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Key points

� Cerebrovascular reactivity (CVR) reflects the vasodilatory reserve of cerebral resistance vessels.
� Normal development in children is associated with significant changes in blood pressure,

cerebral blood flow (CBF) and cerebral oxygen metabolism. Therefore, it stands to reason that
CVR will also undergo changes during this period.

� The study acquired magnetic resonance imaging measures of CVR and CBF in healthy children
and young adults to trace their changes with age.

� We found that CVR changes in two phases, increasing with age until the mid-teens, followed
by a decrease. Baseline CBF declined steadily with age.

� We conclude that CVR varies with age during childhood, which prompts future CVR studies
involving children to take into account the effect of development.

Abstract Cerebrovascular reactivity (CVR) reflects the vasculature’s ability to accommodate
changes in blood flow demand thereby serving as a critical imaging tool for mapping vascular
reserve. Normal development is associated with extensive physiological changes in blood pressure,
cerebral blood flow and cerebral metabolic rate of oxygen, all of which can affect CVR.
Moreover, the evolution of these physiological parameters is most prominent during childhood.
Therefore, the aim of this study was to use non-invasive magnetic resonance imaging (MRI) to
characterize the developmental trajectories of CVR in healthy children and young adults, and
relate them to changes in cerebral blood flow (CBF). Thirty-four healthy subjects (17 males,
17 females; age 9–30 years) underwent CVR assessment using blood oxygen level-dependent
MRI in combination with a computer controlled CO2 stimulus. In addition, baseline CBF was
measured with a pulsed arterial spin labelling sequence. CVR exhibited a gradual increase with
age in both grey and white matter up to 14.7 years. After this break point, a negative correlation
with age was detected. Baseline CBF maintained a consistent negative linear correlation across
the entire age range. The significant age-dependent changes in CVR and CBF demonstrate the
evolution of cerebral haemodynamics in children and should be taken into consideration. The
shift in developmental trajectory of CVR from increasing to decreasing suggests that physiological
factors beyond baseline CBF also influence CVR.
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Introduction

The developing brain undergoes significant physio-
logical and organizational changes during childhood
and adolescence as a gradual increase in volume is
simultaneously accompanied by systematic pruning of
excess neuronal connections to form more efficient
networks (Huttenlocher, 1979; Luo & O’Leary, 2005; Biagi
et al. 2007). This period is also associated with increased
myelination and prominent alterations of the vasculature
leading to an evolution in cerebral haemodynamics
(Tortori-Donati & Rossi, 2005; Biagi et al. 2007; Labarthe
et al. 2009; Hales et al. 2014). The cerebral blood flow
(CBF) of children, in particular, has been a subject of much
interest as it has been shown to mirror the development
of specific cognitive functions (Wintermark et al. 2004).
Previous imaging studies have demonstrated that while
normal baseline CBF varies across the entire lifespan, the
most significant changes occur over the first two decades
of life (Chiron et al. 1992; Takahashi et al. 1999; Biagi et al.
2007; Hales et al. 2014).

CBF, however, does not sufficiently describe the
dynamics of cerebral circulation as CBF itself is actively
regulated by changes in vascular resistance. This ability
to mediate blood flow in the brain is characterized as
cerebrovascular reserve, and is a vital function of the
vasculature that helps maintain adequate blood supply
in response to fluctuations in metabolic demand and
blood pressure. Assessment of cerebrovascular reserve can
provide information about the vascular health of the brain
that is not available from baseline CBF alone (Yonas
& Pindzola, 1994). Currently, it is unknown whether
the longitudinal changes in baseline CBF observed
during childhood development have any impact on the
vasculature’s ability to regulate blood flow in the brain.

