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Key points summary: 

 A hypersensitive ventilatory control system or elevated “loop gain” during sleep is a primary 

phenotypic trait causing obstructive sleep apnea (OSA). 

 Despite the multitude of methods available to assess the anatomical contributions to OSA 

during wakefulness in the clinical setting (e.g. neck circumference, pharyngometry, 

Mallampati), it is currently not possible to recognize elevated loop gain in patients in this 

context.  
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 Loop gain during sleep can now be recognized using simplified testing during wakefulness, 

specifically in the form of a reduced maximal breath-hold duration, or a larger ventilatory 

response to voluntary 20-second breath-holds.  

 We consider that easy breath-holding maneuvers will enable daytime recognition of a high 

loop gain in OSA for more personalized intervention. 

 

ABSTRACT 

 

Background: Increased “loop gain” of the ventilatory control system promotes obstructive sleep 

apnea (OSA) in some patients and offers an avenue for more personalized treatment, yet diagnostic 

tools for directly measuring loop gain in the clinical setting are lacking. Here we test the hypothesis 

that elevated loop gain during sleep can be recognized using voluntary breath-hold maneuvers 

during wakefulness.  

Methods: Twenty individuals (10 OSA, 10 controls) participated in a single overnight study with 

voluntary breath-holding maneuvers performed during wakefulness. We assessed (1) maximal 

breath-hold duration and (2) the ventilatory response to 20-s breath-holds. For comparison, gold 

standard loop gain values were obtained during non-REM sleep using the ventilatory response to 20-

s pulses of hypoxic-hypercapnic gas (6%CO2-14%O2, mimicking apnea). Continuous positive airway 

pressure (CPAP) was used to maintain airway patency during sleep. Additional measurements 

included gold standard loop gain measurement during wakefulness, and steady-state loop gain 

measurement during sleep using CPAP dial-ups.   

Results: Higher loop gain during sleep was associated with (1) a shorter maximal breath-hold 

duration (r2=0.49, p<0.001), and (2) a larger ventilatory response to 20-s breath-holds during 

wakefulness (second breath; r2=0.50, p<0.001); together these factors combine to predict high loop 

gain (receiver operating characteristic area-under-curve: 92%). Gold standard loop gain values were 

remarkably similar during wake and non-REM.  

Conclusions: Elevated loop gain during sleep can be identified using simple breath-holding 

maneuvers performed during wakefulness. This may have implications for personalizing OSA 

treatment. 
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Word count: 233. 

 

INTRODUCTION 

Obstructive sleep apnea (OSA) is a common disorder with major health implications (Fu et al., 

2017). Its treatment is currently limited to anatomical interventions, including continuous positive 

airway pressure (CPAP), oral appliances and surgery (Doff et al., 2013; Strollo et al., 2014; Furlow, 

2016), without due consideration of the underlying pathogenesis. Aside from anatomical 

compromise, arguably the strongest determinant of OSA is a hypersensitive ventilatory control 

system or elevated “loop gain” (Younes et al., 2001; Wellman et al., 2008; Edwards et al., 2012; 

Eckert et al., 2013; Xie et al., 2013; Edwards et al., 2016a; Edwards et al., 2016b; Joosten et al., 

2017). For example, a high loop gain helps to predict a favorable response to non-anatomical 

interventions (supplemental oxygen, acetazolamide, partial rebreathing) (Edwards et al., 2012; Xie et 

al., 2013; Edwards et al., 2016b; Messineo et al., 2017; Sands et al., 2017a) and an unfavorable 

response to anatomical interventions (oral appliances, surgery) (Edwards et al., 2016a; Joosten et 

al., 2017). Thus, knowledge of a patient’s loop gain may help determine what therapeutic options 

are of possible benefit. Currently, however, gold standard methods for assessing the loop gain 

contribution to OSA require a dedicated night of assessment in a specialized physiology laboratory, 

i.e. administration of hypoxic/hypercapnic gas (McClean et al., 1988; Ghazanshahi & Khoo, 1997; 

Hudgel et al., 1998; Younes et al., 2007; Loewen et al., 2009) or CPAP manipulation (Wellman et al., 

2011; Wellman et al., 2013) during sleep.  

Previously, investigators have demonstrated that chemoreflex sensitivity (a key determinant of 

loop gain) during wakefulness—measured via CO2 rebreathing (Stanley et al., 1975) or dynamic CO2 

administration (Trembach & Zabolotskikh, 2017)—can be estimated simply by measuring how long 
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participants can voluntarily hold their breath for (“maximal breath-hold duration”). Conceptually, 

during a breath-hold, participants generate their own hypoxia-hypercapnia at a rate determined by 

the plant (e.g. lung volume), and a subsequent chemoreflex response, as determined by the 

controller (e.g. ventilatory response to hypercapnia). In principle, the loop gain (product of plant and 

controller factors) determines the rise in latent chemical drive during a breath-hold. Thus, a higher 

loop gain should yield a shorter maximal breath-hold duration, and a greater level of chemical drive 

manifest as elevated ventilation immediately after a breath-hold of a prescribed duration.  

There is also evidence that factors influencing loop gain might be conserved from wakefulness to 

sleep. For example, greater chemosensitivity during wakefulness is associated with central apneas 

during sleep (Javaheri, 1999; Solin et al., 2000; Giannoni et al., 2009). However, a tight relationship 

between loop gain during sleep and during wakefulness remains unproven.  

