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Abstract: Purpose: Head motion during functional MRI scanning can lead to signal artifact, a problem
often more severe with children. However, the documentation for the characteristics of head motion in
children during various language functional tasks is very limited in the current literature. This report
characterizes head motion in children during fMRI as a function of age, sex, and task. Methods: Head
motion during four different fMRI language tasks was investigated in a group of 323 healthy children
between the age of 5 and 18 years. A repeated measures ANOVA analysis was used to study the
impact of age, sex, task, and the interaction of these factors on the motion. Results: Pediatric subjects
demonstrated significantly different amounts of head motion during fMRI when different language
tasks were used. Word-Picture Matching, the only task that involved visual engagement, suffered the
least amount of motion, which was significantly less than in any of the other three tasks; the latter
were not significantly different from each other. Further examination revealed that the main effect of
language task on motion was significantly affected by age, sex, and their interaction. Conclusion: Our
results suggest that age, sex, and task are all associated with the degree of head motion in children
during fMRI experiments. Investigators working with pediatric patients may increase their success by
using task components associated with less motion (e.g., visual stimuli), or by using this large scale
dataset to estimate the effects of sex and age on motion for planning purposes. Hum Brain Mapp
30:1481-1489, 2009.  ©2008 Wiley-Liss, Inc.
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INTRODUCTION

One of the fundamental limitations in conducting fMRI
studies is the sensitivity of the fMRI method to the effects of
involuntary head motion during volume acquisition in EPI
scanning. The resulting motion artifact can obscure brain
activation and invalidate the statistical parameters com-
puted from the data [Grootoonk et al., 2000; Liao et al. 2006].

Many studies have proposed techniques to proactively
restrain the subjects” head position during scanning and/
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or retrospectively correct for motion using coregistration
algorithms in postprocessing [Biswal wt al., 1997; Friston
et al., 1995; Woods et al., 1998]. More recent efforts include
using motion data as regressor in GLM analysis [Schmi-
thorst and Holland, 2007] and extracting the motion arti-
fact as an independent component [Liao et al., 2006]. How-
ever, none of these efforts are able to completely eliminate
or “undo” the motion and the motion artifact resulting
from long scanning time, discomfort, distractibility, or
other factors. On the other hand, reports regarding the
characteristics of head motion (for adults or children) and
the related confounding factors are rather limited. Hoeller
et al. [2002] investigated the impact of motion artifact on
the fMRI results of sensorimotor cortical activations. They
found that differences between motor tasks led to signifi-
cantly different motion artifact, while no motion artifact
was observed with sensory tasks. Most relevant to our in-
terest is a study conducted by Seto et al. [2001] regarding
the characteristics of head motion measured in a battery of
motor tasks commonly used in fMRI paradigms. It was
found that, for the adult subjects under study, the degree
of motion was strongly dependent on the subject group
(stroke patient vs. healthy adult) and task conditions
(hand griping, ankle flexion, etc). These studies, although
different from the language tasks we are interested in, pro-
vide an important indication about the factors (age, task)
that are likely to be associated with head motion.

Motion is more problematic in children than in adults
and is related to age, sex, attention span, and various neu-
ropsychological and cognitive characteristics that might be
associated with development [Byars et al., 2002; Kotsoni
et al., 2006]. The motivation for this study comes from the
belief that an in-depth understanding of the characteristics
of motion during various language functional tasks will
lead to better experimental designs and improved strat-
egies for analysis of fMRI data from children. This goal
is important in light of the growing applications of fMRI
in pediatric studies and its increasing translation into clini-
cal applications for children with various neurological
disorders.

In this study, we retrospectively analyzed head motion
data obtained from a large number of healthy children
while performing four different language tasks. Our aim is
to investigate how the nature of different language tasks,
as well as the subject’s age and sex, affect the amount of
head motion during fMRI scanning. We also examine the
interaction of these factors, i.e., whether or not the influ-
ence of one factor depends on the other factors.

