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Abstract

Purpose Monitored polysomnography (PSG) is considered the gold standard technique to diagnose obstructive sleep apnea
(OSA) and titrate continuous positive airway pressure (CPAP), the accepted primary treatment method. Currently, the Ameri-
can Academy of Sleep Medicine (AASM) considers automatic PAP therapy initiation at home comparable to laboratory
titration and recommends telemonitoring-guided interventions. Advanced CPAP devices evaluate and report the residual
apnea—hypopnea index (AHI). However, in order to control the effectiveness of the prescribed therapy outside of a PSG
setting, the automatic event detection must provide reliable data.

Methods A CPAP titration was performed in the sleep laboratory by PSG in patients with OSA. The residual event indices
detected by the tested device (prismaLine, Loewenstein Medical Technology) were compared to the manually scored PSG
indices. Results of the device (AHIg; ) were compared according to the AASM scoring criteria 1A (AHI, ,, hypopneas
with a flow signal reduction of >30% with >3% oxygen reduction and/or an arousal) and 1B (AHI,, hypopneas with a flow
signal decrease by >30% with a >4% oxygen desaturation).

Results In 50 patients with OSA, the mean PSG AHI, , was 10.5+13.8/h and the PSG AHI, 5 was 7.4 +12.6/h compared to a
mean device AHIg,, of 8.4+ 10.0/h. The correlation coefficient regarding PSG AHI, , and AHI,,, was 0.968. The correlation
regarding central hypopneas on the other hand was 0.153. There were few central events to be compared in this patient group.
Conclusion The device-based analysis showed a high correlation in the determination of residual obstructive AHI under
therapy. The recorded residual respiratory event indices in combination with the data about leakage and adherence of the
studied device provide reliable information for the implementation and follow-up of CPAP therapy in a typical group of
patients with OSA.

Trial Registration Number: ClinicalTrials.gov Identifier: NCT04407949, May 29, 2020, retrospectively registered.
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Obstructive sleep apnea (OSA) is a heterogeneous disease
with great importance for public health. Untreated, it is asso-
ciated with numerous significant comorbidities, symptoms,
and health consequences [1-6]. Studies indicate OSA as
an underdiagnosed disease with increasing prevalence and
clinical and public health interest [7-12]. The morbidity
of OSA highly depends on the disease severity, which is
conventionally determined by the apnea—hypopnea-index
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therapy initiation and follow-up needs to be controlled. To
meet the high demand for OSA testing under therapy, it is
necessary to exploit cost-effective and reliable systems.

While the current American Association of Sleep Medi-
cine (AASM) recommendations suggest a polysomnography
(PSG) as diagnostic test to assess the grade of severity [13],
the current recommendations also consider therapy initiation
using autotitrating PAP (APAP) at home, and telemonitor-
ing-guided interventions during the initial period of PAP
therapy [15]. A current meta-analysis demonstrated equiva-
lent effects on patient outcomes and no difference in residual
OSA severity after the initiation of PAP at home compared
to an in-laboratory titration. Few studies actually compared
the device AHI with a full polysomnography [16, 17].

The data provided by the devices can be used as a refer-
ence for therapy adherence (usage time) and effectiveness
(residual AHI), but the devices can also be adjusted and
optimized remotely, using their built-in systems. Moreover,
sleep-disordered breathing (SDB) is a chronic disease that
requires regular checkups. Some countries already use the
transmitted data to control CPAP therapy adherence. Yet,
the health care and data protection regulations require clear
responsibility management [18]. Reliability of the data and
its use for patient outcome is key, especially when the tele-
medicine approaches escalate to further ventilation therapies
with more advanced devices for home non-invasive mechan-
ical ventilation (NIV) in other respiratory diseases [19].

The current PAP devices detect and record usage time,
leakages, and residual respiratory events including flow
limitations (FL), hypopneas, and apneas. Integrated sensors
continuously monitor pressure changes, airflow changes,
and vibrations during therapy to identify any residual SDB.
When operating in automatic PAP mode, internal algo-
rithms evaluate the signals to adjust the pressure as neces-
sary. While in PSG, the more accurate sleep/wake detection
allows to refer the number of events to the mere sleep time
(total sleep time, TST), the PAP devices usually record and
store the data throughout the entire time of operation (total
recording time, TRT). Some devices might also register
and remove artifacts (e.g., excessive air leakages) or wake
periods. To address distinctions, a change in terminology
for PAP-only recorded residual respiratory disorders into
AHIE; oy has already been suggested by the American Tho-
racic Society (ATS) [20].

