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A B S T R A C T

Purpose
Children receiving CNS-directed therapy for cancer are at risk for cognitive problems, with few
available empirically supported interventions. Cognitive problems indicate neurodevelopmental
disruption that may be modifiable with intervention. This study evaluated short-term efficacy of a
computerized cognitive training program and neural correlates of cognitive change.

Patient and Methods
A total of 68 survivors of childhood acute lymphoblastic leukemia (ALL) or brain tumor (BT) with
identified cognitive deficits were randomly assigned to computerized cognitive intervention (male,
n � 18; female, n � 16; ALL, n � 23; BT, n � 11; mean age � standard deviation, 12.21 � 2.47
years) or waitlist (male, n � 18; female, n � 16; ALL, n � 24; BT, n � 10; median age � standard
deviation, 11.82 � 2.42 years). Intervention participants were asked to complete 25 training
sessions at home with weekly, telephone-based coaching. Cognitive assessments and functional
magnetic resonance imaging scans (intervention group) were completed pre- and postinterven-
tion, with immediate change in spatial span backward as the primary outcome.

Results
Survivors completing the intervention (n � 30; 88%) demonstrated greater improvement than
controls on measures of working memory (mean � SEM; eg, Wechsler Intelligence Scale for
Children [fourth edition; WISC-IV] spatial span backward, 3.13 � 0.58 v 0.75 � 0.43; P � .002;
effect size [ES], 0.84), attention (eg, WISC-IV spatial span forward, 3.30 � 0.71 v 1.25 � 0.39; P �
.01; ES, 0.65), and processing speed (eg, Conners’ Continuous Performance Test hit reaction time,
�2.10 � 1.47 v 2.54 � 1.25; P � .02; ES, .61) and showed greater reductions in reported
executive dysfunction (eg, Conners’ Parent Rating Scale III, �6.73 � 1.51 v 0.41 � 1.53; P � .002;
ES, 0.84). Functional magnetic resonance imaging revealed significant pre- to post-training
reduction in activation of left lateral prefrontal and bilateral medial frontal areas.

Conclusion
Study findings show computerized cognitive training is feasible and efficacious for childhood
cancer survivors, with evidence for training-related neuroplasticity.

J Clin Oncol 33:3894-3902. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Children treated for brain tumors (BTs) or
acute lymphoblastic leukemia (ALL) experi-
ence declines in intellectual functioning1-4 as-
sociated with reduced academic, social, and
vocational attainment.5-8 Impairments in atten-
tion, working memory (WM; temporary storage
and manipulation of information), and process-
ing speed contribute to intellectual declines.9-13

Treatment-related brain changes, including re-
duced white matter volumes in frontal regions,
are associated with attention and WM performance

among childhood cancer survivors.14-18 As survival
rates rise,19,20 efforts to improve neurocognitive out-
comes become imperative. However, there are few
empirically supported interventions that ameliorate
cognitive impairments arising secondary to child-
hood cancer. Some evidence supports the efficacy of
stimulant medications21,22 or therapist-delivered
cognitive remediation23-25; however, stimulant use
is limited by medical contraindication and paren-
tal preference,26-29 and therapist-delivered inter-
ventions are associated with low participation
rates as a result of high time investment and logis-
tic challenges.23-25
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Computerized cognitive training programs target specific
cognitive processes using repetitive exercises of graded difficulty.
Advantages of computerized training include remote administra-
tion affording greater geographic reach, reduced time burden with
scheduling flexibility, engaging interfaces for children, easy prog-
ress monitoring, and few medical contraindications.30-35 Cogmed
(http://www.cogmed.com) is a computerized WM intervention,
with demonstrated efficacy for developmental and acquired
attention disorders30-33; improvements have been achieved on
measures of attention, WM, and executive functions, with benefits
persisting months after training. Functional magnetic resonance
imaging (fMRI) with healthy adults completing Cogmed suggests
training-based neuroplasticity, with increased activity in regions
well established for supporting WM.36,37 Hardy et al34 demon-
strated feasibility and acceptability of Cogmed among cancer
survivors in a pilot study not powered to evaluate efficacy. We
recently replicated feasibility and acceptability in a larger geo-
graphically dispersed and socioeconomically varied cancer survi-
vor group.35

In our study, we used a randomized, single-blind (psychological
examiner), waitlist-controlled design to investigate the efficacy and
neural correlates of change associated with computerized cognitive
training in children who received CNS-directed therapy for a BT or

ALL. We hypothesized Cogmed participants would demonstrate
greater short-term improvement on performance- and rater-based
measures of WM relative to waitlisted cancer survivors and would
demonstrate increased activity in prefrontal and parietal cortices, sup-
porting WM after training.

PATIENTS AND METHODS

Participants

Eligible participants were childhood BT or ALL survivors who
received cranial irradiation and/or intrathecal chemotherapy and had
completed treatment at least 1 year before, without disease recurrence.
Participants had to be English speakers and between ages 8 and 16 years,
with intelligence quotient (IQ) � 70. Children were excluded for
history of premorbid CNS injury or disease (eg, traumatic brain injury,
epilepsy), preexisting attention deficit hyperactivity disorder (ADHD),
psychotropic medications within 2 weeks of enrollment, motor or sensory
deficit precluding valid testing or completion of the intervention, or psy-
chological condition precluding or taking precedence over cognitive
intervention. This study was conducted at St Jude Children’s Research
Hospital between December 2010 and December 2013, as approved by the
institutional review board, and written informed consent was obtained
before participation.
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Procedures

To avoid potential biases, patients were recruited consecutively in order
of upcoming appointments until 60 evaluable participants reached the post-
intervention time point. At the first visit, patients completed screening or
pre-intervention cognitive assessment to determine eligibility. WM problems
were defined by digit span, letter-number sequencing, or spatial span perfor-
mance (Wechsler Intelligence Scale for Children [fourth edition; WISC-IV]38)
� one standard deviation below the normative mean or the individual’s IQ
(Wechsler Abbreviated Scale of Intelligence [WASI]39). Participants were also
required to be appropriate for neuroimaging without sedation (eg, no orth-
odontic appliances or known claustrophobia). Qualifying participants were
randomly assigned to computerized training (Cogmed) or a waitlist. Group
random assignment was performed at a 1:1 ratio and stratified by diagnosis
(ALL v BT), age (8 to 11 v 12 to 16 years), and sex. Block random assignment
was performed by computer.40

Participants randomly assigned to intervention completed neuroimag-
ing during the same visit as cognitive assessment. Computers and/or Internet
access were provided as needed. The Cogmed intervention group was asked to
complete 25 training sessions at home over 5 to 9 weeks. Training sessions
consisted of visual–spatial and verbal WM exercises presented as games, with
each session lasting approximately 30 to 45 minutes. Exercise difficulty was
adjusted based on performance. Training progress was monitored over the
Internet. Weekly coaching telephone calls were used to provide feedback and
help maintain motivation. Participants demonstrating slower-than-desired
progress (ie, score gain � 20 after 20 sessions) were offered five additional
sessions. Eight of 16 participants offered additional sessions agreed, with a
range of 26 to 30 completed sessions.