METHODS

A total number of 422 children between the age of 5 and
18 years (192 girls, 230 boys) participated in a large-scale
fMRI study of language development (NIH-R01-HD38578)
between 2000 and 2005. Of these subjects, 323 (155 girls,
168 boys) finished all the four language tasks in one

fMRI session, and their data were used in our statistical
analysis.

MRI/fMRI scans were all performed on a 3 Tesla Bruker
Biospec 30/60 MRI scanner (Bruker Medizintechnik, Kars-
ruhe, Germany). fMRI scan parameters were: TR/TE =
3,000/38 ms, BW = 125 khz, FOV = 25.6 X 25.6 cm, matric
= 64 X 64; slice thickness = 5 mm. Details for the proce-
dure can be found in Holland et al.,, 2007. Image recon-
struction and postprocessing were conducted using Cincin-
nati Children’s Hospital Image Processing Software
(CCHIPS®), an IDL"-based program (ITT Visual Informa-
tion Solutions, Boulder, CO) [Schmithorst et al., 2000].

This study was approved by the Institutional Review
Board at the Cincinnati Children’s Hospital Medical Center
(CCHMC). Written consent was obtained from the parents,
and the subjects gave either verbal or written assent.

Prior to the fMRI session, children were given an orien-
tation to the MR scanning process that consisted of watch-
ing an 8-min video taped introduction to the procedure
followed by specific training for each of the language
tasks. The training was done at a computer workstation
running the same paradigms presented during the fMRI
scanning. Finally, young children were given special prep-
aration and desensitization to the MRI scanner itself that
consisted of increasing duration of time inside the scanner
room performing experiments with the magnetic field and
non-feromagnetic metallic objects in addition to multiple
entries into the magnet bore both on and off of the bed
[Byars et al., 2002].

The Language Tasks

The fMRI tasks used in the study were four child-
friendly language tasks, namely, Syntactic Prosody, Story
Processing, Word-Picture Matching, and Verb Generation.
These tasks are described in detail elsewhere [Holland
et al., 2007] and were designed to tap a range of language
skills. For the purposes of this article, it is important to
note that the Syntactic Prosody and Word-Picture Match-
ing tasks were designed to tap language skills that develop
early in childhood whereas Story Processing and Verb
Generation tapped skills thought to have a protracted pe-
riod of development. Furthermore, all tasks except Word-
Picture Matching used auditory stimuli only. Word-Picture
Matching employed both auditory and visual stimuli. All
tasks except Story Processing required children to make
responses during the scan. No response during the scan
was required for the Story Processing task. Verb Genera-
tion required covert generation of verbs associated with
nouns presented aurally. Syntactic Prosody and Word-
Picture Matching recorded responses via pressing buttons
in the right or left hand.

The fMRI Paradigm

The four language tasks were delivered in a random
order during a single fMRI scanning session. The total
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time needed to complete the session was between 40 to 60
min, including scanning time for all four functional tasks
and anatomical imaging, as well as other necessary prepa-
ration time. Those subjects who were not able to complete
all four tasks in one session were excluded from the analy-
sis in this report because of the nature of the statistical
methodology (repeated measures ANOVA) used in our
study.

All four tasks used a similar block-design format. For
the Story Processing, Word-Picture Matching, and Verb
Generation tasks, each block was 30-sec long and the five
cycles of task-control blocks led to total scanning time of
330 sec for each paradigm. For Syntactic Prosody, the task
period was 45-sec long, which led to the total scanning
time of 405 sec.

The control tasks were designed to account for the sen-
sory/motor and other nonlanguage specific components
during language tasks. A tone task was used as the control
task for Story Processing and Syntactic Prosody tasks. An
image discrimination task and bilateral finger tapping
were used in the paradigms for Word-Picture Matching
task and Verb Generation task, respectively.

