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As part of the first Canadian aging and inactivity study (CAIS) we assessed the

efficacy of space-based exercise countermeasures for maintenance of

cardiac and muscle-pump baroreflex in older persons during bedrest. An

initiative of the Canadian Space Agency, Canadian Institutes of Health

Research and the Canadian Frailty Network, CAIS involved 14 days of 6-

degree head-down tilt bedrest (HDBR) with (Exercise) or without (Control)

combined upper and lower body strength, aerobic, and high-intensity

interval training exercise countermeasures. Twenty healthy men and

women aged 55 to 65, randomly divided into control and exercise groups

(male control (MC, n = 5), male exercise (ME, n = 5), female control (FC, n = 6),

female exercise (FE, n = 4)) (age: 58.7 ± 0.5 years, height: 1.67 ± 0.02 m, body

mass: 70.2 ± 3.2 kg; mean ± SEM), completed the study. Cardiac andmuscle-

pump baroreflex activity were assessed with supine-to-stand tests. Wavelet

transform coherence was used to characterise cardiac and muscle-pump

baroreflex fraction time active (FTA) and gain values, and convergent cross-

mapping was used to investigate causal directionality between blood

pressure (BP) and heart rate, as well as BP and lower leg muscle

electromyography (EMG). Seven of the twenty participants were unable to

stand for 6 minutes after HDBR, with six of those being female. Our findings

showed that 2 weeks of bedrest impaired skeletal muscle’s ability to return

blood to the venous circulation differently across various sexes and

intervention groups. Comparing values after bed rest with before bed rest

values, there was a significant increase in heart rates (Δ of +25%; +17% in MC

to +33% in FC; p < 0.0001), beat-to-beat EMG decreased (Δ of −43%; −25% in

ME to −58% in MC; p < 0.02), while BP change was dependent on sex and

intervention groups. Unlike their male counterparts, in terms of muscle-

pump baroreflex, female participants had considerably decreased FTA after

HDBR (p < 0.01). All groups except female control demonstrated parallel

decreases in cardiac active gain and causality, while the FC demonstrated an
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increase in cardiac causality despite a similar decline in cardiac active gain.

Results showed that the proposed exercises may alleviate muscle-pump

baroreflex declines but could not influence the cardiac baroreflex decline

from 14 days of inactivity in older adults.

KEYWORDS

muscle-pump baroreflex, exercise countermeasure, postural hypotension, aging,
cardiac baroreflex

Introduction

The elderly population is increasing globally

(Vandewoude et al., 2012), and it is predicted that the

number of individuals over the age of 60 will surpass two

billion by 2050 (Wang et al., 2016). Aging is often

characterized by a decrease in physical activity and an

increase in sedentary behavior. Both of these changes in

lifestyle aggravate the lack of functionality in physiological

systems (Mechling and Netz, 2009), which can result in

deterioration of overall functional health, such as through

orthostatic hypotension (Chodzko-Zajko et al., 2009; Lanier

et al., 2011). Concerns about increased rates of sedentary

lifestyles in older people heightened with the imposition of

limits to personal movements during the Covid-19 pandemic

to reduce viral transmission. Research has also shown

adaptations of physiological systems during spaceflight to

be similar to aging (Convertino et al., 1989; Convertino

et al., 1990; LeBlanc et al., 2007; Platts et al., 2009; Spector

et al., 2009).

Spaceflight-induced weightlessness is known to reduce

muscle size and strength and cause functional changes of the

heart and blood vessels which alters circulating blood and

interstitial fluid volumes, arterial blood diastolic pressure,

ventricular stroke volume, left ventricular mass and, resetting

of the carotid baroreceptors (Antonutto and Di Prampero,

2003; Goswami et al., 2013). These multi-system changes can

negatively affect the astronaut’s ability to perform mission-

related tasks and increase the risk of loss of consciousness and

fainting upon re-introduction to gravity (e.g., landings on the

moon or Mars). Head-down tilt bedrest (HDBR), similar to

space flight, removes the gravitational hydrostatic pressure

created by standing and the stresses of standing and walking

from the musculature, and can simultaneously decondition the

cardiovascular and skeletomuscular systems. Thus, HDBR is a

validated technique for simulating microgravity exposure,

which enables us to track the changes in the relationship

between these systems, especially the relationship of BP to

muscular activation.

Since the early days of human spaceflight, physical exercise

has been highlighted as a potential countermeasure to cope

with weightlessness-induced deconditioning. The process of

space adaption appears to be similar to those found with

prolonged inactivity (Moore et al., 2010). Knowledge from

the implementation of space-based countermeasures can

provide important insight for those interested in medicine

and rehabilitation. During space missions, an effective, multi-

purpose, and non-invasive countermeasure for preserving

muscles and cardiovascular components is essential. A

detailed examination of these and their history in

spaceflight and bedrest are presented in depth by Hedge

et al. (Hedge et al., 2022).

On board the international space station astronauts use

three different types/modalities of exercise equipment; cycle

ergometer, treadmill, and advanced resistive exercise device

(ARED) (Laws et al., 2020). Each exercise has a distinct

purpose. Astronauts have relied on cycle ergometer

exercising since the early days of spaceflight for a variety of

reasons, including its ability to accurately measure work

output by systematically altering pedaling resistance and for

its benefits to the cardiovascular system (Convertino, 1996;

Laws et al., 2020). Walking or jogging on the treadmill is also

the most crucial factor in maintaining bone and muscle health

as it can generate impact forces on body (Swain et al., 2021).

Finally, the ARED offers a multi-purpose whole-body workout

that includes back squat, sumo squat, sumo deadlift, shrugs,

shoulder press, bench press, bicep curl, triceps extension, and

single-arm row (Laws et al., 2020).

Understanding spaceflight-induced changes in the body

(e.g., cardiovascular deconditioning and loss of skeletal muscle

mass) are not just important for improving astronaut health;

they could also contribute to the development of

countermeasures and therapies that help people suffering

from age-related conditions and diseases on Earth.

Although space countermeasures are not necessarily

appropriate for the elderly on Earth, as they are designed

for relatively healthy and fit individuals, they can help

geriatricians and rehabilitation specialists gain a better

understanding of musculoskeletal and cardiovascular

alterations and to establish a treatment/prevention program

(Goswami et al., 2012; Goswami et al., 2013). Furthermore,

age-related physiological changes are linked to hormones,

exercise levels, diet, and illness, making it difficult to

pinpoint the root causes of muscle loss and cardiovascular

changes (Clément, 2011). Exploring the relationship between

spaceflight countermeasure use and aging would thus shed

insight on the aging process and give unique viewpoints and

innovative techniques for incorporating into Earth medicine
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and rehabilitation. (Goswami et al., 2012; Blaber et al., 2013;

Goswami et al., 2013).

