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The neurobiological interpretation of developmental BOLD fMRI findings remains difficult due to the confound-
ing issues of potentially variedbaseline of brain function and varied strength of neurovascular coupling across age
groups. The central theme of the present research is to study the development of brain function and neuronal ac-
tivity through in vivo assessments of cerebral blood flow (CBF), oxygen extraction fraction (OEF) and cerebral
metabolic rate of oxygen (CMRO2) both at baseline and during the performance of a working memory task in
a cohort of typically developing children aged 7 to 18 years. Using a suite of 4 emergingMRI technologies includ-
ingMRblood oximetry, phase-contrastMRI, pseudo-continuous arterial spin labeling (pCASL) perfusionMRI and
concurrent CBF/BOLD fMRI, we found: 1) At baseline, both global CBF and CMRO2 showed an age related decline
while global OEF was stable across the age group; 2) During the workingmemory task, neither BOLD nor CBF re-
sponses showed significant variations with age in the activated fronto-parietal brain regions. Nevertheless, de-
tailed voxel-wise analyses revealed sub-regions within the activated fronto-parietal regions that show
significant decline of fractional CMRO2 responses with age. These findings suggest that the brain may become
more “energy efficient” with age during development.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Although the development of a human brain is influenced by genetic
and environmental factors, neuroimaging studies in the past few de-
cades have revealed systematic population-wide patterns for thematu-
ration of brain structure and function. For instance, the developmental
trajectory of cortical and subcortical gray matter follows an inverted
U-shaped function whereas the volume and anisotropy of white matter
fiber bundles generally increase with age, following a region-specific
fashion (Giedd et al., 1999; Gogtay et al., 2004; Lenroot and Giedd,
2006).

Functional MRI(fMRI) using the blood oxygen level dependent
(BOLD) contrast (Kwong et al., 1992; Ogawa et al., 1990) has been
widely applied for studying the development of language, emotion, ex-
ecutive, andmemory functions in children and adolescents (Casey et al.,
2005; Paus, 2005). In general, developmental BOLD fMRI studies using
spatial and verbal working memory tasks have reported increased
BOLD signal changes with age in executive brain networks involving
fronto-parietal regions (Klingberg et al., 2002a; Kwon et al., 2002;
y, University of California Los
0095, USA.
Thomason et al., 2009). These findings were interpreted as increased
neuronal activity within the executive networks with brainmaturation.
However, other working memory fMRI studies have reported either a
stable BOLD activation pattern across age groups (Thomas et al., 1999)
or increased recruitment of fronto-parietal brain regions with age
(Crone et al., 2006). In addition, an fMRI study of children employing
an inhibition control (Go/No Go) task (Tamm et al., 2002) reported
both increased and decreased BOLD activations with age in different re-
gions within the prefrontal cortex. Because the signal strength of BOLD
fMRI is intrinsically tied to the strength of the neurovascular coupling
which may vary across the population (Harris et al., 2011), there re-
mains a large gap between the observed developmental trends in
BOLD fMRI and the underlying changes of neuronal function.

Emerging studies have applied noninvasive arterial spin labeling
(ASL) perfusion MRI techniques to understand the development of
brain function through a surrogate marker – cerebral blood flow (CBF)
(Taki et al., 2011a, 2011b; Wang and Licht, 2006). It has been shown
that CBF is more closely related to neuronal activities through
neurovascular coupling compared to BOLD signals (Chen et al., 2015).
With careful adjustment of age related changes in gray matter volume
and physiological parameters (Jain et al., 2012), region and sex-
specific growth curves of CBF that diverge between the two sexes
around puberty (Satterthwaite et al., 2014) have been observed. How-
ever, relating developmental CBF findings to thematuration of neuronal
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function may still be confounded by nonspecific vascular effects and
subject to the strength of neurovascular coupling across developing
populations (Leithner and Royl, 2014).

A potentially more accurate index of neuronal function is cerebral
metabolic rate of oxygen consumption (CMRO2). Recent advances in
neuroenergetics (Belanger et al., 2011) indicate that neuronal demand
is the principal driver of changes in oxygen consumptionwhile themet-
abolic profile of astrocytes remains largely glycolytic. In addition, elec-
trophysiological studies performed in rat brains (Hyder et al., 2002;
Maandag et al., 2007) reported that fractional changes in CMRO2 during
forepaw stimulation were approximately equal to measured fractional
changes in neuronal firing rate. To date, however, very few studies
have investigated the evolution of CMRO2 during brain development.

