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Abstract

The development of methods allowing direct comparisons between child and adult neuroimaging data is an important prerequisite for
studying the neural bases of cognitive development. Several issues arise when attempting to make such direct comparisons, including the
comparability of anatomical localization of functional responses and the magnitude and time course of the hemodynamic responses
themselves. Previous results suggest that, after transformation into a common stereotactic space, anatomical differences between children
(ages 7 and 8) and adults are small relative to the resolution of fMRI data. Here, we investigate whether time courses (BOLD responses)
and locations of functional activation foci show similarities as well. Event-related fMRI was performed on 16 children (ages 7 and 8) and
16 adults, who pressed buttons in response to a visual stimulus. After transforming images into Talairach space, the coordinates of four
consistent activations in each hemisphere were determined for each subject: two foci in the sensorimotor cortex, one focus in the visual
cortex, and one focus in the supplementary motor area (eight activations in total). In seven foci, time courses were similar between children
and adults, and peak amplitudes of time courses were comparable in all eight foci. There were negligible between-group differences in
location of all foci. Variability of activation location was statistically similar in the two groups. In voxelwise group comparison images,
minimal differences were found between children and adults in visual and motor cortex regions. The small differences in time courses and
locations of activation foci between child and adult brains validate the feasibility of direct statistical comparison of these groups within a
common space.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction

The advent of functional magnetic resonance imaging
(fMRI) has opened a new era in the study of human brain
development. Previously, such research was limited by the
low occurrence of autopsies in pediatric populations and the
ethical problems associated with imaging normal children
using ionizing radiation modalities such as computerized

tomography, positron emission tomography (PET), and sin-
gle photon emission computerized tomography (SPECT).
PET and SPECT studies performed on clinical pediatric
patients, while informative, raise questions about the gen-
eralizability of the results to normal healthy children. FMRI,
on the other hand, is non-ionizing, noninvasive, safe, and
repeatable and therefore provides a means to address cog-
nitive neuroscientific issues in normally developing children
(Booth et al., 1999; Bunge et al., 2002; Casey et al., 1995,
1997; Gaillard et al., 2000; Gaillard et al., 2001b; Klingberg
et al., 2002; Lee et al., 1999; Luna et al., 2001; Martin et al.,
1999; Nelson et al., 2000; Schlaggar et al., 2002; Thomas et
al., 1999).
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In functional neuroimaging studies, spatial normalization
is a powerful tool that allows direct voxelwise comparison
of data sets between different subjects and subject groups
(Fox et al., 1985a). Spatial normalization refers to the pro-
cess of transforming an individual subject’s image to match
a standard brain or brain template. After all brains have been
transformed into a common stereotactic space, researchers
are able to perform between-subject comparisons and report
findings in standardized coordinates.

The ability to apply similar stereotactic approaches to
neuroimaging data from developmental populations would
allow children at various developmental stages to be di-
rectly compared with each other and with adults. Direct
comparison would greatly enhance the sensitivity and reli-
ability of fMRI to draw inferences about age-related
changes in the developing brain.

As a step in the development of such an approach to the
comparison of adult and child neuroimaging data, this study
explores the feasibility of using an adult-derived template
for spatial normalization of children’s brains. Two condi-
tions must be met before adult and child brains can be
directly compared at the voxel level.

First, since fMRI relies upon the blood oxygenation
level-dependent (BOLD) contrast signal as an indirect mea-
sure of cerebral activity (Ogawa et al., 1990), a prerequisite
of direct comparisons between children and adults is that the
two groups have physiologically similar BOLD responses.
If BOLD signals were commonly seen to have different
time profiles, or greater variance, in children than in adults,
it would be difficult to draw conclusions about group dif-
ferences using fMRI methods.

Second, spatial normalization should affect both groups
similarly, so that “functional differences” are not spuriously
produced by the process of spatial normalization itself.
Previously, we have addressed the question of whether
systematic differences in brain anatomy can be found be-
tween children (ages 7 and 8) and adults following the
spatial normalization procedure (Burgund et al., 2002). Af-
ter transformation to a common space, differences in loca-
tion and variability of selected sulci and overall brain out-
lines in three dimensions were found to be small (� 4 mm)
relative to the effective resolution of group fMRI images.
As part of this study, computer simulation was used to
assess the potential of (a range of) anatomical differences to
produce spurious effects in functional imaging data. On the
basis of simulated fMRI data, it was concluded that the
anatomical differences in location and variability that were
found would not produce spurious functional differences.

Both anatomical and functional differences between
groups should be interpreted in the context of the resolution
of fMRI data. Commonly, fMRI images are acquired at a
resolution of approximately 3 � 3 mm in plane, with slice
thickness ranging from 3 to 8 mm. The raw data are some-
times smoothed by varying amounts. Resampling during
transformation to a standard space also smoothes the im-
ages. This results in the effective resolution of typical func-

tional neuroimaging data being greater than 5 mm (and
probably at least 8 mm). Differences in location and vari-
ability between adult and child neuroimaging data that are
below the resolution of the image should not hinder re-
searchers from transforming data to a common space. For
this reason, a between-group difference of approximately 4
mm in the location of one sulcus in the previous study did
not prevent us from concluding that transformation to a
common stereotactic space was feasible for child and adult
brains.

