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Abstract
Primary objectives—Children with a history of cancer are at increased risk for cognitive
impairments, particularly in executive and memory domains. Traditional, in-person cognitive
rehabilitation strategies may be unavailable and/or impractical for many of these children given
difficulties related to resources and health status. The feasibility and efficacy of implementing a
computerized, home-based cognitive rehabilitation curriculum designed to improve executive
function skills was examined in these children.

Methods—A one-arm open trial pilot study of an original executive function cognitive
rehabilitation curriculum was conducted with 23 paediatric cancer survivors aged 7–19.

Results—Compliance with the cognitive rehabilitation program was 83%, similar to that of
many traditional programs. Following the cognitive intervention, participants showed significantly
increased processing speed, cognitive flexibility, verbal and visual declarative memory scores as
well as significantly increased pre-frontal cortex activation compared to baseline.

Conclusions—These results suggest that a program of computerized cognitive exercises can be
successfully implemented at home in young children with cancer. These exercises may be
effective for improving executive and memory skills in this group, with concurrent changes in
neurobiologic status.
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Introduction
Survivors of paediatric leukaemia and brain tumour are at significantly increased risk for
long-term cognitive impairments including executive function, memory, motor, visual-
spatial and language deficits [1–3]. Human neuroimaging studies as well as animal models
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suggest that these cancers may be associated with brain injury related to chemotherapy,
radiation and/or surgery [4–9]. In fact, neuroimaging studies of these children have revealed
reduced brain volumes, impaired brain function and altered neurochemistry, even into
adulthood [5,10–19]. Increasing survival rates contribute to a large and growing cohort of
cognitively affected children. The prospect of intervening to change this trajectory thus has
tremendous significance—potentially affecting school services, family dynamics, vocational
readiness and social services support.

Cognitive rehabilitation is a method of treatment for cognitive deficits that involves
restoring impaired function and/or increased compensation for the area of deficit through
strategy training and/or repeated skills practice [20]. It has been implemented successfully in
children with other forms of brain injury including traumatic brain injury (TBI) [21] as well
as other brain-based disorders such as attention-deficits [22] and dyslexia [23]. Butler et al.
[24] conducted a successful remediation program for attention deficits in young survivors of
leukaemia and brain tumour involving multiple, in-person sessions. These results suggest
that traditional, in-person cognitive rehabilitation is a promising treatment method for
children with cancer; however, these programs tend to be costly, impractical and/or
unavailable to the majority of patients and standardization across clinicians is difficult.

Children with leukaemia or brain tumour show deficits in executive function areas in
addition to attention, including impairments in cognitive flexibility and working memory
[25,26]. Similar to attention, cognitive flexibility and working memory are executive
function skills critical for goal-directed behaviour [27]. Cognitive flexibility is the ability to
generate alternate solutions to problems and fluidly shift between ideas and actions [28].
Working memory refers to the manipulation of information in temporary storage [29]. These
skills are vulnerable to a variety of neuropsychiatric, developmental and medical conditions
and tend to have diffuse effects on behaviour and quality-of-life, but are often the most
difficult to assess and treat [27,30–32]. Improving these skills can have positive downstream
effects on other deficits including memory, social cognition, visual-spatial skills and
expressive language [33,34]. Thus, treatment for these skills may be the most likely means
for having the greatest impact on cognitive outcome in paediatric cancer.

Computer-based cognitive intervention programs for children have become increasingly
popular during the past several years [22,35,36] and have many advantages over traditional
approaches including immediate feedback, the ability to systematize delivery of the
intervention and modifications to difficulty level, the ability to quantify progress and the
provision of an entertaining and engaging interface. Studies of computer-based cognitive
skills training programs demonstrate that they are at least equally effective as compared to
traditional approaches [37]. Computerized programs also allow for home practice, making
them more accessible and practical for a wider range of participants. This may be
particularly important for populations such as paediatric cancer patients whose condition
may require isolation precautions during certain disease and treatment stages due to lowered
immune function, for example.

