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AbstrAct 

Objective to test the effect of cogmed Working-memory training (cWmt) on white 
matter microstructure following neonatal ecmo and/or cdh.

Design a nationwide randomized controlled trial assessing white matter microstructure 
immediately post-cWmt (t1) and its association with neuropsychological outcome im-
mediately and one year (t2) post-cWmt, conducted between october 2014-June 2017. 
researchers involved in the follow-up assessments were blinded to group allocation.

setting erasmus mc-sophia children’s hospital, rotterdam and radboud university 
medical center, nijmegen, the netherlands.

Patients eligible participants were neonatal ecmo and/or cdh survivors (8-12 years) 
with an iQ ≥ 80 and a z-score ≤ -1.5 on at least one (working)memory test at first assess-
ment.

Interventions cWmt, comprising 25 sessions of 45 minutes for five consecutive weeks 
at home.

Measurements and Main results Participants were randomized to cWmt (n = 14) or 
non-training (n = 20). global fractional anisotropy (fa) increased significantly in the 
cWmt group compared to the non-training group (estimated coefficient = .007, p = 
.015). increased fa (estimated coefficient = .009, p = .033) and decreased mean diffusiv-
ity (estimated coefficient = -.010, p = .018) were found in the left superior longitudinal 
fasciculus in the cWmt group compared to the non-training group at t1. children in the 
cWmt who improved with at least 1 sd on verbal working-memory from t0 to t1 had 
significantly higher fa in the left slf at t1 (n = 6; fa left slf at t1 = .408±.01) compared 
to children that did not show this improvement after cWmt (n = 6; fa left slf at t1 = 
.384±.02), F(1,12) = 6.22, p = .041, hp

2 = .47. no other structure-function relationships 
were found after cWmt.

conclusions White matter microstructure is affected by cWmt in school-age survivors 
of neonatal ecmo and/or cdh. our findings demonstrate that white matter microstruc-
ture and associated cognitive outcomes are malleable in these children.

trial registration ntr4571: http://www.trialregister.nl/trialreg/admin/rctview.asp?tc=4571.
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IntrODuctIOn 

survivors of neonatal extracorporeal membrane oxygenation (ecmo) and/or congenital 
diaphragmatic hernia (cdh) are at increased risk of specific attention and memory defi-
cits that begin during the school-age years and extend into adolescence.1,2 these deficits 
have been found to be specifically associated with global white matter microstructure 
alterations and with specific alterations in limbic regions of the brain, namely the hip-
pocampus, cingulum and parahippocampal part of the cingulum.3-5 using a single-blind 
randomized controlled trial, we recently found that school-age survivors of neonatal 
ecmo and/or cdh trained with cogmed working-memory training (cWmt6) showed 
significant improvements in verbal and visuospatial working-memory immediately 
post-intervention compared to untrained controls (chapter 7). however, this improve-
ment was not maintained at the one year post-intervention assessment. interestingly 
however, improvements in visuospatial memory delayed recall were found to persist 
one year post-intervention compared to controls (chapter 7). given the fact that more 
than 50% of these survivors have visuospatial memory deficits later in life1 and consid-
ering the importance of memory for both academic performance and participation in 
society, this is a promising finding.

several studies in adults have shown plasticity in white matter microstructure im-
mediately following working-memory training.7,8 in particular, the superior longitudinal 
fasciculus (slf) has shown plastic changes following working-memory training, likely 
because it connects parietal and frontal cortical regions, which have been shown to 
be important for working-memory.9 given the increased plasticity of a child’s brain 
compared to that of an adult10, white matter microstructure changes may be more wide-
spread following cWmt in children compared to adults. however, this has remained 
unstudied until now.

the aim of this study was to investigate the neurobiological plasticity following 
cWmt using diffusion tensor imaging (dti) in school-age survivors of neonatal ecmo 
and/or cdh that were part of a nationwide single-blind randomized controlled trial. We 
hypothesized that white matter microstructure, and in particular the slf, would change 
following cWmt. furthermore, we assessed whether if there were changes in white mat-
ter microstructure, these were associated with the cognitive improvements observed 
following cWmt (chapter 7).
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MethODs

