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Abstract

With ascent to high altitude (HA), compensatory increases in cerebral blood flow and oxygen delivery must occur to preserve
cerebral metabolism and consciousness. We hypothesized that this compensation in cerebral blood flow and oxygen delivery
preserves tolerance to simulated hemorrhage (via lower body negative pressure, LBNP), such that tolerance is similar during
sustained exposure to HA vs. low altitude (LA). Healthy humans (4F/4 M) participated in LBNP protocols to presyncope
at LA (1130 m) and 5-7 days following ascent to HA (3800 m). Internal carotid artery (ICA) blood flow, cerebral delivery
of oxygen (CDO,) through the ICA, and cerebral tissue oxygen saturation (ScO,) were determined. LBNP tolerance was
similar between conditions (LA: 1276 +304 s vs. HA: 1208 +306 s; P=0.58). Overall, ICA blood flow and CDO, were
elevated at HA vs. LA (P <0.01) and decreased with LBNP under both conditions (P <0.0001), but there was no effect of
altitude on ScO, responses (P=0.59). Thus, sustained exposure to hypobaric hypoxia did not negatively impact tolerance
to simulated hemorrhage. These data demonstrate the robustness of compensatory physiological mechanisms that preserve
human cerebral blood flow and oxygen delivery during sustained hypoxia, ensuring cerebral tissue metabolism and neuronal
function is maintained.

Keywords Hypoxia - Central hypovolemia - Cerebral blood velocity - Lower body negative pressure - Internal carotid
artery blood flow

Introduction
Communicated by Guido Ferretti.

Trauma-induced hemorrhage can occur at high altitude
(HA) from a variety of causes, including battlefield inju-
ries, motorized vehicle accidents, air accidents, major falls,
and avalanches if victims hit solid objects such as trees and
rocks (Aguiar et al. 2017; Sheets et al. 2018; Boyd et al.
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2009). Acute exposure to hypoxia reduces arterial oxygen
content, resulting in compensatory increases in sympathetic
activity (Weisbrod et al. 2001; Wilkins et al. 2008, 2006;
Barioni et al. 2022), heart rate (Naeije et al. 1982; Richard-
son et al. 1967; van Helmond et al. 2018; Weisbrod et al.
2001; Wilkins et al. 2008, 2006), cardiac output (Naeije
et al. 1982; Richardson et al. 1967; van Helmond et al.
2018), and hemoglobin concentration (via plasma volume
contraction) (Siebenmann et al. 2015), and decreases in
systemic vascular resistance (SVR; i.e., hypoxic vasodila-
tion) (Naeije et al. 1982; Richardson et al. 1967; Rowell
and Blackmon 1986; van Helmond et al. 2018; Weisbrod
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et al. 2001; Wilkins et al. 2008, 2006) to maintain adequate
oxygen delivery to the tissues. The combined reduction in
blood flow due to blood loss and decreased arterial oxygen
content due to both blood loss and the hypoxic environ-
ment of HA, will ultimately limit oxygen delivery to vital
organs and tissues, including the brain. Zhao et al. reported
reduced survival (10% vs. 40%) and increased severity of
organ injury following uncontrolled blood loss under acute
hypobaric hypoxia conditions (atmospheric partial pressure
of oxygen of 100 mmHg, ~4000 m) in a rodent model (Zhao
et al. 2018). However, in humans, the effect of sustained
hypoxia on tolerance to hemorrhage, and the cardiovascular
and cerebrovascular responses to this stress are less clear.

Lower body negative pressure (LBNP) is a method used
to induce central hypovolemia and simulate hemorrhage in
heathy humans. LBNP has been validated against actual
blood loss in humans (Johnson et al. 2014; Rickards et al.
2015) and non-human primates (Hinojosa-Laborde et al.
2014), and has been shown to induce similar cardiovascular
responses. Investigators have assessed the cardiovascular
responses to the combined effects of submaximal LBNP
and acute normobaric hypoxia, and have demonstrated
greater reductions in arterial pressure (Heistad and Wheeler
1970; van Helmond et al. 2018) and blunted compensa-
tory increases in forearm vascular resistance (Heistad and
Wheeler 1970; Rowell and Seals 1990) compared to nor-
moxia (i.e., breathing room air). These data suggest that tol-
erance to simulated hemorrhage via LBNP may be reduced
with exposure to acute hypoxia, although this question has
not been directly assessed.

Another important consideration is the cerebrovascular
responses that occur with exposure to hypoxia, and how
these responses may impact tolerance to hemorrhage at HA.
With acute inhalation of hypoxic gas mixtures (normobaric
hypoxia), and during early stages of ascent to HA (hypobaric
hypoxia), the cerebral vasculature dilates, reducing cerebral
vascular resistance, and subsequently increasing cerebral
blood flow (Ainslie et al. 2014; Kety and Schmidt 1948;
Lafave et al. 2019; Willie et al. 2014). Several investiga-
tors have also measured cerebral blood flow over the course
of acclimatization to HA (Severinghaus et al. 1966; Huang
et al. 1987; Jensen et al. 1990; Lucas et al. 2011; Rupp et al.
2014; Willie et al. 2014). Severinghaus et al. (1966) were
the first to report a~24% increase in cerebral blood flow in
humans on arrival at high altitude (6—12 h at 3810 m com-
pared with sea level), and by days 3-5 cerebral blood flow
was 13% higher than sea level (Severinghaus et al. 1966).
Subsequent studies have demonstrated that cerebral blood
flow reaches a peak about 2-3 days after arrival at HA and
returns to sea-level values within ~ 1-3 weeks of HA expo-
sure (Huang et al. 1987; Jensen et al. 1990; Lucas et al. 2011;
Rupp et al. 2014). Importantly, cerebral oxygen delivery
(CDO,) is well maintained throughout acclimatization due
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to the initial increases in cerebral blood flow, which compen-
sate for the reduced arterial oxygen content. This is followed
by increases in hemoglobin concentration via plasma volume
contraction in the first few days, then an increase in total red
blood cell volume (and increased hemoglobin mass), which
increases oxygen carrying capacity with chronic HA expo-
sure (weeks to months) (Siebenmann et al. 2017; Sieben-
mann et al. 2015). Based on these compensatory increases
in cerebral blood flow that occur within the first week of
exposure to HA-induced hypoxia, we hypothesized that tol-
erance to simulated hemorrhage (via application of LBNP)
at HA would be similar to low altitude (LA) due to increased
cerebral blood flow and oxygen delivery, and the subsequent
preservation of cerebral tissue oxygenation.

