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Abstract: Functional MRI using blood–oxygen-level-dependent (BOLD) imaging has provided
unprecedented insights into the maturation of the human brain. Task-based fMRI studies have
shown BOLD signal increases with age during development (ages 5–18) for many cognitive domains
such as language and executive function, while functional connectivity (resting-state) fMRI studies
investigating regionally synchronous BOLD fluctuations have revealed a developing functional organization of the brain from a local into a more distributed architecture. However, interpretation of
these results is confounded by the fact that the BOLD signal is directly related to blood oxygenation
driven by changes in blood flow and only indirectly related to neuronal activity, and may thus be
affected by changing neuronal–vascular coupling. BOLD signal and cerebral blood flow (CBF) were
measured simultaneously in a cohort of 113 typically developing awake participants ages 3–18 performing a narrative comprehension task. Using a novel voxelwise wild bootstrap analysis technique,
an increased ratio of BOLD signal to relative CBF signal change with age (indicative of increased
neuronal–vascular coupling) was seen in the middle temporal gyri and the left inferior frontal gyrus.
Additionally, evidence of decreased relative oxygen metabolism (indicative of decreased neuronal
activity) with age was found in the same regions. These findings raise concern that results of developmental BOLD studies cannot be unambiguously attributed to neuronal activity. Astrocytes and
astrocytic processes may significantly affect the maturing functional architecture of the brain, consistent with recent research demonstrating a key role for astrocytes in mediating increased CBF following neuronal activity and for astrocyte processes in modulating synaptic connectivity. Hum Brain
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INTRODUCTION

detectable via BOLD imaging alone if changes in neuronal
activity with age are counterbalanced by opposite changes
in neuronal–vascular coupling.
Whether potential age-related differences in neuronal–
vascular coupling in fact represent a significant confound
for developmental fMRI studies has been much debated in
the literature. Based on results from animal studies involving mechanisms known to contribute to neuronal–vascular
coupling and known to change over development in animals,
Harris
et
al.
[2011]
hypothesize
that
“. . .developmental changes in neurovascular coupling are
likely to contribute to observed developmental changes in
BOLD signals” (p. 211). Conversely, Church et al. [2010]
argue that many results seen in prior developmental fMRI
studies, such as different tasks resulting in different relationships of activity between children and adults within
the same region, cannot be explained by differences in
neuronal–vascular coupling. In adult studies, wide intersubject variability in neuronal–vascular coupling has been
seen [Davis et al., 1998; Hoge et al., 1999; Kastrup et al.,
2002; Kim et al., 1999; Uludag et al., 2004]. However, there
is as yet a paucity of in vivo data available in children.
Therefore, to directly investigate this question, we used
a double excitation MR imaging method specially
designed to concurrently acquire both a BOLD-weighted
image and arterial spin-labeled (ASL) image of relative
CBF change from the same volume [Schmithorst et al.,
2014]. Using this method, we acquired concurrent ASL
and BOLD images during performance of a task-based
fMRI paradigm involving narrative comprehension in a
cohort of 113 normally developing children ages 3–18. The
ASL technique “labels” blood entering the brain through
the carotid arteries, and therefore, enables the noninvasive
measurement of CBF. This technique is suitable for use in
a healthy pediatric population [Holland et al., 2014],
whereas more invasive techniques for measuring CBF
(such as positron emission tomography [PET], or dynamic
susceptibility contrast MRI, involving a contrast agent) are
unacceptable for use in research in healthy children.

Functional magnetic resonance imaging (fMRI) is a noninvasive modality which has yielded an unprecedented
amount of information pertaining to brain development in
infants and children, and even holds the promise of aiding
in diagnosis and treatment of neurodevelopmental disorders. Reflecting the developing architecture of the brain,
regional task-based fMRI signal increases with age during
the developmental period (ages 5–18) have been seen in a
large variety of tasks, including receptive language
[Szaflarski et al., 2012], expressive language [Szaflarski
et al., 2006], motor function [Schapiro et al., 2004], and executive function [Luna et al., 2010]. Functional connectivity
MRI (fcMRI; also called “resting-state” fMRI), which is
fMRI data collected without stimulation by a specific task,
measures regionally correlated fluctuations of fMRI signal
thought to be related to spontaneous neural fluctuations.
FcMRI studies have shown increases in global and local
functional brain network connectivity [Dosenbach et al.,
2010], with the remarkable finding that the age of a subject
(between 7 and 30 years) may be predicted by fcMRI results
as the brain’s functional organization shifts from a more
local to a more distributed architecture with age.
However, the precise physiological correlates of these
results are unclear since the fMRI signal measured in these
experiments is only an indirect measure of neuronal activity. The blood–oxygen-level-dependent (BOLD) signal
measured in fMRI experiments is caused by changes in
the amount of venous deoxyhemoglobin (which is paramagnetic and causes MRI signal attenuation) resulting
from the oxidative metabolic demand due to neuronal
activity. Increased metabolic demand (for instance, the
result of a change between a “baseline” and an “active”
condition in a task-based fMRI experiment), causes hyperemia (increased cerebral blood flow [CBF]), which results
in lower levels of venous deoxyhemoglobin and a positive
BOLD signal contrast. Since the BOLD signal is a function
of the amount of hyperemia, population differences in
BOLD signal magnitude can theoretically result from differences in neuronal–vascular coupling (the relationship
between increased task-based neuronal metabolic demand
and hyperemia) instead of differences in neuronal activity
[Davis et al., 1998], while population differences in BOLD
signal correlations (such as used in fcMRI experiments)
can theoretically result from regional differences in neuronal–vascular coupling instead of differences in functional
topology. In addition to possible misinterpretation of
BOLD signal differences, another consideration is that
some developmental changes in brain function may not be
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MATERIALS AND METHODS
Participants
Data was successfully acquired from 113 participants
ages 3 years 1 month to 18 years 9 months (58 females; see
Table I for complete age and gender breakdown). All children were right-handed native speakers of English with
no history of neurological or psychiatric disease in the
children or in first-degree relatives. The study was
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duration of each sweep varies from 0.5 to 4 s. This comparison between naturalistic speech and nonspeech auditory processing engages multiple aspects of language
processing while controlling for sublexical auditory stimulation. Five 64-s blocks of stories and five 64-s control
blocks of broadband noise were alternated for a total scan
time of 10 min 40 s. All children were awake during the
entire duration of the scan.