In the present study, we extend our previous work to
compare actual fMRI data in children (ages 7 and 8) and
adults, after transformation into a common stereotactic
space. As indices of functional variability, time courses and
locations of functional activation foci, and the variability of
these responses, were analyzed in eight foci (two in senso-
rimotor cortex, one in SMA, and one in visual cortex, in
each hemisphere) in each subject. The hypothesis was that,
using a simple visuomotor task, the temporal profile of time
courses and the location and variability of functional acti-
vations would not be different in sensorimotor cortex and
visual cortex. If large between-group differences in time
course or location of activation foci were found, this would
serve to discourage direct statistical comparison between
children and adults. Alternatively, the presence of similar
responses in these cortical processing regions would support
the feasibility of using a common stereotactic atlas for
transformation of child and adult brains.

Methods

Subjects

Sixteen 7- and 8-year-old children (8 female; mean age
8.1 � 0.6; range 7–8; 2 left-handed) and 16 adults (8
female; mean age 26.4 � 4.2; range 20–35; all right-
handed) participated in the study. All subjects were
screened with a questionnaire to ensure that they had no
history of neurological problems or drug abuse. Pediatric
subjects made an additional visit to the lab (before the actual
scan) during which they were examined by a pediatric
neurologist (B.L.S.), completed a detailed health question-
naire to assess normal development, and were acclimatized
to the MRI environment in a “mock” scanner. During this
session, they also practiced the task in a behavioral testing
room. Informed consent was obtained from all adult sub-
jects and parents of pediatric subjects, and assent was ob-
tained from pediatric participants, in accordance with the
guidelines and approval of the Washington University Hu-
man Studies Committee. All subjects were paid for their
participation. Data from 8 additional subjects (1 adult, 7
children) were not used due to movement artifacts or in-
complete data acquisition.
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Imaging procedures

MRI data were acquired using a Siemens 1.5-T Vision
scanner (Erlangen, Germany) with a standard circularly
polarized head coil. A pillow and a thermoplastic face mask
were used to minimize head movement. Headphones damp-
ened scanner noise to less than 70 dB and enabled commu-
nication with subjects. A Power Macintosh computer (Ap-
ple, Cupertino, CA) and Psyscope software (Cohen et al.,
1993) were used for stimulus display and recording of
responses from a fiberoptic key-press device held in the
subject’s hands. An LCD projector (Epson Model 500) was
used to project stimuli onto a screen at the head of the bore,
which the subjects viewed through a mirror attached to the
coil.

High-resolution structural images were obtained using a
sagittal MP-RAGE three-dimensional T1-weighted se-
quence (repetition time, 9.7 ms; echo time, 4 ms; flip angle,
12°; inversion time, 300 ms; voxel size, 1 � 1 � 1.25 mm).

Functional images were acquired using an asymmetric
spin–echo echo–planar sequence sensitive to BOLD con-
trast (e.g., T2*, repetition time, 2.5 s; T2* evolution time, 50
ms; flip angle, 90°; voxel size, 3.75 � 3.75-mm in-plane
resolution). During each scan, 88 sets (frames) of 16 con-
tiguous interleaved 8-mm-thick axial slices were acquired
parallel to the plane transecting the anterior and posterior
commissures (AC–PC plane). This plane was defined with
an automated program utilizing a low-resolution MP-RAGE
image. The first 4 frames in each run were discarded to
allow stabilization of longitudinal magnetization.

Each functional run lasted approximately 3.67 min (88
acquisitions, 1 acquisition every 2.5 s). Between 5 and 11
runs were acquired in each subject. Since all analyses in-
volved identification of regions on an individual basis, we
felt that it was appropriate to use all available data from
each subject in defining functional activation foci. Only 1
run in one child subject was excluded from further analyses,
due to a large number of response omissions.

Behavioral paradigm

A relatively simple visuomotor task was chosen for study
in order to minimize developmental differences in task
performance strategies that might lead to differences in
functional activation. This task is known to generate highly
reproducible activation in sensorimotor and visual cortex in
adults (Miezin et al., 2000). Subjects pressed a button at the
onset and offset of a visual stimulus presented for 1.26 s.
The visual stimulus was a radial counterphase flickering
checkerboard subtending �3° of the visual field surround-
ing the fovea. Right and left index fingers were used for
onset and offset, counterbalanced across subjects. An event-
related procedure was used, in which stimulus presentation
was jittered throughout the functional run. Gaps (fixation-
only frames) were randomly interspersed with stimulus tri-
als so that, on each frame, there was a 50% probability of a

gap and 50% probability of a visual stimulus. This resulted
in a distribution of gaps that was near exponential, with long
gaps relatively underrepresented. There were approximately
40 stimulus presentations per each 88-frame run. Stimulus
onset was synchronized to the beginning of a frame. Sub-
jects were instructed to fixate their gaze on a fixation cross-
hair that was presented in the center of the checkerboard
stimulus and remained on the screen for the duration of the
run.