Methods
Ethical approval

This study was part of a large multi-institutional high alti-
tude research expedition to the Barcroft Research Labora-
tory (3800 m) in the White Mountains, California, USA in
August 2019. The study abided by the Canadian Government
Tri-Council policy on research ethics with humans. Ethi-
cal approval for all experimental protocols and procedures
were approved through the University of Calgary Conjoint
Human Research Ethics Board (#REB18-0374), the Mount
Royal University Human Research Ethics Board (Protocol
101,879), and the North Texas Regional Institutional Review
Board (IRB #2019-110 and IRB #2021-057) in accordance
with the standards set forth in the Declaration of Helsinki,
except for being registered in a database. All participants
provided informed written and verbal consent prior to vol-
untary participation in the study.

Experimental design

Baseline testing was conducted at LA in Calgary, Alberta,
Canada (1130 m). Participants then flew to Las Vegas,
Nevada, USA (620 m) where they stayed for one night prior
to rapid ascent by road (over 5—6 h) to HA at the Barcroft
Research Laboratory. Participants resided at 3800 m for
10 days with the experimental testing taking place for this
study on days 5-7. Data from the HA experiment (LBNP
up to — 60 mmHg) have been reported in a related, but inde-
pendent publication (Anderson et al. 2021), and the study
outlined here is distinct and was planned a priori.

Participants

Participants were recruited from the research team, and they
participated in multiple studies conducted during baseline
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testing in Calgary and during the 10 days at the Barcroft
Research Laboratory. Prior to participation in this study,
all participants lived at or below an altitude of 1130 m,
and had not traveled to HA within the 6 months before the
study. Eight healthy adults participated in two experimental
study visits (one at LA and one at HA). All participants
were non-smokers and free from known cardiovascular,
respiratory, metabolic, or inflammatory diseases. Female
participants underwent a urine pregnancy test immediately
prior to each experimental session to confirm they were not
pregnant. Menstrual cycle stage was not controlled due to
the logistical constraints of an expedition study. Of the 4
female participants, 1 was taking oral contraceptives, and 3
were using intrauterine devices. All participants abstained
from alcohol, caffeine, prescription and non-prescription
drugs, herbal medications, and exercise for the 12-h before
each experimental study visit. Experiments were performed
throughout the day (approximately 7am—7 pm), but the two
experimental sessions were performed at approximately the
same time of day for each individual participant (i.e., always
the morning or afternoon, within approximately 2 h of the
previous experiment).

Instrumentation

Participants were positioned supine inside a LBNP chamber,
straddling a bicycle seat, and with their waist (at the iliac
crest) in line with the opening of the chamber. An airtight
seal around the waist was achieved with heavy-duty plastic,
and a neoprene band. All participants were instrumented
for continuous measurement of heart rate (HR) via a stand-
ard lead I ECG configuration (shielded leads, cable, and
amplifier, AD Instruments, Bella Vista, NSW, Australia),
and beat-to-beat arterial pressure and stroke volume (SV) via
finger photoplethysmography (Finometer, Finapres Medi-
cal Systems, Amsterdam, The Netherlands). Aortic diameter
was measured using B-mode Doppler ultrasound (2-5 MHz
5C2 probe; Terason 3300, Teratech, Burlington, MA, USA)
to correct the ModelFlow® SV measurements obtained from
the Finometer. An oral- nasal cannula was placed in the nose
and over the mouth for breath-by-breath measurement of
respiration rate, partial pressure of end tidal CO, (PCO,),
and partial pressure of end tidal O, (Pg;O,) (ML206 Gas
Analyzer, AD Instruments, Bella Vista, NSW, Australia).
Cerebral blood velocity was recorded from a middle cerebral
artery (MCAv) via transcranial Doppler ultrasound (2-MHz
probe; ST3, Spencer Technologies, Seattle, WA). Interpre-
tation of transcranial Doppler ultrasound measurements of
cerebral blood velocity as an index of blood flow are lim-
ited by the assumption that the insonated cerebral vessel
diameter remains constant. Accordingly, measurement of
blood flow through the internal carotid artery (ICA) was
also assessed (i.e., diameter and velocity). Duplex Doppler

ultrasound (4-15 MHz 15L4 probe; Terason 3300, Teratech,
Burlington, MA, USA) was used to measure ICA diameter
and velocity continuously. Video recordings of the ultra-
sound measures were made using screen recording software
(Camtasia, Techsmith Corp, MI, USA) and stored as AVI
files for later analysis (see data analysis section for details).
Oxy-hemoglobin, deoxy-hemoglobin, total hemoglobin con-
centration (THC; oxy-hemoglobin + deoxy-hemoglobin),
and cerebral tissue oxygen saturation (ScO,; (oxy-hemo-
globin/THC)*100) were measured or calculated from the
frontal cortex via near infrared spectroscopy (OxiplexTS,
ISS, Champaign-Urbana, IL). The MCAv, ICA blood flow,
and cerebral oxygenation measurements were recorded from
the right side of the head in all participants except for one,
in whom the MCAv was measured on the left side of the
head. Muscle tissue oxygen saturation (SmO,) was obtained
from the flexor carpi ulnaris muscle of the forearm via near
infrared spectroscopy (OxiplexTS, ISS, Champaign-Urbana,
IL). Arterial oxygen saturation (SpO,) was monitored con-
tinuously via pulse oximetry (Nonin Onyx Vantage or Nonin
7500 FO, Nonin Medical Inc, MN, USA). Overnight, fasted
finger capillary blood samples were collected on the morn-
ing of each experiment and were analyzed immediately for
assessment of hemoglobin concentration ([Hb]) via a hemo-
globinometer (Hemocue Hemoglobin System, Hb201 + with
microcuvettes; Angelholm, Sweden).