Approximately 10 weeks after baseline assessment, all study participants
completed postintervention/waitlist cognitive assessments and neuroimaging
examinations (intervention group). Six months later, all participants had a
final cognitive assessment, and control participants were offered the interven-
tion. Incentives were offered to encourage continued participation. Both
groups were provided equal incentives to minimize motivational differences.
Participants received $10 gift cards after completing nine, 17, and 25 sessions
(or 2, 4, and 6 weeks for controls), as well as after completing preintervention
or pre-waitlist, postintervention or post-waitlist, and 6-month follow-up ap-
pointments.

Cognitive Measures

Participants were assessed with the same battery of cognitive measures at
study outset and 10 weeks and 6 months postintervention or post-waitlist. All
measures had age-specific norms from representative standardization samples
and demonstrated reliability and validity. Psychological examiners who per-
formed testing were blind to participants’ group status.

An abbreviated IQ was derived from the WASI39 vocabulary and matrix
reasoning subtests. This abbreviated IQ has normative mean of 100, standard
deviation of 15, and is highly correlated with a full IQ.41,42

WISC-IV integrated spatial span, digit span, and letter-number sequenc-
ing were the performance-based WM measures.38 Change in spatial span
backward from pre- to immediately postintervention was the primary out-
come, because it is a nontrained WM task used to assess Cogmed training
effects in children with ADHD.31 Other performance-based and parent mea-
sures were secondary outcomes. For spatial span, the examiner taps sequences
of blocks, and the participant repeats block taps in the same order to measure
attention (spatial span forward) or in reverse order to measure WM (spatial
span backward). Digit span includes digit span forward (participant repeats
digits verbatim) and digit span backward (participant repeats digits in reverse
order). For letter-number sequencing, the examiner presents sequences of
numbers and letters, after which the participant repeats the numbers in
ascending order followed by the letters in alphabetic order. These tasks
each provide an age-standardized score, with a mean of 10 and standard
deviation of 3.

The Conners’ Continuous Performance Test II (CPT-II) is a computer-
ized measure of sustained attention.43 Letters are presented on a computer
screen, and children press the space bar as quickly and accurately as possible for
any letter except the letter X. The CPT program computes an omission score,

as an index of inattention, and reaction time. Scores are age-standardized
T-scores, with a mean of 50 and standard deviation of 10.

Reading fluency and math fluency subtests of the Woodcock Johnson III
(WJ-III)44 were administered. Reading fluency requires the participant to read
simple sentences and decide if they are true. Math fluency requires the partic-
ipant to solve simple mathematic calculations. Both subtests measure the
number of items correctly completed in 3 minutes. Scores are age standard-
ized, with a mean of 100 and standard deviation of 15.

The Conners’ Parent Rating Scale 3 (CPRS-3)45 is a parent-reported
measure consisting of 110 items rated on a scale from 0 (not true at all) to 3
(very much true). Primary scales of interest were inattention and executive
functioning. Scaled scores are age and sex standardized, with a mean of 50 and
standard deviation of 10.

Table 1. Participant Demographic and Clinical Characteristics

Characteristic

No. (%)

P�

Intervention
(n � 34)

Control
(n � 34)

Sex 1.00
Female 16 (47) 16 (47)
Male 18 (53) 18 (53)

Race/ethnicity .39
African American 1 (3) 5 (15)
Asian/Pacific Islander 1 (3) 1 (3)
White 27 (79) 26 (76)
Hispanic 2 (6) 1 (3)
Other/multiple races 3 (9) 1 (3)

SES (BSMSS)† .82
Mean 39.68 40.46
SEM 15.37 12.20

ALL 23 (68) 24 (71) 1.00
Brain tumor 11 (32) 10 (29) .33

Ependymoma 1 (9) 3 (30)
Glioma 2 (18) 0 (0)
Medulloblastoma/PNET 8 (73) 7 (70)

Age at diagnosis, years .43
Mean 5.15 4.62
SD 2.92 2.68

Age at enrollment, years .51
Mean 12.21 11.82
SD 2.47 2.42

Time since treatment, years .91
Mean 4.97 5.04
SD 3.02 2.41

Treatment intensity‡ .95
Chemotherapy only 20 (59) 22 (65)
CSI � chemotherapy 8 (24) 7 (21)
CRT � chemotherapy 3 (9) 3 (9)
Chemotherapy � BMT � TBI 3 (9) 2 (6)

Baseline IQ .06
Mean 106.90 99.85
SD 15.74 14.01

Abbreviations: ALL, acute lymphoblastic leukemia; BMT, bone marrow
transplantation; BSMSS, Barrett Simplified Measure of Social Status; CRT,
conformal radiation therapy; CSI, craniospinal irradiation; PNET, peripheral
neuroectodermal tumor; SD, standard deviation; SES, socioeconomic status;
TBI, total body irradiation.

�P values indicate whether group is equally distributed across subcategories
using independent t, �2, or Fisher’s exact test, as appropriate.
†Derived from maternal and paternal education and occupation; scores range

from 8 to 66, with higher scores indicating higher SES.
‡Majority of patients (93%) were treated on protocols dictating treatment

exposure. Intervention and control groups did not differ significantly in
protocol or risk strata, further indicating they were balanced with respect to
chemotherapy and radiotherapy exposure.
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The Behavior Rating Inventory of Executive Function (BRIEF)46 is a
parent questionnaire consisting of 86 items rated as occurring never, some-
times, or often. Primary scales of interest were WM and metacognitive index.
All scaled scores are age and sex standardized, with a mean of 50 and standard
deviation of 10.

