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Abstract
Purpose of review—Positive airway pressure therapy (PAP) is commonly prescribed treatment
for obstructive sleep apnea (OSA). Traditionally, the determination of the optimal pressure for
treatment of sleep-disordered breathing was made by manual titration of the device by a sleep
technician in attendance during polysomnography. However, the advent of alternative methods for
determination of optimal PAP – such as auto-titrating PAP (APAP) – has seen tremendous growth
over the past decade. The purpose of this review is to improve our understanding of the currently
available alternative methods for titration of PAP in patients with sleep-disordered breathing (SDB)
with special emphasis on obstructive sleep apnea.

Recent Findings—Recent prospective-randomized studies of alternative methods of titration
suggest that pressure determinations made by such devices are comparable to traditional manual
titrations made in the sleep laboratory. Obstacles to the adoption of such alternative modes of titration
into day-to-day practice may be attributable to issues surrounding appropriate patient selection,
differences between devices, re-imbursement policies of third party payors, consensus amongst sleep
experts, and individual physicians’ practice patterns and volumes. While newer generations and types
of auto-titrating PAP devices are entering the sleep field constantly, providers’ knowledge and time
availability remain limiting factors.

Summary—There is tremendous growth in the technology and scientific evidence in support of
alternative modes of PAP titration for sleep-disordered breathing, but barriers to implementation
remain.
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Introduction and Historical Perspective
Ever since the first report of continuous positive airway pressure (CPAP) for treatment of
obstructive sleep apnea (OSA) was made in 1981, the methodologies and end-points for
titration of the CPAP level was quickly brought to the forefront (1). Publications on the
alternatives to manual in-laboratory polysomnography (PSG) based titrations of PAP did not
occur until a decade later (2–4). Intelligent devices with in-built microprocessors for detection
and treatment of events of SDB have gone by different names ranging from self-adjusting, to
automatic, auto-adjusting, smart CPAP, and auto-titrating PAP (APAP). The purpose of APAP
devices was varied and included the replacement of in-laboratory manual titration, reducing
mean pressures to achieve better adherence, and adapting CPAP levels to changes in severity
of OSA in response to changes in weight, sleep state, body position, and alcohol ingestion.
Today the purpose of automation has expanded towards detecting and ameliorating central
apneas and hypoventilation. The purpose of this review is to provide an up to date synthesis
of APAP technology, scientific evidence in support of APAP use, and issues surrounding the
regulation, reimbursement and health services aspects of APAP therapy.

Technology
The functioning of APAP devices can be broken down into three components: sensing of events
of SDB (sensors), automated computing and analysis of the sensed signals (analysis), and
hierarchal set of algorithms that will determine the action taken by the APAP device in response
to the conditions exposed (effectors).

In the older generation of APAP devices, the sensors were simplistic and measured only the
pressure inflections (vibrations) of a certain frequency and amplitude that were caused by
snoring. Subsequently, the next generation of APAP devices became more sophisticated and
were able to sense flow-based changes such as apnea, hypopnea, or inspiratory flow limitation
based upon the inspiratory flow contour (i.e., flattening of the inspiratory flow waveform).
More recently, devices have developed to differentiate central from obstructive apneas (using
forced oscillation technique or rapid injection of air), identify Cheyne-Stokes respiration (by
breath-by-breath changes in peak flow), identify hypoventilation (by measuring tidal volume
or minute ventilation using calibrated flow sensors), compensate for air-leaks (using
sophisticated flow-based algorithms), and measure both upper and lower airway resistance
(using forced oscillation techniques)(5). Such signals are computed and analyzed
instantaneously by a built-in microprocessor with preset hierarchical set of algorithms that will
determine the rate and magnitude of pressure response.

APAP devices may increase the pressure in response to events such as apneas and hypopneas.
Some devices are programmed not to increase the pressure beyond an arbitrarily identified
pressure if the apneas do not respond to pressure changes in a predictable fashion, i.e., change
from apneas to obstructive “flow-limited” hypopneas. Other devices can be programmed to
not increase the pressure in response to non-obstructive hypopneas (namely, hypopneas
without inspiratory flow limitation)(6). Newer generation devices can differentiate obstructive
from central apneas and thereby be programmed not to raise pressure in response to central
apneas, but to increase the pressure only in response to obstructive apneas. Algorithms are
designed to not only increase bit also decrease the pressure on certain occasions. The APAP
device may reduce the pressure when the inspiratory flow curve has the convexity facing
upwards or if there have been no events of SDB detected over a certain period. Such algorithms
are proprietary and a provider should probably be well informed regarding their characteristics
before prescribing such an APAP device (7).