The central theme of the present research is to study the develop-
ment of brain function and neuronalmetabolism through in vivo assess-
ments of CBF, OEF and CMRO2 both at baseline and during the
performance of a workingmemory task in a cohort of typically develop-
ing children aged 7 to 18 years. To this end, we developed and adapted a
suite ofMRI techniques for in vivo assessment of CBF, oxygen extraction
fraction (OEF) and subsequently CMRO2, including: 1) MR blood oxim-
etry that exploits the intrinsic susceptibility of deoxygenated hemoglo-
bin (Jain et al., 2010); 2) Phase-contrast (PC) MRI that measures the
average blood inflow rate to the brain (Jain et al., 2012); 3) Pseudo-
continuous ASL (pCASL) for CBF measurement by utilizingmagnetically
labeled arterial blood water as an endogenous tracer (Wang and Licht,
2006); and 4) Concurrent CBF/BOLD fMRI using dual-echo echo-planar
imaging (DE-EPI) pCASL. The combination of the four quantitative MRI
techniques is expected to offer comprehensive in vivo assessments of
both global and regional oxidative metabolism at baseline and during
working memory tasks through childhood and adolescence.
2. Methods

2.1. Participants

Healthy, typically-developing children between 7 and 18 years of
age were enrolled in the NIMH funded study entitled “Pediatric Tem-
plate of Brain Perfusion” (Avants et al., 2015). Phone interviews were
Fig. 1. Illustration of the experimental paradigm and imaging sequences applied in the presen
Group-level activation maps of BOLD and CBF were obtained from concurrent ASL/BOLD data
analyses. Percentage CMRO2 changes in response to WM tasks were subsequently estimated b
mapping, respectively. Baseline regional CBF was assessed by a pCASL EPI scan. Baseline CMRO
conducted to exclude subjectswhohad any history of neurologic or psy-
chiatric disorders, abuse of drugs or alcohol, major systemic diseases, or
contraindications to MRI. Written informed consent was obtained from
each subject and his or her parents according to a protocol approved by
the Institutional Review Board (IRB) of the University of California, Los
Angeles (UCLA). Here we report results from 91 typically developing
children aged 7 to 18 years (44 male, age = 13.5 ± 2.7 yr). The mean
Full Scale IQ of the enrolled cohort was 107.6 ± 16.4 which did not
show significant variation with age.

2.2. MRI experiment

All MRI data were acquired on a Siemens TIM Trio 3T MR system
using theproduct 12-channel head coil. All participants underwent rest-
ing state PCMRI, blood oximetry and pCASL scans, aswell as concurrent
CBF/BOLD fMRI of working memory tasks. Fig. 1 displays the experi-
mental paradigm and associated imaging sequences and analyses.

2.2.1. Resting-state global CBF, OEF and CMRO2 assessment
Phase-contrast (PC) MRI (VENC = 80 cm/s; TE/TR = 5.23/18 ms;

FOV= 200 × 200 mm2; matrix = 192 × 192; slice thickness = 5 mm,
scan time = 1 min) was acquired at the level of the mouth (between
C1 and C2 vertebrae) to quantifymeanflowvelocities in internal carotid
and vertebral arteries (Jain et al., 2012). Total cerebral blood flow vol-
ume (CBFV) was calculated as

CBFV ¼
X
Voxels

ΔΦ� VENC
π

� �
� AVoxel

� �
ð1Þ

where AVoxel is the cross sectional area of the arteries, ΔΦ is the mea-
sured phase in PC MRI, VENC is the encoding velocity. CBF was esti-
mated by dividing CBFV with the brain mass estimated from the
product of brain volume (estimated from T1 weighted structural MRI
after skull striping in each individual subject) and density (Jain et al.,
2010).

Susceptibility based MRI blood oximetry was acquired using a
magnetic field mapping sequence (TE1 = 5.18 ms; TE2 = 7.64 ms;
TR = 100 ms; FOV = 200 × 200 mm2; matrix = 192 × 192; slice
t study, along with corresponding physiological parameters assessed by these techniques.
. Percentage BOLD and CBF signal changes were calculated from the ROIs of conjunction
ased on the Davis Model. Global CBF and OEF were calculated from PC-MRI and GRE field
2 was then calculated using quantified CBF and OEF according to Fick's principle.
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thickness = 5 mm, scan time= 1min) applied at an axial plane per-
pendicular to the superior sagittal sinus (SSS). The venous oxygen
saturation fraction, SvO2, was estimated by

SvO2 ¼ 1−
2 ΔΦj j

Hct � γB0 cos2θ−1�
3

� �� Δχdo
ð2Þ

where ΔΦ is the phase difference between the venous blood in SSS
and surrounding tissue, Hct is hematocrit, B0 is the static magnetic
field of the MRI, θ is the angle between vessel and B0, Δχdo =
4π·0.27 ppm. and γ is the gyromagnetic ratio (Jain et al., 2010).
The arterial oxygen saturation fraction, SaO2, was assumed to be
98%. CMRO2 was then calculated using quantified CBF and OEF, ac-
cording to Fick's principle

CMRO2 ¼ CaCBF SaO2−SvO2ð Þ ð3Þ

where Ca is the blood's oxygen carrying capacity. For calculations of
both Eqs. (2) and (3), we carefully adjusted the developmental
changes in Hct and Ca based on literature values in children (Wu
et al., 2010) (see Supplement Fig. S1).