Bedrest, which is best characterized by immobilization and

confinement, has acted as an informative analogue to investigate

the impact of inactivity on musculoskeletal and cardiovascular

systems. It has been shown that bedrest in healthy older

individuals can result in a reduction of muscle size and

strength, as well as changes in the function of the heart and

blood vessels. Previous literature has shown that only 10 days of

bedrest in older persons induced remarkable muscle weakening

including a loss in whole-body lean mass (−1.50 kg; p = 0.004),

lower extremity lean mass (−0.95 kg; p = 0.003), and strength

(−19 Nm s−1; Δ of −15.6%; p = 0.001) which is significantly

greater than seen annually in the average aging population

(Kortebein et al., 2007). Furthermore, six-degree head-down

bedrest (HDBR) has been shown to be an effective analogue

of microgravity/spaceflight conditions to simulate cardiovascular

and musculoskeletal systems’ deconditioning (Goswami et al.,

2015; Goswami, 2017). Due to limited resources for human

spaceflight research, prolonged HDBR serves as an ideal

experimental environment to study post-flight deconditioning

in astronauts.

In this research, we investigated the impact of combined

upper and lower body strength, aerobic, and high-intensity

interval training (HIIT) exercise countermeasures designed for

older persons (Hedge et al., 2022) on maintaining the cardiac and

muscle-pump baroreflexes in healthy 55–65 year old men and

women during 14 days of 6-degree head-down tilt bedrest

(HDBR). This research was conducted as part of the Canadian

aging and inactivity study (CAIS), supported by the Canadian

Institutes of Health Research (CIHR), Canadian Frailty Network

(CFN), and the Canadian Space Agency (CSA). In this paper we

explore the relationship between biological sex and exercise

intervention (four separate cohorts including males and

females in both control and exercise groups) on the

physiological interplay between the cardiovascular and

musculoskeletal systems for blood pressure (BP) regulation.

Previous research showed that both systems were severely

impacted by bedrest following 60 days of HDBR without

exercise in middle-aged males (Xu et al., 2020).

Our team has developed a series of techniques to study the

significance of lower limb muscle activity in maintaining BP. For

this purpose, we adapted the wavelet transform coherence

(WTC) analysis (Garg et al., 2013; Garg et al., 2014; Xu et al.,

2017) and convergent cross mapping (CCM) causality (Verma

et al., 2017a; Verma et al., 2017b; Verma et al., 2018) methods to

extract indices that characterize the interaction time (fraction

time active, FTA), response gain value (gain), and control

directionality (causality) among cardiovascular and postural

measurements. We hypothesized that daily activation of the

muscles associated with both posture and the muscle-pump

would limit the decline in the muscle-pump blood pressure

reflex in terms of coupling (causality), strength (gain), and

activity (FTA). Similarly, it was expected that aerobic exercise

would positively affect the cardiac baroreflex.

Materials and methods

Study design and testing protocols

This experiment was conducted at the Center for Innovative

Medicine (CIM) of the McGill University Health Centre

Research Institute (RI-MUHC). The study consisted of four

26-days bedrest campaigns (Figure 1), during which 5 to

6 participants per campaign were subjected to HDBR at −6°

to simulate spaceflight-induced fluid shifts.

Half of the participants received an exercise countermeasure

procedure during the HDBR, while the other half served as

controls and received stretch and joint movement

physiotherapy. Daily exercises consisted of a combination of

three sessions of the following: HIIT, low-intensity aerobic

activity, and lower-body strength exercises, resulting in forty-

two exercises over the 2 weeks of HDBR with 60 min of daily

physical activity (Table 1). A detailed description of the exercise

protocols is provided by Hedge et al. (Hedge et al., 2022) along

with the rationale for their implementation. Briefly, like in-space

exercise programs, cycling and resistive training regimes along

resistive bands were prescribed for preserving muscles and

cardiovascular health (Hedge et al., 2022). In addition, HIIT

exercise was incorporated into the bedrest exercise program

(Hedge et al., 2022). Equipment was modified so that all

workouts were conducted in a head-down tilt posture. The

intensity of the exercise countermeasures was modified

individually according to the participants’ performance and

tolerance, as measured by heart rate and BP throughout

HDBR. Apart from the exercise sessions, there were no

differences in standards of care between the two groups. Food

intake was prescribed and monitored by the MUHC staff based

on the nutritional requirements for the control and exercise

groups as well as by biological sex (Supplementary Material).

Participants were provided with liquids as part of their regulated

diet and were allowed water hydration ad libitum.

Overall ethical approval for CAIS was obtained from the

research ethics board of the MHUC. The study was registered as

a clinical trial (NCT04964999: Microgravity Research Analogue

(MRA): Understanding the Health Impact of Inactivity for the

Benefit of Older Adults and Astronauts Initiative) in the US

National clinical trial registry. Research and data collection

associated with our component of the study was approved by

the Office of Research Ethics at Simon Fraser University. The

participants signed a written informed consent and agreed to be

available at MHUC for the entire 26 days study period. The

research was conducted in compliance with the guidelines and

regulations of the above agencies and the declaration of

Helsinki.
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Data collection

An electrocardiogram (ECG) was recorded with a bipolar

three-lead ECG (IX-BIO4, iWorx, United States) in a standard

Lead II electrode configuration. The non-invasive Portapres

(FMS, Amsterdam, Netherlands) was used to monitor

continuous BP at the finger, with absolute BP height-corrected

to the heart level. Surface EMG was recorded transdermally from

four bilateral lower leg muscles, including the tibialis anterior,

lateral soleus, and medial and lateral gastrocnemius, using the

Bagnoli-8 (Delsys Inc., MA, United States) EMG system. The

SENIAM project’s (Hermens et al., 1999) suggestions were used

to select the locations for EMG sensor placement. Data were

collected at 1,000 Hz using a National Instruments USB-6218 16-

bit data capture equipment and LabVIEW 2013 software

(National Instruments Inc., TX, United States).

Supine-to-stand test procedure

The phases of the study included 5 days of baseline data

collection (BDC), 14 days of HDBR, and 7 days of recovery (R)

(Figure 1). A supine-to-stand (StS) test was administered to

activate and assess the cardio-postural control system (Blaber

et al., 2009; Garg et al., 2013; Garg et al., 2014; Verma et al., 2017a;

Rodriguez et al., 2017; Xu et al., 2017) twice during BDC and

twice on recovery days. StS tests were performed in the mornings

of BDC-5, BDC-1, R+0, R+6 (Figure 1). As the participants had

not conducted an StS test in the screening process, the initial test

on BDC-5 was considered a familiarization protocol for the

participant. It should be noted that StS tests performed on

BDC-1 and R+0 and were conducted 1 hour after the

Canadian Space Agency (CSA) standard tilt test, which had a

maximum duration of 15 min.

A room with no windows in a silent location was selected for

the StS test to ensure participants’ deprivation of auditory and

visual stimuli during the protocol. Upon arrival at the testing

room, the participants were placed in a supine position and

instrumented for physiological monitoring. After

instrumentation, lights were turned off and the participants

were instructed to close their eyes while continuous data

acquisition took place for 5 min. Following this, participants

were asked to open their eyes and were assisted to the standing

position. One researcher would sweep their legs off the bed, and

another would assist with raising their torso. Participants’ feet

were placed parallel and 5 cm apart during standing. During the

FIGURE 1
Timeline—the participants remained at the testing facility for a total of 26 days, of which 14 days were spent in 6° head-down tilt bedrest (HDBR).
Participants arrived at MUHC 5 days prior to entering HDBR. At this time baseline data collection (BDC) was performed. After bedrest, participants
remained at the clinic for 7 days where recovery (R) data were collected. A familiarization StSwas performed on BDC-5 followed by research StS tests
in the mornings of BDC-1 and R+0, R+6.