The effector arm of the APAP device has undergone radical changes as well. Newer generation
devices can not only increase the CPAP level, but can also increase the inspiratory positive
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airway pressure (IPAP) alone in order to ameliorate obstructive events (Auto Bi-level PAP),
correct hypoventilation (averaged volume assured pressure support [AVAPS], or autoVPAP)
or combat central apneas in patients with complex sleep apnea or CPAP-emergent central
apneas (Servo-Ventilation)(8–11). Devices may also introduce a back-up rate to prevent central
apneas and although in general they are not referred to as APAP devices, they function using
similar principles and can be judged as the latest generation of APAP devices (10,11).

Scientific evidence
The scientific evidence governing auto-titrating and other alternative methods for titrating PAP
devices continue to evolve. Both bench and clinical studies need to be considered in assessing
such auto-titrating methods. However, while the bench studies provide valuable information
regarding the performance of APAP devices by controlling their exposure to artificially
simulated apneas and hypopneas, only clinical trials with measured benefits to patient-
outcomes should guide practice.

Bench studies
Numerous bench studies have been performed comparing the devices made by different
manufacturers across different generations of devices (6,12–15). Such studies have
consistently shown that for a given set of events characterizing SDB, the responses of devices
from different manufacturers are quite different. One particular study demonstrated the scatter
in pressure response of four older-generation APAP devices to be as wide as 10 cm H2O (6).
Such changes may be attributable to the APAP devices’ ability to sense the event or the pre-
programmed algorithms that determine the rate of pressure change and magnitude of step
change in pressure(7). Moreover, bench studies have shown that air-leak deleteriously affected
the performance of APAP devices (6,13,15), and that some devices were less likely to be
influenced by air-leak than others (6). In addition, humidifiers may act as a capacitor and muffle
some of the ‘snoring’ pressure waveforms before they reach the sensors in the APAP device.
Predictably, in at least one bench study, humidifiers resulted in a small reduction (2 cm H2O)
in pressure response over a 5-minute run (6). Despite such bench studies, there are currently
no published clinical studies that have identified the clinical implications of the effects of air-
leak or humidifiers on APAP device performance. Such clinical studies are needed rather than
to extrapolate findings from bench studies to the clinical realm. Limitations of bench studies
include the brief duration of simulations, highly controlled conditions, apnea simulators that
do not respond to changes in pressure administered by the APAP device (referred to as “open
loop” system), or failure to account for patient co-morbidities that may influence pressure
response (nasal congestion, palatal surgery, or morbid obesity).

Clinical effectiveness
A large body of clinical trials aimed at assessing the efficacy of APAP and other alternative
methods to titrate APAP devices have accumulated over the past decade. This review will focus
primarily on randomized controlled trials (RCT).

Dating back to the first publications of randomized controlled prospective trials of APAP in
1996, until now, most if not all RCTs have demonstrated that APAP devices can be used to
determine the ‘fixed’ treatment pressure that is comparable to the gold standard (attended
manually titrated CPAP during polysomnography [PSG])(16,17). Subsequently, using older
generation APAP devices, investigators have demonstrated that the “fixed” CPAP pressure
determined by APAP therapy can either be the same, greater, or less than that derived from
attended PSG (17–20). Such a simplistic comparison, however, should probably not be made
considering that; the gold standard itself suffers from inherent limitations – cost, inconvenience
of electrode placements, laboratory versus home environment, and limited “one-night”
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sampling. A better benchmark would be to consider patient outcomes such as patient
preference, patient comfort, treatment adherence, and improvements in other clinical end-
points (sleepiness, health-related quality of life [HR-QOL], cardiovascular and neurocognitive
measures). Most of these RCTs recruited CPAP-naïve patients with moderate to severe OSA
and avoided co-morbid conditions that would deleteriously affect performance of APAP
devices (21). Some of the exclusionary criteria were nasal obstruction, palatal surgery, and
morbid obesity with hypoventilation, central sleep apnea, co-existent heart failure or chronic
obstructive pulmonary disease (COPD).