Changes in vascular resistance are primarily driven by
the constriction and dilatation of cerebral blood vessels.
This can be measured in terms of cerebrovascular reactivity
(CVR), a surrogate for cerebrovascular reserve. CVR
is acquired by quantifying the relative change in CBF
following the introduction of a vasoconstrictive or vaso-
dilatory stimulus (Fierstra et al. 2013). Carbon dioxide
(CO2) gas is commonly used, as it is non-invasive, is easily
administered and can induce vessel dilatation within the
order of seconds (Ainslie & Duffin, 2009). Healthy vessels
that are highly distensible and have sufficient capacity for
vasodilatation are associated with high reactivity, whereas
impaired cerebral vessels that are unable to properly
regulate blood flow in the brain will exhibit low reactivity.
When acquired using high resolution imaging techniques
such as magnetic resonance imaging (MRI), CVR data
can be displayed as tissue-level parametric maps, which
have been used clinically to help identify target regions for
surgical planning, detect risk of future ischaemic injury,
and monitor recovery after surgical and drug interventions

(Rao & Pillai, 2006; Conklin et al., 2010, 2011; Han et al.
2011; Mandell et al. 2011; Pillai & Zacá, 2011; Zaca et al.
2011; Glodzik et al. 2013).

Despite the potential of CVR as a clinical tool, pre-
vious research has primarily focused on adult data, which
may not necessarily translate to the childhood population.
Most of the literature on CVR alterations with age do
not include subjects younger than 18 years (Lu et al.
2011; Gauthier et al. 2013), so little is known about how
CVR may differ between adults and children, and how it
may change during normal brain development. Obtaining
CVR data from healthy paediatric controls across a
broad age range would provide valuable insight into the
developing brain’s ability to regulate CBF. Furthermore,
the data would represent a set of normal reference
values necessary for the clinical interpretation of cerebral
haemodynamic abnormalities in children, especially in
systemic or bilateral cerebrovascular disease where iso-
lated regional abnormalities are not evident.

Of the few publications that involve CVR in paedia-
tric volunteers, results relating CVR changes with age are
almost non-existent. In one early study, Brouwers et al.
(1990) used Doppler ultrasound to measure hyperventi-
lation-induced changes in mean arterial velocity and
found no significant differences in CVR between children
of various age groups. However, ultrasound-based CVR
measures can be unreliable as they are influenced by
a number of physiological and technical factors, such
as angle of insonation and operator variability (Leung
et al. 2013). Furthermore, hyperventilation-induced
CBF changes are difficult to control, and decreases in
arterial partial pressures of CO2 are accompanied by a
concomitant rise in partial pressures of O2. In animal
literature, Winter et al. (2011) utilized MRI to demonstrate
a log-linear relation between CVR and body weight
(as a surrogate for age) in intubated juvenile piglets.
However, the CVR changes in humans during childhood
and adolescence have yet to be fully characterized.

MRI is the most suitable image modality for paediatric
CVR mapping as it is sensitive to microvascular
changes in blood flow and does not expose subjects to
invasive procedures or ionizing radiation. Blood oxygen
level-dependent (BOLD) MRI detects relative changes in
CBF via the susceptibility difference between oxygenated
and deoxygenated blood. It is commonly used due to its
widespread availability as well as high temporal resolution
and signal-to-noise ratio (SNR). Unlike arterial spin
labelling (ASL), it does not require pharmacokinetic
modelling assumptions that may be confounded by
variations in blood flow transit time and is less sensitive
to physiological noise (Buxton et al. 1998). BOLD MRI
is well suited for CVR measurements as the signal
response to hypercapnia has been shown to predominantly
reflect relative changes in CBF (Mandell et al. 2008).
Moreover, the advancement of high field MRI systems
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and novel robust methods of administering the stimulus
have enabled CVR maps to be created with ever improving
spatial resolution and reproducibility (Winter et al. 2009;
Kassner et al. 2010; Thomas et al. 2013).

The purpose of our study was to quantify the
developmental trajectory of CVR from childhood through
early adulthood in healthy volunteers using BOLD MRI. In
addition, we investigated the association between changes
in CBF and CVR during this period. Since increased blood
flow is primarily mediated by vasodilatation, the capacity
for vessels to further dilate may be diminished in younger
children as they have higher baseline CBF compared with
adults (Biagi et al. 2007). We therefore hypothesized that
CVR is lower in young children and increases with age, in
response to the gradual decline in baseline CBF.

