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ORIGINAL RESEARCH
PEDIATRICS

Gray Matter Growth Is Accompanied by Increasing Blood Flow
and Decreasing Apparent Diffusion Coefficient

during Childhood
X N.D. Forkert, X M.D. Li, X R.M. Lober, and X K.W. Yeom

ABSTRACT

BACKGROUND AND PURPOSE: Normal values of gray matter volume, cerebral blood flow, and water diffusion have not been established
for healthy children. We sought to determine reference values for age-dependent changes of these parameters in healthy children.

MATERIALS AND METHODS: We retrospectively reviewed MR imaging data from 100 healthy children. Using an atlas-based approach,
age-related normal values for regional CBF, apparent diffusion coefficient, and volume were determined for the cerebral cortex, hip-
pocampus, thalamus, caudate, putamen, globus pallidus, amygdala, and nucleus accumbens.

RESULTS: All gray matter structures grew rapidly before the age of 10 years and then plateaued or slightly declined thereafter. The ADC
of all structures decreased with age, with the most rapid changes occurring prior to the age of 5 years. With the exception of the globus
pallidus, CBF increased rather linearly with age.

CONCLUSIONS: Normal brain gray matter is characterized by rapid early volume growth and increasing CBF with concomitantly decreas-
ing ADC. The extracted reference data that combine CBF and ADC parameters during brain growth may provide a useful resource when
assessing pathologic changes in children.

ABBREVIATION: ASL � arterial spin-labeling

At birth, brain volume is approximately one-third that of a

healthy adult brain and undergoes rapid growth during the

first 3 months.1 By the age of 1 year, brain volume has already

doubled in size.2 Initially, most hemispheric growth relates to an

increase in gray matter volume,3 thought to reflect synapse for-

mation occurring earliest in the primary motor and sensory cor-

tices and later in the prefrontal cortex,4 directing a posterior-to-

anterior pattern of hemispheric white matter maturation.5 After

the first few years, white matter volume increases at a higher rate

during the rest of the childhood,6 while synaptic pruning occurs

concurrently in the gray matter.4

Compared with macrostructural analysis using image-based

volume extraction, diffusion-weighted MR imaging can be used

to probe microstructural changes, including myelination pat-

terns7,8 and white matter connectivity,9 and has also shown utility

for brain tumor characterization10 and metabolic diseases.11 Var-

ious studies have examined apparent diffusion coefficient changes

of white matter in children.12-14 However, at present, the ADC

of the gray matter, notably at the cortical level, is not well-

documented.

While volumetric and diffusion analysis can be used to probe

macro- and microstructural changes, respectively, arterial spin-

labeling (ASL) cerebral blood flow is increasingly used clinically to

obtain advanced physiologic information.15-18 ASL may be par-

ticularly useful in the pediatric population because it does not

require intravenous contrast or ionizing radiation. However, only

a few studies have examined ASL CBF changes in children.19,20

These few studies have included ASL CBF of unsedated healthy

term and preterm neonates21 or infants 3–5 months of age.22

Apart from these 2 studies, normal values have also been assessed

as part of studies investigating CBF changes across the whole life

span with only limited data from children20 or for feasibility anal-

ysis of ASL imaging, also using only a limited number of healthy

children.19
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At present, no study has examined the CBF of a healthy pedi-

atric cohort across the age spectrum. Therefore, the goal of this

study was to extract and establish age-related CBF values in gray

matter along with corresponding volume and diffusion metrics.

MATERIALS AND METHODS
Study Cohort
All children presenting for evaluation by a 3T MR imaging system

at our children’s hospital from May 2010 to October 2013 were

retrospectively reviewed after approval by the Stanford University

institutional review board (protocol 28674). The study cohort

included patients 4 months to 18 years of age with no known

neurologic, neurocognitive, or developmental deficits, who had a

normal appearing brain MRI protocol that included ASL and

DWI datasets. All MR imaging brain studies with normal findings

were additionally reviewed and confirmed by at least 1 pediatric

neuroradiologist with a Certificate of Added Qualification

(K.W.Y. or P. Barnes both with �7 years of dedicated experience).

Patients who had brain MR imaging with any focal intensity on

FLAIR or other sequences, cysts, wide Sylvian fissures, or other

nonspecific structural appearances were excluded. Patients with

dental braces/metal artifacts and motion-degraded or non-diag-

nostic-quality imaging were also excluded.