Protocol

Each participant completed a maximal LBNP test (i.e.,
to presyncope) at LA and HA. The protocol consisted
of a 5-min baseline period, then application of LBNP to
— 60 mmHg for 10-min, followed by decreases in chamber
pressure every 5-min to — 70, — 80, — 90 and — 100 mmHg
(Fig. 1A), or until the onset of specific termination crite-
ria: (1) instantaneous systolic arterial pressure (SAP) below
80 mmHg; (2) sudden relative bradycardia, and/or; (3) vol-
untary termination due to subjective presyncopal symptoms
such as gray-out, nausea, sweating, dizziness, blurred vision,
or general discomfort (Kay and Rickards 2016; Kay et al.
2017). The chamber pressure was released immediately at
the onset of one of these criteria, or upon reaching the end
of 5-min at — 100 mmHg LBNP. Participants remained in the
LBNP chamber for a 10-min recovery period.

Data analysis

Tolerance to LBNP was assessed by the total time to presyn-
cope (in seconds). All continuous waveform data (e.g., ECG,
arterial pressure, SV, MCAv, ScO,, SmO,, PgrCO, PgO,)
were collected at 1000 Hz (LabChart, AD Instruments, Bella
Vista, NSW, Australia) and analyzed offline via specialized
software (WinCPRS, Absolute Aliens, Turku, Finland).
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Fig.1 Lower body negative pressure (LBNP) protocol (Panel A),
consisting of a 5-min baseline period, then application of LBNP to
— 60 mmHg for 10-min, followed by decreases in chamber pressure
every 5-min to — 70, — 80, — 90 and — 100 mmHg, until pre-syncope.
Tolerance time (in seconds; Panel B) to lower body negative pres-
sure (LBNP) at low altitude (LA) and at high altitude (HA) in 8 par-
ticipants. Stroke volume (SV; Panel C) was higher at HA (dashed
line, open circles) compared with LA (solid line, closed circles),

R-waves from the ECG signal were detected to determine
the time intervals of each cardiac cycle. Beat-to-beat SAP
and diastolic arterial pressures (DAP) were then detected
from the continuous arterial pressure tracings. Systolic and
diastolic cerebral blood velocities were also detected and
marked from the continuous MCAv tracings. Mean arterial
pressure (MAP) and mean MCAv were automatically cal-
culated as the area under the arterial pressure and cerebral
blood velocity waveforms via the WinCPRS software. The
final 1-min of the baseline period and the 1-min prior to
presyncope (PS-1) were averaged for all time domain vari-
ables. Data for each participant were only included in the
final analysis if they reached objective presyncopal crite-
ria during PS-1 (defined as mean SAP < 100 mmHg for the
1-min prior to presyncope, and/or minimum instantaneous
SAP <90 mmHg within the 1-min prior to presyncope, and/
or bradycardia > 10 bpm within the 1-min prior to presyn-
cope) as we have previously reported (Kay and Rickards
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but decreased by a similar magnitude at both altitudes (Panel D).
Mean + SD and/or individual participant data (circles) are presented.
*Denotes difference from baseline, P<0.001. "Denotes difference
between LA and HA, P<0.06. A two-factor (time, altitude) linear
mixed model analysis with Holm-corrected post hoc tests run on the
least squared means (data in Panel C), and paired #-tests (data in Pan-
els B and D) were used for analysis

2016; Kay et al. 2017). All participants met these criteria,
so were included in the analysis.

Oscillatory patterns of MAP and mean MCAv were deter-
mined via power spectral analysis. Data was made equidis-
tant by interpolating linearly and resampling at 5 Hz, then
passed through a low-pass filter with a cutoff frequency of
0.5 Hz. Five-minute data bins were fast Fourier transformed
to obtain power spectra and are expressed as the integrated
area within the very low frequency (VLF, 0.02-0.07 Hz)
and low frequency (LF, 0.07-0.15 Hz) ranges. Coherence
between MAP and mean MCAv in the VLF and LF ranges
were calculated by dividing the squared cross-spectral den-
sities of the two signals by the product of the individual
autospectra. Transfer function phase and gain between MAP
and mean MCAv were calculated only when coherence val-
ues were >0.5. The final 5-min of the baseline period and
the 5-min prior to presyncope (PS-5) were averaged for all
frequency domain variables.



European Journal of Applied Physiology (2024) 124:2365-2378

2369

Calculations

Cardiac output was calculated as the product of SV and HR;
SVR was calculated as MAP divided by cardiac output.
Simultaneous diameter and peak envelope blood velocity
measurements from the ICA were obtained using special-
ized wall tracking software (Woodman et al. 2001). Mean
blood velocity of the ICA was calculated as peak envelope
blood velocity divided by 2 (Evans 1985). A minimum of 10
consecutive cardiac cycles were used to obtain ICA blood
velocity and diameter during the last 5-min of each LBNP
protocol stage, as per published guidelines (Thomas et al.
2015). These data were then used to calculate ICA blood
flow using the following equation:
diameter > peakvelocity

ICA Blood Flow = n( > ) % ( > ) * 60

Arterial oxygen content (C,0,) was calculated by the fol-
lowing equation :

SpO,(%)

CaO, = [Hb] % 1.36
a0, = [Hb] * * 100

+0.003 * Pg;0,
where [Hb] is the concentration of hemoglobin (g/dl), 1.36 is
the oxygen carrying capacity of hemoglobin (ml/g), SpO, is
an index of arterial oxygen saturation, 0.003 is the percent-
age of oxygen dissolved in the blood, and Pz;O, is used as a
surrogate for PaO, (Ainslie et al. 2014; Willie et al. 2012).
CDO, through the ICA was calculated from the following
equation:

CDO, = ICA Blood Flow % Ca0,/100 (Ainslie et al.
2014).