Methods

Ethical approval

This study conformed to the standards of the Declaration
of Helsinki for medical research involving human subjects.
All procedures were approved by the Research Ethics Board
at The Hospital for Sick Children, and informed, written
consent was obtained from each subject or their parent or
guardian.

Data collection

Imaging data of healthy volunteers collected from a larger
study were reviewed for secondary analysis. In total, 34
data sets (17 males, 17 females) were available. The sub-
jects were aged between 9 and 30 years and had no history
of respiratory, cardiovascular or cerebrovascular disease.
Participants were asked to refrain from consuming vaso-
active substances such as caffeine or alcohol on the day of
imaging. An outline of subject demographics is provided
in Table 1.

CO2 stimulus

A CO2 breathing challenge was administered using a
model-driven prospective end-tidal system (RespirActTM;
Thornhill Research Inc., Toronto, Canada) to induce peri-
ods of hypercapnia while the subjects were in the MRI.
This computer-controlled system regulates the flow and
composition of gases (CO2, O2 and N2) based on each
subject’s physiological parameters (age, height, weight,
etc.) and delivers the gas mixture via a rebreathing
mask and circuit. The dynamic delivery of specific gas
concentrations enables fast and accurate simultaneous
targeting of end-tidal PCO2 (PETCO2 ) and PO2 (PETO2 ),
which have been shown to closely correlate to arterial
blood gas levels. A more detailed description of the gas
delivery system used in our study is provided by Slessarev
et al. (2007).

Table 1. Demographic characteristics of all subjects

Subject Age (years) Sex Height (cm) Weight (kg)

1 9.1 F 143 38
2 10.2 F 152 43
3 10.5 F 152 61
4 11.0 F 147 35
5 12.3 F 165 72
6 13.1 F 171 121
7 14.3 F 161 50
8 14.7 F 165 63
9 15.4 F 159 46
10 15.6 F 159 56
11 15.7 F 159 43
12 17.0 F 167 54
13 17.5 F 170 51
14 17.5 F 163 46
15 17.8 F 164 91
16 17.9 F 163 57
17 23.5 F 162 51
18 9.4 M 130 23
19 11.8 M 147 61
20 11.9 M 161 68
21 12.0 M 147 39
22 13.6 M 149 49
23 14.7 M 175 70
24 16.3 M 166 61
25 16.6 M 171 58
26 16.6 M 175 68
27 17.1 M 169 75
28 17.3 M 175 90
29 17.5 M 176 68
30 17.5 M 180 62
31 20.2 M 169 53
32 21.2 M 185 70
33 27.9 M 180 65
34 30.2 M 172 71

The breathing challenge was a block design
consisting of alternating 60 s periods of normocapnia
(PETCO2 = 40 mmHg) and 45 s periods of hypercapnia
(PETCO2 = 45 mmHg). Concurrently, normoxia was
maintained (PETO2 = 100 mmHg) throughout the gas
sequence. The total runtime was 8 min. Sampling lines in
the breathing mask fed into the RespirAct to continuously
monitor partial pressures of each subject’s expired gas.
End-tidal values were recorded at the end of each expired
breath to define and plot the measured PETCO2 and PETO2

temporal waveforms. This type of breathing challenge
has previously demonstrated high subject compliance and
good reproducibility in both adults (Kassner et al. 2010;
Mark et al. 2010) and children (Leung et al. 2016).

Magnetic resonance imaging

All imaging data were acquired on a clinical 3.0 T
MRI system (MAGNETOM Tim Trio; Siemens Medical
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Solutions; Erlangen, Germany) with a 32-channel head
coil. The CVR protocol consisted of an 8 min
BOLD acquisition utilizing a single-shot T2∗-weighted
echo-planar imaging sequence (TE/TR = 30/2000 ms,
FA = 70°, FOV = 220 mm, matrix = 64 × 64,
slices = 25, thickness = 4.5 mm, volumes = 240), which
was run in synchrony with the previously described
CO2 breathing challenge. High resolution T1-weighted
anatomical images (MPRAGE) with isotropic 1.0 mm
voxel size were then collected under normocapnia for
coregistration and segmentation purposes. In addition,
baseline CBF data were acquired using a pulsed ASL
sequence (PICORE Q2TIPS; TE/TR = 13/2500 ms,
TI1 = 700 ms, TI2 = 1800 ms, FA = 90 deg,
FOV = 220 mm, matrix = 64×64, slices = 13,
thickness = 4.5 mm, volumes = 91). The ASL imaging
slab was aligned to the anterior posterior commissures and
centred at the superior portion of the corpus callosum to
maximize coverage.