Since the devices of the different manufacturers present
unique algorithms to detect residual SDB, it is important to
determine the reliability of individual therapy devices and
detection techniques against the gold standard PSG before
important therapeutic decisions with concrete consequences
for individual patients can be drawn from the device-based
analyses in practice. The aim of this monocentric prospec-
tive study was to compare the recordings and analyses of
the current generation of prismalLINE devices (Loewenstein
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Medical Technology, Germany) to a manual evaluation of a
PSG in the sleep laboratory.

Methods

Inclusion criteria were age > 18, moderate to severe sleep
apnea syndrome (defined as AHI> 15 n/h), recently diag-
nosed by PSG, indication for CPAP therapy, and use of a
nasal mask. Exclusion criteria: CPAP contraindication, par-
ticipation in another study that influences the setting of CPAP
therapy by specifications regarding device setting or deviat-
ing titration needs. Patients needing an oronasal mask (OM)
were excluded to ensure comparability. An acceptable study
was one with a recorded TST >4 h and < 10% of excessive
leakage. During critically high leakage, there is a limited
device response and possibly therapy ineffectiveness. From
a leakage value of > 50 L per minute, the “High leakage”
event is recorded in the therapy device. The Ethics Commit-
tee of Witten-Herdecke University, Germany approved the
study under number 192/2018. The trial was retrospectively
registered under ClinicalTrials.gov Identifier: NCT04407949.
Preliminary results were previously presented at the Euro-
pean Respiratory Society Congress in 2020 [21]. All patients
provided consent to participate in the study after oral and
written information about the study. Anthropometric base-
line data were recorded at hospital admission. The cardiores-
piratory PSG nights were performed in the certified sleep
laboratory under the supervision of a sleep technician. The
study-relevant therapy night with CPAP therapy under PSG
took place immediately after the diagnosis night. The pres-
sure titration procedure was predetermined for the study (see
Fig. 1). Pressure started at 4 cm H,O, a sub therapeutic phase
that allowed more residual events, and was increased every
hour after sleep onset up to a pressure of 13 cm H,0O, when
sleep duration allowed this procedure.

Manual event detection (polysomnography)

The approved AASM guidelines version 2.4 [13] were used
to define sleep and respiratory events for both diagnostic
and therapeutic PSG recordings. The relevant flow signal
was the nasal pressure signal in the diagnostic night, and
the PAP device flow signal, which was fed into the PSG
recording, in the titration study, as per recommendations of
the AASM [13].

Recommended: According to the AASM guidelines,
respiratory events during sleep were considered apneas if
the peak airflow decreased by >90% for at least 10 s, and
hypopneas in case of a flow signal reduction of at least 10 s
of >30% of the baseline flow associated with a>3% oxygen
reduction and/or an arousal (hypopnea criterion 1A).
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Acceptable: In a secondary analysis, we scored respira-
tory events as hypopneas according to the acceptable AASM
criterion 1B, when the flow signal decreased by >30% for at
least 10 s, and this event was associated with a >4% oxygen
desaturation from the pre-event baseline values.

Automatic event detection (therapy device)

The prismaLine type WM100TD CPAP device from
Loewenstein Medical Technology is a CE-approved Class
ITa medical device for the positive pressure treatment of
sleep-related breathing disorders (PAP therapy). All used
devices were of the same series and technically equivalent.
The algorithm of the devices identifies residual AHI-rele-
vant respiratory events (obstructive and central apneas and

hypopneas) and other less severe events such as RERA,
(respiratory effort related arousal detected by the device),
flow limitations, and snoring, also to control the auto-
CPAP or auto-EPAP function [22]. The devices recognize
a respiratory event as apnea if there is a respiratory flow
interruption of at least 90% for at least 10 s.

