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Study Objectives: Controversy exists as to whether elevated loop gain is a cause or consequence of obstructive sleep apnea (OSA). Upper airway surgery 
is commonly performed in Asian patients with OSA who have failed positive airway pressure therapy and who are thought to have anatomical predisposition 
to OSA. We hypothesized that high loop gain would decrease following surgical treatment of OSA due to reduced sleep apnea severity.
Methods: Polysomnography was performed preoperatively and postoperatively to assess OSA severity in 30 Chinese participants who underwent upper 
airway surgery. Loop gain was calculated using a validated clinically-applicable method by fitting a feedback control model to airflow.
Results: Patients were followed up for a median (interquartile range) of 130 (62, 224) days after surgery. Apnea-hypopnea index (AHI) changed from 
60.8 (33.7, 71.7) to 18.4 (9.9, 42.5) events/h (P < .001). Preoperative and postoperative loop gain was 0.70 (0.58, 0.80) and 0.53 (0.46, 0.63) respectively 
(P < .001). There was a positive association between the decrease in loop gain and the improvement of AHI (P = .025).
Conclusions: High loop gain was reduced by surgical treatment of OSA in our cohort. These data suggest that elevated loop gain may be acquired in OSA 
and may provide mechanistic insight into improvement in OSA with upper airway surgery.
Clinical Trial Registration: Registry: ClinicalTrials.gov, Title: The Impact of Sleep Apnea Treatment on Physiology Traits in Chinese Patients With 
Obstructive Sleep Apnea, Identifier: NCT02696629, URL: https://clinicaltrials.gov/show/NCT02696629
Keywords: hypoxemia, loop gain, lung, obstructive sleep apnea, upper airway surgery, ventilatory control
Citation: Li Y, Ye J, Han D, Zhao D, Cao X, Orr J, Jen R, Deacon-Diaz N, Sands SA, Owens R, Malhotra A. The effect of upper airway surgery on loop gain 
in obstructive sleep apnea. J Clin Sleep Med. 2019;15(6):907–913.

INTRODUCTION

Obstructive sleep apnea (OSA) is common throughout the 
world, including in China. Upper airway surgery is commonly 
performed in Asian patients with OSA who have failed con-
tinuous positive airway pressure (CPAP) therapy and who are 
thought to be anatomically predisposed to OSA. By enlarg-
ing the velopharyngeal/retroglossal airway, soft tissue surgery 
likely improves pharyngeal collapsibility and/or mechanical 
load.1 However, the benefits of upper airway  surgery for OSA 
are highly variable,2 leading to some focus on mechanisms of 
improvement in those who benefit.

Unstable ventilatory control (high loop gain) is an impor-
tant non-anatomical risk factor for OSA.3 Loop gain is a term 
used to define the stability of a negative feedback control sys-
tem, quantified as the ratio of the ventilatory response over the 
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ventilatory disturbance (eg, reduced ventilation from apneas 
and/or hypopneas). High loop gain promotes ventilatory over-
shoot and instability whereas a low loop gain is intrinsically 
more stable. Loop gain is often elevated in OSA4 and con-
tributes to repetitive apnea through variable central pattern 
generator output to the upper airway muscles.5 However, con-
troversy exists as to whether elevated loop gain is inherent or 
acquired in OSA.6–9

Exaggerated ventilatory chemoreflex responsiveness (the 
controller component of loop gain) is ameliorated with nasal 
CPAP treatment in patients with OSA.9–11 This finding suggests 
elevated loop gain is an inducible trait that may be amenable 
to treatments which prevent obstructive events and exposure 
to hypoxemia.

