UCLA
UCLA Previously Published Works

Title
Sex-related Differences in Loop Gain during High-Altitude Sleep-disordered Breathing.

Permalink

bttgs:ééescholarshiQ.orgéucgitem462w9fljg

Journal
Annals of the American Thoracic Society, 20(8)

Authors
Bird, Jordan
Sands, Scott
Alex, Raichel

Publication Date
2023-08-01

DOI
10.1513/AnnalsATS.202211-9180C

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/62w9f1jk
https://escholarship.org/uc/item/62w9f1jk#author
https://escholarship.org
http://www.cdlib.org/

‘ W) Check for updates

Sex-related Differences in Loop Gain during High-Altitude

Sleep-disordered Breathing

Jordan D. Bird", Scott A. Sands®, Raichel M. Alex®, Conan L. H. Shing', Brooke M. Shafer’,
Nicholas G. Jendzjowsky*, Richard J. A. Wilson®, Trevor A. Day?, and Glen E. Foster’

"Centre for Heart, Lung and Vascular Health, School of Health and Exercise Sciences, University of British Columbia, Kelowna, British
Columbia, Canada; “Faculty of Science and Technology, Department of Biology, Mount Royal University, Calgary, Alberta, Canada;
SDivision of Sleep Medicine, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts; “Respiratory
Medicine and Exercise Physiology, The Lundquist Institute for Biomedical Innovation, Harbor University of California Los

Angeles Medical Center, West Carson, California; and *Department of Physiology and Pharmacology, Hotchkiss Brain Institute and
Alberta Children’s Hospital Research Institute, Cumming School of Medicine, University of Calgary, Calgary, Alberta, Canada

ORCID IDs: 0000-0003-2548-6468 (J.D.B.); 0000-0003-3752-0328 (S.A.S.); 0000-0002-7544-5595 (R.M.A.); 0000-0001-6883-1298 (C.L.H.S.);
0000-0002-4342-1839 (N.G.J.); 0000-0001-7102-4235 (T.A.D.); 0000-0003-4110-9574 (G.E.F.).

Abstract

Rationale: Central sleep apnea (CSA) is pervasive during sleep
at high altitude, disproportionately impacting men and associated
with increased peripheral chemosensitivity.

Objectives: We aimed to assess whether biological sex affects
loop gain (LGn) and CSA severity during sleep over 9-10 days of
acclimatization to 3,800 m. We hypothesized that CSA severity
would worsen with acclimatization in men but not in women
because of greater increases in LGn in men.

Methods: Sleep studies were collected from 20 (12 male) healthy
participants at low altitude (1,130 m, baseline) and after ascent to
(nights 2/3, acute) and residence at high altitude (nights 9/10,
prolonged). CSA severity was quantified as the respiratory event
index (REI) as a surrogate of the apnea—hypopnea index. LGn, a
measure of ventilatory control instability, was quantified using a
ventilatory control model fit to nasal flow. Linear mixed models
evaluated effects of time at altitude and sex on respiratory event
index and LGn. Data are presented as contrast means with 95%
confidence intervals.

Results: REI was comparable between men and women at acute
altitude (4.1 [—9.3, 17.5] events/h; P=0.54) but significantly
greater in men at prolonged altitude (23.7 [10.3, 37.1] events/h;
P=0.0008). Men had greater LGn than did women for acute
(0.08 [0.001, 0.15]; P=0.047) and prolonged (0.17 [0.10, 0.25];

P < 0.0001) altitude. The change in REI per change in LGn was
significantly greater in men than in women (107 = 46 events/h/
LGn; P=0.02).