Technique: An apnea is tested for possible upper airway
obstruction by a 5 Hz FOT (forced oscillation technique)
signal. If the oscillation is found mainly in the pressure
signal, the current apnea is assessed as obstructive apnea.
If the device detects the oscillation in the flow signal, the
current apnea is categorized as central apnea. Hypopneas
on the other hand are categorized as such, when there is a
reduction in the respiratory flow curve of at least 50% for
at least 10 s and two breaths. The current device class also
differentiates hypopneas into central and obstructive. Mild
obstructions during spontaneous breathing are detected
by the degree of “flattening” in the inspiratory flow curve
or by snoring measurement deduced from the flow curve.
If this is detected during a hypopnea, it is classified as
obstructive, otherwise as central.

Data comparison and statistical considerations

The evaluated PSG data as well as the recorded raw data
of the devices were anonymized and evaluated separately
in order to perform crosschecks. The scorers were blind to
the CPAP evaluation. In order to achieve a sufficiently large
number of relevant residual respiratory events in total, a
number of 50 evaluable recordings were deemed to be nec-
essary. This sample size made an evaluation in accordance
with the methods of descriptive statistics reasonable.

The respiratory event indices detected by the devices were
compared to the manually scored PSG event indices over
the entire recording time of the device (AHI,,) similar to
daily routine in the sleep lab. Yet the data set, consisting of
the scored PSG file and the device file, was synchronized by
means of a cross correlation function. Periods without data
overlap, i.e., when only one of the two devices recorded data,
were cut out, and the events occurring in these periods were
not considered. This applied to either the beginning or the
end of the recordings, in case one of the recorders (device or
PSG) ran longer or shorter than the other.

Data are presented as mean + standard error as either
variable or numbers in percent. Bland—Altmann-plot was
chosen as the statistical method to visualize the deviation
and agreement. The specificity, sensitivity, and positive and
negative predictive value for the given device limits were
calculated and plotted in receiver operating characteristics
(ROC) curves.
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Results

Seventy patients were recruited for the study. Twenty
(29%) recordings were deemed unacceptable for final
analysis (8 technical PSG issues with major artifacts in
flow or neurologic leads, 6 human errors (wrong device
or titration), 5 patients did not meet the required mini-
mal TST, and 1 presented unsolvable mask problems
with excessive leakage). Fifty patients (female: 13; age:
55.1+11.9 years; body mass index: 35.5 + 7.4 kg/m?)
were included in the final analysis. Baseline AHI was
53.3 +24.2. Three patients had a history of coronary
heart disease, and 10 patients showed a baseline central
AI> 5. Mean baseline Al was 3.4 +5.3 (central apnea (n)
were 19.8 +30.9).

We obtained a mean manually evaluated PSG AHI of
10.5 + 13.8/h according to criterion 1A and 7.4+ 12.6/h
according to criterion 1B compared to a mean device
AHIg,,,, of 8.4+10.0/h (p =0.004). All results and cor-
relations are presented in Table 1. The positive and nega-
tive predictive value for an AHI > 10, scored according to
criterion 1A, were 0.909 and 0.795.

The Bland-Altman plots visualize the difference
between the total AHI-PSG according to criterion 1A and
1B, respectively (manually assessed events minus events
detected by the device) plotted against their respective
average values (see Figs. 2 and 3). Overall, there is little
variation in the deviation. The ROC curves describe the
quality of the test procedure in which it plots sensitivity
(true positive rate) against false positive rate (1-specific-
ity). In our case, the PSG was the standard against which
the device AHI (AHlg,,,) was measured (see Fig. 4).
The two cut off values of AHI (AHI5 and AHI10) refer
to the state “still sick” and “healthy.” A pair of sensitiv-
ity/specificity was calculated for the whole list of values
(device AHIy,,,,), respectively, and plotted as a curve. The
area between the curve and the angle bisector (AUC) can
assume values of 0.5-1. Sensitivity and specificity results
are presented in Table 2.

Discussion

The data collected in this study demonstrated a high cor-
relation in the determination of the residual apnea and
hypopnea indices between the CPAP therapy device and
a simultaneous PSG in patients with moderate to severe
obstructive sleep apnea. To our knowledge, this is the first
study that also examines the influence of AASM crite-
ria 1A and 1B. Compared to the evaluation according to
AASM criterion 1A, the device results were only slightly
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lower, and compared to the evaluation according to 1B,
slightly higher. The relevant flow signal for the therapy
night was the CPAP flow signal, as per current AASM rec-
ommendations. (14) A PSG specific flow signal could have
led to other results. The AASM recommended to routinely
use the device flow in 2012, but some subsequent stud-
ies found different results when using a PSG flow signal
versus the device flow signal of an APAP machine dur-
ing titration [23, 24]. The discrepancies were found in the
absolute agreement of the respiratory event classification
in spite of good diagnostic accuracy concerning the AHI
results. That results relate to older devices of another man-
ufacturer and older PSG systems, it is nevertheless reason-
able to assume, that close clinical follow-up is necessary
for patients with complex SDB (e.g., high central apnea or
high arousal), or if response to treatment is poor.

