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Abstract

Neurovascular coupling (NVC) is mediated via nitric oxide signaling, which is independently influenced by sex hormones and
exercise training. Whether exercise training differentially modifies NVC pre- versus postpuberty, where levels of circulating sex
hormones will differ greatly within and between sexes, remains to be determined. Therefore, we investigated the influence of
exercise training status on resting intracranial hemodynamics and NVC at different stages of maturation. Posterior and middle
cerebral artery velocities (PCA, and MCA,) and pulsatility index (PCAp; and MCAp)) were assessed via transcranial Doppler ultra-
sound at rest and during visual NVC stimuli. N = 121 exercise-trained (males, n = 32; females, n = 32) and untrained (males, n =
28; females, n = 29) participants were characterized as pre (males, n = 33; females, n = 29)- or post (males, n = 27; females,
n = 32)-peak height velocity (PHV). Exercise-trained youth demonstrated higher resting MCA,, (P = 0.010). Maturity and training
status did not affect the APCA, and AMCA, during NVC. However, pre-PHV untrained males (19.4+13.5 vs. 6.8+6.0%; P <
0.001) and females (19.3+10.8 vs. 6.4+7.1%; P < 0.001) had a higher APCAp, during NVC than post-PHV untrained counterparts,
whereas the APCAp, was similar in pre- and post-PHV trained youth. Pre-PHV untrained males (19.4+13.5 vs. 7.9+6.0%; P <
0.001) and females (19.3+£10.8 vs. 1.1+7.3%; P = 0.016) also had a larger APCAp, than their pre-PHV trained counterparts during
NVC, but the APCAp, was similar in trained and untrained post-PHV youth. Collectively, our data indicate that exercise training
elevates regional cerebral blood velocities during youth, but training-mediated adaptations in NVC are only attainable during
early stages of adolescence. Therefore, childhood provides a unique opportunity for exercise-mediated adaptations in NVC.

NEW & NOTEWORTHY We report that the change in cerebral blood velocity during a neurovascular coupling task (NVC) is simi-
lar in pre- and postpubertal youth, regardless of exercise-training status. However, prepubertal untrained youth demonstrated a
greater increase in cerebral blood pulsatility during the NVC task when compared with their trained counterparts. Our findings
highlight that childhood represents a unique opportunity for exercise-mediated adaptations in cerebrovascular hemodynamics
during NVC, which may confer long-term benefits in cerebrovascular function.

adolescence; exercise; neurovascular coupling

INTRODUCTION health (1). Childhood and adolescence represent critical peri-
ods of neurocognitive, neurovascular, and cardiovascular

The matching of cerebral perfusion to fluctuations in neu- development (2-6). Accordingly, optimizing NVC during
ral activity, termed neurovascular coupling (NVC), is essen- childhood and adolescence benefits long-term cardiovascu-
tial for supporting cerebral metabolism and neurocognitive lar, neurocognitive, and mental health (7-9), but it is unclear
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what factors modify cerebral perfusion for a given cognitive
task during adolescence (10, 11). When expressed as the
change in cerebral perfusion during spontaneous fluctua-
tions in resting neuronal activity, NVC declines across ado-
lescence (10). The natural decline may be underpinned by
axon myelination and synaptic pruning that aim to make
neural connections more efficient (3, 6), so that the same
neural impulse will place a lower metabolic demand in an
adolescent teenager when compared with a child. However,
it is not clear whether the NVC response to a cognitive task,
rather than just during the resting state, is modified during
pubertal maturation, partly due to the difficulty in selecting
an age-appropriate test across the adolescent spectrum (11).