However, the lack of direct clinician/researcher supervision may make home training more
practical, but may also reduce motivation and compliance. These potential problems are
increased in children and adolescents given that they often require more supervision and
structure than adults. This may be particularly true of children and adolescents who have
executive function impairments that reduce behavioural regulation. Children with executive
functions who also have significant health problems may have even more difficulty with a
home-based, computerized program. Paediatric cancer survivors tend to experience long-
term fatigue, health issues and/or psychological difficulties [38,39]. As a result, they may
require more intensive clinical support and supervision during cognitive interventions.
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Therefore, one of the main goals of this pilot study was to determine the feasibility of
implementing a computerized, home-based cognitive skills training program in a sample of
children with cancer. This goal is important not only for evaluating executive function
remediation specifically in paediatric cancer, but also to increase understanding regarding
potential remediation alternatives for children in general.

A cognitive rehabilitation program for executive function was designed, including attention,
cognitive flexibility and working memory skills remediation. A computer-based delivery of
the intervention was chosen to significantly reduce participant and clinician burden and to
provide a highly consistent intervention implementation. A one-armed, open, pilot trial of
this program was conducted to test its feasibility and efficacy in children with paediatric
cancer. Children with a history of either acute lymphoblastic leukaemia (ALL) or posterior
fossa brain tumour were included as these are the diagnoses included in existing studies of
cognitive and neurodevelopmental outcome in paediatric cancer. Additionally, these were
the diagnostic categories included in previous paediatric cancer remediation studies [24,40].
Furthermore, the authors did not want the results of the trial to be restricted to just one
paediatric cancer type. While it was not feasible due to resource limitations to include every
paediatric cancer in this trial, ALL and posterior fossa brain tumour are the most common
paediatric cancers [41] and thus it was believed that these categories would be the most
representative of cancer-related brain injury in children for this initial, preliminary
investigation.

Deficits in attention, cognitive flexibility and working memory, as well as other executive
functions, tend to be associated with abnormalities in the prefrontal cortex in a variety of
paediatric conditions [27], including leukaemia and brain tumour [14,26]. Functional MRI
(fMRI) provides noninvasive, in vivo assessment of cognitive rehabilitation treatment
efficacy in terms of the intervention’s putative ability to result in neurobiologic changes that
represent improved cognitive performance [42]. Previous studies have shown significantly
increased brain activation associated with various cognitive training programmes,
irrespective of treatment length (some interventions as short as 30 minutes) [43–48]. Thus, it
was hypothesized that a cognitive rehabilitation program targeting executive function skills
would be associated with increased prefrontal function.

Methods
Participants

Twenty-five children and adolescents aged 7–19 years (mean = 12.6, SD = 4.1) with a
history of malignancy (acute lymphoblastic leukaemia, n = 14, and posterior fossa brain
tumours: medulloblastoma, 4th ventricle ependymoma and pineal tumor, n = 9) that
involved radiation and/or chemotherapy treatment were screened for inclusion in this study.
Participants were included if they had completed all anti-cancer treatments including
chemotherapy, radiation and surgery for at least 6 months (mean = 37, SD = 30; range = 6–
126 months). A minimum age of 7 years was selected to ensure adequate reading level for
the intervention program as well as compliance with the behavioural demands of functional
neuroimaging.

Participants were enrolled only if they demonstrated ‘deficient’ executive function defined
as two or more executive function test scores that were 1 SD or more below the test
normative mean or their own Full Scale IQ score (mean number of ‘deficient’ test scores =
3.8, SD = 1.8, range = 2–8). One standard deviation below the normative mean is a
commonly used marker of clinical significance, tends to generally demarcate clinical
classification categories and is a conservative standard for indicating if the difference
between two test scores is significant [49]. The requirement of two or more low scores to
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indicate deficient function was largely arbitrary but, given that this constituted 40% of the
executive function tests, it was judged to be a reasonably conservative but not overly
restrictive criterion. Scores that were lower than the child’s own Full Scale IQ score were
included in the deficit definition to be consistent with standard clinical practice. Specifically,
ability-achievement discrepancy analysis of children’s testing performance reflects the
federal mandate regarding the definition of learning difficulties [50].

