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1 | INTRODUCTION

The brain requires constant cerebral blood flow, even
during perturbations to the systemic circulation (Willie
et al., 2014). Dynamic cerebral autoregulation (dCA) is
the ability of the brain to maintain blood flow by altering
cerebrovascular conductance (CVC) during perturba-
tions to circulation, such as changes in peripheral blood
pressure (Beek et al., 2008; Brassard et al., 2021; Roy &
Sherrington, 1890). Recording the dCA response has
become prevalent with the use of transcranial Doppler
ultrasound to measure middle cerebral artery blood
velocity (MCAv) and finger plethysmography to mea-
sure mean arterial pressure (MAP) (Beek et al., 2008;
Panerai, 1998). A sit-to-stand transition is a common
experimental perturbation utilized to measure the tem-
poral regulatory response of dCA (Sorond et al., 2009).
When performing a sit-to-stand, peripheral blood pres-
sure transiently drops due to gravitational venous pool-
ing and vasodilation (Olufsen et al., 2005). To counteract
the drop in blood pressure, dCA responds by increasing
the CVC of MCAv to the cerebrovascular system be-
fore MAP increases in the peripheral vascular system
(Labrecque et al., 2017) The time delay (TD) before the
onset of the dCA response is measured as the elapsed
time before an increase in CVC (Labrecque et al., 2017;
Lind-Holst et al., 1985).

While previous studies in healthy young and older
adults have performed the sit-to-stand technique to mea-
sure the temporal dCA response (Deegan et al., 2009;
Labrecque et al., 2019; Lipsitz et al., 2000; Moir et al.,
2020; Serrador et al., 2005; Sorond et al., 2009; Tzeng
et al., 2010), the exact methods of characterizing dCA
have varied between studies. While some report having
the individual stand quickly (within 0-3 s) and mark
the initiation of standing as when the verbal command
was given (Labrecque et al., 2019; Moir et al., 2020;

cerebral blood flow, cerebral blood velocity, dCA, middle cerebral artery blood velocity

Tzeng et al., 2010), others report having the individual
place their feet on a stool in front of them (legs at 90
degrees) and mark the initiation of standing from when
their feet touch the floor (Deegan et al., 2009; Lipsitz
et al., 2000; Serrador et al., 2005; Sorond et al., 2009).
However, the moment of standing from a seated position
is not objectively marked (Stevermer & Gillette, 2016).
The start of the postural change, the stimulus which
drops peripheral blood pressure, is critical for measur-
ing the TD before the onset of the dCA response and has
been indeterminate in prior protocols. Considering the
sit-to-stand transition is the stimulus for the change in
hemodynamics, not measuring the exact moment stance
occurs could introduce error and imprecise timing of
dCA onset.

Prior studies have implemented a tilt sensor to objec-
tively measure the angle of the squatting motion during
dCA repeated squat-stand maneuvers (Barnes et al.,
1985, 2017, 2018, 2021; Batterham et al., 2020; Panerai
et al., 2021) and one study examined the differing tran-
sition time between young and older adults during
a stand-to-sit with a goniometer (Klein et al., 2020).
However, it was unclear if the transition time detected
by the goniometer was measured simultaneously with
the physiologic response to improve the accuracy of the
TD before the onset of the dCA response (Klein et al.,
2020). A force sensor to objectively measure the time
of stance while simultaneously measuring the phys-
iologic response during a single sit-to-stand is needed
to improve the temporal precision of the TD response.
Measuring the exact moment of stance is especially im-
portant in older adults and clinical populations, such
as stroke who may present with reduced lower extrem-
ity strength, resulting in a delayed sit-to-stand reaction
(Bohannon, 2006; Mentiplay et al., 2020; Mong et al.,
2010). Current methodologies are unable to account for
the potential delay between the initiation and the stance
phase of a sit-to-stand (Stevermer & Gillette, 2016).
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To address this gap in the literature, we developed a
force sensor to determine the kinetic moment of arise-
and-off (AO), or the exact moment of standing up from
the seat (Stevermer & Gillette, 2016). Compared to esti-
mating AO from a verbal command similar to previous
work (Labrecque et al., 2019; Moir et al., 2020; Tzeng
et al., 2010), we hypothesized that measuring the exact
moment of AO, measured with a force sensor, would
alter the calculation of the TD before the onset of the
dCA response. We conducted the procedure twice sepa-
rated by 15 min (T1 = first sit to stand and T2 = second
sit to stand).

