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A B S T R A C T   

Magnetic Resonance Imaging (MRI) in paediatric cohorts is often complicated by reluctance to enter the scanner 
and head motion-related imaging artefacts. The process is particularly challenging for children with neuro-
developmental disorders where coping with novel task demands in an unfamiliar setting may be more difficult 
due to symptom-related deficits or distress. These issues often give rise to excessive head motion that can 
significantly reduce the quality of images acquired, or render data unusable. Here we report an individualised 
MRI training procedure that enables children with Autism Spectrum Disorders (ASD) to better tolerate the MRI 
scanner environment based on a child-focused approach and individualised familiarisation strategies, including a 
pre-visit interview, familiarisation package, and personalised rewards. A medical imaging mobile application 
was utilised to familiarise participants to multi-sensory aspects of the neuroimaging experience through a variety 
of themed mini-games and activities. The MRI training procedure was implemented for monozygotic twins 
(n ¼ 12; 6 twin pairs; age range 7.1–12.9 years) concordant or discordant for ASD. MRI image quality indices 
were better or comparable to images acquired from a large independent multi-centre ASD cohort. Present 
findings are promising and suggest that child-focused strategies could improve the quality of paediatric neuro-
imaging in clinical populations.   

1. Introduction 

Magnetic Resonance Imaging (MRI) is a non-invasive imaging tech-
nique for the study of brain structure and function, and has been widely 
used in both clinical and research settings to understand atypical brain 
development in neurodevelopmental disorders. A major challenge in 
neuroimaging studies is the problem of in-scanner head motion that can 
result in significant systematic effects on MRI image acquisition and 
analyses. In addition to motion-induced artefacts that distort structural 
and functional imaging, in-scanner head motion can introduce spurious 
variance that resemble anatomical or connectivity variation across in-
dividuals or between groups (Blumenthal et al., 2002; Power et al., 

2015). The severity and frequency of motion-related artefacts are typi-
cally increased in patient groups, with higher in-scanner head motion 
compared to controls (Van Dijk et al., 2012). Observed differences on 
neuroimaging measures between clinical and control samples could thus 
be significantly confounded by systematic differences in head motion in 
quantitative analyses at the group level. 

Motion-related issues are further exacerbated in paediatric cohorts 
with a higher tendency for increased movement in the scanner 
(Makowski et al., 2019). The MRI scanner environment is highly unusual 
and may be distressing for younger cohorts. Being in the MRI scanner 
can be a challenging and intimidating environment for any child, even 
more so for young individuals with neurodevelopmental conditions and 
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associated comorbid deficits. During the scanning procedure, in-
dividuals are required to remain still for an extended period of time in a 
foreign, confined and noisy space in isolation. Children are more likely 
to be restless and reluctant to enter the scanner with reduced compli-
ance, and the resulting discomfort or distress often leads to unwanted 
head or body movement that can severely impact the quality of imaging 
data acquired (Raschle et al., 2012). Indeed, success rates of paediatric 
functional MRI (fMRI) were lower in clinical groups across different 
populations in epilepsy (80%), attention-deficit/hyperactivity disorder 
(ADHD; 77%–81%), and Autism Spectrum Disorders (ASD; 70%), 
compared to that of neurotypical controls (87%; Yerys et al., 2009). 
Notably, 40%–50% of children from any clinical diagnostic group failed 
at least one scan. The primary contributing factor for failure was 
excessive head motion, as well as other issues including refusal to begin 
or complete a scan session, inattention, or refusal to enter the scanner. 
Older children and adolescents were more likely to undergo a successful 
scan compared to younger children between the ages of 4 and 9 (Byars 
et al., 2002; Yerys et al., 2009). While methods have been developed to 
retroactively adjust for motion artefacts or motion-distorted data, such 
strategies are generally not able to fully correct for artefacts and often 
result in significant loss of data, in particular for subjects with excessive 
in-scanner head motion. Reducing the likelihood of head motion and 
improving the overall scanner experience for the child in the outset 
before and during image acquisition could thus be a more effective 
approach to improve the the quality of images (Greene et al., 2018). 

Given the significant difficulties in neuroimaging younger in-
dividuals, there have been increasing efforts to mitigate excessive head 
motion in paediatric clinical populations using various strategies before 
and during image acquisition without sedation (e.g. de Bie et al., 2010; 
Greene et al., 2016; Nordahl et al., 2016; Raschle et al., 2012). One 
approach has been to take children through a practice or mock MRI 
session before the actual scan, which has been shown to be an effective 
intervention for improving the success rate of scanning and data quality 
(Carter et al., 2010). However, research protocols commonly include 
full-battery neurocognitive assessments in addition to neuroimaging, 
and a typical study visit duration could take half a day or more for each 
participant. Together with unavoidable constraints on cost and time, 
there may be an increased tendency to prioritise data collection over 
pre-scan participant training and preparation for MRI in paediatric 
neuroimaging cohort studies. There have also been limited reports on 
the impact of fatigue or distress (symptom-related or otherwise) on scan 
performance in young children undergoing extensive testing proced-
ures. At present, there remains a need to further investigate individu-
alised strategies tailored to the specific needs of each child, and to target 
image acquisition challenges that could be unique across different 
neurodevelopmental disorders with distinct clinical profiles, or across 
different individuals within heterogeneous disorders that vary in 
symptom presentation. 