Although nasal CPAP does lower loop gain in small stud-
ies,11–13 whether upper airway surgery (structural change) 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Unstable ventilatory control (high loop gain) is an important non-anatomical risk factor for obstructive sleep 
apnea (OSA). Controversy exists as to whether elevated loop gain is a cause or consequence of OSA. Studies have shown high loop gain may be 
acquired from long-term intermittent hypoxemia due to OSA and can decrease after continuous positive airway pressure therapy.
Study Impact: Unstable ventilatory control in patients with OSA can be improved by upper airway surgery, supporting the notion that ventilatory 
control abnormalities may be acquired in some patients. The results may guide future therapeutic approaches by providing insight into potential 
mechanisms of surgical improvement and/or failure.
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could improve loop gain is not known. Theoretically, up-
per airway surgery could change loop gain via a number of 
mechanisms. Reducing the severity of OSA and preventing 
exposure to intermittent hypoxemia may normalize maladap-
tive chemoreflex control abnormalities. If so, the change of 
OSA severity should be associated with a change in loop gain. 
However as loop gain is quantified by the ventilatory response 
to a stimulus, improving the mechanics of the upper airway 
may alter chemoresponsiveness, ie, increasing ventilation for 
a given chemoreflex stimulus. Based on this conceptual frame-
work, we tested the hypothesis that elevated loop gain would 
be reduced by upper airway surgery. We also assessed predic-
tors of any observed loop gain change to understand better the 
mechanisms of OSA improvement with upper airway surgery. 
We view such efforts as critical to defining a priori predictors 
of surgical success.

METHODS

Study Design
This study was an observational cohort of patients who un-
derwent upper airway surgery to treat OSA and a control 
group who remained untreated. The study population who 
underwent surgery was a selective population since the surgi-
cal treatment group was considered to be suitable candidates 
for upper airway surgery in China. In-laboratory overnight 
polysomnography (PSG) was performed preoperatively and 
postoperatively to assess sleep apnea severity and were used to 
assess the stability of the ventilatory control system.

This study was approved by the institutional review board  
of Beijing Tongren Hospital, Capital Medical University with 
written informed consent obtained from all patients. No con-
tact of participants occurred at University of California, San 
Diego and all data received were de-identified so the study was 
deemed exempt from local IRB oversight.

The number of observations needed was estimated based on 
the minimal detectable difference in loop gain of 0.2. With a 
90% power to reject the null hypothesis and alpha = .05, the 
estimated minimum sample size was 18 for each group.

Study Population
All participants were 18–70 years of age and had a history of 
untreated OSA with apnea-hypopnea index (AHI) > 5 events/h 
and clinical symptoms (such as snoring, witnessed apneas, and 
daytime sleepiness). CPAP treatment was recommended for all 
participants, but was refused or not tolerated. In the surgical 
treatment group, no other surgical procedures were performed 
prior to or during the current treatment.

Patients with OSA who had a severe coexisting lung, neu-
rological, cardiovascular, psychiatric disorder or who were on 
chronic medications that could affect sleep/breathing were ex-
cluded. Patients with severe maxillofacial or mandibular defor-
mities were excluded.

All the patients were evaluated by one surgeon and admitted 
as candidates for surgical treatment. Patients who underwent 
other upper airway surgical procedures prior to the current 
treatments were excluded.

Upper Airway Surgery
Surgical procedures included revised UPPP with uvula preser-
vation (Han-UPPP)14 with and without concomitant transpala-
tal advancement pharyngoplasty, genioglossus advancement 
or hyoid suspension).15

All surgeries were performed under general anesthesia by 
one surgeon. Patients with severe OSA were encouraged to use 
CPAP immediately preoperatively for safety reasons.

The definition of responders for surgical treatment, defined 
as a ≥ 50% reduction in baseline AHI and a final AHI of < 20 
events/h, was used. Moreover, a postoperative AHI below 
10 events/h with a postoperative Epworth Sleepiness Scale 
score ≤ 9 and no residual sleep apnea symptoms was consid-
ered cured.