Participants were excluded for any magnetic resonance imaging (MRI) contraindications,
major sensory deficit (hearing loss, blindness, significant motor dysfunction) and any history
of neurologic, psychiatric or major medical conditions unrelated to the cancer diagnosis that
are known to affect cognitive function (e.g. pre-term birth, seizure disorder). Participation
required home internet access, but this was not an issue for any of the individuals screened
for the study. This study was approved by the Stanford University Institutional Review
Board and all participants of 18 years and older or the parents of participants under 18 years
provided written informed consent prior to participation.

Neurocognitive assessment
All participants were administered standardized tests, detailed in Table I, both before and
after the cognitive rehabilitation program. The testing battery was designed to assess
cognitive domains previously shown to be disrupted in ALL or brain tumour including
intellectual function (IQ), memory, language and visual-spatial processing with an emphasis
on the executive functions to be remediated in the intervention. Selected measures were
chosen for having strong psychometric properties (e.g. test–re-test reliability) and specific
validation in children. The battery also was designed to be relatively brief (1.5–2 hours) to
increase compliance and reduce participant fatigue considering that children with cancer
tend to have increased levels of fatigue [51]. Participants were given scheduled rest breaks
as well as any additional requested breaks. Examiners were blinded to assessment status
(pre- vs post-intervention). Participants were administered the testing battery on the same
day as their MRI scans.

Neuroimaging assessment
Functional MRI (fMRI) scans were obtained using a T2* weighted [52] gradient echo spiral
pulse sequence: TR = 2000 msec, TE = 30 msec, flip angle = 89° and 1 interleave, FOV =
200, matrix = 64 × 64, in-plane resolution = 3.125 with a 3T GE Signa HDx whole body
scanner (GE Medical Systems, Milwaukee, WI). Executive prefrontal activation during the
fMRI scan was measured using a card sorting task. Participants completed fMRI scans
before and after the cognitive rehabilitation program. All participants completed MRI scans
and cognitive testing on the same day.

The card sorting task was based on the Wisconsin Card Sorting Test, which has been used to
assess executive function in children [53] and to activate the executive prefrontal regions
[54,55]. The present adaptation of this task for fMRI included an experimental and a control
condition, both comprised of four, 12 trial blocks. Stimuli for each trial consisted of three
target cards at the top of the screen and one variable card at the bottom. The target cards
were labelled 1, 2 or 3 and were the same across all trials in both conditions: card 1 showed
three blue circles, card 2 showed one red triangle and card 3 showed four green stars. The
variable card changed with each trial and, in the control condition, exactly matched one of
the three target cards but not in the experimental condition. There were 24 unique variable
cards, each used twice across the experimental condition, but never within the same block.
The object of the experimental condition was to determine via trial and error the ‘rule’ for
sorting the variable card to one of the target cards via button press. The rule remained the
same throughout each experimental block. Stimuli were shown for 3500 milliseconds (msec)
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followed by a 450 msec feedback screen, which informed the participant whether his/her
response was correct or incorrect. There was a 50 msec interstimulus interval between the
feedback screen and the next trial.

During the control condition, the participant was required to simply match the variable card
to the identical target card via button press. Participants were cued as to which condition
they were performing by a 6000 msec instruction screen presented at the beginning of each
block that read either ‘sort’ or ‘match’. The card task required both cognitive flexibility (i.e.
generating potential rules, adapting to feedback, switching rules) and working memory (i.e.
retaining previous cards, response and feedback to determine next response) while
controlling for visual attention, stimulation and discrimination as well as button pressing.
Participants were randomized to one of three different versions of the card sort task to
control for rule difficulty order. Version A presented the sort rules in the following order:
colour, form, number, colour; Version B: form, number, colour, form; and Version C:
number, colour, form, number. The variable cards were presented in the same order for all
three versions. Participants completed a different version of the card sort task at post-
intervention compared to baseline.

