnostic accuracy to rule in OSA 
(AHI ≥ 5 events/h), with a sensitivity of 80% and LR+ of 4.8 in 
the home setting (Table 3). Positive LR remained high (infin-
ity, due to the denominator of 1-specificity being zero) to rule 
in both moderate and severe OSA, but there was a progressive 
loss of sensitivity (66%, 43%, respectively).

2. Potential Sources of PM Performance Variability

Night-to-Night Variability
Group 1 subjects (n = 52) had 3 PM studies (home P1, lab 

P2, home P3). Identity plots showed good correlation between 
the paired comparisons (r = 0.80 to 0.87) for Group 1 subjects 
(Figure 3).The mean night-to-night differences between home 

PM study results were small (AHI P1-P3: −1.6, 95% CI −4.4, 
1.22, p = 0.26). Comparison between the home PM studies (P1 
and P3) and laboratory PM study (P2) showed small mean dif-
ferences (AHI P1-P2: −2.84, 95% CI −6.7, 1.0, p = 0.14, and 
AHI P3-P2: 0.72, 95% CI −2.2, 3.7, p = 0.63) of a similar magni-
tude. Similarly, Bland-Altman plots showed strong agreement 
between repeated PM results, with mean differences close to 
zero and ranging from −2.8 to 1.5 events/h (Figure 3).

Order Effect
The study design enabled exploration of the potential effect 

of order of measurement method. Group 1 subjects had a home 
PM study first (P1), while Group 2 subjects had laboratory 
PSG first, followed by home PM study (P3). The group mean 
difference between AHI PSG and home AHI PM was small 
(mean difference 3.2, 95% CI −3.2, 9.5), and there was no sig-
nificant difference (p = 0.33) between the mean differences for 
the groups based upon order of study. Analysis of accuracy of 
classification (at AHI ≥ 5 events/h) for both groups found 11% 
(n = 5) misclassification for PM first subjects compared with 
24% (n = 12) misclassification for PSG first subjects, but the 
difference in these proportions was not significantly different 

Table 3—Diagnostic accuracy of combined group 1 and 2 data for study nights 2 and 3 using the PM device relative to clinical 
standard PSG for mild, moderate, and severe OSA.

Study Night
Pretest

Probability
Sensitivity
(95% CI)

Specificity
(95% CI) LR+ LR−

Posttest
Probability

Any OSA
AHI ≥ 5 events/h

P2 0.93 0.80 (0.71, 0.88) 1.00* ∞ 0.20  > 0.99
P3 0.80 (0.72, 0.89) 0.83 (0.76, 0.91) 4.8 0.23  0.98

Moderate OSA
AHI ≥ 15 events/h

P2 0.71 0.74 (0.63, 0.84) 1.00* ∞ 0.26  > 0.99
P3 0.66 (0.55, 0.77) 1.00* ∞ 0.34  > 0.99

Severe OSA
AHI ≥ 30 events/h

P2 0.44 0.50 (0.36, 0.64) 1.00* ∞ 0.50  > 0.99
P3 0.43 (0.28, 0.57) 0.98 (0.94, 1.02) 21.7 0.59  0.94

*95% CI not relevant since specificity is 100%. OSA, obstructive sleep apnea; AHI, apnea-hypopnea index; P2, portable simultaneous with PSG; 
P3, portable post-PSG; LR+, positive likelihood ratio; LR−, negative likelihood ratio.

Table 4—Accuracy of manual analysis compared with autoanalysis for mild, moderate, and severe OSA.

Study Night Analysis Type Sensitivity Specificity
Missed Cases

N (%) p value % change
Any OSA
AHI ≥ 5 events/h
(N = 98)

P2 Automated 0.76 1.00 24 (24)
Manual 0.80 1.00 20 (20) 0.49 4

P3 Automated 0.76 0.83 24 (24)
Manual 0.80 0.83 19 (20) 0.39 5

Moderate OSA
AHI ≥ 15 events/h
(N = 75)

P2 Automated 0.61 0.96 29 (39)
Manual 0.74 1.00 20 (26) 0.12 12

P3 Automated 0.57 1.00 32 (43)
Manual 0.66 1.00 26 (34) 0.31 8

Severe OSA
AHI ≥ 30 events/h
(N = 51)

P2 Automated 0.33 0.98 34 (67)
Manual 0.50 1.00 25 (50) 0.07 18

P3 Automated 0.28 1.00 37 (72)
Manual 0.43 0.98 29 (57) 0.10 16

OSA, obstructive sleep apnea; AHI, apnea-hypopnea index; P2, portable simultaneous with PSG; P3, portable post-PSG; Automated, automated analysis 
from ApneaLink software; Manual, manual review of raw data on PSG software; p value, Pearson χ2 test.
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Figure 3—Comparisons of AHI for PM before PSG (P1), PM simultaneous with PSG (P2) and PM after PSG (P3) for Group 1 
subjects (N = 52).