In addition, a pseudo-continuous ASL (pCASL) sequence with 2D EPI
readout (TR/TE = 4000/11 ms, FOV = 22 cm, matrix = 64 × 64,
24 × 5 mm slices with 1 mm gap, post-labeling delay (PLD) = 1.2 s, la-
beling duration = 1.5 s, labeling offset = 9 cm, 80 acquisitions with a
scan time of 5 min) was applied to map regional CBF in the same devel-
oping cohort, which was calculated using a published model with age
and gender dependent blood T1 values (Jain et al., 2012). During all rest-
ing scans, subjects were instructed to look at a fixation cross on a black
screen while keeping their heads still.

2.2.2. Concurrent CBF and BOLD fMRI of working memory tasks
A dual-echo EPI pCASL scan was performed for concurrent CBF and

BOLD fMRI. Imaging parameters were: FOV = 220 mm, matrix size =
64 × 64, TE1/TE2 = 10/25 ms, TR = 3.5 s, rate-2 GRAPPA, 7/8 partial
k-space, 20 slices with 5 mm thickness and 1 mm gap, 140 acquisitions
with a scan time of 8min 10 s. The tagging planewas positioned 90mm
inferior to the center of the imaging slab with a labeling duration of
1500 ms and PLD of 1000 ms. MRI compatible video goggles were
used to display the stimuli and participantswere providedwith a button
box to record task-responses.

A 2-back verbal working memory (WM) task was employed for con-
current CBF/BOLD fMRI. Compared to visuospatial working memory
tasks, language functions have been shown to mature at a relatively
early developmental stage with reliable fMRI activation patterns from
childhood through adolescence (Szaflarski et al., 2012). A block design
fMRI paradigm was employed with 5 cycles of interleaved 34 s 0-back
and 64 s 2-back tasks. Subjects were required to monitor a visually pre-
sented random sequence of letters, and press a button every time a target
letter was displayed on the screen. For the 0-back task (control condi-
tion), the target letter was an “x”, while it was a sequence of sandwiched
letters for the 2-back condition (e.g. “A–B–A”, Stimulus present time =
1.5 s, Inter-stimulus duration=0.5 s). Each subject underwent a practice
session before the MRI experiment, during which they became familiar
with the tasks until their performance stabilized. At the beginning of
the fMRI scan, a 15 s brief instruction was shown on the screen.

2.2.3. CMRO2 estimation of concurrent ASL/BOLD fMRI
CMRO2 changes in response to working memory tasks were esti-

mated according to the Davis Model (Davis et al., 1998),

fCMRO2 ¼
1− fBOLD

M

	 
1
β

1þ fCBFð Þ α
β−1ð Þ

2
64

3
75−1 ð4Þ

where fBOLD and fCBF are the fractional changes in BOLD and CBF data
respectively, and α = 0.2, β = 1.3 (Chen and Pike, 2009). The calibra-
tion constant M is usually estimated using a hypercapnia experiment
which is not feasible in our pediatric population. We assumed M of
0.07 based on reported literature values (Davis et al., 1998; Lu et al.,
2011). Additionally, potential variations in M with age were estimated
using two models incorporating whole brain resting CBF, OEF and
CMRO2 measurements in the present study and Hct values from litera-
ture (Wu et al., 2010):

Model 1 (Hoge et al., 1999):

M ¼ TE � B � CBFα0 � 1
4
� CMRO20

CBF0

� �β
ð5Þ

Model 2 (Davis et al., 1998; Lu et al., 2011):

M ¼ TE � A � CBFα0 � Hct � 1−SvO2ð Þ½ �β ð6Þ

Here, CBF0 is the baseline global CBF; CMRO20 is the baseline global
CMRO2; TE, A and B are constants related to imaging parameters and
magnetic field strength. While no significant variation in M with age
was observed with Model 1, Model 2 predicted a 10% increase in M
with age (p = 0.96 and 2.4 × 10−5 respectively, see Supplementary
Fig. S2). In summary, two models of M variation with age were
employed to calculate CMRO2 for subsequent analyses:

M1:M = 0.07 for every participant;
M2:M varies linearly:−5% to+5% of .07 across the age range of 7–

18 years.
With each of the 2 models, we calculated voxel-wise fCMRO2

changes in response to working memory tasks.

2.2.4. OEF Estimation
Eq. (3) can be reformulated to express the fractional change in OEF

in terms of the fractional changes in CBF and CMRO2 as

fOEF ¼ fCMRO2− fCBF
1þ fCBF

: ð7Þ

Therefore, the calculated fCMRO2 and fCBF values can be used to es-
timate fOEF.

