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SUPPLEMENTAL THEORY

For the purpose of the current study, the primary interest is ‘dynamic’ loop gain, which
ultimately determines control system stability. Dynamic loop gain refers to the concept that the
size of the feedback response depends on the timing or frequency of the disturbance (see Figure
S1). Our method provides a measure of loop gain across a range of frequencies. For the purposes
of validation, we have chosen to compare loop gain across patients at a common frequency. For
simplicity, and for consistency with our previous report of “dynamic” loop gain [1], we chose to
focus primarily on loop gain measured at 1 cycle/minute (LG;; “mid frequency” loop gain). Note
that 1 cycle/min is the typical cycling frequency of Cheyne-Stokes respiration. We also present
“high frequency” loop gain values (2 cycles/minute, LG,; typical of idiopathic central sleep
apnoea), and “low frequency” values (1 cycle per 6 min, LGy) to illustrate that loop gain can be
measured effectively across a broad physiological range. There are several further points to
consider: First, the natural frequency of the control system, in patients with obstructive sleep
apnoea (OSA) at sea level, lies roughly between 1-2 cycles/min [2, 3]; see also Table S1. An
elevated loop gain measured at the frequency relevant for periodic breathing (1-2 cycles/min;
mid-high frequencies) reflects reduced stability and a greater propensity for periodic breathing.
Second, elevated “low frequency” loop gain will provide a more vigorous increase in ventilatory
drive in response to a long-term reduction in ventilation (e.g. persistent airflow limitation), which
can ultimately prevent stable sleep by promoting arousal [4, 5]. We calculate “low frequency”
loop gain at 1/6 cycles/min (corresponding to a cycling period of 6 min) as the lowest frequency
that can be measured using the window length chosen (slightly under 7 min once accounting for
the range of possible delays).

Estimating Loop Gain During Obstructive Sleep Apnoea

As described in the main document, we consider that the overall ventilatory drive (Vgrive) is the
combined effect of increased chemical drive (V¢hem) @s a consequence of elevated CO, and
depleted O, [1, 4], and the independent (non-chemical) increase in ventilation that occurs with
arousal (Varousat) When the ‘wakefulness drive’ to breathe is reinstated [6-10]:

Vrive=VchemtVarousal  (EQuation 1)

Previous studies [4, 11-13] have shown that the rise in chemical drive during obstruction can be
adequately encapsulated by a first order time delay system with a circulatory delay (), time-
constant (1) and the steady state loop gain (LGy), as illustrated in Figure 1a (in the main body of
the manuscript). The equation relating changes in chemical drive to prior changes in ventilation
is given by:
chhem
dt
Of note, Vcrem and Ve represent the changes from baseline (mean) levels; thus, dVcpem/dt=0 when
Vnem and Ve(t—0) are both at their baseline levels. To handle discrete breath-breath data, we re-

express Equation 2 to describe the current level of Vnem (at breath n) as a function of previous
values of V¢hem (at breath n—1) and previously measured ventilation (Vg):

Venem[n]=aVenem[n—11+BVe [n] (Equation S1)

T
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where Ve is the “delayed ventilation” (the value of ventilation accounting for a delay [5]), and «
and P are functions of LGy, 1, and the previous breath duration Ty.1:
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Thus, o and B are used to determine Vhen at breath n; we chose to employ the average of the
forward and backwards Euler approximations for a and B as these provided improved accuracy
for loop gain measurement (verified using mathematical modeling). Specifically, Equations
S1-S3 are found by examining the following discrete forms of Equation 2. The difference
equation in “forward Euler’ form is given by:

T Vchem [n] - Vchem[n _1] —
Tn—l
and the ‘backward Euler’ form is given by:

¢ Yeen[] _TV°“””[” Vi []- LGo x V' [n]
n-1

- chem[n _1] — LG, x VE*[n]

Rearranging these equations provide values of o and B (see Equation S1). Note also that T,
represents the actual duration of each previous breath (n—1) which is not assumed to be constant.
We do not assume an equispaced breath-to-breath series of ventilation data because,
occasionally, breath duration can be highly variable during cyclic OSA. By accounting for a
variable breath duration, the modeled rise in V¢nem during a hypopnoea, from one breath to the
next, will be smaller for shorter breaths than for longer breaths, as appropriate. Hence, for any
chosen set of parameter values (LG and t), a. and B vary with each breath according to changes
in Too1.