(A) P1 versus P2 (r = 0.80, p = 0.14). (B) P3 versus P2 (r = 0.87, p = 0.63). (C) P1 versus P3, (r = 0.84, p = 0.26).



440Journal of Clinical Sleep Medicine, Vol. 11, No. 4, 2015

KL Ward, N McArdle, A James et al.

(p = 0.08). Misclassification was more frequent where OSA 
was mild.

Comparison of Automated Analysis with Manual Data Review
Seventy-five (72%) subjects had moderate to severe OSA 

on PSG (Table 2). Manual review correctly classified 55 cases 
(73%), while auto-analysis correctly classified 46 cases (61%; 
Table 4). Thus 9 cases (12%) of moderate-severe OSA were 
missed by the auto-analysis of the PM data. Table 4 shows that 
at every AHI level, manual review of data reduced the percent-
age of missed cases from 4% to 18%, irrespective of whether 
data were collected simultaneously in the laboratory or in the 
unattended home setting. However, these reductions were not 
statistically significant (all p > 0.07, Table 4).

DISCUSSION

This study confirms the accuracy of a two-channel (type 4) 
PM device for the diagnosis of OSA in a sleep clinic popula-
tion with a high pretest probability of the disorder. We found 
the PM has an adequate LR+ (4.8) and sensitivity (80%) for 
OSA (AHI ≥ 5 events/h) in the unattended home setting com-
pared with laboratory PSG, and a better LR+ (infinity) and 
unchanged sensitivity (80%) in the simultaneous laboratory 
comparison. Hence, the overall performance of the device is 
consistent with the current recommended criteria for an “ac-
ceptable” PM device to confidently “rule-in” OSA (AHI ≥ 5 
events/h) in a high pretest probability clinic population.15

Unlike many preceding studies of PM devices, this study 
was conducted according to the recommendations of expert 
working groups with both concurrent testing with laboratory 
PSG and testing at home, the intended setting for its use.9–11 
We found no significant differences in night-to-night AHI 
measures, nor was there a study order effect (home or labora-
tory first) when comparing mean differences between groups. 
Misclassification did not differ significantly between groups 

(PM first 11% versus PSG first 24%, p = 0.08), but was more 
frequent where OSA was mild. Manual PM data review im-
proved case finding accuracy, but the difference in accuracy 
did not reach statistical significance.

Previous studies have one or more of the following limita-
tions: (a) failure to study the PM device in its site of intended 
use, the home18,19,27,28; (b) low sample size16–21,27,28; (c) failure to 
collect oximetry data16–20,27,29; (d) no randomization of order of 
comparison18,19,27,28; and (d) no manual review of the raw PM 
data.16–20,27,29,30 Our validation addresses these limitations. It 
examines the PM device in both the home and laboratory set-
tings, is adequately powered, includes both flow and oximetry 
data, avoids order bias, and assesses the impact of manual 
scoring of PM data on performance.

Some previous studies18,19,27,28 have validated this PM in the 
laboratory (i.e., concurrent with PSG) and reported good sen-
sitivity (80% to 100%) to rule in OSA (AHI ≥ 5 events/h) but 
variable specificity (50% to 100%), with LR+ values ranging 
from 1.9 to infinity. Our study showed high diagnostic accu-
racy to rule in OSA with specificity 100% and LR+ infinity 
on the simultaneous night assessment. Other studies17,20,29 that 
have evaluated the device simultaneously with PSG in the lab-
oratory, and at home have shown less agreement on the home 
study night (Table 5). Simultaneous night data showed high 
sensitivity in all studies (89% to 94%), but specificity was vari-
able and LR+ values ranged from 1.9 to 3.9. The comparisons 
of PSG with the home study night showed moderate sensitivity 
in one study (68%)20 and good sensitivity in two studies (81% 
and 92%, respectively),17,29 comparable with the 80% observed 
in our study. Specificity was moderate in these previous stud-
ies (all 3 = 77%) compared with 83% in this study. Hence this 
study, which has carefully addressed the limitations of previ-
ously described studies, demonstrates that ApneaLink either 
meets (simultaneous laboratory comparison) or is close to 
meeting (home versus laboratory PSG comparison) the cur-
rent recommended criteria15 for an acceptable device to rule in 

Table 5—Results from ApneaLink validation studies conducted in the recommended setting: PM study simultaneous with 
laboratory PSG (L/L) and PM study at home compared with laboratory PSG (H/L).