TABLE 1 Bedrest exercise protocols. A combination of up to three per day were performed with a maximum total time of 62 min per day.

Exercise Type Duration Intensity Total

Lower strength Body weight, cables, resistance bands 25 min 12 times–max tolerance* 4

Upper strength Body weight, cables, resistance bands 25 min 12 times–max tolerance* 5

Aerobic HIIT 32 min (30 s on, 90 s off) 80–90% HRR 7

Aerobic Progressive 15 min 30–60% HRR 14

Aerobic Continuous 15 min 60–70% HRR 6

Aerobic Continuous 30 min 60–70% HRR 6

Legend: *: By asking participants during each set; HRR: Heart rate reserve (max HR, resting HR, max HR, measured prior to bedrest).
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subsequent 6-min of quiet stance, they were instructed to keep

their eyes closed with their arms relaxed at their sides, maintain

an imaginary eye-level gaze, and not alter foot placement

(Redfern et al., 2007).

Data analysis

In this study, we report the results from the stand portion of

the StS test. The minute of data related to going from supine to

stand was not utilized because of the existence of movement

disturbance during the transition phase. At the end of this minute

when the participant had their feet in the proper position, they

were facing directly forward, and were standing free of assistance,

the stand clock was started. We analysed the first 180 s of the

stand to examine the reflex responses immediately following the

transition period. The data analysis process has been previously

elaborated in detail by Xu et al. (Xu et al., 2017). In summary, The

ECG signal was used to calculate RR intervals. The maximum

and minimum values in the BP waveform during a heartbeat

were used to determine beat-to-beat SBP and diastolic blood

pressure (DBP). Mean arterial pressure (MAP) was computed as

the average BP from end-diastole to end-diastole of the

waveform. Individual muscle beat-to-beat EMG (EMG

impulse) was determined as the mean area under the rectified

EMG envelope between successive heartbeats. The rectified EMG

recorded from four separate muscles in each leg was summed to

depict total muscle activity in the form of aggregate EMG. Before

wavelet transform coherence and causality analyses, beat-to-beat

physiological signals were interpolated using the spline approach

and resampled to 10 Hz.

A Morlet wavelet was used to produce time–frequency

distributions for the signal pair SBP → EMGimp (muscle-

pump baroreflex) and SBP → RR (cardiac baroreflex) (Garg

et al., 2013; Garg et al., 2014). Monte-Carlo simulation was used

to determine the significant coherence threshold (Xu et al., 2017).

In this research, the muscle-pump baroreflex was investigated in

a low-frequency band (LF, 0.07–0.15 Hz) previously linked to

cardio-postural coupling and the muscle-pump baroreflex (Xu

et al., 2017). The vagal cardiac baroreflex (Blaber et al., 2022) was

investigated in the high-frequency band (HF, 0.15–0.5 Hz). The

area above the significant coherence threshold in each frequency

band was divided by the overall area of that frequency band to

calculate the portion of the total time with active interaction

(Fraction Time Active: FTA). The cross wavelet transform of the

two signals was used to obtain the response gain value (Grinsted

et al., 2004) and averaged over sections of significantWTCwithin

each frequency range. The effectiveness of each interaction was

further described using “Active Gain”, (Gain × FTA) (Xu et al.,

2020).

The convergent cross-mapping technique was used to

calculate the causal relationship between the signal pairs

(EMGimp and SBP) and (RR and SBP) (Sugihara et al., 2012).

Details on the methods may be found in Verma et al. (Verma

et al., 2017a) and Sugihara et al.’s supplementary material

(Sugihara et al., 2012). A two-dimensional plot (Active Gain

vs. Causality) was utilized to show the correlation between

causality and activity as they relate to the muscle-pump

baroreflex and HDBR.

Statistical analysis

The interquartile range approach for detecting outliers was

adopted to ensure that all cardio-postural values and

interrelationship factors of BP and muscle activity were

meaningful throughout the preprocessing stage. If a value was

1.5 times the interquartile range, larger than the third quartile, or

less than the first quartile, it was termed an outlier. The

winsorization approach to treating outliers was independently

applied to each of the four participant groups (Kwak and Kim,

2017).

Given the small numbers of participants in each group (n =

4–6) from males and females who were randomly assigned to

two interventions (control and exercise), where not all response

variables were normally distributed, we used a nonparametric

ANOVA-type statistic (nparLD, F2-LD-F1 design) suggested by

Brunner et al. (Brunner et al., 2002). The F2-LD-F1 design

refers to an experimental design with two between-subjects

factors (sex and intervention) and one within-subjects factor

(test days). This design was employed to study the effect of sex,

intervention, and test days as well as their interaction on the

calculated response variables. To investigate the pairwise

differences between BDC-1, R+0, and R+6 (time main

effect), we applied multiple comparisons (LD-F1 design)

with Bonferroni adjustment. Kruskal–Wallis test followed by

Conover-Iman post-hoc test was used to study the differences

between male controls, female controls, male exercise, and

female exercise (treatment main effects) during BDC-1, R+0,

and R+6. All statistical tests were performed using R (Team,

2011), and data are reported as significant (p < 0.05) or trends

(0.1 > p≥ 0.05).

Results

Participants

Following the screening of volunteers with inclusion and

exclusion criteria (Supplementary Material), twenty-three

participants entered the study. These participants were

randomized by the RI-MUHC staff into the four test groups

and then into four campaign cohorts: one cohort of five and

three cohorts of six individuals. One participant withdrew

from the study during the head-down tilt portion, and two

others developed medical conditions unrelated to bedrest,
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during the recovery phase and were removed from the study

before completion. Therefore, data from twenty healthy men

and women between 55–65 years of age were analysed (age:

58.7 ± 0.5 years, height: 1.67 ± 0.02 m, body mass: 70.2 ±

3.2 kg; mean ± SEM). The final group sizes were as follows:

male controls (n = 5), female controls (n = 6), male exercise

(n = 5), and female exercise (n = 4). All participants spent a

total of 26 days (5 days of adaptation to the facilities, followed

by 14 days of traditional six degrees of downward inclination

bedrest in which participants used a pillow, and 7 days of

recovery) at the Research Institute of the McGill University

Medical Centre (RI-MUHC).

Presyncope

Seven of the twenty participants were unable to complete the

StS test on R+0 (Table 2). Six of the seven non-finishers were

female. The male non-finisher was in the exercise group and was

39 s from completing the total 6-min stand. The female non-

finishers were evenly split between the exercise and control

groups; however, participants in the exercise group had the

shortest times to presyncope of all non-finisher participants.

These three participants all had less than the standardized

analysis window of 180 s for WTC and causality analysis. One

participant with 83 s was removed and the other two were

analysed using a 140 s window (Table 2) reducing the analysis

sample size for the female exercise group on R+0 to five.

Cardiovascular and electromyography
responses

The cardiovascular and EMGmeasurements were influenced

considerably by 14-days HDBR. Given the small sample size per

group, differences were found in the baseline values. To examine

post-bedrest responses, we first compared values in each group to

their baselines (Table 3), then responses between groups were

compared using changes in values from BDC-1; increases being

positive and decreases being negative (Figures 2, 3).

During the quiet stand of the R+0 StS test, 2 h after the end of

bedrest, a significant increase from the BDC-1 baseline in the

average HR was observed in all study groups (p < 0.0001)

(Table 3; Figure 2), with a significant reduction towards

baseline values on R+6 in female (p = 0.019) but not the male

participants (Figure 2).

