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Introduction: Sleep-disordered breathing (SDB) is highly prevalent in hospitalized patients with congestive heart failure (CHF) and the condition is diagnosed 
and treated in only a minority of these patients. Portable monitoring (PM) is a screening option, but due to costs and the expertise required, many hospitals 
may find it impractical to implement. We sought to test the utility of an alternative approach for screening hospitalized CHF patients for SDB, high-resolution 
pulse oximetry (HRPO).
Methods: We conducted a prospective controlled trial of 125 consecutive patients admitted to the hospital with CHF. Simultaneous PM and HRPO for a 
single night was performed. All but one patient were monitored on breathing room air. The HRPO-derived ODI (oxygen desaturation index) was compared 
with PM-derived respiratory event index (REI) using both receiver operator characteristic (ROC) curve analysis and a Bland-Altman plot.
Results: Of 105 consecutive CHF patients with analyzable data, 61 (58%) were males with mean age of 64.9 ± 15.1 years and mean body mass index of 
30.3 ± 8.3 kg/m2. Of the 105 patients, 10 (9.5%) had predominantly central sleep apnea (central events > 50% of the total events), although central events 
were noted in 42 (40%) of the patients. The ROC analysis showed an area under the curve of 0.89 for REI > 5 events/h. The Bland-Altman plot showed 
acceptable agreement with 95% limits of agreement between −28.5 to 33.7 events/h and little bias.
Conclusions: We conclude that high-resolution pulse oximetry is a simple and cost-effective screening tool for SDB in CHF patients admitted to the hospital. 
Such screening approaches may be valuable for large-scale implementation and for the optimal design of interventional trials.
Keywords: decompensated congestive heart failure, early diagnosis, high-resolution pulse oximetry, hospitalized patients, lung, portable monitoring, sleep-
disordered breathing
Citation: Sharma S, Mather PJ, Chowdhury A, Gupta S, Mukhtar U, Willes L, Whellan DJ, Malhotra A, Quan SF. Sleep overnight monitoring for apnea in 
patients hospitalized with heart failure (SOMA-HF Study). J Clin Sleep Med. 2017;13(10):1185–1190.

INTRODUCTION

Congestive heart failure (CHF) is the most common cause of 
hospital admissions and readmissions in the United States.1 
Despite identifying and mitigating several risk factors for CHF 
decompensation, readmissions for decompensated heart fail-
ure remain unacceptably high.2 As a result, efforts are ongoing 
to find ways to reduce readmissions related to CHF.

Studies have shown that patients with untreated sleep-dis-
ordered breathing (SDB) are at increased risk of heart fail-
ure, and untreated SDB in CHF is independently associated 
with higher mortality.3,4 The implications of these findings 
are considerable, because SDB is highly prevalent5,6 and also 
highly underrecognized and under-treated in patients with 
CHF.6,7 Recent data suggest that early recognition of SDB in 
CHF patients and subsequent intervention can reduce hospital 
readmissions.8,9

Although hospitalized patients with CHF present a unique 
opportunity for screening and diagnosing SDB, they are 
rarely screened or evaluated. This is partly due to low aware-
ness, lack of expertise for evaluation, and major costs associ-
ated with performing traditional polysomnography (PSG) in 
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hospitalized settings.10 Furthermore, although portable moni-
toring (PM) is simpler to perform than PSG, it is associated 
with additional expense for equipment and personnel. In a 
prior study, we showed that a cost-effective screening strat-
egy using high-resolution pulse oximetry (HRPO) can be very 
practical and effective in identifying SDB in hospitalized pa-
tients.7 HRPO differs from standard oximetry in that the for-
mer utilizes a much shorter averaging time of 3 seconds or less. 
In this study, we sought to test the hypothesis that a HRPO 
screening test is an accurate method of identifying SDB in the 
hospital environment in patients with CHF.