Spatial normalization

Spatial normalization was accomplished by 12-param-
eter affine warping of individual MP-RAGE images to an
atlas-representative target using difference image variance
minimization as the objective function (Snyder, 1996). This
method differs from that used in SPM (when affine normal-
ization is chosen as an option) only in the image used as the
atlas-representative target (Evans et al., 1994). The common
strategy was first described by Collins and colleagues
(1994) in application to positron emission tomography. Our
atlas-representative target was prepared by 12-parameter
affine coregistration of MP-RAGE images representing a
completely independent group of 12 neurologically normal
young adults (ages 18–35). The composite target was made
to conform to the Talairach atlas (1988) using the SN
method of Lancaster et al. (1995). The SN-derived trans-
form and the individual coregistrations were algebraically
composed to yield 12 affine transforms. The transforms
were used to create the atlas representative image by resam-
pling (to 2-mm cubic voxels) and averaging using one
interpolation per subject. Atlas-transformed data were then
resampled to 1-mm cubic voxels.

Data preprocessing

BOLD (functional) data from each subject were prepro-
cessed to remove noise and artifacts. This involved (1)
removal of a single pixel spike caused by signal offset and
its value replaced with the local pixel average, (2) temporal
realignment (using sinc interpolation) of all slices to the
midpoint of the first slice, to correct for differences in the
acquisition time of each individual slice, (3) slice-by-slice
normalization to correct for changes in signal intensity in-
troduced by the acquisition of interleaved slices, (4) correc-
tion for movement within and across runs using a rigid-body
rotation and translation algorithm (Snyder, 1996), and (5)
reslicing by three-dimensional cubic spline interpolation
(Hajnal et al., 1995). The functional images were then
registered to the reference brain using the alignment param-
eters derived for the structural scans.

Movement analysis

The rigid-body translation and rotation algorithm (Sny-
der, 1996) outputs the adjustments required for realignment
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of each image at each MR frame. This information can be
used as a measure of head movement in six dimensions:
translations and rotations in the x, y, and z planes. For each
run in each subject, average head position was computed for
each of the six dimensions. The root mean squares (rms) of
the difference between this average and the actual head
position during each frame provides a measure of average
movement in that dimension during one run. The total
movement (translation and rotation) during one run was
calculated as the rms of the three translation parameters and
the three rotation parameters. The total movement was av-
eraged across all runs in a subject to acquire per-individual
movement measures.

Data analysis

To detect task-related activations, preprocessed data
were analyzed using an implementation of the general linear
model (GLM) (Friston et al., 1994; Josephs et al., 1997;
Ollinger et al., 2001; Worsley and Friston, 1995; Zarahn et
al., 1997) in which no assumptions were made about the
shape of the hemodynamic response. The design of the
GLM included the seven MR frames following presentation
of the stimulus; thus, the hemodynamic response function
was modeled over a period of 17.5 s. All trials (including
error trials) were included in the analysis.

In order to identify activated regions, omnibus F statis-
tics were computed from the time courses using the extra
sum of squares principle (Beck and Arnold, 1977). This
method allows one to determine significance levels without
making any assumptions about the shape of the hemody-
namic response. Thus, the F statistic map represents the
amount of time series variance in each voxel that can be
accounted for by the GLM. F statistic images were gener-
ated for each subject and transformed into the standardized
stereotactic space as discussed above (Talairach and Tour-
noux, 1988).

Selection of activation foci

Activations in visual cortex and sensorimotor cortex had
the highest peaks on F statistic images (i.e., were most
reliable). From the unsmoothed F statistic images, a three-
dimensional search program (Mintun et al., 1989) was used
to identify the coordinates of active peak voxels in bilateral
sensorimotor cortex, supplementary motor area (SMA), and
visual cortex. This program searches for activation peaks in
the image and will find the center-of-mass (in x, y, and z
stereotactic coordinates) and average F statistic of activated
voxels within a specified radius of the peak. Since the
resolution of the activation image is close to 8 mm (BOLD
images are acquired at a resolution of 3.75 � 3.75 mm
in-plane, with 8-mm slice thickness), a sphere with a 4-mm
radius was used to search for peaks. Adjacent peaks less
than 8 mm (vector distance) away were ignored. Subsequent
analyses of the location of activation foci were performed

with the coordinates of the center-of-mass of this sphere.
For time course analyses, the MR response during each of
the seven frames was averaged among the voxels in this
4-mm-radius sphere. Selection of foci was done on an in-
dividual subject basis, as the purpose of the present study
was to examine the intersubject variability of fMRI data.

The peak-search algorithm found multiple activations in
visual cortex, sensorimotor cortex, and SMA. However, in
order to study variability of fMRI activations, it is important
that the “same” activation be compared in all subjects.
Therefore, a protocol was developed to consistently choose
the “same” functional activation for each region in each
subject. To that end, underlying brain anatomy was used as
the basis for selection of activation foci. First, an anatomical
landmark (a particular sulcus or gyrus) was identified in
each region on the structural MP-RAGE images. Then,
omnibus F statistic images were overlaid onto the anatom-
ical images. Using the output of the peak-search algorithm,
the coordinates of the activation located on or nearest to the
anatomical landmark were used for further analyses. Four
activations were chosen to be plotted in each hemisphere in
all subjects (a total of eight activation foci).

