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Abstract

Functional Magnetic Resonance Imaging (fMRI) represents a powerful tool with which to
examine brain functioning and development in typically developing pediatric groups as well as
children and adolescents with clinical disorders. However, fMRI data can be highly susceptible to
misinterpretation due to the effects of excessive levels of noise, often related to head motion.
Imaging children, especially with developmental disorders, requires extra considerations related to
hyperactivity, anxiety and the ability to perform and maintain attention to the fMRI paradigm. We
discuss a number of methods that can be employed to minimize noise, in particular movement-
related noise. To this end we focus on strategies prior to, during and following the data acquisition
phase employed primarily within our own laboratory. We discuss the impact of factors such as
experimental design, screening of potential participants and pre-scan training on head motion in
our adolescents with developmental disorders and typical development. We make some
suggestions that may minimize noise during data acquisition itself and finally we briefly discuss
some current processing techniques that may help to identify and remove noise in the data. Many
advances have been made in the field of pediatric imaging, particularly with regard to research
involving children with developmental disorders. Mindfulness of issues such as those discussed
here will ensure continued progress and greater consistency across studies.
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fMRI data are susceptible to noise from multiple sources (Greve et al., 2013). These include
inhomogeneities in the magnetic field and physiological processes such as cardiac and
respiratory cycles (Sarkka et al., 2012). Nevertheless, subject motion presents the largest
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source of noise. Motion artifacts represent one of the largest confounding problems in MRI
research. Friston et al (Friston et al., 1996) estimate that 30 to 90% of MRI noise can be
attributed to movement. Noise from motion can confound the task signal by appearing as
change in MRI signal intensity, as shift in relative position of an activated voxel can appear
as if the value of the voxel changed. This is particularly problematic if the movement is
correlated with the task parameters themselves (Epstein et al., 2007), as in that case,
regressing out the motion will also regress out any brain signal changes associated with the
task itself (Weinberger and Radulescu, 2016). Certain groups, such as pediatric and clinical
populations, are particularly vulnerable to movement during scanning (Poldrack et al.,
2002). Our research frequently centers on children with Attention Deficit Hyperactivity
Disorder (ADHD), a particularly challenging group in terms of within-scanner head motion
(see Table 1). ADHD Combined presentation is defined by developmentally inappropriate
levels of hyperactivity. As researchers are frequently interested in observing the brain in its
“natural” state, children are often asked to abstain from their ADHD medication until the
plasma levels of the drug are no longer detectable. Thus, adding to the already elevated
tendency of children to be active, compared to their adult counterparts, developmentally
inappropriate levels of hyperactivity can represent a very challenging group in terms of MRI
data quality.

There are a number of techniques that can be implemented to minimize artifactual findings
or noisy data in pediatric groups. As movement represents one of the greatest contributors to
noise in fMRI data, particularly in pediatric groups, the larger focus of this paper will be
movement related noise. Focusing primarily on strategies that we utilize in our laboratory,
we will discuss 1) factors to consider during the experimental design phase; 2) strategies to
minimize movement during the scan through the use of hardware, training and relaxation
techniques; and 3) data processing methodology. Other papers have focused on factors such
as the developmental differences in anatomy and physiology (Kotsoni et al., 2006) and
hemodynamic response function in pediatric groups, particularly infants (Poldrack et al.,
2002) but this is beyond the scope of the current paper. Furthermore, we will restrict our
discussion to task/GLM-related fMRI, rather than resting state or connectivity techniques.

Experimental Design

There are many factors to consider when designing a paradigm for pediatric groups
(Davidson et al., 2003; Luna et al., 2010). Usually these are factors that are also prudent to
consider when designing experiments for clinical and adult groups, but can have a
pronounced impact on the levels of movement in children. One of the simplest design
considerations that could make a significant impact on movement is the length of the MRI
paradigm. Children tend to lose focus faster than most adults (Van Horn and Pelphrey,
2015), become more restless with time and move more in the scanner as a result. A study
examining simultaneous EEG/fMRI recording in children between the ages of 6 and 18
(Centeno et al., 2016) examined movement across 4 10-minute blocks. The authors found a
100% increase in movement in the fourth compared to the first block. We examined
movement in one of our longest MRI paradigms between the first and last block (each block
is 6 minutes and 4 s in length). We also found significant increases in motion in all planes
(See Table 2) and also in the first derivative of head displacement in block 4 compared with
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block 1 (calculated using AFNI’s enorm function which calculates how much the head
moved in one TR with respect to previous TR; ADHD: t(71) = 3.76, p = 0.01; TD: (t(84) =
2.11, p = 0.02). The sustained attention and vigilance literature has demonstrated evidence
for a decline in attention and performance over time; for example, Helton et al (Helton et al.,
2005) found a significant decline in attention occurring following about 30 minutes of
performing a simulated air traffic control paradigm and Grier (Grier et al., 2003) et al found
a steady decline in performance over time (measured in 10 minute intervals up to 50 minutes
of task time) in their vigilance task. Recent evidence from our laboratory suggests that
children with ADHD may increase their levels of activity as a compensatory mechanism to
modulate attention and arousal (Hartanto et al., 2016). Therefore longer paradigms may be
even more problematic for children with developmental disorders, although this was not
supported by significant motion differences in our analysis reported above. Thus an optimal
pediatric fMRI paradigm will balance considerations relating to numbers of analyzable
events with maintaining an overall short imaging session to minimize motion, especially
towards the end of the task.