Adolescence is a period of youth characterized by marked,
but sex specific, changes in insulin-like growth factor 1 (IGF-1)
and sex hormones, which are known to mediate cerebral angio-
genesis, endothelial function, and cerebrovascular tone during
physiological stimuli in adults (12-16). Indeed, the developmen-
tal trajectory of resting cerebral perfusion is modified by biolog-
ical sex across puberty (5, 12). Furthermore, reductions in nitric
oxide availability and IGF-1 in older adults contribute to the
progression of neurocognitive disease via cerebrovascular endo-
thelial dysfunction (17, 18). Estrogen acts to increase neuronal
excitability via glutaminergic neurotransmissions (15), while
also improving endothelial function via increased expression
of endothelial nitric oxide (NO) synthase (16). On the other
hand, in males, influxes in androgens can impair endothelial
function (17) by reducing NO availability (18). Thus, one may
expect a sex-specific change in NVC across the pubertal period.

The process of long-term cerebrovascular and neurocogni-
tive decline may begin early in life, as the combination of low
cardiorespiratory fitness (VO,max) and low cognitive perform-
ance at 18 years of age has been associated with a hyperaddi-
tive risk of neurocognitive disease in males with advancing
age (7). Endurance exercise training has consistently been
shown to increase NO availability (19-21) and promote cere-
bral angiogenesis (14, 22). Therefore, critical periods of neural
development during adolescence may represent a window of
opportunity for external stimuli such as exercise to further
stimulate the development of NVC.

Despite clear mechanistic evidence demonstrating the role
of maturation and endurance training in modifying cerebro-
vascular function, it remains to be determined whether exer-
cise training across the adolescent spectrum modifies NVC.
Therefore, the aim of this study was to investigate the impact
of exercise training status on intracranial hemodynamics and
the NVC response in males and females at different stages of
adolescence. We hypothesized that 1) post-PHV endurance-
trained youth would demonstrate elevated intracranial blood
velocities compared with their untrained counterparts, whereas
there would be no training-related differences in pre-PHV par-
ticipants; and 2) pre-PHV and post-PHV endurance-trained
youth would demonstrate a larger NVC response than untrained
counterparts during the NVC task.

MATERIALS AND METHODS

Ethical Approval

Ethical approval was granted by Cardiff Metropolitan
University’s School of Sport and Health Sciences Research
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Ethics Committee (PGR-1339), and the study conformed to the
Declaration of Helsinki (2013), except for registration in a data-
base. Detailed, age-appropriate summaries of the methods and
study design were given verbally and in writing to each patrtici-
pant before providing written assent. Furthermore, a legal
guardian of each participant was given a verbal and written ex-
planation of the methods and study design before providing
written informed consent.

Experimental Design

A group of youths (n = 163) volunteered to participate in
the study. Participants were excluded if they failed to attend
all laboratory visits (n = 3) or failed to meet our cohort health
or physical activity criterion (n = 6). Based on self- and pa-
rental-reported physical activity, n = 154 participants were
categorized as either endurance-trained (males, n = 42, age =
9.0-17.1 yr; females, n = 45, age = 8.2-17.0 yr) or untrained
(males, n = 31, age = 8.0-17.7 yr; females, n = 36, age = 8.0—
17.6 yr). “Trained” youths had completed > 3 structured en-
durance exercise training sessions per week for >12 mo and
were recruited from local-endurance sport clubs (see Table 1
for training volume data). “Untrained” youths were recruited
from local schools and community clubs and were not taking
part in regular endurance exercise training or meeting UK
Chief Medical Officers’ Physical Activity Guidelines for chil-
dren and young people (23). Following eligibility screening,
participants attended the laboratory at Cardiff Metropolitan
University on one occasion. Per technical guidelines for the
assessment of cerebral blood flow (24), participants refrained
from vigorous exercise, caffeine, and alcohol for >12 h before
the data collection. Similar to comparable pediatric studies,
participants attended the laboratory having fasted for >4 h
(25, 26).

Data collection was conducted in a quiet, temperature-con-
trolled room with great care to minimize any external sensory
stimulation during cerebrovascular measures. Upon arrival,
participants completed a series of questionnaires quantifying
their weekly exercise training or physical activity levels which
were corroborated with parents, before completing anthropo-
metric measurements. Participants were then instructed to lie
down in the supine position, where they were fitted with
instrumentation for the acquisition of cerebrovascular and car-
diorespiratory data. Following baseline measures, we assessed
NVC during a visual searching task previously used in pediat-
ric cohorts (27). Thirty minutes after the NVC assessment, car-
diorespiratory fitness (VOyma) Was then determined via an
incremental exercise test to volitional exhaustion and con-
firmed via a supramaximal verification of VO, On the same
cycle ergometer as recommended for pediatric exercise testing
(28, 29).

