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Abstract

Dynamic resistance exercise (RE) produces sinusoidal fluctuations in blood pressure

with simultaneous fluctuations in middle cerebral artery blood velocity (MCAv). Some

evidence indicates that RE may alter cerebrovascular function. This study aimed

to examine the effects of habitual RE training on the within-RE cerebrovascular

responses. RE-trained (n = 15, Female = 4) and healthy untrained individuals (n = 15,

Female = 12) completed four sets of 10 paced repetitions (15 repetitions per minute)

of unilateral leg extension exercise at 60%of predicted 1 repetitionmaximum.Beat-to-

beat blood pressure, MCAv and end-tidal carbon dioxide were measured throughout.

Zenith, nadir and zenith-to-nadir difference in mean arterial blood pressure (MAP)

and mean MCAv (MCAvmean) for each repetition were averaged across each set. Two-

way ANOVA was used to analyse dependent variables (training × sets), Bonferroni

corrected t-tests were used for post hoc pairwise comparisons. Group age (26 ± 7

trained vs. 25 ± 6 years untrained, P = 0.683) and weight (78 ± 15 vs. 71 ± 15 kg,

P = 0.683) were not different. During exercise average MAP was greater for the RE-

trained group in sets 2, 3 and 4 (e.g., set 4: 101 ± 11 vs. 92 ± 7 mmHg for RE trained

and untrained, respectively, post hoc tests all P = < 0.012). Zenith MAP and zenith-to-

nadir MAP difference demonstrated a training effect (P < 0.039). Average MCAvmean

and MCAvmean zenith-to-nadir difference was not different between groups (inter-

action effect P = 0.166 and P = 0.459, respectively). Despite RE-trained individuals

demonstrating greater fluctuations in MAP during RE compared to untrained, there

were no differences in MCAvmean. Regular RE may lead to vascular adaptations that

stabiliseMCAv during RE.
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1 INTRODUCTION

Resistance exercise (RE) is a popular form of exercise due to the many

associated physiological benefits, such as increased muscle mass and

strength (Deschenes & Kraemer, 2002), reduced fat mass (Lopez et al.,

2022), neuroprotection (Yarrow et al., 2010) and improved mental

well-being (O’Connor et al., 2010). The physiological benefits of RE

extend to clinical populations, with RE used as treatment for cardio-

vascular disease (Strasser & Schobersberger, 2011), diabetes mellitus

(Evans et al., 2019) and sarcopenia (Seguin & Nelson, 2003). However,

RE induces substantial perturbations in arterial blood pressure (ABP),

with recordings of systolic (SBP) and diastolic (DBP) blood pressures

reaching 480 and 350 mmHg, respectively, during high intensity

dynamic RE (MacDougall et al., 1985). Conversely, acute hypotension,

sufficient to produce syncope has been observed following the

cessationof intenseRE (Moralez et al., 2012; Perry et al., 2014;Romero

& Cooke, 2007); however, syncope typically only occurs following

maximal effortswith a concurrentValsalvamanoeuvre (Compton et al.,

1973). Despite the small potential for harm, RE should be encouraged

for overall physical (Kraemer et al., 1988) and psychological well-being

(O’Connor et al., 2010).

During changes in ABP the vasculature of the brain responds

by modifying vessel radius to minimise variations in cerebral blood

flow (CBF), a process termed cerebral autoregulation. Whilst cerebral

autoregulation is a potent regulator of CBF, as with any physio-

logical system there is a delay between stimulus and response, with

an ∼5 s lag between the change in perfusion pressure and sub-

sequent cerebrovascular response (Zhang et al., 1998). The inherent

lag in the cerebral autoregulatory process generates a high pass filter,

that is, higher frequency oscillations in blood pressure are trans-

lated to the cerebral circulation largely unbuffered (Zhang et al.,

2002). Such a situation exists during dynamic RE where the rapid

sinusoidal fluctuations in ABP are reflected in concurrent changes

in middle cerebral artery blood velocity (MCAv) (Edwards et al.,

2002; Perry et al., 2014; Romero & Cooke, 2007). Furthermore, blood

pressure increases in subsequent sets of the same RE (Libardi et al.,

2017). Indeed, several studies have suggested that the intermittent

ABP extremes during high intensity RE underpins the reduction in

central arterial compliance following a single bout of RE (DeVan et al.,

2005) and at rest in RE-trained individuals (Miyachi, 2013; Miyachi

et al., 2004), with increased arterial stiffness associated with elevated

cardiovascular disease risk (Mattace-Raso et al., 2006; Mitchell et al.,

2010).

As theABPprofile duringRE is translated to the cerebral circulation,

it is unclear if habitual RE training and the associated repetitive

exposure to fluctuating ABP illicit vasculature adaptations within the

brain as occurs in the central arteries. We have previously reported

that therewas nodifference between cerebral autoregulatory capacity

between sedentary and RE-trained individuals, with only a trend for

lower phase in the RE-trained group at a frequency of 0.05 Hz (Perry

et al., 2019). Further analysis of our data revealed that RE-trained

individuals did not exhibit the hysteresis pattern of cerebral auto-

regulation, with only sedentary and endurance trained individuals

Highlights

∙ What is the central question of this study?