Based on Equations S1-S3, we note that V¢pem is completely determined from measured Ve and
the ventilatory chemoreflex parameters; thus knowing these parameters enables the calculation
of Vchem-

To determine Vyousal (the ventilatory response to arousal) we incorporate an additional parameter
vy that describes the extra ventilation that is seen during a scored EEG arousal, independent of
chemical drive [6, 13-17]. For each breath n we determine whether there is a scored arousal
present, Ar[n]=1, or not, Ar[n]=0, such that Varusa is sSimply given by:

Varousal[n]=yAr[n] (Equation S4)

That is, during an arousal we have Varousa=Y, otherwise Varousa=0. Combining Equation S1 with
Equation 1, expressed in the discrete breath domain as Vgrive[N]=Vchem[N]+Varousat[N], We can
express overall ventilatory drive (Vgrive) as:

Vrive[n]=aVchem[n—1 ]+BVE*[n] +yAr[n] (Equation S5)



To calculate “delayed ventilation”, Ve [n], for use in Equation S5, we time-shifted the values of
Ve[n] by 6 (in seconds). However, this delay may correspond to a time that is part-way between
breaths. Consider, for example, an estimated delay of 6=8 s, where the previous breath duration,
Tiwi[n—1], is 6 s and the one before that, Tii[n—2], is 4 s. In this case, the ventilation 8 s back from
breath n would be a value that lies partway between the two breaths n—1 and n—2. To find Vg [n]
in these cases, we linearly interpolated between values of Vg[n]. For this example, the value of
Ve [n] would be taken as the value of Vg[n] exactly midway between breaths n—1 and n—2 i.e.
Ve [N]=(Ve[n—1]+Vg[n-2])/2.

Parameter fitting procedure. For a given period of observed ventilation Vg, it is now possible to
identify the set of parameters LGy, 1, 6 and vy that provide a Vgrive trace that best matches Ve
during periods of unobstructed breathing. The rationale is that during unobstructed breaths, when
the respiratory mechanics are normal, the observed ventilation directly expresses the ventilatory
drive (‘intended’ ventilation based on chemical drive and arousal state). By contrast, during
obstructed breaths, observed ventilation is reduced below ventilatory drive; that is, actual
ventilation is less than the ‘intended’ level.

In summary, to best fit Vgrive (Model output) to the ventilation data we employed a typical
constrained, weighted least-squares technique. We started by guessing an initial set of parameter
values, then Equation S5 was used to convert Ve and arousal data (inputs) into a series of Vrive
data (output). Vgrive Was then compared to the observed Ve data; the difference between Vrive
and Ve was calculated for all breaths when the airway was open (by weighting breaths with zero
that were scored as obstructive) to provide a series of residuals (‘Error’). A further polynomial
(third-order) was fit to, and subtracted from, this Error signal (unobstructed breaths only) to
reduce contributions of long-term drift and account for non-Gaussian noise (discussed below).
Finally the sum of squares of this drift-corrected Error was calculated to determine the adequacy
of the parameter values. Adjusting the parameters and recalculating Vgrive from the model was
performed repetitively to find the best set of parameters (i.e. the set of parameters which
minimised the sum of squares of the drift-corrected error). Parameters were constrained within
reasonable limits, including constraints that gain and delay values remain positive. Details are
described as follows:

First, we provided the model with a starting (initial) value of chemical drive at the beginning of
the epoch (time=0; breath n=0), denoted V¢nem[0]. This initial estimate of V¢pem IS required in
order to calculate subsequent values of V¢hem (and thus Vgrive), which is clear from Equations S1
and S5. Mathematically, V¢hem[0] can be described as the addition of the observed ventilation at
time=0 (Vg[0]) and an initial difference between the estimated Vnem and the observed Ve (i.e.
due to airflow obstruction or model error). This difference, referred to as Error[0], is the 5" and
final parameter that was estimated in the fitting algorithm.

Given a starting parameter set, the model (Equation S5) was ‘run’ in order to calculate Vgrive at
each breath from the Ve data. Comparing Vgrive With Vg yields the residuals or ‘Error’ of the
model for each breath n, whereby:

Error[n]=Ve[n]—Varive[N] (Equation S6)

To deal with non-stationarity (e.g. drifting baseline ventilation) and non-Gaussian (non-white)
noise, we subtracted a (zero-meaned) third-order polynomial P[n] from the model Error
(Equation S6), thereby removing the effect of long-term drift: Error*[n]=Error[n]—P[n]. By
minimizing effects of non-stationarity we were able to maximise the window width (7 min).
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Moreover, subtracting low-frequency error/noise from the measurement enables the best-fit to
focus on the higher-frequency dynamics that are of primary interest for ventilatory control
stability. Of note, we observed no detrimental effect of this procedure on loop gain measurement
using the mathematical model.

Ultimately, the strength of the chosen set of parameters (LG, 1, 9, y and Error[0]) was based on
the weighted (normalised) sum of squared residuals (SSyes):

N
SSres = %ZW[n] (Error’[n]f (Equation S7)
n=1

where the set of weights W[n] describes whether Ve can be expected to reflect Vgnve Or not for each
individual breath (i.e. the squared error for each breath is multiplied by the weight for that breath; the
weighted errors are then added up), and N is the number of breaths analyzed in the 7 min epoch.
Specifically, W[n] (either 1 or 0) describes whether each breath n is unobstructed (W[n]=1, thus Vg
should reflect Vi) or obstructed (W[n]=0, thus Vg is not expected to equal Vgiv). It is this very
weighting procedure that allowed us to use spontaneous breathing to derive measures of ventilatory
control from OSA patterns, since the procedure can avoid fruitless attempts to fit ventilatory drive to
ventilatory data during obstructed breaths (there is no expectation that ventilatory drive is equal to

ventilation at this time).

