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Study Objective: To validate the ApneaLINK (AL) as an 
accurate tool for determining the presence of obstructive 
sleep apnea (OSA) in an at-risk sleep clinic population in a 
home test environment.
Methods: Consecutive participants referred with the suspi-
cion of OSA were evaluated in the home with the AL portable 
monitor (AL Home), followed by simultaneous data collection 
with diagnostic polysomnography (PSG) and AL in the sleep 
laboratory (AL Lab). Prevalence, sensitivity, specifi city, and 
ROC curves were calculated for PSG vs. AL Lab, PSG vs. AL 
Home, and AL Lab vs. AL Home test. Pearson correlations 
and Bland-Altman plots were constructed. 
Results: Fifty-three (55% female) participants completed 
the entire study. The mean age of the population was 45.1 
± 11.3 years, and body mass index was 35.9 ± 9.1 kg/m2. 
The prevalence of an apnea hypopnea index (AHI) ≥ 15 in 
the cohort was 35.9%. The results demonstrated a high 
sensitivity and specificity of the AL respiratory disturbance 
index (RDI-AL) compared with the AHI from the PSG. The 

AL Lab had the highest sensitivity and specificity at RDI-AL 
values ≥ 20 events/h (sensitivity 100%, specificity 92.5%). 
The AL Home was most sensitive and specific at an RDI-
AL ≥ 20 events/h (sensitivity 76.9%, specificity 92.5%). The 
Pearson correlations for PSG vs. AL Lab and PSG vs. AL 
Home were ρ = 0.88 and ρ = 0.82, respectively. The Bland-
Altman Plots demonstrated good agreement between the 
methodologies. 
Conclusion: The AL home test is an accurate alternative 
to PSG in sleep clinic populations at risk for moderate and 
severe OSA.
Trial Registration: clinicaltrials.gov ID: NCT00354614.
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Obstructive sleep apnea (OSA) is a major public health 
problem due to its association with co-morbid condi-

tions such as heart failure,1,2 hypertension,3,4 cardiovascular 
disease,5,6 cerebrovascular disease,7 insulin resistance,8,9 and 
increased rates of traffi c accidents.10 The main consequences 
of this syndrome are increased morbidity, mortality, and qual-
ity of life impairment.11-13 The prevalence of OSA is estimat-
ed to be 2% and 4% for adult middle-aged women and men, 
respectively.10 Although there is effective treatment for OSA, 
a remarkable number of patients remain undiagnosed and un-
treated.14,15 The “reference standard” for OSA diagnosis is the 
in-laboratory sleep study using full polysomnography (PSG) 
and the manual scoring criteria set by the American Acad-
emy of Sleep Medicine.16 This test has limitations related to 
cost and access. The high prevalence of OSA and geographical 
variation related to access and expense has prompted the search 
for diagnostic alternatives.17,18

Many practitioners use patient questionnaires as a screen-
ing tool to evaluate for suspected OSA. These questionnaires 
are subjective assessment tools that can produce erroneous re-

sults and lack suffi cient sensitivity and specifi city compared to 
PSG.19 ApneaLINK (AL) is a single-channel device that mea-
sures nasal pressure. It was developed to meet the need for a 
simple, cost-effective, accurate, and reliable tool to identify 
patients with suspected OSA.

The primary objective of this study was to validate the AL as 
an accurate tool for determining the presence of OSA in a sleep 
laboratory population in a home test environment. 

BRIEF SUMMARY
Current Knowledge/Study Rationale: A large proportion of sleep 
apnea patients are undiagnosed and more tools to aid in the diagnosis 
of sleep apnea, particularly in the home, are needed.  We investigated 
the performance of a single-channel portable sleep apnea monitor used 
in a home setting, to make a diagnosis of sleep apnea in a high pre-test 
probability sleep clinic population.
Study Impact: The accuracy of the ApneaLINK in the home diagnosis of 
moderate and severe sleep apnea makes in an attractive alternative to 
full in-lab polysomnography. Interpretation of the results of home testing 
will require careful appraisal of pre-test probability by the sleep specialist.
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tic PSG study. The diagnostic PSG study was performed within 
16 weeks of the participant completing the AL home test. There 
was no attempt to ensure weight was stable between studies. All 
participants had simultaneous diagnostic PSG and AL lab test-
ing. The simultaneous diagnostic PSG and AL lab testing were 
accomplished by using a bifurcating nasal cannula to capture the 
appropriate signal from both the PSG and AL devices. Compari-
son of AL Home and AL Lab RDI-AL was also performed. The 
results of the AL and diagnostic PSG were compared.