Polysomnography
Standard clinical PSG was performed and analyzed accord-
ing to the guidelines of American Academy of Sleep Medicine 
Task Force 2007 criteria.16 Electroencephalograms, electrooc-
ulograms, and surface electromyograms were applied to score 
arousals, leg movements and sleep stage. Abdominal and chest 
movements, pulse oxygen saturation and nasal pressure airflow 
were recorded to detect respiratory events. An apnea episode 
was scored when there was a complete cessation of airflow or 
a ≥ 90% reduction in the peak thermal sensor signal for at least 
10 seconds. A hypopnea episode was scored when there was 
a ≥ 50% reduction in the nasal pressure signal for at least 10 
seconds in association with oxygen desaturation of ≥ 3% or an 
arousal. The AHI was defined as the sum of the numbers of 
apneas and hypopneas per hour of sleep. Postoperative PSG 
studies were performed approximately 4–6 month after sur-
gery (cases) or the baseline visit (controls).

Loop Gain Analyses
The stability of the ventilatory control system (loop gain) was 
quantified by fitting a simplified but validated mathemati-
cal model to the spontaneous ventilatory pattern of OSA.17,18 
Standard raw PSG data (European data format) and scoring 
were imported into MATLAB (MathWorks, Natick, Massa-
chusetts, United States). All available 7-minute windows of 
non-rapid eye movement (NREM) sleep were used for calcula-
tions. Ventilatory fluctuations are estimated using the square-
root transformed nasal pressure waveform. Briefly, loop gain 
is estimated according to the magnitude and time course of 
the ventilatory “response” (increased ventilatory effort) that 
follows the ventilatory “disturbance” (apnea/hypopnea). For 
each 7-minute window, a ventilatory control model was fit to 
obtain the parameters that define the gain, time constant and 
delay. Loop gain was reported as the ventilatory response to a 
1 cycle/min disturbance as used previously.17 The median value 
for loop gain in all the 7-minute windows was used to provide a 
single value for each individual for each sleep study.

Analysis
Statistical analyses were performed using SPSS 22.0 (SPSS 
Inc., Chicago, Illinois, United States). Sleep apnea severity and 
loop gain before and after surgery/baseline and follow up were 
compared using the Wilcoxon signed ranks test. Spearman 
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correlation coefficient was used to identify significant associa-
tions. Statistical significance was set at P < .05.

RESULTS

The baseline characteristics of the participants are listed 
in Table 1. In the 30 patients who underwent upper airway 
surgery, 13 patients underwent Han-UPPP alone; 15 patients 
underwent Han-UPPP with concomitant transpalatal advance-
ment pharyngoplasty; 2 patients underwent velopharyngeal 
and retroglossal surgery (Han-UPPP and concomitant genio-
glossus advancement or hyoid suspension). No patient suffered 
from severe complications related to surgery during the post-
operative follow-up. Compared with the treated patients, the 
15 patients who were untreated had similar baseline AHI, but 
relatively higher baseline body mass index (BMI) and lower 
baseline loop gain.

The severity of OSA improved significantly after surgery. 
In the treated group, a > 50% reduction in AHI to a final AHI 
of < 10 events/h and < 20 events/h was achieved in 8 (26.7%) 
and 15 (50%, responders) of patients respectively. Figure 1 
shows individual AHI change from before to after surgery.

Table 2 shows the change in loop gain, BMI and other PSG 
parameters. An average of 121 ± 50 (25–189) windows per par-
ticipant was analyzed. Overall loop gain and loop gain in su-
pine position decreased after surgery (0.70 [0.58, 0.80] versus 
0.53 [0.46, 0.63], P < .001). In both surgical responders and 
nonresponders, loop gain decreased significantly after surgery 
(P < .05). The loop gain did not change significantly in the 
untreated group. Figure 2 shows individual loop gain change 
from before to after surgery.

In the surgical treatment group, there were positive associa-
tions between the change of loop gain and the change of AHI 
and NREM AHI (r = .409, P = .025; r = .429, P = .018). There 
was a positive association between the change of loop gain and 

the change of ≥ 3% oxygen desaturation index after surgery 
(r = .381, P = .045). The change of REM AHI, BMI and the 
change of nadir oxygen desaturation were not correlated with 
the change of loop gain (P > .05).