Another case where Vg is not expected to equal Ve IS during central apnoea. During such times, Vgrive IS
below zero (e.g. CO, below the apneic threshold) [12, 18] and consequently the observed ventilation is
zero. To avoid an unreasonable penalty, W[n] is taken as 0 during central apnoea so long as the estimated
Varive 1S below 0 (i.e. conditional weighting).

To ensure that the parameter values were within possible physiological limits, we applied the
following constraints: 0.1<LGy<30, 2<t<180 s, T1,+<0<5Ttot (Ttot IS the average breath duration),
0<y<3 (normalised units where mean Ve=1), —3<Error[0]<3 (normalised units where mean
Ve=1). For example, a value of y=3 describes a response that is 300% of mean ventilation (~20
I/min).

The model fitting procedure was implemented using a standard (interior point) algorithm
(MATLAB; Mathworks, Natick, MA). In essence, parameters are input to the model, which is
‘run’ (stepping through each breath n to calculate Vgrive) to determine the cost (SSys) associated
with the parameters used. The algorithm then adjusts iteratively the parameters such that SSye is



progressively minimised. To maximise the robustness of this procedure (and avoid local
minima), a set of five starting conditions (initial parameter values) were applied that spanned the
range of allowable values; the starting set that yielded the least SS,es (Equation S7) was then
identified and the final parameters reached were used as the starting point for further iterations to
fine-tune the model. For each epoch, this minimisation procedure was performed separately for
each of 5 possible values of delay (6=Tix1, TiotX2, ... TtotX5), as recommended previously [19].
The value of 6 that yielded the smallest SS,es was chosen, and the best parameters (LGo, 7, v)
found using this delay were taken to estimate loop gain.

Determining loop gain. The resultant chemoreflex parameters (LGy, t and 6) can then be used to
determine loop gain via Equation S8, which represents the frequency domain transformation of
Equation 2. Loop gain at any frequency f (cycles per minute) is given by:

LGt = Vaen _ =LGo o (Equation S8)

Ve © l+st

where s=i2xnf, LG; describes the magnitude (response/disturbance ratio) and phase lag (response-
disturbance delay) at each frequency f, i=(—1)>° denotes the part of the chemical feedback

response that is 90° “out of phase” with the swings in ventilation, Veen and Ve denote the
frequency-domain representations of V¢hem and Ve. The natural cycling period (T, e.g. periodic
breathing cycle duration) is found by finding the lowest value of f at which the phase of LG;=0
(Equation S8); Ty, is the reciprocal of this frequency (T=1/f) and reflects the period at which the
system naturally tends to oscillate if unstable. T, also reflects the briskness of the control system
response, since both a longer delay and greater time-constant will increase T,.

The MATLAB function to calculate loop gain from a 7-min epoch of ventilation data (with
associated arousal and obstructive event scoring) is provided in the MATLAB file
"FindBestModelParameters.m", which, in turn, uses the file "TheModel.m". These files include
extensive commenting to further detail the specific implementation of the method.



SUPPLEMENTAL METHODS

Computational Model Verification

In order to verify the underlying theory for the measurement of loop gain in OSA, a simplified
computational simulation of OSA was implemented (wherein actual loop gain is known
precisely) and loop gain was estimated using our method. The model used to simulate OSA
exhibited the same 3-parameter structure assumed by our method, thereby allowing us to validate
the effectiveness of our approach under ideal conditions. The ventilatory control model is well
known [1, 4, 11, 18, 20, 21] and consists of a single homogenous lung compartment for gas
exchange, a linear controller, and circulatory delay (parameterised with a lung washout time
constant tiung, delay 6, and steady-state loop gain LGg). There is one notable non-linearity in the
model: ventilation is not permitted to be negative; chemical drive can fall below zero (i.e. as CO,
falls below the threshold for apnoea) but ventilation cannot [12, 18, 20]. Three types of
ventilatory disturbances were provided to simulate the characteristic physiology of OSA: (a)
partial reductions in ventilation (hypopnoeas) due to obstructive respiratory events; (b) increased
ventilation due to arousal; and (c) random physiological fluctuations in ventilation (white noise)
that are unrelated to chemical drive or arousal effects. Respiratory events of random duration (>3
breaths) were randomly imposed by doubling resistance, which was modeled by halving the
controller slope (and maintaining a constant controller intercept). This increase in resistance was
employed in a graduated manner over 4 breaths to mimic OSA patterns. Likewise, simulated
arousals were provided for 2 breaths to mimic typical clinical data. Additional model parameter
values were as follows: delay=12 s, lung washout time constant=12.5 s (based on typical values
for lung volume, cardiac output, and alveolar ventilation), probability of arousals at the end of
events = 80%, probability of spontaneous arousal on any simulated breath=1%, ventilatory
response to arousal y=0.4 (40% of eupneic ventilation), breath duration =3.5 s. Of note, the
effectiveness of the method did not rely on these specific chosen parameters. The random (white
noise) variability in ventilatory drive was incorporated with SD=1% of eupneic ventilation.