The response of standing SBP, DBP, and MAP differed

between the intervention and sex groups throughout test days.

On R+0 the male control group had an increase in systolic blood

pressure while the female control (p = 0.056) and male exercise

(p = 0.068) groups trended in the opposite direction (Table 3;

Figure 2). No change from baseline was observed with the female

TABLE 2 Bedrest exercise protocols. A combination of up to three per day were performed with a maximum total time of 62 min per day.

Sex Intervention Presyncope Reason for
termination

Total stand
time (s)

Data analysis
segment (s)

Female Control Yes sudden ↓BP 269 180

Yes sweating, participant request 250 180

Yes sudden ↓BP 209 180

No ------ 360 180

Exercise Yes dizziness, sudden ↓BP 83 X

No ------ 360 180

No ------ 360 180

Yes sudden ↓BP 151 140

Yes sudden ↓BP 145 140

No ------ 360 180

Male Control No ------ 360 180

No ------ 360 180

No ------ 360 180

No ------ 360 180

No ------ 360 180

Exercise Yes sudden ↓BP 321 180

No ------ 360 180

No ------ 360 180

No ------ 360 180

No ------ 360 180
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exercise group on R+0 or any group on R+6 (Table 3); however,

significant reversals from R+0 occurred with the female control

and male exercise SBP responses to standing. (Figure 2). No

changes from baseline were found for DBP orMAP for all groups

studied (Table 3); however, similar to SBP, there were trend

reversals from R+0 to R+6 (Figure 2).

Overall lower leg muscle activity was only significantly

reduced with HDBR in the male control group (Table 3).

TABLE 3 Mean (± standard error) standing cardio-postural values for different groups including male control group, male exercise group, female
control group, and female exercise group on BDC -1 and R+0. Mean cardio-postural values were obtained from the stand phase of the supine-to-
stand test. BDC -1: baseline data collection day −1; R+0: 2 h after the end of bedrest; R+6: 6 days after bedrest; HR: heart rate; SBP: systolic blood
pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure; EMG: electromyogram; EMGimp: Electromyogram beat-to-beat impulse.

Variable Sex Pre-bedrest (BDC -1) Post bedrest (R+0) Post bedrest (R+6)

Control Exercise Control Exercise Control Exercise

HR (bpm) Male 77.8 ± 2.5 71.5 ± 3.0 91.8 ± 2.6 * 91.1 ± 4.6 * 86.7 ± 2.8 83.0 ± 3.2 *

Female 74.2 ± 1.3 83.3 ± 1.2 99.0 ± 3.5 * 103.8 ± 2.7 * 79.1 ± 1.0 † 88.5 ± 2.0

SBP (mmHg) Male 126.7 ± 8.6 141.6 ± 5.3 153.6 ± 2.7 # 121.9 ± 7.0 * 151.5 ± 4.1 149.8 ± 8.1

Female 117.9 ± 3.5 147.8 ± 3.5 97.6 ± 3.0 #‡ 143.8 ± 3.2 ‡ 119.33 ± 5.4 123.1 ± 5.3

DBP (mmHg) Male 66.1 ± 4.1 65.3 ± 1.7 81.9 ± 2.3 ‡ 66.1 ± 1.0 ‡ 64.2 ± 1.7 † 67.0 ± 2.5

Female 63.3 ± 1.8 76.5 ± 2.0 59.2 ± 1.9 ‡ 86.2 ± 2.4 ‡# 55.4 ± 3.1 66.5 ± 3.4

MAP (mmHg) Male 81.7 ± 5.2 83.7 ± 2.5 99.8 ± 2.4 # 80.1 ± 2.5 86.1 ± 2.3 84.8 ± 3.1

Female 80.9 ± 2.0 96.96 ± 2.2 71.8 ± 1.7 *#‡ 101.7 ± 2.8 ‡ 74.9 ± 3.4 83.3 ± 3.9

EMG (µV) Male 193.5 ± 27.6 #‡ 73.0 ± 3.9 ‡ 105.2 ± 2.6 * 65.6 ± 6.4 89.8 ± 3.7 #* 63.0 ± 3.0

Female 86.7 ± 6.3 # 92.9 ± 3.9 74.2 ± 5.4 74.2 ± 5.3 53.8 ± 3.5 # 69.98 ± 3.4 *

EMGimp (µV·s) Male 162.7 ± 27.8 ‡ 65.0 ± 5.6 ‡ 67.0 ± 2.6 * 48.8 ± 7.4 63.9 ± 4.0 * 47.5 ± 3.4 *

Female 70.3 ± 4.8 66.6 ± 2.5 46.1 ± 4.1 * 42.6 ± 2.5 * 40.6 ± 2.1 * 48.7 ± 2.6

Legend: *: significantly different from BDC-1, #: significant difference between male and female participants in the same intervention group., ‡: on each day, the control and exercise

intervention groups were significantly different for the same sex. Significance was set at p < 0.05.

FIGURE 2
Heart rate and blood pressure changes fromBDC-1 (increase: positive; decrease: negative) for different sex and intervention groups on R+0 and
R+6. *: significantly different fromBDC-1, †: R+6 different from R+0. #: different frommales in same day and intervention. ‡: the control and exercise
groups were significantly different for the same sex.
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However, when EMG was integrated beat-to-beat (EMGimp),

the effect was more dramatic in both male and female control

groups, with more than a 33 and 25% reduction, respectively,

from baseline on R+0. These changes persisted on R+6 at

similar magnitudes (Figure 3).

Muscle-pump baroreflex

Following HDBR, the skeletal muscle-pump’s ability to react

to variations in BP was significantly reduced (Table 4). The FTA

response varied across intervention and sex groups throughout

the test days. Male exercise and female control groups had a

substantial reduction in FTA on R+0 compared to pre-bedrest

values (BDC-1), while no changes from baseline were found for

other groups. Only the male exercise group increased

significantly on R+6 (Table 4). With respect to the muscle-

pump baroreflex, where skeletal muscle responds to changes

in BP, only themale control group showed a significant reduction

in SBP→EMG gain on R+0 from baseline. Although not

significantly reduced on R+0, the male exercise group was

significantly higher on R+6 than R+0 and not different from

baseline (p = 0.006). No change over HDBR or recovery was

observed in female participants.

Cardiac baroreflex

Our data from the coupling of blood pressure and heart rate

(SBP→RR) showed that the cardiovascular baroreflex was affected

by HDBR (Table 5). The fraction that the cardiac baroreflex was

active (FTA) was significantly decreased in females only after

FIGURE 3
Electromyography (EMG) and electromygraphy impulse (EMGimp) changes fromBDC-1 (increase: positive; decrease: negative) for different sex
and intervention groups on R+0 and R+6. *: significantly different from BDC-1.

TABLE 4 Wavelet transform analysis and convergent cross-mapping of systolic blood pressure and calf muscle electromyography impulse
interactions during standing for different groups including male control group, male exercise group, female control group, and female exercise
group on BDC -1 and R+0. BDC -1: baseline data collection day −1; R+0: 2 h after the end of bedrest; R+6: 6 days after bedrest; Gain: wavelet
transform gain; FTA: fraction time active (above significant coherence threshold); causality: control directionality; LF: low frequency. Values are
means (± standard error).

