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Abstract

Background: The cardiovascular system of older adults is significantly impacted by ageing,
contributing to blood pressure (BP) dysregulation, particularly during postural transitions. This
study compared short-term cardiovascular compensatory responses of younger adults (YA) and
older adults (OA) during sit-to-stand and lie-to-stand. Methods: Participants underwent two active
standing orthostatic stress tests, involving 5 minutes of sitting or 10 minutes of lying, followed by up
to 7 minutes of standing. Beat-to-beat cardiovascular parameters were assessed using a Finometer
(Finapres Medical Systems). Systolic (SBP), diastolic (DBP), mean arterial pressure (MAP), cardiac
output (CO), stroke volume (SV), systemic vascular resistance (SVR), and HR were measured at
baseline, immediately on standing, and throughout four specific phases after standing: phase 1 (0-
30s), phase 2 (30-60s), phase 3 (60-80s), and phase 4 (300-420s). CO-SVR matching was evaluated to
assess BP regulation timing. Results: Compared to YA, OA exhibited higher SBP, DBP, MAP, and
SVR but lower HR, CO, and SV at baseline. Immediately on standing, OA experienced a greater drop
in SBP, DBP, MAP, and SVR, blunted HR, reduced CO, and higher SV. The short-term compensatory
responses were delayed (30-60s), particularly in lie-to-stand, due to a transient CO and SVR mismatch
observed in phase 1 and subsequent BP stabilization from phases 2-4. Conclusion: OA exhibited
short-term compensatory cardiovascular dysregulation, particularly during the transition from a
lying to a standing position.

Keywords: systolic blood pressure; diastolic blood pressure; older adults; active standing; orthostatic
hypotension
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1. Introduction

The stress induced by performing daily activities, such as getting up from bed or a chair, presents
significant physiological challenges due to the abrupt gravitational shift in blood distribution. These
challenges demand rapid, coordinated, and integrated dynamic adaptive cardiovascular responses
to maintain cerebral blood perfusion and flow [1]. On standing, blood pressure (BP) transiently drops,
and cerebral blood flow decreases, requiring immediate compensatory adjustments to stabilize
hemodynamic responses [1]. Effective dynamic control and regulation of the cardiovascular system
is necessary for maintaining homeostasis and functionality when facing these external challenges [2].
Failure to properly regulate these responses can result in homeostatic dysregulation [3], common
with advancing age. As we get older, the efficiency of these compensatory responses diminishes,
often resulting in impaired BP control and regulation as well as reduced cerebral perfusion [4]. One
common manifestation of this dysregulation is orthostatic hypotension (OH).

While previous studies have described key physiological impairments related to OH [5-7], much
of the research has relied on single time-point measurements or narrow time windows [8-10]. These
approaches fail to capture the dynamic and time-sensitive nature of cardiovascular compensation
that unfolds across several minutes following orthostatic stress. To address this limitation, the current
study analyzes cardiovascular responses in a phase-specific manner, capturing the temporal profile
of compensatory mechanisms from the initial seconds to several minutes after standing. This phase-
specific approach was developed based on time intervals to capture key phases of cardiovascular
regulation following active standing.

Another critical but unexplored aspect of postural regulation in older adults is the coordination
or matching between cardiac output (CO) and systemic vascular resistance (SVR) after active
standing orthostatic stress [1]. In young adults, this CO-SVR matching occurs within the first seconds
after standing, with a proportional increase in CO and decrease in SVR, leading to BP recovery
through these compensatory responses [1], but these data are lacking in older adults, who are at
higher risk of OH.

This study aimed to describe and compare short-term cardiovascular compensatory responses
between younger adults (18-30 years) and older adults (60-79 years) during sit-to-stand (lower
orthostatic stress) and lie-to-stand (higher orthostatic stress). It was hypothesized that: 1) older adults
will show reduced and delayed responses in SBP, DBP, MAP, SVR, HR, and CO responses,
particularly during early phases after standing. 2) SV values will be higher in older adults across all
phases, reflecting compensatory reliance on SV due to attenuated HR response. 3) CO-SVR matching
will be delayed in older adults.

2. Materials and Methods

Study Design

This is an observational cross-sectional study that used the Strengthening Reporting of
Observational Studies in Epidemiology (STROBE) [11] as a reporting guideline.

Settings

This study was conducted at the Applied Research Centre, Faculty of Kinesiology and
Recreation Management, University of Manitoba, from August 2022 until August 2023. The study
received approval from the University of Manitoba Health Research Ethics Board (approval number
- HE2022-0058).

Participants

Participants were recruited using a convenience sampling strategy from Dr. Todd Duhamel's
database (University of Manitoba), which contains ~1000 females who volunteered in the Women's
Advanced Risk-assessment in Manitoba (WARM) Hearts study; the Centre on Aging database
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(University of Manitoba); visits to Men's Shed (community hubs where males gather to share skills,
learn, and support each other in a welcoming environment); and retirement/care homes located in
Winnipeg, Canada. Phone calls, emails, social media platforms (Facebook, Instagram, X), ads, flyers,
and posters were also used as recruitment strategies, particularly for younger adults. People
interested in participating contacted researchers by email or phone.