To vary loop gain we altered the slope of the ventilatory response to carbon dioxide
(chemosensitivity or CO, controller gain) such that LG; varied from 0 to 2 in 100 steps. The
‘measured’ LG; based on the ventilatory pattern of OSA was then compared with the true value
of LG; given to the model (based on the model parameters).

Simulations were performed in MATLAB (Mathworks, Natick MA, USA). The script used to
perform the model analysis is provided in the MATLAB file "ModelSimulation.m". This script
uses the functions "FindBestModelParameters.m" and "TheModel.m" (mentioned above) to
estimate loop gain from the simulated ventilation data.

Loop Gain Quantification in OSA: Comparison to Published Standard

We examined 28 patients who were a subset of a larger physiological investigation. All patients
with apnoea-hypopnoea index [AHI] >15 events/h during supine non-REM, and who were
studied at our affiliated clinical laboratory (former Sleep Health Centers, MA) were included in
our analysis. A flowchart detailing the selection of patients for analysis in this study is provided
in Figure S2. Patients were studied on three nights approximately 1 week apart. First, an attended
diagnostic clinical polysomnographic study was performed which included measures of
electroencephalogram (EEG), electrooculargram, chin electromyogram, snoring sounds, oronasal
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airflow (nasal pressure, thermistor), respiratory movements (chest and abdominal belts), pulse
oximetry (finger), and position sensor. Sleep stages, EEG arousals (>3 s), and respiratory events
were manually scored by an accredited sleep scientist according to standard criteria. Hypopnoeas
were defined as events with a >30% reduction in airflow with either a >3% desaturation or an
EEG arousal. Obstructive apnoeas were defined as events with a >90% reduction in airflow with
maintained respiratory movements. Central apnoeas were defined as events with a >90%
reduction in airflow with a cessation of respiratory movements. Mixed apnoeas were defined as
events with features of both central and obstructive apnoeas.

Patients subsequently attended two overnight physiological studies to measure loop gain and
other physiological traits (e.g. upper airway collapsibility, arousal threshold and upper airway
muscle responsiveness) by manipulating CPAP pressure [1, 4]. On both nights, CPAP was
dropped from a therapeutic level for 3 minute periods repeatedly during non-REM sleep in order
to lower ventilation and provide a ventilatory disturbance. Once breathing was constant and
below eupnoea, CPAP was switched back to the therapeutic level and the ventilatory response
(i.e. the overshoot in ventilation above eupnoea) was observed. For each patient, a ventilatory
control model (gain, time-constant, delay), of the same basic form used for our new method, was
fit to the ensemble-averaged CPAP-drop data to provide a measure of loop gain.

Measurement of airway anatomy/collapsibility. The method to estimate loop gain using CPAP
drops also provided two published measures of airway anatomy/collapsibility. The critical
collapsing pressure P is taken as the x-intercept of a plot of peak inspiratory flow at the onset
of abrupt drop (breaths 3-5) in mask pressure, across multiple acute pressure drops. Pgit
represents the critical level of airway pressure that closes the airway [22]. Vpassive IS the y-
intercept of a plot of ventilation (tidal volume x respiratory frequency) at breaths 3-4 after the
drop against mask pressure [4]. When ventilation is normalised using eupneic ventilation, Vpassive
represents the proportion of baseline ventilation (on optimal CPAP) than can be achieved
through a maximally-passive airway when CPAP is switched off.

Detecting a Lowered Loop Gain with Oxygen and Acetazolamide

We applied our new method to the polysomnographic recordings of patients examined at
baseline and following oxygen treatment [23], to determine whether our method could detect the
known reduction in loop gain with oxygen. Patients also had loop gain estimates made with
‘proportional assist ventilation” method on a separate study night to confirm a reduction in loop
gain. Unfortunately, not all polysomnographic data could be obtained from the prior study [23]
due to stored file corruption (N=3/12). However, we included unpublished polysomnographic
data from two subjects who had been studied on polysomnographic nights (baseline and oxygen)
but had not attended for loop gain measurement via proportional assist ventilation.

We also applied our method to the polysomnographic recordings from a cross-over physiological
study examining changes in loop gain following acetazolamide [1]. We aimed to assess whether
our method could detect the known reduction in loop gain with acetazolamide. Patients had also
had loop gain estimates made with the *CPAP-drop’ method to confirm a reduction in loop gain



on a separate study night. In both oxygen and acetazolamide studies, polysomnography was
performed at the same laboratory and under the same conditions as described above. Patients
provided written informed consent. All studies were approved by the Partners Institutional
Review board.

Data Analysis

Recordings and scored events were exported from the polysomnography software (Alice
Sleepware, Respironics) as European data format (.edf) and comma separated variable (.csv)
files respectively, before being imported and analyzed using in house built MATLAB software.