DISCUSSION

Summary of the Findings
Our study adds to the existing literature in several important 
ways. We have observed that loop gain in patients with OSA 
was reduced by upper airway surgery. A substantial decrease 
of loop gain was observed in the study (median decreased by 
0.17). The loop gain change appears similar to the effect of 
O2 (0.14) or acetazolamide (0.25) in patients with OSA in the 
literature.17

Our findings support the concept that high loop gain is in-
duced at least to some extent in Chinese patients with OSA. 
Moreover, loop gain could be improved with structural 
changes in anatomy and ameliorated hypoxemia. Reduction 
of loop gain correlated with the improvement of hypoxemia 
and severity of OSA as measured by AHI. This observation 
supports a potential role for intermittent hypoxemia inducing 
chemoreflex changes that increase loop gain.

Table 1—Demographic data.

Characteristics Surgery 
(n = 30)

Untreated 
(n = 15)

Age (years) 42 (37,49) 49 (42, 55)
Sex (male/female) 30/0 13/2
Interval between surgery and 
follow up (days) 130 (62, 224) –

Body mass index (kg/m2) 27.1 (26.1, 29.5) 29.1 (27.8, 33.4)

Values are presented as median (interquartile range) or number.

Figure 1—Preoperative and postoperative AHI. 

The distribution of group AHI values are shown in the box-and-whiskers plots (group median, upper and lower quartile, upper and lower extreme, and outliers). 
(A) Preoperative and postoperative AHI in the whole group. (B) Individual preoperative and postoperative AHI in responders (n = 15). (C) Preoperative and 
postoperative AHI in nonresponders (n = 15). AHI = apnea-hypopnea index.
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Although CPAP has been shown to improve loop gain when 
used to treat OSA, CPAP has other effects that might alter con-
trol of breathing, such as changes in end-expiratory lung vol-
ume. Our findings suggest that therapies that eliminate OSA 
might have the potential to improve loop gain.

However, a recent study found that loop gain did not 
change in a Caucasian group undergoing upper airway sur-
gery, which is in contrast to our findings here.18 This incon-
sistency may be explained by differences in baseline OSA 
severity and the observed reduction of AHI after treatment 
between studies (39.1 versus 26.5 events/h postoperatively 
reported by Joosten et al. and 60.8 versus 18.4 events/h in the 
present study). Moreover, recent research in different racial/

ethnic groups suggests that OSA may have different under-
lying causes in various groups.19 Considering the potential 
for a dominant role of anatomical factors in Asian patients 
with OSA, the high upper airway mechanical load may initi-
ate sleep apnea and the elevated loop gain might be partially 
“acquired” over time in these patients.

Upper airway anatomical abnormality is a prominent risk 
factor in Asian patients with OSA, which might be improved 
by surgical strategies. However, surgery shows variable clini-
cal effectiveness. One potential reason for patients’ responding 
poorly to a single treatment procedure is that multiple non-ana-
tomical physiological traits (such as high loop gain) contribute 
to OSA.20 In the future, individualized therapy in OSA may be 

Table 2—Baseline and follow-up sleep apnea severity. 
Surgical Treatment (n = 30) Untreated (n = 15)

Baseline Postoperative P Baseline Follow-up P
AHI (events/h) 60.8 (33.7, 71.7) 18.4 (9.9, 42.5) < .001 56.6 (35.0, 66.0) 45.8 (25.8, 50.4) .069
REM AHI (events/h) 56.1 (40.3, 62.3) 14.8 (5.8, 37.6) < .001 57.2 (46.1, 72.3) 54.3 (31.6, 60.0) .061
Central apnea index (events/h) 0.8 (0.3, 2.0) 0.3 (0.1, 1.2) .005 0.5 (0, 2.8) 0.7 (0, 2.31) .754
Fraction of events that were 
hypopneas (%) 4.3 (0.6, 22.5) 38.2 (21.8, 53.8) < .001 61.5 (38.1, 88.5) * 59.4 (46.9, 69.5) .820