In the sensorimotor cortex (Fig. 1A), the “omega”-shaped
hand region of the central sulcus was identified on a transverse
section of the brain, and two activation foci found on the
medial and lateral arms of the “omega”. The omega-shaped
knob corresponds to the contralateral hand representation in
primary motor and somatosensory cortex (Sastre-Janer et al.,
1998; Yousry et al., 1997). In many cases, the medial and
lateral activation foci could be found on the same section; in
other cases, the omega was traced to more superior or inferior
sections so that both activations could be identified.

For the SMA activation (Fig. 1B), the paracentral sulcus
(which constitutes the anterior border of the paracentral
lobule) was found on the medial wall (on sagittal section)
and gyri anterior to this were labeled g1 and g2. The acti-
vation located on g2 or the g1/g2 border was used in the
analysis; in the few cases when there was no activation on
g2, the activation on g1 was used (2 children, 1 adult).
Except for 2 child subjects (whose activations were located
on coronal plane Y � 1), all SMA activations were located
posterior to the coronal plane of the anterior commissure, in
accordance with known boundaries of human SMA proper
(Picard and Strick, 1996). In 15 subjects (6 adults, 9 chil-
dren) in whom the left and right SMA activations were
indistinguishable (located at the midline, less than 8 mm
apart), the same coordinates were used for both right and
left SMA analyses.

For the visual cortex (Fig. 1C), sagittal and coronal
sections of the brain were examined to identify the lateral
occipital sulcus (LOS) at the occipital pole, located lateral
and superior to the calcarine sulcus. The activation on or
closest to the posterior tip of the LOS was plotted. This
activation was chosen (rather than one on the calcarine
sulcus, for example) because it was more consistently iden-
tifiable on a single-subject basis.
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Statistical analyses of activations

After selection of activation foci in each region and in
each subject, average time courses for each spherical acti-
vation were subjected to a repeated measures ANOVA
(Group, adult or child; MR frame, 1–7) in order to examine
differences in the temporal profile of the time courses be-

tween children and adults. A separate ANOVA (Group,
adult or child) was performed on the peak amplitudes from
each time course to determine differences in maximum
percentage signal change values between children and
adults. F tests for the equality of variances were used to
assess differences in the variability of peak amplitudes of
time courses across the two groups.

To examine group differences in average location of
activations, the stereotactic coordinates of activation foci
were used to perform multivariate analyses of variance
(MANOVA) for each of the eight foci. The dependent
variables were x, y, and z coordinates, and Group (adult or
child) was the between-subjects independent variable. To
measure the variability of activation location in the two
groups, F tests for the equality of variances were performed
for each coordinate in each region. As before, coordinate
was the dependent measure in all analyses.

Voxel-by-voxel ANOVA

All analyses up to this point were performed on regions
defined individually. Pragmatically, many fMRI studies use
voxelwise group comparisons to analyze group differences
or to define regions of interest. In order to confirm that
transformation to a common template is a useful technique
for direct comparison of adult and child fMRI data (i.e., it
does not produce spurious between-group differences), we
next performed a whole-brain voxel-by-voxel ANOVA with
Group (adult or child) and Time (MR frame 1–7) as the two
factors. The resulting images were corrected for the large
number of comparisons using the Monte Carlo method (24
contiguous voxels with Z score � 3.5 are needed to achieve
P � 0.05). If there are few functional differences between
child and adult brains transformed into a common space,
there should be a lack of statistical significance in the Group
� Time interaction image.

Results

Behavioral results

Behavioral performance data were analyzed for response
times and errors. Reaction times for “onset” and “offset”
button presses were analyzed with two-tailed two-sample t
tests. “Onset” response times were significantly longer in
the children (595 ms) than in the adults (351 ms) (T30 � 5.8,
P � 0.00001), but there was no significant difference in the
“offset” button-press response times (children, 720 ms;
adults, 650 ms) (T29 � 1.3, P � 0.05). This may be due to
the fact that the flickering checkerboard stimulus was pre-
sented for a fixed duration of 1.26 s, and therefore its offset
was predictable. “Offset” reaction times for one child were
unavailable due to technical problems.

Button-press errors were divided into “onset” omissions,
“offset” omissions, and depression of inappropriate buttons.