In a large European study, Masa and colleagues randomized 360 CPAP-naïve patients to either
APAP, CPAP titration during full night PSG, or a prediction formula-based CPAP level in a
multi-center RCT (22). In this study, APAP was initiated at home after the patient received
instructions and mask fitting in an outpatient setting. Over a 3-month period, improvements in
subjective sleepiness, disease-specific HR-QOL measures, and AHI were similar across the
groups. There was no difference in adherence to CPAP treatment or the dropout rates during
the follow-up period. Some general HR-QOL measures that were not tailored for assessing
patients with SDB, improved to a slightly lesser magnitude in the APAP group when compared
to PSG- or formula-based methods for determining treatment CPAP level (effect size ≤ 0.5).
Another very recent study identified patients with OSA using either PSG or limited PSG, and
then randomized the subjects and crossed them over to receive either APAP or PSG-derived
CPAP therapy (23). Patients in the APAP group reported greater improvement in subjective
sleepiness and greater objective evidence of PAP adherence, albeit such differences were small
and their clinical benefits are unclear. In this rather large study, involving over 180 patients,
objective measures of vigilance (Osler test) and HR-QOL was not different in the two groups.
Study limitations included issues surrounding the cross-over design (namely a strong order
effect), a short (6-week) assessment period, and perhaps a failure to choose a patient population
most likely to benefit from APAP therapy (23).

Noseda and colleagues, however, did select and study patients who were more likely to benefit
form APAP therapy, namely patients with a high within-night variability in APAP-titrated
pressure levels (24). However, they failed to demonstrate any difference in PAP adherence or
mean pressure levels when compared to PSG-derived CPAP trial over an 8-week treatment
period. Although subjective ratings for sleepiness were better with APAP therapy, such
improvements were not clearly explained by group differences in pressure or adherence levels
(24). Similarly, Massie and colleagues selected patients requiring a CPAP pressure level of 10
cm H2O or more, and reported that APAP therapy resulted in greater improvements in HR-
QOL and self-reported sleep quality than conventional laboratory PSG-determined fixed CPAP
pressure (25). One study, however reported APAP therapy failed to reduce AHI as much as
conventional PSG-derived CPAP settings (26). In this study by Patruno and colleagues, blood
pressure and insulin resistance improved to a lesser degree in the APAP group when compared
to the group receiving conventional PSG-derived CPAP therapy (26). Interestingly, this study
had rather lenient exclusion criteria that did not exclude patients with significant co-morbid
conditions. Moreover, in a study employing APAP device technology, intensive home support
with monthly home visits over a 6-month period of time was more effective in achieving
adherence to PAP therapy than the relatively more expensive APAP device technology (27).
Considering the expenditure of provider time in issuing APAP, downloading and interpreting
the APAP device outputs, and monitoring patients following initiation of APAP therapy, cost-
effectiveness analysis of APAP therapy versus conventional treatment methodologies is direly
needed in order to justify their use.

Forced oscillation technology (FOT) has been used to measure upper airway impedance. A
proposed advantage of such technology would be the ability to determine whether the upper
airway is open or closed, and thereby prevent inappropriate increments in pressure during
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central events with an open airway. An RCT with 38 patients compared FOT-based APAP
versus laboratory PSG-derived CPAP found that the pressure recommendation between these
two methodologies were comparable, and they achieved similar reductions in AHI and self-
reported sleepiness over a 6-week period (28).

The use of APAP therapy in patients who have not undergone conventional PSG for
establishing the diagnosis of OSA has also seen tremendous growth. Berry and colleagues
performed a RCT wherein patients underwent portable testing for OSA based upon a
tonometry- and actigraphy- based system (29). In 106 patients with daytime sleepiness and a
high likelihood of having OSA, administration of APAP versus PSG-derived CPAP did not
result in any differences in adherence to PAP therapy, improvement in sleepiness, improvement
in HR-QOL, or patient satisfaction levels. Although limitations included the possibility of
being under powered to show group differences, and a population that was all male with high
pre-test probability for OSA, this study highlighted the ability of APAP to achieve benefits
comparable to PSG-derived CPAP levels when used with home study testing without
electroencephalography (29). In another study that did not use PSG, Mulgrew and colleagues
have demonstrated that PSG-derived CPAP titration did not confer any advantage over APAP
therapy initiated following identification of OSA by sequential application of the Epworth
Sleepiness Scale (ESS) score, Sleep Apnea Clinical Score, and overnight oximetry (30). In
fact, in this study, patients randomized to APAP group were more adherent to PAP therapy
than those in the conventional PSG-derived CPAP pressure group (30). One limitation was the
fact that the study was designed as a superiority trial and the need for large studies designed
as non-inferiority trials are still needed. Another very recent study has moved further down
this aggressive path by using only a Berlin questionnaire to diagnose OSA in a US Veterans
population (31). Patients with high likelihood of OSA (n=109) who were awaiting diagnostic
PSG were randomized to remain in the conventional pathway or assigned to APAP therapy
which was initiated on an outpatient basis. In this study by Drummond and colleagues, patients
with two or more positive responses in the Berlin questionnaire, APAP therapy resulted in
improvement in self-reported symptoms and disease-specific HR-QOL measures that were
comparable to patients in the conventional group. A limitation to the generalizability of this
finding is the high pre-test probability and all male population with 66% of eligible patients
being excluded due to the presence of co-morbid conditions such as heart failure and COPD
(31).