Accordingly, the current study tested the hypothesis that loop gain during sleep could be 

predicted during wakefulness using breath-holding maneuvers. Our primary predictor was the 

maximal breath-hold duration. Our secondary predictors were the ventilatory responses in the first 

two breaths following 20-second breath-holds (a duration we expected all individuals could 

tolerate). As a gold standard, loop gain values during sleep were obtained by assessing the 

ventilatory response to 20-s pulses of hypoxic-hypercapnic gas during non-REM sleep (6%CO2-

14%O2, i.e. normal alveolar gas) (Sands et al., 2017b), while on CPAP to maintain airway patency. We 

also sought evidence to confirm 1) the association between wake and sleep loop gain values, by 

additionally performing similar pulses during wakefulness, and 2) that breath-holding measures also 

predicted steady-state loop gain measured using CPAP dial-ups during sleep.   
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METHODS 

Ethical Approval 

This study conformed to the standards set by the latest revision of the Declaration of Helsinki and 

was approved by Partners Human Research Committee, Brigham and Women Hospital’s Institutional 

Review Board (protocol number: 2016P002217), except for registration in a database. All subjects 

provided written informed consent prior to study enrollment. 

Subjects  

Twenty-one participants (10 OSA, 11 controls) were studied overnight. OSA patients were 

otherwise healthy with an apnea-hypopnea index (AHI) of ≥10 events/hour. Controls had an AHI<5 

events/hour (N=4 performed sleep studies) or were asymptomatic for snoring and daytime 

sleepiness (N=6). We excluded patients using medications impacting control of respiration (e.g. 

opioids, antidepressants, anxiolytics, dopamine antagonists). We also excluded patients with 

claustrophobia, anemia, and pregnancy. One control was excluded from analysis due to CO2-analyzer 

failure. 

Equipment 

In addition to standard polysomnographic setup (1999), subjects breathed through a sealed 

nasal mask attached to a pneumotachometer (Hans-Rudolph, Kansas City, MO, USA; Validyne, 

Northridge, CA, USA). An intranasal catheter (Vacumetrics Inc, Ventura, CA, USA) measured inspired 

and end-tidal partial pressures for oxygen (PO2) and carbon dioxide (PCO2).   

To deliver hypoxic-hypercapnic pulses, the nasal mask was connected to a non-rebreathing valve 

(22 mm diameter; Hans-Rudolph, Kansas City, MO, USA) whose inspiratory line was switched from 
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room air into a Douglas bag containing a gas mixture (6%CO2/14%O2). To deliver pulses during sleep 

on CPAP, both expiratory and inspiratory lines were connected to a positive/negative pressure 

source (Philips-Respironics, Murrysville, PA, USA) whose input line could be switched into the 

Douglas bag; an exhalation valve in the expiratory line prevented rebreathing. 

Protocol 

Wakefulness measurements were performed in the evening prior to sleep; wakefulness was 

visually assessed and confirmed via EEG. All breath-holding and gold-standard loop gain measures 

were performed supine. Sleep measurements were performed in non-REM. 

Breath-holding maneuvers. Participants were instructed to perform breath-holds starting from 

end-expiratory lung volume (functional residual capacity) without prior hyperventilation. First, 20-

second breath-holds were performed every 3 min until 6 reliable maneuvers were obtained (Figure 

1A).  Second, participants performed 3 maximal breath-holds, separated by 3-min rest intervals; 3 

additional maximal breath-holds were then performed with verbal coaching to encourage a longer 

duration (Figure 1B). Coached breath-holding involved the following. Prior to the breath-hold, 

participants were told their previous breath-hold time, and were encouraged to beat the previous 

time. During the coached breath-hold, the investigator/technician stood at the bedside with a 

stopwatch, and verbalized in real-time the breath-hold at least every 10 seconds. Participants were 

notified when they approached (within 5 seconds) their previous maximal breath-hold duration. At 

this time enthusiastic verbal encouragement was provided e.g. “keep going”, “go, go, go”, “try to 

resist”, along with feedback on the status of the breath-hold duration every 5 seconds. Individuals 

were asked to exhale slightly at breath-hold termination in order to document end-tidal PO2 and 

PCO2 for physiological interest (Figure 1A).  



 

 

 

This article is protected by copyright. All rights reserved. 

6 

 

Gold standard—hypoxic-hypercapnic pulses during wakefulness. To measure loop gain, we 

administered pulses of hypoxic-hypercapnic gas (Loewen et al., 2009), a modification of the pseudo-

random binary stimulation approach (Ghazanshahi & Khoo, 1997; Sands et al., 2017b). A gas mixture 

(6%CO2/14%O2) was chosen to mimic alveolar gases and thereby simulate apnea without disturbing 

the participant. Gases were delivered in 20-s pulses, repeated every 3 min, to obtain 10 consecutive 

maneuvers (Figure 1C).  

Gold standard—hypoxic-hypercapnic pulses during sleep. CPAP was applied at the minimum 

level required to eliminate airflow limitation. Pulses were administered to assess loop gain as 

aforementioned. If cortical arousals occurred, pulses were repeated.  