Resistance exercise produces vascular adaptations

within the central arteries: do these adaptations

extend to the cerebral circulation? What are the

effects of habitual resistance exercise training

on the within-resistance exercise cerebrovascular

responses?

∙ What is themain finding and its importance?

During dynamic resistance-exercise, resistance-

trained individuals demonstrated greater mean

arterial pressure, but mean middle cerebral

artery blood velocity did not differ from untrained

individuals, indicating improved cerebral blood flow

regulation. These findings suggest that functional

cerebrovascular adaptations may have occurred

during repetitive exposure to fluctuations in blood

pressure.

exhibiting greater cerebral autoregulatory capacity during hyper-

tensive challenges (Roy et al., 2022). Thomas et al. (2021), in a

randomised and cross over study design, investigated the effects of

endurance exercise and RE on cerebrovascular function and reported

that RE increases cerebrovascular resistance and decreases pulsatility

index (PI) at rest. However, Thomas et al. (2021) did not quantify

the effect of habitual exercise on within-exercise RE responses. These

findings collectively indicate that habitual exercise may subtly modify

cerebrovascular function, yet the impact of habitual RE training on

the within-RE cerebrovascular responses has yet to be determined.

The aim of this study was to assess the impact of dynamic RE on

cerebrovascular responses in RE-trained and untrained individuals.

We hypothesised that RE-trained individuals would exhibit smaller

fluctuations in MCAv during exercise compared to their untrained

counterparts.

2 METHODS

2.1 Ethics and informed consent

All participants were informed of the experimental procedures

and aware of the purpose of this study, as well as the potential

risks associated with participating. All participants provided written

informed consent prior to taking part in the research. The study

was approved by the Massey University Human Ethics Committee

(SOA 21/22) and was in agreement with the latest version of the

Declaration of Helsinki apart from registration in a database. This study

was part of a larger study investigating cerebrovascular responses to
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KORAD ET AL. 3

TABLE 1 Participants anthropometric and strength
measurements.

Variable RE-trained Untrained P

Sex (male:female) (11:4) (3:12) N/A

Age (years) 26± 7 25± 6 0.683

Height (m) 1.77± 0.09 1.72± 0.09 0.167

Weight (kg) 78± 15 71± 15 0.683

BMI (kg/m2) 25± 4 24± 6 0.809

Leg extension predicted 1RM (kg) 76± 19 52± 15 <0.001

Leg extension 60% of 1RM (kg) 44± 12 30± 8 <0.001

RE experience (months) 49± 45 — —

Note: Data are presented as means ± SD. Abbreviations: 1RM, one

repetition maximum; BMI, body mass index; RE, resistance exercise; RE-

trained, resistance exercise trained.

RE. However, all data presented herein were collected independently

and not influenced by the additional aims and outcomes.

2.2 Participants

An a priori power analysis (G*Power version 3.1.9.4; Heinrich Heine

UniversityDüsseldorf,Düsseldorf,Germany)was conductedusingdata

from Edwards et al. (2002) andMoralez et al. (2012) with similar inter-

ventions (dynamic resistance exercise), design and outcome measures

(i.e., MCAv and MAP). Based on conventional α (0.05) and β (0.80)

values, a minimum of 24 participants (n = 12 per training group) was

required. A total of 30 participants (female = 16) were recruited for

this study (pooled mean ± SD: age, 26 ± 6 years, height 175 ± 10 cm,

weight 74± 15 kg, bodymass index 24± 5 kg/m2), with 15 participants

in each group (see Table 1 for training group anthropometric data).

All participants were healthy and free of any medical conditions, were

not taking any form of medication other than oral contraception (RE-

trained n=1, untrained n=3), or an intrauterine device (untrained=1),

were non-smokers, and had no history or symptoms of cardiovascular,

pulmonary, metabolic or neurological disease. Menstrual cycle phase

was self-reported by female participantswith all visits occurring during

the early follicular phase (low oestrogen and progesterone) and during

the placebo phase for those using oral contraceptives. Korad et al.

(2022) and Favre & Serrador (2019) have previously reported no

differences in functional cerebrovascular responses to acute changes

in MAP and cerebral autoregulation between menstrual cycle phases.

The participants also self-reported their habitual exercise regimen to

be assigned to one of the following training groups: resistance-trained

individuals: classified as having completed any modality (Olympic,

bodybuilding, powerlifting) of RE training for ≥30 min, ≥3 times per

week for ≥6 months prior to the experiment; and healthy sedentary:

≤1 dedicated exercise session per week for ≥6 months prior to the

experiment. This does not include regular physical activity, for example,

activities that would be classified as low intensity such as walking,

gardening, low-intensity cycling (commuting) and general household

chores. If the participant engaged in rowing, they were excluded from

the study as rowing produces similar blood pressure fluctuations to RE

(Pott et al., 1997).

2.3 Study design

All participants visited the temperature-controlled laboratory twice,

once initially for familiarisation and lastly for the experimental session.

A full explanation and demonstration of the risks of participation,

and equipment and procedures utilised in the experiment were

given during the familiarisation session. Upon providing consent, the

middle cerebral artery (MCA) contralateral to the exercising limb

was insonated for the measurement of MCAv as described below.

In addition, the participant’s unilateral leg extension one repetition

maximum (1RM, dominant leg) was estimated using the Brzycki (1993)

equation as: Weight/[1.0278 − (0.0278 × Number of repetitions)].