TABLE I. Age and gender breakdown of the study
participants
Age (years:months)
3:1–5:11
6:0–8:11
9:0–11:11
12:0–14:11
15:0–18:9

N (boys)

N (girls)

8
21
8
13
7

11
15
8
11
9

r

Combined Whole-Brain Functional ASL/BOLD
Gradient-Echo EPI Acquisitions

approved by the Institutional Review Board at Cincinnati
Children’s Hospital Medical Center; informed consent and
assent (where appropriate) were obtained from a parent/
guardian and the participant.

MRI data was obtained using a Philips 3T Achieva system and a 32-channel head coil. For the combined wholebrain functional ASL/BOLD acquisitions, a doubleexcitation approach was used, determined both theoretically and empirically to be more optimal as compared to
double-echo acquisitions or other methods [Schmithorst
et al., 2014]. Acquisition parameters were: repetition time
(TR) 5 4,000 ms, (echo time) TE1 5 11 ms, TE2 5 35 ms,
matrix 5 64 3 64, field of view (FOV) 5 25.6 3 25.6 cm2,
slice thickness 5 5 mm, 25 slices acquired covering the
whole brain. Parameters for the pseudocontinuous spinlabeling were: labeling duration 5 1,500 ms, postlabel
delay 5 700 ms, mean B1 5 1.0 mT, mean gradient 5 1.0
mT/m during tag periods (mean gradient 5 0 during control), max gradient 5 6 mT/m, pulse duration 5 500 ms, time
between pulses 5 1.5 ms. The postlabel delay (700 ms) is
shorter than those typically used for nonfunctional ASL
acquisitions used to estimate absolute CBF. This approach
was recommended by Gonzalez-At et al. [2000], when
only the relative CBF change is of interest, as the shorter
postlabel delay enhances the CNR. Similar values have
been used by previous studies [Aguirre et al., 2002;
Fernandez-Seara et al., 2009; Lim et al., 2010]. We also
note that, even for the first (bottom-most) slices acquired,
the total labeling plus postdelay time (2,200 ms) is sufficient to allow at least a significant proportion of the
labeled spins to reach the capillaries. This proportion will
increase significantly for later-acquired slices since the
effective postdelay time is longer due to the time necessary to acquire the earlier slices (the total time needed to
acquire all 25 slices is approximately 500 ms, leading to an
effective postlabel delay of 1,200 ms for the top-most slices
and approximately 1,000 ms for the middle slices).

Neurocognitive Data
A standardized neuropsychological assessment including age appropriate Wechsler IQ scales: Wechsler Preschool & Primary Scale of Intelligence, Third Edition
(WPPSI-III, ages 2:6–5); Wechsler Intelligence Scale for
Children, Fourth Edition (WISC-IV, ages 6–16) Wechsler
Adult Intelligence Scale, Fourth Edition (WAIS-IV, ages 17
and 18) was completed by 104 out of the 113 children.
Results
were
in
the
normal
range
(mean
IQ 6 std. 5 107 6 14.6); there was no correlation with age
(R 5 20.06, P > 0.5) and no significant difference between
boys and girls (T 5 0.016, P > 0.9).

Scanning Procedures for Very Young Participants
In participants of age 5 years and under, additional
preparation time was allowed at each session to acclimate
the child to the scanner environment. During this time,
study personnel used a step-by-step approach to introduce
the equipment, including the headphones and microphone
for in-scanner communication. Young children were given
stickers as tangible reinforcers frequently during the acclimation process. Based on these strategies, only two young
children who were recruited for this session were unable
to enter the scanner during the visit. One additional child
participated but exited the scanner before the narrative
comprehension task.

fMRI Task Paradigm
Participants completed a functional MRI scanning session during which they performed a narrative comprehension task, comprised of five different stories, each 1 min in
duration, designed by a speech–language pathologist to be
appropriate for young children and read by an adult
female speaker. Stories were presented in a 64-s alternating block design. During the control blocks, broadband
noise in the frequency range of speech was presented in a
gradual sweep across frequencies (500–4,000 Hz). The
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First-Level Analysis
First-level fMRI data processing was performed using
FMRI Expert Analysis Tool (FEAT) Version 6.0, part of
FMRIB’s Software Library (FSL, www.fmrib.ox.ac.uk/fsl),
involving motion correction, spatial smoothing, coregistration to a study-specific template, and a general linear
model (GLM) with autocorrelation correction to compute
BOLD and ASL activation. Prior to first-level analysis,
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cess on the BOLD timeseries. ASL timeseries analysis was
performed on unsubtracted data following the approach of
[Mumford et al., 2006]. For the ASL timeseries analysis,
there was a fourth regressor corresponding to CBF-based
task-related signal change. This regressor is the product of
the BOLD task regressor and the CBF baseline signal
regressors (after mean centering of each). Six motion
parameters (3 translations, 3 rotations) derived during
timeseries coregistration were used as nuisance regressors.
Additionally, a subject-dependent number of individual
nuisance regressors for removing outlier timepoints were
created using the fsl_motion_outliers tool, employing the
“refrms” metric. This metric applies a threshold on the
root-mean-squared intensity difference between a given
volume and a reference volume to identify intensity outliers. The threshold used was the standard boxplot outlier
threshold, thresh 5 p75 1 1.5 3 (p75 2 p25), where p25 and
p75 are the 25th and 75th percentiles for the RMS differences, respectively. This is closely related to the DVARS metric recently proposed [Power et al., 2012].

