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Measuring Loop Gain via Home Sleep Testing in
Patients with Obstructive Sleep Apnea

To the Editor:

Nonanatomical traits contribute to obstructive sleep apnea (OSA) in
certain individuals (1) and can predict response to therapies beyond
continuous positive airway pressure (CPAP) (2, 3). Unstable
ventilatory control (high loop gain) is one such trait that is
useful for personalizing treatment (4). Measuring loop gain has
traditionally required the use of specialized equipment and labor-
intensive techniques (5); however, recently developed methods can
determine loop gain from polysomnography (PSG) using a model-
fitting technique (6). Because clinical testing for OSA is shifting to
home sleep testing (HST), our aim in this study was to determine
whether we could estimate loop gain using this limited dataset,
which might facilitate personalized OSA treatment in clinical
practice.

Subjects with untreated OSA (apnea–hypopnea index [AHI]>
5/h) who underwent both PSG and HST within a 3-month period
were included in the study. The research was approved by the
institutional review board (#141272 and #150465), and the subjects
provided written informed consent. The exclusion criteria were use
of sedatives, hypnotics, or narcotics, ongoing OSA treatment,
and/or prior airway surgery.

In-laboratory attended PSG was performed in the standard
fashion with the subjects supine. HST was performed with a type III
device (ApneaLink Plus/Air; ResMed). Results were scored using
American Academy of Sleep Medicine Chicago criteria (3%
desaturation) by a technologist blinded to outcomes.

Loop gain analysis was performed using a model-fitting
procedure in MATLAB (The MathWorks) as previously described
(6). Briefly, the total ventilatory drive for any given breath is
modeled as the sum of the chemical drive and arousal drive, if
arousal is present. The loop gain relates to the chemical drive and
is the input–output function of the feedback loop that controls
ventilation, quantifying the magnitude of the ventilatory response
that follows a ventilatory disturbance (e.g., hypopnea or apnea).
The ventilatory and chemical drives are considered equivalent to
ventilation except during obstructive events (when drive exceeds
ventilation) and arousal (when the ventilatory drive exceeds the
chemical drive). The model iteratively adjusts to fit the drive to the
observed data. The dynamic loop gain is assessed at a frequency of
one cycle per minute (LG1) based on the kinetics of OSA (6, 7).
Analysis is performed in 7-minute windows to allow the use of
breath-by-breath uncalibrated ventilation. Median LG1 values from
across the entire recording are reported.

As standard analysis, PSG loop gain was measured from
windows occurring in non-REM sleep only. In addition, we
sequentially adjusted the analysis to mimic the data available in
HST, effectively stripping the PSG of 1) arousals, 2) sleep stage,
and 3) both arousals and sleep stage. For the HST recordings,
analyses were performed without knowledge of arousals and sleep
stage.

The primary outcome of this study was the correlation between
HST and PSG LG1 measurements. Statistical significance was
defined at P , 0.05.

PSG and HST recordings were obtained in 27 subjects with OSA
(age 56 [43–60] yr, 81% male, body mass index 30.06 4.8 kg/m2,
AHI 506 21/h, time interval 286 22 d). Pairwise comparisons
revealed a lower AHI in HST recordings than in PSG recordings
(246 3/h vs. 506 4/h; P , 0.001) and higher nadir saturation
(816 1% vs. 776 2%; P = 0.009). Otherwise, there were no
significant differences in event types or oxygenation.

PSG and HST LG1 measurements correlated strongly without
substantial bias (Table 1 and Figure 1). The intraindividual
difference between HST and PSG was not associated with
demographics, time difference, or AHI.

Compared with standard PSG, removal of arousals from the PSG
recordings resulted in higher LG1 (difference 0.086 0.02; P, 0.001),
whereas inclusion of REM events resulted in lower LG1 (difference
20.096 0.02; P , 0.001). The net effect of removing both arousals
and sleep stage from PSG was neutral (difference 20.016 0.02; P =
0.558). These stripped-back PSGs demonstrated a higher correlation
with HST LG1 than standard PSGs (Table 1).

To determine whether HST LG1 could be used to classify
subjects into high or low loop gain categories, we performed a
receiver–operator characteristic analysis using a previously defined
PSG LG1 cutoff of 0.7 (6). The area under the curve was 0.853
(P , 0.001). At an HST LG1 cutoff of 0.69, the sensitivity was
70% and specificity was 94% (Cohen’s k = 0.669; P , 0.001).
Leave-one-out cross-validation was performed, resulting in a
conservative sensitivity of 70% and specificity of 71% (k = 0.390;
P = 0.040).

The major finding of this study is that HST can be used to
estimate the loop gain obtained from PSG. For the purpose of
classifying subjects with high loop gain, HST performs well and
therefore might be useful clinically, although further validation data
would be welcome.
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There are several likely sources of the discrepancy between HST
and PSG loop gains, including the lack of EEG data. Arousal
may transiently increase the overall ventilatory drive independently
of the chemical drive as a brief transition to waking (8) or as a
distinct ventilatory component akin to a startle response (9).
Without sleep-stage data, events that presumably occurred during
REM sleep were included in the HST measures, biasing the loop
gain downward (8). Overall, our finding that the HST LG1
measures were most similar to the stripped-back PSG values
(without arousals and/or sleep stage) is consistent with these
influences. Differences in supine sleep might contribute, although
the effect is likely small (10). Effects from the use of intrinsic
sensors and night-to-night changes also likely play a role.