A thorough chart review was performed (M.D.L.) to identify

any disease history. Examples of clinical reasons for obtaining MR

imaging included syncope, nausea, family history of aneurysm or

cancers, scalp nevus, isolated facial lesions (eg, orbital or glabellar

dermoid) without associated syndromes or intracranial exten-

sion, orbital strabismus, cholesteatoma of the ear, isolated head-

aches, sinus disease or inflammatory nasal obstruction, and short

stature that was considered familial without intracranial or endo-

crine abnormality.

Patients with any systemic or non-central nervous system dis-

eases (eg, diseases of the renal, gastrointestinal, cardiac systems),

cancers, history of prematurity, phacomatoses, genetic or syn-

dromic conditions, epilepsy, migraines, hearing loss, hemor-

rhage, vascular lesions (aneurysm, AVM, fistula, or steno-occlu-

sive disease of the CNS or elsewhere), acute or recent infection

and fever of unknown origin, prior radiation or chronic medical

therapy, or endocrine symptoms/laboratory abnormalities were

excluded. Patients were also screened for all psychiatric and ab-

normal behavioral conditions (attention deficit/hyperactivity dis-

order, autism, psychosis) and were excluded if present.

Finally, subjects with insufficient data or registration results

(see below) were also excluded from the final analysis.

Imaging Methods
All subjects had brain MR imaging obtained at 3T (Discovery 750;

GE Healthcare, Milwaukee, Wisconsin) using an 8-channel head

coil. Pseudocontinuous ASL MR imaging was performed using

the technique described by Dai et al.23 Briefly, this vendor-sup-

plied ASL was performed using a pseudocontinuous labeling pe-

riod of 1500 ms, followed by a 1500-ms postlabel delay. Whole-

brain images were acquired with a 3D background-suppressed

fast spin-echo stack-of-spirals method. Multiarm spiral imaging

was used, with 8 arms and 512 points acquired on each arm

(bandwidth � 62.5 kHz), yielding a 3-mm2 in-plane spatial reso-

lution and a 4-mm section thickness. A high level of background

suppression was achieved using 4 separate inversion pulses spaced

around the pseudocontinuous labeling pulse. The acquisition

time for this sequence is approximately 5 minutes, which also

includes proton-density images required for CBF quantification.

For a graphic setup of the ASL, the sagittal image following the

3-plane localizer was used for alignment. Postprocessing was per-

formed using an automated reconstruction procedure using the

microsphere methodology described by Buxton et al.24 Other

pseudocontinuous ASL MR imaging parameters were TR � 4632

ms, TE � 10.5 ms, FOV � 24 cm, and NEX � 3.

Additionally, echo-planar DWI was performed using TR �

1500 ms, TE � 37 ms, flip angle � 90°, acceleration factor � 2,

in-plane resolution � 0.94 mm2, acquisition matrix � 128 � 128

interpolated to a 256 � 256 matrix, 44 sections with 4-mm section

thickness, no skip, FOV � 24 cm, 2 diffusion-weightings of b�0

s/mm2 and b�1000 s/mm2, with diffusion gradients acquired in 3

directions averaged for the latter.

Image Processing
The image-processing pipeline used for extraction of quantitative

values of regional brain volume, ADC, and CBF is illustrated in

Fig 1. The complete image-processing pipeline used was cus-

tom-developed and implemented in C�� using the Insight

Segmentation and Registration Toolkit (ITK, http://www.itk.

org/). In the first step of this pipeline, the ASL CBF and b�1000

s/mm2 DWI dataset were registered to the corresponding T2-

weighted DWI dataset (b�0 s/mm2) using rigid transformations,

linear interpolation, and maximization of the mutual informa-

tion.25 The registered DWI datasets were then used to calculate

the corresponding ADC map for each subject using the Stejskal-

Tanner equation.26

Finally, the Montreal Neurological Institute-152 brain atlas27

was registered to each b � 0 s/mm2 DWI dataset using a concat-

enated affine and nonlinear spline transformation. The affine

transformation was determined using a linear interpolation and

maximization of the mutual information metric. The calculated

affine transformation was used to prealign the atlas to the patient

anatomy in terms of initialization of a b-spline transformation,

which was used for the fine nonlinear alignment of the Montreal

Neurological Institute atlas to the b�0 s/mm2 DWI dataset. This

b-spline transformation was optimized using linear interpolation

and maximization of the mutual information metric.