Eligibility was determined using a customized screening questionnaire designed by our research
laboratory. Participants were included in the study if they were younger (18-30 yrs) or older (60-79
yrs) adults and identified their sex at birth as female or male. Participants were excluded if they had
a history of ischemic heart disease, acute myocardial infarction, stroke, percutaneous coronary
intervention, coronary artery bypass surgery, congestive heart failure, psychiatric disorders, severe
cognitive impairment, or pregnancy. Common age-related conditions, such as hypertension, were
not exclusionary and are reported in the results section.

All participants completed both the sit-to-stand (Experiment 1) and lie-to-stand (Experiment 2)
orthostatic stress challenges in a randomized and counterbalanced order (Figure 1). Variables
regarding baseline, immediate responses on standing, dynamic short-term cardiovascular
compensatory responses, and CO-SVR matching were compared between younger adults and older
adults in Experiments 1 and 2. Participants received pre-instructions 48 hours before the lab visit. On
the day of this visit, they read and signed an informed consent form after having all their questions
and/or concerns addressed by the researchers.
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Figure 1. [llustration of the research design and experimental conditions (1 and 2).

Data Collection

Prior to testing, measurements of resting HR and BP were taken by a trained researcher to ensure
participants’ safety, following the procedures adopted by the Canadian Society for Exercise
Physiology (CSEP) guidelines [12]. After consent and familiarization, participants underwent active
standing orthostatic stress challenges with non-invasive beat-by-beat BP monitoring (Finometer™
Pro Device, Finapres Medical System BV, Amsterdam, The Netherlands). The study was performed
in a quiet room with a temperature of 22.0 + 1.0°C and humidity and barometric pressure at ambient
between 8:30 and 11:30 am on weekdays to minimize circadian cycle influence.
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Demographic and Anthropometric Measurements

Demographic (sex assigned at birth, age, and date of birth), anthropometric, and body
composition measurements were collected to characterize the sample. Measurements included body
mass (kg) and height (m) assessed using an InBody®© 270 device (InBody CO., Ltd, Cerritos, CA, USA)
and a SECA mobile stadiometer (SECA, Frankfurt, Germany), respectively. Medication used was
recorded through participants’ self-reports but was not controlled, and more details were provided
in the results section. None of the participants reported being on hormone replacement therapy.

Assessment of Cardiovascular Responses

HR was recorded continuously on a beat-by-beat basis using a 3-lead electrocardiogram (ECG)
module (Finapres Medical System, Arnhem, The Netherlands) at a sampling frequency of 1 kHz, with
HR derived from R-R intervals. Continuous non-invasive beat-by-beat measurements of SBP, DBP,
and MAP were obtained from the arterial pressure signal (photoplethysmography) at the middle
finger of the left hand (Finometer, Finapres Medical System, Arnhem, The Netherlands) [13]. The
device was calibrated (return-to-flow method), finger circumference was measured to ensure the
correct cuff size, and a height correction system was adjusted for hand position relative to heart level.
SV was estimated using the Modelflow algorithm (Finometer, Finapres Medical System, Arnhem,
The Netherlands) [14]. CO was derived by HR and SV (CO = SV x HR), and systemic vascular
resistance (SVR) was derived by dividing MAP by CO (SVR = MAP/CO).

Sample Size

The sample size was determined a priori using the G*Power software (Heinrich Heine
University, Dusseldorf, Germany)[15], based on data from an internal pilot study, involving 16
participants (8/group). The power analysis was conducted using a t-test for the difference between
two independent group means (younger adults vs older adults) obtained from the amplitude of the
overshoot or undershoot measured within 30 seconds after the nadir. The analysis used an « level of
0.05 and demonstrated an actual power of 0.80 with an effect size of 0.69, derived from the mean *
SD values for younger adults (6.83 + 6.96 mmHg) and older adults (2.36 + 5.93 mmHg), resulting in
an estimated total sample of 54 participants (27/group). A larger sample of older adults was
intentionally collected to account for the increased likelihood of data loss in this population due to
signal artifacts and noise, particularly during dynamic postural tasks. Oversampling was used to
ensure that adequate statistical power and to retain sufficient data for the planned analyses.

Data Analysis

Data from the Finometer were acquired and processed on a beat-by-beat basis using LabChart
8.0 (ADInstruments, Colorado Springs, CO, USA). ECG data were filtered with a 5-30 Hz bandpass
to detect R peaks, except for the 30 seconds before and 90 seconds after standing, during which the
raw signal was preserved, and Finometer calibration was manually disabled. When ECG traces were
of poor quality, analysis was performed on the pressure waveform peaks. BP was calibrated using
standard procedures described by the company, followed by a manual calibration (automated BP
monitor - ARSIMAI BSX516, Munster, Germany). Data was saved and transferred to a custom Matlab
app for further analyses (Matlab R2024; The MathWorks Inc, Natick, MA, USA). In the Matlab app,
noise and motion artifacts were removed using a median filter followed by a low-pass filter (cut-off
= 0.05 rad/sample based on scalogram analysis) and a 5-second moving average to smooth the signal
and extract parameters of interest [16,17]. Then, the data was interpolated and corrected for delays
introduced by resampling at 1 Hz.