Gold standard—steady-state loop gain during sleep. While distinct from “dynamic” loop gain 

(determinant of central sleep apnea; assessed above), the steady-state loop gain—defined as the 

ventilatory response to a sustained disturbance—has also been shown to predict individual 

responses to therapies (Edwards et al., 2016a; Edwards et al., 2016b). Thus, we assessed steady-

state loop gain using CPAP dial-ups (Wellman et al., 2013). Briefly, CPAP was lowered gradually (≤1 

cmH2O/min) from optimal levels to reduce ventilation maximally without causing arousals and then 

rapidly returned to optimum to reveal the increase in ventilatory drive (Figure 1D).  

Data analysis 

Sleep stages and arousals were scored by a certified sleep technician using standard American 

Academy of Sleep Medicine criteria (Berry et al., 2012). Data were analyzed with MATLAB 

(Mathworks, Natick, MA, USA). For each analysis, ventilation was assessed breath-by-breath as tidal 

volume × respiratory rate. End-tidal gas values (PETCO2, PETO2) were calculated after correcting for 

gas sampling delays; breaths without an end-tidal plateau were manually excluded (linear 
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interpolation between breaths). Breath-by-breath values were upsampled (4Hz) to provide a 

continuous signal for analysis. Baseline ventilation was based on the 30-s prior to each maneuver. 

Loop gain values reported for the pulses describe the ventilatory response to a 1-cycle/min 

disturbance, i.e., the dynamic loop gain (Edwards et al., 2012; Terrill et al., 2015; Sands et al., 2016; 

Joosten et al., 2017).  

Breath-hold maneuvers. Ventilation data were overlaid (ensemble averaged) and aligned at end-

“apnea”. Ventilatory responses were calculated from the first and the second breath after the 20-s 

breath-hold. The mean of the maximal breath-hold duration was recorded for each individual. 

Gold standard—hypoxic-hypercapnic pulses during wakefulness and sleep. Pulses of hypoxic-

hypercapnia (20-s/3 min) stimulate the chemoreflex control system at several specific frequencies, 

including 1 cycle/min (Sands et al., 2017b). Fourier transform analysis of ventilation and PETCO2 

changes at this frequency described controller (Δventilation/ΔPETCO2) and plant gains 

(ΔPETCO2/Δventilation*; *ventilation, corrected for inspired PCO2, yields a ventilatory disturbance 

(Ghazanshahi & Khoo, 1997; Sands et al., 2017b) as shown in Figures 2-3 [red dashed lines]). Overall 

loop gain equals controller×plant (Ghazanshahi & Khoo, 1997; Sands et al., 2017b). Plant and 

controller gain values were based on end-tidal PCO2 swings knowing that PO2 and PCO2 vary closely 

in concert.  

Steady-state loop gain during sleep. Steady-state loop gain was calculated during sleep as the 

ratio of the ventilatory drive response (Δventilation; breath 1 after dial-up minus eupnea [optimal 

CPAP]) to the steady-state disturbance produced by the lower CPAP level (Δventilation; average of 5 

breaths before dial-up minus eupnea) (Wellman et al., 2013). Median values for each participant 

were recorded. An average number of 7±3 CPAP dial ups was recorded.  
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Statistics 

Linear regression assessed the associations between predictors and gold-standard loop gain. 

Multiple linear regression was used to confirm significant associations after adjusting for four clinical 

covariates (age, sex, BMI, OSA diagnosis). Student’s t-tests and Wilcoxon/Mann-Whitney tests were 

used to compare values within and across groups. 

Multiple linear regression was used to develop a predictive model for loop gain based on both 

primary and secondary predictors. Receiver operating characteristic analysis used the multiple 

regression model output to predict elevated loop gain (above median). Area under curve was used 

to quantify the predictive value (>0.8 was considered strong). We also assessed sensitivity and 

specificity to detect elevated loop gain (optimal cutoff based on the Youden J statistic, i.e. 

maximizing sum of sensitivity and specificity), using 1) all data and 2) leave-one-out cross validation 

(regression model and cutoff were determined without each subject under investigation).  

Unless specified otherwise, data are expressed as the mean±SEM or median [75th minus 25th 

centile], and statistical significance was accepted if p<0.05. Statistical analyses were performed using 

Graph Pad Prism 6.0 (Graph Pad Software, La Jolla, CA) and SPSS 23.00 (IBM, Armonk, NY). 

RESULTS 

Anthropometric and baseline data are summarized in Table 1. OSA patients were older and 

heavier than controls. OSA patients were placed on 9.0±3.5 cmH2O, whereas controls were on 4.5±3 

cmH2O to maintain airway patency for loop gain measurements during sleep. While we did not 

perform separate sleep studies on the control group, we note that no control exhibited sleep apnea 

when CPAP was lowered to atmospheric pressure during the dial downs. Specifically, steady-state 
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loop gain was measured (requiring stable breathing) at levels of -2±3 cmH2O in controls and 2±3 

cmH2O in OSA. We are therefore highly confident that controls were OSA-free. 

Example data from two participants, low and high loop gain, are illustrated in Figures 2-3. 