Head Motion Monitoring and Calculation

As an initial compliance screening, operators monitored
the subject closely during scanning via closed circuit TV. If
subject motion was detected at this stage, the scan was
halted. Instructions about the importance of remaining still
were repeated via the intercom and headphones, and the
scan was repeated. As a second level of screening for head
motion, the EPI data were reconstructed online and
reviewed as a cine loop on the operator’s console immedi-
ately following completion of each scan, while the next
task was administered. Datasets that were clearly contami-
nated by gross head motion based on visual inspection
could be repeated at the end of the series if the subject
remained compliant. These methods were designed to
reduce the failure rate and improve the overall quality of
the data set but did not provide a consistent or quantita-
tive assessment of head motion. Analysis of the failure
rates of children performing these tasks is presented else-
where [Byars et al., 2002].

A quantitative “motion parameter” was developed using
the pyramid method of coregistration developed by Theve-
naz and Unser [Thevenaz et al., 1998]. Among the series of
images in each scan, the first image was used as the refer-
ence frame and each of the subsequent frames was tested
and evaluated for motion relative to the reference using
the transformation matrix calculated by the realignment
algorithm. The norm of the 3D displacement was com-
puted for each frame based on the realignment transforma-
tion matrix. It should be noted that, if there is rotation, the
displacement is not the same for all voxels in the volume.
In that case, the maximum voxel displacement is used.
The median value of the displacement for the entire time
series of frames was calculated and used as the motion

parameter in the present study. This value is calculated in
units of pixels with the dimensions of each pixel being 4
X 4 X 5 mm. As described in the Statistical Analysis, pre-
dicted marginal means based on the GLM model were
used to compare and demonstrate the effect and interac-
tion of the various factors.

Ardekani et al. [2001] tested the reliability of this algo-
rithm in a dataset with known motion and found that it
was very accurate. In the present study, the results of the
quantitative analysis were compared to the judgment of
experienced neuroimaging experts. Four experts in the
research group (SKH, JR, V]S, AWB) agreed on a guideline
(Appendix) for motion in fMRI time series data. This
group then used the guideline to rate a randomly-selected
subset of 20 scans by visually examining the cine loop
composed from the sequence of 110 EPI volumes compris-
ing each functional image series. Scans were rated on a
scale from 1 to 4, where a 1 corresponded to the absence
of visually detectable motion and a 4 to motion sufficient
to render the data unusable.

In addition to the aforementioned measures, we also
examined the reliability of the motion calculation algorithm
with a recently developed statistical image analysis method
specifically designed for the suboptimal fMRI datasets [Sza-
flarski et al., 2006]. A cost function, the normalized root
mean square deviation from reference frame, was calculated
on a frame by frame basis as the criterion for the presence of
motion. Comparing this cost-function based method with
the three-dimensional retrospective analysis as used in the
present study, we found a very good correlation (0.87-0.9,
not presented in the present report).

Statistical Analysis

Statistical analysis was done using the Statistical Package
for Social Sciences, v.12 (SPSS, Chicago, IL). Correlation
analysis was used to examine the inter-rater reliability of
the expert ratings and their accordance with the motion
parameter. Correlation analysis was also used to study the
association between head motion and the time course of
task/control cycles. A standard ANOVA was used to test
the impact of task order as a possible factor that affects
head motion.

A General Linear Model, repeated measures, three-way
ANOVA was performed with fMRI task as a within-sub-
jects factor, and age and sex as between-subjects factors.
The four language tasks represented the four levels for the
within-subjects factor. When a factor was significantly
associated with the observed motion, a multiple compari-
son was used to study the influence of the specific level
within that factor.

Marginal means, i.e., the weighted average of the condi-
tional means, with weights being the frequency of occur-
rence in subgroups, were estimated from the model after
adjusting for specified between- and within-subject factors.
The estimated marginal means are predicted, not observed,
and are based on the specified linear model. In our study,
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we used the estimated marginal means of head motion to
produce line plots (also called interaction plot or profile
plot) across different levels of the between subject factors
to study the pattern and interaction (which is the reflection
of effect) of different factors.