Neuroimaging

fMRI examination was designed to explore neural correlates of WM
performance and response to Cogmed intervention. Neuroimaging was com-
pleted during baseline and postintervention visits for participants in the inter-
vention group. Before scanning, participants watched a presentation about
scanning procedures, practiced fMRI tasks, and tried the manual response
mechanism. All scans were completed on 3 Tesla Magnets (Trio and Skyra
models; Siemens Medical Systems, Malvern, PA). Conventional MRIs were
used to identify morphologic abnormalities, facilitate spatial normalization of
brain images, and visualize fMRI results.

During fMRI, participants completed a grid-based spatial WM task used
in prior investigations of Cogmed with healthy adults.36 The block-design task
consisted of WM trials during which the participant was required to remem-
ber, and subsequently reproduce, the location and order of a series of cues
presented transiently in a grid. WM trials included three (low load) or five cues
(high load). The WM trials were separated by control trials, during which the
participant selected five stationary cues presented in the grid. Stimuli were
presented at the back of the magnet with an LCD projector and viewed via a
mirror on the head coil (Appendix and Appendix Fig A1, online only, provide
neuroimaging acquisition details).

Statistical Analyses

A sample size of 30 was targeted for each group to afford 80% power to
detect a medium size effect (0.65) between groups on WM measures using a
one-sided significance level of .05. Demographic and clinical variables were
compared between groups. To identify change in cognitive abilities associated
with training, repeated-measures analyses of variance were conducted. Effect
sizes were computed comparing pre- with postintervention change scores
between groups using Cohen’s d.47 All reported P values are two sided.

Neuroimaging analysis targeted three areas: patterns of activation before
training to elucidate WM impairment in cancer survivors, changes in activa-
tion after intervention to identify potential mechanisms of training-related
WM changes, and evidence for neural phenotypes at baseline that may predict
response to Cogmed intervention. Functional images were analyzed with
statistical parametric mapping48 via a two-level analysis. In the first-level
analysis, data were analyzed according to a fixed-effect generalized linear
model, with task-induced activity represented by a boxcar function convolved
with canonic hemodynamic response function. Contrasts selecting for activa-
tion of interest were set in a model, and contrast images from each participant
were used as a variable in a second-level random-effects analysis (Appendix
and Appendix Fig A2, online only, provides fMRI data analysis details).

RESULTS

Participants

Feasibility and acceptability of this trial have been reported else-
where35 and are briefly summarized here. Of 128 patients screened, 80
qualified based on WM problems. Among qualifiers, five were ex-
cluded, seven declined participation, and 68 were randomly assigned
(34 in each group). Of those randomly assigned to the intervention, 30
(88%) completed at least 20 of 25 sessions (a priori criterion for
compliance),31,34 and all returned for postintervention assessments.
There were no significant differences between patients who completed
the intervention and patients who dropped out early based on demo-
graphic, clinical, or cognitive performance to suggest limits to gener-
alizability of findings. fMRI examinations were completed by 91% and
93% of participants at preintervention and postintervention, respec-
tively. Of those randomly assigned to the control group, 32 returned
for post-waitlist assessments (Fig 1).

Table 2. Change in Pre- to Post-Training Cognitive Scores

Measure

Mean � SE

P� Effect Size†

Intervention (n � 30) Control (n � 32)

Pretraining Post-Training Change Pretraining Post-Training Change

WISC-IV digit span forward‡ 9.00 � 0.46 9.93 � 0.53 0.93 � 0.59 8.16 � 0.61 9.00 � 0.64 0.84 � 0.37 .897 0.03
WISC-IV digit span backward‡ 8.97 � 0.51 11.17 � 0.56 2.20 � 0.46 8.59 � 0.53 9.22 � 0.42 0.63 � 0.45 .017 0.62
WISC-IV letter-number sequencing‡ 9.87 � 0.53 11.33 � 0.36 1.47 � 0.39 9.47 � 0.48 10.03 � 0.53 0.56 � 0.41 .114 0.41
WISC-IV working memory index§ 95.33 � 2.32 104.50 � 2.25 9.17 � 1.68 92.50 � 2.52 96.47 � 2.85 3.97 � 1.44 .022 0.60
WISC-IV spatial span forward‡ 9.83 � 0.61 13.13 � 0.64 3.30 � 0.71 8.66 � 0.42 9.91 � 0.47 1.25 � 0.39 .012 0.65
WISC-IV spatial span backward‡� 9.50 � 0.61 12.63 � 0.55 3.13 � 0.58 10.03 � 0.50 10.78 � 0.48 0.75 � 0.43 .002 0.84
CPRS-3 inattention¶ 63.73 � 2.53 56.47 � 1.39 �7.27 � 1.91 61.59 � 2.71 60.88 � 2.69 �0.72 � 1.53 .009 0.68
CPRS-3 executive function¶ 62.47 � 2.43 55.73 � 1.57 �6.73 � 1.51 58.97 � 2.69 59.38 � 2.48 0.41 � 1.53 .002 0.84
BRIEF working memory¶ 60.63 � 2.07 57.23 � 1.58 �3.40 � 1.39 60.25 � 2.53 59.53 � 2.59 �0.72 � 1.25 .157 0.36
BRIEF metacognitive index¶ 59.53 � 2.00 55.53 � 1.47 �4.00 � 1.04 57.75 � 2.28 56.66 � 2.22 �1.09 � 1.18 .071 0.47
CPT-II omissions¶ 51.24 � 2.15 50.46 � 1.61 �0.49 � 1.25 50.09 � 1.64 55.76 � 2.61 5.67 � 2.48 .036 0.56
CPT-II hit reaction time¶ 50.26 � 2.05 48.51 � 1.69 �2.10 � 1.47 49.52 � 1.51 52.05 � 1.79 2.54 � 1.25 .020 0.61
WJ-III reading fluency§ 97.57 � 3.43 99.33 � 3.43 1.77 � 1.18 90.29 � 2.82 94.32 � 2.91 4.03 � 1.18 .184 0.34
WJ-III math fluency§ 89.53 � 2.66 90.43 � 2.86 0.90 � 0.84 87.59 � 2.45 89.25 � 2.61 1.66 � 1.24 .620 0.13

NOTE. Boldface indicates statistical significance.
Abbreviations: BRIEF, Behavior Rating Inventory of Executive Function; CPRS-3, Conners’ Parent Rating Scale 3; CPT-II, Conners’ Continuous Performance Test