Compared with the participant with low loop gain, the participant with high loop gain had a shorter 

maximal breath-hold duration, and a larger ventilation on the second breath after the 20-s breath-

holds (contrast Figures 3-2). Note how closely the ventilatory responses to hypoxic-hypercapnia 

(pulses, sleep) overlie the ventilatory responses following 20-s breath-holds (after the first breath; 

Figures 2D and 3D). 

Primary predictor. Average breath-hold measures are described in Table 2. As hypothesized, we 

found a strong and significant inverse univariate correlation between maximal breath-hold duration 

(mean of all tests; primary predictor) and loop gain during sleep (pulses; r2=0.49, p=0.001; Figure 

4A). This correlation was maintained after adjusting for age, sex, BMI, presence of OSA (p=0.002 for 

breath-hold duration, p=0.01 for sex; predicted loop gain y = 0.86±0.07 − (0.0087±0.0017)*Breath-

hold duration, s] + (0.14±0.04)[male]; model r2=0.68).  

Secondary predictors. We did not find a significant relationship between the ventilatory 

response to 20-s breath-holds at the first recovery breath and loop gain during sleep (pulses; 

r2=0.19, p=0.053). However, the ventilatory response at the second recovery breath was strongly 

and significantly correlated with loop gain during sleep (r2=0.50, p<0.001; Figure 4B; p-value 

threshold=0.025 after Bonferroni correction). This correlation was maintained after adjusting for 

age, sex, BMI, presence of OSA (p=0.02; predicted loop gain y = 0.09±0.10 + (0.0023±0.0005)x). 

Chemical drive physiology after breath-holds. We considered that the ventilatory drive on the 

first breath following breath-holds might be higher due to factors other than hypoxic/hypercapnic 
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stimuli. Indeed, we found that, on average, the ventilation on the first recovery breath following 

breath-holds (20-s) was larger than expected (+5 L/min, p=0.001) based on the response to hypoxic-

hypercapnia (wake, pulses; Figure 5a). By contrast, the ventilation on the second recovery breath 

was similar in magnitude to the ventilatory response to hypoxic-hypercapnia (Figure 5a); a tighter 

association was also evident on breath 2 (Figure 5a); see also Figures 2D and 3D. There is also clear 

concordance between the time-course of ventilation during the breath-hold recovery and the time 

course of chemical drive (response to hypoxic-hypercapnia) at all times after the first breath (Figure 

5b). Note that the magnitude of hypercapnic stimuli was similar (hypoxia was not identical) between 

20-s breath-holds and 20-s hypoxic-hypercapnic pulses (Table 4).  

Regression model using primary and secondary predictors. Multiple regression analysis showed 

that loop gain during sleep was independently associated with both maximal breath-hold duration 

(p=0.016) and second recovery breath response (delta r2=0.16, p=0.013; y = 0.43±0.15 − 

(0.0055±0.0020)[breath-hold duration, s] + (0.0015±0.0005)[second breath response, %]). To assess 

the ability of this model to identify “high” loop gain (defined by above-median values) (Terrill et al., 

2015; Edwards et al., 2016b) we used receiver operator characteristic analysis and found an area 

under the curve of 0.92±0.07 (p<0.001). Sensitivity and specificity (all data) were 90% and 80% 

(cutoff=0.495). Leave-one-out cross validation yielded sensitivity and specificity of 60% and 80%. 

Additional predictors. We observed an inverse association between loop gain during sleep and 

the magnitude of desaturation that occurred during maximal breath-holds (mean desaturation from 

baseline, r2=0.28, p=0.019). However, this measure did not add significantly to the above regression 

model. 
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Impact of coaching. Coaching increased the maximal breath-hold duration from 34.0±3.1 to 

47.2±4.7 s (mean change = 13.3±2.0 s, mean±SEM, p<0.0001). Both (mean) uncoached and (mean) 

coached maximal breath-hold durations were significantly associated with loop gain during sleep 

(r2=0.42, p=0.007; r2=0.45, p=0.004).  

Wake versus sleep loop gain (pulses). Our hypothesis hinged on the assumption that wake and 

sleep loop gain values were similar or at least strongly associated. Indeed, we found that sleep loop 

gain was highly correlated with wake levels (Table 3). Sleep loop gain (pulses) was strongly 

associated with loop gain measured during wakefulness using the same technique (Table 3).  

Predicting steady-state loop gain during sleep (CPAP dial-up technique) using breath-holding. We 

sought to separately test whether our breath-holding measures predicted steady-state loop gain, 

given its role in OSA pathogenesis (Eckert et al., 2013; Wellman et al., 2013) and predicting 

responses to treatment (Edwards et al., 2016a; Edwards et al., 2016b). 

Maximal breath-hold duration was significantly correlated with steady-state loop gain during 

sleep (r2=0.22, p=0.036; y=5.2±1.1–(0.064±0.028)x); note that the correlation was less strong than 

for dynamic loop gain (pulses). The ventilatory response following 20-s breath-holds was significantly 

associated with steady-state loop gain during sleep at the second breath (r2=0.31, p=0.011; 

y=−0.67±1.26+(0.020±0.007)x), but not at the first breath (r2=0.24, p=0.027; p-threshold=0.025). 

Multiple regression showed that the second breath response was the only significant independent 

contributor.  