Cognitive rehabilitation curriculum (CRC)
The authors collaborated with Lumos Labs, Inc. (San Francisco, CA) to develop an 8 week,
40 session curriculum of cognitive exercises built in Flash (Adobe Systems, San Jose, CA)
for web production. The authors have no financial relationships with or commercial interests
in Lumos Labs or any other conflicts of interest related to the cognitive exercise curriculum.
The development and validation of Lumos Labs cognitive exercises are described in detail in
their white paper [56]. Only those exercises focusing on cognitive flexibility, attention and
working memory (available in 2007 at the beginning of this study) were chosen for the
CRC. The selected exercises were grouped into an online course that participants were
automatically enrolled in at initial login. Each participant was provided with an anonymous
user ID number and password to log into the encrypted website from their home computer.
No personal information was stored. Participants and their parents were given verbal and
written instructions as well as a live demonstration of how to do each exercise. After logging
in, participants were automatically directed to their ‘trainer page’ which listed the exercises
assigned that day.

Currently, no standards have been established regarding the number of sessions or duration
of cognitive remediation programs for children. Significant variability exists among
previous studies in terms of training duration. These have ranged from 5–8 weeks, 1–7
sessions per week, 25–45 minutes per session and 3–15 tasks per session [22,35,57–59]. For
the present study, an 8 week, 5 sessions per week, 20 minutes per session program was
utilized. The duration parameters used here were chosen in an effort to balance consistent,
intensive practice with feasibility while remaining relatively consistent with previous
studies. Research staff tracked participant progress and communicated with participants’
parents on a weekly basis to remind participants to complete their sessions and record any
reasons for being off-schedule. Participants were given an incentive of $100 for completing
the CRC.

Six tasks were presented during each session: (1) Spatial Speed Match (working memory):
based on the classic n-back working memory paradigm used in previous studies [22,35,59],
this task involved the presentation of a series of three circles in a pyramid formation with
one circle being coloured blue. The participant had to indicate if the current stimulus
matched the previous one in terms of the location of the coloured circle. The participant
responded by clicking a red or a green button or by using the left or right arrow keys to
indicate a no or yes, respectively. Correct responses were indicated with a green check mark
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and a sound; incorrect responses with a red ‘X’ and a different sound. As participants
improved in reaction time, the number of trials increased, increasing difficulty level. (2)
Monster Garden (working memory): participants were shown a garden grid. A creature or a
beet would pop up briefly in some of the squares and then the participant had to guide a
farmer to a flower on the grid by clicking a path of squares without clicking any squares that
had creatures. Difficulty increased via increasing number of creatures and larger garden
grid. (3) Lost in Migration (attention): based on the flanker paradigm, a well-known measure
of selective attention [60], several birds were shown in various formations. The participant
was required to use the arrow keys to indicate which direction the centre bird was facing.
Surrounding birds faced the same or a different direction as the centre bird. As participants
improved in reaction time, the number of trials increased, increasing difficulty level. (4)
Bird Watching (attention): a bird and a letter were flashed briefly on a landscape
background and participants were instructed to click on the location of the bird and
simultaneously remember the letter. The participant was shown how close his/her click was
to the actual location of the bird and points were given based on how closely the participant
clicked to the centre of the bird. The participant was then asked to type in the letter that was
shown. After several trials, the name of the bird was revealed via the letters. Difficulty was
increased by increasing the spatial separation between the bird and the letter and by
decreasing the amount of time the stimuli were shown. (5) By the Rules (cognitive
flexibility): based on sorting tasks such as the Wisconsin Card Sorting Test [53] that require
the generation of alternate solutions to ambiguous stimuli, participants were shown a single
card depicting one or more geometric figures and asked to determine if the card followed
‘the rule’ or not. The rule had to be ascertained via trial and error. Participants responded by
clicking a green or red button, dragging the figure to one of these buttons or using the left or
right arrow keys to indicate no or yes, respectively. Correct responses were indicated with a
green check mark and a sound; incorrect responses with a red ‘X’ and a different sound.
Difficulty was increased by increasing the number of possible rules in play as well as rule
subtlety or complexity. For example, colour was an easier rule, whereas card border was a
more difficult rule. (6) Colour Match (cognitive flexibility): based on the Stroop task which
measures set shifting [61], participants were shown two boxes side by side, the left labelled
‘meaning’ and the right labelled ‘colour’. Colour names were presented in each box and the
participant had to indicate if the colour of the word on the right matched the meaning of the
word on the left. Participants responded by clicking red or green buttons or using the left or
right arrow keys to indicate no or yes, respectively. Correct responses were indicated with a
green check mark and a sound; incorrect responses with a red ‘X’ and a different sound.