Medical and sleep history were recorded by research nurses 
at the screening visit. Sleep history domains assessed included 
the presence of snoring, apneas, and daytime sleepiness. Par-
ticipants completed the Epworth Sleepiness Scale at the time of 
polysomnography.

ApneaLINK Device
The ApneaLINK device is a single-channel diagnostic tool 

for OSA (Figure 2). The device consists of a nasal cannula at-
tached to a small case that houses a pressure transducer. The 
device is held in place by a belt worn around the user’s chest. 
Three simple steps are required by the patients: (1) apply the 

METHODS

Participants
Participants with clinically suspected OSA were recruited 

from the University of Pittsburgh Sleep Medicine Center. Study 
enrollment commenced in June 2006 and closed in July 2007. 
Clinic participants were asked to enroll in our Sleep Disorders 
Registry by their sleep physician. Participants enrolled in the 
registry and scheduled for a diagnostic PSG with a diagnosis 
of suspected OSA were approached by a study coordinator for 
enrollment. Eligibility criteria included adult participants (≥ 18 
years of age) of either gender or any race, suspected sleep dis-
ordered breathing, scheduled for diagnostic PSG, willingness 
to give written informed consent and ability to adhere to all 
visit schedules, willingness to use AL at home within 2 days of 
receipt and instruction on the AL, willingness to use AL in the 
laboratory and undergo PSG within 16 weeks of completing 
the at-home AL test. Exclusion criteria for participation in the 
study included a history of sleep apnea, use of positive pressure 
therapy, use of oxygen therapy, use of medications that could 
affect sleep, and presence of any serious respiratory or cardiac 
medical condition that the investigator determined could affect 
the subject’s ability to participate in the study. Consecutive par-
ticipants providing consent were asked to undergo both the AL 
home test (AL Home) and the diagnostic in-lab PSG study with 
simultaneous AL data collection (AL Lab). An “evaluable” par-
ticipant was defined as someone who (1) completed both the 
AL home test and the diagnostic PSG study with simultane-
ous AL lab testing, and (2) had an evaluation time on the AL 
report ≥ 4 h during both the home test and the diagnostic PSG 
study. A total of 81 participants met the entry criteria and were 
enrolled. The first time failure rate for the AL Home test was 
17.3% (n = 14). Seventy-five of these 81 participants success-
fully completed the at-home study. Of the 75 participants com-
pleting the at-home study, 53 participants completed the PSG 
study (with simultaneous AL) with ≥ 4 h evaluation time. Four 
participants never underwent PSG. Eight participants had < 4 
h of sleep time during the PSG. Ten participants had < 4 h of 
signal duration on the AL lab testing due to signal loss during 
the study or insufficient signal duration. These 22 participants 
were considered to be not evaluable and are not included in the 
study results (See Consort diagram, Figure 1).

The study was approved by the New England Institutional 
Review Board (NEIRB) and UPMC Clinical Trials Office 
(CTO). All participants provided informed consent prior to par-
ticipation in the study. The study was registered as a NIH clini-
cal trial (ClinicalTrials.gov Identifier NCT00354614). 

Design
This was a prospective cohort design study. Participants were 

trained on use of the AL home test and provided the device for a 
one-night study. They returned the device to the clinical site us-
ing a prepaid mailer. If the AL use was < 4 h, the at-home test was 
repeated. If the repeated AL test was ≥ 4 h, the participant contin-
ued and scheduled the diagnostic PSG. If the retest was < 4 h, the 
participant exited from the study. Participants were not informed 
of their study results until they completed the study. Following 
the successful AL home test, the participant underwent a diagnos-

*Evaluation time on AL home test < 4 hours. ψEvaluation time on AL lab 
test < 4 hours. †Evaluation time on PSG < 4 hours.