II; WISC-IV, Wechsler Intelligence Scale for Children–Fourth Edition; WJ-III, Woodcock Johnson III.
�P values are from repeated-measures analyses of variance examining group � time interaction.
†Effect sizes calculated based on group differences in change scores from pre- to post-training using Cohen’s d.
‡Scaled score: mean, 10; standard deviation, 3; higher score is better.
§Standard score: mean, 100; standard deviation, 15; higher score is better.
�Primary intervention outcome.
¶T score: mean, 50; standard deviation, 10; higher score is worse.
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Study participants were balanced by sex (male, 53%) and largely
white (78%; Table 1). Approximately two thirds (69%) of the sample
were treated for ALL, often with chemotherapy only (87%). A major-
ity of participants with BTs were treated with cranial irradiation
(73%). Participants were on average age 12 years and 5 years from
completion of treatment. Intervention and control groups were
balanced with respect to sex, age, and diagnosis; there were no
group differences in socioeconomic status, age at diagnosis, time
since treatment, or treatment intensity. A trend for a higher base-
line IQ among the intervention group (106.9 v 99.9; P � .06) was
the only baseline difference in cognitive performance (Appendix
Table A1, online only).

Intervention

For the primary outcome measure—spatial span backward—the
intervention group demonstrated greater short-term improvement
than the control group, as indicated by a significant group � time
interaction (P � .002; Table 2; Fig 2). The intervention group also
demonstrated greater short-term improvement than the control
group on secondary measures of attention (WISC-IV spatial span
forward, P � .012; CPT-II omissions, P � .036), WM (WISC-IV digit
span backward, P � .017; WISC-IV working memory index, P �
.022), and processing speed (CPT-II reaction time, P � .020; Table 2;
Fig 2). Parents of intervention participants reported greater reduction
in inattention and executive dysfunction than parents of control
group participants (CPRS-3 inattention, P � .009; CPRS-3 executive

function, P � .002; Fig 2; Appendix Table A2, online only, provides
full model). There was no difference in change in academic fluency
between groups (WJ-III reading and math fluency). To account for
IQ at baseline, linear mixed-effects models including group, time,
group � time, baseline IQ, and baseline IQ � time were created, with
all significant group � time interactions remaining significant (Ap-
pendix Table A3, online only).

Neuroimaging

The pattern of preintervention activation during the WM task
was consistent with the neuroimaging literature, revealing a bilateral
frontal-parietal network (Table 3; Fig 3).49 Activation was robust in
dorsal visual stream, including occipital and parietal lobes, ventral and
dorsolateral prefrontal cortex, middle and superior frontal gyri, and
anterior cingulate cortex (shown in red in Fig 3A). A majority of
participants completing fMRI were right-handed (90%), and findings
were unchanged with handedness as a covariate in the fMRI model.
Activation decreased after training (shown in green in Figs 3B and 3C),
with extensive changes in left lateral prefrontal, left cingulate, and
bilateral medial frontal areas. Task activity in frontal and parietal
regions previously shown to support spatial WM49 was significantly
associated with performance on the WISC-IV WM index (digit span
and letter-number sequencing) measured outside of the MRI (Fig
3D). Change in WM scores after intervention was not significantly
associated with change in activation in any brain areas, but lower
preintervention activation in a right dorsolateral prefrontal subregion
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was predictive of positive intervention response based on spatial span
backward performance (Fig 3E).

DISCUSSION

Study findings show computerized cognitive training is feasible and
efficacious for childhood cancer survivors experiencing cognitive late
effects. High acceptability and training compliance have been re-
ported35 and are consistent with other computerized cognitive inter-
vention studies,34,50 suggesting better participation than therapist-
delivered cognitive interventions.23-25 Training improved short-term
measures of attention, WM, and processing speed. Caregivers also

reported a significant reduction in inattention and executive dysfunc-
tion. These findings are particularly relevant to childhood cancer
survivors for whom IQ declines have been attributed to interruption
of normal development of attention, WM, and processing speed.12,51

A reduction in fMRI prefrontal and parietal activation from pre- to
postintervention demonstrates training-induced neuroplasticity, per-
haps indicative of increased neural efficiency for systems known to
support WM.

Study results indicate computerized cognitive training is an effi-
cacious, portable, and less time intensive alternative to existing inter-
ventions, offering a significant advancement in the management of
cognitive late effects. The Internet-based training platform allows for
greater geographic reach and flexibility in scheduling, contributing to
intervention disseminability. Study findings may alter management of
cognitive late effects, whereby a greater number of childhood cancer
survivors can now access an efficacious intervention within their
home. Effect sizes for attention and WM measures were similar to
those of stimulant medications for treatment of ADHD52-54 and re-
sulted in normalized performance.

Current neuroimaging findings may provide insight into cogni-
tive rehabilitation more broadly, including clues regarding mecha-
nisms that underlie training-based behavioral change.55 For example,
the observed post-training reduction in prefrontal activation, partic-
ularly in the left hemisphere during completion of a spatial WM task,
may suggest reduced reliance on compensatory strategies, such as
verbal rehearsal. Training-related activation changes in individuals
with positive intervention response may allow for real-time biofeed-
back to facilitate greater intervention-associated gains. In addition,
baseline neuroimaging findings that predict intervention response
may help guide individualized intervention selection.

Of note, fMRI findings were not consistent with the a priori
hypothesis of increased activation in prefrontal and parietal brain
regions. Current study findings are more consistent with the larger
cognitive rehabilitation literature reporting decreased activation after
training on higher cognitive tasks, including WM.56-60 The primary
mechanism proposed to underlie activation decrease is increased neu-
ral efficiency, potentially related to a change in cognitive processes,
because childhood cancer survivors rely less on compensatory strate-
gies and more on a well-established functional network.61 This mech-
anism is supported by the fact that activation was relatively unchanged
by training in the right prefrontal and parietal areas, where activation
was significantly correlated with WM performance. Divergent find-
ings could reflect differences in the study populations. In the study by
Olesen et al,36 fMRI participants were healthy adults without cognitive
deficits, whereas current participants were childhood cancer survivors
with known WM impairment. It is possible our participants had
developed compensatory strategies for long-standing cognitive late
effects such that a reduction in fMRI activation reflected change to a
more efficient, normalized, neural activation pattern. This interpreta-
tion is also consistent with the novel finding that lower preinterven-
tion activation in the right dorsolateral prefrontal cortex was
predictive of a positive response to intervention.