Each exercise of the CRC included a presentation of the rules and instructions for the
exercise. Exercises were adaptively hierarchical; initial difficulty level was very low (e.g.
simple stimuli, longer time limits, cued or scaffolded items, illustrations/explanations of
correct responses) and then as the participant’s performance improved, difficulty level was
increased (more complex stimuli, shorter time limits, no cuing or explanations). All levels
provided immediate feedback regarding accuracy of responses.

FMRI pre-processing
Using Statistical Parametric Mapping 5 (SPM5) [62], images were realigned to correct for
any head movement using least square minimization, normalized to a standardized template
in order to directly compare brain activation across participants, stimulus types and
experimental conditions; and smoothed to reduce the effects of noise. Images for each
participant were then visually assessed for correct spatial normalization using in-house
software that creates 3D renders and slice maps (axial, coronal, sagittal) of raw, normalized
and statistical images for comparison with template examples of correctly aligned images.
An in-house software program, ArtRepair [63], was utilized to automatically detect and
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repair motion and signal intensity outliers as well as other artifacts at the volume, slice and
voxel level [64].

Statistical analyses
FMRI data analyses—Statistical analyses of whole brain fMRI data were performed in
SPM5. Confounding effects of fluctuations in global mean were removed by proportional
scaling. Low-frequency noise was removed with a high-pass filter (0.5 cycles/minute)
applied to the fMRI time series at each voxel. A temporal smoothing function (Gaussian
kernel corresponding to dispersion of 8 seconds) was applied to the fMRI time series to
enhance the temporal signal-to-noise ratio. Individual contrast images were analysed using a
general linear model to determine voxel-wise t-statistics. The experimental minus control
contrast image was generated per participant. A one-sample t-test was then used to
determine whole brain within-group activation. The statistics for analyses were normalized
to Z-scores and significant clusters of activation were determined using height and extent
thresholds of p < 0.05, controlling for multiple comparisons using false discovery rate [65].
Activation foci were superimposed on high-resolution T1-weighted images and their
locations interpreted using known neuroanatomical landmarks.

Region of interest (ROI) analyses of whole brain fMRI data were then performed to allow
for linear mixed modelling, to constrain analyses to regions corresponding to a priori
hypotheses and to reduce the number of statistical tests performed. Automated Anatomic
Labelling software [66] was used to create anatomic ROIs for bilateral middle, inferior and
superior frontal gyri selected based on the a priori hypothesis regarding prefrontal cortex
function. Whole brain analysis results, as shown in Table II, indicate that these prefrontal
regions were areas of significant peak activation across participants at baseline (p < 0.05,
corrected). The REX toolbox [67] was used to extract the mean intensity value across all
voxels in the ROIs for each participant. The ROI values were scaled to the SPM5 default
intracerebral mean of 100 to provide a metric of percentage signal change for the
experimental minus control conditions of the card task.