Relationship between dynamic and steady-state loop gain. Loop gain during sleep (pulses; the 

dynamic test) was associated with the steady-state loop gain during sleep (r2=0.36, p=0.005). 
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DISCUSSION 

The main finding of this pilot study was that the ventilatory control contribution to OSA (loop 

gain during sleep) can be estimated by performing voluntary breath-holding maneuvers during 

wakefulness. Specifically, a higher loop gain promotes a shorter maximal breath-hold duration and a 

greater ventilatory response to voluntary apnea. These variables predicted both an elevated 

dynamic loop gain (using gas pulses) and a greater steady-state loop gain. Given that elevated loop 

gain has been found to determine the success/failure of a range of OSA therapies (7, 8, 10, 12, 13), 

we envisage breath-holding measures of loop gain may play a role in personalized sleep medicine.  

Novel Physiological Insights 

Breath-hold duration. To our knowledge, this is the first study to demonstrate a physiological 

link between breath-holds during wakefulness and loop gain during sleep. We note, however, that 

breath-hold duration has previously been linked with elevated chemosensitivity during wakefulness 

(Stanley et al., 1975; Trembach & Zabolotskikh, 2017). In 1975, Stanley and coworkers (Stanley et al., 

1975) observed an inverse association (r2=0.79) between maximal breath-hold duration (while 

breathing CO2) and the hypercapnic ventilatory response (rebreathing test, i.e. a measure of 

controller gain) during wakefulness in healthy subjects. More recently, Trembach et al. found an 

inverse relationship (r2=0.67) between maximal breath-hold duration and peripheral 

chemosensitivity (single-breath, 13%CO2). Additionally, patients with central congenital 

hypoventilation syndrome, who have substantially reduced chemosensitivity (Carroll et al., 2014), 

can hold their breath for prolonged durations and have little urge to breathe afterwards (Shea et al., 

1993). To enable breath-hold duration to become a relevant measure for OSA pathophysiology, we 

extended the above findings to predict the overall loop gain of the ventilatory control system (the 
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parameter of interest, and arguably most responsible for the observable predictors) rather than 

chemosensitivity alone, and to predict this parameter during sleep.  

Notably, the relationship between breath-hold duration and loop gain hinges on the concept 

that breath-holding is voluntarily terminated after a similar increase in chemical drive across 

patients. However, the strong associations observed, by us and others (Stanley et al., 1975; 

Trembach & Zabolotskikh, 2017), indicate that variability in maximal breath-hold duration generally 

reflects variability in loop gain more than it reflects variability in the “breaking-point” (i.e. the 

change in chemical drive that triggers voluntary breath-hold termination). This finding is not trivial, 

since chemical drive is not the only determinant of breath-hold termination. Conceptually, a feeling 

of “air hunger” builds up over time throughout a voluntary breath-hold that somewhat exceeds the 

magnitude of hypoxic-hypercapnia. Evidence includes 1) breath-holds performed at lower lung 

volumes are terminated are greater levels of chemical drive (higher arterial PCO2 and greater 

desaturation) (Parkes, 2006); 2) increasing initial PCO2 leads to breath-hold termination at higher 

levels of PCO2 (Kelman & Wann, 1971; Parkes, 2006); subjects re-breathing into a small bag can 

reach greater levels of hypoxia/hypercapnia than during a voluntary breath-hold (Hill & Flack, 1908). 

The interpretation is that the absence of mechanical breathing movements is uncomfortable, and 

provides an additional stimulus to resume breathing independent of arterial gases. Likewise, 

motivation or coaching of individuals can increase breath-hold duration (Table 2). Despite these 

potential confounding factors (differences in breaking point, motivation, non-chemical i.e. 

mechanical contributions to ventilatory drive), breath-hold duration is still strongly influenced by the 

sensitivity of the ventilatory chemoreflex control system.    

Moreover, we also found that breath-holding duration correlates more strongly with overall 

loop gain (r2=0.48, p=0.0007; wakefulness pulses) than with chemosensitivity (controller gain, 
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r2=0.20, p=0.048) or plant gain (r2=0.01, p=0.76), which supports our view that overall loop gain 

contributes strongly to breath-hold duration.   

Ventilatory response to breath-holding. We found that the magnitude of the ventilatory 

response to spontaneous breath-holds during wakefulness closely tracks the ventilatory response to 

hypoxic-hypercapnia (Figures 2-3-4B-5). However, this appears accurate only after excluding the first 

recovery breath, which may be influenced substantially by factors other than chemical drive to 

breathe (e.g. behavioral responses to breath-holding). The magnitude of the first recovery breath 

exceeded the level expected based on the ventilatory response to hypoxic-hypercapnia; we interpret 

that this difference reflects a transient non-chemical (e.g. mechanical/behavioral) response to 

breath-holding (see Figure 5 and Discussion―Breath-hold duration above). We interpret that this 

non-chemical contribution to “air-hunger” (based on the experience of not breathing per se) remains 

observable for several seconds after breath-hold termination and contributes to the first large 

recovery breath following a breath-hold. The overshoot is also reminiscent of the non-chemical 

arousal-related contribution to the ventilatory recovery from (non-voluntary) obstructive respiratory 

events in sleep apnea (Horner et al., 2001). Conversely, by the second recovery breath, ventilation is 

no greater than expected based on chemical drive responses to hypoxic-hypercapnia (without the 

voluntary breath-holding experience; comparison of the mean differences did not produce any 

significant difference, Figure 5), thereby enabling ventilatory control assessment using the breath-

holding recovery period. Thus, we conclude that any behavioral contributions to ventilatory 

responses to breath-holds are short-lived. However, further studies that provide insight into the 

various sources of non-chemical air-hunger are warranted 

Oxygen desaturation and breath holding. Oxygen desaturation and breath holding. We observed 

a 10.0±6.7% desaturation after maximal breath-holds. This magnitude of desaturation is substantial 



 

 

 

This article is protected by copyright. All rights reserved. 