The working intensity for the trial, 60% of the 1RM (60%1RM), was

calculated. The participant also practised executing the leg extension

at 60%1RM whilst maintaining the requested pacing and breathing

pattern outlined below.

2.4 Experimental protocol

The familiarisation occurred >1 week before the trial. Participants

arrived at the laboratory having refrained from caffeinated beverages

for 12 h, vigorous exercise and alcohol consumption for ≥24 h prior

to testing. The participants were also instructed to consume 500 mL

of water the night before and 500 mL approximately 4 h before the

experiment to ensure euhydration (urine specific gravity,USG<1.020).

The experimental overview is highlighted in Figure 1.

On arrival, the participant was asked to provide a urine sample

for USG analysis. The participant was then seated on a chair for

instrumentation. Once instrumented the participant rested quietly

for 20 min for initial baseline recordings. Upon completion of

baseline measures the participant was then transferred to the leg

extension machine. Baseline values were continued for another 5 min,

and immediately preceding each exercise set thereafter. During the

exercise phase, the participant performed 10 repetitions of unilateral

leg extensions at 60%1RM to a tempo of 15 bpm, which equates to a

repetition cycle length of 4 s (2 s per concentric and eccentric phase).

The breathing sequence was set to match the tempo of the exercise,

with exhalation during the concentric phase (2 s), and inhalation during

the eccentric phase (2 s). As such, all participants avoided the Valsalva

manoeuvre during RE. The participant then rested for 5 min whilst

baseline measures were taken, before repeating the sequence again

until a total of four sets of 10 repetitions were completed. Each

participant was reminded of the breathing technique prior to each set,

with the breathing and repetition timing aided by a metronome. The

following criteria was used to ensure that the Valsalva manoeuvre was

not performed:
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4 KORAD ET AL.

F IGURE 1 Experimental protocol. The exercise sets consisted of 10 repetitions of unilateral leg extensions. Haemodynamic variables (MCAv,
blood pressure and heart rate) and partial pressure of end-tidal carbon dioxide (PETCO2

) weremeasured throughout.

1. No largeandacuteelevations inbloodpressure, beyondwhatwould

be expected for the intensity of exercise as gauged by previous

repetitions, were noted. Previous studies reported that when the

Valsalva manoeuvre is recruited during resistance exercise, MAP

(but not necessarilyMCAv) is acutely elevatedwithin the repetition

(Perry et al., 2020, 2014).

2. Participants produced an expected capnograph that aligned with

the paced breathing of the repetitions.

3. Participants were reminded of the exercise and breathing

requirements for each set prior to completion.

2.5 Systemic haemodynamics

Heart rate (HR) was measured using a three-lead electrocardiogram

(ECG; ADInstruments, Bella Vista, Australia). Non-invasive beat-to-

beat ABP was measured by finger photoplethysmography (Finapres

Medical Systems, Enschede, The Netherlands). The cuff was placed

on the middle phalanx of either the middle finger or the index finger

on the non-dominant hand. The cuff was referenced to the level of

the heart using the height correction unit. During the familiarisation

the participants were instructed on the ways they can hold the

leg extension grip without compromising the measurements of the

Finometer. The middle panel of the schematic representation in

Figure 1 obscures the left hand, which for the purposes of this

schematic depiction only, has the Finometer attached. The Finometer

was placed on the non-dominant hand, and the contralateral hand

was used to grip the leg-extension machine. The non-dominant hand

rested on the participant’s lap when they performed the exercise to

prevent any movement or pressure artefacts in the blood pressure

trace. Blood pressure values were checked against an automated

sphygmomanometer (Suresigns VM4, Philips Medical Systems, Best,

The Netherlands) during baseline and 2 min following each exercise

bout and correctedwhen necessary.

2.6 Middle cerebral artery blood velocity

Blood velocity in the contralateral middle cerebral artery (MCA)

to the exercising leg was measured using transcranial Doppler

(TCD) ultrasonography (Doppler-Box X, DWL, Compumedics, Singen,

Germany). The contralateral MCA was selected as the motor tracts

are decussate. Thus, it is possible that neurovascular coupling, the

matching of cerebral perfusion with local neuronal activity, would

mediate a larger increase in the contralateral MCAv compared to the

ipsilateral side, as seen in static handgrip exercise (Braz et al., 2014).

Blood velocity in the M1 segment of the MCA was measured using a

2MHz probe, fixed in position with an adjustable headband. The probe

was fixed over the temporal window, above the zygomatic arch, using

search techniques described elsewhere (Aaslid et al., 1989;Willie et al.,

2011). Ultrasound gel (Tensive, Parker Laboratory, Fairfield, NY, USA)

was placed between the transducer probe and the skin to ascertain the

highest quality image. The average depth of the insonated MCA in the

current study was 54± 4mm in alignment with Bathala et al. (2013).

2.7 Partial pressure of end-tidal carbon dioxide

Thepartial pressureof end-tidal carbondioxide (PETCO2
)wasmeasured

using anonline gas analyser (ML206GasAnalyser, ADInstruments) and

was collected throughout using a nasal cannula. The gas analyser was

calibrated to a known gas concentration before each experiment.