Variable Sex Pre-bedrest (BDC -1) Post bedrest (R+0) Post bedrest (R+6)

Control Exercise Control Exercise Control Exercise

FTA (LF) Male 0.30 ± 0.05 0.37 ± 0.03 0.22 ± 0.02 0.13 ± 0.01 * 0.19 ± 0.07 0.21 ± 0.01 †

Female 0.35 ± 0.07 0.21 ± 0.02 0.25 ± 0.08 * 0.12 ± 0.02 0.35 ± 0.10 0.12 ± 0.02

Gain (LF) (μV · s/mmHg) Male 0.71 ± 0.07 0.95 ± 0.10 0.45 ± 0.04* 0.56 ± 0.03 0.68 ± 0.07 0.78 ± 0.07 †

Female 0.71 ± 0.07 0.51 ± 0.03 0.76 ± 0.08 0.64 ± 0.08 0.62 ± 0.12 0.66 ± 0.12

Causality (SBP→EMGimp) Male 0.85 ± 0.01 0.87 ± 0.01 0.73 ± 0.02* 0.81 ± 0.02 0.80 ± 0.02 0.77 ± 0.02*

Female 0.87 ± 0.02 0.84 ± 0.02 0.80 ± 0.03 0.81 ± 0.03 0.87 ± 0.01 0.80 ± 0.02

Causality (EMGimp→ SBP) Male 0.90 ± 0.01 0.93 ± 0.01 0.91 ± 0.01 0.92 ± 0.01 0.88 ± 0.02 0.91 ± 0.01

Female 0.93 ± 0.01 0.91 ± 0.01 0.90 ± 0.02 0.92 ± 0.01 0.9 ± 0.01 0.85 ± 0.01

Legend: *: significantly different from BDC-1, †: R+6 different from R+0.
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bedrest (R+0), but this recovered to baseline levels by R+6. The

exercise intervention had no discernible effect on the outcomes as

cardiac baroreflex gain was significantly reduced following bedrest

on R+0 in all groups studied. The male exercise group had the

greatest reduction in cardiac gain (~65% on R+0), and both male

groups remained depressed on R+6, while both female groups had

returned to baseline (Table 5).

Causality

Significant changes in SBP→EMGimp causality were only

seen in the male study participants. On R+0, CCM analysis of

SBP→EMGimp directional coupling (baroreflex) revealed a

substantial reduction in causality in the male control group

(p < 0.0001), which recovered by R+6. This reflex muscle-

pump baroreflex causality trended lower in the male exercise

group on R+0 (p = 0.07), but by R+6 this became significantly

reduced from baseline (Table 4). In the opposite (muscle-pump

mechanics) direction (EMGimp→SBP), there was no change in

causality, with a value that remained constant at a mean value of

0.91 ± 0.01.

Causality for the female control group post HDBR cardiac

baroreflex (SBP→RR) increased but returned to baseline by R+6.

There was no change in male causality related to HDBR. There

was also no change in the causal effect of heart rate on blood

pressure (RR→SBP, cardiac mechanics) in any group.

Active gain vs. causality

To compare pre- and post-bedrest baroreflex responses,

muscle-pump and cardiac baroreflex active gain, which is the

product of gain and FTA (Gain × FTA), were plotted as a

function of causality on BDC-1 and R+0 for all groups

(Figure 4). There were different reactions in terms of

baroreflex functionality between the intervention and sex

groups pre- and post-bedrest. Regarding the muscle-pump

baroreflex, when compared to BDC-1, the male exercise group

had the greatest reduction in muscle-pump active gain, while the

male control group had the largest decrease in causality

(Figure 4A). Females in both the control and exercise groups

had more mild results than males in the same group in terms of

muscle-pump interactions (Figure 4A).

The intervention and sex groups’ responses in cardiac

baroreflex functionality were more dramatic following HDBR

compared to muscle-pump baroreflex outcomes (Figure 4B).

Although all groups studied had substantial decreases in

cardiac baroreflex active gain, the only significant reduction

was found in the female exercise group. The male exercise

group, on the other hand, had both active gain and causality

reductions following HDBR that were larger than the male

control group. The female control group was the only group

that exhibited a reversed direction of stronger causality and

reduced active gain on R+0 compared to baseline on BDC-1

(Figure 4B).

Discussion

Our new findings from the Canadian aging and inactivity

study highlight the detrimental effects of bedrest on homeostatic

mechanisms responsible for functional daily ambulatory

activities. This was particularly serious with the female

participants of whom 60%, compared to 10% of male

participants, were unable to complete 6 minutes of stand just

hours after exiting from 14 days of bedrest. Given the drastic

consequences on orthostatic tolerance, this paper is focused on

TABLE 5 Wavelet transform analysis and convergent cross-mapping of systolic blood pressure and cardiac arterial interactions during standing for
different groups includingmale control group,male exercise group, female control group, and female exercise group on BDC -1 and R+0. BDC -1:
baseline data collection day −1; R+0: 2 h after the end of bedrest; R+6: 6 days after bedrest; SBP→RR: Neural cardiac baroreflex direction; RR→SBP:
mechanical non-baroreflex direction; Gain: wavelet transform gain; FTA: fraction time active (above significant coherence threshold); causality:
control directionality; HF: high frequency. Values are means (± standard error).

Variable Sex Pre-bedrest (BDC -1) Post bedrest (R+0) Post bedrest (R+6)

Control Exercise Control Exercise Control Exercise

FTA (HF) Male 0.46 ± 0.03 0.38 ± 0.04 0.35 ± 0.04 0.26 ± 0.02 0.39 ± 0.02 0.39 ± 0.01

Female 0.36 ± 0.07 0.47 ± 0.06 0.22 ± 0.07 * 0.30 ± 0.06 * 0.42 ± 0.07 0.45 ± 0.06

Gain (HF) (ms/mmHg) Male 5.09 ± 0.39 10.85 ± 1.25 2.56 ± 0.37 * 3.32 ± 0.30 * 3.03 ± 0.40 * 3.16 ± 0.17 *

Female 9.43 ± 1.32 5.25 ± 1.10 3.13 ± 0.61 * 2.09 ± 0.30 * 5.63 ± 0.36 4.12 ± 0.64

Causality (SBP→RR) Male 0.95 ± 0.01 0.95 ± 0.01 0.93 ± 0.01 0.91 ± 0.01 0.93 ± 0.01 0.92 ± 0.01

Female 0.90 ± 0.017 0.88 ± 0.01 0.95 ± 0.01 * 0.88 ± 0.03 0.88 ± 0.03 0.89 ± 0.01

Causality (RR→ SBP) Male 0.92 ± 0.01 0.95 ± 0.01 0.93 ± 0.01 0.87 ± 0.03 0.93 ± 0.01 0.94 ± 0.01

Female 0.94 ± 0.01 0.89 ± 0.01 0.91 ± 0.01 0.94 ± 0.01 0.91 ± 0.01 0.85 ± 0.01

Legend: * significantly different from BDC-1.
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FIGURE 4
The association between causality and low frequency Active gain as a function of active interaction time (Active Gain: Gain X fraction time
active) on pre bedrest (BDC-1) and R+0 related to (A) skeletal muscle-pump baroreflex system and (B) cardiac baroreflex system. The data in the
circles are associated with male participants, while the data in the triangles are related to female participants. Filled markers indicate the exercise
groups in both sexes.
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two major components of the blood pressure control system, the

cardiac and muscle-pump baroreflexes. Our results into

orthostatic reflexes reveal that following 2 weeks of bedrest,

skeletal muscle activation and heart rate changes in

connection to BP regulation were reduced in older

participants. To our knowledge, this is the first study to report

changes in cardio-postural interactions in both sexes and older

persons after extended bedrest confinement.