Other studies on PAP devices that compared the res-
piratory event detection found the strongest correlations
in the detection of obstructive events [25, 26]. In our
study, we also found only minor deviations concerning
central events, despite the fact, that the PAP devices’
evaluation of residual SDB must rely on flow/pressure
analysis alone. While only a limited number of central
events were recorded to compare in this predominantly
obstructive sleep apnea group, it indicates a sufficient
comparability for the standard patient with OSA. A
PSG recording, on the other hand, provides further bio
signals such as respiratory effort (thorax and abdomen
belts), pulse oximetry, electrocardiogram (ECG), brain
waves by electroencephalogram (EEG), eye movements
by electrooculogram (EOG), and muscle tone by electro-
myogram (EMG). When analyzing a PSG, the recording
of respiratory effort helps to distinguish apnea types,
while the neurologic leads allow a differentiation of
wakefulness and sleep and an evaluation of different

sleep stages.

There are only a few studies that have compared res-
piratory event detection algorithms from PAP devices with
manually assessed events obtained from PSG. Ueno et al.
and Berry compared a PAP device with PSG and found
higher AHI values at lower pressure levels compared with
the PSG and lower AHI values at higher pressure levels.
In summary, an AHI < 10/h of the studied PAP device was
highly predictive, but an AHI > 10/h was moderately predic-
tive. The event-by-event analysis showed that the automatic
event detection had a high specificity but only modest sen-
sitivity (high number of false negatives). The correlation of
hypopneas, however, was rather low. The software was also
unable to distinguish central apneas [25, 27].
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Table 1 (continued)

&

Correla-

relation tion p-

coef-

Beta Cor-
regression
coefficient value

T-test p- value Linear

95% con-
fidence

(+-)

Mean of SD

differ-
ence

Comparison

95%
confidence
(+-)

SD

Mean

ICC  Cronbachs alpha

Springer

ficient

0.153  0.288

0.153

0.202

0.3 0.222

1.2

0.2

1.0 0.3 PSG AASM 1A -

0.7

PSG AASM 1A 50

0.682 0.727

cHI

vs Device cHI

PSG AASM 1B

0.128 0374

0.000 0.096 0.128

09 03

0.7

0.6 0.2

0.2

PSG AASM 1B 50

vs Device cHI

0.9 0.8 0.2

50

Device cHI

In our study, the CPAP device showed the highest sen-
sitivity for a threshold level for the AHI between 5 and
10/h. When comparing the indices of the PSG 1A and 1B
evaluations, a lower sensitivity resulted (see Table 2). A
lesser sensitive scoring rule might have a negative impact,
when events remain undetected and residual symptoms
unexplained. On the other hand, the more sensitive rule
may lead to the prescription of a higher therapy pressure
with an effect on adherence. A device AHI, present in
between these two, might actually be favorable. The low-
est correlations were found with regard to central hypo-
pneas, whereas there were only a few events of that type
to be compared in our patient population. Future study
could focus on patients with more complex and central
sleep apnea.

Previous studies showed a high percentage of patients
with presumed good PAP therapy success, but still con-
siderable residual respiratory events [28, 29]. Reliable
data with regard to the residual event indices are of
clinical importance, but patient-reported daytime sleepi-
ness and relevant comorbidities must be included when
assessing clinical outcomes [30]. Controlled PAP record-
ings may not only provide an explanation for possible
residual symptoms but may also contribute to the deci-
sion to readmit the patient to a sleep center for a new
titration.