Choice of window length. Seven-minute epochs of supine non-REM sleep with >1 respiratory
event were identified using a sliding window with 2 min overlap. The 7 min duration was chosen
to provide sufficient time for ~10 cyclic obstructive events (based on the average inter-event
interval of ~40 s) which was considered sufficient data for separating chemical drive and arousal
contributions to total ventilatory output. Our choice was also influenced by the following
considerations: Long periods of sleep are less frequent than shorter ones; thus the requirement
for long windows may bias the analysis towards periods of more stable sleep. Longer windows
are more likely to suffer from issues of non-stationarity than shorter windows; for example, the
relationship between nasal pressure and true flow can change over time with movement. Shorter
windows may not contain sufficient information to separate arousal (non-chemical) effects from
chemical drive effects on the ventilatory pattern. To confirm that the selected window length was
appropriate, a sensitivity analysis was conducted, whereby the key outcome measurements (LG,
LG, and LGyss) were calculated at window lengths of 4, 5, 6, 7, 8, 9 and 10 minutes.

Linearisation of nasal pressure. To provide a linear surrogate of ventilatory flow, we used the
square root transform of the nasal pressure signal because the amplitude of the nasal pressure
signal is known to be approximately proportional to the square of ventilatory flow [24, 25]. This
linearised nasal pressure signal was then treated as an uncalibrated ventilatory flow signal, and
was subsequently integrated breath-by-breath to provide a time series of ventilation data
(uncalibrated tidal volume x respiratory rate). These ventilation data were then normalised for
subsequent analysis (mean ventilation = 1.0, apnoea = 0). Finally, the data were mean subtracted
for model analysis (mean ventilation = 0, apnoea = —1.0), since the model equations for chemical
drive (Equations 2, S1, S5) describe the changes in ventilatory drive from the mean level. The
traces presented (Figure 2a, Figure 3a-b) illustrate values of ventilation and ventilatory drive that
are not mean subtracted (the mean is added back to the original data, following analysis, for the
purpose of presentation).

Scoring of arousals and obstructed breaths. Using manually scored EEG arousals, a categorical
breath-to-breath time series of arousals (Ar=1 or Ar=0, see Equation S4) was created based on
whether an EEG arousal is observed within the margins of the breath (Ar=1) or not (Ar=0).
Likewise, unobstructed breaths (W=1 or W=0, see Equation S7) were taken as those breaths that
were not entirely within the margins of scored obstructive events by a sleep technologist. To
account for minor imprecision in the scored timing of respiratory events, we employed the
following routine: If the first or last obstructed breaths of scored obstructive event had
ventilation > mean ventilation (Vg>1), that breath was considered “unobstructed’, and breaths
next to a scored event with ventilation<70% mean (Ve<0.7) were considered obstructive. This
modification routine was applied iteratively to each scored obstructive event until no further



breaths were modified. Breaths with reduced ventilation but with a parallel reduction in both
respiratory and abdominal belt excursions of at least the same magnitude were also taken as
‘unobstructed’ (indicating that the reduced ventilation is the consequence of reduced ventilatory
drive).

Use of first half of the night data for CPAP drop comparison. For the best comparisons with
loop gain measured from CPAP drops (taken over approximately the first 4-5 hours of sleep), we
used the first 50% of the available polysomnographic data to control for expected time of night
effects. The use of data from the first half of the night was also designed to minimise the
confounding effect of cyclic OSA and its sequellae (intermittent hypoxemia, sympathoexcitation,
sleep deprivation) on measures of control of breathing [26-28] since CPAP drops were
performed in the background of an absence of OSA-related sequellae. Patients were compliant
CPAP users and on optimum CPAP immediately prior to each drop used to measure loop gain
(CPAP drop method).

Associations with loop gain from CPAP drops (Figure 3a-c of the main document) remained
significant when polysomnographic data from the whole night were used (LG;, R=0.54,
P=0.003; LG,, R=0.53, P=0.004; LGy, R=0.58, P=0.001). Likewise, key correlates between our
measure of loop gain (LG;) and clinical data (AHI, inter-event interval, hyperpnoea interval)
remained significant even when data from only the first half of the night were used (AHI,
R=0.52, P=0.005; inter-event interval, R=—0.56, P=0.002; hyperpnoea interval, R=—0.61,
P=0.001). The relationship between LG; and REM—non-REM AHI was no longer statistically
significant when data from only the first half of the night were used, although the trend remained
(R=-0.34, P=0.08).

SUPPLEMENTAL RESULTS

Loop Gain Quantification in OSA: Comparison to Published Standard

Detailed ventilatory control data from our method are provided in Table S1.

Variability within subjects. The coefficient of variation of loop gain measurements (LG;) within
each patient was 36x9% (N=28), yielding a standard error of 6£2%. Thus, on average, the 95%
confidence in each patient’s loop gain measurement was £12% of the reported value.

Comparison at multiple frequencies. Our method yielded values of loop gain that are highly
comparable with those taken from the CPAP drop method. However, we note that values tended
to be higher when measured from polysomnography compared with the CPAP-drop method, by
20% at 1 cycle/min, and by 20-40% across the frequency range assessed (see Figure S3). It is
possible that a decrease in loop gain with a CPAP-induced increase in lung volume may be
responsible for this systematic difference.