Primate and clinical research has established the active ingredients
for successful cognitive training are intensity and adaptivity.62,63 This
principleiswellsupportedbyrandomizedcontrolledtrialsdemonstrating
superiority of Cogmed over similar, but nonadaptive, computerized
training or commercially available videogames.30,31,34,64-68 Accordingly,
we did not use an active control group in our study because it would not

Table 3. Activation Coordinates

Area
Peak T
Value X Y Z

Cluster Size
(voxels)�

Preintervention activation
Superior occipital gyrus 11.29 �32 �86 6 6,745
Superior occipital gyrus 10.93 �28 �78 26
Precuneus 10.62 �14 �68 52
Superior frontal gyrus 8.92 24 2 50 729
Superior frontal gyrus 7.93 24 �2 64
Middle frontal gyrus 8.81 �26 �8 62 729
Precentral gyrus 6.97 �34 �6 50
Insula 8.62 32 22 6 435
Insula 8.35 �30 20 8 384
Insula 7.85 �36 16 2
Lingual gyrus 8.10 6 �82 �8 468
Lingual gyrus 7.36 16 �76 �10
Medial frontal gyrus 7.85 �8 12 46 575
Superior frontal gyrus 7.27 2 16 48
Cingulate gyrus 7.01 10 22 42
Superior frontal gyrus 7.22 40 36 32 233
Middle frontal gyrus 6.72 38 40 42
Middle frontal gyrus 6.85 �36 40 20 160
Superior frontal gyrus 6.31 �32 52 20
Middle frontal gyrus 6.25 �46 24 38 46
Fusiform gyrus 6.16 42 �78 �14 7
Middle frontal gyrus 5.99 54 10 42 7
Cerebellum 5.92 �40 �68 �24 14
Cerebellum 5.91 �40 �76 �18
Precentral gyrus 5.86 �48 0 34 10
Cerebellum 5.82 �14 �80 �14 6
Cingulate gyrus 5.73 2 6 28 8
Cingulate gyrus 5.72 2 2 30 6
Inferior frontal gyrus 5.70 38 10 28 6

Decreased activation postintervention
Superior frontal gyrus 5.45 �36 38 32 804
Precentral gyrus 4.56 �50 2 26
Middle frontal gyrus 4.20 �44 22 32
Superior frontal gyrus 4.93 �2 16 48 922
Superior frontal gyrus 4.85 8 14 50
Cingulate gyrus 4.56 �6 22 36

WM index
Middle frontal gyrus 4.70 32 14 58 324
Postcentral gyrus 4.66 40 �30 62 331

Predictive of response to intervention
Middle frontal gyrus 4.75 46 14 32 204

NOTE. All results P � .05, corrected for multiple comparisons.
Abbreviation: WM, working memory.
�Cluster size listed for primary peaks.

Cognitive Intervention for Cancer Survivors

www.jco.org © 2015 by American Society of Clinical Oncology 3899



add to design novelty, was not scientifically warranted, and would have
reducedthe likelihoodcontrolswouldcompleteCogmedtrainingoffered
off-study.34 Although we would not anticipate nonspecific intervention
benefits (eg, increased social support) to improve performance-based
cognitiveoutcomesorfMRIfindings,withoutanactivecontrolgroup,the
possibility cannot be eliminated.

Some methodologic issues limit study conclusions and offer di-
rection for future study. There was mixed evidence for generalizability
of cognitive benefits, with improvement in processing speed but not
academic fluency. Although Cogmed has been associated with im-
provements in reading comprehension69 and mathematic ability30 in
nononcology samples, it will be important to assess the functional
impact of cognitive change, including academic gains, among child-
hood cancer survivors. Parent-reported measures, although subject to
rater biases,21 showed similar group findings and trends; however,
findings for only one of two measures (CPRS-3 but not BRIEF)
reached statistical significance. Post-hoc correlation analyses indicate
measures were tapping similar constructs, with one more sensitive to
change than the other (Appendix Table A4, online only), highlighting
measurement nuances. Although the neuroimaging findings are com-
pelling with respect to identifying mechanisms of change, fMRI exam-
ination of the control group would have allowed for better teasing
apart of intervention and developmental effects. Future studies should
investigate maintenance of cognitive gains, combining empirically

validated interventions to assess potential therapeutic synergism and
efficacy of intervention before the emergence of cognitive problems.
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Fig 3. Functional neuroimaging. (A) Preintervention activation during Olesen working memory (WM) task (contrast: WM trials � control trials in random-effects group
analysis; t test P � .05 with family wise error [FWE] correction). (B) Neural correlates of WM ability and training. Green denotes areas of decreased activation after WM
intervention (contrast: WM trials � control trials in random-effects group analysis; paired t test P � .05 with FWE correction). Yellow denotes areas where activity was
positively associated with Wechsler Intelligence Scale for Children–Fourth Edition (WISC-IV) WM index (regression: WM trials � control trials v WM index in
random-effects analysis; P � .05 with FWE correction). Purple denotes area where low preintervention activity (contrast: WM trials � control trials) predicted good
response to intervention (median split on spatial span backward change; P � .05 with cluster correction). (C) Activity (fixed-effects parameter estimate for each
participant) of green left middle frontal gyrus cluster in (B) showing significant groupwise decrease in activation after intervention. (D) Activity of yellow right postcentral
gyrus cluster in (B) versus WM index scores. Blue symbols identify patients who responded to intervention (median split on WM index change). SS, standard score
(mean � 100, standard deviation � 15). Gold symbols identify nonresponders. (E) Change in spatial span backward score versus preintervention activity for purple right
frontal cluster in (B). ScS, scaled score (mean � 10, standard deviation � 3). Dots are colored as in (D).
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Appendix

Neuroimaging Details

Regarding functional magnetic resonance imaging (fMRI) scan acquisition, neuroimaging was completed during baseline and
postintervention visits for participants in the intervention group. Before scanning, participants watched a presentation about scanning
procedures and practiced fMRI tasks, including the MRI-compatible response device. All scans were completed on 3 Tesla Magnets (Trio
and Skyra models; Siemens Medical Systems). Conventional MRIs were used to identify morphologic abnormalities, facilitate spatial
normalization of brain images, and visualize fMRI results. Whole-brain functional images were acquired with T2*-weighted echo planar
imaging pulse sequences (repetition time, 2 seconds; echo time, 30 milliseconds; field of view, 192 mm; matrix, 64 � 64; bandwidth, 2,055
Hz/pixel; 32 slices; slice thickness, 3.5 mm). fMRI images were acquired in planes parallel to the anterior and posterior commissure lines.
Stimuli were presented at the back of the magnet with an LCD projector and viewed via a mirror on the head coil.