2.8 Urine analysis

Hydration status has been reported to influence cerebrovascular

regulation (Moralez et al., 2012; Perry et al., 2016), and therefore USG

was used to confirm hydration status before each experiment using a

handheld refractometer (Atago Co., Ltd, Tokyo, Japan). All participants
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KORAD ET AL. 5

were instructed to consume 500 mL of water the night before and

500 mL approximately 4 h before the experiment. Approximately 30

min before the commencement of the experiment, USGwas measured

to confirm euhydration (mean ± SD 1.010 ± 0.007). If the participant

did not meet the USG requirement, ∼500mL of water was given to the

participant and USG was retaken 30 min after the consumption water,

until a value of<1.020was returned.

2.9 Data acquisition

All data were collected continuously using an analogue to digital

converter (PowerLab, ADInstruments) interfacedwith a computer and

then analysed using LabChart software (v.8.1.13 ADInstruments).

2.10 Data analysis

2.10.1 Dependent measures

Mean MCAv (MCAvmean) was calculated using the mean wave-

form of the raw MCAv trace and mean arterial blood pressure

(MAP) was calculated using the equation 1/3 SBP + 2/3DBP. The

cerebrovascular conductance index (CVCi) was calculated using the

equation CVCi=MCAvmean/MAP. The Gosling pulsatility index (PI) for

the MCA was calculated as: SMCAv − DMCAv/MCAvmean (Gosling &

King, 1974), where SMCAv represents the maximum blood velocity

in the MCA during systole and DMCAv the minimum blood velocity

in the MCA during diastole. Additionally, pulse pressure (PP) was

calculated as SBP − DBP. Given the sinusoidal haemodynamic profile

during RE, the zenith and nadir MCAvmean and MAP values were

identified for each repetition and the average values were calculated

for each set. Additionally, zenith-to-nadir MCAvmean and MAP values

were calculated as the zenith MCAvmean value − the nadir MCAvmean

value and zenith MAP value − the nadir MAP during each repetition,

respectively. The average zenith-to-nadir values for MCAvmean and

MAPwere calculated for each set.

2.11 Statistical analysis

All data were analysed using SPSS Statistics software version 28

(IBM Corp., Armonk, NY, USA). Statistical significance was set at P ≤

0.05. An unpaired Student’s t-test was performed to compare training

anthropometric, 1RM and 60%1RM data. A two-way mixed ANOVA

was performed to analyse baseline measures (training × baselines,

2 × 5) and dependent variables of interest during dynamic RE (training

× sets, 2 × 5 when initial baseline is included as with mean data,

and 2 × 4 when within exercise only data are analysed, for example,

Zenith MCAvmean). t-Tests were used for post hoc comparisons and

a Bonferroni correction factor was used when necessary. Partial eta

square (partial η2) is reported for the training by set interaction

only, with large effect sizes identified as >0.1379, medium 0.0588–

0.1379, and small<0.0099 (Cohen, 2013). All data are displayed as the

mean± SD.

3 RESULTS

Participants’ anthropometric and exercise measurements are pre-

sented in Table 1. There were no significant differences in the

anthropometricmeasurements between theRE-trainedanduntrained;

however, RE-trained had a greater predicted 1RM and 60% of 1RM

versus their untrained counterparts (see Table 1 for P values). The

RE-trained group trained for 49 ± 45 months, ranging from 6 to 144

months of continuous resistance training.

3.1 Baseline measurements

Baseline measures for the initial baseline immediately following

instrumentation and baseline prior to each set are shown in Table 2.

There were no significant main effects of training or training by

set interaction for any baseline variables between groups. However,

except for heart rate, there was a main effect of set for all variables,

wherebyboth training groupsdemonstrated equal ‘drift’ in thebaseline

variables.

3.2 Averaged response to dynamic resistance
exercise

The typical response to dynamic resistance exercise is detailed

in Figure 2, with the averaged cerebrovascular and cardiovascular

responses within exercise presented in Table 3. A training by set inter-

action was seen in MAP (P = 0.010) and SBP (P < 0.001). Post-hoc

tests revealed higher MAP in the RE-trained group in sets 2, 3 and

4 (all P = < 0.012), and in all 4 sets (all P = < 0.001) for SBP (see

Table 3 for values). A training by set interaction was demonstrated

for DMCAv (P < 0.001) (see Table 3 for values), although post hoc

tests revealed no differences (all P > 0.113). A set effect was seen for

MCAvmean, CVCi, PP and PETCO2
(all P < 0.001), which reflected values

decreasing from set 1 to 4 in both groups, whilst MAP and HR had set

differences of P< 0.001, reflected by increasing values (see Table 3 for

values).

3.3 Zenith and nadir response to dynamic
resistance exercise

Similarly to the averaged responses during exercise, there were

set differences for MCAvmean, SMCAv, DMCAv and CVCi at zenith

MCAvmean and nadir MCAvmean (all P < 0.003, see Table 4 for values).

The RE-trained group demonstrated greater SBP at zenith MAP

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P091707 by M
assey U

niversity L
ibrary, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 KORAD ET AL.

T
A
B
L
E
2

R
es
is
ta
n
ce
-t
ra
in
ed

ve
rs
u
s
u
n
tr
ai
n
ed

b
as
el
in
e
ce
re
b
ro
va
sc
u
la
r
an
d
ca
rd
io
va
sc
u
la
r
m
ea
su
re
s.