Figure 1—Consort diagram

18 subjects unsuccessful 
AL Lab and/or PSG
- �AL Lab unsuccessfulψ 
(n = 10)

- �PSG unsuccessful† 
(n = 8)

6 subjects unsuccessful* 
AL home test

4 subjects did not 
proceed to PSG 
validation study

160 subjects ineligible
- �already on positive 

pressure therapy
- �refused enrollment

53 subjects “evaluable” 
successful for AL Lab 
and PSG

71 subjects underwent 
PSG validation study

75 subjects successful 
AL home test

261 subjects enrolled in 
sleep disorders registry

81 subjects enrolled
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Statistical Analysis
Baseline demographic data were summarized descriptively, 

using mean, standard deviation, and range for continuous vari-
ables and proportions for categorical variables. The AL tests 
were compared to the reference standard PSG. Sensitivity, 
specificity, positive and negative predictive values, and posi-
tive and negative likelihood ratios were calculated according to 
the definition of OSA for AHI values of 5, 10, 15, 20, and 30 
events/hour. Accuracy was calculated by total true positives and 
true negatives, and dividing by the total number. Significance 
was determined by the McNemar test for matched pairs.

ROC curves were constructed to graphically represent the 
tradeoff between the false negative and false positive rates for 
various cutoffs. Bland-Altman plots were used as a graphical 
representation of the observed differences between the paired 
measurements to examine relationship between the magnitude 
and degree of variation in the AHI measurements (RDI-AL 
Lab)-AHI (PSG)). The correlations between the AHI from the 
PSG and the RDI-AL were determined using the Pearson cor-
relation coefficient.

RESULTS

The study population had 55% female participants. The 
mean age was 45.1 years, and the average BMI was 35.9 kg/
m2. Patient demographics and medical and sleep history are 
shown in Table 1. Frequent snoring, excessive sleepiness, 
apneas, and unrefreshing sleep were present in the majority 

nasal cannula; (2) strap the recorder to the chest; and (3) press 
the button (the flashing LED confirms correct operation for suc-
cessful recording). The RDI-AL used for analysis was automati-
cally analyzed by the AL software and was calculated by adding 
the total number of apneas and hypopneas per hour of recording 
time. An apnea was defined as a decrease in airflow ≥ 80% of 
baseline for ≥ 10 sec. The AL maximum apnea duration was set 
at 80 sec. A hypopnea was defined as a decrease in airflow by 
50% to 80% of baseline for ≥ 10 sec; AL maximum hypopnea 
duration was set at 100 sec. The AL firmware version 2.97 and 
the scoring software version 5.13 were used. The AL device op-
erates on battery power (2 AA batteries), has a sampling rate of 
100 Hz, and has a 16-bit signal processor. The internal memory 
storage is 15 MB, which allows for approximately 10 h of data 
collection. Visual inspection of all AL studies was done by the 
primary investigator to ensure signal fidelity. The AL software 
analyzes data generated by the flow signal without manual edit-
ing, producing a 1-page report.20

Polysomnography
Full PSG was performed using the SomnoStar Pro system 

(Viasys Healthcare). Channels monitored and recorded with 
surface electrodes included electroencephalogram, electro-
oculogram, and submental electromyogram. Arterial oxygen 
saturation was recorded by digital pulse oximetry. Chest and 
abdominal effort were recorded using inductance plethysmog-
raphy. Airflow was recorded via nasal cannula with a pressure 
transducer and a thermocouple. Apnea was defined as complete 
cessation of airflow ≥ 10 sec; hypopnea was defined as a 50% 
decrease in airflow accompanied by ≥ 4% drop in oxygen satu-
ration. American Academy of Sleep Medicine (AASM) sleep 
scoring criteria were used for scoring the diagnostic PSG.16 The 
AHI derived from PSG was based on sleep time, whereas the 
RDI-AL was based on total recording time. 