2 | METHODS

This is an ongoing study, “Blood Flow Response and
Acute Interval Exercise (BRAIN), focused on the charac-
terization of the cerebrovascular hemodynamic response
to a single bout of high- intensity interval exercise and
the sit-to-stand dCA response before and after exercise
(NCT04673994). We developed the force sensor prior
to study initiation and present limited data to establish
“proof of principle,” not as interim analyses of the a priori
stated primary outcome of the clinical trial. We recruited
and enrolled healthy young adults, older adults, and indi-
viduals post-stroke. Healthy young adults were included
if they were between the ages of 18-30 years old and
classified as low cardiovascular risk using the American
College of Sports Medicine (ACSM) Cardiovascular Risk
Screen (Thompson et al., 2013). Older adults and indi-
viduals post-stroke (6 months—5 years post-stroke) were
included if they were: (1) Between the ages of 40-80 years
old, (2) performed less than 150 min of moderate-intensity
exercise per week, and (3) able to answer consenting ques-
tions and follow a two-step command. Individuals were
excluded if they (1) were unable to stand from a sitting
position without physical assistance, (2) had a previous
history of another neurological disease (i.e., multiple scle-
rosis, Alzheimer's disease, or Parkinson's disease), and (3)
did not have a MCAuv signal on the right or left temporal
window using transcranial Doppler ultrasound (TCD).
The study was approved by the University of Kansas
Medical Center Institutional Review Board Human
Subjects Committee.

Prior to study procedures, all participants provided
written informed consent to participate and we collected
demographic information. Participants also completed a
standardized five time sit-to-stand assessment, to deter-
mine leg strength and balance by measuring how quickly
an individual could stand up from a chair and sit down
five times without the use of their arms (Mong et al., 2010;
Ng, 2010; Tiedemann et al., 2008).

Consistent with previously published protocols, our labo-
ratory room was dimly lit and kept at a controlled tem-
perature of 22°C-24°C (Billinger et al., 1985). Prior to
the visit, participants were asked to abstain from caffeine
for 8 h (Addicott et al., 2009; Institute of Medicine, 2001;
Perod et al., 2000), vigorous exercise for 24 h (Burma et al.,
2020), and alcohol for 24 h (Mathew & Wilson, 1986).
Participants were seated on a recumbent stepper (T5XR
NusStep, Inc. Ann Arbor, MI) with the chair rotated 90°
perpendicular. The participant sat with feet flat on the
ground, legs at 90°, and an upright trunk posture. The
participants rested for 20 min while the equipment was
donned: (1) A 5-lead electrocardiogram (ECG; Cardiocard,
Nasiff Associates, Central Square, New York) to meas-
ure heart rate, (2) a left middle finger plethysmograph
(Finometer, Finapres Medical Systems, Amsterdam, the
Netherlands) to measure beat-to-beat MAP, and (3) bi-
lateral TCD probes (2-MHz, Multigon Industries Inc,
Yonkers, New York) to measure MCAv. The TCD probes
were secured with headgear to maintain the optimal po-
sition and angle. Consistent with previously published
methodology measuring beat-to-beat MAP during a sit-
to-stand, participants were instructed to place their left
hand with the finger plethysmograph flat on the upper
chest at heart level (Labrecque et al., 2017; Lipsitz et al.,
2000; Sorond et al., 2009). Due to neuromuscular fatigue,
an arm sling was used to help hold the Finometer in place
during the sit-to-stand recording (Lipsitz et al., 2000). For
individuals with upper extremity spasticity, the Finometer
was placed on the non-affected upper extremity.