datasets were discarded if gross motion artifacts were
present via visual inspection.
Independent motion correction of the ASL and BOLD
timeseries (to a common reference frame) was performed
using MCFLIRT [Jenkinson et al., 2002]. In an initial run,
the central timepoint was used as the reference frame.
Based on the derived motion parameters, the timepoint
with the minimal displacement from the average position
of the brain over the timeseries was determined. Motion
correction was then restarted, using this minimal displacement timepoint as the reference frame. Following motion
correction, spatial smoothing using a Gaussian kernel of
FWHM 8 mm and highpass temporal filtering (Gaussianweighted least-squares straight line fitting, with r 5 64 s)
were applied. Grand-mean intensity normalization by a single multiplicative factor was applied to each 4D dataset.
A study specific T1-weighted template encompassing
the age range in our study was created using a template
creation script (buildtemplateparallel.sh) available as part
of Advanced Normalization Tools (ANTs, stnava.github.io/ANTs/). One hundred thirty-five subjects (61 male,
87 female) between the ages of 4 and 18 years were used
to form the template. Prior to the template creation, the
T1-weighted anatomical images were bias corrected using
the N4ITK algorithm [Tustison et al., 2010]; nonbrain
removal was then performed using BET [Smith, 2002]. A
nonlinear warping of the resulting template to 2-mm MNI
standard space was then computed using symmetric diffeomorphic image normalization (SyN) [Avants et al.,
2008], as implemented in ANTs.
To normalize the functional datasets to the template,
the timeseries-averaged CBF map (control-tag) was computed from the motion corrected ASL data. The CBF
image has high GM/WM contrast due to the large perfusion difference in these tissue types. A linear, affine
boundary-based registration [Greve and Fischl, 2009] as
implemented in FLIRT (FMRIB’s Linear Image Registration Tool) [Jenkinson and Smith, 2001; Jenkinson et al.,
2002] was used for transformation of each subject’s mean
CBF map to anatomical space. This affine transformation
computed from the mean CBF-weighted image was then
kept for later use in transforming ASL or BOLD functional images and statistic maps to standard space.
Timeseries statistical analysis was performed using
FILM with local autocorrelation correction [Woolrich et al.,
2001]. The following regressors were used in a GLM
design matrix for both BOLD and ASL timeseries analysis:
(1) A BOLD task regressor corresponding to five repetitions of a 64 s ON, 64 s OFF square wave convolved with
a double-gamma hemodynamic response function. (2) The
temporal derivative of the BOLD task regressor. (3) An
ASL baseline CBF signal regressor (alternating values of
0.5, 20.5 for control, tag, respectively). The BOLD-related
regressor is included in the ASL design matrix to model
residual BOLD signal at TE 5 11.5 ms. Similarly the tag/
control regressor is present during BOLD data analysis to
model any small, residual effects of the ASL tagging pro-
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Second-Level Analysis
Second-level analysis was performed on a voxelwise
basis using routines written in IDL (Exelis, Boulder, CO),
using the raw % BOLD and % CBF signal changes as the
independent variables. One-sample T-tests were performed on the ASL and BOLD data to qualitatively compare the sensitivity of the techniques. Results were
thresholded at T > 4.5 and spatial extent threshold of 100
voxels; this corresponded to a family-wise error (FWE)corrected P < 0.01 using the Monte Carlo method
(described in detail below for the investigation of BOLD
signal changes with age).
Subsequent analyses (described below) were restricted
to voxels with significant (T > 2.25, P < 0.03) activation for
ASL, as the relevant parameters we wish to investigate
(described in detail below) cannot be estimated if
DCBF 5 0. The threshold chosen (T > 2.25) was slightly
stricter than a nominal P < 0.05, as it was found that a
looser threshold led to nonrobustness of the voxelwise
bootstrap used (described below), as in some bootstrap
iterations the fit of DCBF as a function of participant age
could dip below zero.

Analysis 1: Changes in the Ratio of BOLD to
Relative CBF Change (rBOLDCBF) with Age
The rationale for this analysis is that the BOLD signal
can be modeled as a linear function of the relative CBF
change between baseline and active conditions:
BOLD5Mðb2a2bn21 Þ

DCBF
CBF

(1)

using a first-order Taylor expansion (see Appendix for
derivation) of the empirically validated Davis model
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[Davis et al., 1998; Griffeth and Buxton, 2011], where M is
the theoretical maximum BOLD signal (related to baseline
deoxyhemoglobin content), b is a parameter relating deoxyhemoglobin concentration to MRI signal (a function of
blood vessel geometry), a is a parameter (known as
Grubb’s constant) relating blood volume change to CBF
change, n is the neuralglial–vascular coupling constant
(defined below), CBF0 is the blood flow in the baseline
condition, CBF is the blood flow in the active condition,
DCBF 5 CBF 2 CBF0.
The neuralglial–vascular coupling constant n is of primary interest in the current analysis and is defined as:
DCBF
CBF

0
n5 DCMRO
2

tional organization (above and beyond physiologic factors). Therefore, we used a similar voxelwise procedure to
investigate age-related changes in neuronal activity
(indexed by CMRO2) distinct from changes in hyperemia.
We use the following expression for the BOLD signal (see
Appendix for derivation):


DCBF
DCMRO2
DCBF
BOLD5Mðb2aÞ
2Mb
(3)
12
CBF
CBF
CMRO20
However, the presence of the intercept term here, however, means that we cannot simply compute a ratio (unlike
Analysis 1) and we need to estimate values for M, a, and
b in order to investigate changes in DCMRO2/CMRO20
with participant age. We used literature values of b 5 1.3
and a 5 0.2 [Chen and Pike, 2009]. We note that an estimate of M at each voxel is available from Eq. (1) using the
participant-wise averages of BOLD and DCBF/CBF, if the
average n were also known. Therefore, we assumed a
participant-wise average value of n 5 2.0 as found in previous studies [Hoge et al., 1999]. (Note that while our analysis assumes a value for the participant-wise average n, it
does not assume a fixed n across participants.) Using these
estimates of M [from Eq. (1)], the linearly fitted DCBF/
CBF and BOLD values from Analysis 1 were used in Eq.
(3) to generate estimates of the rate of change of
DCMRO2/CMRO20 with participant age. Statistical significance was ascertained using a wild bootstrap (detailed
below).

(2)

CMRO20

where CMRO20 is the metabolic rate of oxygen in the baseline condition, CMRO2 is the metabolic rate of oxygen in
the active condition, DCMRO2 5 CMRO2 2 CMRO20.
Assuming minimal changes in M or a with age during
development (cf. Discussion section), from Eq. (1), we can
infer age-related changes in n from age-related changes in
rBOLDCBF without the need to estimate absolute values of
either M or n. Diverging from typical nomenclature in the
literature, we have renamed n the neuralglial–vascular coupling constant (instead of neurovascular coupling constant)
since a significant portion, estimated at 15%–30%, of oxidative metabolism in the brain occurs in astrocytes and not
neurons [Hertz et al., 2007]. n will be an accurate estimator
of neurovascular coupling only if the ratio of neuronal oxygen metabolism to astrocytic oxygen metabolism does not
change with task condition. (Implications for violation of
this assumption are mentioned in the Discussion section.)
To find regions with significant age-related changes in
rBOLDCBF, the calculated DCBF/CBF and BOLD values
in each voxel were linearly fit to participant age. The fitted
values were then used in Eq. (1) to generate estimates of
the rate of change of rBOLDCBF coupling with participant
age. Statistical significance was ascertained using a wild
bootstrap (detailed below). This procedure is used in preference to a direct estimate of rBOLDCBF from Eq. (1) as
noise in the CBF data results in very high errors in the
estimate due to division by numbers close to zero. (We
did not attempt higher-order models as the goal of this
analysis was not to attempt to accurately map developmental trajectories, but only to test for the existence of
age-related changes; linear models are typically used in
standard GLM analyses of neuroimaging data. Additionally, we were precluded from accurate modeling of nonlinear fits due to the amount of noise in the CBF data.)