Another consideration is the length of each individual task run; our laboratory and others
suggest individual runs of about 4 to 5 minutes depending on the task (Davidson et al.,
2003). Frequent breaks are useful to incorporate in the overall paradigm design. It is also
important to keep the overall length of time spent in the scan environment to a minimum.
The optimal length of time for an overall imaging session depends upon the degree that the
paradigm/s engages participants. In our laboratory we ideally keep sessions to about 60
minutes in length, but with the inclusion of engaging paradigms we have successfully
acquired reasonable data from pediatric and clinical groups with a session length of 90
minutes. It is tempting to attempt to maximize data collection from an individual once they
are present and participating in a research study; however, the inclusion of extra structural,
resting state DT1 and additional functional paradigms will also increase boredom, frustration
and the likelihood of increased movement. If additional scans are required it is advisable to
conduct two separate imaging sessions on separate days or at least with a long break
between (e.g., a lunch break). This keeps the sessions more interesting for the children and
increases the likelihood that they will remain still, perform well, and participate in future
studies. Another strategy is to play preferred music or movie clips during structural scans
(e.9. MPRAGE, DTI) to give participants a mental break and keep them engaged (Poldrack
etal., 2002).

A second consideration is the age-appropriateness of a task; paradigms that are too difficult
or not sufficiently engaging might also increase movement due to boredom or lack of
engagement in children (Davidson et al., 2003; Galvan, 2010; Galvan et al., 2012). Some
researchers suggest using a “visual road map” in order to inform participants about their
progression through the MRI study (Schlund et al., 2011). Furthermore, children should not
be treated as a monolithic group; a child of 5 has very different cognitive capabilities and
preferences compared with a 9-year-old child and a 9-year old differs from a 13-year old
(Luna et al., 2010). Therefore, even a four-year age gap can represent a significant
developmental span in children. An alternate approach to examining discrete age-groups is
to add age as a continuous variable and examine children within wider age ranges (Galvan et
al., 2012). If incentives are being used within the paradigm, either to encourage optimal
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performance, or as the object of study (measuring response to incentives themselves), the
incentives utilized should be developmentally appropriate (Luking et al., 2016; Schweitzer
and Sulzer-Azaroff, 1988, 1995). Careful consideration needs to be paid to whether or not
the child understands the paradigm, is engaged consistent with the construct of interest for
optimal, interpretable functional brain activity. In addition, the child’s attention span, level
of engagement and movement also change with development (Davidson et al., 2003;
Poldrack et al., 2002). As mentioned in the introduction, movement that is correlated with
the variable of interest (for example head nodding associated with pushing a button in
response to the stimulus set of interest or head motion following a performance error
(Epstein et al., 2007)) can pose particular problems; if the motion is correlated with a
variable of interest regressing out movement parameters, a common step in MRI analysis,
will remove activity associated with the variable of interest along with the movement. Thus
it is critical to examine the data for such correlations to determine the optimal analysis
strategy — for instance, whether or not these subjects should be eliminated (Bright and
Murphy, 2015). These factors may become even more important with pediatric clinical
groups such as children with ADHD or ASD, who tend to have greater issues with
hyperactivity and generally, have a lower tolerance threshold for frustration than their
typically developing peers. Therefore, it is always prudent to carefully examine the data for
any factors that may be group-specific, as this may lead to false-positive, between-groups
differences that are related to movement issues, artifact and noise, rather than real data-
driven differences.

Pre-scan screening to prevent and reduce movement concerns

Both children and their parents may feel anxious or uneasy about the scan, as it represents an
extremely unfamiliar situation. A factor that cannot be discounted is the parent’s attitude
towards the scan; children often sense a parent’s reluctance and nervousness about MRI and
this can trigger their anxiety. Therefore, an important first step during pediatric recruitment
is to make the parent feel at ease. The parent should be encouraged to voice any concerns or
ask any clarifying questions that they need to inform themselves about the safety of their
child. However, as Galvan and colleagues (Galvan et al., 2012) point out, it is ill advised to
rely on the parent’s input too much at the expense of interacting with the child, in particular
older children and adolescents; it is possible that the parent may not be aware of all of the
adolescent participant’s behaviors, attitudes, and feelings or that the adolescent may have,
piercings and other medical issues that might preclude them from being scanned (for
instance pregnancy, or an IUD in female participants). We find that children often have less
fear associated with, and fewer preconceived notions about the scanner than adults,
including a lower likelihood of negative association between scanners and urgent medical
problems. Children should be screened for anxiety and phobia, including a fear of enclosed
spaces during the initial evaluation phase for inclusion in an imaging study. Young children,
for example, younger than 9 years of age, may not be able to articulate their fears, however.
We recommend asking a few general questions regarding a prior history of fear of enclosed
spaces with the parent and older children. Children should be reminded that they would be
able to stop the scan at any time. Children may actually experience less emotional distress
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and greater enjoyment and satisfaction with participating in functional MRI studies based on
a survey of 50 children and adolescents and 43 adults (Thomason, 2009).