Anthropometrics and Estimated Maturity Status

Body mass (kg) was measured using electronic scales,
and stature (cm) and sitting height (cm) using a stadiome-
ter, with participants barefoot and wearing light clothing.
Anthropometrics, chronological age, and sex were entered
into sex-specific regression equations to calculate matu-
rity offset (predicted age from PHV), an estimate of so-
matic maturation (30). Participants were classified into
pre- and post-PHV groups using >0.5 yr before and post-
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for selective increases in PCA,, and a regional comparison via
the MCA,. Baseline PCA,, MCA,, HR, MAP, PETo,, and PETo,
were acquired during a 2-min eyes-open and a 2-min eyes-
closed trial before the visual stimulus. A portable device (iPad
Air, Apple Distribution International, Hollyhill, Republic of
Ireland) with a 19 cm x 15 cm visual field was then held 30-35
cm directly above the participant’s face throughout the NVC
assessment. PCA,, MCA, HR, blood pressure, PETco,, and
PETo, were recorded continuously across five cycles of 30 s of
eyes closed and 30 s of eyes open, consistent with other NVC
research (39, 40).

The visual stimulus used in this experiment required the
participant to search for an on-screen object (“Waldo”) that
was hidden in a field of distractors consisting of similarly
shaped characters in a variety of colors (41). The visual stimu-
lus was chosen because of its previous use in assessing NVC in
adults (41-43) and its use in vision research in youth (27).
Furthermore, this visual stimulus may be particularly useful
for the assessment of NVC in pediatric cohorts due to its better
NVC signal-to-noise ratio compared with other paradigms (41).

Data Processing

The interpolated PCA,, MCA,, HR, MAP, PETco,, and
PETo, signals were visually inspected for artefacts or noise
and corrected by cubic spline interpolation and down-
sampled to 10 Hz. Acceptable PCA, and MCA, waveforms
were exported on a breath-by-breath and beat-by-beat basis
and time aligned to HR, blood pressure, PET¢o,, and PETo,
data, which were cubic spline interpolated at 5 Hz using a
custom-built MATLAB code (The MathWorks, Natick, MA)
(44). Data from each trial were aligned to stimulus onset
(eyes open), and then averaged to generate one response per
participant. The percent change in PCA, and MCA,, as well
as PCAp; and MCAp;, was calculated from the average of the
5-s preceding initiation (i.e., the last 5 s of “eyes closed”) to
the peak response during the subsequent “eyes open” to con-
trol for group differences in baseline PCA, and MCA,, as well
as the unknown insonation angle of the TCD probes (45).

Data Exclusion

Of the 154 participants recruited to the study, 21 participants
were classified as “circa PHV” (between —0.5 and 0.5 yr from
PHV) and were excluded from the data analysis to address the
study hypothesis. We were unable to insonate one of either the
right MCA or left PCA concurrently in 12 participants during
resting measures. Therefore, 121 participants were included in
the analysis of resting cerebrovascular measures. Furthermore,
12 participants were unable to complete at least five cycles of
the visual stimuli with all cerebrovascular and cardiorespiratory
measures (because of either TCD headset/probe discomfort,
mouthpiece discomfort, disturbance of finger photoplethys-
mography signal, or insufficient motivation to keep eyes closed
between visual stimuli). A further three participants were
excluded from the data analysis because of unacceptable PCA,
or MCA, waveforms during the NVC assessment. Therefore, 106
participants were included in the final NVC analysis.