Statistical Significance Assessed Using Novel
Voxelwise Wild Bootstrap
For each analysis, T-scores (parameter estimates and
their standard errors) for each voxel were computed using
a wild bootstrap procedure (250 iterations). Statistical significance (FWE) was assessed using the same wild bootstrap but with the null hypothesis enforced to create
“noise” maps [Ledberg et al., 1998]. To maintain the residual spatial autocorrelation and not bias the estimate of significance, the sign multiplying each residual was kept
constant over the whole brain for each bootstrap iteration.
For a T threshold of 2.75 and a spatial extent threshold of
200 voxels, the wild bootstrap procedure revealed these
thresholds to correspond with a FWE-corrected P < 0.05.

Analysis 3: Investigating Changes in BOLD
Signal with Age
For comparison with prior studies, a standard GLM was
used to find regions with a significant correlation of BOLD
signal with participant age. The number of degrees of freedom from the first-level analysis was incorporated into the
design matrix as a covariate. Statistical significance was
assessed via the Monte Carlo method of Ledberg et al.
[1998] with estimates of spatial autocorrelation taken from
the fit residuals. A T threshold of 2.75 and spatial extent

Analysis 2: Changes in Neuronal Activity (as
indexed by CMRO2) with Age
The rationale for this analysis is that we also wish to
understand developmental changes in the brain’s func-
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threshold of 150 voxels corresponded to a FWE-corrected
P < 0.05 (the spatial extent threshold is slightly smaller
than for the previous analyses as the intrinsic spatial
smoothness is lower since only BOLD data and not combined ASL–BOLD data was used in the analysis).

Post hoc Region of Interest Analyses
ROI analyses were performed for each region found in
Analyses 2 and 3 to investigate, which factors are driving
the age-related changes seen in relative CMRO2 and BOLD
signal, respectively. For each participant, BOLD and CBF
values were averaged over the ROI. M was estimated in
the same manner as Analysis 2 (assuming participant-wise
average n 5 2.0; note, however, that assuming a
participant-wise average value of n does not preclude agerelated changes in n). DCMRO2/CMRO20 was then directly
calculated from Eq. (3) (the higher SNR available from
voxel averaging makes this procedure feasible). Since noise
present in the DCMRO2/CMRO20 data still precluded a
direct calculation of n, BOLD, DCBF/CBF0, and DCMRO2/
CMRO20 were linearly fit to participant age. The fitted values were then used to compute median and 95% confidence limits on n as a function of participant age [from
Eqs. (1), (2), and (3)] using a bootstrap (resampling with
replacement; 1,000 iterations). (This analysis is circular
only to the extent that absolute values of DCMRO2 and n
are computed using our assumed participant wise n 5 2.0,
and our results should not be taken as indicative of absolute values of these parameters; however, our analysis is
not circular insofar as age-related changes in relative
DCMRO2 and n are our variables of interest.)

Figure 2.
Map showing regions of significant functional ASL activation during performance of a narrative comprehension task by 113 participants of age 3–18 years. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
ments, and whole-brain T1-anatomical scans) is freely
available online from the C-MIND database in either raw
or postprocessed format (https://research.cchmc.org/cmind/), as well as demographic, neuropsychological, and
neurobehavioral data. In the dataset presented here, participants performed a “child-friendly” task-based fMRI paradigm (narrative comprehension) previously used to study
the neural circuitry of child language development [Holland et al., 2007]. Data was acquired using a combined
ASL/BOLD data acquisition technique optimized for
whole-brain acquisitions [Schmithorst et al., 2014]. BOLD
data from this task has shown increases in signal with age
[Szaflarski et al., 2012] despite the fact that narrative comprehension is an early-developing language skill, raising
the question of whether the increased BOLD signal may
have a different etiology than increased neuronal activity.
A qualitative comparison of the two techniques (Figs. 1
and 2) reveals similar sensitivity for the two techniques,
with perhaps somewhat greater sensitivity overall for
BOLD: while both techniques robustly detected activation
in the middle and superior temporal gyri in both hemispheres, the BOLD technique additionally found activation
in the medial frontal gyrus and inferior frontal gyrus in
the left hemisphere. Conversely, activation in the left cerebellum was only detected with ASL.
For Analysis 1, we used a novel voxelwise bootstrap
analysis procedure (which properly accounts for multiple
comparisons in assessment of statistical significance) to
find regions with changing rBOLDCBF coupling with age,
representative of changing n with age (analysis was
restricted to regions with significant group ASL activation). Increases in n with age were seen for most regions
activated during the task, including the middle temporal
gyri bilaterally, and in the left inferior frontal gyrus (BA
47) as illustrated in Figure 3.
These findings of increasing n with age observed in
Analysis 1 allow us to infer developmental changes in
neurovascular physiology. To investigate possible changes
in brain function, we used the same voxelwise wild

RESULTS
We present results from the Pediatric Functional Neuroimaging Research Network database (C-MIND). All data
(including functional ASL/BOLD, baseline CBF measure-

Figure 1.
Map showing regions of significant functional BOLD activation
during performance of a narrative comprehension task by 113
participants of age 3–18 years. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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related increase in n (P < 0.05, via bootstrap) with no significant change seen in relative DCMRO2 (R 5 20.1,
P > 0.3). (Note that in the adolescent age range from age
12 to 18 years, the variability on our estimates of n
increases dramatically as a result of the dependence of this
term on the change in DCMRO2 in the denominator in Eq.
(2), which dramatically decreases with age).