RESULTS

As mentioned earlier, 323 children were able to finish all
four language tasks in one session and thus were included

TABLE |. Descriptive statistics of head motion (in units
of pixles, each pixel has dimensions of 4 X 4 X 5 mm)

Age

Tasks group Sex N  Mean STD
Prosody processing Younger  Girl 52 0496 0343
Boy 52 0590 0.613

Total 104 0.543 0.497

Middle Girl 60 0.353 0.246

Boy 79 0384 0312

Total 139 0.370 0.285

Older Girl 43 0274 0178

Boy 37 0371 0219

Total 80 0.319 0.202

Total Girl 155 0379 0.281

Boy 168 0445 0.424

Total 323 0413 0.364

Story processing Younger  Girl 52 0390  0.259
Boy 52 0813 1.076

Total 104 0.602  0.807

Middle Girl 60 0341 0274

Boy 79 039% 0277

Total 139 0372 0276

Older Girl 43 0236 0.204

Boy 37 0354 0.262

Total 80 0.290 0.239

Total Girl 155 0.328  0.257

Boy 168 0.516  0.667

Total 323 0426 0.520

Word-picture matching  Younger  Girl 52 0330 0.187
Boy 52 0325 0.205

Total 104 0.328 0.195

Middle Girl 60 0308 0.197

Boy 79 0323 0.200

Total 139 0.317 0.198

Older Girl 43 0264 0402

Boy 37 0251 0.123

Total 80 0.258 0.304

Total Girl 155 0303  0.267

Boy 168 0308 0.189

Total 323 0.306 0.229

Verb generation Younger  Girl 52 0.604 0.926
Boy 52 0413 0.202

Total 104 0509 0.673

Middle Girl 60 0310 0.147

Boy 79 0451  0.550

Total 139  0.390 0.430

Older Girl 43 0226 0.155

Boy 37 0365 0.358

Total 80 0290 0.276

Total Girl 155 0.385  0.569

Boy 168 0420 0.427

Total 323 0403 0.500

TABLE Il. Cross correlation between head motion
based on calculation and expert rating

Expert rating Head motion

El E2 E3 E4 calculation
E1l 1 — — — —
E2 0.91 1.00 — — —
E3 0.95 0.94 1.00 — —
E4 0.95 0.95 0.96 1.00 —
Head motion 0.77 0.79 0.77 0.80 1.00
calculation

E1~4: Expert 1~4.

in the statistical analysis of motion. The descriptive statis-
tics of the head motion data for these subjects is listed in
Table I.

Concordance of Expert Ratings and
the Motion Parameter

From the entire 1,292 (= 323 subjects X 4 tasks) fMRI
motion data samples, 20 cases were randomly selected
without regard to the age and sex of the subjects or the
task during fMRI scanning. Correlations were calculated
between the ratings by the four experts and also between
the ratings and the motion parameter calculated from the
coregistration algorithms. As shown in Table II, the ratings
of head motion by the four experts are highly correlated
with each other at the level of R > 0.91 and they are also
consistent with the quantitative motion parameter at the
level of R > 0.77.

Influence of Task Order on Head Motion

The four language tasks were presented to each subject
in a counterbalanced order (Table III). An ANOVA was
performed for the head motion in each task using task
order as the factor that categorized the samples into eight
sub-groups for each task. Table IV shows that, for any
task, the task order as used in our experiment did not
have a significant impact (at a P-level of 0.05) on head
motion. In other words, when a subject performed a task,
Syntactic Prosody for example, the motion was not signifi-
cantly associated with what other tasks had been per-
formed before the current one. It should be noted that the
impact of task order approaches significance for verb gen-
eration task (P = 0.06). We conducted multiple compari-
sons with Post Hoc tests to examine motion in the verb
generation task performed in different task orders. The
motion for the verb generation task performed in task
order “E” (as in Table III) was found significantly different
when compared with other task orders (P < 0.05, with the
order “F” being the only exception). Further examination
showed that two subjects (out of 47 subjects scanned in
task order “E”) had very large head motion (motion =
5.89 and 3.22). Without these two subjects, the motion for
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TABLE lll. Eight different combinations of task orders used in the experiment