Cardiorespiratory Fitness

Cardiorespiratory fitness was assessed via an incremental
exercise test on an electronically braked cycle ergometer

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00302.2023 - www.ajpheart.org

(Excalibur Sport, Lode, Gronigen, The Netherlands) to voli-
tional exhaustion. Adjustments were made to the saddle and
handlebars of the ergometer for each participant to ensure a
comfortable cycling position. HR (RS400, Polar Electro,
Kemple, Finland) and oxygen consumption (Vo,) were
assessed at rest and continuously throughout the exercise
protocol (Oxycon Pro, Jaeger, Hoechberg, Germany). The
exercise test used a ramp incremental protocol where work-
load increments were determined by participant stature and
training status (46). Participants were encouraged to main-
tain a cadence of 75-85 rpm throughout the protocol. The
test was ended once the participant failed to maintain a ca-
dence >70 rpm for >5 consecutive seconds. Following 15
min of rest, participants completed a constant-load supra-
maximal verification test at 105% of power output achieved
at peak Vo, during the incremental ramp test to confirm
attainment of VO,may, as recommended for cardiorespiratory
fitness testing in pediatric cohorts (28, 47). Individual VOamax
values were then allometrically scaled to lean body mass
using a cohort determined exponent (LBM°°3) to account for
developmental changes in lean body mass across adoles-
cence (48).

Statistical Analysis

Power analyses for data presented in this manuscript were
conducted a priori by sampling pilot data assessing MCA,
via transcranial Doppler ultrasound in a similar cohort of pre
(n=12;74.3+7.1 cm-s Y- and post (n = 12; 68.4+5.8 cm-s™)-
PHV youth. The minimum required sample size for a statisti-
cally significant main effect of training status was n = 12 per
group based on 90% power at a two-sided 0.05 significance
level where f2 = 0.47. As such, we aimed to recruit at least 12
participants in each group to achieve statistical power for
main effects of training status for baseline intracranial veloc-
ities, as well as allowing for data dropout during the NVC
assessment. Statistical analysis was conducted on SPSS
statistical software package (version 23.0, Chicago, IL).
Normal distribution of outcome variables was confirmed
via Shapiro-Wilk statistical tests and visual inspection of
p-p plots. All data are presented as group means (SD) with
statistical significance set to P < 0.05 unless otherwise
stated. A three-factor analysis of variance (ANOVA) was
used to determine the main effects of maturity status, bio-
logical sex, and training status, as well as the interaction
effects of these variables on intracranial velocities and
NVC. Post hoc comparisons with Bonferroni corrections
were conducted to identify significant differences among
groups when significant main or interaction effects were
observed. The main aim of this study was to understand
the influence of training status on intracranial velocities
and NVC during different stages of maturity. As such, the
reporting of post hoc comparisons will focus on the effect
of training status on intracranial hemodynamics and NVC.

RESULTS

Descriptive Characteristics

Post-PHV youth had a higher maturity offset, chronologi-
cal age, stature, body mass, LBM, and MAP than their pre-
PHYV counterparts (all; P < 0.001, Table 1). In addition, post-
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PHV youth demonstrated greater training volumes com-
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Coupling > £&(=arg 3
q) ~Oo <
There was no effect of training status on the relative AHR 38 5. s%s -
[10.5 (9.2) vs. 12.2 (6.6) %; P = 0.312], AMAP [3.6 (2.6) vs. 3.5 S £8| o335 3@
(2.9) %; P = 0.789], or APETco, [10.7 (7.2) vs. 9.6 (7.0) %; P = Sls| £ f_, Lops 9
0.528] during the NVC assessment. Likewise, the relative g‘ % > ~oe  §
AMCA, and APCA, during the NVC assessment were not *§ § = 538 <
influenced by training status (P = 0.370 and P = 0.987; Table 3 2 2| ego =
3 and Fig. 2). The relative AMCAp; during NVC was similar in a EE[T2ggy &
trained and untrained youth during the NVC assessment .§ ece ©
(P = 0.717, Table 3), but the relative APCAp; was lower in g 2 pég 5
trained youth when compared with untrained counterparts O g2l ©SS ¢
(P =0.017, Table 3 and Fig. 3). Indeed, post hoc comparisons E § BT % § E E
revealed that the relative APCAp; during the NVC assessment 8
was lower in pre-PHV trained males (P < 0.001) and females QO T8 588 &
(P = 0.016) when compared with their untrained counter- g g g © pos % s 2
parts, but there were no training-related differences in N FElTy iR
post-PHV youth (P = 0.784 and P = 0.334). Furthermore, the 8 - P
relative APCAp; during the NVC assessment was lower in ;E, gg s22 3
post-PHV untrained males and females compared with their <(s] £5( g 09 g
pre-PHV counterparts (both; P < 0.001), but there were no § Il =~ ®o = B
maturity-related differences in trained youth (P = 0.956 and 3 g o 580 &
P = 0.577). In addition, the relative AMCAcyc during the 3 “g’é © 2SS ©
NVC assessment was lower in trained youth compared with § SE|[T § E S 2
untrained youth (P = 0.037), whereas there was a significant %
maturity- and training-status interaction effect on the APCAcyc o § o I a®
(P = 0.035). However, post hoc comparisons revealed no 5 i = 10 ﬁ%% %
differences in the AMCAcyc or APCAcyc between trained IS EEITpn32 w
and untrained pre-PHV males (P = 0.442 and P = 0.197) and o
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There was no effect of maturity status or biological sex on ¢_'°u 336 5
the peak relative AHR [12.1 (6.9) vs. 10.8 (8.8) %; P = 0.401 [ EE=E=E
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MAP, mmHg ™"