Neurodevelopmental disorders are complex and often highly het-
erogeneous in aetiology, clinical features and outcome. The broad 
classification encompasses any condition associated with abnormal or 
disrupted brain development, including ASD, ADHD, genetic syn-
dromes, congenital abnormalities, or epilepsy. Clinical presentation can 
involve a wide range of neurocognitive and psychiatric symptoms that 
often overlap across conditions beyond nosological boundaries (Thapar 
et al., 2017). For example, in addition to the core symptom features of 
hyperactive-impulsiveness or inattention in ADHD, patients often pre-
sent with cognitive deficits, emotional and behavioural dysregulation, 
or with co-occurring anxiety, depression or oppositional defiant disorder 
(Shaw et al., 2014; Wåhlstedt et al., 2009). Such co-morbid deficits are 
often masked by primary symptoms and remain underdiagnosed, and 
may be even more difficult to detect if they occur at a sub-clinical level. 
Similarly, there is significant heterogeneity in the phenotypic expression 
of ASD in symptom presentation and severity, and across adaptive 
functioning, and cognitive and language abilities (Geschwind and Levitt, 
2007). Common comorbidities in ASD include ADHD or anxiety, as well 

as associated communication problems and intellectual disability 
(Simonoff et al., 2008). ASD is also associated with idiosyncratic 
symptom features in communication deficits, sensory hypersensitivity, 
or resistance to change or novel stimuli, and clinical profiles could vary 
significantly between individuals with the condition (Johnson and 
Myers, 2007). Difficulties in paediatric image acquisition are often 
compounded in heterogeneous neurodevelopmental conditions, with 
complex and highly varied presentation across individuals that 
contribute to increased risk of in-scanner motion, as well as the distinct 
lack of subject-specific methods or strategies to mitigate such issues. The 
increased demand of coping with novel task-demands or significant 
distress in foreign environments often makes image acquisition a chal-
lenge in such populations with heterogeneous clinical profiles (Hallo-
well et al., 2008; Pua et al., 2017). 

Reliable image acquisition of brain structure and function on MRI 
has thus been a longstanding challenge in paediatric cohorts with neu-
rodevelopmental conditions, with motion-related imaging confounds as 
a major contributing factor. While brief or limited MRI preparation may 
be sufficient for neuroimaging neurotypical children, individualised 
strategies and disorder-specific MRI familiarisation procedures are 
likely to be more effective for image acquisition in paediatric clinical 
populations. Building on current knowledge and previous recommen-
dations, we designed a training protocol based on an individualised 
child-focused approach to prepare children for MRI neuroimaging. The 
primary goal was to enable participants with ASD to better tolerate MRI 
imaging with acceptable levels of head motion. Here we report the 
training protocol and quality of MRI image acquisition implemented for 
a locally recruited monozygotic twin sample concordant or discordant 
for ASD. Mean framewise displacement (FD) as an estimate of change in 
head motion across image volumes that strongly relates to motion ar-
tefacts, and rate of change of acquired signal across the whole brain at 
each frame (DVARS; Power et al., 2012; Smyser et al., 2010), were used 
as data quality indexes to compare image quality of the locally recruited 
sample to a large multi-centre ASD cohort. 

2. Methods 

2.1. Participants 

Participants (n ¼ 12) were locally recruited from Twins Research 
Australia (TRA) and an ongoing epigenetics study on ASD at The Royal 
Children’s Hospital (RCH; HREC 33208C). Inclusion criteria were 
monozygotic twins concordant or discordant for ASD between the ages 
of 5–18 years, of either sex, and raised in the same household in the 
greater metropolitan area of Melbourne, Victoria. The lower limit of the 
age range was selected due to the known challenges of scanning toler-
ance and motion artefacts in imaging young children, especially in 
atypical neurodevelopmental populations. ASD diagnosis was previ-
ously determined by clinical assessment on the gold standard Autism 
Diagnostic Observation Schedule-2 (ADOS-2) or by the TRA with sup-
porting medical documentation of prior diagnosis and assessment. 
Zygosity status of twin pairs was confirmed with genetic testing using a 
twelve-marker panel following DNA extraction from buccal swabs. Re-
sults of zygosity testing were only released to parents upon request to 
respect the privacy of families. Informed consent was obtained from all 
participants and the research study protocol was approved by the RCH 
Human Research and Ethics Committee (HREC 36124C). All research 
was performed in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki). Table 1 provides a 
descriptive summary of participant demographics. 

2.2. Pre-visit preparation 

Standard MRI visit protocols were modified for each participant to 
accommodate expected difficulties specific to ASD. Key goals were to 
familiarise participants to the MRI scanner environment, and to improve 
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tolerance to the loud and repetitive acoustic noise in the scanner. First, 
parents of children that met the eligibility criteria were contacted for a 
pre-visit interview one to two weeks before the MRI visit. A brief semi- 
structured clinical interview was conducted by a board-certified provi-
sional psychologist, with the aim of gathering relevant information to 
develop reinforcement and motivation strategies individually tailored to 
each child. The interview included queries about general interests and 
hobbies, and reward strategies that were effective for each child. The 
goal of such strategies was to increase the likelihood of desirable be-
haviours with positive reinforcement in the form of verbal or material 
rewards. The approach has previously shown to be effective for behav-
ioural modification outcomes in ASD (Gena et al., 2005). Triggers that 
typically preceded idiosyncratic episodes of distress or repetitive 
symptoms were also identified for children with an ASD diagnosis. Po-
tential strategies for intervention were explored to better understand the 
parent-child interaction during such episodes, and possible approaches 
to manage episodes that may occur on-site during the MRI visit. 

Parents were provided with an in-house MRI familiarisation package 
that comprised of three main components:  

1) A brief, two to three minutes duration, MRI orientation video1 filmed 
at the RCH introduces the child to locations in the hospital that 
would be encountered during the actual on-site visit, such as the 
patient waiting area, preparation room, and MRI scanner.  