Fraction of events that were 
obstructive apnea (%) 76.5 (55.9, 90.9) 51.6 (30.1, 70.9) < .001 16.6 (4.3, 50.0) * 32.5 (18.2, 44.7) .496

Event duration (seconds) 34.5 (25.9, 37.9) 29.6 (24.7, 32.4) .007 24.5 (23.1, 28.9) * 23.6 (21.4, 30.4) > .999
Arousal Index (events/h) 35.8 (21.0, 50.9) 15.4 (7.0, 25.8) < .001 24.5 (23.1, 28.9) 28.3 (17.8, 46.1) .112
Nadir SpO2 (%) 71.0 (66.8, 83.0) 83.0 (75.8, 86.3) < .001 82 (76, 84)  * 82 (78, 84) .972
Percentage time with 
SpO2 < 90% 13.5 (3.3, 30.4) 2.0 (0.4, 6.4) < .001 3.4 (2, 13) 3.1 (2.3, 7.3) .221

Loop gain 0.70 (0.58, 0.80) 0.53 (0.46, 0.63) < .001 0.56 (0.48, 0.69) * 0.58 (0.44, 0.69) .363
Body mass index (kg/m2) 27.1 (26.1, 29.5) 27.4 (23.9, 28.2) .002 29.1 (27.8, 33.4) * 29.4 (28.0, 33.4) .203
Estimated arousal threshold 
(cmH2O) −26.9 (−32.4, −19.4) −15.2 (−19.7, −11.0) < .001 −15.64 (−22.1, −13.3) * −15.9 (−21.3, −12.7) .363

Values are presented as median (interquartile range). * There were statistical significance in baseline data between surgical treatment group and untreated 
group. AHI = apnea-hypopnea index, REM = rapid eye movement.

Figure 2—Preoperative and postoperative loop gain

The distribution of group loop gain values are shown in the box-and-whiskers plots (group median, upper and lower quartile, upper and lower extreme, 
and outliers). (A) Individual preoperative and postoperative loop gain. (B) Individual preoperative and postoperative loop gain in responders (n = 15). 
(C) Preoperative and postoperative loop gain in nonresponders (n = 15). 
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improved by better understanding the reversibility of increased 
loop gain. The new results could provide a rationale for a com-
bined treatment approach for those patients with both elevated 
loop gain and anatomical risk factors in an Asian population, 
ie, to address residual sleep apnea shortly after upper airway 
surgery, using oxygen or acetazolamide; such adjunct treat-
ments could then theoretically be withdrawn over time as loop 
gain falls. Moreover, one might predict that mild to moderate 
elevations in loop gain might be ameliorated by surgical treat-
ment alone.

Elevated Loop Gain as a Cause and 
Consequence of OSA
Patients with OSA exhibit elevated loop gain that improves 
with nasal CPAP in small studies to date.6,11–13,21,24,26 Of note, 
the calculation of loop gain may reflect upper airway dynamic 
effects in addition to changes in chemical drive. With improved 
upper airway mechanics, we might expect a greater ventilatory 
overshoot to be observed (due to reduced upper airway resis-
tance) with a given ventilatory disturbance. However, such ef-
fects would explain an increased rather than the reduced loop 
gain we observed with surgery. We also note that studies have 
previously found no relationship between this measure of loop 
gain and pharyngeal collapsibility (Pcrit),17 and a recent study 
which improved collapsibility (Pcrit) with a single night of 
an investigational drug found no effect on loop gain.27 Thus 
we believe it is likely that the lowered loop gain truly reflects 
a reduced chemical drive response to changes in ventilation 
rather than via surgical effects on upper airway patency per se. 
Reduction of loop gain following surgery in the present study 
strengthens the assertion that intermittent hypoxemia may 
have led to increased loop gain prior to surgery.