Olesen Working Memory Task

During fMRI, participants completed a block-design spatial working memory (WM) task used by Olesen et al36 in prior investiga-
tions of Cogmed with healthy adults (Appendix Fig A1). This task has been shown to activate brain areas typically associated with WM
(middle and inferior frontal gyri, superior and inferior parietal cortices, and cingulate gyrus) and was sensitive to training-induced changes
in healthy adults.37 Participants were presented with a 4 � 4 grid of circles. A set number of cues (solid blue circles) were presented
sequentially in randomized locations. The participant’s job was to repeat the pattern of cues. All task parameters were taken from Olesen
et al (cue duration, 900 milliseconds; interstimulus interval, 500 milliseconds; response block, 12 seconds; intertrial duration, 5 seconds),33

except for the number of cues that were adjusted for a young population (low load, three cues instead of five; high load, five cues instead
of seven). The control condition consisted of five solid green cues on the top two rows that appeared in sequential order. These cues
remained illuminated until deselected by the participants. The fMRI experiment consisted of three sessions of 12 trials each (three low
load, three high load, and six control trials in randomized order). Participants responded using a modified videogame controller.
Performance on the task was scored using three calculated measures: trial time to completion, accuracy (percentage of correct responses
regardless of order), and more strict order (percentage of correct responses in correct order).

fMRI Analysis

fMRI imaging data were preprocessed (motion corrected, slice time corrected, normalized, and smoothed [6-mm Gaussian kernel])
using SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).48 Standard statistical parametric mapping two-level general
linear model analyses were performed. The first-level analysis consisted of fixed-effect general linear model analysis for each participant.
Low-load, high-load, and control-condition trials were modeled as boxcar functions convolved with canonic hemodynamic response
function. The contrast of interest was WM (low load plus high load) trials greater than control trials. Participant contrast images were then
used in second-level random-effects analyses. The primary analysis consisted of a paired t test with performance covariates of interest (in
magnet accuracy, clinical spatial span backward score and Wechsler Intelligence Scale for Children [fourth edition; WISC-IV] WM index)
using pre- and postintervention imaging. Secondary analysis consisted of a one-sample t test on preintervention imaging with covariates
of interest (change in spatial span backward score) to examine the predictive ability of preintervention patterns of brain activity. In
addition, difference images (post- minus preintervention contrast images) were created for each participant and entered into a one-
sample t test with covariates of interest (change in spatial span backward and change in WISC-IV WM index) to evaluate if change in bold
signal predicted cognitive outcomes. Significance level for all tests was set at P � .05, with family-wise error correction for
multiple comparisons at voxel level. A cluster-size threshold of five voxels was applied to all statistical parametric mapping
after family-wise error correction.

Olesen WM Task Performance

Reaction time increased parametrically with trial type (Appendix Fig A2A). Accuracy decreased parametrically between the low- and
high-load conditions (Appendix Fig A2B). There was no difference in reaction time pre- to postintervention. Accuracy and strict order
(Appendix Fig A2C) were improved after the intervention (Wilcoxon signed-rank P � .01) for the high-load condition. Note that
performance for most patients was at or above the line of identity (solid line in Appendix Fig A2C), indicating improved high-load
performance after intervention.

Supplemental fMRI Results

There was no significant relationship between the pre- to postintervention change in activation and the pre- to postintervention
change in clinical measures of WM performance. Post hoc testing of handedness (parent-reported left-handedness, n � 3) showed no
effect of handedness on imaging results.
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Table A1. Pretraining Cognitive Scores

Measure

Mean � SE

P�Intervention (n � 30) Control (n � 32)

WISC-IV digit span forward† 9.00 � 0.46 8.16 � 0.61 .280
WISC-IV digit span backward† 8.97 � 0.51 8.59 � 0.53 .615
WISC-IV letter-number sequencing† 9.87 � 0.53 9.47 � 0.48 .579
WISC-IV working memory index‡ 95.33 � 2.32 92.50 � 2.52 .414
WISC-IV spatial span forward† 9.83 � 0.61 8.66 � 0.42 .115
WISC-IV spatial span backward† 9.50 � 0.61 10.03 � 0.50 .503
CPRS-3 inattention§ 63.73 � 2.53 61.59 � 2.71 .567
CPRS-3 executive function§ 62.47 � 2.43 58.97 � 2.69 .340
BRIEF working memory§ 60.63 � 2.07 60.25 � 2.53 .908
BRIEF metacognitive index§ 59.53 � 2.00 57.75 � 2.28 .561
CPT-II omissions§ 51.24 � 2.15 50.09 � 1.64 .669
CPT-II hit reaction time§ 50.26 � 2.05 49.52 � 1.51 .768
WJ-III reading fluency‡ 97.57 � 3.43 90.29 � 2.82 .108
WJ-III math fluency‡ 89.53 � 2.66 87.59 � 2.45 .593

Abbreviations: BRIEF, Behavior Rating Inventory of Executive Function; CPRS-3, Conners’ Parent Rating Scale 3; CPT-II, Conners’ Continuous Performance Test
II; WISC-IV, Wechsler Intelligence Scale for Children–Fourth Edition; WJ-III, Woodcock Johnson III.

�P values are from independent-sample t tests between groups.
†Scaled score: mean, 10; standard deviation, 3; higher score is better.
‡Standard score: mean, 100; standard deviation, 15; higher score is better.
§T-score: mean, 50; standard deviation, 10; higher score is worse.