The findings are particularly relevant for understanding

orthostatic intolerance (OI), a syndrome that affects both

older (Goswami, 2017) and younger (Xu et al., 2020) people

after bedrest, simulated microgravity (e.g. HDBR) (Goswami

et al., 2017), or astronauts after spaceflight (Blaber et al., 2011;

Blaber et al., 2013; Blaber et al., 2022), respectively. Furthermore,

the older composition of participants in this study adds to our

understanding of the interaction of age with inactivity on the

cardio-postural control system.

Muscle-pump baroreflex

We recently provided evidence of the importance of lower

limb muscular contractions for the maintenance of standing

blood pressure (Xu et al., 2020). These contractions compress

underlying veins, resulting in the pumping of venous blood

pooled in the legs back to the heart (muscle-pump) in a

coordinated response raising venous return to counteract

reductions in BP (Verma et al., 2017a; Verma et al., 2019). As

a result, BP management during standing necessitates input from

the cardiovascular, postural, and musculoskeletal systems. We

also showed that this blood pressure related muscle-pump reflex

was impaired in middle-aged male participants following 60 days

of bedrest inactivity (no exercise intervention) (Xu et al., 2020).

This is the first study where muscle-pump baroreflex has been

investigated in women following bedrest.

We used EMG impulse as an indicator of the beat-to-beat

translation of muscle activity (EMG) to the cardiovascular system

via the skeletal muscle-pump. Given the considerable variation in

baseline EMG and EMGimp across groups (Table 1)—most

likely related to the small sample sizes—changes from baseline

were used to assess intergroup effects. EMGimp decreased

significantly only in the male and female control groups on

R+0 and R+6 compared to pre-HDBR values (Figure 3). Major

declines in EMGimp were not observed in the exercise groups,

although the male exercise group showed a significant decline on

R+6, this value was not different from R+0, which had much

higher variation, and not different from the female exercise

group. Of the two sexes, males had the largest decreases in

EMGimp. Males are predicted to have more muscular

deconditioning and dramatic alterations since they have larger

muscle mass than females. Smaller, yet consistent declines in

EMGimp were also seen in the female control group. In contrast,

no change in EMGimp from baseline was seen in male or female

exercise participants (Figure 3), indicating that they were better

able to sustain muscle-pump capacity after lengthy periods of

bedrest. These data are a clear indication that the skeletal

muscle’s capacity to pump blood back to the venous

circulation in response to BP variations was impaired by

14 days of bedrest but was preserved by the daily exercise regime.

Our previous research with healthy younger males found that

along with reduced EMGimp there was a changed relationship of

BP to muscular activation (gain, FTA, causality) after bedrest and

inactivity which indicated not only a probable drop in reflex

output to the muscle but also a variation in activation (Xu et al.,

2020). In this study, we examined the variations among the four

studied groups to see how biological sex and exercise intervention

affected muscular activation through the muscle-pump

baroreflex. Following HDBR, there was a considerable

decrease in the percentage of significant coherence over the

duration of the stand, as expressed through FTA, in the male

exercise and female control groups. Given the small sample size

per group and mixed results, these data implied that after an

extended period of immobility, the prescribed exercises may have

a lesser impact on preserving FTA in male participants, and

improving the training parameters such as loading frequency,

workload, rate, and rest period should be studied more closely.

Like EMGimp, muscle-pump (SBP→EMG) gain was

reduced the greatest in the male control group; however,

unlike EMGimp no reduction was observed in female controls

(Table 4). In fact, there was an across-the-board retention of

muscle-pump baroreflex gain in all female participants post-

bedrest. The male exercise muscle-pump baroreflex gain on

R+0 was not decreased significantly but showed a significant

increase from R+0 on the last day of measurement (R+6) which

may indicate a positive latent effect of exercise in the male

participants (Table 4).

Causality, a measure of the strength of coupling between

signals was reduced in the muscle-pump baroreflex direction

(SBP→ EMGimp) on R+0 and R+6 in the male control group

only. This supports our previously reported reduction in

coupling between blood pressure and the skeletal muscle-

pump following bedrest in male participants (Xu et al., 2020).

This decline in muscle-pump directional influence was not

observed in the male exercise group or in the female

participants. These data further solidify the beneficial effects

of exercise in older males. No change in muscle-pump

baroreflex causality in the female participants was observed,

suggesting a possible sex-related differential effect of bedrest

which was also observed in muscle-pump baroreflex gain.

However, caution must be taken in interpretation given the

small sample size and moderately short time in bedrest.

The absence of causality changes in the inverse direction

(EMGimp→ SBP) implies that HDBR did not affect the

mechanical connection between muscle-pump activity and

BP. These data add further support to our hypothesis that

variations in BP control are reflex/neurally mediated rather
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than caused by changes in muscle-pump mechanics (Xu et al.,

2020). Finally, we examined the interaction between muscle-

pump activity, the product of gain and FTA, with causality.

Figure 4A showed that regardless of baseline active gain,

exercise limited the reduction in EMG to BP coupling, as

shown by the greater changes in causality in the control

groups.

Cardiac baroreflex

Another critical component of the autonomic response to

sudden reductions in blood pressure upon standing, is the cardiac

baroreflex. Efferent neural pathways increase heart rate, systemic

vascular resistance, and cardiac contractility via vagal withdrawal

and sympathetic activation. Reductions in cardiac arterial

baroreflex response have long been recorded for both short

(Fritsch-Yelle et al., 1994; Gisolf et al., 2005; Verheyden et al.,

2007) and long-term (Hughson et al., 2012) spaceflight. Bedrest

has also been linked to decreased arterial baroreflex (Convertino

et al., 1990; Traon et al., 1997; Iwasaki et al., 2000; Hirayanagi

et al., 2004).

We observed elevated standing HR following HDBR

(Table 3; Figure 2), an indication of greater vagal

withdrawal and cardiovascular deconditioning, which

continued until R+6. This increase was global, indicating

that post-bedrest neither the biological sex of the

participant nor exercise impacted the outcome. Raised HR

upon standing is related to reduced central blood pressure,

with greater HR increases commonly observed after bedrest as

a compensatory reaction to increased venous pooling in the

lower limbs through a lack of enhanced vasoconstriction

(Feldstein and Weder, 2012; Veronese et al., 2015; Möstl

et al., 2021). Similar to our discussion of EMG, changes in

SBP from baseline were used to assess intergroup effects. Post-

bedrest, in response to standing, male control participants had

elevated SBP whereas the female control and male exercise

participants had lower SBP (Figure 2). While, neither DBP nor

MAP was altered significantly from baseline across test days in

any test groups it must be noted that these values were

averaged prior to presyncope. Blood pressure is protected at

all costs and is not a reliable early predictor of presyncope

(Buszko et al., 2019). Not until cardiovascular

decompensation occurs will blood pressure decrease.