All registrations were performed within a multiresolution reg-

istration framework with 3 levels, while the calculation of the

mutual information similarity metric was restricted in all cases to

the brain mask of the b�0 s/mm2 DWI dataset, which was gener-

ated using the method described by Forkert et al.28 Two experi-

enced observers (N.D.F., K.W.Y.) checked all registration results

to ensure suitable data and registration quality.

For quantitative assessment of volume, ADC, and CBF of the

different gray matter brain regions, the resulting nonlinear spatial

deformation field for alignment of the Montreal Neurological In-

stitute atlas to each subject was used to warp the Harvard-Oxford

subcortical brain regions, as defined in the Montreal Neurological

Institute atlas space, to each b�0 s/mm2 DWI dataset by applying

nearest neighbor interpolation.
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After registration of all datasets, volume, median ADC, and

median CBF values were determined for each subject within

the following 8 gray matter brain structures: cerebral cortex,

hippocampus, thalamus, caudate, putamen, globus pallidus,

amygdala, and nucleus accumbens.

Statistical Analysis
The volume for each structure was averaged between the 2 corre-

sponding structures in the left and right hemispheres, while the

median ADC and median CBF values were determined for each

region combined for the left and right hemispheres.

The quantile local piecewise regression analysis described by

Sakov et al29 was used in this work to determine the age-related

5th, 10th, 25th, 50th, 75th, 90th, and 95th quantile curves indi-

vidually for each brain structure and for the 3 parameters: vol-

ume, ADC, and CBF. The parameters for the local piecewise re-

gression analysis were kept identical for

all plots generated. More specifically, a

window size of 30 points, 95% overlap

between the windows, Gaussian

smoothing, and a polynomial degree

of 2 were used.

Each scatterplot and corresponding

regression curves were inspected for

qualitative description of the age-related

changes.

In our study, intravenous propofol

sedation was performed for all children

3 months to 6 years of age. After 10 years

of age, no patients received sedation. Be-

tween 6 and 9 years of age, there were

variable rates of sedation. In this age

group, comparison of sedated and

nonsedated groups was conducted using

the Welch 2-tailed t test to test for signif-

icant differences between children with

and without sedation.

All statistics were calculated using

the R statistical software package of The

R Foundation of Statistical Computing

(Version 3.2.2; www.r-project.org).

RESULTS
One hundred healthy subjects (age

range, 4 month to 18 years; 39 males)

met the inclusion criteria and were included in the study. The

specific number of children in each age group is summarized in

the Table. Overall, all structures analyzed exhibited similar pat-

terns of the age-dependent distribution of regional brain volume,

ADC, and CBF values with different levels. Figure 2 exemplarily

displays the age-dependent distribution of regional brain volume,

ADC, and CBF values in the thalamus. The corresponding graphs

for all gray matter structures analyzed in this work can be found in

On-line Fig 1.

Gray Matter Volume
In general, the volume increased with age in all gray matter

structures. The volumetric increase with age was nonlinear and

was highest from birth to approximately 8 –10 years of age.

Thereafter, volumes reached a stable plateau or displayed a

slight decrease.

ADC of the Gray Matter
Median ADC values of the gray matter declined with increasing

age. The highest median ADC values occurred in the first 5

years of childhood. During this period, an exponential decay of

ADC values was observed in all gray matter structures. After 5

years of age, ADC continued to decrease in a rather linear

fashion with increasing age. Overall, median ADC values in the

cerebral cortex and hippocampus were about 10% higher than

in the other gray matter regions investigated. This finding was

consistent across all age groups.

FIG 1. Illustration of the image-processing pipeline used for determination of the age-dependent
volumetric, ADC, and CBF normal values.

Age distribution of neurologically healthy patients
Age Range (yr) No. of Children

0–2 14
2–4 22
4–6 8
6–8 7
8–10 4

10–12 16
12–14 7
14–16 13
16–18 9
Total 100
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CBF of the Gray Matter
Cerebral blood flow was more variable than volume and ADC,

particularly in the first 5 years of childhood. Unlike the rapid

volume and ADC changes in the first 5 years of life, CBF increased

rather linearly with age, with decreased variability at older ages.

CBF in all gray matter structures increased with age, except for the

globus pallidus, which was stable throughout childhood. The de-

gree of CBF increase did not differ considerably among the cau-

date, thalamus, putamen, nucleus accumbens, and amygdala, but

a smaller degree of CBF increase was found for the hippocampus,

and a larger CBF increase, for the cerebral cortex with age.