Clinical correlates of loop gain. To examine the physiological relationships between apnoea

severity and loop gain, we assessed associations between multiple variables (AHI, inter-event
interval period, post-event duration) and loop gain measured using our novel method and the

CPAP drop method (N=28).

Using both methods, a high loop gain was associated with more severe OSA in the form of a
greater AHI (Figure S4a).



It has been previously postulated [29] that non-REM-predominant is a ventilatory control
disorder (high loop gain), that improves with REM due to the REM-related reduction in
chemosensitivity (and thus loop gain) [30-32]. Indeed there is a relative absence of central sleep
apnoea (a high loop gain disorder) in REM compared with non-REM sleep [33, 34]. By contrast,
in the absence of a ventilatory control disorder (low loop gain) a greater severity of OSA in REM
is expected via the dropout in upper airway muscle tone [35]. As such, we tested whether loop
gain (measured during non-REM) would be elevated in patients with non-REM-predominant
OSA (i.e. patients whose OSA is more severe in non-REM vs. REM) vs. those with REM-
predominant OSA (OSA is more severe in REM vs. non-REM). As expected, we found that loop
gain was associated with the change in AHI between REM and non-REM (LG; vs. AAHI; Figure
S4b), a finding that reached significance only with our new measure of loop gain. Use of the
ratio of REM AHI to non-REM AHI also yielded similar findings (data not shown).

High loop gain was also associated with a shorter inter-event interval (LG; vs. inter-event
interval; Figure S4c) as expected based on the concept that a more vigorous response will
promote faster transitions between the apnoeic/hypopnoeic phases and hyperpnoea phases of
breathing[29, 36]. Median values of inter-event interval (excluding intervals >2 min) are
presented. Interestingly, a shorter respiratory event duration was not seen with higher loop gain
contrary to expectation [36]. Instead, a reduced hyperpnoea duration was linked with elevated
loop gain (Figure S4d), that is, the next event is initiated sooner in patients with higher loop gain.

Possible confounding effect of anatomy. There are a number of possible confounding
mechanisms by which a more collapsible upper airway may falsely manifest as a higher loop
gain. A more collapsible upper airway may provide more severe airflow obstruction, greater
desaturation and hypoxic augmentation of chemoreflex gain [37]. It is also possible that a greater
reduction in airflow resistance at the end of events might precipitate a greater ventilatory
overshoot [38]. To address this potential concern, we assessed the relationships between our
measure of loop gain and measures of upper airway collapsibility (i.e. our functional measure
anatomy). There were no significant relationships observed between loop gain (LG;) and
measures of collapsibility (Perit, Vpassive), Whether loop gain was measured using
polysomnography or CPAP drops (Figure S5a-b). It is therefore unlikely that our measure of
loop gain is artificially augmented by a greater severity of upper airway anatomical dysfunction.

Sensitivity of analysis window length: Whist we present results using the chosen window length
of 7minutes; we also confirm the appropriateness of this window length though a sensitivity
analysis. The correlation between polysomnogram derived loop gain and CPAP drop derived
loop gain is relatively insensitive to analysis window lengths between 5 and 7 minutes; and
remains statistically significant (P<0.05) for window lengths up to 9 minutes (Figure S6a). There
is a trend for the mean bias of polysomnogram derived loop gain to decrease with increasing
window length (Figrue S5b). The selected window length (7 minutes) provides a good trade-off
between correlation and mean-bias of loop gain measurements.

Detecting Reduced Loop Gain with Oxygen

In addition to effects reported in the main document, we also observed an increase in our measure of

delay with oxygen (Table S1). This finding is consistent with results from physiological studies [39, 40],
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and may result from a reduction in cardiac output [41] or increased chemoreflex time lag via a
suppression of the fast-acting carotid bodies [42]. The increased natural cycling period (T,) associated
with oxygen treatment is in concordance with the increased cycle duration of periodic breathing

previously documented with this therapy [43].

Detecting Reduced Loop Gain with Acetazolamide

Acetazolamide also significantly increased our measure of delay (Table S1), which may be the direct
result of an acetazolamide-induced slowing of the chemoreflex response to CO, [44, 45], suppression of
the sensitivity of the fast-acting carotid-bodies [46, 47], or an indirect effect of improving oxygenation via
its known action as a respiratory stimulant. The increase in natural cycling period (T,) following
acetazolamide treatment matches the previously documented increase in cycle duration of periodic

breathing [48].