Conclusions: The LGn response to high altitude differed
between sexes and contributed to worsening of CSA over time in
men but not in women. This sex difference in acclimatization
appears to protect females from high altitude-related CSA.
These data provide fundamental sex-specific physiological
insight into high-altitude acclimatization in healthy individuals
and may help to inform sex differences in sleep-disordered
breathing pathogenesis in patients with cardiorespiratory
disease.
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ORIGINAL RESEARCH

Each year more than 100 million people
travel to high altitude for work or recreation
(1), many of whom have unknown (i.e.,
preclinical) or preexisting medical conditions
(2, 3). As the prevalence of cardiovascular
(2), respiratory (3, 4), and metabolic (5)
disease increases worldwide, so does the
likelihood of adverse events occurring at high
altitude, where human physiology is
challenged by the environment and physical
exertion. Medical emergencies in often
remote high-altitude regions are met with
barriers to prompt and optimal medical care.
To best inform high-altitude travelers on risk
management, it is necessary to fully
understand human responses after ascent
and acclimatization to high altitude.

Central sleep apnea (CSA) is ubiquitous
during sleep at high altitude, occurring in
>90% of otherwise healthy high-altitude
sojourners (6). High-altitude CSA is
considered to arise consequent to hypoxia-
induced augmentation of chemoreflex
sensitivity and is exacerbated with the
increased chemosensitivity that accompanies
ventilatory acclimatization (7). The resultant
ventilatory instability produces alternating
periods of apnea and hyperventilation during
sleep. Ventilatory instability can be
quantified using the engineering concept of
loop gain (LGn) (8). The LGn, or instability
of the ventilatory control system, is based on
three components: 1) controller gain, which
is the change in ventilation per change in
arterial carbon dioxide tension or arterial
oxygen tension as elicited by central and
peripheral chemoreflexes; 2) plant gain,
which is the change in arterial carbon
dioxide tension or arterial oxygen tension per
change in ventilation as achieved by alveolar
ventilation; and 3) the circulatory delay
between the lungs and central and peripheral
chemoreceptors (9, 10). Instability-induced
CSA can be due to changes in one or more of
these control system components (e.g.,
heightened controller gain arising from
ventilatory acclimatization to hypoxia)

(9, 11). There are multiple validated
techniques used to quantify LGn, with
larger LGn values denoting increasingly
unstable ventilatory control (12-14).

LGn in obstructive sleep apnea (OSA)
and Hunter-Cheyne-Stokes respiration are
well characterized (9); yet, the LGn and high-
altitude CSA literature is limited and
conflicting (10, 15, 16). The contrasting
relationship between LGn and
apnea-hypopnea index (AHI) at altitude
could be influenced by the altitude or time
spent at altitude and is further complicated
by sex differences in respiratory control. For
example, LGn is higher in men with OSA,
congestive heart failure, treatment-emergent
CSA, and non-rapid eye movement
dominant apnea (13, 17, 18). Furthermore,
the hypoxic ventilatory response (HVR; i.e.,
daytime controller gain) and AHI are greater
in men at acute high altitude (19-21). These
data suggest that larger HVRs lead to the
greater CSA found in men. However,
extrapolating these findings to prolonged
stays at altitude is challenging where
acclimatization alters peripheral
chemosensitivity (11), and it ignores other
LGn components (e.g., circulatory delay) that
contribute to CSA pathogenesis.

The aim of this study was to determine
how sex influences LGn and CSA during
sleep after acute exposure to high altitude
and after 9 days of acclimatization to 3,800
m. We hypothesized that at high altitude, the
severity of CSA would worsen over time in
men but not in women because of greater
increases in LGn in men during sleep.

Methods

Ethical Clearance

This study abided by the Canadian
Government Tri-Council policy on research
ethics with human participants and the
Declaration of Helsinki, except for
registration in a database. Ethical clearance
was received from the University of Calgary
Conjoint Human Research Ethics Board
(Protocol REB18-0374), the Mount Royal
University Human Research Ethics Board
(Protocol 101979), and the University of
British Columbia Clinical Ethics Board
(H19-01734). All participants provided
written informed consent.