Table 1—Demographic characteristics, comorbidities and 
sleep history of 53 participants in the study

Demographic Characteristics Results
Age, y 45.1 ± 11.3 (23-70)
BMI (kg/m2) 35.9 ± 9.1 (19.6-54.5)
Sex

Men 24 (45)
Women 29 (55)

Comorbidities
Impaired cognition 17 (32)
Mood disorders 21 (40)
Insomnia 17 (32)
Arrhythmias 6 (11)
Hypertension 23 (43)
Asthma 14 (26)
Bronchitis 5 (9)
Diabetes type 1 3 (6)
Diabetes type 2 6 (11) 

Sleep History
Frequent snoring 47 (89)
Excessive sleepiness 36 (68)
Breathless at night 17 (32)
Stop breathing at night 29 (55)
Unrefreshed after sleeping 44 (83)

Data are represented as number (%) except age and BMI, which are 
mean ± SD (range).

Figure 2—Picture of portable monitoring device
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showing high agreement with the PSG. An RDI-AL cutoff of 
20 provided the best results. The accuracy for determining this 
degree of OSA was 88.7%.

The Bland-Altman plot is a graphical representation of the 
observed differences between paired measurements. Using 
this method, the differences between the 2 techniques (AL 
Lab and PSG) were plotted against the averages of the 2 tech-
niques. A horizontal line was drawn at the mean difference 
(−0.98), and at the mean difference ± 2 times the standard 
deviation of the differences. The mean difference provides an 
estimate of whether the 2 methods, on average, return similar 
results. Figure 3B presents the Bland-Altman Plot of RDI-
AL/AHI: AL Lab vs. PSG. This plot shows very good agree-
ment between AL lab test and PSG, with a mean difference of 
−0.98. Pearson correlation was also performed. The AL lab 
test demonstrated a correlation coefficient of ρ = 0.88 against 
PSG. The result demonstrates good correlation between the 
methodologies.

Table 4 shows the sensitivity, specificity, positive predic-
tive value, negative predictive value, and positive and negative 
likelihood ratios of the AL home test compared with PSG and 
AL lab test, respectively. For AL Home vs. PSG, the AL Home 

of the participants. The mean Epworth Sleepiness Scale score 
was 10 (± 4.9). The prevalence of an AHI ≥ 15 in the cohort 
was 35.9%.

Table 2 presents the prevalence rates for OSA based on 
PSG, AL lab test, and AL home test. The results were simi-
lar across the 3 methods for the various cutoff points. There 
was, however, a statistically significant difference between 
AL Home and PSG prevalence for AHI ≥ 5 (56.6% vs. 75.5%, 
p = 0.02).

Table 3 shows sensitivity, specificity, positive and negative 
predictive values, and positive and negative likelihood ratios 
of the AL Lab compared simultaneously to PSG at the same 
AHI cut-off for both devices (e.g., if OSA is diagnosed on the 
basis of AHI ≥ 5 when measured by PSG, this is compared to 
a cutoff of RDI-AL ≥ 5 for OSA when measured by AL Lab). 
At AHI ≥ 15, sensitivity for the AL Lab was 79%, while speci-
ficity remained high at 88%. The AL Lab test had the highest 
sensitivity and specificity at AHI values ≥ 20 (sensitivity 100%, 
specificity 92.5%). Sensitivity-specificity comparisons were 
plotted graphically using ROC curve analysis. The ROC curve 
plots sensitivity against 1 – specificity for various RDI-AL cut-
offs, yielding a graphical representation of the tradeoff between 
false negative and false positive rates. Figure 3A represents the 
ROC curves for AL lab test vs. PSG. The area under the curve 
(AUC) data demonstrate values ≥ 0.899 for all RDI-AL values, 
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Figure 3

(A) Receiver-operator characteristic curves AL Lab RDI-AL and polysomnography AHI. (B) Bland-Altman Plot of AL Lab RDI-AL and Polysomnography AHI 
during simultaneous testing. PSG, polysomnography; AUC, area under the curve.