Changes in cognitive testing data between pre- and post-CRC were estimated using linear
mixed modelling (e.g. [68–70]) with CRC duration, age and cancer type (1 = brain tumour, 2
= ALL) as covariates. All 23 cases with available data at Time 1 were included in the
analysis assuming that data were missing at random at Time 2 [71]. Trained tests (resembles
a CRC exercise) included the Sort Test and non-trained tests (measures the cognitive skill
trained in a CRC exercise but does not resemble the CRC exercise) included the Working
Memory Index, Processing Speed Index, Motor-free Visual Perception Test, Cancellation,
List Memory and Picture Memory. The Visual Perception Test was included due to the
highly visual nature of the CRC.

Changes in cognitive test scores associated with the CRC were also examined using the
Reliable Change Index (RCI) [72,73] to determine if statistically different scores were also
clinically significant (i.e. recovered). The RCI is a well-known method used to determine if
a change is reliable rather than simply due to test measurement error (i.e. practice effects),
accounting for differences between pre- and post-test variance [73]. An RCI criterion of ≥
1.96 (95% confidence interval) was utilized [74]. An RCI was calculated for each participant
and categorized as ‘Recovered’, ‘Improved’, ‘Unchanged’ or ‘Deteriorated’ based on
previously published methods [75]. The number of participants in each category was
summed and the mean RCI across participants was calculated.

Linear mixed models as described above were used to determine differences in ROI
activation between pre- and post-CRC assessments.
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Effect sizes for linear mixed models were calculated by dividing the estimated slope
(change) from Time 1 to Time 2 by the standard deviation of the observed outcome at Time
1. Therefore, these effect sizes can be interpreted as magnitudes of change in relation to the
observed outcome distribution at baseline.

Secondary, exploratory analyses—ROIs that were significantly different from
baseline were correlated with significantly improved cognitive test scores and RCI category
to explore the relationship between improved cognitive performance and increased brain
activation. Cancer diagnosis (1 = brain tumour, 2 = ALL), age at diagnosis, time since
treatment completion and gender were entered as independent variables in multiple
regressions with ROI slope and cognitive test slope to explore the effect of these variables
on intervention outcome. Increasing time since treatment completion and female gender
have been associated with increasing cognitive deficit in ALL and brain tumour [76–78].

Results
CRC compliance

As shown in Figure 1, 23 children participated in the CRC. One child was excluded for MRI
contraindications and one had not yet completed chemotherapy. Nineteen children
completed the entire curriculum (83%) and 17 of these successfully completed both the pre-
and post-CRC assessment. Although the CRC was designed to be an 8-week program, most
children required longer (mean = 14, SD = 7.5 weeks) to complete the curriculum. Reasons
for falling behind schedule included forgetting, illness, vacation and too much schoolwork,
the latter being the most common reason. There were no differences between those who
completed or did not complete the CRC in terms of age, gender, minority status, maternal
education level, cancer type, age at diagnosis, time since anti-cancer treatment completion or
baseline cognitive test scores.

Changes in cognitive function
Children with cancer showed significantly increased Processing Speed Index (p = 0.002),
Sort Test (p = 0.001), List Memory (p = 0.03) and Picture Memory (p = 0.02) scores
following the CRC (Table III).

Changes in brain activation
Linear modelling demonstrated significantly increased inferior (p = 0.02), middle (p = 0.04)
and superior frontal gyrus activation (p = 0.01) and decreased reaction time (p = 0.009)
following the CRC compared to baseline (Table IV, Figure 2). Due to significantly poor
quality (signal and/or motion artifacts in > 20% of images), fMRI data for one child (Time
1) were excluded from this analysis.

Reliable change index (RCI) analysis
RCI analyses indicated that Processing Speed Index and Sort Test scores were ‘recovered’,
on average (mean RCI = 1.96, 2.03, respectively). Sixty percent of participants demonstrated
recovered or improved Processing Speed Index scores and 62% showed recovered or
improved Sort Test scores. Memory scores were classified as ‘unchanged’ (Table V).