Statistical analysis

Time to presyncope and cardiovascular responses were
compared between the LA and HA conditions for all par-
ticipants. Absolute and percent change from baseline values
are reported for the key variables of interest. Differences
between altitude conditions at baseline, and all percent
change from baseline values during LBNP were assessed
using separate paired f-tests. Our primary outcome varia-
bles were assessed using a two-factor (LBNP stage, altitude)
linear mixed model analysis with repeated measures from
baseline to presyncope, followed by Holm corrected post-
hoc tests (JMP Pro 12, SAS Institute, Cary, NC). Effect size
statistics were also calculated (either partial eta-squared (n?)
or Cohen’s d). Exact P values are reported for all compari-
sons allowing the reader to make their own judgments and
interpretation of the results, rather than selecting an arbi-
trary threshold and the dichotomous use of the term “sig-
nificant” (Curran-Everett and Benos 2004; Curran-Everett

2020). Unless otherwise stated, all data are presented as
mean =+ standard deviation (SD).

Results

Eight healthy human participants (4 males, 4 females; age,
30+ 8 y; height, 173 + 14 cm; weight, 74 + 15 kg) completed
the LBNP protocols to presyncope at LA and HA.

LBNP tolerance time

In all 16 LBNP experiments, participants reached objective
presyncopal endpoints (defined as mean SAP <100 mmHg
for the 1-min prior to presyncope, and/or minimum instan-
taneous SAP <90 mmHg within the 1-min prior to presyn-
cope, and/or bradycardia > 10 bpm within the 1-min prior
to presyncope) as we have previously reported (Kay and
Rickards 2016; Kay et al. 2017). As we hypothesized, LBNP
tolerance time (assessed as time to presyncope) was similar
between conditions (LA: 1276 +304 s vs. HA: 1208 +306 s,
P=0.58; Fig. 1B). The average maximal LBNP at presyn-
cope was 78 + 10 mmHg at LA and 75+ 12 mmHg at HA
(P=0.56).

Central hemodynamic responses to presyncopal
LBNP at LA and HA

Baseline hemodynamics are compared between altitude
conditions in Table 1. Baseline heart rate, ICA blood flow,
and Hb concentration were higher, while SV and SpO, were
lower at HA compared with LA (P <0.05; Table 1). Central
hemodynamic responses to LBNP are presented in Table 2,

Table 1 Baseline characteristics at low (1,130 m) and high (3,800 m)
altitude

Low Altitude High Altitude P-Value

HR, beats/min 63.7+11.6  79.9+11.9 0.0005
MAP, mmHg 94.0+8.1 96.8 £10.5 0.19
SV, ml 98.2+16.8  82.7+18.6 0.04
Cardiac Output, I/min 6.2+1.0 6.5+1.1 0.35
Mean MCAv, cm/s (n=7)  53.3+8.3 55.0+9.4 0.56
ICA Blood Flow, ml/min  263.3+68.3 325.3+126.5 0.05
ScO,, % (n=7) 64.8+3.4 66.1+3.5 0.50
SmO,, % (n=6) 70.3+8.3 75.0£8.1 0.30
SpO,, % 98.1+1.2 91.1+£2.3 <0.0001
Hemoglobin, g/dl 148+13 162+14 0.04

Data are mean +SD

HR heart rate; MAP mean arterial pressure; SV stroke volume; MCAv
middle cerebral artery velocity; /CA internal carotid artery; ScO, cer-
ebral oxygen saturation; SmO, muscle oxygen saturation; SpO, arte-
rial oxygen saturation
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Table 2 Central hemodynamic responses at high altitude (HA) and low altitude (LA) during lower body negative pressure (LBNP) protocols to

presyncope
LBNP Stage P-Values Effect Size (partial n%) % Change
0 PS 1-min LBNP Altitude Interaction PS 1-min P-Value
(Cohen’s
d)
HR, beats/min
LA 63.7+11.6 F 107.8+£26.5 *F <0.0001 <0.001 0.43 69.4+33.3 0.71
HA 79.9+11.9 131.0+£21.5 * (0.85) (0.49) (0.03) 65.2+233  (0.14)
Cardiac output, I/min
LA 62+1.0 43+0.8* <0.0001 0.71 0.38 -30.0+13.0 0.12
HA 6.5+1.1 4.1+1.2%* 0.77) 0.01) (0.04) -36.1+14.7 (044
MAP, mmHg
LA 94.0+8.1 78.9+9.8 * <0.0001 0.07 0.99 -162+5.7 0.85
HA 96.8+10.5 81.8+10.4 * (0.83) (0.15) (0.00001) -15.5+59 (0.12)
SVR, mmHg/l/min
LA 15.6+2.5 19.2+49 * <0.0001 0.33 0.29 23.4+24.5 0.21
HA 15.5+3.8 21.3+6.2% 0.52) (0.05) (0.05) 384+332  (0.51)
SmO,, % (n=6)
LA 70.3+8.3 64.3+8.8 <0.01 0.36 0.39 -84+6.6 0.12
HA 75.0+8.1 64.5+103 * (0.40) (0.06) (0.05) -143+7.6 (0.82)
Muscle Oxyhemoglobin, uM
LA 52.8+174 % 473+15.1 F <0.01 <0.001 0.26 -10.1+£6.3 0.06
HA 68.7+15.2 57.0+135* 0.41) (0.60) (0.06) -172+64 (1.11)
Muscle Deoxyhemoglobin, pM
LA 21.4+6.5 255+7.7 0.03 0.10 0.35 209+21.1 0.15
HA 23.8+11.7 33.6+17.0 0.27) 0.17) (0.06) 40.0+23.1  (0.87)

Data are presented as absolute and relative means +SD. PS-1 time point refers to the 1-min prior to pre-syncope. A two-factor linear mixed
model analysis with repeated measures from baseline to presyncope was performed, followed by Holm-corrected post-hoc tests for multiple
comparisons (run on the least squared means generated by the linear mixed model analysis)