0.665

0.308
0.347
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<0.001 0.534

<0.001

<0.001

63 (8)

74 (6)

57 (7)
81(5)
410 (2.3)
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64 (9)

72(9)
75 (7)
39.8 (2.5)
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386 (2.7)

63 (7)1t
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40.2 (3.2)
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0.157

0.333
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Values are means (SD); n, number of participants. MAP, mean arterial blood pressure; MCAcvyc, middle cerebral artery conductance; MCAp;, middle cerebral artery pulsatility

index; MCA,, middle cerebral artery blood velocity; PCAcyc, posterior cerebral artery conductance; PCAp;, posterior cerebral artery pulsatility index; PCA,, posterior cerebral ar-
tery blood velocity; PHV, peak height velocity; PETco,, end-tidal caron dioxide; PETo,, end-tidal oxygen; RHR, resting heart rate. Group differences were assessed via three-way

ANOVA. *Significant difference between pre- and post-PHV youth. tSignificant difference between males and females. #+Significant difference between trained and untrained

youth. Boldface indicates significant values at P < 0.05.
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and 11.4 (9.7) vs. 11.4 (6.1) %; P = 0.886], AMAP [4.1 (3.0) vs.
3.1(2.4) %; P = 0.055 and 3.8 (2.8) vs. 3.3 (2.7) %; P = 0.436],
or APETco, [10.0 (7.1) vs.10.1(7.1) %; P = 0.970 and 9.8 (6.0) vs.
10.3 (7.9) %; P = 0.774] during the NVC assessment. Likewise,
the peak relative AMCA, and APCA, during the NVC assess-
ment were not influenced by maturity status (P = 0.492 and
P = 0.426) or biological sex (P = 0.662 and P = 0.218; Table 1
and Fig. 2). However, the relative AMCAp; (P = 0.023) and
APCAp; (P < 0.001) were lower in post-PHV youth when com-
pared with pre-PHV counterparts.

DISCUSSION

The aim of this study was to investigate the impact of exer-
cise training status on resting intracranial cerebrovascular
hemodynamics and their response to a visual NVC task at
different stages of maturity. For the first time, we report that
1) endurance-trained youth demonstrate higher MCA, but
similar PCA, to untrained counterparts, 2) the magnitude of
the relative AMCA, and APCA, during a visual NVC task was
similar in trained and untrained youth, and 3) the APCAp;
during NVC was lower in pre-PHV trained youths when com-
pared with untrained counterparts. Collectively, our data
indicate that exercise training elevates regional cerebral

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00302.2023 - www.ajpheart.org

blood velocity during youth, but training-mediated adapta-
tions in NVC are only attainable before the onset of somatic
maturation, highlighting the importance of exercise training
on cerebrovascular function throughout youth.