Fig. 1. Selection of activation foci. Anatomical landmarks are identified on
three representative brains on the left panels, with activation foci (red dots)
overlaid on the right. (A) Sensorimotor cortex (transverse section Z � 54).
The “omega”-shaped hand area was first identified on an anatomical image
(left). Arrows point to lateral and medial arms of the omega. Activation
images were then overlaid on the anatomical images (right) and activation
foci located on the medial and lateral arms of the omega were chosen for
further analyses. The SMA can also be found on this section (on medial
wall). (B) Supplementary motor area (SMA). Sagittal anatomical sections
near the midline (such as this section X � �3) were examined for the
paracentral sulcus, which constitutes the anterior border of the paracentral
lobule (left). Preceding gyri were labeled g1 and g2 (arrows). Activation
images were overlaid on anatomical images (right) and activations located
on g2 were used in subsequent analyses. (C) Visual cortex. Sagittal (top)
and coronal (bottom) sections were examined for the lateral occipital
sulcus (LOS; arrows) at the occipital pole. This sulcus is located lateral and
dorsal to the calcarine sulcus. The activation on or closest to the posterior
tip of the LOS was selected for further analyses (right panels). The sections
depicted in this panel are X � 23 and Y � �95.
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Percentages of errors were calculated for each individual
and two-tailed two-sample t tests performed on the two
groups. Omissions at the onset of the flickering stimulus
were few in both child and adult subjects (median percent-
ages of omissions, 0.5% for child subjects and 0% for adult
subjects), and there was no significant difference in their
percentages (T30 � 0.26, P � 0.05). Omissions at the offset
of the flickering checkerboard were significantly more fre-
quent in child subjects (median percentage of “offset” omis-
sions, 6.8%) than in adult subjects (median percentage of
“offset” omissions, 0.2%)(T29 � 2.4, P � 0.05). In addition,
child subjects made a greater number of incorrect responses,
e.g., pressing the “onset” button at the offset of the flicker-
ing stimulus and vice versa (T30 � 5.5, P � 0.00001)
(median percentages of incorrect responses, 1.5% for chil-

dren and 0% for adults). One possible source of inaccuracy
in the numbers of omissions is the fact that the button-press
device used in the scanner was somewhat stiff, which may
have resulted in incomplete depression of buttons by child
subjects, and our inability to record responses.

Spatial normalization

In the spatial normalization procedure, individual MP-
RAGE images are warped to an atlas representative target.
Eta (�) is the correlation coefficient, and �2 is a measure of
the variance accounted for by the transform. Eta values
above 0.985 are considered satisfactory. Average � result-
ing from the transform was similar in the two groups
(0.9899 for adults and 0.9870 for children), although, due to

Fig. 2. Results from the time course analyses. Average time courses in each region are depicted as a function of time and group (adult vs child). Each MR
frame is 2.5 s. P values from the repeated-measures ANOVA on frames 1–7 are shown next to each time course.
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the small variance, the means were significantly different
(T30 � 5.6, P � 0.00001).

Movement analysis

Measures of head movement were obtained from the
output of the rigid-body translation and rotation algorithm
(Snyder, 1996). Translations and rotations in the x, y, and z
dimensions were averaged across frames, and total rms
linear and angular precision measures calculated for each
BOLD run. These values were then averaged for all runs
within a subject, and two-sample t tests performed on the
two groups. Based on this parameter, child subjects had
significantly more head movement on average than adult
subjects (T30 � 3.7, P � 0.001), although average rms
values for both groups were well under 1 (0.41 for children
and 0.24 for adults). A total movement value of 1.5 was
predefined as the criterion for exclusion of single runs from
further analyses; however, no individual runs were excluded
on the basis of movement parameters. These results are in
agreement with other studies showing that children generally
have more head motion in their data than adults (Poldrack et
al., 2002; Schlaggar et al., 2002; Thomas et al., 1999).

Time course analyses

Results from the time course analyses are reported in
Table 1 and depicted in Fig. 2. Since eight activation foci
were compared for the two groups, a Bonferroni-corrected P
value of 0.00625 was used as the threshold for significance.
P values that were nonsignificant before correction are re-
ported as such (P � 0.05), those that were nonsignificant
after correction are reported as P � 0.00625, and those that
were significant after correction for multiple comparisons
are reported as P � 0.00625.

Repeated measures ANOVA across the seven time
points (frames) showed that, for seven activation foci (bi-
lateral visual, bilateral SMA, left sensorimotor medial and
lateral, and right sensorimotor lateral), there were no sig-
nificant differences between the average timecourses for
adults and children (all Ps � 0.00625, five Ps � 0.05)
(Table 1). A significant time course by age interaction was

found in the right sensorimotor medial activation (P �
0.00625). In a separate repeated measures ANOVA on frames
1–5 of each time course (emphasizing the time points of
maximal change), seven activation foci showed no differences
between adults and children (all Ps � 0.05); time courses in the
right sensorimotor medial activation remained significantly
different between children and adults (P � 0.00625) (Table 1).

To determine whether peak amplitudes of the time
courses were different between children and adults (whether
the time course by age interaction in the right sensorimotor
medial activation was due to differences in time course
magnitude), a separate ANOVA was performed using the
maximum percentage signal change value among the seven
frames. None of the activation foci showed a significant
difference between children and adults in maximum per-
centage signal change (all Ps � 0.05). These results are in
accord with other studies also showing that average MR
signal intensity is not different between children (ages
8–10) and adults (Thomas et al., 1999).