HA high altitude; LA low altitude; HR heart rate; SV stroke volume; MAP mean arterial pressure; SVR systemic vascular resistance; SmO, mus-

cle oxygen saturation

“P <0.05 compared to baseline within a group

TP <0.06 compared to baseline within a group. Group differences at presyncope were assessed using paired r-tests. Exact P values and effects

size statistics (partial n* and Cohen’s d) are reported for all comparisons

and Fig. 1 (Panels C and D). Higher heart rates at HA (alti-
tude effect, P<0.001) resulted in lower SV at baseline and
at presyncope compared with LA conditions (altitude effect,
P <0.01; Table 2). Consequently, there was no difference in
cardiac output between altitudes (altitude effect, P=0.71).
SV, MAP, and cardiac output decreased in response to LBNP
at both altitudes (LBNP effect, P <0.0001), with similar
relative responses at LA and HA (P >0.12; Fig. 1C and D;
Table 2). In response to these reductions in central blood
volume and arterial pressure with LBNP, HR increased at
both altitudes (LBNP effect, P <0.0001), with comparable
relative changes from baseline to PS-1 (P=0.71; Table 2).
Similarly, SVR increased with presyncopal LBNP at both
LA and HA (LBNP effect, P <0.0001; Table 2), with com-
parable relative changes from baseline to PS-1 (P=0.21;
Table 2). SmO, decreased with presyncopal LBNP at both
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LA and HA (LBNP effect, P<0.01), with no difference in
the relative changes from baseline to PS-1 between altitude
conditions (P=0.12; Table 2). Note that the SmO, data was
analyzed with only 6 participants due to loss of the signal
during data collection in two participants.

Cerebral hemodynamic and oxygenation responses
to LBNP at LA and HA

Cerebral hemodynamic and oxygenation responses to LBNP
are presented in Table 3, and Figs. 2 and 3. MCAv data were
analyzed from 7 participants, due to loss of the signal during
data collection in one participant. Mean MCAv decreased
from baseline with LBNP at both altitudes (LBNP effect,
P <0.0001), with no differences in either absolute (P=0.35)
or relative responses from baseline to PS-1 between altitude
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Table 3 Cerebral hemodynamic responses at high altitude (HA) and low altitude (LA) during lower body negative pressure (LBNP) protocols to

presyncope
LBNP Stage P-Values Effect Size (partial n?) % Change
0 PS 1-min LBNP Altitude Interaction ~ PS 1-min P-Value
(Cohen’s d)

Mean MCAv, cm/s (n=7)

LA 55.3+8.3 42.5+11.7 % <0.0001 0.35 0.88 -20.1+18.0 0.77

HA 55.0+9.4 44.8+10.6 * (0.58) (0.05) (0.001) -18.3+13.7 0.11)
ICA Diameter, mm

LA 5.67+0.11 5.53+0.10 0.06 0.27 0.99 -23+44 0.93

HA 5.74+0.11 5.60+0.12 (0.16) (0.06) (0.00001) -25+39 (0.04)
ICA Peak Velocity, cm/s

LA 355+7.6 23.7+8.0%* <0.0001 0.02 0.70 -33.5+16.0 0.79

HA 41.1+6.9 279+75% 0.67) 0.24) (0.007) -32.0+15.8 (0.01)
ICA Blood Flow, ml/min

LA 262.3+68.3 7 164.8+55.6 * <0.0001 0.01 0.47 -36.2+17.3 0.88

HA 325.3+126.5 201.3+71.1* (0.64) 0.27) (0.03) -355+14.3 (0.05)
Ca0O,, ml/d]

LA 20.0+1.5 199+1.6 0.23 0.09 0.15 -04x1.7 0.002

HA 20.1+1.3 21.0x1.6 0.07) 0.13) (0.10) 44+32 (1.89)
CDO,, ml/min

LA 52.5+145+%  32.6+10.5 *f <0.0001 <0.01 0.69 -36.4+17.6 0.47

HA 65.0+23.3 42.1+13.8 * 0.61) (0.30) (0.008) -33.0+13.8 0.22)
ScO,, % (n=7)

LA 64.8+3.4 63.5+4.7 0.09 0.59 0.51 -1.9+5.1 0.38

HA 66.1+3.5 63.4+39 (0.15) (0.02) 0.02) -4.1£25 (0.54)
Cerebral Oxyhemoglobin, uM

LA 302+7.3 28.4+6.8 0.35 0.60 0.95 -15+84 0.30

HA 31.2+4.5 29.4+4.6 (0.05) (0.02) (0.0002) -5.8+4.0 (0.66)
Cerebral Deoxyhemoglobin, uM

LA 16.1+£2.2 16.4+3.1 0.10 0.91 0.79 42+8.0 0.88

HA 159+14 16.8+1.8 (0.15) (0.0007)  (0.005) 6.0+4.9 0.27)
Respiratory Rate, breaths/min

LA 143+3.6 15.0+3.8 0.08 0.03 0.36 5.4=+16.1 0.54

HA 153+39 17.4+6.8 0.14) (0.20) (0.04) 104+14.4 (0.33)
Pe1CO,, mmHg

LA 354+3.17 23.0+6.8 *F <0.0001 <0.0001 0.12 -352+17.1 0.61

HA 25.1+3.7 17.1£53* 0.74) (0.64) 0.11) -324+16.8 0.17)
PgrO,, mmHg

LA 88.3+497F 104.5+8.0 *F <0.0001 <0.0001 0.20 18.4+7.7 0.78

HA 60.5+4.4 72.3+7.1% 0.77) (0.94) (0.08) 19.8+12.6 (0.13)
SpO,, %

LA 98.1+1.27F 97.5+23 F 0.49 <0.0001 0.17 -0.6+1.8 0.11

HA 91.1+2.3 93.0+4.9 0.02) 0.67) (0.09) 2.1+49 0.74)

Data are presented as absolute and relative means+SD. PS-1 time point refers to the 1 min prior to pre-syncope. A two-factor linear mixed
model analysis with repeated measures from baseline to presyncope was performed, followed by Holm-corrected post-hoc tests for multiple
comparisons (run on the least squared means generated by the linear mixed model analysis)

MCAv middle cerebral artery velocity; ICA internal carotid artery; CaO, arterial oxygen content; CDO, cerebral delivery of oxygen; ScO, cer-
ebral oxygen saturation; P, CO,, end-tidal carbon dioxide; P;;0,, end-tidal oxygen; SpO, arterial oxygen saturation