BRIEF SUMMARY
Current Knowledge/Study Rationale: This study evaluates 
whether high-resolution pulse oximetry (HRPO) is an effective 
screening tool for early detection of sleep apnea in patients 
hospitalized with decompensated heart failure (CHF).
Study Impact: To our knowledge, it is the first study that validates 
the use of HRPO as a cost-effective and objective screening tool to 
help guide clinical management of acute CHF. It also may be a useful 
tool in the design of subsequent clinical trials in patients with CHF.



1186Journal of Clinical Sleep Medicine, Vol. 13, No. 10, 2017

S Sharma, PJ Mather, A Chowdhury, et al. Portable Sleep Monitoring in Hospitalized Patients

METHODS

This prospective trial was conducted at Thomas Jefferson Uni-
versity Hospital from October 2014 to May 2015. Inclusion cri-
teria were: age older than 18 years, admittance to the hospital 
and a diagnosis of CHF (systolic or diastolic). Exclusion crite-
ria included presence of a left ventricular assist device, heart 
transplant, hemodynamic instability, high oxygen requirement 
(> 2 L oxygen/min or inspiratory fraction of inspired oxygen, 
FiO2 > 28%), major psychiatric conditions, or language barri-
ers that might affect the ability to consent for the trial. Patients 
with known SDB and adherent with positive airway pressure 
therapy were also excluded. Patients admitted and discharged 
over the weekend and holidays were excluded as well. A to-
tal of 258 patients were admitted to the advanced heart failure 
center during this period.

After informed consent was obtained, sleep monitoring was 
scheduled after participants were stabilized. All patients un-
derwent testing on room air except for one patient who was 
on chronic supplemental oxygen delivered at FiO2) of 28%. To 
minimize any night-to-night variability of the patients’ sleep 
studies, patients underwent PM and an overnight HRPO on the 
same night.

A Masimo RAD-57 (Irvine, California, United States) was 
used to obtain HRPO. Its sampling frequency is 1 Hz and an 
averaging time of 3 seconds with a resolution of 0.1% oxygen 
saturation (SpO2). The data were downloaded onto a personal 
computer the following morning and were processed with spe-
cifically designed software, Profox (Profox Associates, Escon-
dido, California, United States). We then extracted the oxygen 
desaturation index (ODI) (the hourly average number of de-
saturation episodes defined as a ≥ 4% decrease in saturation 
from the average saturation in the preceding 120 seconds), the 
cumulative percentage time with oxygen saturations < 90% 
(CT90) and lowest and average SpO2.

Portable monitoring11 was performed by using the Apnea-
Link Plus (ResMed, San Diego, California, United States) and 
was simultaneous with the HRPO test. The pulse oximeter 
used in ApneaLink was an OEM device (XPOD 3012 Nonin, 
Nonin Medical, Inc. Plymouth, Minnesota, United States). Ap-
nea was defined as a reduction of inspiratory airflow by 80% 
to 100% over 10 seconds; hypopnea was defined as a reduction 
of tidal breathing of 30% from baseline tidal breathing lasting 
10 seconds or more and accompanied by a 4% desaturation in 
oxygen. The data were autoscored. The respiratory event index 
(REI) was calculated as the number of apneas plus hypopneas 
divided by the recording time.

The HRPO and PM data were then interpreted by a board-
certified physician who was blinded to the clinical background 
of the patient and demographic information of the subjects. A 
minimum of 2 hours of recording time for all channels was 
considered adequate for interpretation. Lack of recording 
by any channel for a minimum of 2 hours was considered a 
failed test.

Statistical Analysis
Baseline characteristics were summarized using descrip-
tive statistics. For continuous variables, the mean, standard 

deviation, median, minimum, and maximum were presented. 
For categorical parameters, the number with the characteristic 
and the proportion were presented.