Training-Status Modulates Middle Cerebral Artery
Hemodynamics during Youth

Endurance-trained youth demonstrated elevated MCA,,
but not PCA,, when compared with their untrained counter-
parts, independent of potential differences in cerebral perfu-
sion pressure. Thus, it seems likely that exercise-mediated
adaptions in cerebral perfusion (14) are particularly feasible
in the anterior region of the adolescent brain and supported
by a reduction in downstream cerebrovascular resistance
that elevates intracranial blood velocities. Indeed, several
anterior regions of the brain are associated with a protracted
neural development in adolescent humans (49), which may
provide a greater window of opportunity for their exposure
to pubertal spikes in IGF-1 and brain-derived neutrophic fac-
tor for further exercise-mediated adaptations in neurogene-
sis (22, 50) and angiogenesis (14). Interestingly, resting MCA
pulsatility was elevated in endurance-trained pre-PHV youth
compared with untrained counterparts, but resting MCA pul-
sility was lower in endurance-trained youth post-PHV when
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60 Main Effects:
o s 0 Figure 2. Group means for the percent change in
50— o A Training: P = 0.987 posterior cerebral artery blood velocity (APCA,) dur-
o o v ' R— ing the neurovascular coupling task in males [pre-
a0+ . b4 B R i peak height velocity (PHV) untrained, n = 12; pre-
9 olo o Maturation*Training: P= 0.582  PHV trained, n = 13; post-PHV untrained, n = 12; and
= o Sex‘Training: P = 0.513 post-PHV trained, n = 13] and females (pre-PHV
E 30+ g 2 o 8 . v ole "ANOVA: P = 0.642 untrained, n = 12; pre-PHV trained, n = 13; post-PHV
g . MM v 5 untrained, n = 14; and post-PHV trained, n = 17)
g Q ¥ assessed via a three-way ANOVA. Error bars indicate
20+ & v 00 the group means (SD). P values outside of the figure
plot indicate where significant main and interaction
10- effects of maturity status, biological sex, and training
status occurred. ANOVA, analysis of variance.

0 | | | I I I | |

Pre-PHV Pre-PHV Pre-PHV Pre-PHV  Post-PHV  Post-PHV  Post-PHV  Post-PHV
Untrained Trained  Untrained Trained  Untrained Trained  Untrained  Trained
Males Males Females  Females Males Males Females Females

compared with untrained counterparts. This observation
indicates that a threshold of circulating IGF-1 achieved
during puberty, which is not present during childhood, is
needed to facilitate further exercise-mediated cerebral angio-
genesis and reduce downstream cerebrovascular resistance.
Thus, adolescents may experience structural remodeling
of the cerebrovascular network in response to exercise-
mediated pulsatile flow that subsequently dampens the
pulsatility of cerebral perfusion. However, whether train-
ing-mediated adaptations in cerebrovascular hemodynam-
ics result in remodeling of the larger upstream cerebrovascular
arteries during childhood and adolescence requires further
investigation.

We have also demonstrated that MCA,, but not PCA,, is
lower in post-PHV youth when compared with their pre-
PHV counterparts, whereas MCA, was lower in males when
compared with females, independent of changes in cerebral
perfusion pressure. These findings support the assertion that
cerebral perfusion, particularly in the anterior regions,
declines across adolescence in a sex-specific manner, corre-
sponding to structural and metabolic neural development
across adolescence (5, 51). Furthermore, MCA pulsatility
index, a metric of downstream cerebrovascular resistance,

was lower in post-PHV females compared with males, but
similar in pre-PHV males and females. Thus, cerebrovascular
resistance at the level of the MCA appears to only diverge in
males and females during adolescence despite sex-related
differences in cerebral blood velocity that are present across
childhood and adolescence. Accordingly, the divergence in
pulsatility index in males and females during adolescence
may be a consequence of vasoactive sex hormones (52) mod-
ulating basal cerebrovascular tone during adolescence with-
out altering cerebral perfusion.