We acknowledge a number of limitations to our study. First,
this was a small study with primarily obese men, which might limit

its generalizability. Second, studies were performed on different
nights. Although no substantial differences in health status were
reported, we did not closely control all factors during HST, such as
position. The study reflects HST use in the “real world.” The similar
loop gains obtained despite the substantial differences in AHI
between the modalities and test conditions used attest to the
robustness of this measure. Third, in accordance with our study
design, we did not perform more traditional loop gain assessments
(e.g., CPAP drops and proportional assist ventilation). Our method
demonstrated only a slightly lower correlation than was previously
reported for PSG versus the CPAP drop method (6). However,
these traditional techniques have limitations, and no clear gold
standard has been defined. The optimal technique to identify
patients who would be responsive to loop gain–lowering therapies
is unknown. Despite these caveats, we believe our study represents

Table 1. Comparison of Loop Gain Values Obtained by Home Sleep Test and Polysomnogram

Correlation
Coefficient HST LG1 Comparator LG1

Mean Difference
(HST 2 Comparator)

Limits of Agreement of
LG1 (95% CI for

HST 2 Comparator)

Standard PSG 0.470* 0.596 0.04 0.666 0.04 20.086 0.04* 20.43 to 0.28
Stripped-back PSG
Without arousals 0.637† 0.596 0.04 0.746 0.04 20.166 0.03† 20.47 to 0.16
Without sleep state 0.491* 0.596 0.04 0.576 0.03 0.016 0.03 20.31 to 0.34
Without arousals or sleep state 0.659† 0.596 0.04 0.656 0.03 20.066 0.03* 20.34 to 0.22

Definition of abbreviations: CI = confidence interval; HST = home sleep test; LG1 = loop gain at frequency 1/min; PSG = polysomnogram.
Measurements were obtained under standard conditions (incorporating arousals and only non-REM sleep) and stripped back of various EEG-derived
measures that are not available in HST. Paired differences are shown as mean 6 SEM.
*P , 0.05.
†P , 0.001.
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Figure 1. (A) Scatterplot of PSG versus HST LG1. Circles denote individual subjects. Regression line with confidence intervals shown as solid lines. The
horizontal dotted line represents high versus low PSG LG1 using a predefined cutoff of 0.07. The vertical dotted line represents high versus low HST LG1
using a cutoff of 0.69 as determined by receiver operating characteristic curve analysis. (B) Bland-Altman analysis of LG1 determined from HST and PSG.
Circles denote individual subjects. Mean difference of LG120.086 0.04 (dimensionless; P = 0.040). Limits of agreement (i.e., 95% confidence interval for
SD of the difference) 20.43 to 10.28. No substantial bias was noted across the range of LG1 values. HST = home sleep test; LG1 = loop gain at
frequency 1/min; PSG = polysomnogram.
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an important step forward in bringing a personalized approach to
OSA into clinical practice. n
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Short-Term Effects of the Prone Positioning Maneuver
on Lung and Chest Wall Mechanics in Patients with
Acute Respiratory Distress Syndrome

To the Editor:

Little is known about changes in respiratory mechanics during the
procedure of prone positioning in patients with acute respiratory distress
syndrome (ARDS). This information is important to interpret changes
in airway pressure that may occur in the lateral and prone positions
during volume-controlled ventilation. Indeed, some changes may result
from alterations in the chest wall elastance. We undertook the present
study to assess lung and chest wall mechanics in a consecutive series of
patients with ARDS during the procedure of prone positioning.

Methods
The study was approved by the local ethics committee
(2014-AO-1714-43). Forty-one patients (26 men and 15
women, 666 12 yr old) with moderate to severe ARDS (1),
intubated and mechanically ventilated with volume-controlled
ventilation, sedated, and paralyzed, were included once a
clinician indicated prone positioning (PaO2

/FIO2
, 150 mm Hg

under positive end-expiratory pressure [PEEP] > 5 cm H2O)
and after informed consent was obtained from the next of kin.
The mean 6 SD tidal volume was 66 0.6 ml/kg ideal body weight,
PEEP 116 3 cm H2O, inspiratory flow 16 0 L/s (constant shape),
and FIO2

736 15%. Airway pressure (Paw) was measured
proximal to the endotracheal tube, and airflow was measured with
a Fleish II pneumotachograph inserted between the Paw port and
Y-piece. Esophageal pressure (Pes) was measured with the use of an
air-filled catheter (Nutrivent). Ventilator settings, except for FIO2

,
were kept unaltered during the whole study. In our ICU, the prone
positioning procedure is performed routinely by three caregivers,
with one staying at the patient’s head to secure the endotracheal tube
and avoid any kinking. Furthermore, the trachea is systematically
suctioned before the procedure without disconnecting the patient.
Pressure and flow signals were continuously recorded on a data
logger (Biopac 150; Biopac Inc.) in the 08 supine position for
5–10 minutes, then in the transient 3-minute 908 lateral position
(23 patients with left lateral), and then during the first 5–10 minutes
in the 08 prone position. The patients remained prone in a 0–158
angulation for the next consecutive 16 hours. The reverse maneuver,
from 08 prone to 08 supine via the same previous 908 lateral position,
was also subjected to the same recordings.

Transpulmonary pressure was obtained by subtracting Pes
from Paw. Lung resistance (RL) and lung (EL) and chest wall
(Ecw) elastance were computed by fitting measurements with a
resistance–elastance linear model. This procedure was done
breath by breath using the classical least-square regression method
(Figure 1). The data were analyzed by using linear mixed model
to take into account the fact that serial measurements were
obtained in the same patients. We investigated the effects of
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