DISCUSSION
An increasing number of fMRI studies in the published
literature discuss changes in BOLD signal with age in children as a surrogate marker for cognitive brain development. The current analysis goes beyond examination of
BOLD changes alone to investigate developmental changes
in the relation between neuronal activity, CBF, and BOLD
signal. This is an important area of research since little is
known about how neuronal–vascular coupling may
change with development during childhood. Our findings
have implications for interpretation of developmental
fMRI studies and raise questions concerning the underlying mechanism that couples neuronal activity reflected in
CMRO2 to CBF in the developing brain.
We found evidence of age-related changes in n in many
of the regions activated during the language stimulation
task, including the middle temporal gyrus and left inferior
frontal gyrus (BA 47), and most of these regions also displayed evidence of decreased relative DCMRO2. However,
increased BOLD signal was only found in a small subregion of the left middle temporal gyrus, agreeing with previous reports [Holland et al., 2007; Szaflarski et al., 2012].
These results indicate that important facets of brain
development may not be detectable via BOLD imaging if
changes in neuronal–vascular coupling are opposite to

Figure 3.
Map showing regions of significant change in the ratio of BOLD
signal to DCBF/CBF [rBOLDCBF; a marker for neuralglial–vascular coupling (n)] as a function of age during performance of a
narrative comprehension task by 113 participants of age 3–18
years (Analysis 1). Regions with increasing rBOLDCBF as a function of age are indicated by warm colors. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
bootstrap procedure to find regions with changing relative
DCMRO2 with age (representative of neuronal activity).
Most of the regions found to exhibit a positive relation
between age and neuralglial–vascular coupling as shown
in Figure 1 also displayed a negative relation between age
and relative DCMRO2 as illustrated in Figure 4. Results
did not depend significantly on the choice of average n
(data not shown).
Post hoc analyses examining BOLD and CBF changes
with age were performed on the regions with relative
CMRO2 decreases with age found in Analysis 2 (averaging
the BOLD and CBF values for each participant across the
region of interest). Figure 5 displays the result of this analysis for the left middle temporal gyrus, revealing that n
increased with participant age (P < 0.025, via bootstrap).
The combination of decreasing relative DCMRO2 and
increasing n results in the BOLD signal remaining fairly
constant (R 5 20.05, P > 0.5), but the relative CBF decreasing with participant age (R 5 20.29, P < 0.01).
Results from Analysis 1 provide strong evidence that
neurovascular coupling increases with age—this physiologic change may underlie age-related increases in BOLD
frequently observed in previous studies, while neuronal
activity in the same regions may be stable or even
decrease across development. To investigate this, in Analysis 3, we performed a voxelwise analysis on the BOLD
data only, testing for regions with increased BOLD signal
with age. We found increased BOLD signal with age only
in a specific subregion of the middle temporal gyrus in the
left hemisphere, shown in Figure 6.
A similar post hoc ROI analysis was performed on the
subregion with BOLD signal increases with age, revealing
no significant age-related change in relative CBF
(R 5 20.04, P > 0.5). Further analysis revealed (Fig. 7) that
the BOLD signal increase is driven by a significant age-

r

Figure 4.
Map showing regions of significant change in relative cerebral
metabolic rate of oxygen (CMRO2; a marker for neuronal activity) as a function of age during performance of a narrative comprehension task by 113 participants of age 3–18 years
(Analysis 2). Regions where DCMRO2/CMRO20 decreases significantly with age are indicated by cold colors. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.
Graphs of CBF % signal change (top left), and BOLD % signal
change (top right) in the left middle temporal gyrus (highlighted
in Figure 4) as a function of age during performance of a narrative comprehension task by 113 participants of age 3–18 years
(solid lines are linear fits vs. participant age). Note CBF
decreases with participant age while BOLD signal remains constant with age. This indicates decreasing relative CMRO2 change

with age (bottom left), and increasing n with age (bottom right).
Values of n plotted are median (solid line) and 95% confidence
intervals (error bars) obtained from bootstrapping (1,000 iterations, resampling with replacement) of a linear fit of participant
age to CBF and CMRO2. (Error bars are much larger at older
ages due to the lower values of CMRO2.)

changes in neuronal activity, as a decrease in relative
DCMRO2 combined with increased n can result in decreasing relative DCBF and constant BOLD signal. Here we
found, for an “early-developing” language task (narrative
comprehension), evidence for widespread changes in neuronal activity, showing decreased activity in higher-order
auditory association, semantic processing, and visual processing regions, likely associated with more efficient
processing.
These findings also reveal a danger of misinterpreting
developmental changes in BOLD signal as related to neuronal activity, whereas they may be instead be driven by
changes in neuronal–vascular coupling. In several studies

involving elderly populations, neuronal–vascular coupling
has been identified as a significant confound, causing
BOLD signal decreases in some regions for which neuronal activity was found to actually increase when controlled
for the changes in coupling [Hutchison et al., 2013; Peiying
et al., 2013]. The correlation of BOLD signal with age previously observed for this task was interpreted as greater
neuronal activation [Szaflarski et al., 2012]. However, our
results demonstrate that this result is instead driven by
increased n. Interestingly, the increase in BOLD signal was
found precisely in the subregion of the left middle temporal gyrus for which no decrease in relative DCMRO2 was
found.
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this conclusion we cannot infer differences in neuronal
activity for any single task; but only that, if neuronal activity is unchanged for one task, there must be differences in
the other. We would, therefore, modify the conclusion
[Church et al., 2010] that “Such manipulations of activity
should not be possible if the differences in brain activity
over age were due to neurovascular effects” (p. 855) to
read “Such manipulations of activity should not be possible if all differences in brain activity over age were due to
neurovascular effects.”
In addition to the two pieces of evidence cited above,
additional pieces of evidence have also been put forth
[Church et al., 2010]: (1) Regionally dependent increases
and decreases in BOLD signal differences arise from performance of the same task; and (2) the location of group
differences is task-dependent. While the data in (1) can be
explained via regionally dependent changes in neuronal–
vascular coupling, this is not sufficient to explain the data
in (2), which we would again interpret as task-dependent
differences in developmental trajectories of neuronal activation, but with the same difficulties in inferring conclusions about any single task as stated above. Thus, we
would again modify the statement [Church et al., 2010]
that “A developmental difference in neurovascular coupling cannot account for this array of observations.” (p.
855) to read “Developmental differences in neurovascular
coupling cannot account for this array of observations in
toto, but they may account for some of the findings.”
We note the same possibility of misinterpreting changes
in BOLD signal is present in fcMRI studies, where correlations of spontaneous BOLD signal changes are measured,
rather than comparisons between a task and baseline condition. Increased neuronal–vascular coupling in two brain
regions will result in increased measured functional connectivity between those regions even with similar levels of
synchronous neural activity because the correlation coefficient (full or partial) used as a metric of connection
strength will increase with the BOLD signal strength. This
confound may be of less concern when graph theory (see
[Rubinov and Sporns, 2010] for a review) is used to characterize brain network topology, if statistical controls are
applied for overall network cost (corresponding to overall
connectivity). However, regional differences in neuronal–
vascular coupling with development may also yield spurious differences in brain network topology.
The above confounds are likely to be more severe when
BOLD fMRI is used to investigate neurocognitive or neurodevelopmental disorders. Such pathologies may further
alter the development of neuronal–vascular coupling as
well as synaptogenesis and overall brain architecture.
Pathologies directly associated with hemoglobin or vascular pathology (e.g., sickle cell anemia, pediatric stroke)
have obvious implications for measuring the BOLD
response. The presence of sickle cell anemia has been associated with reduced BOLD signal, even when a number of
parameters that likely impact the neural–vascular coupling
are statistically controlled [Zou et al., 2011]. Less obvious