2.2 | Force sensor

Our custom force sensor was comprised of a force-sensitive
resistor (SEN-09376, Mouser Electronics Inc., TX) con-
nected to an operational amplifier (Canaduino LM393,
Universal-Solder, Ontario, Canada) and a custom circuit
housed on a breadboard (Inland 400 tie-point), shown in
Figure 1. The force-sensitive resistor was placed on the seat
under the visualized right ischial tuberosity and connected
to the custom circuit by six feet of stranded wire. For indi-
viduals with stroke, the force-sensitive resistor was placed
underneath the non-affected lower extremity due to asym-
metrical weight bearing during a sit-to-stand (Brunt et al.,
2002). When sitting, the force-sensitive resistor converted
the weight of the participant into a voltage, amplified at
the breadboard, and digitized via an analog-to-digital unit
(NI-USB-6212, National Instruments). Once participants
stood from the chair the force-sensitive resistor no longer
detected the participant's weight and the voltage signal
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FIGURE 1 Drawing of the custom force sensor measuring AO during sit-to-stands. For the operational amplifier (Op Amp), the pins
correspond to: 8-Vcc, 3-Input, 1-Output, 4-Ground. The force-sensitive resistor has a resistance that decreases with force. As the subject

stands, force decreases, the resistance increases, and the voltage drop increases at the force-sensitive resistor. This results in a decreased Op
Amp input voltage due to decreased voltage drop across the 47 Ohm resistor

quickly decreased to 0 volts for the remainder of the re-
cording. Therefore, the force sensor was able to detect the
exact moment the individual lifted off the seat to stand.
The voltage of our force sensor was captured simultane-
ously with MCAv and MAP during the sit-to-stand using
custom-written software. All measures were recorded at
500 Hz using a custom -written software within MATLab
implementing the Data Acquisition Toolbox (R2019a,
TheMathworks Inc, Natick, Massachusetts).

2.3 | Sit-to-stand

Participants were familiarized with the sit-to-stand proto-
col prior to the recording. After a minute of seated rest,
participants were given a 3-s countdown and asked to
stand at 60 s into the recording. Participants remained
standing for 2 min to allow hemodynamic stabilization
(Labrecque et al., 2019). The sit-to-stand recording was
performed twice separated by 15 min (T1, T2).

Raw data were processed offline using the QRS com-
plex within the ECG to calculate beat-to-beat MCAv and
MAP (Moir et al., 2020). AO was defined as the minimum
of the second derivative of the sensor voltage, correspond-
ing with the acceleration of the decreasing voltage velocity
during the sit-to-stand.

2.4 | Data analysis

Based on the published methodology, the TD before the
onset of the dCA response was evaluated by two trained
researchers as the seconds between performing the sit-to-
stand and a continuous increase in CVC without transient

TABLE 1 Participant characteristics

Age 5 time sit to

Subject (years) Sex stand (seconds)
Young adults

1 23 F 5.05

2 24 F 7.42

3 25 M 6.42

4 27 M 5.39
Older adults

5 70 M 6.54

6 71 M 10.85
Individuals

post-stroke
7 45 M 10.07
8 71 M 26.35

reduction (CVC = MCAvV/MAP) (Labrecque et al., 2019).
Rather than estimating AO in the recording as 60 s, our
force sensor marks the exact AO time. We calculated the
difference in the TD response when using the force sensor
compared to estimating AO at 60 s, or when the partici-
pant was asked to stand.