Elevated loop gain appears to both contribute to causing 
repetitive apneas and also be induced by OSA itself, which 
may develop in a feedforward manner. The potential mecha-
nisms that lead to loop gain changes (eg, neuroplasticity11 
or interactions from peripheral and central chemoreceptor 
drive28) may not contribute to long-term progressive worsen-
ing of OSA. In aggregate, studies have shown that progres-
sion of OSA over time is relatively modest in the absence 
of weight gain.29 Although studies have shown that phar-
macological reduction of loop gain (using either oxygen or 
acetazolamide) can improve AHI,30,31 this finding does not 
confirm or refute whether the elevated loop gain is intrinsic 
to OSA or acquired from the condition. Thus, a better under-
standing of the mechanisms causing elevated loop gain in 
patients with OSA will be necessary to optimize therapy and 
to predict surgical responses.

Limitations
Despite a number of strengths, we acknowledge a number of 
limitations. First, our study population in China is a selec-
tive population since the surgical treatment group was con-
sidered to be suitable candidates for upper airway surgery, 
and the untreated group was not matched with the surgical 
treatment group in some of the PSG parameters and physi-
ological traits. Thus, we emphasize that our findings are rel-
evant to the population studied and we cannot be confident 

regarding the generalizability of our findings in other clin-
ics/populations. However, our findings are consistent with the 
bulk of the existing literature regarding OSA-induced eleva-
tion in loop gain. Moreover, the absence of morbid obesity 
in the present study helps to confirm that high loop gain is 
seen in OSA itself not just as a function of obesity. Second, 
although we acquired new mechanistic insights, we still can-
not truly answer questions regarding the “chicken or egg” re-
garding OSA and high loop gain. Moreover, the patients were 
followed up 2–11 month after surgery. The time course of 
changes may have relevance since further reductions in loop 
gain over time may contribute to progressive improvements 
in OSA in longer term follow-up. However, the variation of 
follow-up time after surgery is unlikely to affect the change in 
loop gain in the current study. We failed to find any correla-
tion between the follow-up days and the change in loop gain 
(r = −.141, P = .458, Spearman correlation test), or with the 
change in AHI (r = .015, P = .936). Nonetheless, we believe 
that our new findings provide reasonable motivation to design 
further rigorous longitudinal studies. Third, we did observe a 
small but significant reduction in BMI following upper airway 
surgery. Thus, we cannot be confident regarding which of our 
findings were a function of improved body weight. We believe 
this weight change is not a limitation per se but rather might 
help to explain some of the variability in outcomes following 
upper airway surgery. Moreover, such weight changes repre-
sent the reality of upper airway surgery and not an artifact 
of our research. Fourth, in patients with major reductions in 
AHI (“cured” patients), our technique may not allow reliable 
estimates of loop gain since the method relies on spontaneous 
respiratory disturbances—that is, residual sleep apnea. Thus, 
some methodological variance may be present in our loop gain 
estimates for this small subset of patients who were cured of 
OSA. In this study, we still obtained over 10 sample windows 
for loop gain analysis in the few patients who had postopera-
tive AHI < 5 events/h (n = 4). Thus we think our methods are 
unlikely to cause a significant deviation in loop gain estima-
tion. Fifth and finally, our validated loop gain estimation tech-
nique relies on nasal pressure recordings and thus downplays 
the impact of oral breathing which may have occurred on oc-
casion. Because our goal was to analyze real world data using 
clinically accessible techniques, while minimizing adverse ef-
fects of instrumentation on sleep quality, we did not use sealed 
oronasal masks or other such instrumentation as we typically 
do in our physiology laboratory. Despite these limitations, we 
believe that our findings provide important food for thought 
and will definitely lay the groundwork for subsequent studies 
by our group and others.

CONCLUSIONS

Our study shows that unstable ventilatory control in Chinese 
patients OSA can be improved by upper airway surgery, sup-
porting the notion that ventilatory control abnormalities may 
be acquired in the specific group of patients. The results may 
guide future therapeutic approaches by providing insight into 
potential mechanisms of surgical improvement and/or failure.
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ABBRE VI ATIONS

AHI, apnea-hypopnea index
CPAP, continuous positive airway pressure
NREM, non-rapid eye movement
OSA, obstructive sleep apnea
PSG, polysomnography
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