Data processing and analysis

End-tidal waveforms and MRI data were transferred to
an independent workstation for secondary analysis. Using
in-house scripts written in MATLAB (The Mathworks
Inc., Natick, MA, USA), we temporally aligned each
PETCO2 waveform to its corresponding BOLD dataset
based on a cross-correlation with the mean whole-brain
BOLD signal, then resampled the data to match the
BOLD sequence temporal resolution. This removed
any lag between the stimulus and MRI measurements.
Whole-brain CVR maps were then generated using FSL
(FMRIB Software Library; the University of Oxford, UK).
The BOLD dynamics were first corrected for motion,
spatially smoothed with a 5 mm Gaussian kernel to
reduce noise, and temporally filtered to remove low
frequency artifacts. Each voxel value on the CVR map was
computed from a linear regression (FSL-FEAT) between
the temporal BOLD signal and the resampled PETCO2

waveform. These values were then normalized to the
temporal mean BOLD signal of each respective voxel to
represent the CVR map in terms of percentage of �MR
signal per millimetre of mercury (CO2). Finally, each map
was coregistered (FSL-FLIRT) to its corresponding high
resolution T1-weighted anatomical image.

Baseline CBF maps were computed from ASL data using
a single-compartment kinetic model described by Buxton
et al. (1998). All volumes were corrected for motion
and the fully relaxed reference signal (M0) was estimated
from the first volume. Tag-control difference images were
calculated from the remaining 45 data pairs and averaged
to generate a CBF map. CBF was quantified in units of
millilitres per 100 grams per minute by factoring in the
blood–tissue partition coefficient (λ = 0.9 ml g−1), the
inversion efficiency (α = 0.95) and the T1 of blood at
3.0 T (T1a = 1650 ms) (Alsop et al. 2015). As with CVR,
the CBF maps were coregistered to their corresponding
T1-weighted image space.

Grey matter (GM) and white matter (WM) masks
were generated from the T1-weighted images by first
using a brain extraction algorithm (FSL-BET) to
remove non-brain regions followed by automated tissue
segmentation (FSL-FAST). These masks were applied to
the coregistered CVR and CBF maps to calculate the global
mean reactivity and mean CBF in the GM and WM for
each subject.

Statistical tests

Linear regression analysis was performed between CVR
and age, CBF and age, and CVR and CBF. Additionally,
a segmented regression analysis was performed, as Biagi
et al. (2007) have shown that CBF changes with age
appear to exhibit a sigmoidal pattern. The identification
of break points in the regression slope would indicate that
the data are more appropriately modelled with multiple
linear segments. Pearson’s correlation coefficients were
calculated for each identified segment, and statistical
significance was defined as P < 0.05. All statistical tests
were executed using R (v3.2.1).

Results

Subject PETCO2 was accurately and consistently targeted
with an average coefficient of variation of 1.92% during
normocapnia and 1.79% during hypercapnia. None of
the BOLD-CVR data sets acquired were compromised by
subject motion, but three ASL data sets had to be discarded
due to motion artifacts. Representative slices from the CVR
maps of three subjects are provided in Fig. 1, showing how
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Figure 1. Representative slices of CVR maps for a
10-year-old healthy female (A), a 16-year-old
healthy female (B) and a 23-year-old female (C)
showing the change in CVR at different ages
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CVR is distributed across GM and WM regions at different
ages (10, 16 and 23 years old).