Variables Extracted and Analyzed During Active Standing

Baseline values were determined as the average of the 2 minutes before standing. In the first 30
seconds after standing, the lowest values of SBP, DBP, MAP, and SVR, and the highest values of HR,
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CO, and SV were analyzed. Peak values were defined as the highest value reached within 30 seconds
following standing. Short-term cardiovascular compensatory responses were defined as the highest
point reached after the drop. These responses were divided into four specific phases, as follows:
phase 1 (0-30 s), phase 2 (30-60 s), phase 3 (60-180 s), and phase 4 (300-420 s), reflecting cardiovascular
regulation after active standing orthostatic stress. This phased approach is based on expected
physiological responses in healthy adults (reference response) and specific times regarding OH
classifications (initial orthostatic hypotension, classical orthostatic hypotension, delayed orthostatic
hypotension) [18]. Such an approach enables a detailed assessment of adaptive responses and
differences in cardiovascular regulation between older adults and young adults (Figure 2).
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Figure 2. Example of systolic blood pressure (ASBP, top) and heart rate (AHR, bottom) responses to lie-to-stand
divided into 4 phases. Phase 1: 0-30 s, phase 2: 30-60 s, phase 3: 60-180 s, and phase 4: 300-420 s after transition.
*The unshaded interval (180-300 s) represents a stabilization period similar to phase 3, therefore, it was excluded
from the analysis. However, phase 4 continues in the analysis as it represents a higher incidence of delayed

orthostatic hypotension[19,20].

Statistical Analysis

The normality of the data was assessed using the Shapiro-Wilk test. Continuous variables (e.g.,
SBP, DBP) with a parametric distribution were reported as mean + SD, along with the 95% confidence
interval (95% CI). Non-parametric continuous variables were reported as median with interquartile
range (IQR) and minimum and maximum values. For sample characterization, continuous data (e.g.,
height, body mass) were presented as mean + SD, 95% CI, minimum, and maximum values, while
categorical data (e.g., sex, educational level) were reported as absolute numbers and relative
percentages. The Chi-square test was used to compare categorical variables.

For comparison data between groups (younger vs. older), the Mann-Whitney U test was applied.
To adjust for multiple hypothesis testing, the p-values were corrected using the Benjamini-Hochberg
adjustment [21], with the false discovery rate (FDR) set at 0.05. Significant results were reported based
on the corrected p-values.

For continuous variables, effect sizes were calculated to quantify the magnitude of between-
group differences. For parametric data, Cohen’s d was used [22]; for non-parametric data [23] the
correlation coefficient r was applied. Effect size was classified as low (< 0.05), medium (0.06-0.25),
high (0.26-0.50), and very high (> 0.50) [22]. Correlations between CO and SVR at 0-30 s (phase 1), 30-
60 s (phase 2), 60-180 s (phase 3), and 300-420 s (phase 4) were analyzed using Pearson or Spearman
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correlation, depending on the data distribution. Correlation magnitudes were interpreted as small (r
=(0.10-0.29), medium (r = 0.30-0.49), and large (r = 0.50) [22]. All analyses were conducted using R®
(Version 4.1.1, Vienna, Austria), with statistical significance set at ot < 0.05.

3. Results

In the sit-to-stand transition, data from 12 participants were excluded from the analysis, where
a final sample size was 28 younger adults and 48 older adults. In the lie-to-stand, 11 participants were
excluded from the analysis, resulting in a final sample size of 27 younger adults and 50 older adults
(Figure 3). Data was excluded due to poor signal quality (e.g., noisy, motion artifacts).

164 participants
> contacted
3 | [ 76 participants were not included:
k= > o 47 declined to participate
w 1 l ¢ 29 did not meet the inclusion criteria

88 participants enrolled

l

88 participants assessed Participants excluded due to poor signal quality

-
c
)

£

©
&
=

(i}

e Experiment 1:
‘% 12 participants (all older adults)
£ « Experiment 2
§ 11 participants (1 younger adult; 10 older
< adults)
Experiment 1: Sit-to-stand Experiment 2: Lie-to-stand
» 28 younger adults e 27 younger adults
» 48 older adults ¢ 50 older adults
Total: 76 participants Total: 77 participants

Figure 3. Recruitment flow chart of the study.

In terms of sex distribution, 70% of the older adults were female and 30% were older males,
while the younger adults sample consisted of 50% females and 50% males. Anthropometric data
showed that older adults had a higher BMI and were shorter than younger adults, but there were no
statistically significant differences in body mass. Regarding older adults’ cardiovascular medication,
27% of participants were on calcium channel blockers (n = 14), 13% on beta-blockers (n =7), 10% on
diuretics (n =5), 8% on ACE inhibitors (n = 4), and 8% on angiotensin receptor blockers (n = 4). Also,
only 2 of the younger adults (7%) were on psychotropic medications.

Table 1. Sample characteristics of younger adults and older adults.