B
as
el
in
e
p
er
io
d

P

V
ar
ia
b
le

Tr
ai
n
in
g
gr
o
u
p

In
it
ia
l

P
ri
o
r
to

se
t
1

P
ri
o
r
to

se
t
2

P
ri
o
r
to

se
t
3

P
ri
o
r
to

se
t
4

Tr
ai
n
in
g

Se
t

In
te
ra
ct
io
n

P
ar
ti
al
ƞ2

M
C
A
v m

ea
n
(c
m
s−

1
)

R
E
-t
ra
in
ed

6
5
±
8

6
8
±
1
1

6
7
±
1
0

6
6
±
1
0

b
6
5
±
1
0

b
0
.2
7
4

<
0
.0
0
1

0
.8
6
6

0
.0
1
1

U
n
tr
ai
n
ed

6
9
±
1
1

7
2
±
1
1

7
1
±
1
1

6
9
±
1
1

b
6
9
±
1
1

b

M
A
P
(m

m
H
g)

R
E
-t
ra
in
ed

8
2
±
1
0

8
6
±
1
2

a
8
7
±
1
3

a
8
7
±
1
1

a
9
0
±
1
2

a
0
.6
2
8

<
0
.0
0
1

0
.9
4
5

0
.0
0
7

U
n
tr
ai
n
ed

8
1
±
6

8
4
±
9

a
8
6
±
8

a
8
5
±
8

a
8
8
±
8

a

C
V
C
i(
cm

s−
1
m
m
H
g−

1
)

R
E
-t
ra
in
ed

0
.8
1
±
0
.1
5

0
.8
0
±
0
.1
7

0
.7
8
±
0
.1
7

0
.7
7
±
0
.1
8

a
b

0
.7
6
±
0
.2
0

a
0
.3
6
6

<
0
.0
0
1

0
.8
8
1

0
.0
1
0

U
n
tr
ai
n
ed

0
.8
6
±
0
.1
4

0
.8
6
±
0
.1
3

0
.7
8
3
±
0
.1
4

0
.8
1
±
0
.1
2

a
b

0
.8
0
±
0
.1
4

a

P
P
(m

m
H
g)

R
E
-t
ra
in
ed

5
5
±
1
0

5
4
±
1
0

5
6
±
1
1

5
4
±
1
0

c
5
2
±
1
1

c
0
.5
0
1

0
.0
2
6

0
.9
0
7

0
.0
0
9

U
n
tr
ai
n
ed

5
7
±
1
3

5
7
±
1
2

5
8
±
1
4

5
7
±
1
3

c
5
6
±
1
4

c

P
I

R
E
-t
ra
in
ed

0
.8
4
±
0
.1
3

0
.8
1
±
0
.1
4

a
0
.8
4
±
0
.1
4

b
0
.8
2
±
0
.1
4

0
.8
1
±
0
.1
5

0
.9
4
1

0
.0
0
6

0
.6
4
5

0
.0
2
2

U
n
tr
ai
n
ed

0
.8
3
±
0
.1
8

0
.7
9
±
0
.1
6

a
0
.8
3
±
0
.1
6

b
0
.8
4
±
0
.2
0

0
.8
1
±
0
.1
6

P E
TC

O
2
(m

m
H
g)

R
E
-t
ra
in
ed

3
8
±
5

3
9
±
5

3
8
±
4

3
8
±
4

3
8
±
4

b
0
.1
6
2

0
.0
3
2

0
.6
4
4

0
.0
2
2

U
n
tr
ai
n
ed

3
6
±
4

3
7
±
4

3
6
±
4

3
6
±
4

3
6
±
4

b

H
R
(b
p
m
)

R
E
-t
ra
in
ed

7
3
±
1
4

7
3
±
1
4

7
1
±
1
4

7
0
±
1
4

7
2
±
1
4

0
.8
2
1

0
.3
4
4

0
.0
7
0

0
.0
7
4

U
n
tr
ai
n
ed

7
0
±
1
6

7
0
±
1
4

7
2
±
1
5

7
0
±
1
5

7
2
±
1
5

N
ot
e:
D
at
a
ar
e
p
re
se
n
te
d
as

m
ea
n
s
±
SD

.R
es
is
ta
n
ce
-t
ra
in
ed

,n
=
1
5
;u

n
tr
ai
n
ed

,n
=
1
5
.a
D
if
fe
re
n
t
fr
o
m

in
it
ia
l.

b
D
if
fe
re
n
t
fr
o
m

se
t
1
.c
D
if
fe
re
n
t
fr
o
m

se
t
2
.A

b
b
re
vi
at
io
n
s:
C
V
C
i,
ce
re
b
ro
va
sc
u
la
r
co
n
d
u
ct
an

ce

in
d
ex
;H

R
,h
ea
rt
ra
te
;M

A
P,
m
ea
n
ar
te
ri
al
p
re
ss
u
re
;M

C
A
v m

ea
n
,m

id
d
le
ce
re
b
ra
la
rt
er
y
b
lo
o
d
ve
lo
ci
ty

m
ea
n
;P

E
TC

O
2
,e
n
d
-t
id
al
p
ar
ti
al
p
re
ss
u
re

o
f
ca
rb
o
n
d
io
xi
d
e;
P
I,
p
u
ls
at
ili
ty

in
d
ex
;P

V
,p
u
ls
e
ve
lo
ci
ty
;R

E
-t
ra
in
ed

,

re
si
st
an

ce
-t
ra
in
ed

.