F tests for the equality of variances were conducted on the
peak amplitudes of each time course. No significant effects of
age were observed in any of the eight foci (all Ps � 0.05).

Mean locations of foci

Groupwise average locations of activation in each region
are reported in Table 2, with the corresponding standard
deviations. Results from MANOVA on each region are
reported in Table 3. As before, a Bonferroni-corrected P
value of 0.00625 was used as the threshold for significance.

Results from analyses of the bilateral sensorimotor cor-
tex and bilateral SMA foci are depicted in Fig. 3. Mean
coordinates � SD are overlaid on two representative brain
outlines. On the coronal view, the y axis has been collapsed
so that all six foci can be represented on a single slice, in
order to facilitate visual comparison. On the horizontal
view, the z axis has been collapsed for the same reason.
Locations of activations were not statistically different be-
tween adults and children in these six foci (right sensori-
motor medial, right sensorimotor lateral, left sensorimotor
medial, left sensorimotor lateral, right SMA, and left SMA)
(all Ps � 0.05).

Table 1
Results from repeated measures ANOVA on time courses

Region Frames 1–7 ANOVA Frames 1–5 ANOVA

F statistic P value F statistic P value

SMA Right 2.044 0.062 0.589 0.671
Left 2.177 0.047 0.628 0.643

Sensorimotor medial Right 4.890 0.001 3.879 0.005
Left 0.970 0.447 0.912 0.459

Sensorimotor lateral Right 2.669 0.017 1.204 0.313
Left 1.148 0.337 0.741 0.566

Visual cortex Right 1.795 0.103 0.942 0.442
Left 0.872 0.516 0.976 0.423
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Results from analyses of the visual cortex activations are
depicted in Fig. 4. Mean coordinates � SD are overlaid on
two representative brain outlines. Again, z coordinates have
been ignored on the horizontal view, and y coordinates
ignored on the coronal view. Locations of foci were not
statistically different between adults and children in both
right (P � 0.05) and left (P � 0.00625) visual cortex
activations, although the difference in the location of the left
visual cortex activation (vector distance � 4 mm) ap-
proached significance (P � 0.008). This difference was
mainly along the y axis, as can be seen in Fig. 4A.

Variability of foci

F tests for the equality of variances showed that, for all
eight foci, there were no significant differences in the vari-
ability of activation location between children and adults
(all Ps � 0.05). This can also be predicted from the visual
similarity of the error bars in Fig. 3 and 4. Pooled mean
standard deviation values for all axes across all eight regions
were 4.18 and 4.04 mm for adults and children, respectively.

Intersubject variability of functional areas (as measured
by standard deviations in millimeters along each axis) has
been reported to be in the range of 3–7 mm, for adult visual
cortex (Belliveau et al., 1991; Fox et al., 1986; Hasnain et
al., 1998), motor cortex (Ramsey et al., 1996), and somato-
sensory cortex (Fox et al., 1987; Schlaug et al., 1994). These
findings are in agreement with our results for both children
and adults, which were 2.4–5.7 mm.

Voxel-by-voxel ANOVA

The voxel-by-voxel Group � Time interaction image is
shown in Fig. 5. No differences were detected between child

and adult brains in most regions of the brain, including
bilateral visual cortex, bilateral SMA, and left sensorimotor
cortex. Interestingly, there was a differential response
across time in the right sensorimotor cortex (Fig. 5; arrow),
about 5 mm (vector distance) away from the right SM
medial activation used in our analyses. This focus had the
same pattern of time courses as the right SM medial focus,
except that the peaks of both child and adult average time
courses were smaller in amplitude. Thus, our results from
the individual-based analyses and the voxelwise analysis
were largely comparable.

Discussion

Major findings

Among the eight activation foci examined, time courses
were similar between children and adults in seven foci, and
in the eighth, there was no difference in peak amplitude.

Table 3
Results from MANOVA on locations of activation foci

Region MANOVA
(P value)

SMA Right 0.92
Left 0.53

Sensorimotor medial Right 0.80
Left 0.16

Sensorimotor lateral Right 0.62
Left 0.99

Visual cortex Right 0.26
Left 0.008

Table 2
Mean locations of activation foci and their standard deviations along x, y, and z axes

Region Mean location (mm) (Talairach
coordinates)

Standard deviation (mm)