2.3. Data analysis

2.3.1. Global baseline measurement of CBF, OEF and CMRO2

All post-processing was performed using custom programs in
MATLAB R2011a. Global CBF, OEF and CMRO2 were calculated from
PC-MRI and blood oximetry maps using a custom program. For PC-
MRI, the cross-sectional area of arteries was defined by thresholding
on complex subtracted magnitude images. Pearson correlation coeffi-
cients were calculated between all three parameters (global CBF, OEF
and CMRO2) and age, with gray and white matter volume fraction
(see below) included as covariates. Global CBF values estimated using
PC-MRI and resting pCASL scans were correlated.

2.3.2. Working Memory fMRI with Concurrent CBF and BOLD
Behavioral performance was evaluated using D-prime defined as

D′= Z(H)—Z(F) where z(H) and z(F) are the z transforms of hit rate
and false alarm, respectively (Wickens, 2001). All fMRI data were
processed using SMP8 and custom Matlab programs. For the first
and second echo pCASL EPI data, rigid head motion correction was
performed on the label and control image series respectively. Partic-
ipants with excessive motion (Translational Displacement N 3.4 mm
(one voxel), or Rotational Displacement N 2°) were excluded
resulting in a total of 91 participants. The degree of head motion
was compared across subjects by calculating the mean Framewise
Displacement (FD) (Power et al., 2012). Using the first echo time-
series, a perfusion-weighted time-series was generated by pairwise
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sinc-subtraction of control and label images. Quantitative CBF were
calculated using a standard model taking into account age and gender
dependent blood T1 changes (Jain et al., 2012), while assuming a label-
ing efficiency of 0.85. PCASL images were coregistered to the brain-
extracted structural T1 MPRAGE scan in each individual subjects,
followed by normalization to the study specific pediatric template in
the MNI space constructed using the Advanced Normalization Tools
(ANTs)(Avants et al., 2015). Images were subsequently spatially
smoothed using a Gaussian kernel (FWHM: 8 × 8 × 8 mm).

A general linearmodel (GLM) regression analysis was performed on
the second echo pCASL data (TE2 = 25 ms) to derive BOLD activation
with the following regressors: 1) a task regressor of 2- and 0-back con-
ditions convolved with a double-gamma hemodynamic response func-
tion; and 2) an ASL signal regressor (alternating values of 0.5, −0.5 for
control, tag respectively). To derive ASL activation, regression analysis
was performed on calculated CBF time series based on the first echo
pCASL data (TE1 = 10 ms). Second-level group analysis of 2-back rela-
tive to 0-backWMwas performed using one-sample t-test to obtain the
activationmap of BOLD and ASL fMRI across the age group respectively.
Statistical maps were thresholded to display group activation maps for
BOLD (Family-wise error (FWE) corrected p b 0.05, cluster size N 100)
and CBF data (False discovery rate (FDR) corrected p b 0.05; cluster
size N 100) respectively.

2.3.3. CMRO2 estimation
A conjunction analysis was performed to determine the commonly

activated ROIs for CBF and BOLD fMRI. First, group-level BOLD activation
mapswere thresholded at FWE corrected significance of p b 0.05, which
were applied on the CBF data to obtain group level CBF activation at FDR
corrected p b 0.05 level. This conjunction analysis identified 6 ROIs
(listed in Table 1) within the fronto-parietal executive network. In the
common ROIs, voxelwise absolute and %CBF as well as %BOLD signal
changes between 2-back and 0-back conditions were calculated, and
Table 1
Details of each activation cluster from BOLD, ASL, and conjunction analysis including ana-
tomical locations, cluster size, coordinates and T value of the peak.

Anatomical locations Cluster
size

Peak
coordinate

Peak
value
(T)

BOLD FWE p b 0.05, Cluster size N 100
R.IFG/Insula 384 32 24 −4 10.0839
R. Middle frontal gyrus/DLPFC(BA
9/46)/precentral

4049 30 8 58 11.0826

L. Caudate 185 −16 2 18 6.5628
L. Middle frontal gyrus/precentral/L. IFG
(44/45)/DLPFC(9/46)

3628 −46 8 24 9.5005

Bilateral parietal 8012 36 −52
46

13.9629

Medial frontal gyrus/SMA/cingulate gyrus 1556 2 24 44 9.6578

ASL FDR p b 0.05, Cluster size N 100
L. Middle frontal gyrus/L. precentral 236 −48 2 44 6.2892

107 −32 2 60 5.8652
R. IFG 602 48 10 28 6.5204
Dorsal ACC/SMA 491 4 28 44 6.3695
L. Inferior parietal lobe 605 −38 −44

44
6.6703

R. Inferior parietal lobe 1467 38–50 42 8.2778
Precuneus 224 6 −66 50 6.8837

Conjunction, FDR p b 0.05
L. Precentral/L. middle frontal gyrus/L. IFG 193 −48 2 44 6.2892
R. Middle frontal gyrus/R. IFG/R. DLPFC(9/46) 409 48 10 28 6.5204
Dorsal ACC/SMA 443 4 28 44 6.3695
L. Inferior parietal 553 −38 −44

44
6.6703

R. Inferior parietal 1389 38−50 42 8.2778
Precuneus 181 6 −66 50 6.8837

Abbreviations: IFG, inferior frontal gyrus; DLPFC, dorsolateral prefrontal cortex; ACC, ante-
rior cingulate cortex; SMA, supplementary motor area.
%CMRO2 change was estimated according to Eq. (4) using each of the
2 models of M variation with age respectively. For regression analyses
of functional signal changes as a function of age, signal changes in
CMRO2, BOLD, CBF and OEF were regressed with age.