Task order

1 2

3 4

Story processing
Story processing
Verb generation
Verb generation
Prosody processng
Prosody processing
Word-picture
Word-picture

Word-picture
Word-picture
Story processng
Story processing
Verb generation
Verb generation

TOTHTO >

Prosody processing
Prosody processing

Word-picture

Verb generation
Prosody processing
Story processing
Verb generation
Word-picture

Story processing
Prosody processing

Verb generation
Word-picture

Story processing
Prosody processing
Word-picture

Verb generation
Prosody processing
Story processing

this task order (order “E” in Table III) is not statistically
different from motion in any other order and the impact of
task order on motion in verb generation (ANOVA) no lon-
ger approaches significance (P = 0.28). This suggests that
the overall order effect at P < 0.06 for verb generation is
the results of a very small number of subjects who
happened to have large motion during the experiment.

Task-Correlated Motion

The correlation between head motion and the corre-
sponding time course of task/control cycles was tested for
each subject during each individual task to see if perform-
ing a certain language task induced a different magnitude
of motion compared to control phases. Table V and Figure
1 show that the correlation analysis failed to establish a
strong association between head motion and the task/con-
trol cycle. Using the same methodology we also calculated
the head motion during the target behavior phase only, for
all of the four tasks, to test whether performing target
behavior alone would result in greater head motion. The
observed mean head motion calculated this way was
within the range of 0.01 to 0.02 (unit in pixel) from the
value calculated for the entire time series for each task.
None of these differences was significant. In summary, our
analysis indicates that motion during each fMRI task did
not depend on whether the subject was performing the

target behavior or the control condition for the target lan-
guage behavior.

Analysis of Task, Age, and Sex Effects

A repeated measures three-way ANOVA using the
general linear model (GLM) in SPSS was applied to test
the impact of task (within-subject factor), age and sex
(between-subject factors), and the interaction of these fac-
tors on motion observed in fMRI scanning. Based on the
multivariate test (Wilks’ test), the subjects demonstrated
significantly different head movement during different lan-
guage tasks (F(3,315) = 14.18, P < 0.0005). The pattern of
differences observed among tasks is significantly different
among different age groups (F(6,630) = 3.94, P = 0.001).
The sex of the subject also exerts significant impact on the
motion in different tasks (F(3,315) = 4.41, P = 0.005).
Finally, the combination of these two between-subject fac-
tors (age and sex) interacts with the task factor and signifi-
cantly affects the motion outcome (F(6,630) = 3.56, P =
0.002). It should be noted that the result reported for age is
based on a categorical scale. During the initial analysis,
age was used as a continuous variable and similar results
were observed. We retrospectively group the data into
three age levels: Younger (5 to 9 years), Middle (10 to 14
years), and Older (15 to 18 years). The comparison of head
motion using the two different age categorizations is

TABLE IV. ANOVA results for task order (N = 323)

Sum of squares df Mean square F P
Prosody processing Between groups 824 7 0.118 0.888  0.52
Within groups 41.749 315 0.133
Total 42.573 322
Story processing Between groups 3.145 7 0.449 1.683  0.11
Within groups 84.078 315 0.267
Total 87.223 322
Word-picture matching  Between groups 0.323 7 0.046 0.876  0.53
Within groups 16.598 315 0.053
Total 16.921 322
Verb generation Between groups 3.410 7 0.487 1991  0.06
Within groups 77.066 315 0.245
Total 80.476 322

¢ 1485



¢ Yuan et al. ¢

TABLE V. Descriptive statistics of the cross-correlation between task/control cycle and head
motion for different tasks