3 | RESULTS

A total of eight individuals completed the sit-to-stand tran-
sition with the force sensor to measure the TD before the
onset of dCA. We included healthy young adults (n = 4),
older adults (n = 2), and individuals post-stroke (n = 2).
Participant characteristics are shown in Table 1. The sit-
to-stand AO time for all participants is shown in Table 2.
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TD Difference with TD Difference with

Subject T1AO T1TD Force Sensor T2 AO T2 TD Force Sensor
Young adults

1 60.03 1.75 —0.03 59.81 1.26 +0.19

2 60.58 1.11 —0.58 60.26 213 —0.26

3 60.36 1.46 —-0.36 60.21 6.70 —-0.21

4 60.14 2.23 —-0.14 59.73 1.54 +0.27
Older adults

5 61.43 6.79 —1.43 59.93 2.89 +0.07

6 60.32 2.33 —0.32 62.52 2.23 —2.52
Individuals

post-stroke
7 59.91 0.79 +0.09 60.00 1.94 0
8 59.83 1.93 +0.17 59.60 3.16 +0.40

Note: Time in seconds.

Abbreviations: AO, arise-and-off; T1, First sit-to-stand; T2, Second sit-to-stand (separated by 15 min); TD, time delay before the onset of the dCA response.

3.1 | Healthy young adults

At T1, the AO time for the healthy young adults was
60.28 + 0.24 s. The force sensor was able to account for
a shorter TD by 0.28 + 0.24 s compared to estimating AO
from the verbal command to stand. At T2, the AO time was
on average at 60.00 + 0.27 s in the recording. However, be-
cause two individuals had an AO time before being asked
to stand, the force sensor accounted for a change in the TD
response of 0.003 + 0.27 s.

3.2 | Older adults

At T1, participant #5’s AO time was 61.43 s. Compared
to estimating AO from the verbal command to stand, the
force sensor was able to account for a decrease in the TD
response by 1.43 s (~17%). At T2, the same participant
#5 had a 1.50 s faster AO time compared to T1 and had
an AO time before being asked to stand. In contrast, while
participant #6 had a small change in the TD at T1 0f0.32 s,
they were 2.20 s slower at T2. The force sensor was, there-
fore able to account for a decrease in the TD response by
2.52 s (~53%) at T2, compared to estimating AO from the
verbal command to stand (shown in Figure 2).

3.3 | Individuals post-stroke

At T1, participant #7’s AO time was 0.09 s before the ver-
bal command to stand, which accounted for an increase
(~13%) in the TD response, compared to estimating AO
from the verbal command to stand. At T2, the same

participant #7’s AO time was at exactly 60 s. In contrast,
participant #8’s AO was before the verbal command to
stand, which accounted for an increase in the TD response
at T1 (~10%) and T2 (~14%), respectively.

4 | DISCUSSION

Previously published sit-to-stand methodology measuring
the TD before the onset of the dCA response does not re-
port the true moment of AO from the chair and therefore
does not measure the exact start of the stimulus that drops
peripheral blood pressure. While force sensors have been
used in the kinetic characterization of a sit-to-stand (Galli
et al., 2008) and tilt sensors have been used during dCA
repeated squat-stands (Barnes et al., 1985, 2017, 2018,
2021; Batterham et al., 2020; Klein et al., 2020; Panerai
et al., 2021), we are the first to apply a force sensor dur-
ing a hemodynamic recording to improve the accuracy of
the TD before the onset of the dCA response. While the
force sensor does not assess the duration or acceleration of
the sit-to-stand, the purpose of the force sensor was to de-
tect the exact moment of AO to precisely time the start of
the physiological response and the TD before the onset of
dCA. The force sensor allowed for the simultaneous meas-
urement of the sit-to-stand reaction behavior with the
physiologic response. We hypothesized that measuring
AO precisely with a force sensor would identify previously
unobserved variability in standing dynamics compared to
estimating AO from a verbal command or other methods
(Labrecque et al., 2019; Lipsitz et al., 2000; Sorond et al.,
2009). We have shown that while healthy young adults
may demonstrate a faster transition reaction speed during
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FIGURE 2 Novel application of a force sensor during a
sit-to-stand in a single healthy young adult (n = 1), older adult