The performance of ODI (measured by HRPO) was compared 
to REI (measured by PM) using several methods. The REI was 
considered the true value for all comparisons, and 5 different REI 
thresholds (REI ≥ 5, 10, 15, 20, and 30 events/h) for diagnosing 
SDB were considered. Estimates of sensitivity and specificity 
were calculated for each threshold for SDB along with the asso-
ciated 95% confidence intervals (CI) for the proportions. Addi-
tionally, estimates of accuracy, positive and negative predictive 
values, positive and negative likelihood ratios, and d-squared 
were presented (where d2 = [1 − sensitivity]2 + [1 − specificity]2). 
Receiver operating characteristic (ROC) curves were generated 
for diagnosing SDB at 5 different PM-REI thresholds (REI ≥ 5, 
10, 15, 20, and 30 events/h) using the ODI. The area under the 
curve was presented for each REI threshold along with the as-
sociated 95% CI. A Bland-Altman plot was utilized in order to 
depict agreement visually between REI and ODI. The correla-
tion between ODI was calculated using the Spearman correla-
tion coefficient. In addition to REI and ODI, characteristics such 
as recording time, cannula time, and saturation time were com-
pared between PM and HRPO using paired t tests. All statistical 
analyses were generated and quality checked using SAS, version 
9.3 or higher (SAS Software, SAS Institute Inc., Cary, North 
Carolina, United States) and R statistical software (R Software, 
The R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

A total of 125 consecutive patients who consented to partici-
pate were included in the study, but only 105 were included in 
the final analysis due to incomplete data on 20 patients. The 
PM data were insufficient due to inadequate time or nonfunc-
tioning leads (with the nonfunctioning lead almost entirely 
secondary to low cannula time) in 19 patients and the HRPO 
not recording data in 1 additional patient.

Of the 105 CHF patients enrolled, 61 (58%) were males with 
mean age of 64.9 ± 15.1 years and mean body mass index of 
30.3 ± 8.3 kg/m2. Comorbid conditions included hypertension 
(92%), atrial fibrillation (32%), chronic obstructive pulmo-
nary disease (10%), and type 2 diabetes (50%). A history of 
obstructive sleep apnea was noted in 18 of the patients (17%) 
although the patients were either not on therapy or currently 
nonadherent. Table 1 summarizes patient characteristics. Us-
ing ApneaLink as a reference standard, 91 of the 105 patients 
(87%) had SDB based on an REI ≥ 5 events/h criteria. Of the 
105 patients, 10 (9.5%) had predominantly central sleep apnea 
(central events > 50% of the total events) and 42 (40%) had 
mixed apneas (central plus obstructive) although central events 
were less than 50% of the total events. The distribution of pa-
tients based on REI severity was: no OSA 17 (16%), mild OSA 
26 (25%), moderate OSA 20 (19%) and severe OSA 42 (40%).

Displayed in Table 2 is the comparison of analysis param-
eters between PM and HRPO. As previously observed, PM 
was responsible for all but 1 case of insufficient data. In most 
instances, it was the result of inadequate recording from the 
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airflow cannula. Furthermore, the length of cannula recording 
was significantly less than the HRPO recording time (5.1 ± 1.9 
versus 6.5 ± 1.4 hours; P < .001). Duration of time spent with 
oxygen saturations below 88% was significantly higher in PM 
compared to HRPO (69.6 ± 87.5 versus 34.7 ± 87.2 minutes, 
P < .001). Also, the mean oxygen desaturation recorded by PM 
was significantly lower than the HRPO (91.5 ± 2.9% versus 
95.0 ± 3.2%).

ROC curves for the various thresholds of REI are shown 
in Figure 1. For all REI thresholds, the area under the curve 
ranged from 0.84 (REI ≤ 10 events/h) to 0.89 (REI ≤ 5 events/h 
and REI ≤ 20 events/h).

The Bland-Altman plot displayed in Figure 2 indicates ad-
equate agreement between the REI and the ODI with 95% CI 

between −28.5 to 33.7 events/h. The correlation between ODI 
measured by HRPO and REI measured by PM also was good 
with a Spearman correlation coefficient = 0.76. The likelihood 
ratio at REI of 15 versus ODI of 15 was over 4 (Table 3).