Design and population
this nationwide randomized controlled trial, conducted between october 2014 and June 
2017, compared cWmt to no training in school-age neonatal ecmo and/or cdh survivors 
(ntr4571). inclusion criteria for the trial were: school-age children (8-12 years) treated 
with ecmo or treated for cdh without ecmo in the first weeks of life at the erasmus 
mc-sophia children’s hospital in rotterdam or the radboud university medical center 
in nijmegen (the netherlands), iQ ≥ 80 and memory impairment (z-score ≤ -1.5 on one 
or more memory tests11). exclusion criteria were: usage of psychopharmaceutic drugs 
(e.g. methylphenidate) and/or genetic syndromes that are known to affect neuropsycho-
logical functioning. eligible children were randomized into either the cWmt group or the 
non-training group by an independent researcher not involved with the assessment of 
the children (please refer to figure 1 for the trial outline). the mri exam and neuropsy-
chological assessments were performed by researchers blinded to group allocation.

ethical approval was granted by the erasmus mc medical ethical review Board (mec-
2014-001). all families received an application package with written informed consent 
for the parents and children ≥ 12 years of age that was discussed with the family and 
filled out before participating in the trial. the complete trial methods are described 
elsewhere (chapter 7).

Prior to study inclusion  
Baseline neuropsychological assessment (T0)  

Randomization 

Intervention group  
CWMT 

Six weeks after START (T1) 
• Neuropsychological assessment 
• Questionnaires 
• MRI exam 

12 months after START (T2) 
• Neuropsychological assessment 
• Questionnaires 

If fulfilling inclusion criteria*  

START study 
•  Questionnaires (T0)  
• MRI exam (T0) 

Control group  
No intervention 

Figure 1. trial outline
for short descriptions of the tests and ques-
tionnaires used, please refer to supplemen-
tal file 1. for description of the mr methods 
please refer to supplemental file 2. *iQ > 
80 and a z-score ≤ -1.5(20) on one or more 
memory tests. abbreviations: cWmt, cog-
med Working-memory training.
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Intervention 
children in the cWmt group completed the cWmtrm version for children from the ages 
7 to 17 years. children trained at home for 45 minutes a day, five days a week, for five 
consecutive weeks, as recommended in the manufacturer’s instructions.6 the level of 
the tasks adapted automatically to ensure that the child was continuously performing at 
the maximum of his or her ability. as part of the program, each child was supervised by a 
certified cWmt coach, who provided support to the family and feedback on the training 
results once a week over the phone and by e-mail. the cWmt coach was able to closely 
monitor the child’s performance via online access.

children in the non-training group did not receive any training.

Outcome measures 
after the standardized, neuropsychological assessment at baseline to determine eligi-
bility, eligible participants underwent an mri exam (t0). after six weeks, the mri exam 
was repeated in all participants (t1). at the same time, the neuropsychological assess-
ment was repeated, and again after one year following the baseline measurement (t2, 
neuropsychological assessment only). the neuropsychological outcomes are described 
elsewhere (chapter 7; please refer to supplemental file 1 for brief descriptions of all 
cognitive tests).

all children first underwent a mock scanning session to become familiarized with 
the mri-scanner environment.12 mri data were acquired on a 3 tesla ge mr-750 system 
using an 8-channel head coil (general electric, milwaukee, Wi). a full description of the 
sequences and scanning protocol is provided in supplemental file 2. after dti image 
preprocessing, voxel-wise scalar maps of fractional anisotropy (fa) and mean diffusivity 
(md) were computed. fa provides a rotationally invariant measure of diffusion, with 0 
being completely isotropic (equal in all directions) and 1 being completely anisotropic 
(diffusion along only one axis). md is the rate of diffusion of water (hydrogen) averaged 
in all directions. the fsl plugin ‘autoPtx’ for fully automated probabilistic fiber trac-
tography was used to create subject-specific, probabilistic representations of multiple 
white matter bundles.13 automated14 and visual inspection of the neuroimaging data 
resulted in 61 dti datasets (87%) with usable image quality. all scans were reviewed by a 
certified neuroradiologist (m.s.), blinded for medical history and outcome.