Participants and Study Design
This study was part of a larger research
expedition to 3,800 m (White Mountains in
California) in August 2019 in which
participant demographics and
cardiorespiratory and sleep measurements
have been reported previously (22, 23). Eight
women and 13 men were recruited for the
present study. They had no medical history
of cardiopulmonary, neurological, or
metabolic disease. Participants were native
lowlanders who had not ascended to high
altitude in the past year and were not
receiving carbonic anhydrase inhibitors
(e.g., acetazolamide) or corticosteroids for
prevention or treatment of acute mountain
sickness (AMS). Inclusion in this study
required volunteers to be healthy men or
women older than 18 years of age who
planned to stay at the research station for 10
consecutive days. Participants were excluded
if they had a body mass index >35 kg/m” or
a history of smoking or were receiving
prescription medication other than birth
control. For logistical reasons, it was not
possible to align measurements with ovarian
phases. However, seven participating females
had hormonal intrauterine devices, and one
was not using any form of birth control.
Participants traveled from their
respective lowland locations to Calgary, AB,
Canada (1,130 m), where they underwent
baseline measurements (i.e., baseline) before
flying to Las Vegas, NV (610 m), where they
stayed for one night. The following morning,
participants ascended (~5-6 h) to the
Barcroft Field Station (White Mountains,
California; 3,800 m) by vehicle. Participants
resided at high altitude for 10 days, where
metrics of sleep-disordered breathing were
obtained on nights 2/3 (i.e., acute) and 9/10
(i.e., prolonged). Daytime ancillary data for
AMS scores (24) and partial pressure of end-
tidal carbon dioxide were also reported as
previously detailed (23).

Data Analysis

Portable monitors (ApneaLink Air,
Generation 3, ResMed) consisting of a nasal
cannula for airflow, thoracic strain gauge for
respiratory effort, and oxygen saturation as

Data Availability: The deidentified data that support the findings of this study are available from the corresponding author upon reasonable

request from a qualified researcher.
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measured by pulse oximetry were used to
collect cardiopulmonary data during sleep.
The first 30 minutes and last 5 minutes of
each recording were excluded from analysis,
and only recordings =90 minutes in
duration were included. Signals were
analyzed for events (e.g., apneas/hypopneas),
airflow shapes, and LGn using a custom
MATLAB (MathWorks) program as
previously described (13, 25). CSA severity
was determined from the respiratory event
index (REI) and the oxygen desaturation
index (ODI). REI was calculated as the
average number of apneas and hypopneas
per hour taken from the total recording time.
REI was used as a surrogate measure of AHI
and likely underestimates AHI because of the
inability to differentiate sleep versus
wakefulness states from the ApneaLink
device. Apneas (=90% reduction in peak
nasal pressure) and hypopneas

(=30% reduction in peak nasal pressure)
were required to be =6 seconds in duration
to account for increases in minute ventilation
and the shorter-duration apneas typical of
high altitude (5-15s) (11, 26-28).
Apneas/hypopneas were scored as central
events because mild OSA (~5 events/h) is
abolished and replaced by CSA at 3,840 m
(29). Event duration, cycle period, oxygen
saturation as measured by pulse oximetry
measures, hypoxic burden, and average
nadir delay were also collected and are
defined in the METHODS section of the data
supplement.

To determine the extent of airflow
obstruction throughout apneic events, flow
shape analysis was used to determine
flow:drive, a measure estimating the
percentage of airway patency (i.e., 100%
represents no airflow obstruction, and 0% is
complete obstruction) (25). Flow:drive before
each apneic event and during the most
obstructive part of each apnea was also
calculated as BaselineFlowDrive and
NadirFlowDrive, respectively. These indices
were then used to determine how much
worse obstruction became during each
apneic event, which is reported as
%AFlow:drive.

LGn was quantified during sleep using
an established method (13, 14, 30) adapted
for the ApneaLink device. Briefly, analysis of
nasal pressure airflow signal provided an
uncalibrated breath-by-breath ventilation
signal (volume X respiratory rate);
ventilation data were then used as the input
to a ventilatory control model whose
parameters (gain, response time constant,
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delay) were adjusted (least squares) such that
the output ventilatory drive signal best
matched future values of the ventilation
signal. In essence, LGn was varied such that a
ventilatory drive signal output from the
model best fit each ventilatory overshoot that
followed a prior hypopnea (input). The
following key modifications to the analysis
were made to suit the present study: 1) Data
were analyzed in 3-minute rather than
7-minute windows to improve model fit
quality (per preliminary visual inspection); 2)
all windows during sleep were analyzed
(regardless of the presence of scored events)
to minimize potential selection bias; and 3)
the ventilatory response to arousal was not
included in model fitting.