Author, Year Sample Size OSA Prev (%)
AHI Threshold 

(events/h)

Diagnostic Accuracy
Same Night (L/L) Different Night (H/L)

Sens Spec LR+ Sens Spec LR+
Present Study a 104 93  5 b 0.80 1.00 ∞ 0.80 0.83 4.8

104 72 15 0.74 1.00 ∞ 0.66 1.00 ∞
41 30 0.50 1.00 ∞ 0.43 0.98 21.7

Oktay, 2011 53 76 5 0.90 0.77 3.9 0.68 0.77 2.9
53 36 15 0.79 0.88 6.7 0.74 0.85 5.0

17 30 0.67 0.96 14.8 0.56 0.96 12.4

Crowley, 2013 48 41 5 0.89 0.56 2.0 0.81 0.77 3.5
38 16 15 1.00 0.92 12.5 0.67 0.91 7.4

Ragette, 2010 102 80 5 0.94 0.50 1.9 0.92 0.77 3.9
131 49 15 0.92 0.89 8.0 0.73 0.85 4.8

aDevice type, 2 channel, NP and oximetry. bManual review of raw data. Study type: L/L, simultaneous laboratory PSG and PM study; H/L, 
laboratory PSG compared with home PM study. OSA Prev, OSA prevalence at AHI thresholds of 5, 15 and 30; Sens, sensitivity; Spec, 
specificity; LR+, positive likelihood ratio.
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OSA in the clinical setting. Note that single channel oximetry 
using a 3% desaturation gave equivalent results to rule in mod-
erate to severe OSA. However, to rule in mild OSA (AHI ≥ 5 
events/h) the addition of the nasal pressure signal resulted in 
better specificity, and more cases were identified. Previous 
work published by our group has shown that oximetry alone is 
less helpful for lean patients.31 In patients with a low BMI, na-
sal pressure is likely to be a more discriminatory signal, as this 
group will have lesser arterial oxygen desaturation for given 
degrees of upper airway obstruction.

Several authors have used identity and Bland-Altman plots 
to illustrate the inherent bias between AHI PM and AHI PSG 
on one hand, and good agreement between repeated PM stud-
ies on the other.26,30,32 Our data confirm that even when stud-
ied with the same night and environment (Figure 2A), the PM 
consistently underestimates AHI PSG. The effect of a differ-
ent study night is to increase the spread of data (Figure 2C; 
r = 0.84). By contrast, where the same equipment is used 
(Figure 2B), agreement is good despite the introduction of 
the potentially confounding variables of different night and 
environment. Thus the PM underestimated AHI PSG by 13.5 
to 17.2 events/h, likely because of reliance on a different de-
nominator (monitoring time for the PM versus sleep time for 
laboratory PSG) to calculate the AHI and/or the inability to 
score EEG arousal-related events for the PM study. This de-
gree of underestimation is consistent with previous PM data, 
which showed that on average AHI PM was 10% lower than 
AHI PSG.33 The cases most likely to be missed (false negatives) 
are those with mild OSA since the inherent underestimation 
of the PM may recategorize mild cases below the diagnostic 
threshold for OSA (AHI < 5 events/h). False negative rates can 
be as high as 17%10 in unattended PM studies leading to the 
recommendation that PMs be used to rule in OSA in the setting 
of a high pretest probability.

For laboratory-based PSG it is generally recognized that a 
first-night effect results in poor sleep efficiency and underesti-
mation of OSA,34–36 due to the large number of sensors applied, 
limiting sleep to the supine posture in an unfamiliar environ-
ment.34,35,37 Since most studies examining night-to-night vari-
ability have investigated laboratory PSG, first-night effect may 
well account for some of this variation. Part of the intuitive 
appeal for home PM relates to the notion of better quality sleep 
at home and a potentially more accurate diagnosis. Our results 
for the same individuals over different nights show low vari-
ability in PM device performance, even though one study was 
conducted in the laboratory simultaneous with PSG (Figure 3). 
Some studies (using laboratory PSG) have suggested that the 
variability is inversely proportional to the severity of OSA, 
with more severe OSA being more reliably diagnosed.35,38–40 
However, most PM studies report no night-night change for 
OSA severity at a group level (mean AHI PSG/AHI PM) but 
note that misclassification can occur, with the degree depen-
dent upon the cutoff used to define “disease.” 41–43 Two well-
designed studies using home PM results reported no bias 
between nights, first-night effect, or directional trend, suggest-
ing that PM studies may minimize some of the variability of 
laboratory PSG.36,43 Our results are consistent with most other 
work indicating minimal or no first-night effect when using 
PM devices.36,43