x y z x y z

Left SM lateral Adult �41 �24 51 3.0 4.4 4.4
Child �41 �24 50 2.4 3.8 2.9

Right SM lateral Adult 40 �21 52 4.0 4.3 3.7
Child 38 �21 52 3.7 4.0 4.6

Left SM medial Adult �31 �31 54 4.8 3.6 5.5
Child �31 �30 50 3.5 4.0 3.4

Right SM medial Adult 30 �29 54 4.6 3.3 4.2
Child 29 �28 53 3.8 4.4 3.7

Left SMA Adult �4 �8 53 3.5 3.8 5.6
Child �2 �8 52 3.8 5.3 5.3

Right SMA Adult 2 �9 53 3.8 4.1 4.6
Child 3 �8 53 3.5 5.3 5.3

Left visual Adult �19 �96 �3 3.1 3.3 4.6
Child �21 �100 �4 4.1 2.7 3.5

Right visual Adult 23 �96 1 3.0 3.8 4.9
Child 24 �97 1 3.7 4.0 5.7

Note. The x, y, and z coordinates are in a standard stereotactic space (Talairach and Tournoux, 1988) in which positive values refer to regions right of (x),
anterior to (y), and superior to (z) the anterior commissure.
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Fig. 3. Results from MANOVA on bilateral sensorimotor cortex and bilateral SMA activations. Mean coordinates of activations are overlaid on representative
(A) horizontal and (B) coronal brain outlines. The right hemisphere is shown on the right. Error bars indicate standard deviation along that axis. In B, y
coordinates have been ignored and all foci represented on one slice (at the level of the green dotted line in A), so that they may be more easily compared.
Thus, it appears that all six foci are located on the same coronal section, which is not the case (as can be seen in A).
Fig. 4. Results from MANOVA on bilateral visual cortex activations. Mean coordinates of activations are overlaid on representative (A) horizontal and (B)
coronal brain outlines. Only the posterior part of the brain is depicted on the horizontal outline. The right hemisphere is shown on the right. Error bars indicate
standard deviation along that axis. In A, z coordinates have been ignored and in B, y coordinates have been ignored, so that all foci can be represented on
one slice.
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Mean locations of activations were also statistically similar
between children and adults for all eight foci. Although the
difference in the location of the left visual cortex activation
may be considered significant using a significance threshold
of P � 0.05, this difference was approximately 4 mm and
therefore below the resolution of functional imaging data.
Variability in location of activation foci was comparable in
the two groups, for all regions examined. These findings
suggest that functionally similar regions show similar
BOLD responses in both children and adults performing a
visuomotor task and that spatial normalization does not
significantly distort these patterns of brain activation.

The results of the voxel-by-voxel ANOVA support these
findings, particularly for the visual cortex, sensorimotor
cortex, and SMA. There were other regions of the brain,
however, in which significant differences were found in the
time courses of children and adults. For example, prelimi-
nary results showed that, in the precuneus (Fig. 5; arrow-
heads), adults had a negative BOLD response, while chil-
dren had a positive BOLD response. Although it is possible
that some regions of significant activity in this image may
have been generated by suboptimal spatial normalization,
these results actually support the opposite conclusion.

Suboptimal spatial normalization is likely to result in
displacement of functionally similar foci, or large differ-
ences in variability between the two groups. Thus, one
would expect to find positive BOLD responses for one
group and not the other in a particular region, while in a
nearby region, the opposite may be true. It is difficult to
explain the pattern of time courses in the precuneus through
suboptimal spatial normalization. In fact, the presence of
negative and positive time courses for the two groups in a
single region can be construed as indirect evidence that the
difference is not produced by spatial normalization, but is in
fact due to actual physiological differences between the two
groups.

It is possible that large differences in variability were
spuriously generated in regions of the brain not investigated
in this study. However, the similarity of anatomical vari-
ability between child and adult brains across various sulci,
shown by Burgund et al. (2002), suggests that this is un-
likely. In addition, variability of activation location seems to
be relatively uniform across brain regions. The location
variability of higher order association cortex has been found
to be similar to that of primary cortex, in language-related
regions such as BA 44, BA 47, BA22, and BA 32 (Fox and
Pardo, 1991; Xiong et al., 2000), cingulate motor regions
(Grafton et al., 1993), anterior cerebellum (Fox et al.,
1985b), and extrastriate cortex (Hasnain et al., 1998;
Schneider et al., 1994; Watson et al., 1993).

A detailed investigation of all the regions of significant
difference between the two groups is beyond the scope of
this study. However, the present results provide some evi-
dence to suggest that these differences are not produced by
differential normalization of adult and child brains, but may
be true physiological differences between the two age
groups. In other words, similarity of responses in early
cortical processing regions allows us to suggest that differ-
ences in higher order cortical regions may indeed be true
differences, rather than artifacts of spatial normalization.
For instance, some of these regions may be associated with
maturational changes, while others may be related to the
poorer performance in child subjects (Schlaggar et al.,
2002).

One possible criticism of the methodology is that in
order to select foci, an anatomical landmark was identified,
and the activation on that landmark chosen. However, the
fact that the same anatomical landmark was consistently
identifiable in a similar location in most subjects, and that
there was a functional activation located on or near that
landmark, argues for the similarity of adult and child brain
functional anatomy in the studied regions.

While we tried to control for task performance by using
a relatively simple task and having the children practice
before the actual scan, our behavioral results show that we
did not entirely succeed. In spite of the discrepancy in task
performance, however, we found that adult and child func-
tional neuroimaging data are remarkably similar when
transformed to a common space, at least for the visual
cortex, sensorimotor cortex, and SMA. In addition, although
error trials were not removed from the analysis, average
time courses for the child subjects were comparable to those
of adult subjects in the regions studied.