From each window, we calculated LGn
at the natural frequency with median values
reported for each nighttime study. LGn
captures the overall ventilatory control
instability and reflects the combined impact
of controller and plant gains and the
influence of circulatory delay (13). We also
calculated LGn magnitude variables, namely
LGn at 1 cycle/min (LG1), 2 cycles/min
(LG2), and 3 cycles/min (LG3) that describe
the ventilatory control sensitivity in the
absence of circulatory delays (13). LG1
closely resembles the cycling dynamics of
OSA (31), whereas LG2 (19, 32) and LG3
(8, 11) more closely relate to the cycling
dynamics of high-altitude CSA. In addition,
we quantified circulatory delay, which
represents the time delays due to blood
transport from the lungs to peripheral
chemoreceptors plus any chemoreflex
response latency.

Statistical Analysis

Statistical analyses were performed using the
R statistical language (R Foundation for
Statistical Computing). Data are presented as
the mean = standard deviation, and
contrasts are presented as mean with 95%
confidence interval. Statistical significance
was determined at P < 0.05. Participant
characteristics and AMS scores by sex were
compared using unpaired ¢ tests and
Wilcoxon signed-rank tests, respectively.
Linear mixed effects models were used to
determine changes in outcome parameters
with time at altitude (baseline, acute, and
prolonged exposure) and sex as fixed factors
and participant identifier as a random factor.
Where significant F-ratios were detected,
Tukey’s honestly significant difference post
hoc analysis was used to identify pairwise
differences. Additional mixed effects models

were conducted to determine the influence of
sex on the relationship between CSA severity
and LGn. Sex was a fixed factor, CSA metric
was a continuous predictor, and participant
identifier was a random factor.

Results

One male participant was excluded because
of severe OSA, leaving 8 women and 12 men
in the complete analysis. Demographic data
are presented in Table 1. AMS scores were
similar between men and women at high
altitude (P > 0.53). Daytime partial pressure
of end-tidal carbon dioxide was significantly
higher in men than in women at baseline
(3.1[0.3,5.9] mm Hg; P=0.03) and acute
altitude (3.8 [1.2, 6.4] mm Hg; P=0.006)
but not after prolonged altitude

(—0.1 [—2.7,2.5] mm Hg; P=0.95).

Ninety-second epoch nasal airflow and
thoracic excursion traces for two male and
two female subjects at prolonged altitude
(Night 9) at 3,800 m are presented in
Figure 1. Men experienced more obstructed
airflow than women did (—8.5% [—0.6%,
—16.3%]; P=0.03), but obstruction did not
increase at high altitude. Furthermore, the
change in obstruction during apnea was not
different for men compared with women
(7.8% [—4.5%, 20.1%]; P=0.18).
BaselineFlowDrive and NadirFlowDrive are
reported in Table E1 in the data supplement.

Metrics of sleep-disordered breathing
are reported in Table 2, with altitude-by-sex
interactions for REI (Figure 2A; P=0.008)
and ODI (P =0.005). REI was comparable
between men and women at baseline
(1.2 [—12.2, 14.6] events/h; P=0.86) and
acute altitude (4.1 [—9.3, 17.5] events/h;

P =0.54) but became significantly greater in
men at prolonged altitude (23.7 [10.3, 37.1]
events/h; P=0.0008). Women had similar
REI between acute and prolonged altitude
(—1.2[—15.9, 13.6] events/h; P=0.98),
whereas REI increased in men (18.4 [6.4,
30.5] events/h; P=0.002). The REI was
predominantly hypopneas, with hypopneas
making up >90% of REI events for all time
points in both sexes. Results for hypopneas
and ODI are reported in Table 1.