2.3.4. Sub-regional voxel-wise analysis
Since brain regions with CMRO2 changes – theoretically linked to

neuronal activity changes – may only constitute sub-regions or “hubs”
within BOLD and CBF activation ROIs, estimation of fractional CMRO2

changes during working memory tasks were carried out across voxels
within the activation ROIs. (Spearman) Correlation coefficients of
fCMRO2 vs. age were calculated on a voxel level to identify sub-
regions with significant variations with age. The results were corrected
for multiple comparisons using small volume cluster correction (imple-
mented using AlphaSim (Song et al., 2011)). To concisely visualize the
reliability of significant sub-regions identified using the two M models,
Dice similarity coefficient (DC) was calculated, according to

DC ¼ 2 A∩Bj j
Aj j þ Bj j ð8Þ

where A and B indicate the respective activation clusters.

3. Results

3.1. Developmental trajectories of global CBF, OEF and CMRO2 at baseline

Global OEF estimated by MRI blood oximetry did not show signifi-
cant variation with age (R=−0.019, p = 0.86, Fig. 2A). Global CBF es-
timated using PC MRI decreased with age (R = −0.38, p = 0.0005,
Fig. 2B), which was also positively correlated with global CBF estimated
using pCASL (R=0.46, p=0.000015, Fig. 2D). Global CMRO2 decreased
with age (R = −0.28, p = 0.00096, Fig. 2C). The above developmental
trends were similarly observed for male and female children, and were
present after adjusting changes in the gray and white matter volume
with age (OEF vs. age: R = 0.041, p = 0.70; CBF using PC-MRI vs. age:
R = −0.46, p = 0.000017 CMRO2 vs. age: R = −0.25, p = 0.022).

3.2. Developmental trajectories of CBF and CMRO2 during workingmemory
tasks

The behavioral performance (D′) of the subjects for the 2-back WM
task was 4.24 ± 0.75 which increased significantly with age (R = 0.34,
p=0.002)(Fig. 3). No significant variation in the degree of headmotion
indicated by mean FD with age was observed (p = 0.18,
slope = −0.01 mm/years). Fig. 4 shows group level activation maps
of 2-back vs. 0-back contrast for BOLD and CBF data respectively,
corrected for multiple comparisons. Reliable brain activations associ-
ated with 2-back relative to 0-backWM task were observed in bilateral
prefrontal, parietal cortex and anterior cingulate cortex (ACC) in BOLD
and ASL data. As expected, BOLD data yielded stronger task-induced
brain activation than ASL. The conjunction analyses of ASL and BOLD ac-
tivations identified 6 ROIs, as listed in Table 1, including left precentral/
left middle frontal gyrus/left inferior frontal gyrus, right middle frontal
gyrus/right inferior frontal gyrus/right dorsolateral prefrontal cortex
(Brodmann area 9/46), dorsal anterior cingulate cortex/supplementary
motor area, left inferior parietal, right inferior parietal, and precuneus.
An integrated ROI was generated by combining all 6 ROIs. Table 1 lists
the activation clusters detected in ASL and BOLD fMRI respectively.

3.3. ROI analyses

Thepercentage BOLD signal change between 2 and 0-backWM tasks
as a function of age in the combined ROI is shown in Fig. 5A, which did
not show significant variation with age. Compared to BOLD, ASL was
able to provide task-induced CBF changes both in absolute unit (ml/



Fig. 2.Developmental changes in global OEF (a), CBF (b) and CMRO2 (c) at baseline. The correlation between global CBF values estimated by PC-MRI and pCASL scans is shown (d). Dashed
lines indicate 95% confidence interval.
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100 g/min) and fractional signal changes (%). Fig. 5B and C show the
scatter plots of mean fractional and absolute CBF change (ΔCBF) with
age within the combined ROI, respectively. Both the task-induced abso-
lute and percentage CBF changes did not show variations with age. As a
result, the estimated fractional changes in CMRO2 during 2-back WM
relative to 0-back WM task did not vary significantly with age
(Fig. 4D), using either model M1 or M2. Performing the above regres-
sion analyses for each of the 6 ROIs individually did not reveal signifi-
cant variations of task-induced BOLD, CBF or CMRO2 changes with age.