Sedated versus Nonsedated Children
The comparison of sedated (n � 7; mean age, 7.6 years) and

nonsedated children (n � 4; mean age, 7.9 years) revealed no

significant CBF differences in any brain region studied (Welch

2-tailed t test, P � .01; Bonferroni-adjusted significance level �

.005).

DISCUSSION
Gray matter CBF increased with age, except in the globus pallidus.

Notably, the cerebral cortex, amygdala, and nucleus accumbens

showed the highest CBF increase. These CBF changes were ac-

companied by a progressive ADC decrease and volumetric in-

crease for all gray matter structures, with ADC stabilizing at about

10 –12 years and peak volume occurring at around 8 –12 years,

with a slight decrease thereafter. To our knowledge, this is the first

study to investigate age-related changes of gray matter CBF ac-

companied by corresponding volume and ADC values in a single

cohort of neurologically healthy children throughout childhood

and adolescence.

Our volumetric results are consistent with prior studies of

healthy subjects that showed an overall increase in cortical gray

matter volume in the preadolescent years and a decline in the

postadolescent period.30 Volumetric analysis for infancy and

early childhood remains sparse, but our results are also consistent

with the growth pattern described in a study of 28 children 1

month to 10 years of age, in whom a rapid growth pattern was

followed by a more gradual increase.31 A more recent study that

focused on infants (3–13 months of age) also observed an increas-

ing volume of all gray matter regions with some regionally differ-

ent growth patterns.32

While volume increased, the ADC of the gray matter declined

rapidly, with a fast exponential component in the first few years,

which then stabilized in early adolescence. These findings likely

reflect the combined effects of neuronal development, myelina-

tion, and decrease in water content33 and associated MR imaging

signal changes34,35 that rapidly occur in the early years of devel-

opment. Potential contributions of iron-deposition that decrease

T2 relaxation time may also be considered, particularly in the

deep gray nuclei, which has been observed in children older than

4 years of age and in adolescents.36

Although various studies have reported ADC changes of cere-

bral white matter in children,12-14 gray matter structures have

remained relatively unexplored. We observed a steep decline with

an exponential component in early childhood with a decreasing

trend continuing into later childhood, consistent with results of

prior ROI-based studies in selected deep gray regions (caudate,

putamen, globus pallidus).37,38

Compared with volume and ADC changes, a wider variation

in CBF values was seen across age. In addition, median CBF values

and the magnitude of increase varied among the gray matter re-

gions. Previous studies have described a close relationship be-

tween CBF and the cerebral metabolic rate39-41; and in a study of

cerebral metabolism in 29 children (5 days to 15 years of age)

using 18F-FDG positron-emission tomography, a similar pattern

of highest proportional increase in metabolic activity was seen in

the cerebral cortex compared with the other brain regions.42

We observed a gradual increase in CBF in all gray matter re-

gions, except for the globus pallidus, throughout childhood and

adolescence, which differs from a previous ASL CBF study that

described a relatively stable-to-decreased CBF between 4 and 12

years of age, followed by a sharp decline in adolescence20 in 23

children aged 4 –19 years. One possible explanation might be dif-

ferences in postlabel delay periods. Because the ASL tracer lifetime

is dependent on the longitudinal relaxation time of blood, which

is similar to the transport time from the labeling position to the

tissue (arterial transit time), a shorter postlabel delay period of

1000 ms used in the study by Biagi et al20 may be insufficient for

complete delivery of labeled blood to the tissue, a potential limi-

tation when assessing adolescents with slower arterial transit time

compared with younger children.43,44 The present data in our

study were obtained from a pseudocontinuous ASL technique,

FIG 2. Graphic representation of the age-dependent volumetric, ADC, and CBF normal values for the thalamus illustrated using the 5%, 10%,
25%, 50%, 75%, 90%, and 95% centile curves.
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which has been shown to have a superior labeling efficiency,23

signal-to-noise ratio, and reproducibility,45 and is thus preferred

over other ASL methods. We also used a postlabel delay of 1500

ms recommended by the current guidelines of the International

Society for Magnetic Resonance in Medicine for clinical imaging

of the pediatric brain.46

Biagi et al20 also observed increased gray matter CBF in pedi-

atric patients receiving halogenated anesthesia relative to awake

patients, which was rather similar to those receiving only intrave-

nous propofol. A review of adult functional imaging studies noted

that propofol was associated with decreased CBF, determined by

PET, in all brain regions in multiple studies.47 Thus, a dispropor-

tionate number of younger children requiring halogenated anes-

thesia could have affected their results. For example, an ASL study

in 4 patients with Moyamoya disease found that halogenated an-

esthesia (sevoflurane) was associated with consistently higher

global gray matter CBF.48 In our study, intravenous propofol se-

dation, with or without mask induction using a halogenated an-

esthetic, was performed for all children 3 months to 6 years of age.