2) An ‘Okee in Medical Imaging’ mobile application developed in 
collaboration by RCH Medical Imaging, Educational Play Therapy, 
and Educational Resource Centre and a digital agency2. This free-of- 
charge application can be easily accessed on most smart device 
platforms, and was specifically designed to familiarise young chil-
dren with aspects of neuroimaging. The application contains a suite 
of 9 interactive games and activities with an undersea adventure 
theme (see Supplementary Appendix A1), and also provides useful 
information and tips for parents to help their child prepare for the 
visit. 

Training games. These activities were designed to introduce and 
illustrate key aspects of an MRI scan experience. The ‘Keeping Still’ ac-
tivity teaches children to keep still when instructed, only moving when 
appropriate. The game requires the child to maintain the position of a 

jellyfish character when a shark appears on the screen. The novel use of 
gyroscope sensors available in most smart devices allows immediate 
visual and audio feedback on the degree of motion during the activity 
through the application (see Supplementary Appendix A2). This pro-
vides a unique opportunity for the child to learn when movement was 
appropriate or not as instructed, and for parents to guide the child and to 
observe adherence to specific instructions. The aim of these games was 
to enable each child to appreciate the concept of minimising in-scanner 
movement across different intervals, and to remain still when instructed. 
The ‘Breathing’ task allows children to practice holding and regulating 
their breath using visual feedback from an animated puffer fish, and the 
‘Contrast’ task introduces the concept of contrast injections for contrast 
MRI through a game that requires the child to fill a cartoon squid with 
ink. 

Adventure games. Other games introduced and familiarised the 
child to different components of an MRI scanner through a themed un-
dersea submarine pretend-play simulation. In one interactive activity, 
the child was tasked to build and paint their own ‘MRI submarine’ (see 
Supplementary Appendix A3). The goal of this activity was to gradually 
familiarise the child to how an MRI machine might look and sound like 
throughout the game. The child was introduced to the main features of 
the scanner, including the bore and participant bed, followed by 
different samples of MRI gradient noises that were framed as part of the 
submarine launch sequence. The Okee application also contains similar 
games designed for other medical imaging modalities such as CT, ul-
trasound, X-ray, and nuclear imaging. 

3) Parents were provided with recorded audio clips of noise emitted 
by the MRI scanner that each child would later experience during the 
actual scan (see Supplementary material Appendix B). The acoustic 
noise is generated by vibrations of the MRI gradient coil, and the cyclic 
repetitive pattern or loud volume may lead to discomfort resulting in an 
undesirable increase in head or body motion (Cho et al., 1997; Counter 
et al., 1997). The audio clips in the familiarisation package comprised of 
the actual acoustic noise generated by the specific MRI sequence used in 
the research study. Samples were recorded in real-time from our scanner 
and extracted by imaging technicians. The site-specific audio sample 
was necessary because the generated acoustic noise could vary between 
scanner sites, equipment, and acquisition sequences. Parents were given 
instructions to familiarise their children to the MRI sound clips on a 
daily basis, beginning with a brief playback of the audio clip on the 
initial day followed by a gradual increase in the length of playback over 
a one-week period. Any type and level of distress elicited by the audio 
clips were to be noted. Parents were asked to introduce their children to 

Table 1 
Participant demographics and data quality indexes.  

Twin Pair Gender Age (years) ASD Diagnosis SRS FD (Run 1) DVARS (Run 1) FD (Run 2) DVARS (Run 2) Invalid Volumes (%) 

1 Male 10.43 Yes 51 0.20 1.16 0.40 1.14 15.4 
1 Male 10.43 Yes 101 0.13 1.20 0.25 1.19 5.40  

2 Male 9.82 Yes 116 0.87 1.14 0.48 1.16 43.2 
2 Male 9.82 Yes 136 0.31 1.17 0.35 1.25 13.6  

3 Female 7.1 Yes 145 0.16 1.27 0.15 1.35 0.40 
3 Female 7.1 Yes 124 0.13 1.27 0.13 1.26 2.00  

4 Male 12.85 Yes 139 0.14 1.16 0.18 1.19 4.20 
4 Male 12.85 No 109 0.30 1.18 0.30 1.12 11.2  

5 Male 12.17 Yes 122 0.19 1.20 0.22 1.21 8.80 
5 Male 12.17 No 49 0.16 1.15 0.15 1.18 3.60  

6 Female 7.49 Yes 100 0.19 1.16 0.18 1.12 3.60 
6 Female 7.49 No 7 0.21 1.22 0.22 1.20 9.80 

Note: SRS: Social Responsiveness Scale-2 total score; FD: Mean framewise displacement; DVARS: standardised DVARS measure (rate of change of image intensity 
relative to the previous timepoint); Invalid volumes: Percentage of outlier volumes identified for scrubbing/censoring based on thresholds for scan-to-scan changes in 
subject-motion parameters (0.5 mm) and global signal (Z ¼ 3) using the ARtifact Detection Tools (ART) outlier detection procedure (Fischer et al., 2014). 

1 https://www.rch.org.au/kidsinfo/fact_sheets/MRI_scans/.  
2 https://www.rch.org.au/okee/. 
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the MRI orientation video at least once, and to allow them to explore the 
Okee medical imaging application. Parents were also encouraged to 
bring comfort objects and a favourite movie for their children to reduce 
distress during the visit. Links to resources and materials from the 
familiarisation package are provided in Supplementary materials. 

2.3. Study visit 

The on-site visit at the hospital for an MRI comprised of two key 
phases: a mock MRI training session and the actual MRI scan. A total of 
1.5–2 hours was required per twin participant for the visit, and they 
were allowed to rest while their co-twin was being scanned. The overall 
visit included a one-hour long lunch break. Based on information 
gathered during the pre-visit interview, both the mock and MRI scan 
were personalised to suit individual needs and language ability of each 
participant. For example, if parents noted that their child tended to 
become distressed with unfamiliar people or situations, rapport building 
would be a key focus during the initial contact and period of interaction 
with families. Nonverbal approaches and materials were emphasised for 
participants with poorer language ability. Staff identification cards were 
also used to facilitate the learning of name-face associations based on 
explicit audio-visual cues, rather than a generic or brief introduction by 
name. 