Elevated SBP, possibly due to greater vasoconstriction in

the male participants, may partially explain the significantly

lower number of presyncopal males since cerebral perfusion

may have been better protected than in female participants

(Buszko et al., 2019).

Our data revealed a considerable reduction in cardiac

baroreflex gain after HDBR (R+0) in all studied groups as

well as cardiac baroreflex FTA. These data do not support

the hypothesis that the prescribed exercises during bedrest

would maintain cardiac baroreflex in older persons, although

the SBP data is suggestive of protective vascular effects of

exercise in the male participants. Differences between the

male and female participants suggest that along with

vascular control there are unique sex-related cardiac

baroreflex control adaptations to exercise with bedrest

deconditioning.

Unlike their male counterparts, female participants had

significantly reduced FTA on R+0. This is an indication that

on R+0 baroreflex mediated autonomic signals to the heart were

either less frequent of shorter in duration compared to pre-

bedrest and to males. Furthermore, the female control

participants had a significant increase in causality on R+0,

where all other groups, including the female exercise group,

had no notable change in causality. When gain and FTA were

combined as active gain and plotted with causality this contrast

was more evident (Figure 4B). While male control and male and

female exercise groups showed parallel declines in active gain

and causality from pre-to post-bedrest, the female control

group had an increase in causality while exhibiting a similar

drop in active gain. Although the number of participants was

four, we can postulate on a mechanism. The female control

participants had significantly lower SBP than pre-bedrest and

the lowest SBP of all the groups (Table 1). This may have led to

an increase in cardiac causality as compensation for BP

dysregulation during standing.

We expected similar losses in the cardiac arterial baroreflex

after comparable durations (~2 weeks) of inactivity from HDBR

or after spaceflight. Blaber et al. (Blaber et al., 2022) presented

spaceflight data of equivalent duration (8–16 days) to this bedrest

study using similar analyses on 10-min stand tests pre- and post-

spaceflight. The astronauts did not have a significant decrease in

baroreflex gain on landing day but did have a similar significant

decrease in FTA. The astronauts also had a significant decrease in

causality, not seen in our participants, with the women in our

control group exhibiting and increase in causality. Some of the

differences that may have contributed to dissimilarity could be:

1) weightlessness and HDBR not being equal in terms of

unloading of the body since HDBR only removes the

gravitational gradient from the head-foot axis of the body; 2)

the astronauts had a mean age was 39 ± 5 years, 20 years less than

that of our participants; 4) the astronauts would have physically

and mentally trained for weightless for several years prior to

flight while our participants, although fit, as defined by the

inclusion criteria (Supplementary Material), may have had

only months to prepare for HDBR; and 5) it is likely that the

astronauts may not have had opportunity to exercise as

extensively as our HDBR participants in the exercise group

and any biological sex-related interactions with exercise would

not have been observed. Further research is needed to determine

the impact of immobilization/spaceflight length, effects of

biological sex, and different exercise regimes on the degree of

cardiac baroreflex impairment.
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Reflections on space-based exercises as
countermeasures during HDBR in older
persons

Flight regulations on the International Space Station mandate

that all crew members on long-duration missions perform

exercise, which now makes it impossible to study the

consequences of no exercise on the physiological impacts of

spaceflight. As a result, comparison to earlier missions (Sibonga

et al., 2015) or to a period before a substantial change in hardware

(English et al., 2015; Sibonga et al., 2015), such as the replacement

of iRED with ARED, is the only approach to assess the efficacy of

current exercise countermeasures in space. The restricted

opportunity to conduct controlled intervention studies, both in

space and in spaceflight analogues such as HDBR, is a substantial

hurdle to developing a new exercise countermeasure (Traon et al.,

2007; Hargens and Vico, 2016). An exercise training intervention

study is expensive and time-consuming in space. The “SPRINT”

research (Rice, 2019) conducted by NASA was a unique case of a

supervised, in-flight study to assess the efficacy of high intensity,

low volume exercise training regimen, which demonstrated

promising results in both HDBR (Ploutz-Snyder et al., 2018)

and microgravity (Goetchius et al., 2020). Even in this case, the

control group was not fully deprived of physical activity and

continued to perform routine ISS countermeasure exercises.

Terrestrial investigations (e.g., HDBR campaigns) are

likewise expensive and complicated, albeit not as much as

space research, but they provide more experimental control

and allow hypotheses to be addressed more rapidly. Ground-

based studies of wider scope (i.e., there is no restriction on time,

frequency, or intensity/overload) has allowed for the widespread

acceptance of terrestrial exercise training ideas such as

continuous and interval-type aerobic exercise and high-

intensity, multi-set/rep resistance training And the

improvement of ISS exercise countermeasure hardware (Scott

et al., 2019). The combination of aerobic, HIIT, and resistance

exercises employed in this study was only partially successful in

preserving the muscle-pump baroreflex even though there was

significant preservation of beat-to-beat muscle activity during

standing. However, given the reductions in active time and reflex

causality seen in some groups, the preservation of beat-to-beat

muscle activity may not have been as effective with counteracting

the reduction in reflex activity and causal coupling of blood

pressure tomuscle contractions and heart rate changes. Given the

small sample size per group, our findings may suggest that the

benefits of exercise intervention differed by biological sex and

that they might be if tailored to biological sex. Furthermore, the

exercises prescribed in this study were ineffectual in preserving

cardiac baroreflex function and additional research must be

conducted to assess the interrelationship between the

combinations of exercises and components of the baroreflex

system while taking into consideration sex-specific

physiological effects.

Only menopausal women were eligible for participation in

this study. Due to ethical concerns of severe detrimental

outcomes of bedrest in elderly persons, the Canadian aging

and inactivity study’s participant age range was 55–65. This

was to limit acute and long-term impacts on health yet

provide sufficient data to expand our knowledge of the effects

of inactivity on the elderly. One of the most important factors

associated with cardiovascular disease in both men and women is

the stiffening of the arterial structure that occurs as we age.

However, a sudden drop in oestrogen levels in the bloodstream

could contribute to an increase in blood pressure through

mechanisms that are still not fully understood, such as a

direct effect on the arterial wall, activation of the renin-

angiotensin system and the sympathetic nervous system.

(Izumi et al., 2007; Taddei, 2009; Tikhonoff et al., 2019). All

elderly women are menopausal, however not all females are

menopausal in our study’s age range. If we were to include

both perimenopausal and menopausal women, we would have

been unable to accurately compare the women in the two groups

(Taddei, 2009; Tikhonoff et al., 2019); therefore, it was important

to exclude women who were not menopausal. Furthermore, if we

were to include perimenopausal and menopausal women, we

would be unable to accurately draw conclusions based on a mix

of peri- and menopausal women in the control and exercise

groups (Taddei, 2009; Tikhonoff et al., 2019), and it would make

it difficult to draw comparisons with the outcomes of young

females who are typically involved in bed rest studies.

Presyncope

Despite declines in both muscle-pump and cardiac

baroreflexes, the male participants in our study had better

outcomes related to presyncope compared to the female

participants. Given that the prescribed exercises (Hedge et al.,

2022) in HDBR were not an effective countermeasure for

preserving the cardiac baroreflex an overall comparison

between the two study samples is justified. Although not the

only outcome expected from the implementation of exercise,

prevention of syncopal events is a high priority with hospitalized

older patients as this can lead to falls, co-morbidities, and death.