Figure 6.
Map of BOLD signal as a function of age during performance of
a narrative comprehension task by 113 participants of age 3–18
years (Analysis 3). Regions with increasing BOLD signal with age
are indicated by warm colors. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
Our results, therefore, fail to support the blanket claim
[Church et al., 2010] that “Developmental differences are
not vascular” (p. 855). Nevertheless, we certainly also
would not support the alternative blanket claim that “All
developmental differences are vascular.” The arguments
raised to the contrary [Church et al., 2010, 2012] are reasonable and certainly merit further discussion. In a commentary on the review article [Harris et al., 2011] in which
developmental changes in neuronal–vascular coupling are
hypothesized to be a significant confound, Church et al.
[2012] cite two main pieces of evidence against a significant contribution from neuronal–vascular coupling differences: (1) adult and child BOLD % signal change is not
significantly different over most of the brain; and (2)
observed differences are task specific and not task general.
Regarding (1), our study also showed no difference in
BOLD signal between older and younger children for most
of the regions activated during the task. However, this
was shown to not result from neuronal activity and neuronal–vascular coupling remaining constant with age, but
rather the result of counteracting differences. Indeed, we
do find it quite plausible that over development, as the
brain becomes more efficient at performing various cognitive tasks, the amount of neural resources needed to perform those tasks will decrease. Stronger evidence is
provided by (2), however, especially if different tasks produce opposite differences in BOLD signal (e.g., more
BOLD signal in the older age group for one task, but less
BOLD signal for another). It is possible, as commented by
[Harris et al., 2011], that different inputs to a given region
could have different developmental trajectories in the relation of vascular response to neuronal activity. We admittedly find this possibility rather far-fetched (although we
note it could be investigated by task-based ASL/BOLD
fMRI experiments similar to that performed in the present
study), and we would indeed interpret this data as indicative of differing developmental trajectories in neuronal
activity dependent on task. However, we note that from
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Figure 7.
Graphs of CBF % signal change (top left), and BOLD % signal
change (top right) in a subregion of the left middle temporal
gyrus (cf. Figure 6) as a function of age during performance of a
narrative comprehension task by 113 participants of age 3–18
years (solid lines are linear fits of signal change vs. participant
age). Note increasing BOLD signal vs. participant age while relative CBF change remains constant with age. This is driven by rel-

atively constant %DCMRO2 change with age (bottom left), and
increasing n with age (bottom right). Values of n plotted are
median (solid line) and 95% confidence intervals (error bars)
obtained from bootstrapping (1,000 iterations, resampling with
replacement) of a linear fit of participant age to CBF and relative
DCMRO2. (Error bars are much larger at older ages due to the
lower values of DCMRO2.)

cases are developmental disorders in which signs of
micropathology indirectly implicate the vasculature. For
example, microscopic scarring surrounding blood vessels
has been reported in autopsied cases of dyslexia [Humphreys et al., 1990]. These more subtle abnormalities may
signal vascular effects, but the impact of these on the measurement of BOLD signal in this population is unknown.
We hypothesize that astrocytes (glial cells whose processes ensheath synapses, capillaries, and neuronal perikarya) and astrocytic plasticity underlie the physiological
mechanisms behind the developmental changes seen in
neuronal–vascular coupling. Much evidence to date demonstrates hyperemia is in large part mediated by glutamate

metabolism in astrocytes [Figley and Stroman, 2011; Koehler
et al., 2009; Petzold and Murthy, 2011], which have also
been shown to be involved in signaling pathways [Ben
Achour and Pascual, 2012] as well as synaptic plasticity
[Clarke and Barres, 2013]. During excitatory neuronal activity, perisynaptic glutamate is taken up by astrocytic processes; the specific transporter systems involved require
energy supplied via glycolysis [Filosa et al., 2004]. While
some of the lactate produced by glycolysis may be used by
postsynaptic neurons for oxidative phosphorylation (as proposed in the astrocyte–neuron lactate shuttle hypothesis
[Pellerin et al., 1998]), lactate is also a mediator of hyperemia, as shown by in vivo experiments [Lin et al., 2010].
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mately 1.86. We, therefore, cannot rule out the possibility
that some of the age-related changes seen in our data may
be partly driven by age-related changes in baseline astrocytic oxidative metabolism (for which there is currently no
data available, since estimation of astrocytic oxidative
metabolism requires the use of invasive tracers such as
labeled acetate [Wyss et al., 2011] unsuitable for use in a
healthy pediatric population).
However, we do not think this confound appreciably
affects the conclusions, we are drawing from our study for
the following reasons. In the first place, under task conditions, while the majority of the increased energy demand
in astrocytes is met through glycolysis, a significant portion of the increased energy demand has been empirically
shown to be also met through oxidative phosphorylation
[Cruz et al., 2005; Ivanov et al., 2014; Wyss et al., 2008]. If
the relative increase in astrocytic oxidative metabolism is
sufficiently large to approximate the relative increase in
neuronal oxidative metabolism, n will have much less bias
as an estimator of neuronal–vascular coupling. More
importantly, as we are hypothesizing an increased number
of astrocytic processes contacting synapses with age, we
would expect an age-related increase in baseline astrocytic
oxidative metabolism relative to total oxidative metabolism, as the fraction of astrocytic oxidative metabolism to
total oxidative metabolism has been shown to closely mirror the volume fraction of astrocytes [Hertz et al., 2007].
This effect, however, would only serve to cause a further
spurious increase in BOLD signal with age unrelated to
neuronal activity, as [cf. Eq. (3)] in addition to the
increased blood flow (DCBF/CBF) caused by the greater
number of astrocytes, the relative change in oxygen metabolism (DCMRO2/CMRO20) will decrease (as the denominator is larger due to the greater astrocytic metabolism).
The main limitation of the study is that we were unable
to control for possible age-related changes in the calibration constant M (maximum BOLD signal) in Eqs. (1) and
(3). The age-related changes found in the BOLD–CBF relationship in Analysis 1 could, in theory, could be caused by
increases in M as well as increases in n. Also, for Analysis
2, we needed to assume that M varied minimally with age
(although regional variability was accounted for) to relate
changes in BOLD–CBF ratio to relative CMRO2. We note,
however, that despite this potential limitation, our conclusion about the danger of misinterpreting results in developmental BOLD studies remains valid, as possible agerelated changes in M constitute yet another confound
which could result in changes in BOLD signal unrelated to
neuronal activity. (We were also unable to control for possible age-related changes in a, for which there is currently
very limited data available.)
However, previous research summarized below indicates that (1) the magnitude of possible age-related
changes in M (5–10%) is at least one order of magnitude
less than those seen in relative DCMRO2 or n, which
change over the age range studied by approximately a factor of 2 (Figs. 5 and 7); and (2) the direction of age-related