2.3.1. MRI orientation session 
The MRI training phase during the visit involved an orientation 

session to explain the day’s schedule and the MRI process (30 min), 
followed by a mock MRI simulation session (30 min). The orientation 
session was conducted with parents or caregivers present, and both 
twins together. The visit began with an outline of the planned activities 
for the day. Given that an established and predictable schedule is often 
useful to facilitate the completion of tasks in individuals with ASD 
(Horner et al., 2002), the aspect of time was clearly emphasised, to the 
point of providing specific start and end times for each activity if needed. 
A visit map of the appointment schedule was prepared as a visual aid in 
the form of a flowchart with photographs of the actual location or item 
associated with a particular activity for each task (see Supplementary 
materials Appendix C):  

1 Introduction (photograph: hospital common waiting area)  
2 Visit orientation (photograph: mock interview room)  
3 Mock training session (photographs: MRI mock scanner, DVD library 

of movies)  
4 MRI waiting area (photograph: MRI reception desk)  
5 MRI scanning session (photograph: MRI scanner) 

Photographs of key locations or equipment in the flowchart were 
used as visual cues to familiarise the child with each segment of the visit. 
The MRI orientation video from the familiarisation package was pre-
sented again to each participant, and they were encouraged to explore 
the Okee mobile application. Participants were then informed about 
rewards they would receive at the end of the visit. These rewards were 
personalised for each individual based on motivation strategies dis-
cussed with parents during the pre-visit interview, and served as a form 
of positive reinforcement. The items were specific to each child, and 
ranged from art materials to trading cards or a soft toy. Each participant 
further received a certificate for completing the mock training, a cer-
tificate for completing the MRI scan, and screen captures of their scan as 
a memento. 

Next, the child was engaged in a play-based session to learn about the 
MRI scanning process. A pictorial storyboard comprising of photos of on- 
site facilities and equipment was used to describe the an MRI scan in 
simple terms. The importance of keeping still was heavily emphasised, 
and pictures of scans with excessive motion artefacts were shown to 
highlight the effect of head motion on image quality. The acoustic noise 
experienced during the scan was described to be very similar to the 

audio clips the child would have been exposed to on a regular basis in 
the week prior to the visit. An illustrated storybook incorporating 
various elements of the MRI scan procedure in the form of a social story 
was available for the same purpose. After the storyboard presentation, 
the scanning process was recreated for the child with a pretend play-set 
with dolls and customised wooden blocks, where age-appropriate. The 
playset was used to sequentially explain what a participant might 
experience during a typical scan, and to introduce different components 
of the scanner such as the horizontal and vertical movement of the MRI 
bed and the helmet head coil. 

2.3.2. Mock MRI simulation 
In the subsequent mock MRI simulation phase, participants were 

given the opportunity to interact with a non-functional mock-up MRI 
scanner. The mock scanner included various MRI scanner components 
that the child would encounter during the scan, such as the moveable 
patient bed, head coil, and headphones. Participants were systematically 
introduced to the scanning process using a task-analysis approach, in 
which a task was segmented into a sequence of smaller steps or activities 
(Hernandez and Ikkanda, 2011; Nordahl et al., 2016). This allowed 
participants to familiarise themselves with the scanner environment at 
their own pace, and to reduce the risk of the child becoming over-
whelmed. The stepwise approach offered the opportunity for additional 
instruction or support at each step if participants showed signs of 
distress or anxiety, and progression to the next stage only occurred if the 
previous step was comfortably completed by the child. Stages for the 
mock scanning process, adapted from the task analysis-based approach 
proposed by Nordahl et al. (2016), were as follows:  

1 Entering the mock scanner room  
2 Exploring the mock scanner (front and rear)  
3 Playing a selected DVD movie (from home or available library)  
4 Approaching the mock scanner bed 
5 Operating the mock scanner bed (vertical and horizontal move-

ment controls)  
6 Sitting on the mock scanner bed  
7 Putting on headphones  
8 Lying on the bed  
9 Tolerating vertical movement of mock scanner bed  

10 Placement of the head coil  
11 Listening to MRI gradient noise outside the scanner (external 

playback of recorded MRI audio clips from familiarisation 
package)  

12 Lying still on mock scanner bed for one minute  
13 Tolerating horizontal movement of mock scanner bed into 

scanner  
14 Listening to the MRI gradient noise in scanner  
15 Increasing amount of time to lie still (~5 min) while listening to 

MRI audio clip in the scanner, and watching a movie 

The stepwise approach was used to gradually familiarise each 
participant with the scanning process at their own pace and comfort 
levels. Verbal encouragement or material rewards were used to reinforce 
successful completion of each step where necessary. If participants 
brought along a comfort object, they were allowed to hold on to it when 
entering the mock scanner. If the object was an action figure or soft toy, 
it was used as a mock participant to demonstrate different steps of the 
scanning process. Participants were also allowed to observe their co- 
twin undergo the mock simulation process to facilitate learning 
through peer-modelling and sibling involvement (Shivers and Plavnick, 
2014). Participants took turns observing their co-twin sibling for the full 
duration of the mock training session, before undergoing the training 
themselves while their co-twin observed. 