To study the degree of impact on different categories of the 
disease state (normal, REI < 5; mild, REI 5–14; moderate-se-
vere, REI > 14), REI obtained from PM was compared with 
ODI obtained from HRPO. The total agreement is 69% and the 
agreement ± 1 category is 94%. More specifically, 88% of the 
REI in the moderate-severe category was correctly classified 
by ODI (Table 4, Figure 3).

DISCUSSION

Our prior research suggested that no matter how SDB was de-
tected, early diagnosis and treatment of SDB in hospitalized Table 1—Baseline characteristics of patients.

Characteristic Baseline Results (n = 105)
Age (years) * 64.9 ± 15.1 (66.0), 26–94
Body mass index (kg/m2) * 30.3 ± 8.3 (29.0), 16.2–65.5
Ejection fraction * 36.4 ± 20.5 (34.0), 5–85
Sex

Male 58.1% (61)
Female 41.9% (44)

Hypertension 92.4% (97) 
Systolic heart failure 80.0% (84) 
Diastolic heart failure 58.1% (61)
COPD 9.5% (10)
Pulmonary hypertension 8.6% (9)
Diabetes mellitus 49.5% (52)
Obstructive sleep apnea 17.1% (18)
Beta blockers 78.1% (82)
ACE inhibitors 43.8% (46)
Angiotensin receptor blocker 8.6% (9)
Antiplatelet agents 75.2% (79)
Anticoagulation 30.5% (32)
Diuretics 80.0% (84)
Smoking history 43.8% (46)

* = for age, body mass index and ejection fraction values are presented 
as: mean ± standard deviation (median), range. All other values 
presented as % (n). ACE = angiotensin converting enzyme, COPD = 
chronic obstructive pulmonary disease.

Table 2—Comparison of analysis parameters between HRPO and PM.
Parameter HRPO (n = 105) PM (n = 105) P value

Recording time (hours) 6.5 ± 1.4 (6.8) 6.8 ± 1.6 (7.1) .05
Recording time versus cannula time (hours) 6.5 ± 1.4 (6.8) 5.1 ± 1.9 (5.3)  < .0001
Total time sat < 88% (minutes) 34.7 ± 87.2 (3.0) 69.6 ± 87.5 (27.0)  < .001
ODI versus REI 27.1 ± 22.8 (22.6) 24.5 ± 20.6 (17.0) .09
Mean saturation (%) 95.0 ± 3.2 (96.0) 91.5 ± 2.9 (92.0)  < .0001
Lowest saturation (%) 72.3 ± 16.1 (76.0) 72.8 ± 12.0 (77.0) .78
SpO2 evaluation time (hours) – 5.8 ± 1.7 (6.3) –

Values are presented as mean ± standard deviation (median). P values are paired t test. HRPO = high resolution pulse oximetry, ODI = oxygen desaturation 
index, PM = portable monitoring, REI = respiratory event index, SpO2 = oxygen saturation.

Figure 1—ROC curves for diagnosing SDB using ODI 
measured by HRPO (true diagnosis of SDB is defined by 5 
REI thresholds [ ≥ 5, ≥ 10, ≥ 15, ≥ 20, ≥ 30 events/h]).

HRPO = high resolution pulse oximetry, ODI = oxygen desaturation index, 
REI = repiratory event index, ROC = receiver operating characteristic, 
SDB = sleep-disordered breathing.
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patients reduced readmissions in patients adherent with posi-
tive airway pressure therapy.12 Now our new findings show 
that HRPO provides an effective low-cost tool to screen CHF 
patients, potentially leading to successful treatment. The re-
sults add considerably to the existing literature because they 
provide a substrate for the implementation of large-scale 

Figure 2—Bland-Altman plot illustrating the agreement 
between ODI measured by HRPO and REI by PM.

HRPO = high-resolution pulse oximetry, ODI = oxygen desaturation index, 
PM = portable monitoring, REI = repiratory event index, SD = standard 
deviation.