Table A2. Repeated-Measures ANOVA

Measure

Between Participants Within Participants

Group Time Group � Time

F� P� F� P� F� P�

WISC-IV digit span forward† 1.49 .226 6.67 .012 0.02 .897
WISC-IV digit span backward† 3.30 .074 19.39 .000 6.03 .017
WISC-IV letter-number sequencing† 1.88 .175 12.95 .001 2.57 .114
WISC-IV working memory index‡ 2.59 .113 35.44 .000 5.55 .022
WISC-IV spatial span forward† 11.40 .001 32.80 .000 6.66 .012
WISC-IV spatial span backward† 0.98 .326 29.22 .000 11.01 .002
CPRS-3 inattention§ 0.13 .724 10.74 .002 7.22 .009
CPRS-3 executive function§ 0.00 .982 8.67 .005 11.03 .002
BRIEF working memory§ 0.10 .755 4.86 .031 2.06 .157
BRIEF metacognitive index§ 0.01 .906 10.38 .002 3.38 .071
CPT-II omissions§ 0.74 .393 3.24 .077 4.59 .036
CPT-II hit reaction time§ 0.28 .601 0.05 .821 5.74 .020
WJ-III reading fluency‡ 1.94 .168 11.85 .001 1.81 .184
WJ-III math fluency‡ 0.18 .671 2.83 .098 0.25 .620

Abbreviations: ANOVA, analysis of variance; BRIEF, Behavior Rating Inventory of Executive Function; CPRS-3, Conners’ Parent Rating Scale 3; CPT-II, Conners’
Continuous Performance Test II; WISC-IV, Wechsler Intelligence Scale for Children–Fourth Edition; WJ-III, Woodcock Johnson III.

�F statistics and P values are from repeated-measures ANOVA examining main effects of group and time, as well as group � time interaction.
†Scaled score: mean, 10; standard deviation, 3; higher score is better.
‡Standard score: mean, 100; standard deviation, 15; higher score is better.
§T-score: mean, 50; standard deviation, 10; higher score is worse.
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Table A3. Full Results for Linear Mixed-Effects Model

Measure

Intercept Group Time Group � Time IQ IQ � Time Baseline Measure

� (SE)� P� � (SE) P � (SE) P � (SE) P � (SE) P � (SE) P � (SE) P

WISC-IV digit span
forward

8.16 (0.56) � .001 0.84 (0.80) .298 0.08 (0.05) .083 0.01 (0.07) .897
�1.40 (2.22) .530 0.20 (0.74) .790 0.08 (0.05) .083 0.01 (0.07) .897 0.10 (0.02) � .001
�2.29 (2.51) .366 0.14 (0.74) .854 0.02 (0.07) .769 0.02 (0.07) .769 0.10 (0.02) � .001 0.00 (0.00) .454

1.28 (0.56) .026 0.13 (0.48) .781 0.08 (0.05) .075 0.01 (0.07) .894 0.84 (0.06) � .001
WISC-IV digit span

backward
8.59 (0.50) � .001 0.37 (0.71) .604 0.06 (0.04) .166 0.16 (0.06) .017
1.82 (2.06) .381 �0.09 (0.68) .901 0.06 (0.04) .166 0.16 (0.06) .017 0.07 (0.02) .001
1.00 (2.33) .670 �0.14 (0.69) .839 0.23 (0.22) .316 0.17 (0.07) .013 0.08 (0.02) .002 0.00 (0.00) .458
1.90 (0.54) � .001 0.08 (0.43) .847 0.06 (0.04) .140 0.16 (0.06) .011 0.78 (0.05) � .001

WISC-IV letter-number
sequencing

9.47 (0.47) � .001 0.40 (0.68) .561 0.06 (0.04) .157 0.09 (0.06) .114
�1.44 (1.63) .380 �0.34 (0.55) .542 0.06 (0.04) .157 0.09 (0.06) .114 0.11 (0.02) � .001
�1.50 (1.90) .431 �0.34 (0.56) .541 0.07 (0.20) .731 0.09 (0.06) .123 0.11 (0.02) � .001 0.00 (0.00) .950

1.89 (0.52) � .001 0.08 (0.37) .832 0.06 (0.04) .131 0.09 (0.05) .092 0.80 (0.05) � .001
WISC-IV working memory

index
92.50 (2.47) � .001 2.83 (3.55) .428 0.40 (0.15) .012 0.52 (0.22) .022
33.35 (8.89) � .001 �1.17 (2.84) .682 0.40 (0.15) .012 0.52 (0.22) .022 0.59 (0.09) � .001
30.56 (9.66) .002 �1.36 (2.85) .636 0.96 (0.77) .219 0.56 (0.23) .017 0.62 (0.09) � .001 �0.01 (0.01) .461
6.46 (3.95) .107 0.20 (1.55) .899 0.40 (0.15) .012 0.52 (0.22) .021 0.93 (0.04) � .001

WISC-IV spatial span
forward

8.66 (0.53) � .001 1.18 (0.76) .128 0.12 (0.06) .027 0.21 (0.08) .012
2.47 (2.15) .256 0.76 (0.74) .313 0.13 (0.06) .027 0.21 (0.08) .012 0.06 (0.02) .004
5.01 (2.53) .052 0.93 (0.75) .217 �0.38 (0.27) .161 0.17 (0.08) .037 0.04 (0.02) .146 0.01 (0.00) .060
2.19 (0.68) .002 0.30 (0.54) .582 0.12 (0.05) .020 0.21 (0.08) .008 0.75 (0.07) � .001

WISC-IV spatial span
backward

10.03 (0.53) � .001 �0.53 (0.76) .486 0.08 (0.05) .139 0.24 (0.07) .002
2.88 (2.15) .186 �1.02 (0.73) .167 0.08 (0.05) .139 0.24 (0.07) .002 0.07 (0.02) .001
4.42 (2.47) .079 �0.91 (0.73) .217 �0.23 (0.25) .351 0.22 (0.07) .004 0.06 (0.02) .024 0.00 (0.00) .210
2.46 (0.64) � .001 �0.13 (0.47) .784 0.07 (0.05) .111 0.24 (0.07) � .001 0.75 (0.05) � .001

CPRS-3 inattention 61.59 (2.38) � .001 2.14 (3.42) .534 �0.07 (0.17) .673 �0.65 (0.24) .009
63.09 (11.22) � .001 2.24 (3.52) .527 �0.07 (0.17) .673 �0.65 (0.24) .009 �0.01 (0.11) .892
64.62 (11.97) � .001 2.34 (3.53) .510 �0.38 (0.85) .659 �0.68 (0.25) .009 �0.03 (0.12) .797 0.00 (0.01) .715
11.41 (2.64) � .001 0.40 (1.59) .804 �0.07 (0.16) .647 �0.65 (0.22) .005 0.81 (0.04) � .001