To estimate participant head motion in the mock scanner, mea-
surements from an accelerometer device were recorded during the final 
step, where each child was instructed to remain still for five minutes on 
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the scanner bed while listening to a playback of MRI gradient noise, and 
watching a movie. The accelerometer device (3-axis, 50 Hz sample rate, 
15-bit resolution) was attached to the mock scanner headphones and 
connected to a computer terminal in the same room, providing real-time 
feedback of participant motion in the mock scanner simulation. Using a 
real-time display of signal captured from the accelerometer device, 
participants were given visual feedback to understand how excessive 
head motion could introduce noise and visible fluctuations in the signal 
being recorded. The goal of the mock scanner simulation was to facili-
tate successful and comfortable completion of a simulated MRI scan with 
minimal movement, and the suitability of each participant for an MRI 
scan was assessed at the end of the training session. Participants and 
their parents were then debriefed together to explore and address any 
further concerns. Families were allowed to take pictures with the mock 
scanner, and each child was rewarded with a certificate of completion 
for the mock training phase. Participants were allowed a one to two hour 
break before their MRI scan. 

2.3.3. MRI image acquisition 
Multimodal MRI data was acquired on a 3-Tesla Siemens Tim Trio 

MRI scanner (Siemens, Erlangen, Germany) with a 32-channel head coil. 
A modified multi-echo magnetization prepared rapid gradient-echo 
(MEMPRAGE) sequence was used to acquire T1-weighted anatomical 
images (TR ¼ 2530 ms, TE ¼ 1.77, 3.51, 5.32, 7.20 ms, TI ¼ 1260 ms, 
flip angle ¼ 7.0 deg, voxel size ¼ 0.9 � 0.9 � 0.9 mm, FOV 
read ¼ 230 mm). Navigator based prospective motion correction was 
implemented with Siemens in-scanner motion correction (MoCo), where 
field-of-view and slice positioning were updated to adjust for motion in 
real-time to reduce motion artefacts and improve image quality. Par-
ticipants were allowed to watch a movie of their choice during image 
acquisition. Task-free blood oxygen level-dependent (BOLD) fMRI data 
to estimate functional connectivity between brain regions based on 
intrinsic correlated neural activity at rest was acquired with multi-band 
accelerated EPI sequences across two separate runs within the same 
scanning session (TR ¼ 1500 ms, TE ¼ 33 ms, volumes ¼ 250 voxel 
size ¼ 2.5 � 2.5 � 2.5 mm, multi-band factor ¼ 3). Participants were 
instructed to keep their eyes open and to focus on a fixation cross during 
the scan. 

The overall scan duration for each subject was around 45 min. Par-
ticipants were not permitted to move during image acquisition, but were 
allowed brief periods of rest between sequences. All participants suc-
cessfully completed the scans without withdrawing or displaying sig-
nificant signs of distress. Each child was rewarded with another 
certificate of completion, along with their individual rewards as 
described above. 

2.4. Data quality analyses 

Mean framewise displacement (FD) and DVARS were used as quality 
control metrics from the MRI Quality Control Tool (MRIQC; Esteban 
et al., 2017). The tool integrates modular sub-workflows dependent on 
common neuroimaging software toolboxes. The data was first minimally 
preprocessed in the MRIQC anatomical workflow with skull-stripping, 
head mask and air mask calculation, spatial normalisation to MNI 
space, and brain tissue segmentation. T1-weighted images were visually 
inspected for ringing artefacts, blurred grey- and white-matter bound-
aries, and background noise (Pardoe et al., 2016). Head motion 
correction was performed in the functional workflow with AFNI 3dvolreg 
(Cox, 1996). The algorithm computes head realignment across frames, 
registering each image to a base reference volume using a six-parameter, 
rigid-body transformation (angular rotation and translation). Framewise 
displacement (FD) is a data quality index expressing instantaneous 
head-motion based on change in head position across frames. FD is the 
estimated spatial deviation between the reference volume and all other 
volumes derived from the sum of the absolute values of the differenti-
ated rigid-body realignment estimates. Rotational displacements were 

computed as the displacement on the surface of radius 50 mm. 
Framewise displacement was additionally estimated with a different 
tool (FSL mcflirt) for validation (Jenkinson et al., 2002). DVARS is 
another quality index that estimates the rate of change of BOLD signal 
across the whole brain at each frame (Smyser et al., 2010; Power et al., 
2012). The change in image intensity compared to the previous time-
point was computed by differentiating the volumetric timeseries and 
obtaining the root-mean-square signal change. The metric was normal-
ised with the standard deviation of the temporal difference timeseries to 
allow comparisons between different imaging sites and scanners 
(Nichols, 2017). 

For multi-centre and multi-cohort comparisons, data quality metrics 
were obtained from the Autism Brain Imaging Data Exchange-II (ABIDE- 
II; Di Martino et al., 2017). ABIDE-II is a publicly available aggregation 
datasets from n ¼ 487 individuals with ASD and n ¼ 557 controls (age 
range: 5–64 years). Site-specific protocols for participant preparation 
and image acquisition are available.3 Quality metrics of ABIDE-II data 
were previously derived using the Quality Assessment Protocol (QAP) 
from the Preprocessed Connectomes Project (Shehzad et al., 2015). 