LGn metrics are reported in Table 2,
with altitude-by-sex interactions for LGn
(Figure 2C; P=0.02) and circulatory delay
(Figure 2B; P=0.03) and significant main
effects of altitude and sex for LG2
(Figure 2D; altitude, P < 0.0001; sex,
P=0.004). Baseline LGn (0.04 [—0.04, 0.11];

AnnalsATS Volume 20 Number 8 | August 2023
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Table 1. Participant characteristics

Characteristics Females Males P Value
n 8 12
Age, yr 28+8 31 =11 0.59
Height, m 1.66 +0.09 1.79 +0.08 0.003
Weight, kgz 63+8 83+12 0.001
BMI, kg/m 22.8+4.1 25.6+29 0.10
AMS score

Low altitude 0 [0] 0 [0] NS

High altitude — — —

Acute 1 [2.25] 2 [2.25] 0.53

Prolonged 0 [0] 0 [0] 0.78
Daytime PeTco, (Mm Hg)

Low altitude 34+3 38+3 0.02

High altitude — — —

Acute 29 + 3* 32+3 0.01

Prolonged 27+ 3 272 0.95

Definition of abbreviations: AMS = acute mountain sickness scale; BMI =body mass index;
P=probability of difference between male and female; Perco, = partial pressure of end-tidal
carbon dioxide.

Data are presented as mean = standard deviation. AMS scores are presented as median
[interquartile range]. P<0.05 compared with females.

*n=7.

P=0.33) was similar between men and was similar in women between acute and
women but was elevated in men with acute prolonged altitude (0.05 [—0.04, 0.14];

(0.08 [0.001, 0.15]; P=0.047) and prolonged P=0.40) but increased in men (0.15 [0.07,
(0.17 [0.10, 0.25]; P < 0.0001) altitude. LGn 0.22]; P < 0.0001). LG2 was elevated in men

(0.09 [0.03, 0.15]; P=0.005) compared with
women and was greatest at prolonged
altitude compared with baseline (0.16 [0.09,
0.23]; P < 0.0001) and acute altitude

(0.13 [0.06, 0.19]; P=0.0002). Circulatory
delay was similar between sexes at baseline
(0.3[—0.8, 1.5] s; P=0.56) and acute altitude
(0[—1.2,1.1] s; P=0.97) but was longer in
men at prolonged altitude (1.4 [0.3, 2.6] s;
P=0.02). Circulatory delays decreased with
high altitude (P < 0.0006), but there were no
differences from acute to prolonged altitude
in either men (0.6 [ 0.3, 1.5] s; P=0.26) or
women (—0.9 [—2.0,0.2] s; P=0.15).

LG1 and LG3 differences were generally
similar to LG2 results and are reported in
Table E1.

Figure 3 depicts individual data points
and the linear mixed effects models that
describe the association between REI/ODI
and LGn across sex. The relationship
between REI/ODI and LGn was significantly
different across sex. In men but not women,
heightened LGn was associated with greater
REIL There was no association between
REI/ODI and circulatory delay (P> 0.19;
data not shown).

A 42 yrold Female, 24.9 kg-m'2 B 25 yrold Male, 26.5 kg-m'2

Flow
Flow

Thorax
Thorax

O

40 yr old Female, 31.7 kg-m'2 D 47 yr old Male, 28.1 kg-m'2

Flow
Flow

Thorax
Thorax

Figure 1. Ninety-second epoch representative tracings for nasal airflow and thoracic excursions in two female (A and C) and two male (B and D)

participants on night 9 at 3,800 m.
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Table 2. Sleep study, central sleep apnea, and loop gain measurements made at low altitude and at acute and prolonged high
altitude in females and males

Sex P Value
Variable Altitude Female Male Sex Altitude X

Total recording time, min Baseline, 1,130 m 389 + 59 399 +70 0.32 0.0002 0.29
Acute, 3,800 m 401 =45 404 = 39
Prolonged, 3,800 m*T 364 + 63 319+ 68