Nurse-led home-based initiation of APAP therapy in a large non-inferiority trial encompassing
619 subjects – to date the largest published RCT involving APAP therapy – demonstrated
equivalence compared to patients treated by sleep physicians using conventional PSG (32). In
this study, Antic and colleagues also demonstrated lower costs in the nurse-led group (32).
Such large non-inferiority trials need to be replicated in the US for change in practice to occur.

Clinical comparisons between different APAP devices have been made in a randomized
controlled manner. In a cross-over study design with three conditions and 1-month period of
therapy, Senn and colleagues two different APAP devices and CPAP therapy based on pressure
level determined following 2-weeks of APAP therapy (33). Patients received the three
treatments in a random manner over three consecutive 1-month periods. All three treatment
modalities achieved comparable improvements in symptoms, quality-of-life domains, and
AHI. Series and colleagues performed a similar trial with a 10-day washout period between
three different APAP devices. Each patient underwent therapy for a one-week home trial. They
found that the median pressure value during therapy with one manufacturer’s device (5.9 cm
H2O) was significantly lower than that during therapy with the other two devices (7.4 cm
H2O)(34). Such clinical results parallel the bench study findings of the precursor devices from
the same manufacturers (6). Such results would suggest that bench study results might indeed
be extrapolated to the clinical realm. Despite the inherent limitations of such extrapolation,
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such bench testing may be of value considering that devices constantly undergo upgrades and
enhancements that outdate, and thereby minimize, the value of comprehensive clinical trial
testing (7,35). Interestingly, in a survey of board-certified sleep physicians, only 37% of
physicians who prescribed APAP preferred a particular brand (36). Such data may underscore
the need incongruence between scientific evidence and day-to-day practice and calls for better
dissemination of study findings.

A study (total n=83) comparing PSG-derived CPAP and four different APAP devices
administered to patients with severe OSA over a 6-month time period revealed no differences
in adherence, clinical symptoms, or HR-QOL (37). Despite differences in the mean CPAP,
pressure delivered by the different devices, there clinically no significant differences over the
6-month treatment period. This study, however, was not adequately powered to prove
equivalence but raises interesting questions concerning the clinical significance of small
differences in therapeutic pressure administered (37).

The comparative effectiveness research (CER) strategic framework calls for generation,
synthesis and dissemination of alternate methods to treat and monitor complex medical
conditions (such as OSA) requiring complex interventions (such as medical devices in OSA)
(38). The development of alternate methods to titrate and treat OSA, or other forms of SDB
such as obesity hypoventilation and central sleep apnea are in the spirit of this call. More work
on how and where such therapies are being delivered by pragmatic studies analyzing outcomes
in patients with complex co-morbid medical conditions subjected to APAP therapy may be
needed to increase the reach and universal acceptance of such alternate methods of titration.
Specifically, most, if not all of the RCTs, have excluded patients with significant co-morbid
conditions that could cause hypoventilation (morbid obesity and COPD) and central apneas
(heart failure). Reports from large databases housing patients with such co-morbidities are
needed if the field were to advance and be made generalizable to patients in our practice.

Advanced methods of titration
Advanced automation in titration that could tackle central apneas has been developed and is
currently marketed. Small RCTs have shown that servo-ventilation made by different
manufacturers can successfully detect and treat central apneas (10,11,39,40). Some of these
studies have demonstrated improvement in objectively measured sleepiness and urinary
measures of catecholamines (40). However, large studies on the effects of such devices on
other patient outcomes such as HR-QOL, cardiac function, adherence to PAP therapy have not
been published.

During servo-ventilation, the expiratory positive airway pressure is set at a level to treat
obstructive apneas and obstructive hypopneas and before central hypopneas manifest, but there
may be some inter-observer variability in determination of such a pressure level. Combining
APAP and servo-ventilation, with APAP determining the EPAP level automatically, whereas
the servo-ventilation controlling periodic breathing and central apneas has been recently
reported to be effective in ameliorating SDB (41). RCTs employing such a device are however
awaited.