“P<0.01 compared to baseline within a group

TP <0.09 compared to baseline within a group. Group differences at presyncope were assessed using paired r-tests. Exact P values and effects
size statistics (partial n and Cohen’s d) are reported for all comparisons
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Fig. 2 Internal carotid artery (ICA) blood flow (Panel A) decreased at
low altitude (solid line, closed circle) and high altitude (dashed line,
open circle) during lower body negative pressure (LBNP) to presyn-
cope (PS-1). While ICA blood flow was higher at HA baseline, the
magnitude of change was similar with LBNP at both altitudes (Panel
B). Cerebral delivery of oxygen (Panel C) was higher at high altitude
(dashed line, open circle) vs. low altitude (solid line, closed circle) at
baseline and at pre-syncope (PS-1) but decreased by the same mag-

conditions (P=0.77; Table 3). Overall, ICA diameter
decreased with presyncopal LBNP (LBNP effect, P=0.06),
with no differences between altitude conditions in abso-
lute or relative responses (P >0.27; Table 3). ICA velocity
and blood flow were higher overall at HA vs. LA (Altitude
effect, P<0.02), and decreased with presyncopal LBNP at
both altitudes (LBNP effect, P <0.0001), with comparable
relative changes from baseline to PS-1 (P >0.79; Table 3;
Fig. 2A; Fig. 2B). CaO, was slightly higher at HA vs. LA
(Altitude effect, P=0.09), with a greater relative increase
above baseline with LBNP at HA (P=0.002; Table 3). CDO,
through the ICA was higher overall at HA vs. LA (Altitude
effect, P<0.01) and decreased with presyncopal LBNP at
both altitudes (LBNP effect, P <0.0001; Fig. 2C), but there
was no difference in the relative response from baseline to
PS-1 between the altitude conditions (P=0.47; Fig. 2D).
ScO, data were analyzed from 7 participants, due to loss of
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nitude at both altitudes (Panel D). Mean +SD and/or individual par-
ticipant data (circles) are presented. *Denotes difference from base-
line, P<0.003. "Denotes difference between low and high altitude,
P<0.09. A two-factor (time, altitude) linear mixed model analysis
with Holm-corrected post hoc tests run on the least squared means
(data in Panels A and C), and paired #-tests (data in Panels B and D)
were used for analysis

the signal during data collection in one participant. There
was no effect of altitude on ScO, (Altitude Effect, P=0.59;
Fig. 3A), with similar relative decreases from baseline to
PS-1 between altitude conditions (P=0.38; Fig. 3B). Respir-
atory rates were higher overall at HA vs. LA (Altitude effect,
P =0.03) and increased slightly with presyncopal LBNP
(LBNP effect, P=0.08); however, there were no differences
in the relative increase in respiration rates between altitudes
during LBNP (P=0.54; Table 3). This relative hyperventila-
tion at HA and in response to LBNP was reflected in lower
Pg1CO, values under each of these conditions (Table 3). At
both baseline and with LBNP, PO, and SpO, were lower
at HA vs. LA (P<0.01). With LBNP, PO, increased at
both altitudes (LBNP effect, P <0.0001), with similar rela-
tive responses (P =0.78; Table 3); SpO, did not change with
LBNP (LBNP effect, P=0.49; Table 3).
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Fig.3 Cerebral oxygen saturation (Panel A) decreased at low alti-
tude (solid line, closed circle) and high altitude (solid line, open cir-
cle) during lower body negative pressure (LBNP), but there was no
difference between altitude conditions in either absolute or relative
responses (Panel B). Mean+SD and/or individual participant data

Frequency domain responses to LBNP

The LF and VLF power spectral density data are presented
in Table 4. Again, mean MCAv data were analyzed with
7 participants due to loss of the MCAv signal during
data collection in one participant. MAP LF power was
higher overall at HA vs. LA (Altitude effect, P=0.01), and
increased with presyncopal LBNP (LBNP effect, P <0.01).
In comparison, mean MCAv LF power was also higher
overall at HA compared to LA (Altitude effect, P=0.08),
but did not change with LBNP (LBNP effect, P=0.20).
On average, LF coherence between MAP-mean MCAv
was > 0.5 at baseline and throughout presyncopal LBNP
and was not different between LA and HA (Altitude effect,
P=0.29). However, due to low coherence (< 0.5) between
signals during presyncopal LBNP for some participants,
MAP-mean MCAv LF phase and gain data were analyzed
with just 5 participants (Table 4). LF MAP-mean MCAv
phase increased, and gain decreased in response to presyn-
copal LBNP at LA and HA (LBNP effect, P <0.01), with
no differences between altitudes (Altitude effect, P >0.31).

VLF power for MAP and mean MCAv did not change
with presyncopal LBNP at either LA or HA (LBNP effect,
P>0.16), and there was no effect of altitude (Altitude
effect, P>0.35). VLF coherence between MAP-mean
MCAv was < 0.5 at baseline and during presyncopal
LBNP, however, and only increased with presyncopal
LBNP at HA (P=0.02; Table 4). Due to this low coher-
ence between MAP and mean MCAv in the VLF range,
phase and gain were not calculated.

2373

B) E

3 Low Altitude High Altitude

(7]

S 8 o)

£ -

[e]

=

g 4

R

— &1

S o Q

: .| I S

3 0 3

o -4 O

c . O -

5 B8

S 8] 0

® -10 4 _

5 P=0.38

o

Q

(&)

(circles) are presented. A two-factor (time, altitude) linear mixed
model analysis with Holm-corrected post hoc tests run on the least
squared means (data in Panel A), and paired #-tests (data in Panel B)
were used for analysis

Discussion

We assessed the effect of sustained hypobaric hypoxia
on tolerance to simulated hemorrhage in young healthy
adult humans, and the cardiovascular and cerebrovascular
responses to this combined physiological stress. The main
findings of our study suggest that the sustained hypoxia
experienced with ascent to high altitude (3800 m) does
not affect tolerance to simulated hemorrhage (via maximal
LBNP) in young healthy adults, which may be due to 1) a
similar magnitude of central hypovolemia and subsequent
cardiovascular reflex responses at low and high altitude, and/
or, 2) compensatory increases in cerebral blood flow and
subsequent maintenance of oxygen delivery to the cerebral
tissues, resulting in the preservation of cerebral tissue oxy-
gen saturation.