REI, events/h Baseline, 1,130 m 57+23 6.9+45 0.05 0.003 0.008
Acute, 3,800 m 8.9+84 13+14.2
Prolonged, 3,800 m 7.7%4.0 31.4+27.8*

Hypopneas, events/h Baseline, 1,130 m 52+24 6.4+t4.4 0.05 0.002 0.007
Acute, 3,800 m 8.4+8.0 11.9+124
Prolonged, 3,800 m 7.5+4.1 28.5 +23.9*#

ODlI, events/h Baseline, 1,130 m 5+3 7+5 0.04 <0.0001 0.005
Acute, 3,800 m 20*+12 28 = 19*
Prolonged, 3,800 m 22+ 9* 52 + 32+1*

Flow:drive, % Baseline, 1,130 m 89+5 78 =11 0.03 0.41 0.27
Acute, 3,800 m 888 8110
Prolonged, 3,800 m 86 +13 79+6

%AFlow:drive, % Baseline, 1,130 m 24 +178 28+8 0.18 0.07 0.54
Acute, 3,800 m 23+ 21 3317
Prolonged, 3,800 m 29 + 21 40 +10

Cycle period, s Baseline, 1,130 m 42 4 43 +5 0.68 <0.0001 0.002
Acute, 3,800 m 34 +8* 29 + 5%
Prolonged, 3,800 m 29 + 4+t 313

Loop gain Baseline, 1,130 m 0.36 £0.05 0.39 +£0.06 0.0006 0.0005 0.02

Ventilatory instability (LGn) Acute, 3,800 m 0.31 £0.04 0.39 +0.07¢
Prolonged, 3,800 m 0.36 +0.07 0.53 +0.14*T#

Ventilatory sensitivity (LG2) Baseline, 1,130 m 0.25+0.04 0.27 +£0.04 0.004 <0.0001 0.07
Acute, 3,800 m 0.25+0.05 0.35+0.11
Prolonged, 3,800 m*T 0.35+0.10 0.50 +£0.15

Circulatory delay, s Baseline, 1,130 m 111=141 11.4=11 0.20 <0.0001 0.03
Acute, 3,800 m 9.2+22* 9.2+0.7"
Prolonged, 3,800 m 8.3+1.3 9.8+1.0™

Definition of abbreviations: %AFlow:drive = noninvasive quantification of how the severity of airflow obstruction changes during an apnea using
airflow shape analyses; Flow:drive = noninvasive quantification of the severity of airflow obstruction using airflow shape analyses; LG2 =loop gain
at 2 cycles/min; ODI = oxygen desaturation index, >3% desaturation events; P= probability of difference between male and female;

REI =respiratory event index, >6 seconds and >3% desaturation events; X=interaction effect of sex and altitude.

Data are presented as mean = standard deviation.

*P<0.05 compared with baseline.

TP < 0.05 compared with acute.

*P<0.05 compared with female.

Sh=7.

Discussion During acclimatization to high altitude,
men increased LGn and CSA severity,
whereas women did not (Figure 2). Although
sex differences in high-altitude CSA are not

new (19-21, 28, 33), our research combines

sexes at prolonged altitude emulated
previous work (19). It is also worth

noting that the absence of sleep
electroencephalograms likely contributed to
the reduced quantification of CSA because

The principal findings were 1) LGn and CSA
severity substantially increased in men, but
not in women, over 9 days of acclimatization

to high altitude; 2) heightened LGn in men
was associated with CSA severity and CSA-
related hypoxemia; and 3) circulatory delay
was less in women than in men at prolonged
altitude, which may offset the heightened
controller gain in men and protect against
ventilatory instability at high altitude. Our
findings highlight distinct influences of sex
on LGn at high altitude with acclimatization
and may provide fundamental sex-specific
physiological insight into sleep-disordered
breathing pathogenesis for patients with
cardiorespiratory disease.