15 

 

but is consistent with the literature. We emphasize that participants were studied at end-expiratory 

lung volume / functional residual capacity (FRC) rather than total lung capacity which accelerates 

desaturation. Subject were also studied in the supine position rather than seated which further 

lowers FRC by ~30% (Blair & Hickam, 1955). Previous reports are in line with our findings: Findley et 

al showed that supine end-expiratory breath-holds led to an average minimum SpO2 of 90.3±6.3% 

after 30-s (Findley et al., 1983), a shorter duration than the average in our study. Series et al 

observed a 12.8±2.6% desaturation during 30-s obstructive apneas while supine in patients with OSA 

(Series et al., 1989).Sleep versus wake. For the first time, loop gain during sleep was shown to 

directly correlate with loop gain during wakefulness with minimal bias (Table 3). This finding 

indicates that a high loop gain promoting OSA during sleep is, in fact, evident and observable during 

wakefulness. Our results also indicated that chemosensitivity (controller gain) was not different 

between wake and sleep (Table 3). On the surface, this similarity appears to contradict previous 

research indicating a reduced hypercapnic and hypoxic ventilatory responses from wake to non-REM 

(Douglas et al., 1982). However, these seminal studies did not consider the increased pharyngeal 

resistance in sleep. When increased pharyngeal resistance is accounted for—i.e. using the 

ventilatory effort response to PCO2—wake to sleep differences in chemosensitivity disappear 

(White, 1986). We found a small wake to non-REM increase in loop gain due to a small rise in plant 

gain, as expected based on the known reduction in lung volume during sleep; of note, our use of 

CPAP to maintain airway patency likely offset this effect partially (Heinzer et al., 2005). 

Clinical Implications 

A key limitation to progress in personalized medicine for OSA is the lack of clinically-available 

means to phenotype patients in the daytime and predict responses to treatment. Our study 

overcomes a major hurdle by demonstrating that daytime breath-holding measurements can predict 
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elevated loop gain during non-REM sleep. The two-key breath-holding measures we used are easily 

obtained: 1) Breath-hold duration only requires a timer and is thus the easiest to measure; 2) The 

ventilatory response to breath-holding requires an uncalibrated measure of changes in ventilation. 

The latter may be advantageous because it is, in principle, not affected by inter-individual 

differences in chemical drive “breaking point”. Thus, it is highly feasible that such tests could be 

performed in the clinical setting to identify the ~1/3rd of patients with elevated loop gain (Eckert et 

al., 2013) who are at risk of failing anatomical therapies (Edwards et al., 2016a; Joosten et al., 2017) 

but might benefit from loop gain lowering treatments (Edwards et al., 2012; Edwards et al., 2013). 

Phenotyping approaches are already needed in clinical trials to identify the subgroups of responders 

to emerging treatments. Further research is required to demonstrate the value of breath-holding 

measures for predicting outcomes of interventions.  

Methodological Considerations 

There are several limitations of our study: 1) CPAP was applied in order to maintain airway 

patency and measure sleep loop gain, as in virtually all previous studies on the topic (Edwards et al., 

2012; Edwards et al., 2014; Edwards et al., 2016a; Taranto-Montemurro et al., 2016). CPAP likely 

reduces loop gain slightly (via plant gain, through a lung volume increase). We note, however, that 

plant gain values during sleep were still not lower than wake values, thus the effect of CPAP was 

likely small. 2) It was unclear a priori whether coached or uncoached maximal breath-hold durations 

would have greater predictive value, so we employed both approaches, repeated 3 times each, and 

used the average as our primary outcome variable. We recognize that testing breath-hold 6 times 

may require more time than is available in some circumstances. We note, however, that both single 

approaches were highly reproducible (see intra-subject SEM, Table 2) and both were adequate for 

predicting loop gain values (see Results). 3) We endeavored to deliver a hypoxic-hypercapnic 
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stimulus during the 20-s pulses that produced PO2 and PCO2 values similar to that which occurred 

with the 20-s breath-holds. However, the hypoxic stimulus turned out to be smaller during the 

pulses versus breath-holding. Of note, the end-tidal PCO2 levels were similar, and this stimulus likely 

dominates the ventilatory response. The finding that the ventilatory responses to breath-holds at 

the second breath have similar magnitude to those based on hypoxic-hypercapnia suggests that the 

chemical drive was adequately matched.  