3.4. Voxel-wise analysis within activated ROIs

Within the commonly activated ROIs of BOLD and CBF data, a voxel-
wise regression analysis was performed on fractional changes in CMRO2

with age. We found significant negative correlations between CMRO2

changes and age in 2 sub-regions within the left precentral/IFG, and
Fig. 3. Behavioral performance (D-prime) of all subjects as a function of age.
right MFG/IFG/DLPFC areas (cluster corrected p b 0.05) using both M
models, as illustrated in Fig. 6. Table 2 lists the cluster information of the
two detected sub-regions, including the anatomical locations, cluster
size, peak coordinates and spearman correlation coefficient. The detected
sub-regions were relatively stable by using the two different M models
(DC N 0.85 for each sub-region as listed in Table 2). No sub-regions with
increasing fCMRO2 with age were detected. As shown in the scatter
plots of Fig. 7, the BOLD and OEF signal extracted from the 2 clusters of
sub-regional analyses showed no significant changes with age, while
both CMRO2 and CBF in the two sub-regions significantly decreased
with age. In addition, the associations of CBF and CMRO2 signal changes
with age remain significant in two sub-regions upon the inclusion of be-
havioral performance and GM volume as covariates while BOLD and OEF
show no significant trends (see supplement Fig. S3).
4. Discussion

The central theme of the present study was to investigate functional
brain development through in vivo assessments of CBF, OEF and CMRO2

both at baseline and during the performance of a working memory task
in a cohort of typically developing children aged 7 to 18 years. Using a
suite of 4 emerging MRI technologies including MR blood oximetry, PC
MRI, pCASL perfusion MRI and concurrent CBF/BOLD fMRI, we have
made two main discoveries: 1) At baseline, both global CBF and CMRO2

showed an age related decline while global OEF was stable across the
age group; 2) During the performance of a verbal working memory task,
neither BOLD nor CBF responses showed significant variations with age
in the activated fronto-parietal brain regions. However, detailed voxel-
wise analyses revealed sub-regionswithin the activated fronto-parietal re-
gions that show significant decline of fractional CMRO2 changes with age.



Fig. 4. Group-level activation maps of 2-back vs. 0-back contrast from ASL (left) and BOLD (right) data. Reliable activations can be observed in bilateral prefrontal, parietal cortex and
anterior cingulate cortex (ACC) in BOLD and ASL data. Compared to ASL, BOLD shows stronger task-induced brain activation. CBF and BOLD data were thresholded at FDR and FWE
corrected p b 0.05 with cluster size N100, respectively.

Fig. 5. Scatter plots of task-inducedmean BOLD change (a), relative CBF change (b), absolute CBF change (c), and relative CMRO2 change (d) within the combined ROI as a function of age,
respectively. Constant M = 0.07 was used for the estimation of relative CMRO2 change. Dashed lines indicate 95% confidence interval.

592 M.A. Jog et al. / NeuroImage 134 (2016) 587–596



Fig. 6. Sub-regions (#1, and 2) were shown in axial, coronal and sagittal views where the percentage of CMRO2 change was observed to significantly decrease with age using the two M
models in red and blue colors, respectively. The conjunction ROI mask from the group-level BOLD and CBF activation maps is shown in green color.
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4.1. Developmental trajectories of CBF and CMRO2 at baseline

During the past few decades, template-based structural analyses of
pediatric MRI have revealed neurodevelopmental trends of gray and
white matter (Gogtay et al., 2004). However, much less is known re-
garding developmental changes in metrics of function and metabolism
of a pediatric brain, such as CBF, cerebral metabolic rate of glucose
(CMRglu) and CMRO2. These functional and metabolic parameters pro-
vide surrogatemarkers of brain's energy expenditure and neuronal pro-
cesses, therebymay bemore closely related to thematuration of human
behavior compared to brain structural measurements. To date, how-
ever, only a handful of nuclear medicine studies (Chiron et al., 1992;
Chugani, 1998; Takahashi et al., 1999;Wintermark et al., 2004) reported
developmental changes in CBF, CMRglu and CMRO2, suggesting a gen-
eral peak around 5–8 years followed by tapering to adult levels through-
out adolescence. Similar developmental trajectories of resting CBF have
recently been shown by ASL perfusion MRI studies (Avants et al., 2015;
Biagi et al., 2007; Satterthwaite et al., 2014; Taki et al., 2011a, 2011b;
Wang and Licht, 2006; Wang et al., 2003). Detailed region and sex spe-
cific developmental trajectories of CBF have been revealed after the ef-
fect of age-related variations in cortical structure was adjusted
(Satterthwaite et al., 2014; Taki et al., 2011a, 2011b). These studies sug-
gest that ASL CBFmay provide a valuable imagingmarker of both typical
and atypical development of brain function (Wang et al., 2009).