1196

measures of LGn with CSA severity during
acclimatization at 3,800 m. After acute
exposure to 3,800 m, increased CSA severity
was modest and did not differ between sexes.
In contrast, previous studies have found
greater AHI in men acutely at 4,559 m (20)
and greater AHI and ODI in men both
acutely and after prolonged exposure to
5,400 m (19). Comparatively, our altitude
was lower, likely accounting for the relatively
small increase in CSA severity that did not
differ between sexes acutely. Notably, the
dichotomy of CSA severity observed between

sleep is often more fragmented at altitude
(34, 35); thus, using REI instead of AHI
underrepresents CSA severity. For LGn, sex
differences have not been explored during
high-altitude acclimatization. We present the
novel finding that LGn did not change in
women with altitude but progressively
increased in men over time. Our findings are
in alignment with prior studies that have
assessed LGn in hypobaric/normobaric
hypoxia. One study found that LGn
increased from days 2-4 to days 12-14 at
5,050 m (10), whereas two other studies only

AnnalsATS Volume 20 Number 8 | August 2023
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Figure 2. Central sleep apnea (A) and loop gain (B-D) measurements during low-altitude baseline (1,130 m) and acute (nights 2/3) and
prolonged (nights 9/10) exposure to 3,800 m. *P<0.05 compared with females. TP<0.05 compared with baseline. ¥P< 0.05 compared with
acute. Presented as mean =+ standard deviation. REIl =respiratory event index, >6 seconds and >3% desaturation events.

assessed LGn on the first night at 2,020 m
(16) and simulated 3,400 m (15). However,
the relationship between LGn and CSA
severity is conflicting. LGn was poorly
correlated with increased AHI at 5,050 m

(8 males/4 females; > = 0.11; P < 0.05) (10)
but correlated with central apneas at 2,020 m
(7 males; r* = 0.84; P=0.004) (16) and with
AHI at simulated 3,400 m (14 males;
7*=0.86; P < 0.001) (15). Furthermore, HVR
has correlated with AHI acutely but not with
prolonged altitude (10, 11, 36). Thus, our
data in men agree with previous prolonged
altitude work in which peripheral
chemosensitivity was the major driver of
increases in LGn (10). In addition, these

results support CSA being a function of LGn,
with the added novelty of women having
inherently attenuated ventilatory instability
compared with men at high altitude. This
implies that male-related risk of ventilatory
instability is present in healthy individuals
and helps to explain why prior studies in
OSA and congestive heart failure found
higher LGn than in women resulting from
augmented controller gain and longer
circulatory delays (26).

Men are anatomically more susceptible
to upper airway obstruction leading to
sleep-disordered breathing (26). Our results
demonstrate that men experienced more
obstructed airflow than did women but that

Bird, Sands, Alex, et al.: Loop Gain and Sleep Apnea at Altitude

obstruction was not exacerbated at high
altitude (26). This aligns with previous work
in which sleep-disordered breathing at high
altitude was predominantly central in
nature as chemical stimuli dominate over
airflow obstruction (29, 37). For our central
events, however, there did seem to be
morphological differences in central
hypopneas (Figure 1) where female subjects
had a gradual waxing-and-waning pattern
of nasal flow and thoracic effort, whereas
men followed a more polarized oscillation
between hypopnea and hyperventilation.
These morphological differences in

which female subjects are better protected
from sleep-disordered breathing may
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Figure 3. Linear mixed models for the relationship between central sleep apnea severity and LGn. Within-subject individual data with group
linear mixed effects models by sex for respiratory event index, >6 seconds and >3% desaturation events (REI) (A) and oxygen desaturation
index, >3% desaturation events (ODI) (C). Individual data points correspond to measurements taken at baseline, acute altitude, or prolonged
altitude. Lines fit to individual subject data and group data for REI (B) and ODI (D). LGn =loop gain at natural frequency.

help inform our understanding of sex
differences in hypopneas for individuals
with cardiorespiratory disease.