CONCLUSIONS 

Loop gain of the ventilatory control system during sleep can be estimated using breath-hold 

testing in the daytime. Thus, physiological breath-hold testing may have clinical utility for 

phenotyping patients with OSA.  
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Oversensitive ventilatory control (increased "loop gain") during sleep is a key determinant of sleep 

apnea but there is no way to measure this trait in an office setting to guide therapy. We show for the 

first time that the increased loop gain during sleep is observable during wakefulness and can be 

measured simply by performing voluntary breath-holds. Breath-hold testing is feasible clinically and 

will enable novel pharmacological interventions to be tested specifically in patients with a high loop 

gain phenotype of sleep apnea. 
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Table 1. Subject characteristics 

 

Characteristic 
All participants 

(N=20) 

Controls 

(N=10) 

OSA Patients 

(N=10) 

Age, years 49 [13] 29 [22] 54 [13] 

Female gender, n (%) 8 (40) 5 (50) 3 (30) 

Neck circumference, cm 39 [6] 37 [4] 43 [4] 

Waist circumference, cm 108 [30] 83 [8] 113 [4] 

Body mass index, kg/m
2
 29.7 [12.8] 22.6 [3.6] 33.8 [4.6] 

Physical activity, hr/week 3.5 [5] 6.0 [5.5] 2.5 [4] 

Current smoking status, n (%) 4 (20) 2 (20) 2 (20) 

Previous apnea-hypopnea index*, events/hr 21 [23] 1.6 [3.1] 27.6 [6] 

 

Data are represented as median [interquartile range]. OSA, Obstructive sleep apnea. *Not available in 6/10 

controls.  
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Table 2. Average measures in all subjects  

Breath-hold measurement* Mean±SD Within-subject SEM 

Ventilation after 20-second breath holds   

    First breath response, %eupnea
¶
 229±86 38±31 

    Second breath response, %eupnea
¶
 174±48 34±25 

Maximal breath hold duration   

    All data
†
, s 37.4±12.8 3.7±2.2 

    Spontaneous maximal breath holding duration, s 34±10 3.6±3.0 

    Coached maximal breath holding duration, s 47.2±15.7 4.1±4.4 

Maximal breath hold desaturation   

    All data, % 10.0±6.7 1.0±0.6 

    Spontaneous maximal breath holding, % 8.7±5.9 0.9±0.7 

    Coached maximal breath holding, % 12.3±7.4 1.1±0.8 

 

*Breath-holds were performed at end-expiratory lung volume (functional residual capacity) while supine. 

¶
Eupnea is the baseline ventilation. †Primary predictor 
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Table 3. Sleep versus wake gold standard loop gain values (pulses) 

Gold standard variables Wake Sleep Difference 
Correlation 

r
2
 P 

Baseline ventilation 8.6±0.5 7.2±0.4 -1.5±0.5*   

Baseline PCO2 38.5±0.6 39.5±0.7 0.9±0.5   

Loop gain 0.42±0.03 0.48±0.34 0.06±0.03** 0.40 0.003 

    Plant gain, mmHg/(L/min) 0.92±0.07 1.07±0.05 0.09±0.06*** 0.30 0.01 

    Controller gain, L/min/mmHg 0.5±0.05 0.48±0.05 -0.02±0.04 0.38 0.004 

 

Data are expressed as mean±SEM. Baseline ventilation significantly fell during sleep (*p=0.004). Loop gain 

during sleep is slightly higher than loop gain during wakefulness (**p=0.03), likely via increased plant gain, but 

the two are strongly correlated. Note that values during sleep were measured on CPAP to maintain airway 

patency; CPAP is expected lower plant gain via increased lung volume, but the effect was considered slight, 

since plant gain was significantly higher during sleep (***p=0.01). Of note, sleep loop gain was measured on 

CPAP but wake loop gain was not (see Discussion).  

 

 

 

Table 4. Changes in end-tidal gases during 20-second breath holds versus pulses during wake 

Change from baseline Pulses Breath-holds P 

∆PCO2, mmHg 7.0±0.4 6.8±0.5 NS 

∆PO2, mmHg -18.4±0.8 -24.9±1.4 0.0005 

 

Data are expressed as mean±SEM. ∆PCO2 is the change in end-tidal carbon dioxide partial pressure from 

baseline (mean); ∆PO2 is the change in end-tidal oxygen partial pressure. End-tidal PCO2 changes were similar 

and PO2 changes were considerably smaller with pulses versus breath-holds. 
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Table 5. Key measures of loop gain in OSA patients and controls. 

 Controls OSA patients   

Gold standard loop gain during sleep     

     Dynamic loop gain (pulses) 0.39±0.04 0.57±0.04   

          Plant, mmHg/(L/min) 1.04±0.08 1.10±0.07   

          Controller, L/min/mmHg 0.41±0.06 0.55±0.06   

     Steady-state loop gain (CPAP dial-ups) 2.1±0.5 3.4±0.6   

Breath-hold predictors of loop gain     

     Ventilation after 20-second breath holds     

          First breath response, %eupnea
¶
 204±20 254±32   

          Second breath response, %eupnea
¶
 150±13 197±58   

     Maximal breath hold duration     

          All data
†
, s 43.1±4.7 31.8±2.4   

          Spontaneous maximal breath holding duration, 

s 
38.0±3.4 28.8±2.7   

          Coached maximal breath holding duration, s 53.1±5.8 39.7±3.8   

 

Data are expressed as mean (±SEM).. 
¶
Eupnea is the baseline ventilation. †Primary predictor. 
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Figure 1. Example raw signals for gold standard loop gain measures and breath-holding maneuvers. (A) The 

ventilatory response on the 1
st

 and 2
nd

 breaths after 20-second breath-holds were used as secondary 

predictors of loop gain. Individuals exhaled after breath-holds to provide information on alveolar gas changes 

(circled). (B) Maximal breath-holds at end-expiratory lung volume (functional residual capacity) were timed to 

predict loop gain. (C) Hypoxic-hypercapnic pulses (6%CO2-14%CO2) were administered for 20-s, every three 

minutes, to simulate apnea and elicit a ventilatory response without mechanical or behavioral interference. 