There are also additional metabolic pathways resulting in
glycolysis-mediated vasodilation [Stobart and Anderson,
2013].
A straightforward explanation for changing neuronal–
vascular coupling, therefore, is an increased or decreased
number of astrocytic processes contacting synapses. Indeed
the concept of the “tripartite synapse” is now mainstream in
neuroscience [Araque et al., 1999; Oberheim et al., 2006],
with about half of synapses contacted by astrocytes [Ventura and Harris, 1999]. More processes contacting synapses
will result in increased glutamate uptake, a greater amount
of glycolysis and/or glycogenolysis, and therefore, a greater
amount of lactate and contributions from other metabolic
pathways contributing to greater vasodilation. This explanation also is consistent with our findings of inverse correlation between neuronal activity and neuronal–vascular
coupling. If neuronal density does not correlate with astrocytic density, then the number of astrocytes and astrocytic
processes per neuron will decrease with increasing neuronal
density. A conceivable alternative explanation for changing
neuronal–astrocyte coupling with age is a changing number
of “footplate” astrocytic processes contacting capillaries, as
has been seen in mood disorders [Rajkowska et al., 2013].
Convergent evidence also demonstrates astrocytes function as more than simple supporting cells and play an
active role in brain development. Bidirectional connectivity
between neurons and astrocytes has been demonstrated
[Araque, 2008] as astrocyte Ca21 elevations can trigger the
release of gliotransmitters, which modulate neuronal activity as well as synaptic transmission and plasticity. Accordingly, astrocytic glycogenolysis and astrocyte–neuron
lactate transfer has been shown to be necessary for synaptic plasticity and long-term potentiation [Suzuki et al.,
2011]. Additionally, astrocytic contact with synapses has
been shown to be experience-dependent in rats reared in a
complex environment [Jones and Greenough, 1996], especially in cortical layer IV. Thus, our results suggest that in
addition to developing neuronal activity and connectivity,
astrocytes and astrocytic processes may play a key role in
functional brain development in children.
As discussed earlier, our results are subject to the
important confound that n, which we have accurately
renamed the neuralglial–vascular coupling constant, is
only an approximation for the neuronal–vascular coupling
constant, as baseline CMRO2 is not solely due to neuronal
activity. Astrocytic oxidative metabolism is estimated to
account for approximately 15%–30% of total oxidative
metabolism in the brain [Hertz et al., 2007]. Conceivably,
this confound could substantially affect our results. If
baseline astrocytic oxidative metabolism is 30% of total
baseline oxidative metabolism (assuming no task-related
increase in astrocytic oxidative metabolism), the neuronal
CMRO2 relative change will be underestimated by a factor
of approximately 1.86 (due to the error of equating baseline neuronal CMRO2 with baseline total CMRO2), and
thus n (neuralglial–vascular coupling) will overestimate
the true neuronal–vascular coupling by a factor of approxi-
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changes in M is negative, thus controlling for them would
only serve to increase the significance of our findings of
increased n and decreased relative DCMRO2. M is a function of baseline hematocrit (Hct), cerebral blood volume
(CBV0), and oxygen extraction fraction (OEF0), as well as
other participant-independent parameters such as main
magnetic field strength and MRI TE [Chiarelli et al., 2007]:

than 1 cm of the brain, precluding whole brain mapping.
Future ASL/BOLD studies involving multiple tasks activating the same region could also investigate whether agerelated changes in neuronal–vascular coupling are taskdependent, arising from different neuronal inputs.
Another possible further limitation is that results could be
conceivably affected by transit time effects (the time it takes
for blood to traverse from the tagging region into the arterial
vascular compartment and then into the capillaries). As the
relevant parameter estimated by the ASL scans is the relative change in CBF between baseline and active conditions
[cf. Eqs. (1) and (3)], our measurements are unaffected by
population differences in baseline (absolute) CBF, or in
parameters used to estimate absolute CBF, such as labeling
efficiency and T1 of gray matter and T1 of arterial blood, as
they cancel out when calculating the relative change. The
transit time, however, decreases during neuronal activity
[Gonzalez-At et al., 2000; Qiu et al., 2010], affecting the
measured CBF change, and the magnitude of this effect
could vary with age. However, accounting for possible
transit time effects would only serve to increase the magnitude of the age-related changes in n and CMRO2 seen in the
present study (see Appendix for details).