Task N Mean Std dev Max Min Median 25% percentile 75% percentile
Prosody processing 323 0.039 0.086 0.349 —0.306 0.037 —0.008 0.092
Story processing 323 -0.127 0.125 0.296 —0.482 —0.145 -0.210 —0.068
Word-picture matching 323 —0.152 0.117 0.387 —0.590 —0.159 —0.224 —0.091
Verb generation 323 —0.0993 0.145 0.403 —0.522 -0.111 -0.188 —0.026

demonstrated in Figure 2. It shows that head motion fol-
lows the same trend, i.e., decrease with the increase of age,
using either categorization schemes for age factor. Since
the main effects and interactions with other factors were
similar, the age factor will only be reported in this study
as categorical factor for the sake of convenience and clarity
in the graphical presentation of age interaction with sex
and task.

Figure 3 shows the profile plot of estimated marginal
means of head motion as described in the Methods section.
This figure illustrates a pattern in which head motion is
affected by the main effect of task, as well as by the factor
of age group. Conforming to the statistical results reported
in the previous paragraph, the motion amplitude appears
to vary for each of the different tasks. Post-hoc paired
comparisons reveal that the Word-Picture Matching task
induces the least motion and differs significantly from the
three other tasks (Mean Difference, MD = —0.11, —0.09,
—0.12, P < 0.0001, 0.0001, 0.0001 when compared with
Syntactic Prosody, Verb Generation, and Story Processing
task, respectively). No significant difference was observed
between any two of the latter three tasks. For all four

Correlation Coefficient of Motion vs. Time

o8 for Different Tasks
£ 04 ] a
k= 2 o o 8
E 0.2 <
.
£
O 0.0
Q
P02
o a
Qg4

o g =}
0.6 a
-0.8

Verbs Stories Pictures Prosody

Figure I.
Box plot of the correlation coefficient between head motion and
task/control cycle in different fMRI tasks. The correlation coeffi-
cient was calculated between head motion versus the time
course (the interleaved 30-sec on-period and 30-sec off-period).
For all four tasks, this correlation is found to be very small for
the majority of the subjects.

tasks, there is a trend for motion to decrease with increas-
ing age, with Word-Picture Matching task being a possible
exception. The estimated marginal mean of motion was
different for all three age-groups during different tasks,
with the younger age group showing the greatest motion
(MD = 0.14, P < 0.0005 when compared with middle age
group; MD = 0.20, P < 0.0005 when compared with the
older age group). No significant difference exists between
the two older age groups averaged across tasks.

Figure 4 demonstrates the influence of task on motion
from different sex. Pair-wise comparisons show that girls
move significantly less than boys performing the same
task (MD = —0.08, P < 0.02). The impact of sex on the
task factor is also evident in the non-parallel lines for boys
and girls in Figure 4.

Figure 5A and B demonstrate the impact of task, age,
and sex on motion. The most important observation is that
the difference of motion among the four language tasks

Motion vs. Age with Different Age Categorization
—— Mgation vs. Age in Years

—-— == Motion vs. Age in Groups

0.7

(unitin pixel)
=
i

=
=]
1

Estimated Marginal Means of Motion

=
P

1 1 I I | 1 1 1 | 1 I | |
5 6 7 B 9 1011 12 13 1415 16 17 16 AgeinYears

Younger  Middle  Older AgeinGroups

Figure 2.

Head motion data with different age categorization methods. Af-
ter calculating head motion at each year of age, the inverse cor-
relation between motion and age still follows the same trend as
it is when age is categorized into three groups (Younger, Middle,
and Older). In general, both categorization methods show that
younger children have more motion than older children. The
data displayed here is based on the head motion data collapsed
across sex for ease of presentation.
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Impact of Age on Head Motion
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Figure 3.