Experiment 1 (sit-to-stand)

Variable Younger adults Older adults p
Sex n % n %
Female 14 50 - 34 701 - <0.001*
Male 14 501 o 14 30 ----  <0.001*
Experiment 2 (lie-to-stand)
Variable Younger adults Older adults p
Sex n % n %
Female 13 487 - 35 701 ---—-  <0.001*
Male 14 521 — 15 30 - <0.001*
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Anthropomet
ric data
Age (years) 21.0+23 20.8;22.618.0,28.0 70.5+3.91 69.3;71.5 63.0;78.0 <0.001*
Height (m) 1.73+0.07 1.69;1.761.56;1.86 1.64+0.08] 1.62;1.66 1.46;1.84 <0.001*
42.5;

Mean+SD CI95% Min; Max Mean + CI95% Min; Max

Body mass 67.6+11.9 629-72.242.6;90.5 73.7+15.4 69.4;78.0 110.0 0.07
BMI (kg/m2) 22.6+3.38 21.3-23.916.5,30.4 273 +5.61 25.8;289 17.1;48.4 <0.001*
Hypertension n %o = n % = =

0 0 20 40 <0.001*
Diabetes n % -—-- n % -—--
0 0 2 4 0.53
Medications n % - n % -—--
Cardiovascul
ar 0 0 - 20 40 - <0.001*
Medications
Psychotropic
Medications 2 7 - 7 14 - 047

Mean + Standard deviation (SD); n: number of participants; 95% CI: 95% confidence interval; Min-Max:
Minimum; Maximum; BMI: body mass index; OH: orthostatic hypotension; NBP: normal blood pressure; IOH:
initial orthostatic hypotension; DBPR: delayed blood pressure recovery; SOH: sustained orthostatic hypotension.
**OH classification followed the criteria of Van Wijnen et al. [1], focusing on beat-by-beat SBP measurements

during the lie-to-stand transition. “Statistically significant differences.

Sit to Stand Responses

During sit-to-stand, at baseline, older adults exhibited higher SBP, DBP, MAP, and SVR, while
HR, CO, and SV were lower compared to younger adults. Immediately on sit-to-stand, older adults
experienced a greater drop in SBP, DBP, MAP, SVR, lower HR and CO peaks, and larger SV peak
values compared to younger adults. Additionally, SBP, DBP, and MAP short-term cardiovascular
compensatory responses showed no statistically significant differences between older adults and
younger adults during phases 1 (0-30 s) and 2 (30-60 s). However, older adults exhibited higher values
in phases 3 (60-180 s) and 4 (300-420 s), except for DBP. Older adults also had lower SVR values in
phases 1 and 2, but no differences in phases 3 and 4. In older adults, HR had lower values and SV
had higher values across all phases compared to younger adults. CO values were lower in phases 1
and 4, but no differences were observed in phases 2 and 3 (Table 2).

Table 2. Comparison of baseline, amplitude, and short-term cardiovascular compensatory responses during sit-

to-stand between younger adults and older adults across phases.

Phase 1 Phase 2 Phase3 Phase4

Variable Group  Baseline Ampehtu_d

Younger 111.6+9.1 -84164 48140 26+46 18133 -1.0+36
adults  (108;115) (2.6;43.8) (-5.1,22.0) (0.8;4.4) (-3.3;20.0) (-2.4;0.4)
SBP (mmHg) 1295+  -204 |
Older adults  12.91 11.01
(126; 133) (5.4; 41.0)
Adjp 0.003* 0.003* 0.23 0.6 0.003* 0.003*
ES 1.5 1.1 -0.3 0.1 0.76 0.8
Younger 7616 -78144 28130 15127 23127 11122
adults  (54;82) (3.4;283) (-9.7;82) (-8.567) (-8.9;11.4) (-12.0;6.2)

27197 33+11 211787 34£221
(-15.7;21.9) (5.5;7.6) (-15.0;22.4) (1.5;5.3)

DBP (mmH 113, 014
(mmFig) Older adults 501101 16370T| 06138 12130 33137 2(_01'1‘21
66:9) 5y (11876) (99,109) (93,136) )0