Strategies to minimize movement during the scan

Pre-scan training

The next step is to familiarize the child with the fMRI method. A presentation with pictures
of the MRI scanner and laying out the procedure for the child is very useful and employed
by many laboratories. The scanner is sometimes “decorated” with child-friendly decorations
to make it appear as a spaceship or other non-medical looking device (Nordahl et al., 2016).
Other programs may use prerecorded videos of other children being screened for metal,
entering a scanning environment, being placed in the scanner and performing a task to be
used in the scanner (Thomason, 2009). The research participant can then be asked to briefly
review what they observed in the pictures or video (Nordahl et al., 2016) and asked if they
have any questions about the situation before proceeding. In our laboratory we also inform
the participants that they will receive a t-shirt with a printed image of their own brain. The t-
shirt appears to be highly motivating and may assuage some of the fears experienced by the
pediatric participants. Following the presentation it is useful to train pediatric participants in
a mock scan environment and/or show them the actual scanner itself. This is preferably
carried out on a day prior to the scan itself, at the time of assent/consent or completion of
assessments and/or behavioral paradigms. This allows the researchers to determine, ahead of
time, how comfortable the child will be in the scanner and how much they might be
expected to move. In our laboratory we use the threshold of half a voxel size to train our
participants on limiting movement within the mock scanner. The mock scanner environment
also allows one to determine how much support the child will need and affords an extra
opportunity to build a rapport (Galvan et al., 2012), which is essential for putting the child at
ease and ultimately reducing movement.

Implementing training to teach children levels of acceptable and unacceptable movement
will also improve the quality of the data acquired. Many young children will not understand
the degree to which they are moving and may forget that they were asked to remain still as
the task progresses. Training in mock scanners prior to the fMRI session has consistently
shown to improve the quality of data acquisition in pediatric groups (de Amorim e Silva et
al., 2006; De Bie, 2010; Kotsoni et al., 2006; Poldrack et al., 2002) and pediatric clinical
groups (Epstein et al., 2007). Training often integrates methods from the applied behavior
analytic (ABA) methodology (Nordahl et al., 2016; Slifer et al., 1993). Keith Slifer and
colleagues pioneered the use of applied behavior analysis to reduce movement in the
scanning environment with verbal feedback and a prize provided for improvements in head
movement during mock scan training (Slifer et al., 1993; Slifer et al., 2002). The application
of ABA procedures in the imaging context has become quite sophisticated including using
such techniques as behavioral shaping, developing conditioned reinforcers associated with
the scanning procedure, peer modeling, combined with systematic desensitization strategies.
These methods allow researchers to obtain data of optimal quality from pediatric subjects
(Nordahl et al., 2016). State-of-the-art ABA methods can be especially helpful when
imaging children with developmental disorders such as autism spectrum disorders and
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intellectual impairment (Nordahl et al., 2016). Some laboratories furnish children with
headsets that allow researchers to monitor their movement while they perform the practice
tasks in the mock scanning environment. In our laboratory we provide visual feedback to our
participants about their head movement while they are in the mock scanner; this allows them
to experience how much head movement is excessive movement. Other laboratories have
used a system whereby children are presented with a video game to train them to be still
(http://www.currentstudios.ca/mri/; (Raschle et al., 2012) http://www.sacklerinstitute.org/
cornell/assaysandtools/). Children quickly learn that even small amounts of movement are
unacceptable by employing this powerful reinforcer.

In the mock scanner, the child has an opportunity to experience the scan environment
(Kotsoni et al., 2006). The sounds of the different imaging sequences (e.g. MPRAGE, EPI,
DTI) can be played through a headphone system and they can practice the paradigm that
they will subsequently perform in the actual scanner. This may be particularly important for
pediatric clinical groups (Lucker et al., 1996). The mock scanner also provides a useful
opportunity to train children on how to move if they need to; for instance if they need to
scratch an itch. This can be practiced in the mock scanner showing them how to move
slowly and carefully when unavoidable, or ideally in between scan runs. In hyperactive
children it is also important to point out that movement of the limbs effects head movement;
some children may not be aware that moving any part of their body can also cause their
heads to move. Again, a good rapport with the child enables the researcher to explain why it
is important to stay as still as possible to a receptive child and fosters a desire in the child to
perform to their maximum potential. Children will also feel freer to express any concerns
they might have. It is prudent to remain sensitive to and aware of the child’s body language.
If it appears that the participant is nervous or anxious it may be necessary to discuss this
with the child. Relaxation techniques can be employed to reduce anxiety (Poldrack et al.,
2002); however it is important to remain sensitive at all times to children whose anxiety
levels exceed acceptable limits. It is unethical and unnecessary to subject a child to a
situation in which they are extremely anxious to the point that they are experiencing distress.
Finally, as mentioned previously, our laboratory and others have found it useful to play
music (Slifer et al., 1991) or present a video, during the acquisition of the non-functional
imaging scan itself, to further relax and engage participants during set up (placing the
participant in the magnet) or “down time” in the scanner (Poldrack et al., 2002).