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P091707 by M
assey U

niversity L
ibrary, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



KORAD ET AL. 7

F IGURE 2 Typical trace of middle cerebral artery blood velocity (MCAv), arterial blood pressure, partial pressure of end tidal carbon dioxide
(PETCO2

) and heart rate (HR) during exercise. The thick black line in theMCAv and arterial blood pressure traces represent meanMCAv andmean
arterial pressure, respectively. The numbers indicate the rep count with the dotted line denoting the start (concentric phase) of each repetition.

(training effect P= 0.006) andMAPnadir (training effect P= 0.010, see

Table 4 for values), indicating a sustained increase in SBP throughout

exercise. Additionally, zenithMAPwas greater in the RE-trained group

(training effect P= 0.039, see Figure 3).

3.4 Zenith-to-nadir difference

No significant effect of trainingwas observed inMCAvmean (P= 0.837);

however, a difference was apparent for MAP (P = 0.002), with the RE-
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10 KORAD ET AL.

F IGURE 3 Zenith and nadir mean arterial blood pressure (MAP) andmeanmiddle cerebral artery blood velocity (MCAvmean) during dynamic
resistance exercise. Data aremeans± SD. bDifferent from set 1. cDifferent from set 2. Despite a significant training by set interaction, post hoc
tests revealed no differences between training groups for NadirMCAv (P≥ 0.293).

trained showing a significantly greater zenith-to-nadir difference (see

Table 4).

4 DISCUSSION

The purpose of this study was to investigate the effect of habitual RE

training on the cerebrovascular response to dynamic RE.We observed

no difference in average MCAvmean or zenith-to-nadir difference

during RE between groups. However, this occurred despite higher

average MAP and SBP, and zenith-to-nadir MAP difference during

RE in the RE-trained group. Collectively, these data indicate that

despite higher within exercise average blood pressures, and greater

fluctuations in blood pressure, in the RE-trained group, MCAvmean

responses were not different. These findings align with our hypothesis

and suggest that RE-trained individuals can maintain a more stable

MCAv despite more profound changes inMAP.

In the current study we have found no group differences in cardio-

vascular or cerebrovascular measures at the initial baseline period

(pre-exercise) or between sets. Notably, there was similar ‘drift’

between groups in the baseline periods between sets, for example,

MAP was similarly elevated in both groups between sets compared

to the initial baseline period prior to exercise (see Table 2). However,

MCAvmean, was reduced from the initial baseline period prior to each

subsequent exercise bout in both groups. Repetitive exposure to

extreme ABP perturbations during high intensity dynamic RE (e.g.,

∼80%of1RM)has been reported to produceunfavourable adaptations

within the circulatory system, evidenced by a reduction in central

arterial compliance (DeVan et al., 2005; Miyachi, 2013; Miyachi et al.,

2004; Okamoto et al., 2009; Palmiere et al., 2018) and increased

cerebrovascular resistance at rest compared to sedentary controls

(Nakamura & Muraoka, 2018; Thomas et al., 2021), although the

latter is not a consistent finding (Corkery et al., 2021). Koch et al.

(2005) reported that cerebral autoregulation is temporarily impaired

immediately (<90 s) following RE in RE-trained individuals. In a mixed

cohort of RE-trained and untrained individuals, Smail et al. (2023)

reported that transfer function derived gain at 0.10 Hz was increased

from baseline 10 min post-RE but recovered at 45 min. Anterograde

shear rate and blood flow can increase in inactive limbs following

dynamic RE (Thomas et al., 2020) with an increase in blood flow

turbulence and intensity-dependent increase in endothelial shear

stress in the common carotid artery during dynamic RE (Montalvo

et al., 2022). These data indicate that dynamic RE produces profound

increases in shear rate and endothelial shear stress, accompanied

with sinusoidal changes in cerebral blood flow and perfusion pressure

that may acutely alter cerebrovascular function. Whilst we report
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KORAD ET AL. 11

no change in baseline MCAvmean values between groups, repeated

exposure to such conditions induced by habitual RE may alter the

within-RE cerebrovascular responses.

To more accurately categorise the nature of the within-RE

haemodynamic profile we analysed the averaged data, the zenith

and nadir, and zenith-to-nadir difference for bothMAP andMCAvmean.