The COVID-19 pandemic imposed a challenge to sleep
laboratories and patients with OSA worldwide. On the
one hand, the necessary social distancing measures and
the fear of contamination kept patients with non-acute
medical conditions from going to the sleep lab, and on
the other hand, the need to reschedule ward capacities
with temporary and possibly longer-term closures of
sleep lab units dramatically reduced sleep medicine ser-
vices. Regional surveys as well as international studies
researched the situation during the pandemic [31]. In
Europe, in-lab PSG was reduced from 93 to 20%, and
72% of sleep centers stopped in-lab PAP titration. A third
of the European sleep centers started to implement tel-
emedicine services [32]. In the USA and Canada, in-lab
testing was reduced by 90% [33], as also in China, where
the sleep medicine services recovered to 50% from base-
line after the first wave [34].

With certainty, there are numerous aspects of the diagnos-
tic process of OSA that require polysomnographic surveil-
lance. The association of respiratory events, body position,
sleep stages, or the extent of nocturnal hypoxia is useful
in assessing the disease severity and the underlying physi-
ological causes. A possible strategy to improve the detec-
tion sensitivity of a CPAP device could be the integration
of oximetry, most preferably in a wireless setting. While the
prevalence of SDB increases and sleep center capacities are
being reduced, new methods for the diagnosis and treatment
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Table2 Specificity and AHI>10 AHI>10 AHI>5  AHI>5  AHI>10 AHI>5
sensitivity values for AHI>5 PSG1Avs PSG1Bvs PSG1Avs PSGI1Bvs IAvs1B  1AvsIB
and AHI> 10 Device Device Device Device
Sensitivity 0.556 0.667 0.903 0.905 0.353 0.625
Specificity 0.969 0.818 0.842 0.621 1.000 1.000
Positive predictive value 0.909 0.333 0.903 0.633 1.000 1.000
Negative predictive value  0.795 0.947 0.842 0.900 0.750 0.600

control are developing. Cost efficient new technologies are
demanded, and telemedicine approaches are implemented,
which allow diagnosis and surveillance with minimal patient
interface [35].

The high correlation of the respiratory event detec-
tion between the tested CPAP device and the information
from all bio-signals of the PSG in our study indicates
that analysis of respiration alone may be a sufficient risk
assessment with CPAP therapy. But patient reported side

effects, e.g., via questionnaires, will also play a major
role when assessing therapy efficacy and effectiveness
by telemedicine, especially the opportunity to record
and monitor the residual events with adequate precision
over extended periods of time promises to have a posi-
tive effect on CPAP-treated patients. Given the night-by-
night variability of AHI in a PSG [36], a long-term serial
measurement of AHIg,,,, with a reliable PAP device may
actually be favorable.
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Limitations

Our study population consisted of predominantly male, obese
patients with moderate- to severe disease and reflects a typi-
cal population with OSA. Therefore, there is at most a small
selection bias. The recordings took place under optimal labo-
ratory conditions. The findings must therefore be translated to
the outpatient setting with caution. The study was conducted
using the device of Loewenstein Medical Technology with its
proprietary technology and the results do not inevitably apply
to devices from other companies. This could be the subject of
further studies. Patients with high leakage (> 10% of exces-
sive leakage of >40 L/min) were excluded, as well as oronasal
masks (OM). The mask choice makes results more comparable,
and generally, nasal masks should always be the first choice
and are the most used interfaces. Yet, 28% of the patients of
a recent large study on mask side effects were fitted with an
OM [37]. Patients titrated with oronasal masks require higher
pressure levels and present higher leak and higher residual AHI
when compared to nasal masks [38]. It remains unclear, to what
extent the results would have been influenced by a subgroup
with OM and presumably higher leakages. We chose to exclude
patients needing OM in this study, because the presumed sub-
group would have been too small to present reliable statistics.
It would be reasonable to study this patient group separately.

Our study design did not allow for evaluation at
higher pressure levels than 13 cm H,O, yet, such pres-
sures are uncommonly applied. Further studies are
needed to verify the diagnostic agreement in settings
where higher pressure are required. Whether or not and
to what extent any comfort features like pressure relief,
an oronasal mask, or even the frequently used humidi-
fier may have an effect on event detection was not part
of this research.

Conclusion

The results of this study demonstrated a high correlation
in the determination of residual sleep apnea derived from
a CPAP device compared with a polysomnography in a
typical population with OSA. The reliable information
about residual events, along with leakage and usage time,
may be available for telemedicine applications. However,
symptom health assessment should always be included in
therapy decisions. The agreement of PSG findings and
device findings should be investigated separately for dif-
ferent CPAP devices and the different algorithms used
by manufacturers.

@ Springer
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