Minimizing motion during image acquisition

Once the participant has completed pre-scan training and is comfortable moving ahead with
the scan, there are additional methods that can be employed to assist further in reducing
head movement during data acquisition. Some laboratories use different hardware to forcibly
keep the head still or to provide feedback as to when the child is moving. These methods
range from inflatable pillows or foam cushions (Szaflarski et al., 2006) that envelop most of
the head, to bite bars (Adjamian et al., 2004; Vaidya et al., 1998) and head restraints adapted
from the medical field (Temple et al., 2001), to adhesive tape connecting the forehead and or
the chin to the headcoil, as in prior work from our colleagues (Weissman et al., 2015). With
regard to methods such as head restraints and bite bars, pediatric groups tend to have a low
tolerance for this type of motion correction technique. Furthermore, any distress experienced
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as a result of such a technique may render the acquired functional MRI data questionable.
We have developed a minimally invasive apparatus that is very well tolerated by our
pediatric participants. Our system was inspired by Dr. Elliott Hong’s bite bar system at the
Maryland Psychiatric Research Center and University of Maryland School of Medicine
(Hong et al., 2009) and employs a dental rest, on which participants place their upper
incisors. A mold of each individual’s dental impression (only the upper incisors) is attached
to the mirror mount system used with the MRI headcoil. The mold does not protrude into the
participant’s mouth, and participants can speak, swallow and close their mouths around the
dental rest with ease. This is critical for each participant’s comfort. All of these factors
increase compliance with the device and are very effective in reducing overall head motion.
Few participants opt out of using the dental rest for reasons relating to comfort. In our
longitudinal study, we encountered 127 out of 224 subjects who were scanned without the
dental rest. Out of these, some participants were not offered the device due to technical
reasons. Others were unable to use the device because their head size was large relative to
the MRI headcoil casing. However, some individuals were not comfortable with, and thus
refused to use the dental rest — this may be the most problematic group with respect to
motion, as this might have been correlated with higher restlessness. To illustrate the
effectiveness of the device in countering the impact of motion, we performed an analysis
comparing movement parameters between two groups of individuals scanned with and
without the dental rest. Due to technical reasons we conducted scans without offering the
dental rest for a period of time. We randomly selected 48 individuals; 12 children with
ADHD who had used the dental rest and 12 with ADHD who had not, 12 TD children who
had used the dental rest and 12 who had not. We ran two sample t-tests for each of the six
movement parameters (X, V, z, pitch, roll, yaw) to compare between individuals with and
without dental rest within each diagnostic group. The movement parameters were extracted
from the realignment step and absolute values of each parameter was taken for analysis. As
we expected, when examining all participants together, the movement was higher in the
group of individuals with no dental rest in dental rest group in x direction (t(46)=2.02; p =
0.05) and a trend in that direction in the z plane (p = 0.06). When we examined the groups
separately, the TD group showed less movement in the dental rest group, along the x, v, z,
pitch, and roll, directions (see Table 3). Although the ADHD group without the dental rest
did have elevated motions compared to the group with the dental rest, this did not reach
significance (there was a trend in the pitch direction (p=0.09). See Table 3 for details.
Differences in motion between the dental and no dental rest groups in the ADHD cohort did
not reach significance perhaps due to elevated rates of variability in the ADHD no dental
rest group.

Another important factor that can enhance data quality is real-time monitoring of the
pediatric participant while in the scanner. This means verbally communicating with him/her
at regular intervals, preferably between runs of the paradigm and checking that they are
comfortable. Providing children with positive reinforcement, through the use of positive
feedback about their performance, can also help to maintain their motivation to perform
well. When possible, the researcher should monitor task performance and the relationship
between task performance and head movement. Failure to respond to a number of successive
stimuli and sudden head movements may be indicators of distress. Monitoring the
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participant’s head movement should be performed either by visual examination of the EPI
sequences in real time or by real-time movement feedback. It is also advisable to visually
monitor their body movements from the operating room. Many laboratories, including ours,
record large body movements in a scan log. The participant can be reminded between runs
about minimizing body movements. With pediatric participants there is also an increased
rate of requesting to exit the scanner, for instance to use the restroom, in the middle of a scan
session. In this event it is important to go through shimming procedure before resuming the
scan. An advantage of the dental rest system is that the head returns to a very similar
position following such an event.

Motion Correction during Data Processing

Subject preparation and careful data acquisition should reduce the amount of movement.
Nevertheless, there will be some remaining contamination due to motion, as a certain
amount of movement during the scan is unavoidable. Movement that is randomly distributed
across a task, is likely not to be biased towards one variable of interest and is likely to cancel
out given sufficient number of subjects and scans. However, movement that is correlated
with experimental factors (such as group or task), may confound the task response, and lead
to false positive findings.

One of the most important and frequently neglected steps is to visually inspect all of the data
at every stage of processing and correction. Using the video option in an image viewer (such
as AFNI (https://afni.nimh.nih.gov (Cox, 1996)) or SPM (http://www.fil.ion.ucl.ac.uk/
spm(Vaidya et al., 1998))) all volumes should be sequentially scrolled through, looking for
any sharp changes. Additionally, it is critical to examine the time series from voxels across
the brain for outliers. Finally motion parameters and outliers should be compared between
groups and conditions to look for significant differences. There are tools available for quality
control and correction of fMRI data, such as ArtRepair (Mazaika et al., 2009; Mazaika et al.,
2007), and @ss_review_basic and @ss_review_driver generated by afni_proc.py in AFNI
(Cox, 2012), for review see (Davids et al., 2014). Visual inspection is still important to spot
qualitative anomalies. This is particularly important for pediatric and clinical populations,
because there may be elevated degrees of movement and even more individual variation in
brains and psychological processes. We focus inspection particularly at the boundaries of the
brain, which are regions most susceptible to motion artifacts. Further we compare motion
parameters and censor counts between the groups (and conditions) to ensure there are no
significant differences. We will discuss quality control steps in some more detail below.