The segmented regression test between CVR and age
revealed statistical evidence of two distinct slopes with the
break point at age 14.7 for both GM and WM (Fig. 2A).
Results from Pearson correlation analyses are provided
in Table 2. A statistically significant linear relation was
observed on both the upward slopes before the break
point for GM (P = 0.00459) and WM (P = 0.0379)
and the downward slopes after the break point for GM
(P = 0.0369) and WM (P = 0.0390). The corresponding
relative CBF values in the GM and WM were plotted
against subject age in Fig. 2B. Unlike CVR, the CBF
measurements exhibited a monotonic reduction over the
entire age range for our study, which is in agreement with
previous ASL literature (Biagi et al. 2007; Hales et al. 2014).
Segmented regression could not identify a significant
break point in the CBF data, likely to be due to insufficient
data points in adulthood to properly characterize the
expected plateau of the CBF decline (Biagi et al. 2007).
Instead, a linear model was applied. The correlations from
the linear regression of CBF with age were statistically
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Figure 2. Plots of CVR (A) and CBF (B) with age
Each data point represents values averaged over GM (diamonds) and
WM (squares) for each subject, where an open symbol indicates
male and filled symbol indicates female. The dashed line shows the
best linear fit. For the CVR, a regression break point was computed
at 14.7 years with the 95% confidence intervals indicated by
horizontal lines along the bottom of the graph. No break point was
detected for CBF.

Table 2. Pearson regression results between CVR, CBF and age
for data prior to and after the break point

Grey matter White matter

r2 P r2 P

Correlation before break point
CVR vs. age 0.502 0.0046 0.364 0.0379
CBF vs. age 0.306 0.0012 0.246 0.0045
CVR vs. CBF 0.0039 0.8347 0.0334 0.5694

Correlation after break point
CVR vs. age 0.220 0.0369 0.196 0.0390
CBF vs. age n/a∗

CVR vs. CBF 0.150 0.1249 0.046 0.3763

∗CBF did not exhibit any break point. CBF, cerebral blood flow;
CVR, cerebrovascular reactivity.

significant in both GM and WM (P < 0.001). However,
correlational analysis between CVR and CBF data did not
reveal any significant correlation in GM (P = 0.834 before
break point, P=0.125 after break point) or WM (P=0.569
before break point, P = 0.376 after break point).

Discussion

Our study demonstrates, for the first time, the
developmental trajectories of both CVR and CBF from
childhood into adulthood. As plotted in Fig. 2A, CVR
undergoes significant changes with age during childhood
as calculated data points take on a biphasic pattern.
Segmented regression analysis identified a break point in
the CVR data at 14.7 years, indicating the transition from
a positively correlated to a negatively correlated trend.

In contrast to CVR, CBF exhibited a steady decline
throughout the entire age range in the study (r = −0.55,
P = 0.001 in GM, r = −0.50, P = 0.005 in WM). The
mean CBF computed from our data declined by approxi-
mately 50% in both the GM and WM over the span of our
subject age range, which is in line with findings published
by Biagi et al. (2007). Hales et al. (2014) noted similar
results but the rate of change was slower, possibly as a result
of using a more robust acquisition sequence to account
for differences in transit time with age. As of yet, ASL
quantification is not fully standardized so variations in
sequence parameters and data processing can contribute
to differing results.

The elevated CBF observed in younger subjects is most
likely a means to support the higher energy demands
in the brain during this critical stage of development
(Biagi et al. 2007). Previous PET studies in children have
demonstrated that cerebral oxygen metabolism (CMRO2 )
throughout the brain peaks at age 7 and remains elevated
into early adolescence (Chugani et al. 1987; Takahashi
et al. 1999). There are also other physiological parameters
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such as blood pressure that differ during childhood and
can affect cerebral haemodynamics (Regan et al. 2014).
While blood pressure measurements were not collected
as part of the original study, population studies have
shown that blood pressure in children is lower compared
with adults (National High Blood Pressure Education
Program Working Group on High Blood Pressure in
Children and Adolescents, 2004). CBF is maintained
constant across a range of mean arterial pressures, and
therefore the lower blood pressure in children would
be met with cerebral vasodilatation to preserve flow.
Taken together, the simultaneous high CBF and low blood
pressure in childhood requires extensive vasodilatation.
Cerebrovascular reserve is, therefore, likely to be reduced
in children as their cerebral blood vessels will be less
compliant to further increases in blood flow. This supports
our initial hypothesis that CVR is inversely correlated to
CBF over time. After the mid-teens, however, the trajectory
of CVR alters while CBF continues to steadily decrease
with age. This sudden deviation from the trend may
be associated with the tail end of physical maturation
during puberty. Most notably, systolic blood pressure
stabilizes around the late teens and transitions from a steep
incline to a much shallower slope (Labarthe et al. 2009).
The relationship between CVR and CBF may, therefore,
be influenced by factors such as blood pressure, which are
strongly associated with normal growth patterns.