Adjp _ 0029*  0035* 023 0.30 0.11 0.2

ES 03 05 03 0.1 0.11 0.2
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Younger 87+505 7.7 144 21136 28130 24127 -01143
adults  (85.1;89) (3.4;28.3) (-6.3;104) (9.7;82) (-8.2;11.7) (-13.7;3.9)
MAP (mmH 5+ 133 | 19 | 4.
(mm#g) 955+ 331 13143 06138 331377 20431
Older adults  8.521 6.71 (-12.0;9.1) (-11.8;7.8) (-9.3; 13.6) (-12.6;
(93.2;97.9) (5.5;27.7) 7 07 7:8) 10 290N 0 6)
Adjp 0.002*  0.023* 0.11 0.9 0.012*  0.008*
ES 1.1 0.7 0.2 0.01 0.36 0.4
Younger 206165 -70127 07+1.81 16+17 17121 02117
SVR adults  (13.8;31.1) (2.7;11.6) (-0.0;14) (0.9;2.3) (-1.8;6.9) (-1.9;3.3)
Hg.min-1L- 1.
(mm gl)mm Older adults 258 1 841 161 63T| 20+33 -13+-21] 05157 -04154
18.2;49.8) _ .- 29;-1.0) (-0.527) (-6.1;11.4) (-7.9;9.3
( ) (53: 21.5) ( ) ( ) ( ) ( )
Adjp  0.0017* 0.0017* 0.0017*  0.0017* 023 0.4
ES 0.6 0.7 0.9 12 0.1 0.1
Younger 719+102 292+53 292+53 11.7+83 180+7.8 141+55
HR adults  (68.0;75.9) (27.1;31.3) (27.1;31.3) (8.5;15.0) (15.0;21.1) (11.9; 16.3)
(bpm) 645+61.8] 123+4.4] 123+44] 7.0+59] 93+39] 7.5+42|
Olderadults” - 1.9 0)" (11.0;13.6) (11.0;13.6) (8.1:38) (8.1;105) (62;87)
Adj p 0.001*  0.001*  0.001*  0.001*  0.001*  0.001*
ES 038 35 35 08 15 14
Younger 54+12 20113 20113 03+04 04+05 -0.1+04
Co adults  (5.0;60) (0.7;45) (0.7;45) (0.1;0.6) (0.2;07) (-0.2;0.1)
(L.min-1) 35:08] 16108, 16108, 22+09 05+04 0.1=047
Olderadults " 55 300 (05,47) (0547 (1.9:26) (0407 (0.0;03)
Adj p 0.035*  0.005*  0.005* 0.11 0.4 0.028*
ES 19 0.4 0.4 0.4 0.2 0.5

Younger 773+183 9.1+78 -37192 -81x71 -10.011.1-2231115

adults  (70.2;84.4) (6.0;12.2) (-30.8; 14.0) (-10.9; -5.3) (8.6; -28.7) (-46.9; -7.5)
sv -15.0 |
(mL) 559+144] 13.6+817 381951 0181t -391741 1221

Olderadults o} 7 601y (11.2,16.0) (7.2;531) (:2.2;25) (:25.8,283) (-42.6;
30.0)

Adjp  0.0014*  002*  0.0014*  0.0014*  0.0014*  0.011*
ES 13 0.6 0.5 1.0 0.6 0.35

Mean + Standard Deviation (SD) with 95% Confidence Interval for the mean; |: Interquartile range with
Minimum and Maximum; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial
pressure; SVR: systemic vascular resistance; HR: heart rate; CO: cardiac output; SV: stroke volume; Adj p:
adjusted p-value; ES: effect size. | lower than; 1 higher than. *Statistically significant differences between
younger adults and older adults. The variable values are expressed as absolute numbers in baseline and A from
amplitude to phase 4, where negative numbers represent below baseline values and positive numbers above

baseline values.

Regarding ACO-ASVR matching, in sit-to-stand, younger adults demonstrated a non-significant
correlation in phase 1 (r=-0.234, 95% CI -0.569; 0.137, p = 0.2). However, a significant strong negative
correlation was observed from phases 2-4 (phase 2: r =-0.652, 95% CI -0.825; -0.369, p < 0.001, phase
3:1=-0.603, 95% CI -0.797; -0.296, p < 0.001), and phase 4: r =-0.837, 95% CI -0.922; -0.674, p < 0.001).
Older adults showed moderate and strong significant negative correlations between ACO and ASVR
in all phases (phase 1: r = -0.366, 95% CI -0.534; -0.011, p = 0.01, phase 2: r = -0.824, 95% CI -0.898; -
0.704, p <0.001), phase 3: r =-0.533, 95% CI -0.710; -0.293, p < 0.001), and phase 4: r = -0.859, 95% CI -
0.919; -0.761, p < 0.001) (Figure 4).
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Figure 4. Cardiac output and systemic vascular resistance correlation during sit-to-stand in younger adults and
older adults.

Lie to Stand Responses

During lie-to-stand, older adults exhibited higher SBP, DBP, MAP, and SVR, while CO and SV
were lower compared to younger adults, with no differences in HR. Older adults experienced a
greater drop in SBP, DBP, MAP, and SVR, lower HR peak, higher SV peak, and no differences in CO
peak values (Table 3). Furthermore, older adults’ SBP, DBP, MAP, and SVR short-term compensatory
responses were lower in phases 1 and 2, but similar in phases 3 and 4 than younger adults. However,
HR values were lower, and SV values were higher in phases 1-3 but not in phase 4 in older adults.
No statistically significant differences were observed in CO across all phases between older adults
and younger adults (Table 3).

Table 3. Comparison of baseline, amplitude, and short-term cardiovascular compensatory responses during lie-

to-stand between young and older adults across phases.