Between 6 and 9 years of age, there were variable rates of sedation.

The statistical analysis of children with and without sedation in

this age range showed no significant differences. This could pos-

sibly be explained by a balancing effect of increased CBF with

halogenated anesthesia and decreased CBF with propofol.20 Thus,

no correction was necessary in this study.

Brain development has been shown to be associated with re-

gional changes in the glucose cerebral metabolic rate42 and CBF.49

Thus, continued increases in ASL CBF during childhood and ad-

olescence may reflect a more protracted period of functional de-

velopment and maturation. While global cerebral volume has

been shown to peak at 14.5 years for boys and 11.5 years for girls,

changes in cortical gray matter volume are more complex and

have shown regional heterochronicity.50 For example, in a study

of 145 subjects 4 –21 years of age, the frontal and parietal lobes

showed an earlier peak at 11–12 years of age, while maximal tem-

poral gray matter volumes occurred at 16 –17 years of age, and the

occipital lobes had a linear increase through 20 years of age with-

out signs of decline.30 Previous studies have also reported periods

of postnatal rapid brain growth up to 20 years of age based on

electroencephalography energy metrics in the � frequencies.51,52

A spike in CBF was observed preceding these stages of brain

growth, suggesting a higher energy requirement during these pe-

riods,53 a pattern also seen in the rat cerebral cortex that has

shown increased vascular sprouting shortly before rapid growth

stages.54

Individual differences in brain growth spurts may also explain

variations of CBF observed in the present study to some degree.

While the definitive reasons for relatively stable CBF in the globus

pallidus and a slower rate of CBF increase in the hippocampus

compared with the other brain regions analyzed remain un-

known, it is possible that these regions demonstrate different rates

of growth or metabolism. For example, a morphometric analysis

of infants 3–13 months of age showed a slower growth rate in

certain brain regions, such as the globus pallidus and hippocam-

pus, relative to the whole brain, despite an overall increase in

volume in absolute values.32

We recognize certain limitations of this study. For example,

for our analysis, the adult Montreal Neurological Institute atlas

was registered to the pediatric brain. While registration of a pedi-

atric atlas might be more accurate for this purpose, different brain

atlases generated by using different age ranges and subjects (eg,

described by Fonov et al55) would be necessary, potentially mak-

ing the results not directly comparable. Therefore, we decided to

use the well-established Montreal Neurological Institute adult

brain atlas with the available Harvard-Oxford atlas brain regions

for this purpose so that the same reference was used for each

subject to analyze CBF, ADC, and volume data metrics. To min-

imize any effects of suboptimal registration results, we performed

further quality control, including visual inspection by our team

members with knowledge of brain imaging and anatomy. Within

this context, 22 subjects not part of the 100 subjects described in

this study were excluded from the final analysis due to insufficient

registration of the Montreal Neurological Institute brain atlas.

In addition, the b�0 s/mm2 DWI datasets were used as a ref-

erence for atlas registration. These datasets do not offer the same

high spatial resolution compared with T1-weighted datasets usu-

ally used for this purpose, which limits the precision of the ex-

tracted regional brain volumes, especially for small structures

such as the amygdala.

However, although our goal was to demonstrate CBF changes

against volume and ADC across various age groups for various

brain regions rather than to define precise metrics for volume, the

growth patterns found are well in line with previous findings,

suggesting reasonable registration results.

Finally, the regional brain volumes were averaged between

corresponding left and right hemispheric structures, while me-

dian ADC and CBF values were calculated for each combined

corresponding left and right hemisphere brain structure. This

procedure was selected to decrease the influence of noise in the

data, especially for the small structures such as the amygdala and

nucleus accumbens. When analyzed separately, no significant dif-

ference between the age-related trends of corresponding left and

right brain structures was found for the regional brain volume,

ADC, and CBF metrics.

CONCLUSIONS
Normal gray matter is characterized by rapid early volume growth

and increasing CBF, with concomitantly decreasing ADC. The

extracted reference data that combine CBF and ADC parameters

during brain growth may provide a useful resource when assess-

ing pathologic changes in children.
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