We demonstrate that despite more profound increases in average

MAP during exercise, and greater perturbations in blood pressure

(e.g., zenith-to-nadir difference for MAP) for the RE-trained group,

average and zenith-to-nadir difference forMCAvmean was not different

(Figure 3 and Table 4). Although we did not directly assess cerebral

autoregulation in the current study, we have previously compared

cerebral autoregulation between RE-trained, endurance trained

and healthy sedentary, with the RE-trained group demonstrating

a trend towards a lower transfer function phase during forced

oscillations in blood pressure (Perry et al. (2019). Hysteresis refers

to the asymmetric cerebral autoregulatory response, with more

effective cerebral autoregulatory buffering capacity during hyper-

tensive challenges compared to hypotensive insults (Brassard et al.,

2017). Roy et al. (2022) reported that RE-trained individuals did not

exhibit hysteresis during 0.10 Hz repeated squat–stands, but the

asymmetric autoregulatory responses persisted in sedentary and

endurance trained individuals at this frequency. As cerebral auto-

regulation was not assessed in the current study, and the frequency

of blood pressure fluctuations produced were faster (0.25 Hz) than

those analysed by Roy et al. (2022), these data cannot be used to

indicate the modification or absence of hysteresis. Additionally,

rhythmic handgrip exercise has been postulated to produce a

sympathetically mediated vasoconstriction of the MCA (Verbree

et al., 2017). Following ganglionic blockade, a substantially greater

rise in MCAv was observed during the rapid increase in MAP during

phase IV of the Valsalva manoeuvre, indicating the presence of auto-

nomic vasoconstriction during rapid increases in perfusion pressure

(Zhang et al., 2004), like those experienced during RE. Thus, more

widespread cerebral vasoconstriction cannot be excluded, which may

act to prevent hyperperfusion when cerebral perfusion pressure is

elevated during RE. Further research is required to assess the effect

of RE on hysteresis and regulation of CBF by the sympathetic nervous

system.

Thomas et al. (2021) assessed the effects of 12 weeks of RE

and endurance training on cerebrovascular haemodynamics using a

randomised crossover design. Whilst the cerebrovascular responses

to RE were not recorded, the authors report that following 12 weeks

of RE training larger increases in MAP were apparent during

incremental cycling exercisewith a concomitant lowerMCAv response

compared to before the exercise intervention. Additionally, indices of

cerebrovascular resistance in the MCA, posterior cerebral artery and

internal carotid artery (ICA) were all increased following 12 weeks

of RE training, whilst cerebral autoregulation during spontaneous

oscillations in blood pressure was unchanged. Our findings largely

corroborate those of Thomas et al. (2021) as the current study

indicates that compared to the untrained group (healthy sedentary)

the RE-trained group demonstrated a similar within MCAv during RE

despite greater average and magnitude of change in MAP Collectively,

these data indicate that cerebral autoregulation may be altered by

habitual RE with the adaptations only elucidated during exercise,

where blood pressure oscillations are rapid and forced as previously

suggested (Perry & Lucas, 2021).

Few studies have investigated the cerebrovascular response to

dynamic RE. Studies investigating the acute cerebrovascular response

to RE have produced equivocal results. When considering the average

MCAvmean during RE, an increase (Moralez et al., 2012; Romero

& Cooke, 2007), decrease (Dickerman et al., 2000) and no change

(Edwards et al. (2002) has been reported. Furthermore, the average

peak MCAv values, (the zenith MCAvmean in the current study) was

reported to increase from baseline, with the increase independent of

exercise intensity, although this is likely due to recruitment of the

Valsalva manoeuvre (Perry et al., 2014). Interestingly, the study of

Dickerman et al. (2000), which reports a reduction in MCAv during

RE, did not report the partial pressure of arterial carbon dioxide

or an appropriate proxy (e.g., PETCO2
). The reporting of such data

is critical for interpretation as the carbon dioxide content of the

arterial blood is the most potent regulator of cerebral blood flow at

rest and during exercise as evidenced by a reduction in within-RE

MCAv when lifters hyperventilate prior to exercise onset (Romero &

Cooke, 2007). In the current study the gradual reduction in averaged

MCAvmean across the sets in both groups (Figure 3) appears to

be driven by a declining PETCO2
. Whilst there were no differences

between groups, similar reductions in PETCO2
for both groups across

the exercise sets were observed (e.g., set effect), with PETCO2
lowest

in set 3 and 4 (see Table 3). Even small reductions in PETCO2
could

underpin the observed decrease with a 2%–3% reduction in MCAv

observed for every mm Hg decrease in PETCO2
at rest (Brugniaux

et al., 2007). Furthermore, although CO2 reactivity was not measured,

cerebrovascular reactivity toCO2 appears tonot be alteredbyhabitual

RE training when compared to healthy sedentary individuals and

aerobically trained individuals (Corkery et al., 2021). The limited

research on cerebrovascular responses to dynamic RE has yielded

conflicting results, which highlights the importance of accounting for

a potent regulator like CO2.

This is the first study to our knowledge that assessed the zenith

and nadir of MCAv and MAP measures during RE. Dynamic RE causes

sinusoidal fluctuations in MAP which are mirrored by MCAv. Pre-

vious studies reporting average MCAv and MAP likely oversimplify

the within-RE haemodynamic responses. As the magnitude and rate of

change in MAP determine the MCAv response to acute perturbation

in blood pressure (Tzeng et al., 2011), the current findings suggest

that repetitive RE may subtly modify cerebrovascular function as

resistance-trained individuals exhibit similar fluctuations in MCAv to

untrained individuals during dynamic RE despite larger fluctuations

in blood pressure. We have previously reported (Perry et al., 2014)

that following RE there is a selective decrease in DMCAv. Though

there was a training by set interaction for within exercise DMCAv

in the current study, post hoc tests revealed no differences. Future

studies that investigate the haemodynamic responses to RE should

consider measuring zenith and nadir MCAvmean and MAP to gain

further understanding of the sinusoidal pattern and its influence on the

cerebrovascular response.
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12 KORAD ET AL.