Spatial normalization

Spatial normalization, or transformation into a common
stereotactic space, is a powerful tool that allows direct
statistical comparison of data sets between different subjects
(Fox et al., 1985a). Two commonly used templates for adult
neuroimaging studies are the Talairach atlas, based on an
elderly woman (Talairach and Tournoux, 1988), and the
Montreal Neurologic Institute atlas, based on a group of
young adults (Collins et al., 1994).

These atlases have not been entirely validated for use in
children (but see Burgund et al., 2002, and Muzik et al.,
2000), and in fact, concerns have been raised that children’s
smaller brain sizes and age-dependent differences in pro-
portional brain region size will affect warping their brain
images into standard atlases (Caviness et al., 1996; Gaillard

Fig. 5. Group � Time interaction image from voxel-by-voxel ANOVA. The right hemisphere is shown on the right. The color scale corresponds to
ANOVA-derived Z scores. Two representative slices are shown, a horizontal section through the sensorimotor cortex (left) and a coronal section through the
visual cortex (right). Note the lack of statistical significance in the visual cortex, SMA, and sensorimotor cortex (circles), indicating that time series of voxels
are similar for children and adults in these regions. On the left, the arrow points to the right sensorimotor focus showing a difference between children and
adults. Arrowheads point to the precuneus.
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et al., 2001a; Pfefferbaum et al., 1994). These concerns,
along with the lack of validation of the spatial normalization
procedure in pediatric brains, may have deterred researchers
from performing direct statistical comparisons between
groups of children and adults.

In order to exploit the full potential of fMRI as a tool for
studying human brain development, it is desirable that a
stereotactic approach to the analysis of pediatric neuroim-
aging data be available. The present findings, and those of
Burgund et al. (2002) and Muzik et al. (2000), provide
evidence that spatial normalization to an adult-derived tem-
plate is feasible in children at least 7 years of age. Hope-
fully, this work will encourage researchers of pediatric pop-
ulations to perform direct statistical comparisons using a
common frame of reference.

The present results might not generalize to children
younger than 7 years of age. In a study of children with
epilepsy, Chugani and colleagues demonstrated that, when
compared to an older group of children (ages 7–14), the
brains of younger children (ages 2–6) were associated with
greater error after spatial normalization to an adult template,
resulting in artifacts in SPM analysis (Muzik et al., 2000).
Further studies on younger populations need to be done in
order to determine the age range at which transformation to
a common template is useful. Alternatively, a target atlas
derived from both children and adults may prove more
feasible for younger children. Such a strategy of an amal-
gam atlas has been used in studies of aging (Buckner et al.,
2000; Snyder et al., 2000).

Recent developmental neuroimaging studies

Despite the methodological and statistical challenges as-
sociated with performing fMRI in pediatric populations,
many researchers are using noninvasive imaging methods to
study both normal and abnormal brain development. Sev-
eral recent studies have used fMRI in children to identify
the functional neuroanatomy of working memory, response
inhibition, verbal fluency, reading, visual recognition, and
imagery (Booth et al., 1999; Bunge et al., 2002; Casey et al.,
1995, 1997; Gaillard et al., 2000, 2001b; Holland et al.,
2001; Klingberg et al., 2002; Nelson et al., 2000; Thomas et
al., 1999). Studies have also analyzed differences in patterns
of brain activation between normal children and children
with dyslexia (Temple et al., 2001) or attention-deficit hy-
peractivity disorder (Vaidya et al., 1998). Many of these
studies have made conclusions based on the presence or the
absence of activations and their extent, rather than direct
statistical comparisons.

A few researchers have utilized both spatial normalization
to a template brain and direct voxelwise statistical comparison
to characterize differences in brain activations between chil-
dren and adults in tests of lexical processing (Schlaggar et al.,
2002) and response suppression (Luna et al., 2001).

One example of the effect of direct voxelwise compari-
son was demonstrated in a recent study on single word

lexical processing in school-age children and adults
(Schlaggar et al., 2002). After transformation of all images
to a common stereotactic space, the main effect of time
images for each group showed similar patterns of activation.
A voxel-by-voxel ANOVA was then performed on all sub-
jects, with Time as a within-subject factor and Group as a
between-subject factor. The Group � Time interaction im-
age revealed several regions of differential activity between
children and adults. These results would not have been
found with simple voxelwise addition and subtraction of the
main effect of time images from each group. Thus, this
study highlights the importance of direct inferential statis-
tical comparison within a common frame of reference.

Conclusion

A stereotactic approach to the comparison of adult and
pediatric neuroimaging data would allow children at various
developmental stages to be compared with each other and
with adults, thus facilitating the study of cognitive devel-
opment. Prerequisite to such an approach, we must be sat-
isfied that the BOLD response is not different between
children and adults and that the spatial normalization pro-
cedure itself is not producing spurious anatomical or func-
tional differences. Previously, we have found few anatom-
ical differences in the brains of children ages 7 and 8 and
adults transformed into a common space. In the present
research, minimal functional activation differences were
found in these same age groups. Although by no means an
extensive comparison, these two studies provide prelimi-
nary evidence for the validity of using a common stereo-
tactic space for direct statistical comparison of adult and
pediatric fMRI data.
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