Table 3—Accuracy of HRPO-ODI in diagnosing SDB.
Comparison Sensitivity (95% CI) Specificity (95% CI) Acc. (%) PPV (%) NPV (%) LR+ LR− d2 *

PM-REI ≥ 5 versus HRPO-ODI ≥ 5 89.89 (81.67–95.27) 50.00 (24.65–75.35) 83.81 90.91 47.06 1.80 0.20 0.26
PM-REI ≥ 10 versus HRPO-ODI ≥ 10 86.11 (75.94–93.13) 69.70 (51.29–84.41) 80.95 86.11 69.70 2.84 0.20 0.11
PM-REI ≥ 15 versus HRPO-ODI ≥ 15 88.14 (77.07–95.09) 78.26 (63.64–89.05) 83.81 83.87 83.72 4.05 0.15 0.06
PM-REI ≥ 20 versus HRPO-ODI ≥ 20 87.76 (75.23–95.37) 78.57 (65.56–88.41) 82.86 78.18 88.00 4.10 0.16 0.06
PM-REI ≥ 25 versus HRPO-ODI ≥ 25 84.09 (69.93–93.36) 85.25 (73.83–93.02) 84.76 80.43 88.14 5.70 0.19 0.05
PM-REI ≥ 30 versus HRPO-ODI ≥ 30 85.00 (70.16–94.29) 87.69 (77.18–94.53) 86.67 80.95 90.48 6.91 0.17 0.04

* d2 = (1 − Sensitivity)2 + (1 − Specificity)2. Acc. = accuracy, HRPO = high-resolution pulse oximetry, LR+ = positive likelihood ratio, LR− = negative likelihood 
ratio, ODI = oxygen desaturation index, NPV = negative predictive value, PPV = positive predictive value, PM = portable monitoring, REI = repiratory event 
index.

Table 4—Agreement between HRPO and PM in different categories of REI severity.

REI Category (PM)
Normal, n (%) Mild, n (%) Moderate to Severe, n (%) Total, n

OD
I C

at
eg

or
y 

(H
RP

O)

Normal, n (%) 8 (50.0%) 8 (26.7%) 1 (1.7%) 17
Mild, n (%) 8 (50.0%) 12 (40.0%) 6 (10.2%) 26
Moderate to Severe, n (%) 0 (0.0%) 10 (33.3%) 52 (88.1%) 62
Total, n 16 30 59 105

The total agreement is 72/105 = 69%; agreement between ODI and REI is highest in for the moderate to severe category, where it is 88%. REI = repiratory 
event index, HRPO = high resolution pulse oximetry, ODI = oxygen desaturation index, PM = portable monitoring.

Figure 3—Agreement of REI and ODI.

The percentage of patients in each (REI or ODI) category is represented 
by the length of the box (on the x-axis or y-axis, respectively). The 
percentage of patients with exact agreement on REI and ODI is 
represented by the blue shading in each category; the percentage of 
patients with partial agreement (ie. off by one category) is represented 
by the light blue shading. REI = respiratory event index, ODI = oxygen 
desaturation index.

screening programs and may help guide subsequent interven-
tional studies.

To our knowledge, this is the first study of HRPO validity 
in hospitalized CHF patients. Previous studies have evaluated 
overnight pulse oximetry in patients with CHF in the outpa-
tient setting and found that it had a high predictive value for 
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the presence of SDB and subsequent morbidity. In particular, 
Ohmura and colleagues showed that predischarge overnight 
pulse oximetry in CHF patients was an independent predic-
tor of combined readmission and mortality.13 Additionally, our 
prior data showed that HRPO had a high predictive value for 
identifying SDB in hospitalized patients who underwent PSG 
within 2 weeks of discharge.7,14

Our current prospective study of hospitalized CHF patients 
shows that HRPO-measured ODI correlates strongly with the 
severity of SDB as measured by PM in hospitalized patients 
with CHF. In addition, we observed that HRPO was a more 
reliable technique with only 1 patient having inadequate data. 
Thus, the current study confirms our prior data that screening 
with HRPO performed in acute settings after initial stabiliza-
tion accurately identifies underlying SDB.7,14