Extreme motion effects cannot be easily corrected, and data thus impacted should be
eliminated from further analysis. Eliminating large amounts of intermediate data points
might cause discontinuity in the data. This can be addressed by interpolating to infer the
missing information from neighboring data points, and several tools are available for this
purpose. However, the implications of such interpolation should be carefully considered.
Furthermore, the output should be carefully examined. These considerations are especially
true for populations with high movement (and potential irregularity), as these factors will
cause a higher degree of guesswork, and consequently, greater scope for error. Therefore, in
these cases, it is often advisable to eliminate that participant’s data from further analysis. It
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is useful to decide a priori a reasonable cut-off point for accepting percentages of censored
images per run and over the entire task in order to reduce bias. For instance in our analyses
we have chosen a cut-off of 15%; participants with more than 15% censored data are
excluded from further analysis. We have chosen this cut-off based upon our calculation of
the likelihood of having sufficient numbers of analyzable trials of interest within the
remaining data (e.g., see (Murphy and Garavan, 2005; Turner and Miller, 2013) for
suggestions on optimal trial numbers for fMRI research). This number may vary across
laboratories depending upon the numbers of likely available trials of interest within their
own experiment.

It is believed that moderate effects of motion can be programmatically corrected during
preprocessing (Johnstone et al., 2006; Lund et al., 2005; Oakes et al., 2005) with different
analysis packages having their own motion correction. Small degrees of motion may be
more problematic for resting state fMRI and connectivity analyses but that discussion is
beyond the scope of this paper. fMRI data is recorded in slices across the brain, and each
slice is divided into voxels. Slices stack up to make one volume, with a series of volumes
making up one run, and data being aggregated across volumes to make up response to
stimulus. Thus, head movement between volumes presents a problem as the same voxel
could move in the data space while recording, reflecting an inaccurate change in signal. This
is addressed by aligning images by co-registration, and is performed in several stages. The
first stage is realignment, which aligns all volumes from one subject. Following realignment
the functional images from a participant are aligned to that individual’s anatomical image.
Finally all images from each subject are aligned to a standard coordinate space, so that they
can be statistically compared (Friston et al., 1999). Usually all the transformations are
calculated as parameters to be applied to each voxel (registration) and then applied
cumulatively (reslicing). This process minimizes the errors that might result from each
transformation. Other authors have discussed this in greater detail (e.g., (Beall and Lowe,
2014). These motion correction techniques assume that motion affects the entire volume in a
similar fashion and attempt to address first-order motion effects; however, they do not
address potential slice-to-slice out of plane motion effects or other second order motion
effects. Such motion effects may arise from primarily spin history effects (out of plane
motion (Friston et al., 1996; Muresan et al., 2005; Yancey et al., 2011), but also B1
inhomogeneity, and BO inhomogeneity. Semi-prospective (e.g., SImPACE, (Beall and Lowe,
2014)) and retrospective (e.g., SLOMOCO, (Beall and Lowe, 2014) correction methods exist
which attempt to address second order motion effects. Other methods of motion correction
include independent components analysis (ICA; e.g., FMRIB’s FIX see (Griffanti et al.,
2014; Salimi-Khorshidi et al., 2014) and multi-echo fMRI (Bright and Murphy, 2013;
Kundu et al., 2015). These methods have been shown to separate noise artifact from the
BOLD signal. Prospective motion correction has also been utilized with some promise, for
example MRI-compatible camera systems that measure head motion via a tracker mounted
to the participant’s head. Information about head motion in six planes is then fed back into
the system in real time and is used to update the radio frequency pulses and gradients
(Maclaren et al., 2013; Maziero et al., 2016; Todd et al., 2015).

Even after all these preprocessing steps, there is typically some residual effect of motion (as
high as 30% in a recent study (Beall and Lowe, 2014). These should be either addressed

Neuroimage. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fassbender et al.