In parallel to ASL techniques, noninvasiveMRblood oximetry has re-
cently been developed for quantifying global OEF that exploits the in-
trinsic susceptibility of deoxygenated hemoglobin (Jain et al., 2010) as
well as the blood T2 dependence on venous oxygen saturation, both of
the superior sagittal sinus (Lu and Ge, 2008). MR oximetry techniques
for mapping regional OEF also emerged based on the quantitative
Table 2
Details of significant subregions including anatomical locations, cluster size, coordinates
and peak correlation coefficients using the twoMmodels. The reliability and spatial stabil-
ity of the detected sub-regions using the two M models was assessed using DC, which is
also listed.

Significant (p b 0.05, Cluster corrected α b 0.05) subregions

Anatomical locations M
model

Cluster
size

Peak
coordinator

Peak value
(spearman
R)

DC

L. Precentral/L. IFG M1 22 −42 2 30 −0.22956 0.8718
M2 17 −40 2 30 −0.22577

R. Middle frontal gyrus/R.
IFG/R. DLPFC(9/46)

M1 58 46 26 30 −0.29115 0.9375
M2 55 46 26 32 −0.28495

Abbreviations: IFG, inferior frontal gyrus; DLPFC, dorsolateral prefrontal cortex.
BOLD, susceptibility mapping (R2′) and more recently T2 mapping of
venous blood techniques (An and Lin, 2000; Bolar et al., 2011;
Christen et al., 2012; He and Yablonskiy, 2007). When combined with
CBF measurements by PC MRI and ASL, MR oximetry techniques can
provide noninvasive quantification of global and regional CMRO2, re-
spectively. In particular, global OEF and CMRO2 measurement has
been shown to be fast and reliable, and has shown clinical utility in neo-
natal imaging (De Vis et al., 2014; Jain et al., 2014; Liu et al., 2014).
The developmental trajectories of global CBF, OEF and CMRO2 at base-
line observed in the present study are in excellent agreement with
existing PET literature on developmental curves of CBF, CMRglu and
CMRO2 (Chiron et al., 1992; Chugani, 1998; Takahashi et al., 1999;
Wintermark et al., 2004). While CBF, CMRglu and CMRO2 generally fol-
low an inverted U-shaped functionwith a peak around 5–8 years of age,
OEF has been shown to be relatively stable across age groups by a PET
study (Takahashi et al., 1999).
4.2. Developmental trajectories of CBF and CMRO2 during fMRI of working
memory

The second aim of the present study was to investigate the develop-
mental trajectories of CBF, OEF and CMRO2 responses to a working
memory task. This is a potentially significant goal as recent advances
in neuroenergetics (Belanger et al., 2011) indicate that during task
performance, neuronal demand is the principal driver of changes in ox-
ygen consumption whereas the metabolic profile of astrocytes remains
largely glycolytic. In addition, fractional changes in CMRO2 have been
found to equal measured fractional changes in neuronal firing rate dur-
ing forepaw stimulation in rats (Hyder et al., 2002; Maandag et al.,
2007).

To date, BOLD fMRI has been the primary neuroimaging tool for
studying neurodevelopmental changes. While popular, the BOLD con-
trast has several limitations that impair its interpretation in terms of
the underlying neuronal activity. First, BOLD reflects combined effects
of changes in CBF, CBV and CMRO2 in response to stimulation; Second,
BOLD lacks absolute quantification and can only assess relative changes
compared to a “baseline” condition, therebymaking it difficult in differ-
entiatingdevelopmental trends in BOLD fMRI as changes in activation or
baseline states. Finally, the effect size of BOLD signal changes is intrinsi-
cally dependent on the strength of neurovascular coupling which may
vary across age groups. Consequently, it is not surprising to see
contradictive developmental trends of BOLD fMRI reported by different
studies (Crone et al., 2006; Tamm et al., 2002; Thomas et al., 1999). In
recognizing the limitations of BOLD fMRI, recent studies have employed
concurrent CBF/BOLD fMRI to infer the developmental changes in



Fig. 7. Scatter plots of BOLD change (a, e), CBF change (b, f), relative CMRO2 change (c, g) and OEF change (d, h)within two sub-regions as a function of age, respectively. Both relative CBF
change and CMRO2 change significantly decrease with age in the two sub-regions, while BOLD and OEF changes show no changes with age.
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oxidative metabolism in response to sensorimotor and language tasks
(Moses et al., 2014; Schmithorst et al., 2015). Preliminary evidence indi-
cates that the strength of neurovascular coupling underlying the BOLD
effect increases with age and the metabolic processes may be elevated
in younger children (Moses et al., 2014; Schmithorst et al., 2015).