M5A3TE3CBV0 3½dHb0 b 5A3TE3CBV0 3½Hct3OEF0 b
(4)
where A is a constant related to the main magnetic field
strength and the susceptibility difference between blood
and tissue, and dHb0 is the baseline deoxyhemoglobin concentration. Hematocrit increases by approximately 10%–
15% during the developmental period [Orkin et al., 2009;
Zierk et al., 2013]. However, baseline OEF decreases by
approximately the same proportion [Takahashi et al.,
1999]. Baseline CBV is related to baseline CBF values via a
power law (Grubb’s Equation [Grubb et al., 1974]), with
the exponent [a in Eqs. (1) and (3)] much less than 1
[Chen and Pike, 2009; Grubb et al., 1974; Leung et al.,
2009]. Since baseline CBF shows a decrease with age [Biagi
et al., 2007] in gray matter of approximately 20%–30%,
age-related changes in baseline CBV are expected to be
approximately 5%–10% or less. Putting this all together,
we expect a slight decrease in M over the developmental
period of approximately 5%–10% or less.
Assuming age-related changes in M do not represent a
significant confound, our approach, therefore, enabled us
to investigate age-related changes in n and relative
DCMRO2 without knowledge of the actual value of M in a
noncircular manner. This approach was taken as the focus
of this study was to investigate whether developmental
changes in neuronal–vascular coupling may represent a
significant confound in developmental BOLD fMRI studies. However, a limitation of this approach is that estimation of the actual values of n and DCMRO2 is not possible
without circularly assuming an average value of n (as was
done in Figs. 5 and 7 for illustrative purposes), which will
be a subject for future research.
Future studies could incorporate a calibrated fMRI
experiment [Blockley et al., 2013; Hoge, 2012] involving a
hypercapnic challenge [Davis et al., 1998], hyperoxic challenge [Chiarelli et al., 2007], carbogen (combined CO2 and
O2) challenge [Gauthier et al., 2011], or breath-hold experiment [Bulte et al., 2009], allowing direct estimation of M.
However, there are specific challenges in the application
of these techniques in pediatric populations. Alternatively,
another modality may be used such as near-infrared spectroscopy (NIRS), which allows the direct measurement of
OEF. These types of studies would allow a more direct
relation of changes in BOLD–CBF coupling to changes in
neuronal–vascular coupling and neuronal activity. The
limitation of NIRS for in vivo applications is that penetration of the near infrared light is typically limited to less
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CONCLUSION
In conclusion, significant age-related increases in the ratio
of BOLD signal to relative CBF change were found in children ages 3–18 performing a narrative comprehension task.
These findings suggest the need for caution in interpreting
BOLD signal changes over development as indicative of
changes in neuronal activity, and suggest a key role for
astrocytes and astrocytic plasticity in the developing brain.

APPENDIX

Derivation of Eqs. (1) and (3)
An empirically validated model [Davis et al., 1998; Griffeth and Buxton, 2011] relating metabolism, CBF, and
BOLD signal is given as:
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During a functional ASL acquisition, pairs of labeled
and nonlabeled acquisitions are obtained both during
the baseline condition and during the task condition.
All parameters in the above expression remain constant
between the baseline and task conditions except for
blood flow and transit times. Ideally, transit times
would also remain the same, making the relative
change in blood flow equal to the relative change in
DM/M0.
However, both arterial and tissue transit times have
been shown to be shorter under neuronal activity [Gonzalez-At et al., 2000; Qiu et al., 2010], causing the measured DM/M0 to be different than the actual relative
change in blood flow. The transit times are shorter since
the average blood velocity is faster as CBV does not scale
linearly with CBF but rather is related via a power law.
Since
CBF
CBV v


CBF0  CBV0 v 0 where v and v 0 are the average blood velocities under the task and baseline conditions, respectively,

a
CBF
CBV
and CBF
 CBV
(Grubb’s relation)
0
0

12a
CBF
 vv0  dda0a  dd0 where are tissue (arterial) transit
CBF0
times in the task and baseline conditions, respectively.
For our simulation, we used literature values of
f 5 60 ml/100 g/min, T1a 5 1,660 ms, T1app 5 1,300 ms,
k 5 0.9 ml blood/g brain, a (labeling efficiency) 5 0.8
[Schmithorst et al., 2014]; as values for transit times vary
somewhat in the literature due to regional variability
and different estimation techniques we used the “worstcase” scenario of long transit times of da0 5 940 ms and
d0 5 1,900 ms [Liu et al., 2011], a (Grubb’s coefficient) 5 0.35 [Grubb et al., 1974]. We used the values of
s 5 1,500 ms and w 5 800 ms used in our ASL/BOLD
acquisitions (the value of w is estimated for the lowest
level of changes of BOLD–CBF coupling as shown in
Figure 1; it is slightly higher than the nominal w 5 700
ms due to time necessary to acquire data from lower slices.) We then simulated measured CBF/CBF0 as a function of actual CBF/CBF0. We repeated the simulation for
shorter values of d0 and da0 as CBF is higher in the
youngest children in our age range by approximately a
ratio of 1.4/1 [Biagi et al., 2007], resulting in transit
times approximately 80% of the adult values from the
above equation.
The simulations revealed a substantial overestimation
of the true CBF in the older age group but not in the
younger age group, as these shorter transit times are in
the regime where the postlabel delay is larger than the
arterial transit time. As lower relative CBF changes at
older ages would result in a lower relative CMRO2
change and a higher n, increasing the strength of our
found correlations with age, we can conclude that transit
time effects may be hindering the sensitivity of our analyses but are not a confounding factor in interpretation of
our results.

DCBF
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which is approximately linear in DCBF/CBF. A first-order
Taylor expansion in DCBF/CBF yields
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which reduces to the result in Griffeth et al. [2013] for the
special case of b 5 1.
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Analysis of Possible Transit Time Effects
In ASL imaging, CBF is estimated by comparing signal
intensities between two sets of images, obtained with
and without spin labeling. The two-compartment model
[Wang et al., 2002] yields the following expression for
relative signal change between the labeled and unlabeled
acquisitions:
1
0  2dR1a 
 R min ðd2w;0Þ R ðd2s2wÞ 
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e
2e
R1a
s1w > d
DM 22f a  R1a ðmin ðda 2w;0Þ2da Þ 2R1a ðs1wÞ 
5
e
2e
; s1w < d
M0
kR1a
where f is blood flow, a is labeling efficiency, k is the
blood–brain partition coefficient, R1a is the R1 of arterial
blood, R1app is the R1 of gray matter, s is the labeling
duration, w is the postlabel delay, d is the tissue transit
time (time for the labeled spins to transit from the
labeling plane into the capillaries), da is the arterial
transit time (time for the labeled spins to transit
from the labeling plane into the arterial vascular
compartment).
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