Further comparisons with published standards: Oxygen and acetazolamide

Oxygen and proportional assist ventilation. Precise values for loop gain could not be obtained
in several subjects using proportional assist ventilation (PAV) which lead to our view that we
would have insufficient power for a comprehensive comparison between our method and PAV.
Therefore, such a comparison was not presented as a primary outcome in the current study. Loop
gain was reported using PAV in 9/11 subjects at baseline, and 7/11 at both baseline and oxygen
[23], although periodic breathing was induced using PAV in only 8 subjects at baseline and 2
subjects on oxygen. In patients that did not exhibit periodic breathing, the PAV-derived loop
gain values represent an upper bound on the intrinsic physiologic value (e.g. if we found that
loop gain was <0.5 with PAV then 0.5 was taken as their value for our comparison). Using these
upper bounds, the PAV data demonstrated a non-significant trend towards a reduction in loop
gain (0.45£0.09 at baseline vs. 0.32+0.02 on oxygen). The reduction in loop gain measured using
our new technique (Table S1) was consistent with this trend and our recent observation of
reduced loop gain with oxygen using the CPAP drop method [39]. Interestingly, when pooling
the baseline and treatment data from the oxygen study we found a modest relationship between
our measure of LG; and PAV-estimated LG (Figure S7a); such a relationship provides further
independent validation of our technique.
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Acetazolamide and CPAP-drops. Previously, we observed that acetazolamide reduced loop gain
as measured using the CPAP drop method (N=12, 0.60£0.09 vs. 0.35+0.06, p=0.013) [1]. When
pooling the baseline and treatment data from the acetazolamide study we found a good
relationship between our measure of loop gain (LG, using the first 50% of the night’s data) and
CPAP-estimated loop gain (Figure S7b). This relationship provides further independent
validation of our technique.

SUPPLEMENTAL DISCUSSION

Physiological Insights

The current study demonstrated that the loop gain of the ventilatory control can be measured from the
spontaneous breathing pattern of OSA. The corollary of this finding is that the patterns of ventilatory
overshoot and undershoot underlying spontaneous obstructive events are determined, to a significant
extent, by the loop gain of the ventilatory control system. This notion provides novel support for the key
role of ventilatory control in the pathogenesis of OSA [1, 23, 49-52]. We also show that the effective
suppression of OSA with the lowering of loop gain—with either oxygen or acetazolamide—can be
predicted from patient characteristics observed on a polysomnogram prior to intervention: a high loop
gain and a fast natural cycling period (manifest as a short inter-event interval). Closely-spaced apneic
events have been previously suggested (but never demonstrated) to reflect a ventilatory control

contribution to OSA [29].

A high loop gain may also impact the sleep state (non-REM vs. REM) in which OSA is predominant.
Patients with non-REM predominant OSA (i.e. OSA improves in REM) have long been thought to have
high loop gain [29], given the relative absence of central sleep apnoea (a high loop gain disorder) in REM
compared with non-REM sleep [33]. Intuitively, REM should improve high loop gain OSA because the
heightened chemoreflexes considered responsible for ‘high loop gain OSA’ are suppressed in REM sleep

[30]. Our study demonstrates that a high loop gain can indeed manifest as non-REM predominant OSA.
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Assessment of loop gain from mixed and central events

The patients participating in the current study exhibited predominantly obstructive events. However, in
principle, our method should apply to central events and mixed (both central and obstructive) events, as
confirmed using the mathematical model (Figure 2b illustrates accurate loop gain estimation even when
loop gain is elevated sufficiently as to elicit central and mixed events). An example trace illustrating loop

gain measurement from mixed apnoeas is provided in Figure S8.
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TABLE S1. VENTILATORY CONTROL MEASURES FROM POLYSOMNOGRAPHY

Effect of oxygen (Oz) Effect of acetazolamide
) Comparative
Variable P (ACZ)
Dataset

Baseline o)) Baseline ACZ
Number of windows analysed 4744 6140 4746 5846 4146+
Loop gain, LGz (mid
frequency) 0714003 0774010  0.54+0.04* 0.80+0.06  0.60+0.06*
Loop gain, LGz (high
frequency) 0.38+0.02 0414005  0.28+0.02* 0424004  0.30+0.03*
Loop gain, LGy (low
frequency) 3.08+0.19  3.38+038  2.62+0.24* 3354021  3.10+0.35
Natural cycling period, Tn (s) 38.9+15 37.4+2.4 50.7+3.5% 37.0+2.1 48.5+3.2*
Ventilatory response to
arousal, y 043+0.05  0.48+0.09  0.22+0.06* 0.28+0.08  0.14+0.03
Time constant,  (s) 14649 137417 160210 126416 15649
Delay, 5 (s) 1043+042  10.15+0.66  13.91+1.09¢  10.10+051  12.99+1.02*

*p<0.05 baseline versus treatment, paired Student’s t-test. Data are presented as mean+SEM. The
ventilatory response to arousal y is presented as a fraction of mean ventilation. LGy is the loop gain