In previous studies, cardiovascular responses to the com-
bination of acute normobaric hypoxia and simulated hemor-
rhage using submaximal LBNP have been explored (Heistad
and Wheeler 1970; Rowell and Seals 1990; van Helmond
et al. 2018). Acute normobaric hypoxia (inspired O, ranged
between 10 and 15%, equivalent to altitudes between 2700
and 5800 m) during submaximal LBNP resulted in greater
decreases in arterial pressure (Heistad and Wheeler 1970;
van Helmond et al. 2018) and attenuated increases in fore-
arm vascular resistance (Heistad and Wheeler 1970; Rowell
and Seals 1990) when compared to the normoxic condition.
Additionally, Van Helmond et al. (2018) reported that acute
exposure to hypoxia at rest resulted in reduced systemic vas-
cular resistance, and lower tolerance to LBNP (van Helmond
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Table 4 Low frequency (LF) and very low frequency (VLF) domain responses at high altitude (HA) and low altitude (LA) during progressive

lower body negative pressure (LBNP) to presyncope

LBNP Time P-Values Effect Size (partial n%)
0 PS 5-min LBNP Altitude Interaction

MAP LF PSD, mmHg?

LA 23+3.1 64+4.17 <0.01 0.01 0.43

HA + 11.1+£9.3 * (0.40) (0.26) (0.03)
Mean MCAv LF PSD, (cm/s)? (n=7)

LA 1.1+0.8 1.7+2.0 0.20 0.08 0.77

HA 20+14 3.1+4.1 (0.09) (0.16) (0.005)
MAP-mean MCAv LF Coherence, AU (n=7)

LA 0.61+0.22 0.74+0.12 0.24 0.29 0.15

HA 0.73+0.15 0.72+0.14 (0.08) (0.06) 0.11)
MAP-mean MCAv LF Phase, radians (n=5)

LA 38.3+£5.8 74.6+19.2 * <0.0001 0.48 0.35

HA 46.6+3.2 73.4+8.0%* 0.77) (0.04) 0.07)
MAP-mean MCAv LF Gain, cm/s/mmHg (n=35)

LA 0.73+0.32 0.55+0.22 <0.01 0.31 0.99

HA 0.67+0.16 0.50+0.16 0.47) (0.09) (0.00003)
MAP VLF PSD, mmHg?

LA 4+4. 9.1+7.1 0.16 0.71 0.76

HA 6.5+3.3 10.8+9.3 (0.09) (0.007) (0.004)
Mean MCAv VLF, (cm/s)? (n=7)

LA 20+1.8 13+14 0.77 0.35 0.36

HA 20x1.5 +1.8 (0.004) (0.05) (0.05)
MAP-mean MCAv VLF Coherence, AU (n=7)

LA 0.35+0.23 0.29+0.13% 0.34 0.06 0.02

HA 0.33+0.14 0.48+0.19* (0.05) (0.19) (0.26)

Data are presented as means +SD; PS 5-min refers to the 5-min prior to presyncope. A two-factor linear mixed model analysis with repeated
measures from baseline to presyncope was performed, followed by Holm-corrected post-hoc tests for multiple comparisons (run on the least

squared means generated by the linear mixed model analysis)

LF low frequency; VLF very low frequency; MAP mean arterial pressure; MCAv middle cerebral artery velocity; AU arbitrary units

P <0.07 compared to baseline within a group

TP <0.07 between high and low altitudes. Exact P values and effects size statistics (partial n?) are reported for all comparisons

et al. 2018). These data suggest that tolerance to simulated
hemorrhage may be reduced during acute hypoxia due to a
greater hypotensive response, facilitated by hypoxic vasodi-
lation (Naeije et al. 1982; Richardson et al. 1967; Rowell and
Blackmon 1986; van Helmond et al. 2018; Weisbrod et al.
2001; Wilkins et al. 2008, 2006).

Our current findings are contrary to this literature, as we
report similar tolerance and cardiovascular reflex responses
to simulated hemorrhage at high and low altitude. We
observed similar relative decreases in stroke volume (our
index of central hypovolemia) and arterial pressure with
maximal LBNP across altitudes, with no differences in the
reflex increases in heart rate and systemic vascular resist-
ance. There are some important methodological differences
between these studies, however, which may account for
the observed discrepancies. While we utilized a maximal,

@ Springer

presyncopal limited LBNP protocol, the aforementioned
studies examined the hemodynamic responses to submaxi-
mal LBNP with variations in the magnitude and timing of
each LBNP stage. Additionally, the method of inducing
hypoxia (normobaric vs. hypobaric) and duration of hypoxia
exposure (acute vs. sustained) may influence the hemody-
namic responses to simulated hemorrhagic stress (Millet and
Debevec 2020; Millet et al. 2012). Accordingly, it is difficult
to compare the results of studies where both the hypoxic
stress (method and duration) and magnitude of central hypo-
volemia are different.

High altitude exposure is associated with compensatory
changes in physiological function resulting from the reduc-
tion in atmospheric PO, that leads to a decrease in arte-
rial oxygen content. Acute physiological responses include
increases in heart rate, cardiac output, ventilation, and
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hemoglobin concentration to preserve arterial oxygen con-
tent and sustain adequate oxygen delivery to the vital tissues
during acclimatization (Bartsch and Gibbs 2007; Hoiland
et al. 2018; Naeije 2010; Siebenmann et al. 2015). After a
few days of acclimatization there is a reduction in plasma
volume that contributes to an initial increase in hemoglobin
concentration, prior to the onset of erythropoiesis; this
elevation in hemoglobin concentration assists in restora-
tion of arterial oxygen content, to account for the reduction
in oxygen availability (Schlittler et al. 2021; Siebenmann
et al. 2017). Additionally, during initial exposure to high
altitude, hypoxic vasodilation tends to override sympathetic
vasoconstriction in the peripheral circulation, resulting in an
unchanged or slightly decreased arterial pressure (Bartsch
and Gibbs 2007), so perfusion of the vital organs is main-
tained relatively constant.