How women maintained better
breathing stability with acute and prolonged
high-altitude exposure compared with men
is unknown. Our results suggest that
smaller increases in LGn and maintained
reduction in circulatory delay may be
contributing factors. Heightened controller
gain is known to primarily drive LGn for
hypoxia-induced CSA (9, 11), and previous
work has linked greater HVRs in men to
larger AHIs (20). This led to the concept
that these differences in CSA are
hormonally mediated because testosterone
upregulates the HVR (20, 38). Previous
investigations report similar HVRs between
sexes at 2,100 m and after 6-7 days at 4,350
m (39); however, progesterone acts as a
respiratory stimulant and thus could
potentially offset observed sex differences
(38). Reconciling these discrepant
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findings is difficult because ovarian phase,
methodological differences in HVR
assessment, and/or length of stay at altitude
could influence results.

The elevated controller gain previously
observed in women may be partially offset by
shorter circulatory delays at prolonged
altitude (9, 33), leading to relatively small and
nonsignificant increases in LGn. Lombardi
and colleagues proposed hormonal
mediation of CSA severity because estrogen
and testosterone increase and decrease
cerebral blood flow (CBF), respectively (19).
With LGn (Figure 3) and CBF (36, 40)
relating to AHI/REI, hormonal influences
could alter circulatory delay and stabilize
ventilatory control in women, although this
is unlikely, given similar delays between men
and women at acute altitude. Hematological
differences, however, may play a role (41).
Cardiac output is augmented with acute
hypoxia (28, 33, 42), thus lowering
circulatory delays (9), but reduced blood

volume and hypoxic pulmonary
vasoconstriction with prolonged hypoxic
exposures lower stroke volume, thereby
decreasing cardiac output and CBF over time
at altitude (36, 42). This would account for
the circulatory delay response in men with
altitude (Figure 2B), but why women
decreased their circulatory delay at
prolonged altitude remains unclear.
Although speculative, hemoconcentration,
blood volume, and cardiac output may
underpin this divergence in circulatory
delays at prolonged altitude (33); however,
potential sex-related cardiovascular
differences, particularly in women, remain
understudied (42).

Methodological Considerations

Sex hormones were not controlled for,
despite known respiratory influences (38).
Feasibility precluded studying women in a
chosen ovarian phase because the research
expedition involved synchronized group
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ascent and residence. Notably, ovarian cycle
phase does not correlate with CSA (19) or
significantly interfere with chemoreflex
activity (20). Notwithstanding these
considerations, sex differences in LGn were
highly significant and are unlikely
underpinned by variations in cycling female
sex hormones. Next, electroencephalograms
were not collected, and sleep staging was not
performed. Monitoring was kept minimal
because our primary outcome of LGn can be
quantified from minimal instrumentation
(14). Furthermore, we wished to maximize
the number of participants studied on a
single night to reduce variability during
acclimatization, and full polysomnography
would hinder this goal. Polysomnography
would have allowed measurement of sleep
time instead of monitoring time for
quantification of AHI instead of REI, with
arousals likely causing these values to diverge

with initial altitude exposure (34) but to
converge at prolonged altitude (21, 35). To
what extent arousals increase (34) or are
similar to low-altitude levels after a night at
altitude (21, 28, 35, 43) is equivocal. As a
result, there may be inaccuracies in the
measurement of REI and ODI, which are
calculated on the basis of recording time
rather than sleep time. Last, we cannot
exclude the possibility that the lack of
between-sex differences in some metrics may
be due to data variability and the relatively
small sample size of our study. Our sample
size was limited by the number of recording
monitors available and the number of
participants who could be accommodated at
the Barcroft Field Station.

Conclusions
Male and female subjects have differing
LGn responses to high altitude whereby

healthy men, but not healthy women,
acclimatized to altitude-related hypoxia
with a marked increase in LGn that
manifested as an increase in CSA severity
and CSA-related hypoxemia over time. Such
sex differences were not detectable at sea
level and were subtle upon acute ascent to
3,800 m. Our data indicate that women are
protected from developing CSA by avoiding
acclimatization-related increases in
ventilatory sensitivity and by reducing their
circulatory delays. Together these findings
highlight the physiologically distinct
pathogenesis of sleep-related breathing
disorders between men and women

and provide evidence of fundamental

sex differences in high-altitude
acclimatization. M

Author disclosures are available with the
text of this article at www.atsjournals.org.
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