3. Results 

All participants completed each stage of the MRI training protocol 
(pre-visit phase, orientation session, mock MRI simulation and evalua-
tion). Parents provided verbal confirmation of participant engagement 
with the familiarisation package. Materials were also presented to par-
ticipants again during the orientation session. The entire duration of the 
hospital visit ranged from four to five hours per family, including a one- 
hour lunch break. Mean FD across the locally recruited sample repre-
senting instantaneous head motion for both task-free sequences (Run 1: 
M¼0.25 mm, SD¼0.20; Run 2: M¼0.25 mm, SD¼0.11) were more 
favourable compared to individuals with ASD from the ABIDE-II cohort 
(M¼0.31 mm, SD¼2.37), but not typical controls (M¼0.11 mm, 
SD¼0.14). FD results obtained from FSL mcflirt (Run 1: M¼0.23 mm, 
SD¼0.19; Run 2: M¼0.23 mm, SD¼0.10) were comparable to the output 
from AFNI 3Dvolreg, suggesting stability of FD estimates independent of 
analysis method. DVARS as the standardized root mean squared change 
in BOLD signal intensity from one volume to the next in the local sample 
for both runs (Run 1: 1.19; Run 2: 1.20) were similar to individuals from 
the ABIDE-II cohort (ASD: 1.16; controls: 1.16). Only one participant 
from the local cohort failed to meet the threshold of <0.5 mm for 
acceptable FD due to excessive head motion (95.8% success rate).The 
same participant however demonstrated improved FD (0.48 mm) below 
the threshold in the repeat run later acquired within the same scanning 
session, a significant reduction from the observed FD in the initial run 
(0.87 mm). 

Based on monozygotic twin regression modelling from Carlin et al. 
(2005), within-twin-pair differences in outcome variables were 
regressed onto within-pair differences in independent variables. As ex-
pected, FD was strongly related to DVARS (Run 1: t ¼ 3.79, R2¼0.69, 
p¼0.01) suggesting a relationship between head motion and BOLD 
signal intensity change between volumes. The association was present 
but less robust in the repeat acquisition (Run 2: t ¼ 2.24, R2¼0.40, 
p ¼ 0.07). Intrapair associations between FD from the initial and repeat 
task-free acquisition were non-significant (t¼2.386, R2¼0.44, p¼0.06). 
Vertical head motion recorded during the mock training simulation 
predicted in-scanner head motion during the first task-free acquisition 
(Run 1: t¼-2.52, R2¼0.47, p¼0.05; Run 2: t¼-0.81, p¼0.45; Z-axis 
root-mean-squared-successive-difference). There were no 
within-twin-pair associations for FD and DVARS in the initial (FD: 
r¼0.57, p ¼ 0.24; DVARS: (r¼0.34, p ¼ 0.51) and repeat acquisition (FD: 
r¼0.57, p ¼ 0.24; DVARS: r¼-0.56, p ¼ 0.25). 

3 http://fcon_1000.projects.nitrc.org/indi/abide/abide_II.html. 
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4. Discussion 

This paper presents an MRI training procedure for paediatric cohorts 
implemented in twin participants with or without ASD. Key components 
were a personalised child-centred approach and an MRI familiarisation 
strategy. Briefly, a child-focused strategy was developed for each indi-
vidual participant based on a pre-visit clinical interview with parents to 
identify effective methods for motivation and potential distress or 
symptom triggers. Families participated in an MRI familiarisation pro-
cedure one week prior to the visit, during which participants were 
gradually introduced to recordings of site-specific MRI acoustic gradient 
noise on a daily basis. Parents were also provided with materials such as 
an MRI orientation video and games application to familiarise their 
children with the MRI scanner, and were encouraged to engage in these 
activities together. On the actual day of the visit, a significant proportion 
of time was allocated for the MRI training protocol. Key components 
were an orientation phase with the use of visual aids and previously 
distributed familiarisation materials, a play-based session incorporating 
an MRI playset, and a task-based approach was used to simulate the scan 
procedure in a mock MRI scanner before the actual scan. Implementa-
tion of the process was flexible and readily adapted based on informa-
tion gathered from the pre-visit interview to best suit the needs and 
ability of each participant (see Methods for full details; Fig. 1). 

Based on the thresholds for acceptable levels of head motion and 
image artefact quality control, only one participant failed to meet 
criteria (95.8% success rate). Mean head motion was significantly 
reduced in repeat image acquisition within the same session for the same 
participant. Across all participants, head motion in the initial acquisition 
was not significantly associated with that observed in the later run. 
Overall, this suggests that repeat acquisition sequences may be an 
effective tempering strategy for individuals with excessive head motion. 
The utility of repeating sequences of interest is in agreement with pre-
vious recommendations to increase power and volumes retained after 
motion correction and denoising procedures in similar paediatric co-
horts (Greene et al., 2016). Importantly, image quality indexes for head 
motion and signal change in the present study exceeded or were similar 
to the quality of data from the multi-centre ABIDE-II cohort for in-
dividuals with ASD (Fig. 2). As expected, individuals with ASD across all 
cohorts also displayed higher head motion compared to neuroptypical 
controls. Given the difficulties of neuroimaging paediatric cohorts, data 
quality outcomes based on these findings suggest that the MRI training 
procedure may be useful in mitigating motion-related artefacts. 

4.1. A child-focused approach 

The common adage that no two individuals on the ASD spectrum are 
alike encapsulates the understanding the expression of core symptoms in 
each child with ASD is likely to be idiosyncratic due to the complex 
phenotypic heterogeneity of the condition (Masi et al., 2017). The 
benefits of child-focused interventions in ASD based on individualised 
techniques to target specific behavioural outcomes or symptom re-
ductions are well established (Tonge et al., 2014). Extending the efficacy 
of this approach to MRI training, the protocol implemented here was 
designed to be personalised and tailored to the individual participant. 
Information gathered in the pre-visit interview critically informed 
strategies for the mock MRI training session during the visit, where 
different components of the protocol were emphasised or adapted based 
on the child’s needs or level of functioning. 