The combined hypotension and hypocapnia induced by
the simulated hemorrhage of LBNP, eventually leads to a
decrease in cerebral blood flow and oxygen delivery, and the
onset of presyncope (Rickards 2015). Accordingly, hemor-
rhage poses an additional challenge to cardiovascular and
cerebrovascular compensatory mechanisms at HA, due to
the combined reductions in both blood flow (due to hem-
orrhage) and arterial oxygen content (due to both hemor-
rhage and the hypoxic environment). To compensate for the
reduced oxygen availability at HA, the cerebral blood ves-
sels dilate, subsequently increasing blood flow to maintain
oxygen delivery to the cerebral tissues (Hoiland et al. 2016).
Indeed, in the current study, we observed an increase in ICA
blood flow (our index of cerebral blood inflow) at HA, which
increased delivery of oxygen to the tissues and preserved
cerebral oxygen saturation. However, the increase in ICA
blood flow was primarily due to an increase in blood velocity
rather than dilation of the ICA. Interesting, this increase in
ICA blood velocity and blood flow did not translate into an
increase in MCAv (an index of intracranial blood flow) as
expected. This may be due to dilation of intracranial cerebral
blood vessels that may not occur in the extra cranial vessels.
Indeed, Willie et al. (2014) demonstrated increases in MCA
blood flow following 8 days at an altitude of 5050 m, which
was due to increases in MCA diameter only, as velocity did
not change (Willie et al. 2014). Unfortunately, MCA diam-
eter was not assessed in the current study, so we are unable
to definitively determine if MCA dilation was responsible
for the stability of MCAw.

These findings suggest that adequate compensatory
responses occurred to maintain oxygen delivery to the cer-
ebral tissues during the combined stress of central hypo-
volemia (simulating hemorrhage) and sustained hypoxia.
Interestingly, this contradicts findings from Zhao et al.
(2018) who demonstrated in a rat model, that 2 days of
hypoxia (atmospheric PO, of 100 mmHg) combined with
uncontrolled blood loss worsened the decreased oxygen

supply, leading to more severe tissue injury (brain, lung,
liver, kidney), and lower survival rate compared with the
control condition (Zhao et al. 2018). This disparity may
be due to the more severe blood loss protocol used for the
rats (~30 ml/kg) compared with our study (~ 18 ml/kg at
-70 mmHg LBNP (Hinojosa-Laborde et al. 2014)), the more
acute phase of hypoxia exposure, and potential species dif-
ferences. Further investigation is required to assess the mag-
nitude of actual blood loss and/or hypoxia required to impair
oxygen delivery and cerebral tissue oxygenation in humans.

Methodological considerations

There are several methodological considerations that must
be taken into account when interpreting the findings of this
study. First, we did not examine physiological responses to
simulated hemorrhage and hypoxia during the early phase of
HA acclimatization (days 1-3). As such, our findings cannot
be generalized to all stages of HA exposure. In particular, at
the time of testing, arterial oxygen content had returned to
similar values as observed at LA. Therefore, the compensa-
tory increase in oxygen delivery to the cerebral tissues and
preservation of cerebral oxygen saturation that we observed
at days 5-7, may have been attenuated during days 1-3, pos-
sibly leading to reduced tolerance to simulated hemorrhage.

As with most HA research expeditions, our participants
were engaged in a number of other physiological studies
for the duration of the LA and HA exposures, without the
washout periods often employed in more controlled labo-
ratory studies. As such, we cannot discount the confound-
ing effects on our outcomes from these other physiological
stimuli (such as tests of neurovascular coupling, variations
in inspired O, and CO,, voluntary breathing holding, cold
pressor test, hand-grip exercise, post-exercise cuff occlu-
sion). Despite this limitation, the results of our study were
robust from both a physiological and statistical perspective.

In a related issue, we were not able to control the time
of day of our experiments between participants, as we had
a short time window to complete our studies. However, we
were able to control for time of day within each participant
for the two experiments. As blood samples were collected
in the morning (in the supine posture) for all participants
for assessment of hemoglobin concentration, some were not
time-synced with their experiments. While hemoglobin con-
centrations can vary based on time of day and body position,
both experiments were performed at the same time of day
within each participant (i.e., the same time interval from the
hemoglobin measurements), and they were always supine.
Although increases in hemoglobin mass in response to HA
exposure (around 3000 m) occur relatively slowly, with only
small increases within the first 14 days (Rasmussen et al.
2013), altitude-induced dehydration cannot be excluded as
a factor for increasing hemoglobin concentration.
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Lastly, it is important to recognize that cerebral NIRS
measures a mixed sample volume consisting of approxi-
mately 75% venous, 20% capillary, and 5% arterial blood
(Pollard et al. 1996; Subudhi et al. 2011). Consequently, our
measurement of cerebral oxygen saturation is influenced by
both the delivery of oxygen through the blood to the cer-
ebral tissue, and the extraction of oxygen from the blood
into the tissue. Therefore, since cerebral oxygen delivery
was elevated at HA compared to LA, we can assume that
preservation of cerebral oxygen saturation is the result of
greater delivery and not necessarily greater extraction of
oxygen by the tissues. However, direct measurements of
cerebral oxygen extraction and metabolism are needed to
fully understand the physiological mechanisms underpin-
ning these findings.

Conclusion

In summary, sustained (5-7 days) exposure to hypobaric
hypoxia at an altitude of 3800 m does not affect tolerance to
simulated hemorrhage in young healthy adults. This finding
may be due to the similar cardiovascular reflex responses
to central hypovolemia, and/or the compensatory increases
in cerebral blood flow and oxygen delivery that resulted in
the preservation of cerebral tissue oxygenation in response
to sustained hypoxia. Further research is needed during the
acute (minutes to hours) and chronic (weeks to months)
phases of HA exposure to fully elucidate the effects of hypo-
baric hypoxia on tolerance to trauma-induced hemorrhage.
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