4.1 Limitations

Some limitations must be discussed to contextualise the findings

herein. Firstly, we used TCD to measure MCAv as a non-invasive

proxy for cerebral blood flow. Whilst the TCD provides dynamic and

continuous measurements, the use of MCAv as a proxy for cerebral

blood flow is dependent on a constant diameter of the MCA (Ainslie

& Hoiland, 2014). Verbree et al. (2014) observed that a reduction in

PETCO2
of 7.5 mmHg (hypocapnia) did not elicit any significant change

in MCA diameter. However, Coverdale et al. (2014) found that the

relative decrease in CBF during hypocapnia was 7 ± 4% greater than

the TCD-measured change in MCAv, although the mean PETCO2
during

hypocapnia was ∼23 torr, which is a considerably larger hypocapnic

stimulus than the current study. We implemented paced breathing

during RE in the current study, which produced a small decrease

(∼1–2 mmHg) in PETCO2
. Thus, it is unlikely that the mild hypocapnia

alone produced a change in MCA diameter. However, using high-

resolutionmagnetic resonance imaging, Verbree et al. (2017) reported

that simple handgrip exercise produces a 2% decrease in MCA cross-

sectionwhichwas suggested to reflect sympathetic vasoconstriction. It

is therefore possible that the RE utilised in the current study produced

a constriction of the MCA. As such, the within-exercise findings of the

current studymust be interpreted with caution.

The current study did not measure blood flow in the ICA or

the external carotid artery (ECA). Hirasawa et al. (2016) reported

increases in ECA blood flow during low intensity (30% of maximum

voluntary contraction) static RE. However, the current study used

dynamic RE and a higher intensity (60% of 1RM). The dynamic nature

of RE raises methodological challenges when measuring blood flow,

namelymovement of the participant during exercise and the sinusoidal

fluctuations in blood pressure and flow. These considerations pre-

cluded the measurement of ICA or ECA blood flow in the current

experiment but does mean that we cannot exclude the occurrence of

an extracranial shunt. However, as the Valsalva manoeuvre was not

utilised in the current experiment, and the within-RE increases inMAP

weremodest, shunting of blood to the ECAmay have been limited.

The current study included both female and male participants.

Cardiovascular differences between females and males have been

identified during static handgrip exercise, with male participants

showing a greater exercise pressor response with a larger increase

in blood pressure during exercise (Ettinger et al., 1996; Matthews

& Stoney, 1988; Simoes et al., 2013). However, recent studies

investigating sex differences in haemodynamic responses to dynamic

exercise have found that when body surface area and composition

(Bassareo & Crisafulli, 2020), as well as maximal voluntary contraction

(Notay et al., 2018), body size and strength measurements are

similar (no statistical differences), the differences in exercise pressor

reflex are small or absent (Tharpe et al., 2023). The anthropometric

measures of the participants in both groups in the current study were

not different, and furthermore there were no baseline differences

in cardiovascular measures. A systematic review and meta-analysis

examining cerebrovascular function across the menstrual cycle found

that during the high hormone phase, females exhibited higher PI

and resistance and lower cerebral blood flow and cerebral auto-

regulation compared to the low hormone phase (Skinner et al., 2021).

However, some studies included in the meta-analysis investigating

the changes in PI and resistance measured ICA blood flow instead

of MCAv. Abidi et al. (2017) found that MAP was greater during

the high hormone phase versus the lower hormone phase during the

Valsalva manoeuvre. However, the authors did not provide baseline

cerebrovascular measures betweenmales and females and phase, only

the cerebrovascular measures in response to a stressor, and therefore

it was difficult to distinguish if there were sex difference at base-

line at the different stages of the menstrual cycle. Favre and Serrador

(2019) found that cerebral autoregulation was lower during squat-

to-stand manoeuvres; however, the authors used saliva to measure

their oestradiol concentrations, and did not find any significant

difference in salivary oestradiol across the menstrual cycle, indicating

that blood hormone concentrations are a more accurate form of

measure for hormone concentrations. Favre and Serrador (2019) did

provide baseline measures for cerebrovascular measures across the

menstrual cycle, and between males and females, with no differences

apparent. The authors also found that there was no difference in

cerebral autoregulation during both repeated squat-to-stand and sit-

to-standmanoeuvres betweenmales and females. Skinner et al. (2021)

and Abidi et al. (2017) highlighted the importance of measuring

cerebral blood flow during the same phase of the menstrual cycle

for consistency as high hormone and low hormone levels can give

rise to different blood pressure and HR responses to acute stressors.

However, Korad et al. (2022) and Favre and Serrador (2019) found that

menstrual cycle phase does not alter cerebrovascular responses during

stressors that alterMAP acutely.

4.2 Conclusion

The current findings indicate that despite RE-trained individuals

demonstrating greater fluctuations in blood pressure during dynamic

lower body RE, MCAvmean was not different versus their untrained

counterparts. Therefore, it is possible that engaging in habitual

resistance training may produce functional vascular adaptations that

maintain cerebral blood flowduring RE despite greater blood pressure.

Future studies should consider the sinusoidal nature of blood pressure

during RE to better characterise the cerebrovascular response during

dynamic RE.
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