Exploratory analyses
There were no significant correlations between ROI activation and cognitive outcome
following the CRC or between ROI and cognitive slopes, cancer type, time since treatment
completion or gender.
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Discussion
This study demonstrated that a computerized curriculum of executive function skills practice
completed at home can be feasible for children and adolescents with a history of cancer.
Overall compliance level was 83%, similar to the compliance level reported for a previous
cognitive rehabilitation study involving paediatric cancer survivors that utilized in-person
sessions (84%) [24]. Participants required longer than expected to complete the program.
Health issues contributed to the need for extended program time in many children, although
schoolwork burden was the most common factor. These findings suggest that home-based
cognitive skills practice can successfully be implemented in young survivors of paediatric
cancer, but optimal duration parameters require further study.

The executive function program also was effective for improving processing speed and
cognitive flexibility as well as visual and verbal declarative memory. Improvements in test
scores following the intervention occurred even after controlling for age, intervention
duration and cancer type. Given the young age of the participants, some improvement over
time might be expected naturally, irrespective of the intervention, due to developmental
increases in cognitive ability, particularly in executive functions [53,79,80]. However,
previous studies have indicated that children with a history of cancer tend to actually show
declines in cognitive function over time [77,78,81]. The findings of significant
improvements in cognitive function are therefore contrary to what typically occur in these
children.

An RCI analysis was also employed to control for practice effects. Results of this analysis
showed that processing speed and cognitive flexibility scores also were clinically
significant, classified across participants as ‘recovered’. This classification indicates that, on
average, performance on these tests was not only improved but also within the normative
distribution following the CRC. Furthermore, these results suggest that children with ALL
or brain tumour showing certain executive impairments may be successfully trained to
improve their performance. The CRC improved both trained and untrained cognitive
performance, suggesting some skills transfer.

The CRC was associated with significant increases in dorsolateral prefrontal cortex
activation. This finding suggests that the intervention impacted neurobiologic status in
participants, possibly increasing neural resources. The prefrontal region is known to
subserve several executive skills in children including cognitive flexibility [82] and
processing speed [83]. Other groups have also shown significantly increased prefrontal
activation following other one-armed executive skills training [48,84]. Theories regarding
experience-dependent neuroplasticity mechanisms suggest that cognitive training should
result in neurobiologic changes that support recovery of function [85,86]. The results
presented here appear to be consistent with this theory given that participants showed
significantly improved test scores—on both trained and untrained tests—as well as
significantly increased prefrontal activation.

An increase in activation following cognitive training putatively stems from recruitment of
additional neural resources and/or heighted regional response [87], but has previously been
associated only with sensorimotor training [86]. The current findings of increased rather
than decreased prefrontal activation related to higher level, executive function tasks may
reflect the use of adaptive training. Adaptive training is designed to continuously increase
learning and challenge neural systems resulting in long-term neuroplastic changes [85].
Adaptive skills training may therefore be associated with higher cognitive load in certain
brain regions and an associated increase, rather than decrease, in activation of these
networks.
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However, working memory and visual attention were not improved by the training program,
despite their reliance on prefrontal-executive networks. These skills have previously been
shown to be improved in association with changes in prefrontal function within other
populations [47,88]. The reason these skills were not improved by the CRC is unclear,
although it may reflect the choice of cognitive tests. For example, the Working Memory
Index involves auditory stimuli, whereas the CRC used only visual stimuli. A visual
working memory test such as Spatial Span may have elucidated change in this area. It is also
possible that the CRC exercises in these domains were not effective or that this sample of
children required more and/or longer sessions related to these domains.