Table 2—Prevalence rates for PSG, AL Lab, and AL Home 
test at different AHI/RDI-AL cutoffs

AHI/RDI-AL PSG AL Lab AL Home P-value
≥ 5 40 (75.5) 39 (73.6) 30 (56.6) 0.02*
≥ 10 28 (52.8) 28 (52.8) 23 (43.4) n.s.
≥ 15 19 (35.9) 19 (35.9) 19 (35.9) n.s.
≥ 20 13 (24.5) 16 (30.2) 13 (24.5) n.s.
≥ 30 9 (17.0  8 (15.1) 7 (13.2) n.s.

Data are presented as number (%). * Difference between AL Home and 
PSG, based on McNemar test for matched pairs.

Table 3—Sensitivity and specificity of the AL Lab RDI-AL 
compared to polysomnography AHI during simultaneous 
testing

AHI/RDI-AL Sensitivity Specificity PPV NPV LR (+) LR (-)
≥ 5 90.0 76.9 93.2 71.4 3.90 0.13
≥ 10 82.1 80.0 82.1 80.0 4.11 0.22
≥ 15 79.0 88.2 79.0 88.2 6.69 0.24
≥ 20 100.0 92.5 81.3 100.0 13.33 0.00
≥ 30 66.7 95.5 75.0 93.3 14.82 0.35

PPV, positive predictive value; NPV, negative predictive value; LR (+), 
positive likelihood ratio; LR (-), negative likelihood ratio. AHI/RDI-AL 
are presented as events/hour. Sensitivity, specificity, PPV, and NPV are 
presented as percent.
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Results obtained from AL lab test versus PSG demonstrated 
very good agreement at almost all levels of RDI-AL. The sen-
sitivity and specificity for AL lab test at RDI-AL levels of 20 
events per hour were excellent (sensitivity 100%, specificity 
93%). All these results are consistent with the results of previ-
ous validation studies that demonstrated good sensitivity and 
specificity for the AL device at an RDI-AL of 10 or more and 
that of 15 or more, when compared with the AHI obtained from 
PSG.21,22 Recently, a published guideline for portable monitor-
ing (PM) recommended that “PM may be used as an alternative 
to polysomnography for the diagnosis of OSA in patients with 
a high pretest probability of moderate to severe OSA.”23 Our 
data are in support of this recommendation with a sensitivity 
and specificity at an RDI-AL level of 15 or more, similar to 
the two other validation studies.21,22 We would therefore recom-
mend initiating positive pressure therapy with a result of 15 or 
more on a home study.

Within the USA and internationally, there is consider-
able variation to access for diagnostic PSG.15 In addition to 

was most sensitive and specific at an AHI ≥ 20. The AL Home 
sensitivity was 76.9% and specificity is 92.5%.

Figure 4A shows the ROC curves and AUC of AL home 
test vs. AL lab test at all RDI-AL values. In this curve, RDI-
AL ≥ 15 provided the best results. AUC analysis demonstrated 
very good agreement at RDI-AL ≥ 15 and ≥ 20. ROC curves 
for AL Home versus PSG provided the best results at RDI-AL 
≥ 20 (Figure 4B). AUC data also showed very good agree-
ment at RDI-AL ≥ 15. The Bland-Altman Plots of AL Home 
vs. AL Lab and AL Home vs. PSG had values of −2.1 and −3.1 
as the mean differences, respectively. There was good agree-
ment between AL home test and AL lab test and that of PSG 
(Figures 5A and 5B). The Pearson correlation coefficients of 
AL home test with PSG and AL lab test were ρ = 0.82 and 
ρ = 0.81, respectively.

DISCUSSION

In the present study, the diagnostic accuracy of the AL device 
for use in patients with suspected OSA was investigated in a 
population referred to a sleep center for assessment of sleep 
apnea. The study demonstrates that the AL can be used with 
confidence in clinical practice as an effective diagnostic device 
for OSA in a population with high pretest probability for mod-
erate or severe OSA.

The AL home test had the highest specificity and sensitivity 
at an RDI-AL ≥ 20 events per hour. ROC curves for AL Home 
versus PSG provided the best results at an RDI-AL of 20 events 
per hour. AUC analysis for the AL home test showed excel-
lent agreement at an RDI-AL ≥ 10 versus AHI from the PSG. 
The device was able to identify that level of sleep apnea with 
a sensitivity of 75%. The specificity of the device at a level of 
RDI-AL ≥ 10 was 92%. This yielded discriminative positive 
and negative likelihood ratios of 9.38 and 0.27, respectively.