Exercise-Trained Children Demonstrate Smaller
Increases in Cerebrovascular Pulsatility during
Neurovascular Coupling Assessments

Although the relative change in PCA, and MCA, was simi-
lar across groups during the NVC task, the change in PCA
pulsatility was greater in pre-PHV untrained youths com-
pared with their post-PHV untrained counterparts, as well as
their pre-PHV-trained counterparts. Therefore, despite simi-
lar cerebral blood velocities and pulsatility at rest, alongside
similar changes in cerebral perfusion during the visual stim-
ulus, the pulsatility of blood flow during the NVC task is
dampened by exercise training in pre-PHV youth. Indeed,

o
°
N (o} ; "
Peooo Main Effects: Figure 3. Group means for the percent change in
T 1 Maturation: P < 0.001 A - A
P<0.001 Sex: P = 0.488 posterior cerebral artery blood pulsatility index
40 : r | Training: P = 0.017 (APCAp) during the neurovascular coupling task in
v ) males [pre-peak height velocity (PHV) untrained, n =
v Interaction Effects: . . . .
. Maturation*Sex: P = 0.782 12; pre-PHV trained, n = 13; post-PHV untrained, n =
° Maturation*Training: P < 0.001  12; and post-PHV trained, n = 13] and females (pre-
&: A4 Sex*Training: P = 0.420 PHV untrained, n = 12; pre-PHV trained, n = 13; post-
<°' [ 8 S*ANOVA:P =0.847 PHV untrained, n = 14; and post-PHV trained, n = 17)
(8) 4 assessed via a three-way ANOVA. Error bars indicate
% group means (SD). P values outside of the figure plot
. indicate where significant main and interaction
,V ° o effects of maturity status, biological sex, and training
v e status occurred. P values within the figure plot indi-
v ® o cate a significant difference between groups during
© post hoc comparisons. ANOVA, analysis of variance.

P<0.001

P=0.016

-10 | | | | | | | |
Pre-PHV  Pre-PHV  Pre-PHV  Pre-PHV  Post-PHV Post-PHV Post-PHV  Post-PHV
L i Trained L i Trained  Untrained Trained  Untrained  Trained
Males Females Males Males Females Females

Males Females
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evidence from adults indicates that the increase in PCA, dur-
ing NVC tasks is driven by the change in end-diastolic veloc-
ity rather than the peak systolic velocity (43). An increase in
pulsatility occurs when there is a greater contribution of
peak systolic velocity to the mean velocity of the waveform.
Therefore, the peak systolic velocity has a greater contribu-
tion to the change in PCA, during NVC tasks in children
when compared with adolescents and adults. This transition
from peak systolic- to end diastolic-mediated changes in
PCA, appears to be hastened by exercise training during
childhood. We speculate that a higher resting cerebral perfu-
sion and larger increases in cerebrovascular pulsatility dur-
ing NVC in children relate to lower vascular tone at rest and
an attenuated decline in cerebrovascular resistance during
metabolic stimuli, when compared with adolescents and
adults. This observation would highlight the transition from
childhood to adolescence, or puberty, as a key period in the
development of cerebrovascular function.

Given the evidence that cardiorespiratory fitness at 18 yr
of age is associated with reduced incidence of neurocogni-
tive disease later in life (7), it is likely that elevated cardior-
espiratory fitness during adolescence promotes a healthy
NVC phenotype across adulthood. However, it is impor-
tant to consider that our cohort of trained adolescent
youth had been exercise training for several years (i.e.,
since they were children) and had likely already experi-
enced similar training-mediated adaptions in NVC as their
younger counterparts. It is an intriguing possibility that
functional adaptations in NVC during childhood are
accompanied by complimentary structural adaptations in
cerebrovascular remodeling or angiogenesis with contin-
ued endurance training into adolescence (14, 53) that
make further functional changes in NVC at this early stage
of life redundant. Indeed, cerebrovascular angiogenesis
can be stimulated by exercise training in rodents (14) and
humans (54). Moreover, exercised-mediated angiogenesis
is dependent on the presence of IGF-1 in vivo (14), which is
relatively low during childhood before peaking during
adolescence (52). Therefore, exercise training during ado-
lescence may result in further positive cerebrovascular
adaptions that modulate aspects of NVC beyond the scope
of this study. Regardless of the uncertainty of how exer-
cised-mediated improvements in NVC translate from
childhood to adolescence, it appears that exercise training
has a positive impact on NVC during childhood. The exer-
cised-mediated adaptations in NVC during childhood
highlight the importance of physical activity for neurocog-
nitive health during the formative developmental years,
far earlier than the pathogenesis of neurocognitive dis-
ease. Accordingly, exercise training across childhood and
adolescence may be vital for optimizing cerebrovascular
function across the lifespan and delay the onset of neuro-
cognitive disease.