CPRS-3 executive function 58.97 (2.31) � .001 3.50 (3.32) .297 0.04 (0.15) .787 �0.71 (0.21) .002
57.38 (11.05) � .001 3.39 (3.43) .326 0.04 (0.15) .787 �0.71 (0.21) .002 0.02 (0.11) .883
57.72 (11.65) � .001 3.41 (3.44) .325 �0.03 (0.75) .970 �0.72 (0.22) .002 0.01 (0.11) .913 0.00 (0.01) .926
10.03 (2.28) � .001 0.59 (1.40) .672 0.04 (0.14) � .001 �0.71 (0.20) � .001 0.83 (0.03) � .001

BRIEF working memory 60.25 (2.22) � .001 0.38 (3.19() .905 �0.07 (0.13) .582 �0.27 (0.19) .157
62.59 (10.71) � .001 0.54 (3.29) .870 �0.07 (0.13) .582 �0.27 (0.19) .157 �0.02 (0.10) .824
65.66 (11.18) � .001 0.75 (3.30) .821 �0.69 (0.65) .296 �0.31 (0.19) .112 �0.05 (0.11) .623 0.01 (0.01) .339

6.73 (2.30) .005 0.04 (1.27) .973 �0.07 (0.13) .569 �0.27 (0.18) .142 0.89 (0.04) � .001
BRIEF metacognitive index 57.75 (2.00) � .001 1.78 (2.88) .538 �0.11 (0.11) .324 �0.29 (0.16) .071

64.38 (9.69) � .001 2.23 (2.96) .454 �0.11 (0.11) .324 �0.29 (0.16) .071 �0.07 (0.09) .487
63.54 (10.06) � .001 2.18 (2.97) .467 0.06 (0.55) .916 �0.28 (0.16) .093 �0.06 (0.10) .559 0.00 (0.01) .758

6.99 (1.97) � .001 0.22 (1.06) .840 �0.11 (0.10) .298 �0.29 (0.15) .057 0.88 (0.03) � .001
CPT-II omissions 50.09 (2.03) � .001 1.16 (2.91) .693 0.57 (0.20) .006 �0.63 (0.29) .032

53.22 (8.99) � .001 1.37 (2.99) .649 0.57 (0.20) .006 �0.63 (0.29) .032 �0.03 (0.09) .722
59.34 (10.18) � .001 1.78 (3.01) .556 �0.69 (1.00) .490 �0.71 (0.29) .018 �0.09 (0.10) .358 0.01 (0.01) .203

9.58 (3.59) .010 0.22 (1.95) .910 0.57 (0.19) .004 �0.62 (0.28) .028 0.81 (0.07) � .001
CPT-II hit reaction time 49.52 (1.74) � .001 0.75 (2.50) .766 0.25 (0.13) .062 �0.45 (0.19) .022

58.41 (8.05) � .001 1.35 (2.55) .599 0.25 (0.13) .062 �0.46 (0.19) .022 �0.09 (0.08) .263
61.16 (8.67) � .001 1.53 (2.56) .551 �0.32 (0.68) .643 �0.49 (0.20) .016 �0.12 (0.08) .175 0.01 (0.01) .395

7.55 (2.51) .004 0.11 (1.30) .931 0.25 (0.13) .052 �0.46 (0.18) .016 0.85 (0.05) � .001
WJ-III reading fluency 90.29 (3.15) � .001 7.28 (4.49) .110 0.40 (0.12) .001 �0.23 (0.17) .184

14.43 (11.85) .228 2.60 (3.55) .467 0.40 (0.12) .001 �0.23 (0.17) .184 0.75 (0.11) � .001
11.89 (12.20) .334 2.44 (3.55) .495 0.91 (0.59) .129 �0.20 (0.17) .263 0.78 (0.12) � .001 �0.01 (0.01) .385
2.60 (2.37) .278 0.21 (1.20) .862 0.40 (0.12) .001 �0.23 (0.17) .183 0.97 (0.02) � .001

WJ-III math fluency 87.59 (2.60) � .001 1.94 (3.74) .606 0.17 (0.11) .122 �0.08 (0.15) .620
38.05 (11.03) .001 �1.41 (3.34) .674 0.17 (0.11) .122 �0.08 (0.15) .620 0.49 (0.11) � .001
38.59 (11.33) .001 �1.38 (3.34) .682 0.06 (0.53) .914 �0.08 (0.16) .600 0.49 (0.11) � .001 0.00 (0.01) .837
0.68 (2.51) .787 0.02 (1.08) .989 0.17 (0.11) .122 �0.08 (0.15) .620 0.99 (0.03) � .001

Abbreviations: BRIEF, Behavior Rating Inventory of Executive Function; CPRS-3, Conners’ Parent Rating Scale 3; CPT-II, Conners’ Continuous Performance Test
II; IQ, intelligence quotient; WISC-IV, Wechsler Intelligence Scale for Children–Fourth Edition; WJ-III, Woodcock Johnson III.

�� statistics (with SEs) and P values are results of fixed effects from linear mixed-effects modeling for primary and secondary cognitive outcomes. Each row
represents different model. First row is basic model examining main effects of group and time, as well as group � time interaction. Second row, baseline IQ is
added in model. For third row, interaction between baseline IQ and time is added to model. Fourth row under each measure includes baseline cognitive score for
that measure as covariate in model.

Conklin et al

© 2015 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY



Table A4. Parent-Reported Correlations

CPRS-3 Measure

BRIEF Working Memory BRIEF Metacognitive Index

Pearson’s r P� Pearson’s r P�

Pretraining
Inattention 0.78 � .001 0.81 � .001
Executive function 0.75 � .001 0.84 � .001

Post-training
Inattention 0.78 � .001 0.79 � .001
Executive function 0.69 � .001 0.83 � .001

Change in performance
Inattention 0.51 � .001 0.53 � .001
Executive function 0.51 � .001 0.56 � .001

Abbreviations: BRIEF, Behavior Rating Inventory of Executive Function; CPRS-3, Conners’ Parent Rating Scale 3.
�P values are from testing whether Pearson correlation (r) equals 0, indicating no correlation.
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Fig A1. Block-design spatial working memory task designed by Olesen et al.36 ISI, interstimulus interval.
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Fig A2. Working memory task (designed by Olesen et al36) performance. (A) Trial time versus trial type; (B) accuracy versus load; (C) high-load performance (order).
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