The pre-visit interview facilitated information gathering that was 
critical to the planning and delivery of the training protocol for each 
participant. Functional assessment was previously reported to be the 
most consistent factor in predicting intervention success, where the 
effectiveness of intervention appeared to increase with the precision of 
assessment in some form of interview, direct observation or functional 
analysis (Horner et al., 2002). In particular, informant information was 
key to providing a comprehensive picture of behaviours and symptoms 

of the individual child across multiple environments and settings (Stratis 
and Lecavalier, 2014). In the context of the present study, parent in-
formation derived from the pre-visit interview facilitated the develop-
ment of a personalised strategy for each child during the mock MRI 
training phase. Individualised information about each child critically 
supports the later training phase that incorporates several elements of 
Positive Behaviour Support (PBS) interventions, such as removing trig-
gers or antecedent events preceding undesirable behaviours, teaching 
new skills, and rewarding positive behaviours (Carr et al., 2002). PBS 
outcomes have been shown to further improve when informant infor-
mation across different contexts was available, in addition to partner-
ship efforts with multiple parties including the family and the school 
(Harvey et al., 2003). For example, parents of a participant with ASD 
from one family in our study reported sensitivity to loud noises that 
could trigger a behavioural episode. This information was used to 
modify the training protocol for this particular participant, such that 
noise modulation and gradual introduction of the MRI gradient noises 
was of specific focus during the initial interview with the child and mock 
preparation phase. Another family reported that their child with ASD 

Fig. 1. Flowchart of a child-focused paediatric MRI training protocol. A pre- 
visit interview with parents was used to develop an individualised strategy 
for MRI training, together with an MRI familiarisation procedure using a mobile 
application and site-specific materials. During the visit, participants went 
through a detailed orientation session that introduced key aspects of the MRI 
training and the scanning process, followed by a mock MRI simulation prior to 
the actual MRI scan. Participants were rewarded with personalised incentives. 
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required rigid routines and expectations about the start and end times of 
different activities. For this particular case, a larger emphasis was placed 
on the visual schedule map and timelines to inform the child on the 
expected schedule for each activity of the day. Together, these indi-
vidualised strategies based on informant reports gathered prior to the 
MRI visit were observed to be effective in avoiding or reducing 
discomfort in children during the research study. 

Personalised and effective positive reinforcement strategies were 
developed together with parents in a collaborative partnership to better 
appreciate the interests, motivations, and fears of each child during the 
pre-visit interview. Using this approach, we found that participants were 

more likely to comply with instructions and better tolerate the MRI 
preparation and scanning procedures. Given that social or verbal praise 
and attention may not be as rewarding for some children with ASD, the 
identification and implementation of individually functional reinforcers 
was a critical component of this strategy. Personalised rewards tailored 
to the interests of each child (e.g. favourite snack or toy) could serve as 
more effective positive reinforcers (Horner et al., 2002). In the present 
study, rewards were carefully selected based on a discussion with par-
ents prior to the visit. Individual rewards ranged widely from sports 
trading cards, nail painting kits, food vouchers for the child’s favourite 
outlet, animated character stickers (e.g. Spider-man, Barbie, Star Wars), 
in addition to each child’s completion certificates in their name. During 
the visit, participants were informed of their individual rewards in the 
initial interview, and most demonstrated high levels of motivation to 
comply with instructions. Participants were also reminded of the re-
wards they would receive at the end of the session during periods of 
restlessness or discomfort, or when they found it challenging to remain 
still. In contrast, generic souvenirs or cash vouchers as common tokens 
of appreciation for research participation are likely to be much less 
attractive to children, and would have been less effective as positive 
reinforcers. As these rewards were highly specific to the interests of each 
child, the reward for one participant may not be equally attractive to 
another individual, highlighting the importance of personalised re-
inforcers. Essentially, child-focused approaches to meet task-demands 
were based on adaptable strategies to uniquely support the needs of 
each individual child and family (Trivette et al., 2000). Throughout the 
entire process, parents and participants were also reassured that the 
child’s well-being took priority over research outcomes, and were 
allowed to withdraw at any stage during the training or scanning phase 
of the visit. 

4.2. Familiarisation strategy 

Another key aspect of the training protocol was the incorporation of 
familiarisation strategies for the MRI scanner environment, specifically 
targeting participant tolerance to the loud and repetitive acoustic noise 
in the scanner. Drawing from basic elements of graduated exposure 
therapy (Craske et al., 2014; Wolpe, 1968), participants were system-
atically exposed to variations of the scanner environment that progres-
sively became closer approximations to the actual scan. Graduated 
exposure techniques have been shown to be effective interventions to 
overcome setting avoidance or reduce anxiety in high- and 
low-functioning individuals with ASD (Hagopian and Jennett, 2008). 
Similar to our observations, the combination of graduated exposure and 
positive reinforcement to reduce setting and activity avoidance was 
particularly effective (Schmidt et al., 2013). Initial exposure to the 
scanner environment began with the audio playback of the acoustic 
noise in their homes one week prior to the hospital visit, followed by the 
site-specific orientation video and activities from the mobile application 
that visually introduced the actual scanner location in the hospital. This 
prepared each participant for the on-site orientation to the scanner 
environment during the visit, and the graduated mock scanner simula-
tion leading up to the actual MRI scan. Progression was based on suc-
cessful completion of the previous stage with minimal anxiety or 
discomfort, and the speed of progression was adjusted depending on the 
performance of each participant where applicable. The goal was to 
facilitate desensitisation through gradual exposure to the target stim-
ulus, allowing participants to develop tolerance or habituate to 
in-scanner noise over time and to minimise anxiety-related or avoidant 
responses. A flowchart of on-site photographs mapping the schedule and 
length of activities was additionally used to visually structure the visit 
for participants. The implementation and utility of a visual schedule is 
similar to the Picture Exchange Communication System (PECS) in which 
instruction or learning is supported by visual elements that comple-
ments or minimises verbal input. The strategy offers the child a 
consistent and predictable system to understand a sequence of activities 

Fig. 2. Image data quality indexes with comparisons to the ABIDE-II cohort. 
Mean framewise displacement: Higher values indicate increased volume-to- 
volume head motion; DVARS: Standardized DVARS measure. Higher values 
indicate increased change in image intensity across volumes; ABIDE-II ASD: 
ABIDE-II individuals with ASD; ABIDE-II TD: ABIDE-II neurotypical controls; 
Run 1: Initial task-free sequence for local sample; Run 2: Repeated task-free 
sequence for local sample. 
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or tasks, and has been highly effective in facilitating communication and 
instruction in this population (Schneider and Goldstein, 2010; Shane, 
2006). 