Page 10

using advanced data processing tools or they can be controlled for in the statistical design by
integrating motion metrics as nuisance regressors in the design matrix (Fox et al., 2009;
Weissenbacher et al., 2009). These motion metrics may include motion parameters from the
volume realignment step (Friston et al., 1996), first derivatives of these motion parameters or
frame-wise displacement (FD). It may also include quadratic terms of the motion parameters
and DVARS or the root mean squared change in BOLD signal from volume to volume
(Power et al., 2013). It may also include spike information to effectively de-weight the TR’s
where excessive volume-to-volume movement occurred, which can be calculated with
software packages (including ARTrepair for SPM, 3dDespike for AFNI, and
fsl_motion_outliers for FSL). Further these nuisance regressors could be included in the
design matrix either at the subject level, or at the group level to account for variance across
subjects due to their motion (Beall and Lowe, 2014; Lund et al., 2005; Oakes et al., 2005).
Some of these methods are discussed in detail in (Satterthwaite et al., 2013), especially in
the context of resting state connectivity where they are even more important (Fox et al.,
2009; Satterthwaite et al., 2013). However such motion parameter regression may also
impact some of the task related signal when the mation is correlated with the experimental
design, especially in block design tasks. Block designs are particularly susceptible to motion
effects as head motion associated with potential reactions to stimuli or button presses to
variables of interest can correlate highly with the sustained HRF within a block (Johnstone
et al., 2006). If this correlation is low then the signal will be increased by this process and if
the correlation is high then it will be decreased (Bright and Murphy, 2015; Bullmore et al.,
1999; Churchill et al., 2012; Johnstone et al., 2006; Ollinger JM, 2009). Event-related
designs can be less problematic (Birn et al., 1999); event-related paradigms tend to involve
brief response to randomly temporally separated events of interest and the response-related
motion will have a different temporal shape than the smooth HRF associated with the BOLD
signal (Johnstone et al., 2006). Another problem with including these regressors in the
design is that too many regressors at the first level reduces the degrees of freedom and may
reduce the power (Bright and Murphy, 2015; Johnstone et al., 2006; Pernet, 2014; Siegel et
al., 2014). An alternative might be to remove the data from subjects thus impacted.
Nevertheless, leaving out subjects for motion may cause bias in subject selection, especially
for clinical groups such as ADHD or multiple sclerosis (Couvy-Duchesne et al., 2016; Wylie
etal., 2014).

Although a detailed discussion of each preprocessing step is beyond the present scope, we
will briefly describe some preprocessing steps employed in fMRI analyses. As these steps
are not specific to pediatric groups we will only highlight factors specifically related to
mitigating noise in pediatric groups.

Data are often examined for outlier data points and temporally smoothed. Outlier data points
are defined by falling beyond a number of standard deviations from the mean for that voxel
and this threshold can be adjusted based on the population of interest. For example, in our
laboratory, we exclude participants with greater than 15% of the total number of volumes
censored for our project. We have chosen this cut-off based upon our calculation of the
likelihood of having sufficient numbers of analyzable trials of interest within the remaining
data (Murphy and Garavan, 2005; Turner and Miller, 2013) for suggestions on optimal trial
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numbers for fMRI research). This number may vary across laboratories depending upon the
numbers of likely available trials of interest within their own experiment.

Data are realigned by moving all volumes to overlay a chosen reference volume along six
dimensions (i.e., translation along, the X, y, z axes or rotation around each axis. Volume-to-
volume movements are referred to as first-order movement effects. These motion correction
techniques assume that motion affects the entire volume in a similar fashion; however,
however, they do not address potential slice-to-slice out of plane motion effects or other
second order motion effects. Such motion effects may arise from primarily spin history
effects (out of plane motion (Friston et al., 1996; Muresan et al., 2005; Yancey et al., 2011),
but also B1 inhomogeneity, and BO inhomogeneity. Very rapid head motion sometimes
occurs within a TR. As Tierney et al (Tierney et al., 2016) illustrate, this can result in false
positive activations. This may be particularly problematic in pediatric samples (Satterthwaite
et al., 2013). As mentioned previously, there are a number of techniques that attempt to
address second order motion effects (e.g., SLOMOCO, (Beall and Lowe, 2014); 2dImReg
and 3dDespike in AFNI; ArtRepair in SPM). Movement within a slice is less problematic as
each slice is collected very rapidly (in about 100 msec)(Wilke, 2003).

As the slices that make up a full volume of the brain are collected over an entire TR there
will be a temporal lag between the acquisitions of different slices within a volume. Recent
acquisition sequences such as GRAPPA can acquire two separate slices simultaneously,
which lessens but does not eliminate the problem. Slice time correction attempts to correct
for this.

As mentioned previously, the structural image for each participant is then warped onto a
normalized template (e.g., Talairach or Montreal Neurological Institute. However, in some
populations such as pediatric groups, individuals with disorders like schizophrenia, or
healthy young or older adults, this could be problematic due to greater variability in anatomy
as well as localization of functional activation (Brett et al., 2002; Park and Reuter-Lorenz,
2009). Thus approaches including population specific templates (Lee et al., 2005; Sanchez et
al., 2012; Wilke et al., 2002, 2003; Zhang et al., 2014) study-specific templates, or subject
matched templates (Rohlfing, 2012) have been suggested instead (Huang et al., 2010; Padilla
et al., 2011). However, these might prevent generalization of results across studies, and the
need for such approaches has also been questioned given that depending on the resolution
and population this may not pose a big problem (Burgund et al., 2002; Kang et al., 2003)
and many standard templates may contain enough variability to cause concern (For review,
see (Evans et al., 2012; Mandal et al., 2012). Normalization to an adult template may be the
most problematic when comparing children and adults, as the difference in head size may
confound the group difference (Fonov et al., 2011).