Head motion in children in three age groups for different lan-
guage tasks. Different tasks demonstrate different patterns of
age difference in motion.

depends on age in conjunction with sex of the subject. For
example, as mentioned previously, the Word-Picture
Matching task induced the smallest motion. From the
observation in Figure 5, it appears that the Word-Picture
Matching task is the only task in which subject motion is
minimal in all age groups and for both boys and girls. In
the Syntactic Prosody task, the motion for girls decreased
with increasing age, whereas boys had approximately the
same degree of motion for the two older age groups. Girls
in the Younger age group, performing the Verb Generation
task, provide the only case for which the girls have signifi-
cantly greater motion than boys. For this task, boys in all
three age groups appear to have similar motion amplitude.
For the Story Processing task, girls have less motion than
the boys in all three age groups. The difference of motion
between boys and girls is the largest in the Story Process-
ing task: 0.322 = 0.040 for girls vs. 0.521 = 0.040 for boys
(Mean = SE), with the most extreme difference occurring
between the youngest boys and girls as shown in Figure 5.
Averaged across tasks, the boys in the Younger age group
have the greatest degree of head motion among all catego-
ries of children.

DISCUSSION

In this report we attempt to quantify the characteristics
of head motion in various fMRI language tasks in a pediat-
ric population. We employed the Thevenaz and Unser cor-
egistration algorithm [Thevenaz et al., 1998] to quantify
the degree of motion in boys and girls ranging in age from
5 to 18 years. This algorithm has been tested using data-
sets with simulated known motion data and it was found
to be a simple yet accurate and robust routine method for
evaluating head motion during fMRI scanning [Ardekani
et al., 2001]. In this study, a high correlation existed

between the algorithm and expert rating as demonstrated
in Table II.

An overview of the results of our motion analysis of
fMRI data from 323 children performing four language
paradigms leads to the following general observations:
First, as one might expect, younger children tended to
move more than older children. Second, boys in general
moved more than girls for tasks that do not involve visual
system. Third, and perhaps most important, tasks that
involve active responses and multi-sensory stimulation
(i.e., auditory and visual) appear less susceptible to head
motion than tasks that do not include a visual component
or active responses. The Word-Picture Matching task used
in this study suffered the least amount of motion overall
(0.306 pixels), which was significantly lower than all other
tasks across both sex and age groups. Surprisingly, for this
task motion did not differ significantly between boys and
girls or between younger and middle age groups. It
appears that a visual component may equalize motion in
fMRI paradigms across groups. This observation clearly
has important implications for designing appropriate fMRI
tasks for use in children and perhaps in adults as well.

Looking quantitatively at the motion data in Table I and
Figures 3, 4, and 5, some important features can be dis-
cerned. The use of different language tasks clearly resulted
in different magnitudes of head motion. For example, the
Word-Picture Matching task had the lowest movement
among four tasks (mean displacement = 0.306 pixel) for
both boys and girls, which can be attributed to the differ-
ential workload and attention required in this task com-
pared to the others. It would seem that a purely passive
auditory task (story processing) results in the greatest

Impact of Sex on Head Motion
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T T T T
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Figure 4.

Impact of sex factor on head motion during different language
tasks. The difference of head motion in different tasks is also
affected by sex factor. Boys are found to have more motion than
girls in three out of four tasks tested.
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Impact of Task, Age, & Sex on Head Motion
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Figure 5.

The influence of task, age, sex, and the interaction of these factors on head motion. The three
factors all affect the characteristics of head motion in children. For Syntactic Prosody, Verb gener-
ation, and also for Story listening task, the most significant difference is between boys and girls in

the younger group.

motion during fMRI in children whereas the active
response, multi-sensory task (Word-picturing matching)
results in the least motion. The tasks with no visual stimu-
lation, but which require a covert or explicit response
(Verb Generation and Syntactic Prosody, respectively),
resulted in motion that falls between that measured for the
other two tasks. Our interpretation of this pattern is that
inclusion of audio and visual stimulation together with
button pushes or other explicit responses to the stimuli
may reduce motion in fMRI data in children. This point is
evidenced by the bottom line in Figure 3, which demon-
strates that motion is lowest in the Word-Picture Matching
task even for the youngest group of children.