In addition, the influence of CMRO2 and cerebral blood
volume (CBV) on BOLD-based measurements must be
acknowledged (Leontiev & Buxton, 2007; Blockley et al.
2012; Zong et al. 2012). These parameters are intrinsically
associated with the principles of the BOLD effect as
specified in the Davis model (Buxton & Frank, 1997;
Davis et al. 1998) and may contribute to the observed
changes in CVR. Measurements of CMRO2 and CBF
during childhood development may reveal physiological
mechanisms specific to the BOLD response in younger
subjects, as well as elucidate differences between physio-
logical CVR and CVR measured by BOLD. However, as
our study is based on retrospective data and there are
currently no published data on CMRO2 and CBV changes
throughout adolescence, we were unable to examine any
potential correlations. Such relations will need to be
investigated in future studies.

CVR and CBF changes with age were shown to
follow linear or piecewise linear trajectories, but we
were unable to find a statistically significant correlation
between CVR and CBF. The lack of correlation may be
a consequence of measurement variability such as in
pulsed ASL, which suffers from lower SNR compared
with continuous and pseudo-continuous ASL (Alsop
et al. 2015). Furthermore, the ASL sequence used for
quantifying CBF has approximately half the spatial
coverage of the BOLD sequence used for CVR imaging.
This may skew the mean CBF plots if blood flow changes

with age do not occur uniformly across the entire brain.
The CBF measured in our study also appears to be lower
compared with values reported in previous ASL literature
(Wang et al. 2003; Biagi et al. 2007; Hales et al. 2014).
However, the mean GM and WM CBF values presented
in these studies were averaged from manually selected
regions of interest. In contrast, the results in the current
study was derived from automated segmentation of the
entire GM and WM. This approach is more systematic
but can potentially cause underestimation due to partial
voluming effects. The lower CBF may also be due to
limitations of the physiological assumptions used in the
quantification model, such as transit time. In particular,
the change in CBF between children and adults suggests
that the ASL imaging protocol may need to be adapted
for differences in flow velocity to acquire a more accurate
measurement. One potential solution for future studies
would be to implement multi-phase ASL to characterize
the bolus transit through each voxel.

Although we were able to demonstrate significant
developmental changes in CVR and CBF with age, a larger
sample size would allow a more comprehensive statistical
comparison between groups within our cohort, such as
sex differences. In a previous adult study, CVR was shown
to be higher in men compared with women (Kassner
et al. 2010), while females tend to have higher resting CBF
values (Rodriguez et al. 1988). However, our current sub-
ject numbers do not have the statistical power to facilitate a
comparison of developmental trajectories between males
and females in our study. No significant differences could
be determined between sex, and therefore the two groups
were presented as a single data set. Additional sub-
ject data may also provide sufficient statistical power
to fit a more robust model of the CVR and CBF
trajectories. The piecewise linear fit for CVR presented
in this study is an approximation for the purpose of
demonstrating the presence of a break point. As such,
the precise age at which the break point occurs during
adolescence may vary depending on the model chosen.
Application of higher order polynomials similar to the
models of cortical development presented by Shaw et al.
(2008), or even exponential decay models, may further
improve the CVR correlation with age as well as shift the
break point. Alternatively, the collection of more detailed
biometric information may also aid in the analysis of
the results. This current study proposes chronological
age as developmental metric and regressor for CVR and
CBF, but this can vary between individuals, especially in
younger subjects. Physical maturity (Mirwald et al. 2002),
for example, may be better associated with cerebrovascular
development, but these measures were not collected as part
of the original study.