Data sets are masked so that any spurious activity outside the brain is set to zero. However
this should be carried out with caution and the data inspected for artifact (we will discuss
this further in the section on Quality Control below). Activation might appear outside the
brain due to multiple reasons including jaw clenching (muscle artifacts) or draining veins.
We might also see noisy results, ghosting artifacts, and motion effects. Ghosting might result
from scanner related issues. Large and highly significant clusters — may signal problems and
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should be more closely inspected. Certain artifacts (e.g., activity that resembles a straight
line or big changes in signal intensity near the back or front of the brain) are not uncommon;
they warrant additional quality control procedures and checking the data step by step to
identify potential problem areas. An example of a bigger problem that might be disguised by
masking is when a cluster originates outside the brain but close to the boundary of the brain.
Such a cluster might have a small portion falling inside the brain boundary. Thus masking
early will mask out the spurious activity outside the brain leaving only the activity inside the
brain, making it look like a task related activation.

In addition to standard preprocessing steps there are other factors that should be considered
with any MRI data set but particularly so with groups that are particularly susceptible to
movement, such as pediatric groups.

Quality Control

The most important quality control step is to examine visually all the raw data and output
from each preprocessing stage, due to the frequency of errors and prevalence of noise.
Registration can be evaluated using a quality control script called ss_review_driver, which is
created as a part of the afni_proc.py pipeline. In addition one must visually inspect the
alignment. Alignment should be checked by comparing an individual subject’s functional
images with the anatomical volume, and then all subjects’ anatomical images should be
compared with each other. Subjects’ anatomical images can be combined into one dataset
and viewed as a video in the AFNI image viewer. In SPM, registration can be checked using
the “Check reg” tool in the graphical interface. Further, in SPM, the origin of the image
should be also checked by displaying the anatomical image using the display function and
then making sure the 0,0,0 coordinates are at the anterior commissure. Although it can be
difficult to quantify objective metrics as to what activity may be due to artifact, as the
parameters vary based upon the population, task and brain regions of interest there are a
number of patterns that can cause suspicion and may warrant further examination. 1) Large
brain activations; 2) very intense activity outside the brain; 3) activity occurring on the
borders of the brain or along the ventricles and brain regions susceptible to movement
artifact may indicate problems with registration, may reflect excessive motion, external
ghosting or scanner artifacts. Signs such as these should trigger a careful examination of the
individual data set for problems with the registration (in which case the registration should
be re-run with adjusted parameters) or a more careful examination of the motion parameters.
If attempts to correct these errors do not succeed it may be necessary to exclude the subject
as they could contaminate the group maps with non-task-related activations. Figure 1
illustrates a case of excessive motion and Figure 2 illustrates examples of bad registration
taken from our dataset.

Apart from movement, other sources of noise can be from non-physiological causes, such as
thermal noise due to distortion in current from heat induced electron movement, scanner
drift or change in the field over time, inductance within the magnetic field by the brains own
current distribution or non-uniformities in the scanner magnetic field (Huettel, Song &
MccCarthy, 2009). Furthermore, artifacts can be from physiological signals such as cardiac
and respiratory signals as head movements caused by heart beat or breathing, or changes in
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blood flow or blood oxygenation levels (Bhattacharyya and Lowe, 2004; Birn et al., 2004;
Murphy et al., 2013).

We eliminate any data with extreme errors at every stage. Further, we control for residual
errors by including the movement parameters (ie: the X, y, z, pitch, roll, yaw measures from
realignment stage) in our design matrix. It might also be suitable to use the first derivative of
the motion parameters, or parameters derived from another tool that evaluates between
volume movements or spikes. For a full discussion of framewise displacement (FD)
measures see (Power et al., 2015) for a review. Briefly, differing methods of measuring FD
are similar but differ in the amplitude of measurement and are influenced by the TR or
sampling rate (more opportunities to record within-volume displacement, may result in
better estimates of between-slice motion). Finally we compare the motion parameters, or
other estimates of movement such as FD, between groups and conditions to test if movement
differences are contributing to our results.

Physiological Sources of Noise

Apart from movement, other sources of noise include physiological signals such as cardiac
and respiratory signals (Bhattacharyya and Lowe, 2004; Birn et al., 2006; Murphy, 2013).
This can be especially problematic when it is correlated with the signal of interest, such as
when the variable of interest increases breathing or heart rate, due to increased excitement or
anxiety. Some of these signals are in a different frequency band and so get eliminated by
band pass filtering, however as most fMRI data are acquired relatively slowly, some of this
signal gets confounded with the neural signal (Bright and Murphy, 2015). This problem can
be minimized by using multi-echo sequence, by including a short echo sequence
simultaneously with the data (Bright and Murphy, 2013).

Several approaches can be taken to estimate physiological effects. Physiological data can be
simultaneously collected with the fMRI data and included as nuisance regressors in the
statistical model; however, in a similar vein to issues with task correlated motion, this might
remove some pertinent brain signal (Murphy, 2013). Additionally, the collection of
physiological data in children may be somewhat problematic as data are usually collected by
means of monitors strapped to the chest and clipped to a finger, which may increase anxiety
and discomfort in young subjects. Another method is to measure the signal from white
matter or ventricles, as we expect that the neural activity should be mainly from the grey
matter. These signals can then be used as proxies for physiological signals and regressed
from the statistical model (Churchill et al., 2012). AFNI provides a tool 3dretroicor to
estimate and process these signals and SPM also provides a tool called SPM DRIFTER
(http://becs.aalto.fi/en/research/bayes/drifter/). Similarly, CompCor (http://
www.ncbi.nlm.nih.gov/pmc/articles/PMC2214855/) is used in the popular CONN functional
connectivity toolbox to identify physiological signal in regions of non-interest (i.e. cerebro-
spinal fluid).