Variable Group Baseline Amplitude Phase 1 Phase 2 Phase 3 Phase 4
Younger 111.6 £9.1  -151+6.6 59+49 3216.0 25141 -09135
SBP adults (108;115) (124;17.7) (40;79) (-649.7) (22,83) (41;42)
(mmHg) Older adults 129.5+12.91 -31.7+12.41 -25+10.7] -1.219.0] 2.6 18.0 -1.2 1 11.9
(126;133) (28.1;35.3) (-15.7,21.9) (29.1;21.4) (-23.2;27.1) (-32.8;19.9)
Adjp 0.003* 0.0035* 0.035* 0.007* 0.5 0.23
ES 1.5 1.5 -0.9 0.4 0.1 0.2
Younger 76 16 -11.2 1 4.0 40138 3.0131 43128 24120
DBP adults (54;82)  (2.5;17.9) (-2.6;14.0) (-2.4;10.6) (0.6;14.0) (-0.3;10.3)
mmH 80 I 10 -19.5 159 0117.0 12158 2516.6 2.8 16.0
mmHE Older aduls (56; 92)T 0.0; 34.6)T (-9.8; 21.;) (-10.0; 27.l1) (7.6;325) (-8.2;283)
Adj p 0.029* 0.0017* 0.0017* 0.004* 0.46 0.9
ES 0.3 0.8 0.6 0.4 0.1 0.01
MAP Younger 87 +5.05 -10.7+55  42+32 3.0131 44128 1.7 186
(mmHg) adults (85.1;89)  (9.2;12.1)  (3.0;55)  (24;10.6)  (0.6;4.0) (-14.5;21.9)

Older adults 955+8521 -19.8+691 05+39] -16173] 26166 22186
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(93.2;97.9) (17.8;218) (0.6;1.6) (-168,209) (7.6;325) (-14.5;21.9)
Adjp 0.002* 0.0014*  0.0014*  0.0014* 0.58 0.90
ES 1.1 18 11 05 0.1 0.01
SVR Younger  194+36 64132 24149 36148 44139 17137
. adults  (180;209) (3.1;23) (-27,11.0) (-2.0,100) (2.3;10.0) (-4.3;7.2)
(mmHg.min-1.L
) Olderadults 278%701 1251521 -17141]  -08141] 27164 02168
(25.8,29.8) (49;253) (-13.1;19.5) (-11.9;24.9) (-11.1;40.8) (-13.3;40.5)
Adj p 0.0017* 0.0017*  0.0017*  0.0017* 0.14 0.7
ES 14 0.9 0.6 05 0.2 0.03
Younger  664+98 3541811 354181 1671125 2171120 188190
HR adults  (62.5;702) (25.8;53.7) (258;53.7) (-1.9;47.8) (11.5;447) (3.8;35.5)
(bpm) 62688 162158 162158, 109168, 135182, 91171
F Olderadults (0 0. 651) (5.6;404) (5.6, 40.4)l 0.4; 41.3)l 45 42.8)l (1.8; 32.1l)
Adj p 0.08 0.0014*  0.0014*  0.0081*  0.0014*  0.0014*
ES 04 0.9 0.9 0.4 0.7 0.7
Younger 551131 17110 17110 01+08  01+06 -02108
o adults (39,900  (07;54) (07;53) (02;,04) (0.0;04) (-1.5,13)
(Lminl) oo 34110 17115 17115 04206  05:05 00107
(22;,56)  (03;60) (03;60) (0.2;0.6) (04,07 (-2.7;1.0)
Adj p 0.035* 04 04 0.17 0.17 0.28
ES 0.8 0.1 0.1 0.4 0.3 0.1
Younger 853 12297 -011167 -1681112 -196+85 231+85 -194 1164
sV adults  (61.8;1222) (-27.7;21.6) (-37.9;3.1) (-23.0;-16.3) (-26.5;-19.7) (-42.6;-0.3)
mL 5571149 10511071 39 11101 -55+7.97 -84+7.11 -17.5 244
) Olderadults 524 051y (5.4; 49.7)T (-18.0; 33.51) (-7.8; -3.2§ (-10.8; -6.3) (-55.7; 3.7)
Adj p 0.0011* 0.0011*  0.0011*  0.0011*  0.0011* 0.8
ES 0.8 05 0.85 17 17 0.03

Mean + Standard Deviation (SD) with 95% Confidence Interval for the mean; |: Interquartile range with

Minimum and Maximum; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial

pressure; SVR: systemic vascular resistance; HR: heart rate; CO: cardiac output; SV: stroke volume; Adj p:

adjusted p-value; ES: effect size. | lower than; 1 higher than. *Statistically significant differences between

younger adults and older adults. The variable values are expressed as absolute numbers in baseline and A from

amplitude to phase 4, where negative numbers represent below baseline values and positive numbers above

baseline values.

< 0.001), phase 3 (r =-0.719, 95% CI -0.834; -0.553, p < 0.001), and phase 4 (r =

In lie-to-stand, there was moderate and strong significant negative correlations between ACO
and ASVR across all phases in younger adults (phase 1: r = -0.409, 95% CI -0.683; -0.034, p = 0.03),
phase 2: r=-0.784, 95% CI -0.897; -0.575, p <0.001), phase 3: r =-0.806, 95% CI -0.908; -0.614, p <0.001),
and phase 4: r =-0.927,95% CI -0.966; -0.844, p < 0.001). Unlike younger adults, the ACO and ASVR
correlation was not statistically significantly different in older adults in phase 1 (r =-0.197, 95% CI -
0.430; 0.118, p = 0.1), but strong statistically significant in phase 2 (r =-0.724, 95% CI -0.804; -0.486, p

0.531, p < 0.001) (Figure 5).
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Figure 5. Cardiac output and systemic vascular resistance correlation during lie-to-stand transition in younger
adults and older adults.