(n =1), and individual post-stroke (n = 1). CVC, Cerebrovascular
Conductance; Horizontal Dotted Line, Individuals were asked

to perform the sit-to-stand at 60 s; AO, Arise-and-off when
participants stood from the chair; TD, Time delay before the onset
of dynamic cerebral autoregulation. Force sensor values are in
arbitrary units

a sit-to-stand dCA recording (Beek et al., 2008; Sorond
et al., 2009), older adults and individuals post-stroke may
differ in their AO response. We have shown that the TD
before the onset of dCA, which typically occurs within
10 s (Labrecque et al., 2019; Serrador et al., 2005; Sorond
et al., 2009), could potentially be skewed in some individ-
uals by more than 2.5 seconds. Therefore, implementing
a force sensor during a sit-to-stand allows investigators to

objectively identify when the stimulus occurs and may im-
prove the accuracy of the TD response.

Previous reviews have also reported delayed sit-to-
stand reaction time in individuals with stroke (Boukadida
et al., 2015; Lecours et al., 2008; Mentiplay et al., 2020),
which was supported by our results (see Table 1) report-
ing the five time sit-to-stand scoring two standard devi-
ations away from the age-normative values (Bohannon,
2006). While this would suggest an individual post-stroke
would have a delay in AO, our results show that the in-
dividuals with stroke began to stand prematurely during
the 3 second countdown, shown in Figure 2. A possible
explanation for an early AO could be that the individuals
post-stroke anticipated longer sit-to-stand transition times
(Mong et al., 2010).

We show that the healthy young adult participants per-
formed AO at approximately the same time between T1
and T2. Although definitive conclusions cannot be drawn,
two healthy young adults stood early at T2, which could
have been due to anticipation and learning effect (Crook
et al., 2017; Haile et al., 2021). One older adult participant
could have also had an increase in performance learning
and stood faster at T2 (Bohannon et al., 2010). However,
the other older adult took ~2 s longer to perform AO at
T2, which may have been due to lower extremity weak-
ness (Sloot et al., 2020). The individuals post-stroke may
have recognized their lower extremity weakness and an-
ticipated needing longer to stand.

Imprecise temporal measures of dCA onset could
potentially impact our interpretation of data, especially
when comparing healthy individuals to clinical popula-
tions. A previous study performed repeated sit-to-stands
every 10 s in healthy older adults compared to individu-
als with dementia and mild cognitive impairment (Heus
et al., 2018). Contrary to their hypothesis, they reported
individuals with mild cognitive impairment and demen-
tia had a better autoregulation response (Heus et al.,
2018). However, the individuals with cognitive impair-
ment could have performed the sit-to-stands early and,
therefore, could have skewed the response. Without
measuring the exact start of the sit-to-stand stimulus,
the wrong conclusions could unintentionally be drawn
on the temporal response. Another example is a study
comparing the sit-to-stand response after a 14-week ex-
ercise intervention in pregnant women that reported no
significant change in the TD before the onset of dCA
(Skow et al., 2021). However, there could have been a
large difference in the sit-to-stand response between
the baseline measures taken during the second trimes-
ter of pregnancy and measures taken after the exercise
intervention during the third trimester of pregnancy.
Pregnant women within the third trimester could have
had a slower sit-to-stand time that was not accounted for
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and could have inadvertently skewed the calculation of
TD. Imprecise timing of the response, supported by our
results showing ~10%-53% change in TD, could system-
atically impact study findings.

5 | CONCLUSIONS

The implementation of a force sensor to measure AO dur-
ing a hemodynamic sit-to-stand recording could improve
the exact calculation of the TD before the onset of the
dCA response. Due to the nature of detailing innovative
methodology, few participants were included within this
report. However, future studies are needed to implement
a force sensor measuring the temporal onset of the dCA
response between younger adults, older adults, and indi-
viduals with stroke. Applying the force sensor into the sit-
to-stand dCA methodology has the potential to improve
scientific rigor and reproducibility, especially in older
adults and clinical populations such as stroke.
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