We found no evidence of an order effect (p = 0.33). We 
hypothesized that subjects studied with laboratory PSG first 
may have had reduced sleep efficiency and consequent lower 
severity of OSA. Analysis of misclassifications showed more 
missed cases (AHI ≥ 5 events/h) in the PSG first group (24%) 
compared with the PM first group (11%), but these differences 
were not statistically significant (p = 0.08). The greater number 
of cases with mild OSA in the PSG first group increased the 
likelihood of misclassification. Other studies reporting mis-
classification have suggested that this is more prominent when 
a lower AHI cutoff is chosen to rule in disease, providing sup-
port for use of PM diagnosis for case selection where pretest 
probability is high.35,43

Strengths and Weaknesses
The largest barrier to the wide acceptance of PM diagnosis 

of OSA has been the lack of high quality, adequately powered 
research studies to strengthen the evidence base.11 A grading 
strategy recommended in the 2003 PM systematic review9 was 
further refined in 201115 to give clear guidance for grading 
evidence level12 and quality rating.15 According to this current 
scheme, our study ranked at level 1b, with two quality indica-
tors not met. Data loss for the present PM study of 10.4% from 
patient-related failures and 3.7% from technical failures com-
pares favorably to previous studies, with a recent meta-analy-
sis reporting an overall 14.6% of poor recordings.33 In a recent 
targeted case finding study in the primary care setting (using 
the same PM device), 7% technical failure was reported.44 
Consistent with our findings, the most common reasons cited 
for data loss were patient-related issues and partial or complete 
absence of data.

A good-quality study should have a high (> 90%) percent-
age of patients initially enrolled in the study completing it. Our 
percentage of patients completing the study was 75%, which, 
while lower than the desired benchmark, is perhaps more re-
alistic given the heavy reliance upon voluntary patient com-
pliance to complete the demanding full study protocol. Our 
results are comparable with those of three prior studies with a 
similar design (75%, 65%, and 65%, respectively).17,20,30 Early 
in data collection it was clear that the Group 1 subjects were 
prone to “study fatigue” since many failed to complete the fi-
nal PM study (P3) at home despite encouragement. This phe-
nomenon may help explain the paucity of adequately powered 
validation studies to date.

An advantage of our methodology was use of the same anal-
ysis platform to score the laboratory PSG and PM recordings 
by uploading the latter (via EDF) into our laboratory analy-
sis system. Thus the same analytical tools were available for 
both PM and PSG data and minimized differences in signal 
interpretation.

Clinical guidelines have repeatedly made clear statements 
about the importance of manual data review of sleep studies 
based upon the premise that manual scoring is superior to 
automated analysis.10 Many studies have used the PM auto-
analysis to determine their results, which appears an obvi-
ous inadequacy given the known high misclassification rate 
for unattended PM studies.10 Our study sought to minimize 
such misclassifications by application of standardized manual 
data review using the same computer platform for both PM 
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and PSG data. We found without exception that manual anal-
ysis resulted in fewer missed cases, with percentage reduc-
tions ranging from 4% (AHI ≥ 5 events/h) to 18% (AHI ≥ 30 
events/h; Table 4). Unfortunately, our study was not powered 
to assess the difference in accuracy between auto-analysis and 
manual scoring, and this difference did not reach statistical 
significance. However, our results are consistent with those of 
a recent validation study (ApneaLink Ox) which demonstrated 
that manual scoring was superior to automatic scoring to rule 
in OSA.21 The improved accuracy of manual scoring is of high 
clinical importance since the goal of the diagnostic test is to 
optimize case finding.

An acknowledged limitation of PM studies is the potential 
for misclassification of cases. Our study confirmed that cases 
with mild OSA can be missed with a PM study. It is important 
to adhere to a clear clinical pathway, such that subjects with a 
high pretest probability of OSA but a negative PM test result 
have a follow up PSG.10 Further limitations of type 4 devices, 
such as the inability to identify body position and central ap-
nea events should be considered when addressing the appropri-
ate PM device to incorporate into a clinical service.