From a space health perspective, loss of orthostatic tolerance can

have operational consequences if astronauts cannot perform

mission tasks within hours or days of landing on a

planetary body.

In this regard, we can look at the data from shuttle astronauts

who were exposed to gravitational unloading for a similar

number of days (Blaber et al., 2011; Blaber et al., 2022). The

fraction of presyncopal men and women following spaceflight (2/

19 men, 5/7 women) was the same as in the current bedrest study

(1/10 men, 6/10 women). However different the environment

experienced between the two types of participants; the

physiological outcome (presyncope) was the same. Orthostatic
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intolerance post-spaceflight in this cohort of astronauts has been

attributed to reduced adrenergic vasoconstrictor response

(Fritsch-Yelle et al., 1994), impaired cerebral autoregulation

(Blaber et al., 2011) and decreased cardiac baroreflex (Blaber

et al., 2022). Although we did not assess cerebral autoregulation

in this study, our data show decreased cardiac baroreflex and

blood pressure differences between groups suggestive of reduced

vasoconstrictor response. We also have additional results from

the muscle-pump baroreflex which was not available from the

astronauts.

To provide a better understanding of the mechanisms

associated with presyncope in our participants, we reanalysed the

data using presyncope—those who finished the stand test (finishers)

and those who did not (non-finishers)—to delineate participants,

rather than biological sex. Only one variable, SBP-EMG (muscle-

pump baroreflex) causality had a presyncope-specific interaction

with bedrest. Prior to bedrest both non-finishers’ and finishers’

muscle-pump baroreflex causality were not different (0.87 ± 0.03,

0.86 ± 0.03, respectively) (p = 0.998), however, on R+0 non-

finishers’ causality remained the same (0.87 ± 0.03) while

finishers’ causality was significantly lower (0.74 ± 0.03) (p =

0.045). Finally, on R+6, non-finishers (0.84 ± 0.03) and finishers

(0.79 ± 0.03) were again not significantly different (p = 0.797).

These results may reveal a global underlying response to

severe orthostatic stress that was not observed in our analyses due

to sex related differences in physiology and susceptibility to post-

HDBR orthostatic intolerance. In the analysis presented in the

results, we focused on biological sex and the exercise

intervention. As a result, the data associated with presyncope

was spread over several groups, predominately female. None of

the males in the control group was presyncopal and had a

significantly lower causality (Table 4) than pre-bedrest. The

lone presyncopal male was in the exercise group (n = 5) with

an SBP-EMG causality of 0.95 which skewed the value higher.

Similarly, the lone finisher in the female control group (n = 4)

had a causality of 0.74. and the mean value for the three finishers

in the exercise group (n = 6) was (0.71 ± 0.08).

The relatively large size of the non-finisher group compared

to any of the prescribed groupings has provided a unique

opportunity to explore the baroreflex mechanisms employed

to prevent orthostatic hypotension and fainting. None of the

variables associated with the cardiac or vascular components

(Tables 1, 2) were found to distinguish between non-finishers

and finishers. This would suggest that the functional

contributions of these two branches of the baroreflex system

were equally engaged to a similar extent during stand on any

given day of measurement. Skeletal muscle contractions can

enhance venous return through the pumping of blood up the

veins in the leg through one-way valves. In this study we found

that beat-to-beat EMG output to these muscles was reduced

following bedrest (Table 1). Similarly, there were reductions in

muscle-pump baroreflex FTA and gain which were blunted by

exercise. However, none of these were found to be related with

impending syncope indicating that the baroreflex system

response, although operational, was limited in the scope to

which these could be altered for preventing hypotension.

A greater muscle-pump baroreflex causality in the non-

finisher group implies a tighter reflex coupling of blood

pressure to skeletal muscle contractions. That is, changes in

blood pressure are more closely translated to a change in

muscle activity which may provide a more coordinated

response to hypotension. That this was observed only in the

non-finisher group could be evidence that this mechanism is

one of final resort for a compromised cardiovascular system,

that may have been sufficient for the finishers, but not the

non-finishers. Inferential evidence for the existence of leg

muscle activity being associated with hypotension and

orthostatic tolerance comes from the observation of increased

postural sway in persons who have orthostatic hypotension based

on head-up tilt or lower body negative pressure test, but do not

faint in stand tests (Claydon and Hainsworth, 2005). Astronauts,

as we have examined earlier in this paper, are also susceptible to

OH and have greater sway post-flight (Speers et al., 1998), while

patients with autonomic failure often exhibit fidgeting leg

behaviours when sitting (Cheshire, 2000).

Limitations and future work

The participants in this study were selected from a healthy

older population aged 55–66 years old; however, many older

people are on several medications and have substantial

sarcopenia even before being placed on bedrest (Blain et al.,

2016; Goswami, 2017). They are frequently confined to bed

owing to acute illnesses, severe injuries, procedures, or chronic

ailments. Future research should investigate how different lengths

of bedrest confinement affect cardio-postural connections in

elderly people. This is significant because falls and fall-related

injuries are frequently caused by a change in posture (upon

standing from supine or sitting (Rapp et al., 2012; Goswami,

2017; Trozic et al., 2020). Future bedrest research should also

include larger sample numbers in both biological sexes due to

considerable sex-related variations and interindividual variability.

Physical exercise has been highlighted as a key strategy in

reducing the negative consequences of bedrest confinement

(Schneider et al., 2016; Ploutz-Snyder et al., 2018); however,

more research is needed to compare distinct exercise types as

modified and individualized exercise countermeasures for both

sexes. Furthermore, sex-related differences in this study imply

that the exercises should be designed specifically for each sex,

which should be investigated further. More research also should

be conducted to optimize training factors such as loading

frequency, workload, pace, rest duration, and particular

exercise “dosage” for each individual. Cognitive training

(Goswami et al., 2015), LBNP (Goswami et al., 2019),

pharmaceutical intervention (Lee et al., 2020), and artificial
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gravity (Evans et al., 2018) are further therapies that might be

examined; all these have been shown to improve the symptoms of

bedrest-induced physiological deconditioning. The findings can

then be utilized to create and improve effective countermeasures.

Other factors that may alter postural responses, such as visual

(eyes closed during testing) and vestibular inputs, were not

included in the cardio-postural model presented in this article.

In future investigations, a more comprehensive model combining

the aforementioned factors should be adopted and examined.

Conclusion

This study evaluated the effect of 14 days of 6-degree head-

down tilt bedrest (HDBR) with or without combined lower body

strength, aerobic, and high-intensity interval training (HIIT)

exercise countermeasures on the muscle-pump baroreflex in

older adults. Physical inactivity through bedrest reduced both

cardiac and muscle-pump baroreflex activation (reduced gain

and FTA) during a free-standing orthostatic challenge. The

exercise intervention of upper and lower body strength,

aerobic, and HIIT exercise countermeasures implemented in

this first Canadian aging and inactivity study (CAIS) was not

found to influence the decline in cardiac baroreflex and was only

partially successful in preserving the muscle-pump baroreflex

even though there was significant preservation of beat-to-beat

muscle activity during standing. Further analysis into the

interaction between muscle activation during exercise in

relation to that during the blood pressure reflex is needed to

expand our understanding of the neural coupling involved.
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