Table 4
A
AHI/RDI-AL Sensitivity Specificity PPV NPV LR (+) LR (-)

≥ 5 67.5 76.9 90.0 43.5 2.92 0.42
≥ 10 75.0 92.0 91.3 76.7 9.38 0.27
≥ 15 73.7 85.3 73.7 85.3 5.01 0.31
≥ 20 76.9 92.5 76.9 92.5 10.25 0.25
≥ 30 55.6 95.5 71.4 91.3 12.36 0.46

B
RDI-AL Sensitivity Specificity PPV NPV LR (+) LR (-)

≥ 5 66.7 71.4 86.7 43.5 2.33 0.47
≥ 10 75.0 92.0 91.3 76.7 9.38 0.27
≥ 15 79.0 88.2 79.0 88.2 6.69 0.24
≥ 20 75.0 97.3 92.3 90.0 27.28 0.26
≥ 30 50.0 93.3 57.1 91.3 7.46 0.54

(A) Sensitivity and specificity of the AL Home Test RDI-AL compared to 
polysomnography AHI. (B) Sensitivity and specificity of the AL Home 
Test RDI-AL compared to AL Lab Test RDI-AL. PPV, positive predictive 
value; NPV, negative predictive value; LR (+), positive likelihood ratio; LR 
(-), negative likelihood ratio. AHI/RDI-AL are presented as events/hour. 
Sensitivity, specificity, PPV and NPV are presented as percent.
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Figure 4—Receiver-operator characteristic curves

(A) RDI-AL Home versus RDI-AL from Lab study. (B) RDI-AL Home versus 
AHI from PSG. PSG, polysomnography; AUC, area under the curve.
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a PSG AHI < 5. This limits the ability to test the specificity 
(negative in the absence of disease) of the device. The AL lab 
test had higher sensitivity and specificity than AL home tests. 
The correlation between PSG and AL lab test was stronger 
than that of between PSG and AL home test, although both 
demonstrated a high correlation. Explanations for this finding 
could include night to night variability in the AHI, differ-
ences due to the unattended nature of the home study, and 
unmeasured differences in sleep quality in the home versus 
laboratory setting.

Conclusion

In sleep clinic populations with high pretest probability for 
OSA, the AL is an attractive alternative diagnostic tool to in lab 
PSG. The AL can accurately detect moderate and severe OSA 
(RDI-AL ≥ 20), whereas sensitivity and specificity are less ro-
bust at lower values of the RDI-AL.
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the access issue, PSG is a relatively expensive test requir-
ing highly trained personnel and limited to sleep centers.19 
The simplicity of this device, ease of use, and the ability to 
perform diagnostic testing outside the laboratory for a low 
cost (approximately $10 including the cannula, batteries, and 
mailer), make it an attractive alternative to establish a diag-
nosis of OSA in moderate to high risk populations (such as 
sleep clinic patients).22

The potential limitations of the current study should be 
considered. The AL device provides information about air-
flow via nasal pressure alone. Data related to oxygen desatu-
ration, sleep stage, and respiratory effort were not collected. 
The AL does not discriminate obstructive from central events. 
The location of the study (home versus sleep lab) may have 
had an effect on the results.21,22 The device is also less sen-
sitive for OSA at the lowest levels of the AHI (5-14). This 
means that in someone with high pretest probability for OSA, 
a negative AL home study should raise suspicion as a false 
negative. Repeat home testing with the AL or other limited 
channel cardiopulmonary monitors for sleep apnea diagnosis 
should be considered in that case. Further, full PSG in the 
sleep lab should also be considered in those whose home test-
ing is equivocal or technically limited. Due to the nature of 
the sleep clinic population, there were few participants with 
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(A) RDI-AL Home versus RDI-AL Lab. (B) RDI-AL Home versus 
polysomnography AHI. PSG, polysomnography.

Figure 5—Bland-Altman Plots
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