Our study addresses a gap in the literature as, to our knowl-
edge, there has not been a validation study of a two-channel 
type 4 PM device to date which has fulfilled all current recom-
mended study quality criteria and met device validation guide-
lines.9,10,15 In the most recent review of PM devices15, those 
with a minimum of two channels (including oximetry) were 
graded and evaluated according to a standard set of criteria. It 
was stated that the strongest evidence for a PM device is when 
tested concurrently with laboratory PSG and in the unattended 
home setting. Of 11 studies conducted in the recommended 
setting, only one study (type 3 device) met the defined crite-
ria to rule in OSA (AHI ≥ 5 events/h) with 95% confidence. 
Based on the strength of evidence from the study, in 2013 the 
AASM gave approval for the manufacturer to use this type 3 
device in the unattended setting in the US.45 Of the ten prior 
validation studies of the PM device used in this study, three 
were conducted in the recommended settings of laboratory and 
home.17,20,29 Comparison of these results (Table 5) revealed a 
consistent loss of diagnostic accuracy in the home setting rela-
tive to laboratory PSG, reinforcing the view that a PM device 
must be validated in the setting of its intended use.

Clinical Relevance
Our results are directly applicable to a clinic population 

with a high pretest probability of OSA. Indeed, the experi-
mental design simulated clinical use within our sleep service 
with the degree and detail of instruction given to patients in 
the study, exactly as intended in a standard clinical setting. 
We have confirmed that the PM device can accurately rule 
in OSA at home in patients with a high pretest probability of 
disease. Our clinic population has a high prevalence (94%) of 
OSA, hence a LR+ of 1.8 would suffice to rule in OSA and 
produce a posttest probability of over 95%. It is important 
that this device is used with an appreciation of the pretest 
probability of the target patient group. Providing this is 80% 
or more, then the device will be adequate to rule in disease.15 
However, where the PM study result is negative, the clinical 
diagnostic pathway must include PSG to minimize missed 

cases of mild disease.10 The most recent report on research 
priorities for ambulatory management of OSA concluded that 
more high quality evidence was required to support the use of 
PM devices within current practice.11 More work is needed to 
address the limitations of PM studies, such as misclassifica-
tion and the cost of repeat studies. Our study highlights the 
potential to use type 4 devices in incorporating ambulatory 
management into practice alongside PSG, and validates the 
performance of type 4 devices as meeting currently recom-
mended guidelines. The inclusion of a PM diagnostic path-
way within a busy clinical service may reduce the need for 
in-laboratory PSG beds and facilitate more efficient use of 
healthcare resources.

CONCLUSION

This study illustrates the utility of a simple diagnostic de-
vice in confirming the diagnosis of OSA where it is suspected 
on clinical grounds in the setting of a high pretest probability 
population. Such devices have the potential to facilitate the 
expeditious diagnosis and treatment of OSA, an under-diag-
nosed condition with substantial associated morbidity. There 
is an urgent need for alternative approaches to the diagno-
sis of OSA due to the limited availability of PSG facilities 
relative to the prevalence of the condition.11 While keeping 
in mind the limitations of ambulatory management of OSA, 
type 4 PM devices have an important potential role in ad-
dressing this gap, and manual data review will ensure opti-
mal case finding.

ABBREVIATIONS

AASM, American Academy of Sleep Medicine
AHI, apnea-hypopnea index, events/h
AHI PM, apnea-hypopnea index for portable monitor study
AHI PSG, apnea-hypopnea index for laboratory PSG
ARI, arousal index, events/h
BMI, body mass index, kg/m2

BRPT, Board of Registered Polysomnographic Technologists
ECG, electrocardiogram
EEG, electroencephalograph
EMG, electromyogram
EOG, electro-oculogram
ESS, Epworth Sleepiness Score
IQR, interquartile range
LR−, negative likelihood ratio
LR+, positive likelihood ratio
OSA, obstructive sleep apnea
P1, a portable study conducted at home two weeks prior to 

PSG
P2, a portable study conducted simultaneous with 

laboratory PSG
P3, a portable study conducted at home within 2 weeks 

after PSG
PM, portable monitor
PSG, polysomnography
SpO2, arterial oxygen saturation, %
WASDRI, West Australian Sleep Disorders Research Institute
WASHS, West Australian Sleep Health Study
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