Greater oxygen desaturation was noted with PM. However, 
it is likely that this reflects spurious desaturations caused by 
motion artifact as has been reported in previous comparisons 
of conventional pulse oximeters to HRPO. Different pulse 
oximetry devices in the market have varying proprietary al-
gorithms, which creates differences among them. The pulse 
oximeter used by ApneaLink (Nonin XPOD 3012) is differ-
ent from the HRPO used in our study (Masimo Rad-7). Stud-
ies have shown that the signal processing algorithms (Masimo 
SET) used by Masimo new-generation pulse oximeters reduce 
motion artifact and false alarms. Motion artifact adds pulsatil-
ity to the venous blood component, which results in falsely low 
SpO2 values. In addition, an OEM device may result in some 
alteration of signal when used in the ApneaLink platform. This 
may also explain why the average oxygen saturations and time 
below 88% were lower in PM compared to HRPO.15–17

To reduce the future risk for previously unidentified SDB 
patients hospitalized with CHF, screening and diagnosis should 
ideally occur while the patient is admitted to the hospital. This 
approach ensures that patients can be adequately screened 
while they are a “captive audience,”14,18 and that they can also 
be provided education and implementation of therapy (eg, a 
trial of positive airway pressure therapy). A previous study has 
noted the value of PM in hospitalized patients.19 However, PM 
can be expensive due to logistic and technical support require-
ments. Many smaller facilities in the community may not have 
these resources.

Like PM, HRPO testing can occur in the hospital. As dem-
onstrated in this study, it offers an attractive alternative to por-
table PM. because of its low cost and minimal training required 
for acquisition of reliable data. As such, the HRPO approach 
may be easily implemented on a wide scale. The results of 
HRPO could then be used to stratify the need for further test-
ing or to guide interventions. Nevertheless, further studies will 
be required to determine how best to position this screening 
test. For instance, establishing criteria to maximize sensitivity 
may reduce the number of falsely negative studies, but also 
may lead to excessive confirmatory testing. However, using a 
stricter criterion may reduce the sensitivity of HRPO, which 
may be acceptable if the most severely affected patients re-
quiring intervention were being identified. Because moderate 
to severe SDB can have an effect on comorbid conditions, the 
goal during hospitalization is to not miss its detection. Thus, 

a high specificity is more valuable than high sensitivity. Our 
study reveals that the agreement between HRPO and PM is 
highest in this category, making it an ideal hospital screening 
tool. Randomized clinical trials will be helpful in determin-
ing the appropriate ODI thresholds that ultimately result in im-
provement in cardiac function, reduction in readmissions, and 
ultimately mortality.

There are, however, some limitations to using HRPO for 
SDB diagnosis. In particular, HRPO is unable to differenti-
ate reliably between central and obstructive respiratory events. 
We also acknowledge this is a single- center study in a ter-
tiary care academic program and further studies are required 
to confirm its validity in a more generalized setting. In addi-
tion, our patient population was limited to those persons with 
CHF. Despite these caveats, however, our findings indicate that 
HRPO is potentially a low-cost, highly informative technique 
to identify hospitalized patients with SDB.

In conclusion, hospital admissions for CHF place a major 
burden on the health care system. Although diagnosis and 
treatment of sleep disorders may be a viable therapeutic tar-
get for these patients, logistical and economic challenges limit 
widespread implementation strategies. HRPO is a simple, in-
expensive screening test that may be used to guide clinical 
management of acute CHF and may be useful in the design of 
subsequent clinical trials.

ABBRE VI ATIONS

CHF, congestive heart failure
HRPO, high-resolution pulse oximetry
ODI, oxygen desaturation index
OSA, obstructive sleep apnea
PM, portable monitoring
PSG, polysomnography
REI, respiratory event index
ROC, receiver operating curves
SDB, sleep-disordered breathing
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