There were no maturity or biological sex-related differences
in the PCA, response or the change in HR, MAP, PETco,, and
PETo, during the NVC task. As such, our findings are not con-
founded by group differences in cerebral perfusion pressure
or metabolic feedback mechanisms of cerebral blood flow reg-
ulation. The lack of maturity- or biological sex-related differ-
ence in the change in cerebral artery blood velocities during
the NVC task conflicts with previous findings (10, 11), and is

H518

somewhat surprising given the contribution of NO-mediated
vasodilation to NVC in adults (55) and the potential sex differ-
ences in the development of endothelial function across pu-
berty (15, 26, 56). However, the conflicting findings are likely
to be related to methodological differences in the NVC stimu-
lus. Unlike previous reports (10, 11), the current study utilized
a selective visual stimulus that is unlikely to be influenced by
age- or learning-related differences across groups, while also
invoking a large change in cerebral perfusion across all
groups. Although it should be noted that the oxygen-carrying
capacity of the blood increases across adolescence (2), the
similar relative change in PCA, in children and adolescents
during the NVC task was present despite higher resting cere-
bral perfusion in children (5). Thus, our data show that chil-
dren experience a larger absolute change in cerebral perfusion
during the NVC task that counteracts the higher oxygen-carry-
ing capacity in adolescent youth.

Limitations

There are a few limitations that must be considered in
the current study. First, Paco, was indirectly monitored via
PETco,. However, PET¢o, is commonly used as a suitable
surrogate for Paco, during assessments of NVC (39, 40).
Likewise, PETco, has a strong relationship with Paco, in
nonventilated children (57, 58), and the lack of change in
PETco, during the NVC task in the current study was simi-
lar across groups. Therefore, we are confident that our
data provide novel insight into the influence of maturity
and training status on NVC during youth. Second, we used
PCA, via TCD ultrasound to infer changes in cerebral per-
fusion during the NVC task. The larger proximal portions
of the PCA (as insonated in the current study) appear to
only dilate ~0.9 £2.2% in response to similar visual stimuli
(59). Therefore, we feel it is appropriate to use PCA, as an
index of cerebral perfusion during NVC stimuli because of
the excellent temporal resolution of TCD (33) and the rela-
tively small vasodilation of the P1 segment of the PCA.
Finally, recent work has highlighted the important contri-
bution of NO signaling to NVC in adults (55, 60). Likewise,
endogenous sex hormones may play an important role in
NO signaling and vascular function in adults (61, 62). We
were unable to acquire suitable measurements of endothe-
lial NO activity or sex hormones in the current study
because of the ethical considerations associated with inva-
sive venous blood sampling and pharmaceutical blockades
in a nonclinical pediatric cohort.

Conclusions

Our novel findings demonstrate that the change in cere-
bral perfusion during visual stimuli is unaffected by matu-
rity or training status during youth. However, endurance-
trained children demonstrated attenuated increases in
cerebral blood flow pulsatility when compared with their
untrained counterparts, whereas no training-mediated dif-
ferences were present during the NVC task in adolescent
youth. Therefore, exercise training during childhood, or
before somatic maturation, modifies neurovascular cou-
pling and may provide a foundation for additional cere-
brovascular remodeling during adolescence that benefits
long-term neurocognitive function.
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