4. Discussion

Although previous studies have examined the effect of age on short-term cardiovascular
compensatory responses [6,7], our study is the first to analyze phase-specific cardiovascular
responses, including the initial, early, late, and delayed periods, in younger adults and older adults
during both sit-to-stand and lie-to-stand transitions. The main findings indicate that immediately on
standing, older adults experienced a larger drop in SBP, DBP, MAP, and SVR, as well as blunted
increases in HR and CO, but exhibited higher SV responses. Older adults had attenuated short-term
compensatory responses in phases 1 (initial) and 2 (early) across SBP, DBP, MAP, SVR, CO, and HR.
They also showed a lower peak HR and CO response, alongside a larger SV compensatory response
throughout phases 1 to 4. Regarding the matching between ACO and ASVR, which reflects the timing
of BP regulation, older adults exhibited significant negative correlations across all phases (1-4) during
sit-to-stand and phases 2-4 during lie-to-stand transition. These findings indicated that under lower
gravitational stress, older adults were able to regulate BP within 30 seconds of standing, but younger
adults could not. However, during the lie-to-stand transition, significant negative correlations were
observed in phases 2-4, indicating that older adults require more time (30-60 s) to regulate BP
effectively.

Immediate Cardiovascular Responses to Active Standing

Immediately on standing, older adults exhibited greater drops in SBP, DBP, and MAP in both
transitions compared to younger adults. These results are partially consistent with previous studies
[10], but in contrast with Kawaguchi et al., [8]. Smith and Fasler [10], observed that older adults had
a larger SBP drop compared to young adults, with no differences in DBP. Kawaguchi et al., [8]
reported no statistically significant differences in SBP, DBP, and MAP drop during sit-to-stand
between the groups.

In the current study, SVR drop (the lowest point reached on standing) was more pronounced in
older adults (sit-to-stand: 44%; lie-to-stand: 45%) than in younger adults (sit-to-stand: 33%; lie-to-
stand: 33%) following the active standing orthostatic stress. This finding contrasts with the results of
Vargas et al. [6], who reported that older adults had a smaller percentage change in SVR from baseline
to 70° head-up tilt (22% + 27%) compared to younger adults (62 + 33%). It also differs from Wieling et
al. [7], who reported no statistical differences in SVR changes during lie-to-stand (active stand)
between older adults (17 + 24%) and younger adults (25 + 10%).

Older adults also exhibited a blunted peak HR response compared to younger adults in both
conditions, consistent with previous findings [6,7,9]. Wieling et al. [7] reported age-group differences
in HR one minute after lying to standing. Vargas et al. [6] observed smaller percentage HR changes
in older adults after a 70° head-up tilt. Smith et al. [9] showed attenuated HR increases in older males
across multiple tilt angles. This study also reported that older adults had a reduced peak CO during
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sit-to-stand, but not lie-to-stand, aligning with studies reporting no significant age-related differences
in peak CO [7,24]. In contrast, older adults demonstrated higher SV peaks during both transitions,
consistent with earlier findings [6,7].

These cardiovascular differences likely reflect age-related changes, including arterial stiffness,
impaired vascular compliance, slower baroreflex responses, reduced (3-adrenergic sensitivity, slower
parasympathetic withdrawal, and impaired baroreflex function [4,25]. Although baseline SV was
lower, older adults reached higher SV peaks, likely a compensatory mechanism to offset reduced BP,
CO, and delayed vasoconstriction [4,25]. Overall, the data indicate that older adults have an impaired
ability to regulate BP immediately on standing, particularly under higher orthostatic stress
challenges.

Short-Term Cardiovascular Compensatory Responses Across Phases During Active Standing Orthostatic
Stress

The short-term cardiovascular compensatory phases (1-4) and expected physiological responses
are described in Figure 2. To date, no study has directly compared the short-term time course of
cardiovascular compensation between older and younger adults in all these phases following active
standing orthostatic stress. Therefore, this discussion primarily draws on a limited number of studies
that examined these responses separately by age group, as well as studies involving passive
maneuvers (head-up tilt), despite the inherent differences between active and passive postural
transitions.

In this study, SBP, DBP, and MAP responses during sit-to-stand did not differ between older
and younger adults in the first 30 seconds (phase 1). However, during lie-to-stand, older adults
showed slower BP recovery, requiring more than 30 s (phase 2) to return to initial values. Consistent
with our results, Ten Harkel et al. [26] reported that SBP and DBP returned to baseline within 20
seconds in younger males (22-40 years old) after lie-to-stand. Finucane et al. [5] investigated 4475
middle-aged and older adults (62.8 + 9.2 years) during lie-to-stand and reported delayed SBP
stabilization, within 20-30 s in males and 30 s in females aged 50-69 years, but up to 60 s in males and
90 s in females aged > 70 years. Similarly, DBP stabilization occurred within 40 s for those aged 50-69
years, but did not return to baseline in those aged > 70 years.