Advanced titration methods for patients with hypoventilation target minute ventilation and
tidal volume rather than events of sleep-disordered breathing such as apneas and hypopneas
(8,9). While better ventilation and gas exchange have been observed, studies using such devices
have failed to demonstrate advantages over conventional bi-level PAP settings with regards to
improvements in sleep quality (8,9).
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Other titration methods
A small randomized, single-blind, two-period crossover trial of CPAP treatment at the
laboratory PSG-determined optimal pressure versus at-home self-adjustment of CPAP (starting
pressure based on prediction equation) revealed comparable patient outcomes in both arms
(42). The prediction formula was derived from readily available parameters – namely, body
mass index, neck circumference, and AHI (43). Patients were subsequently encouraged to
adjust the pressure as necessary to maximize comfort and perceived efficacy (42). Following
the ensuing 5-week treatment period, adherence to PAP therapy, subjective and objective
sleepiness, sleep apnea severity and sleep architecture were all similar between the two groups.
However, this was a small study. In a much larger afore-mentioned study, Masa and colleagues
subjected one-third of the patients to the prediction formula (predicted pressure = (0.16 × BMI)
+ (0.13 × neck circumference) + (0.04 × AHI) − 5.12 up to a maximum of 9 cm H2O) and the
other two groups were either managed in the conventional laboratory PSG-derived pressure or
APAP derived pressure (22). Patients who exceeded a requirement of 9 cm H2O based upon
the formula, were prescribed only 9 cm H2O and asked to self-adjust the pressure upwards in
1 or 2 cm H2O increments based upon the observations of the bed partner. Although the CPAP
level based on the predicted formula was slightly lower than that achieved by APAP, the
predicted formula achieved comparable pressure levels when compared to laboratory PSG-
derived CPAP levels. There was no difference between all 3 groups with respect to AHI,
subjective sleepiness, or PAP adherence levels (22). Other prediction formula exist but have
not been studied in a RCT (44).

Regulation, Reimbursement and the Provider
APAP devices, like CPAP devices, are undergoing constant change and evolution. The
sophisticated APAP devices of today are a result of multiple incremental changes over many
years since the inception of the ‘auto’ concept. This is a natural process that pertains to any
device, and is a much different process than drug development. There are advantages and
disadvantages to this constant evolution which is done through a 510(k) clearance process
(35). The disadvantage to such constant changes is that before a clinical trial of a particular
device is completed and published, the device has undergone numerous modifications by the
manufacturer. Such changes undermine the relevance of the eventual publication of the clinical
trial findings. Whereas, the perfect clinical study following the development of the perfect
APAP device will probably never happen, prescribing physicians should pay close attention
to changes and characteristics of the APAP devices they prescribe. Changes in device
regulation are afoot and may change the landscape of device innovation and afore-mentioned
opinions regarding clinical research involving such devices (35).

While APAP devices are generally categorized as low-risk devices by the Food and Drug
Administration, their performance in an individual patient may depend on how they are set,
where they are set-up, how patients are selected and instructed, and how patients on such
therapy are monitored (45). The concern is that physicians in busy practices may be unable to
keep up with the changes in technology. Unlike pharmaceutical products, physicians do not
receive information regarding post-approval trials, nor do they receive education by a cadre of
pharmaceutical representatives. In a 2004 survey of board-certified sleep physicians, only 30%
of physicians correctly identified the contra-indications for administration of APAP devices
(36). Moreover, thirty percent of sleep physicians never prescribed APAP devices. Physicians
who never prescribe APAP devices tended to interpret fewer sleep studies and tended to
prescribe fewer PAP devices per month than physicians who prescribed APAP devices
suggesting that patient volumes were indicative of physician confidence in prescribing such
devices (36). Moreover, 90% of physicians who prescribed auto-PAP devices reported that
they reviewed the data downloaded from the device for pressure, leak, and adherence
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information. The time spent in interpreting the downloads for leak, appropriate pressure level,
and troubleshooting during care delivery in an ambulatory APAP program are, however, not
reimbursed for physician time. Future policy changes to reimbursement should consider
provider compensation to such care delivery if APAP is envisioned to be embraced by
providers.

Conclusion
There has been rapid developments in both the technology and clinical evidence supportive of
APAP and other alternate methods of titration. While the results of at least three large non-
inferiority trials are earnestly anticipated in this area, the future of APAP and alternative modes
of titration in day-to-day practice still rests in the hands of policy makers, regulatory bodies,
and expert consensus (35,45,46). Future research needs to move this field ahead from scientific
evidence derived from such RCTs to development and dissemination of CER that address the
incorporation of such tools in complex medical systems of health care delivery.
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