Our results also show that the main effect of task on
head motion can be affected by differences in subject age
ranges and sex evidenced by the fact that the difference of
head motion in the four tasks has a different contrast pat-
tern at different age and sex (Figures 3, 4, and 5). The sig-
nificant influence of age is demonstrated in Figures 2 and
3. While the general trend is that head motion is greater in
the younger children, this difference is less dramatic in the
Word-Picture Matching task than in the other three tasks.

The influence of sex is also interesting. For the Syntactic
Prosody, Verb Generation, and Story Listening tasks, head
motion is more pronounced in boys than in girls. This
finding is consistent with the idea that girls usually mature
at an earlier age than boys and therefore should be more
compliant at earlier ages than the boys. However, it is
clear that the nature of the task (i.e., Word-Picture Match-
ing) may mitigate this difference, which may be a reflec-
tion of the fact that boys are more sensitive to visually-

engaging stimuli than girls. It should be noted that the
Word-Picture Matching task includes visual as well as
other elements, and it could be the combined visual, audi-
tory, and manual component that leads to the less motion
in children.

The effect of task on motion was not affected by the
order in which the task was administered. Although one
might suppose that children would be generally less coop-
erative as the scan session progressed, this was not the
case. It may be argued that the relatively short duration of
each task, and the use of multiple tasks actually facilitated
cooperation by keeping the child engaged in different
ways across the entire session. As analyzed in the Results
section, the significance level at P = 0.06 for the order
effect of motion in verb generation task came mainly from
the motion of two subjects performing tasks in order “E,”
suggesting that task order is not an important effect in a
large number of subjects. However, given the popularity
of this type of task in fMRI studies of children, close atten-
tion should be paid to this factor in future research that
combines this particular task with other tasks in the same
session.

The large sample size in this study (N = 323) provides
sufficient power to permit thorough examination of multi-
ple factors influencing head motion in pediatric fMRI data.
Studies with less power are unlikely to allow for adequate
degrees of freedom to explore three-way interactions of
multiple tasks, age groups, sexes, and other variables. The
results of this large scale study can permit investigators to
understand the trade-offs between the nature of the task
they intend to employ, the age group and sex of their
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subjects to anticipate the degree to which motion may be
problematic in their study. For example, if a study target-
ing passive processing by young children is planned, the
investigators may wish to oversample relative to the
cohort dimension estimated by a power analysis to tolerate
the greater loss of data due to motion compared with a
study that employs a more active paradigm or older chil-
dren. In this context, this dataset can serve as a guide con-
cerning which factors must be controlled during study
design to ensure that head motion does not confound
other effects of primary interest. Investigators are advised
to carefully consider age and sex contributions in study
designs involving children.

CONCLUSIONS

In summary, our study quantified for the first time head
motion for normal children during various fMRI language
tasks. The language task, age, and sex, as well as their
interactions all exerted significant influences on head
motion during fMRI scanning. Our results and conclusions
should serve as a frame of reference regarding the influ-
ence of these factors for future pediatric patient studies in
which motion artifact is expected to be more severe than
in normal, healthy subjects [Yuan et al. 2006]. More rigor-
ous means of minimizing motion might be necessary in
the design of these experiments.
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APPENDIX: MOTION RATING SCALE
Instructions

Each dataset should be rated using the 1-4 scale below.
If it contains one or more jump(s) as defined below, add
0.5 to the rating.

1. Perfect data, no discernable motion

2. Some minimal motion where all slices contain a
change in intensity and/or position. Degree of motion
does not pose a threat to the integrity of the data.

3. Continuous, moderate motion where all slices contain
a change in intensity and position. Degree of motion
poses a threat to the integrity of the study’s data

4. Continuous, excessive motion where all slices contain
a change in intensity and position; data should clearly
be discarded.

Jump

Discrete motion that does not affect all of the slices in a
frame. Because slices are acquired sequentially at 125
msec intervals, transient motion of less than 3 sec in dura-
tion will not affect all slices. A jump is therefore defined
as a change in position or intensity that does not affect
ALL slices.
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