Another important feature of the familiarisation procedure was high 
family-involvement. The delivery of the MRI familiarisation materials 
by a parent in the home environment is supported by previous reports 
showing that efficacy of ASD interventions improved when the method 
of delivery included familiar agents (e.g. parents or teachers) in typical 
contexts (e.g. home or school; Horner et al., 2002). As children with ASD 
may have difficulty applying learned skills or outcomes in a novel set-
tings, interventions or learning strategies should be initiated by a 
familiar person and integrated with a child’s daily routine and activities 
in a natural learning environment (Childress, 2004). This was an 
important lead-up to the mock MRI on the actual day of visit, where 
parents were encouraged to participate and interact with their children 
throughout the session using the same materials. The clinician or 
researcher facilitating the training would build on concepts or 
MRI-related stimuli previously introduced by parents in their home, and 
the bridged experience was less likely to be overly novel or intimidating 
for the child. Given that each child received mock training together with 
their co-twin, each participant also had the opportunity to observe their 
sibling as a natural peer model. Systematic review findings suggest that 
sibling-involvement in ASD interventions were similar to peer-mediated 
strategies, with positive outcomes in increased skill acquisition or re-
ductions in unwanted behaviours (Shivers and Plavnick, 2014). 
Consistent with our protocol design, the effectiveness of sibling 
peer-modelling was further complemented by peer and parental 
prompting, directed instructions, and positive reinforcement strategies 
(Watkins et al., 2014). Where necessary, parents themselves may also 
act as a peer model by participating in the mock training procedure as 
their child observed the process. 

4.3. Limitations and future directions 

In summary, core components implemented in the present MRI 
training protocol were as follows:  

1 Pre-visit interview with parents to identify individualised reinforcers 
and preferred activities  

2 Graduated exposure to stimuli encountered in scanner environment  
3 Delivery of pre-visit scanner familiarisation materials by a familiar 

person  
4 Peer-modelling with sibling involvement  
5 Minimise identified triggers or aversive events in the mock scanning 

environment  
6 High level of child engagement with parental involvement and 

effective communication  
7 Consistent and predictable scheduling, in particular with the use of 

visual schedules 

Essential aspects of the MRI training procedure were the imple-
mentation of a child-focused approach based on informant report, 
effective cohort-specific familiarisation strategies, and a collaborative 
effort with sibling and parents through peer modelling. While the 
sample size and minimal outcome measures may limit between-group 
comparisons and generalisability, an important consideration was to 
avoid unnecessary participant burden and fatigue. Although the inclu-
sion of multiple measures of anxiety or adjustment levels pre- and post- 
training would ideally allow direct assessment of the efficacy of these 
proposed strategies, the tradeoff would likely come at the cost of 
excessive demands and burden on participants already engaged in a 
challenging procedure, and likely coping with symptom-related distress. 
This constraint forces selective and careful inclusion of measures and 
MRI sequences to those that are of higher priority to avoid over- 
burdening each child. For example, repeating an image acquisition 
sequence of key interest could be of more value than acquiring a range of 

different sequences. Based on our observations, a shorter study visit also 
appeared to be beneficial in minimising visit-related fatigue and 
improving the overall well-being of participants during the visit. We 
suggest that these factors could significantly impact scan performance, 
and recommend careful consideration when planning a research 
protocol. 

The present sample likely comprised of higher functioning mono-
zygotic twins with or without ASD, and were not compared on differ-
ences in exposure to familiarisation strategies. Future work in this area 
should further investigate the generalisability of these strategies across 
different low-functioning clinical populations with significant disability, 
as well as the potential for strategy modification depending on the na-
ture and severity of disorder-specific symptoms that could impact image 
acquisition. While we have focused on evaluating image quality of task- 
free fMRI data, the efficacy of the proposed training on improving image 
acquisition could be further examined with controlled comparisons, and 
across different modalities. The influence of variability in individualised 
pre-scan training strategies on image acquisition should also be carefully 
considered as a potential source of systematic differences that could 
confound second-level analysis or group comparisons. Nevertheless, we 
suggest that the benefits of optimising the MRI training procedure for 
each child with a personalised child-focused approach outweigh the cost 
on time and resources, even in cases where head motion is likely to be 
satisfactory. In particular, disorder-specific and individualised strategies 
for neuroimaging children with neurodevelopmental conditions such as 
ASD are likely to minimise unnecessary distress and improve the overall 
well-being of each child during the MRI procedure, an experience which 
can be highly challenging even for typically developing children. 

We found preliminary evidence that out-of-scanner head motion was 
associated with that observed in-scanner during the MRI scan. This 
secondary finding is consistent with recent efforts to mitigate the effects 
of head motion with real-time feedback during mock training, with 
mixed findings on whether head movement outside the scanner was 
generalisable to in-scanner head motion in MRI (Cox et al., 2017; Greene 
et al., 2018). The procedure involved training participants to reduce 
head movement by providing immediate visual feedback when head 
motion exceeds a certain threshold. Future work should further inves-
tiate the efficacy of such approaches in reducing in-scanner head mo-
tion. Together with individualised familiarisation and reinforcement 
strategies, these findings are promising and highlight the importance of 
a personalised child-focused approach to improve the quality of paedi-
atric MRI image acquisition in challenging clinical populations such as 
ASD. 
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