Residual Errors

Even after these corrections some residual errors will remain. These are controlled for by
including the motion parameters (from realignment) into the design matrix, to soak up the
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variance caused by movement effects (Lund et al., 2005). However, adding an increasing
number of nuisance regressors reduces the degrees of freedom and impacts the true signal,
especially for shorter timeseries, as discussed in detail elsewhere (Bright and Murphy, 2015;
Satterthwaite et al., 2013). Further, in SPM, a tool called ArtRepair (http://
cibsr.stanford.edu/tools/human-brain-project/artrepair-software/artrepairinstructions.html)
can help to correct residual movement to reduce the need to include motion in the design
matrix. ArtRepair can be used to interpolate outlier volumes, de-weight outliers only at the
GLM level, or do both. Other tools are also available for such corrections (Ardekani et al.,
2001; Oakes et al., 2005). However, as mentioned, including the motion parameters within
the GLM can be problematic if the motion is correlated with the paradigm itself. Final
analyses should be tested to see if mation is contributing to activation maps associated with
variables of interest. Motion parameters can be examined between experimental factors
(such as group, and condition) using statistical comparison tests such as 3AdANOVA

Other miscellaneous considerations

Detrending (Byars et al., 2002; De Bie, 2010) can be performed at any stage and normalizes
the data with respect to the mean of the time series. In pediatric populations the head size
varies, especially with respect to the scanner and coil apparatus. This might cause any
inhomogeneity in the magnetic, or other localized factors, might impact different parts of the
brain in different participants, and also mediate the impact of movement

Voxel size is an important factor that might influence motion related processing. The
acquisition voxel size is often used to influence the calculation of the threshold of
unacceptable levels of volume-to-volume movement; with smaller voxel sizes it is possible
that smaller degrees of motion could have a more noticeable impact and may thus merit a
lower threshold (Johnstone et al., 2006). It is worth noting, however, that a number of groups
have favored the use of mm over voxel-size in the measurement of volume-to-volume
movement (e.g., Sattherthwaite, 2013; Power et al, 2015). Our voxel size is 3.4mm. We
resampled this to 2mm to match the standard templates. Although this slowed our processing
considerably, the effect on mation correction and registration was superior because of the
more fine-grained access to data. Smoothing is another important factor for motion
correction as increased smoothing might impact ability to detect of motion, while also
reduce the impact of small amount of motion on data. This should be decided based on the
experimental questions, regions of interest, and population.

Developmental differences can also contribute to noise in the data in terms of increasing
variability in brain activation that may decrease the ability to detect “true” between-group
differences in activation maps. Thus, when working with adolescent and preadolescent
populations it is important to assess the pubertal stage of participants (Blakemore et al.,
2010; Luna et al., 2010). Depending on the age range, we should take the effect of age into
consideration while looking at the neural activity. However, pubertal stage can be a more
accurate marker of their developmental stage. When gathering pubertal data the most
accurate measures are acquired through physiological markers (i.e., physical examination of
the breasts and/or genitals; blood or saliva samples). However this might be inconvenient
and off-putting for the participant, so many laboratories including our own use the Tanner
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Maturation Stage questionnaire (Marshall and Tanner, 1969, 1970) instead (Luna et al.,
2010). This questionnaire is a self-report measure of secondary sexual characteristics
associated with puberty.

In conclusion, fMRI data acquisition and analysis can be particularly susceptible to noise in
pediatric and clinical pediatric groups. Much of this noise can be attributed to head motion.
It is important to consider this at every stage of interaction with the pediatric participant,
from recruitment to the consent process, to pre-scan training and during the fMRI scan itself.
Once the researcher has acquired the best possible data by making all these careful
considerations, there are a number of preprocessing steps that can be employed to further
minimize the effect of noise. The most important step after data collection is to mindfully
examine the results in detail and at every stage. Data with extreme motion effects should be
eliminated. Data with moderate effects should be corrected, while examining output of every
stage and eliminating data and subjects when necessary. Finally movement parameters
should be included as nuisance variables in the design matrix as well as examined for
contributing to significant group by condition results.
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Figure 1.
An example from our laboratory of a subject displaying excessive motion (this subject had

19.2% of TRs censored due to movement that exceeded our acceptable threshold).
Examination of the activation map (A) revealed activity around the edges of the brain and in
brain regions particularly susceptible to movement artifact. The subject’s anatomy (B) was
also contaminated by motion artifacts (ring-like pattern visible in the saggital view).
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Figure 2.
Two examples of subjects with poor registration. Like the example in Figure 1, both subjects

A (i) and B (i) displayed excessive amounts of activation outside compared with inside the
brain boundary. However, closer inspection revealed (Aii and Bii) that this was likely due to
poor registration of the EPI; the activation map does not align well with the anatomy,
particularly in the case of subject B.
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Table 1

Data from our laboratory on number of scans completed in typically developing (TD) and ADHD groups.

scans TD ADHD
Total 155 178
Aborted 1 0
Incomplete - out of time 5 9
Restarted runs (reminder of instructions or excessive motion) 13 23
exiting the scanner to use restroom or move around 11 21
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