While CBF is a well established and clinically relevant
physiological parameter, the applications of CVR have
only recently expanded with potential utility in assessing
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vasculopathies, psychological disorders and tumour
vasculature (Rao & Pillai, 2006; Conklin et al., 2010, 2011;
Han et al. 2011; Mandell et al. 2011; Pillai & Zacá, 2011;
Zaca et al. 2011; Glodzik et al. 2013). To further improve
the diagnostic interpretation of CVR imaging, an atlas of
reference CVR values has also been proposed (Sobczyk
et al. 2014). However, these advances have primarily
focused on the adult population and very little is known
about how CVR differs between children and adults. Our
findings provide an impetus for future CVR studies in
paediatric subjects to control for age-related changes when
assessing CVR across age groups.

Another useful application of this work is in the sub-
sequent analysis of other BOLD-related studies such as
functional magnetic resonance imaging (fMRI). Gaillard
et al. (2001) commented on potential confounders of
fMRI studies in children, which included cognitive
ability, physiological development and specific technical
challenges. One study by Thomason et al. (2005) examined
the BOLD haemodynamic response during breath-hold
and found that the extent of activation was significantly
reduced in pre-teens compared with adults. Conversely,
other studies utilizing specific task-based stimuli have
suggested that local BOLD activation amplitudes are
equivalent or greater in children compared with adults
(Kang et al. 2003; Church et al. 2008; Moses et al. 2014).
This discrepancy may be a result of the nature of the
stimulus, where functional tasks can induce significantly
greater changes in oxygen metabolism compared with
CO2. More importantly, fMRI primarily focuses on the
quantification of activated voxels and neglects regions with
weaker signal responses. This approach may bias results as
functionally associated regions that happen to have lower
reactivity may be excluded from analysis. As noted by
Thomason et al. (2005), BOLD data from younger sub-
jects were significantly noisier than those from adults,
which is inevitably reflected in the resulting activation
maps. Since CVR is assessed across all regions of the
brain irrespective of signal or noise level, it can serve as
a means to contextualize these age-related differences in
BOLD-fMRI activation.

In conclusion, our data represent the first characteri-
zation of CVR evolution from childhood to early
adulthood (age 9–30 years). These findings broaden our
understanding of cerebrovascular development in the
maturing brain by demonstrating significant CVR changes
during children. Furthermore, these changes are not solely
dependent on the age-related decrease in CBF observed
during the first two decades of life. The differences in CVR
between age groups imply that the cerebral vasculature’s
capacity to accommodate increases in blood flow can
vary across the lifespan. The physiological influence of
age may have important implications for the way BOLD
imaging results are interpreted, from the assessment of

CVR in cerebrovascular diseases to the identification of
fMRI activation signals.
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Translational perspective

Cerebrovascular reactivity (CVR) describes the capacity of cerebral blood vessels to mediate changes
in blood flow in response to various stimuli such as changes in perfusion pressure, blood-gas
concentrations, and metabolic demand. CVR is an important physiological parameter as it can
be used as a marker of cerebrovascular health. In addition, measures of CVR provide valuable insight
into functional magnetic resonance imaging (fMRI) data as CVR assesses the vascular reserve utilized
during functional tasks. This study presents the first characterization of CVR in healthy subjects
from childhood to early adulthood using blood oxygen level-dependent MRI in combination with
a controlled hypercapnic stimulus. We demonstrated that CVR exhibits a bi-phasic profile between
the ages of 9 and 30 years, consisting of an initial positive linear correlation with age followed by
a negative slope after a break point occurring in the mid-teenage years. Furthermore, the observed
changes in CVR throughout childhood elucidate physiological differences between children and adults
and emphasize the need for appropriate reference values for different ages. Specifically, our findings
introduce new considerations for the interpretation of paediatric fMRI and CVR studies as the effect
of age can be a confounding factor.
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