The present study builds on and further extends existing develop-
mental studies utilizing concurrent CBF/BOLD fMRI. A verbal working
memory task was employed to engage the fronto-parietal executive
network that has been well characterized in developmental fMRI stud-
ies (Klingberg et al., 2002a, 2002b; Kwon et al., 2002; Thomason et al.,
2009). Fractional changes in CMRO2 were derived from CBF and BOLD
fMRI data based on the Davis Model. To account for the potential varia-
tion of M with age, we adopted two models by incorporating resting
global CBF, OEF and CMRO2 data acquired in the present study and liter-
ature values of Hct. Using both models ofM, we observed that the aver-
age fractional signal changes of CBF, OEF and CMRO2 did not vary
significantlywith age in the commonly activated fronto-parietal regions
in CBF and BOLD fMRI. These findings are in good agreement with two
recent CBF/BOLD fMRI studies using sensorimotor and language tasks
(Moses et al., 2014; Schmithorst et al., 2015) that showed similar per-
centage changes of CBF and BOLD signal, yet reduced absolute CBF
changes in younger compared to older children.

Our findings of decreasing global CBF and CMRO2 at baseline with
age and no regional age variations in relative CBF and CMRO2 changes
suggest that the brain's oxidative metabolism and CBF are elevated in
younger children both at baseline and in response to working memory
tasks. The observationswere consistent evenwith adjustment of poten-
tial variations in the strength of neurovascular coupling (different M
models), suggesting that in layman's terms, the brain becomes more
“energy efficient” with age during development (Haier et al., 1988).

Despite the absence of significant trends in fractional changes in av-
erage BOLD, CBF and CMRO2 in the fronto-parietal ROIs, we noticed that
the overall correlation coefficients between CBF, CMRO2 changes with
age are negative in Fig. 5. Given the ROIs reflect hemodynamic activa-
tion andCMRO2 is closely related to neuronal activities, we set out to ex-
plore the possibility that there are sub-regions or hubs within the
fronto-parietal ROIs demonstrating significant fCMRO2 variations with
age. Indeed, voxel-wise regression analyses consistently revealed signif-
icant sub-regionswith decreasing fCMRO2with age using twomodels of
M. In contrast, no positive associations between fCMRO2 and age were
detected. This observation is consistent with the notion that neuronal
activation (measured by fCMRO2 in our experiment) is more focal
while the ensuing hemodynamic responses are more diffuse in space
and time.

Another potential explanation of fCMRO2 decreases with age in sub-
regions of the fronto-parietal network may be related to the two
independent systems implicated in the maintenance of verbal informa-
tion in workingmemory, as reviewed by (Camos and Barrouillet, 2014).
These two independent systems underlie the attentional refreshing
(linked with the dorsolateral PFC) and subvocal rehearsal processing
(linkedwith the ventro lateral PFC) (Raye et al., 2002). The observed re-
duced fCMRO2 with age in 2 subregions within the left Precentral/IFG
and the right MFG/IFG/DLPFC is consistent with the attentional refresh-
ing and the subvocal rehearsal network.

Past studies and the present study show that the performance of the
verbal working memory task improves with age (Conklin et al., 2007;
Cromer et al., 2015). In the present study, the trend of decreasing
fCMRO2 with age remained in the 2 sub-regions when the regression
analyseswere performedwith GM volume and behavioral performance
(D′) included as covariates (see supplement Fig. S3). This suggests that
our observation of decreasing fCMRO2 with age in the 2 sub-regions is
robust and cannot be explained by improving performance or decreas-
ing GM volume with age in this typically developing cohort.

4.3. Limitations and future directions

Previous studies have employed concurrently acquired BOLD and
ASL signals to infer the underlyingmetabolic events and neuronal activ-
ity in response to task activation (Gauthier et al., 2013). Such an ap-
proach, commonly known as quantitative or calibrated fMRI, generally
employs a hypercapnia experiment to calibrate the BOLD effect and de-
termine the fractional change in CMRO2 with activation, assuming that
hypercapnia does not alter CMRO2 (Chen and Pike, 2010). Hypercapnia
experiment, however, is not feasible or very challenging to be carried
out in the pediatric population. Therefore, we employed two models
ofM variationswith agewhich yielded consistent findings of CMRO2 re-
sponses to working memory tasks. The SNR of the DE-EPI pCASL scans
was relatively low and may contribute to the weak developmental
trends of decreasing fractional CMRO2 changes with age in the sub-
regional analysis. Our findings of developmental changes of CBF and
CMRO2 at baseline and during working memory tasks need to be repli-
cated in future studies.

5. Conclusion

Using a suite of MRI techniques for in vivo assessments of CBF, OEF
and CMRO2, we found an age related decline of global CBF and CMRO2

while global OEF was stable in a cohort of children aged 7 to 18 years.
In contrast, age related decline of fractional CBF and CMRO2 changes
during the performance of a working memory task was more subtle
and only detected through sub-regional analyses within the activated
fronto-parietal regions. These findings lead to intriguing hypotheses
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regarding the developmental trajectories of brain function andneuronal
activity to be tested in future studies.
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