The relationship between brain activation and test score change could not be quantified,
possibly because the association between cognitive testing and neuroimaging data can be
difficult to elucidate. Many factors mitigate this relationship, particularly the inherently
complex nature of cognitive function. Changes in neurobiologic status related to the CRC
may have involved structural and/or microstructural changes, for example, that are not
detected by fMRI. Additionally, this analysis may have lacked enough statistical power due
to the relatively small sample size. Further research utilizing multimodal imaging in larger
samples is required to explore these possibilities.

The current results are very preliminary and have several limitations. The lack of a no-
treatment or alternate treatment comparison group increases the probability that the findings
were due to practice effects. Recent studies have successfully utilized a similar one-arm
design for executive function training in healthy adults [84,89]. Similar to these studies,
significant changes in neuroimaging metrics were demonstrated here. FMRI tasks have been
shown to have strong test–re-test reliability for complex tasks that have minimal behavioural
practice effects [90]. The present fMRI task was based on the Wisconsin Card Sorting Task,
which has been shown to have minimal to no test–re-test differences in activation [91].
Alternate forms of this task were utilized at baseline and post-test to further minimize
practice effects. Unlike the previous one-arm trial studies, the current analyses were
complimented with RCI analysis, which accounts for practice effects [73]. Additionally,
advanced statistical methods and robust covariates were employed to reduce the variability
in baseline scores that tends to increase the influence of regression towards the mean.
Nevertheless, a randomized trial is necessary to demonstrate the true potential of the
intervention in paediatric cancers. Additionally, the effects of demographic and medical
variables on intervention efficacy could not be addressed due to lack of statistical power.
Only children who met a certain definition of executive function deficit were included and
therefore other definitions of deficit may have resulted in a different outcome. Furthermore,
the stability of the findings over time are unknown. Longitudinal followup is required to
address this limitation.
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Figure 1.
Summary of sample sizes and analyses. Of those who participated in the intervention, three
were lost to follow up and one withdrew from the study (did not like the intervention). One
of the children who did not complete follow-up assessments was lost to follow-up and the
other moved out of state.
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Figure 2.
Participants demonstrated significantly increased percentage activation, on average, in the
inferior (IFG), middle (MFG) and superior (SFG) frontal gyri following the cognitive
rehabilitation curriculum. Error bars indicate standard deviation.
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Table I

Neurocognitive assessment battery.

Test name Domain measured Reference

Wechsler Intelligence Scale for Children 4th Edition (WISC-IV)–age 7–16
or Wechsler Adult Intelligence Scale 3rd Edition (WAIS-III)–age 17–19

Intellectual function (including Full Scale IQ,
Verbal Comprehension, Perceptual Reasoning,
Working Memory and Processing Speed Indices)

[47,88]

Wide Range Assessment of Learning and Memory 2nd Edition (WRAML2)
List Memory and Picture Memory

Verbal and visual memory [89]

NEPSY II Animal Sort (age 7–16) or Delis Kaplin Executive System
(DKEFS) Sorting Test (age 17–19)

Executive function: cognitive flexibility [90,91]

Woodcock-Johnson 3rd Edition (WJ-III) Cancellation Test Executive function: attention and processing speed [92]

Motor Free Test of Visual Perception 3rd Edition (MVPT-3) Spatial relationships, visual discrimination, visual
memory

[93]
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Table II

Whole brain results of fMRI analyses indicating significant brain activation during the card task (experimental
minus control contrast).

p-value (FDR corrected) Cluster size T-score MNI coordinates Location description

0.002 28 358 11.55 −34, −96, −12 left inferior occipital gyrus extending into left inferior occipital
gyrus, bilateral inferior and superior parietal lobe and bilateral
fusiform gyrus

0.002 26 785 8.31 −38, 54, −4 left middle frontal gyrus extending into left inferior and superior
frontal gyri, left medial frontal gyrus, right superior, middle and
inferior frontal gyri and bilateral striatum

0.002 2 203 4.80 −4, −18, 4 left thalamus extending into left striatum, right thalamus and right
striatum

Height and extent threshold: p < 0.05, FDR (false discovery rate).
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