Note the progressive increase in PCO2 and the concurrent decrease in PO2 in the respective channels, and 

small ensuing rise in ventilation in this participant with low loop gain. (D) CPAP dial-ups were performed 

during sleep to assess steady-state loop gain. CPAP is dialed-up during a period of flow-limited breathing 

(squared spot) to reveal the ventilatory drive response to the reduction in ventilation prior to the dialup. 

PO2=intranasal oxygen partial pressure, PCO2=intranasal carbon dioxide partial pressure, SpO2=pulsed oxygen 

saturation, s2=NREM stage 2. 
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Figure 2. Example results in a participant with low loop gain. A. Inspired pulses of hypoxic-hypercapnic gas 

(14%O2-6%CO2) cause an increase in end-tidal PCO2 (PETCO2) that then elicits a chemoreflex ventilatory 

response. In this example, the ventilatory response is small. Traces shown are the ensemble average of 

multiple pulses administered during sleep (black line = mean, colored shading = 95% confidence interval). 

Dashed red line illustrates the calculated ventilatory disturbance (i.e. the calculated drop in ventilation that 

would cause the observed rise in end-tidal PCO2 [PETCO2], see ref (Sands et al., 2017b)); by design, the pulse is 

approximately equivalent to apnea (ventilation=0). Loop gain is taken as the ventilatory response to this 

disturbance (Fourier analysis, ref (Sands et al., 2017b)). B. Maximal breath-hold duration was long (60±11 s, 

mean±SD.) in this participant (see A). C. Ventilation during spontaneous 20-s breath holds. Ventilation falls to 

zero and, at breath-hold termination (time=0), there is a period of ventilatory recovery. Note the first recovery 

breath is much larger than subsequent breaths (15 L/min; 230% of eupnea). The second breath is considerably 

smaller (10 L/min; 154% of eupnea) and is more in line with the ventilatory response to hypoxic-hypercapnia 

(pulses; 135% eupnea, shown superimposed, from A). The first recovery breath was considered to be 

particularly influenced by factors beyond chemical stimuli. D.  Inspired pulses during wakefulness appear 

remarkably similar to those during sleep. 
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Figure 3. Example results in a participant with high loop gain. A. Inspired pulses of hypoxic-hypercapnic gas 

elicits a large chemoreflex ventilatory response in this example, thus a greater value of loop gain is measured 

(response/disturbance). Traces shown are the ensemble average of multiple pulses administered during sleep 

(black line = mean, shading = 95% confidence interval). Dashed line illustrates the calculated ventilatory 

disturbance. B. Maximal breath-hold duration was short (28±7 s, mean±S.E.M.) in this participant (see A). C. 

Ventilation during spontaneous 20-s breath holds (ensemble average). Note the first recovery breath is larger 

than subsequent breaths (23.5 L/min; 229% of eupnea). The second breath response is smaller but still high 

(17.5 L/min; 170% of eupnea) and is more in line with the ventilatory response to hypoxic-hypercapnia (pulses; 

192% eupnea, shown superimposed, from A). Just as seen in Figure 2, the breaths after the first recovery 

breath appear consistent with the response to chemical stimuli. D.  Inspired pulses during wakefulness appear 

remarkably similar to those during sleep. 
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Figure 4. Primary (A) and secondary (B) predictors of the respiratory system loop gain. The dark and the light 

shaded areas represents SEM and SD of the regression line, respectively. 
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Figure 5. A. After 20-s breath-holds, the ventilation on the second recovery breath reflects the underlying 

chemical drive based on hypoxic-hypercapnia (pulses). The ventilation on the first recovery breath was 

substantially larger than the chemical drive, and only modestly correlated with it. The difference in ventilation 

between first and second recovery breaths may reflect a brief non-chemical (e.g. behavioral) response to 

breath-holding. Here, chemical drive was taken as the peak ventilation (ensemble average) observed following 

hypoxic-hypercapnic pulses during wakefulness (see Figures 2, 3). NS=Not significant. Bias reported is 

mean±SD. B. Ventilatory responses following 20-sec breath holds (orange) superimposed on the ventilatory 

responses to hypoxic-hypercapnia (blue). Solid lines represent the mean ensemble-averaged response (1 Hz). 

Shading represents SEM. The vertical black, dashed line represents the median time at which the second 

recovery breath ventilation was measured. Time zero for breath-holds is the start of inspiration for the first 

recovery breath; time zero for the hypoxic-hypercapnia is the time that ensemble-averaged PICO2 falls back 

below 10 mmHg. Note that response to breath-holding initially exceeds the responses to hypoxic-hypercapnia 

but are later concordant. 
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