In the current study, during phases 1 (0-30 s) and 2 (30-60 s), older adults exhibited diminished
SVR response compared to younger adults in both conditions, consistent with previous studies [9,27].
Additionally, older adults demonstrated a blunted HR short-term compensatory response across all
phases during both active standing orthostatic stress, consistent with the findings from Wieling et al.
[7] and Kim et al. [27]. Wieling et al. [7] reported lower HR in older adults at 1, 2, and 5 minutes after
lie-to-stand, while Kim et al., [27] observed smaller HR increases in older adults at 5 minutes after
standing. In contrast, CO responses in the present study were similar between groups across all
phases. Interestingly, older adults showed a higher SV compensatory response in all phases (1 to 4)
of sit-to-stand and in phases 1 to 3 of lie-to-stand. Partially agreeing with our results, Wieling et al.
[7] found no age-related differences in CO percentage changes at 1 and 2 minutes after lie-to-stand,
although they did not report a greater CO drop in older adults at 5 minutes. The authors also reported
a smaller SV percentage drop in older adults at 1, 2, and 5 minutes on standing.

Cardiac Output and Systemic Vascular Resistance Matching Responses During Active Standing Orthostatic
Stress

During postural transitions, the coordination/matching between ACO and ASVR is essential for
maintaining MAP and ensuring adequate cerebral blood flow [4,25]. This is the first study to examine
the correlation between ACO and ASVR across specific phases, aiming to determine the timing of BP
regulation relative to baseline values. Given the novelty of this analysis, the discussion focuses on the
physiological aspects of cardiovascular responses. During sit-to-stand, older adults exhibited a
significant negative correlation between CO and SVR across all phases, whereas younger adults
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showed this correlation from phases 2 to 4. In lie-to-stand, older adults showed a significant negative
correlation from phases 2 to 4, while younger adults displayed this correlation across all phases.

These findings indicate that older adults regulate BP within 30 s (phase 1) during sit-to-stand,
demonstrating that they can still compensate under a lower gravitational stress challenge, unlike
younger adults, who took longer to regulate BP in lower gravitational stress. This delayed regulation
in younger adults may be partially explained by their greater vascular compliance, which facilitates
peripheral blood pooling and may delay venous return and subsequent BP recovery in lower
gravitational stress [25]. Additionally, the relatively lower gravitational stress of the sit-to-stand
transition may not be sufficient to provoke substantial autonomic or hemodynamic modulation in
individuals with preserved cardiovascular regulatory capacity [28]. Another factor that may partially
explain this response in younger adults is the speed of transition. Younger adults likely stand up
more quickly than older adults, which may require slightly more time for the cardiovascular system
to adjust due to the rapid gravitational shift [29,30], a factor that may not affect older adults in the
same way.

In contrast, in lie-to-stand, older adults exhibit delayed BP regulation, achieving matching
between ACO-ASVR after 30 s (phase 2). This delayed response may reflect the diminished efficiency
of cardiovascular and autonomic compensatory responses, including slower baroreflex activation [4],
delayed vasoconstriction [25], and reduced autonomic response [31]. Consequently, older adults
exhibited impaired rapid responses to counteract the sudden BP drop and increased blood pooling
in the lower extremities under higher orthostatic stress.

Limitations

This study has limitations that should be considered when interpreting the findings. Medication
used was recorded but not controlled, which could have influenced cardiovascular responses during
active orthostatic stress. Many older adults take antihypertensives, beta-blockers, or diuretics, which
may affect HR, BP, and vascular resistance [32]. While these medications may have impacted
compensatory responses under investigation, they also reflect real-world conditions, making the
findings more applicable to the community-dwelling older population.

In young female participants, the menstrual cycle phase was not controlled. However, its impact
on cardiovascular responses remains controversial in the literature. Studies have suggested that
estrogen levels influence vascular tone [4,33] and hemodynamic responses during postural
transitions [34,35]. Conversely, other studies report no significant effects on hemodynamic responses
[36,37]. Therefore, whether and how the menstrual cycle affected our results, and the extent of this
influence, remains uncertain. However, it is unlikely to have substantially altered the overall findings
of this study. Sex and frailty are potential confounders that should be acknowledged as limitations.
Future research should explore how these factors impact cardiovascular responses during active
standing orthostatic stress.

5. Conclusions

Older adults experienced a more pronounced drop in BP and SVR, along with delayed short-
term compensatory responses compared to young adults, indicating impairments in cardiovascular
regulation. They also showed a blunted HR compensatory response during both transitions. Despite
this, SV was higher in older adults, indicating a greater reliance on SV as a compensatory response
to attenuating BP drops. Regarding BP stabilization, older adults required more time under higher
gravitational orthostatic stress, achieving regulation between 30 and 60 s after standing (phase 2), but
not under lower gravitational stress (phase 1). Overall, our findings highlight that older adults exhibit
delayed and less effective short-term cardiovascular responses during active standing, which may
contribute to increased risk of orthostatic hypotension, orthostatic intolerance, or falls in daily life.
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ACE - Angiotensin-Converting Enzyme

ARB - Angiotensin Receptor Blocker
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CI - Confidence Interval
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