(response:disturbance magnitude) for a x cycle/min sinusoidal disturbance.
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Figure S1
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Figure S1. Loop gain varies with the timing of the disturbance: model illustration. Loop gain is defined as the ratio of
the change in chemical drive (response) to that in ventilation (disturbance). However, it is less well recognised that
loop gain is not simply a single parameter, but instead varies with the timing (frequency) of the disturbance that is
considered. The parameters used for this model illustration are as follows: steady-state loop gain (LGo) = 5 (unitless);
time-constant = 1 min; delay = 1/6 min (10 s). (a) First consider the long term response to a persistent disturbance
(i.e. frequency = 0 cycles/min) that can be measured using continuous positive airway pressure (CPAP) manipulation
(drops): First, a reduction in CPAP causes a reduction in ventilation. Some ventilatory compensation is acheived as
chemical drive (Venem) increases, and ultimately ventilation lies below the resting level (eupnoea=1) by AVE (the
disturbance). Since steady-state loop gain (LGo)=5, this disturbance provides a chemical drive response that is 5-fold
the size of the disturbance, as shown. (b) Importantly, the response to a short-term disturbance is not this large, as
illustrated by switching CPAP on and off with a frequency of 1 cycle/min (shading denotes reduced CPAP / airflow
obstruction). Arrows illustrate the amplitude of the response and the disturbance (at the frequency of the
disturbance). In contrast to the steady-state response in (a), the size of the swings in Veem (the response) are now
smaller relative to those in Ve (the disturbance) because the full steady-state response has not had time to develop
completely before the disturbance changes direction. Panels (d) and (e ) illustrate responses to sinusoidal variation in
ventilation, rather than switching CPAP as simulated in (b) and (c). (d) The 1 cycle/min oscillation in chemical drive is
0.8-times the size of the disturbance, such that LG;1=0.8. Without requiring a simulation, we can determine LG; from
the relationship LG1=LG/(1+[21zf]?)05. (e) At 2 cycles per min, the response is smaller again (LG2=0.4 in this
example). Additional model parameters: acute AVe with CPAP drop at eupnoea=-1.0; compensatory response,
AVE/AV ghem=+0.5.
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Figure S2
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Figure S2. Flowchart outlining the selection of patients for analysis in this study. These patients were drawn from a
cohort of patients participating in a study previously published by Eckert et. al. [5]. *Patients with diagnosed and
CPAP-treated OSA were invited to attend a clinical laboratory (the former Sleep HealthCenters, MA, USA; Alice
Sleepware, Philips Respironics). Later, a further 14 patients with OSA were studied for baseline polysomnography at
our physiology laboratory (not included in the current analysis). tExcluded from further analysis in the current study.

tExcluded altogether from further participation.
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Figure $3
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Figure S3. Group data comparison of loop gain between methods across a range of frequencies. Note that at all
frequencies shown, our method to estimate loop gain from polysomnography yields values that are ~30% greater
than values measured using the CPAP drop method. Data shown are mean+SEM (N=28).
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Figure $4
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drop methods. (a) High loop gain is associated with a greater apnoea-hypopnoea index (N=28). (b) High loop gain
from polysomnography predicts a relative improvement of OSA in REM sleep, a similar trend is seen with such
improvement and loop gain measured from CPAP drops (N=26; 2/28 patients had insufficient REM sleep). (c) Higher
loop gain can be seen in the form of a shorter inter-event interval (reduced duration from one respiratory event to the
next), due to (d) a reduced hyperpnoea duration (reduced duration from the end of one event to the start of the next)
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Figure S5
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Figure S5. Loop gain measured from polysomnograhy is unlikely to be artificially-increased due to a more
compromised anatomy/collapsibility. (a) The critical closing pressure (Pc:i) is the level of CPAP at which the airway
collapses completely during sleep. (b) Vpassive represents the ventilation observed when CPAP is acutely switched off
during sleep. There is a trend towards a greater loop gain in those with the least compromised anatomy/collapsibility,
a finding that was confirmed statistically in the larger dataset for steady-state (zero-frequency) loop gain [5].
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Figure S6:
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Figure S6 The impact of analysis window lengths on key study outcomes. (a) The correlation between
polysomnogram derived loop gain and CPAP drop derived loop gain is relatively insensitive to analysis
window lengths between 5 and 7 minutes; and remains statistically significant (P<0.05) for window lengths
up to 9 minutes. (b) The mean bias of polysomnogram derived loop gain decreases with increasing window
length. The selected window length (7 minutes) provides a good trade-off between correlation and mean-
bias of measurements.
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Figure S7
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Figure S7. Loop gain estimated from polysomnography agrees with loop gain measured from proportional
assist ventilation (a) and CPAP drops (b). Pooled data include values from baseline studies (open) and
treatment studies (solid; oxygen in panel a, acetazolamide in panel b). Of note, the apparent outlier in panel
A (top left; data included in the correlation) exhibited mixed events (27 mixed apnoeas/hr plus 72
obstructive events/hr) at baseline which is consistent with high loop gain (despite low loop gain measured
using proportional assist ventilation, PAV). LG: denotes loop gain at 1 cycle/min. Loop gain data from
polysomnography were taken from the first half of the night.
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Figure S8
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Figure S8 Example epoch of obstructive sleep apnoea with high loop gain and occasional “mixed” events,

characterised by a central apnoea [red shaded region] followed by airflow obstruction [blue shaded region].
Note that the estimated chemical drive falls below zero during periods of central apnoea.
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