statistical analysis 
clinical and demographic characteristics and neuropsychological outcome at base-
line were compared between groups using independent samples t-tests and anova 
(normally distributed variables), mann-Whitney u or fisher’s exact tests (non-normally 
distributed continuous or categorical variables, respectively).
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first, we assessed whether white matter microstructure changed as a result of cWmt. 
our primary aim was to assess changes in the slf as it is involved in working-memory 
and has previously been shown to be affected by cWmt.9 linear mixed models were 
estimated to assess whether white matter microstructure changed in the cWmt group 
compared to the non-training group at t1. this method accounts for within-subject cor-
relations and allows for missing values in the dependent variable. outcome at baseline 
was constrained to be equal. the brain diffusion measures were included as dependent 
variables, and group and time-point as well as the group by time-point interaction term 
were included as independent variables. results of the linear mixed models were sum-
marized using the estimated marginal means (the predicted values of the dependent 
variable adjusted for the effects of the independent variables) of the group by time-
point interaction.

second, we analyzed changes in global fa and global md following cWmt using 
linear mixed models. described by our group in more detail elsewhere5, global white 
matter microstructure was calculated using a weighted (by tract volume) average score 
of fa/md of the association and limbic system white matter tracts (uncinate, inferior 
fronto-occipital fasciculus, slf, inferior longitudinal fasciculus, cingulum bundle and 
parahippocampal part of cingulum) (equation 1), known to be involved with cognitive 
functioning in children14,15: 

equation 1: 

global fa = 
Σn

i=1 FAtractiVoltracti

Σn
i=1 Voltracti

where i denotes the tract, Vol denotes the volume of the tract, and n is the number of 
tracts. the same formula was used for global md, replacing fa for each tract with the 
md measure.

if global fa or global md changed significantly following cWmt, additional analyses 
were performed with the individual white matter tracts. the same setup of linear mixed 
models were used to now assess whether white matter microstructure in the individual 
tracts (independent variables) changed in the cWmt group compared to the non-training 
group at t1. Brain structures were analyzed in the left and right hemispheres separately 
as laterality differences have been shown in the organization of working-memory and 
specific cognitive functions.16 in all linear mixed models, we adjusted for age at t1 and 
gender.17 for the additional analyses on group differences in the individual white matter 
tracts, the false discovery rate (fdr)18 correction was applied to account for multiple 
testing. these results were considered statistically significant at the fdr-corrected p < 
.05.

our previous findings showed that children trained with cWmt improved significantly 
on verbal working-memory, visuospatial working-memory and visuospatial memory 
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delayed recall compared to non-trained children (chapter 7). for our second aim, we 
therefore assessed whether changes in white matter microstructure following cWmt (if 
any) were associated with the cognitive improvements in the cWmt group using uni-
variate linear regression models. the dependent variable was the brain parameter at t1 
in the cWmt group and the independent variable was the cognitive outcome measure, 
dichotomized to: improved (>1 sd improvement from t0 to t1) versus not improved (<1 
sd improvement from t0 to t1). in these analyses, we adjusted for fa/md at baseline, age 
at t1 and gender. neuropsychological test scores were converted to z-scores (individual 
score minus the population mean divided by the population sd). scores were inverted 
where appropriate so that a higher score always equated with better performance.

statistical analyses were performed using sPss 21.0 (iBm corporation, armonk, ny) 
and the stats, lme4 and lmertest packages in r statistical software version 3.1.3 (r core 
team, 2014). the estimated marginal means are reported by group and time-point for 
the linear mixed model analyses. effect sizes were calculated in the linear regression 
models using partial eta squared (hp

2) and interpreted according to cohen’s guidelines 
(0.01 = small, 0.06 = medium, 0.14 = large).19 

results 

of 34 eligible children with useable dti data, 14 were in the cWmt group (13 with an 
mri at both t0 and t1) and 20 in the non-training group (18 with an mri at both t0 and 
t1) (please refer to supplemental figure 1 for the consort flow diagram). demographic 
and clinical characteristics did not differ between the cWmt group and the non-training 
group (table 1). there were no differences in global white matter microstructure or 
white matter microstructure on any of the tracts at baseline between the two groups 
(data not shown).

White matter microstructure following cWMt 
using a linear mixed model analysis, we found significant group by time interactions 
with fa in the left slf significantly higher in the cWmt group compared to the non-
training group at t1 (estimated coefficient = .009, p = .033), and lower md in the left slf 
in the cWmt group compared to the non-training group at t1 (estimated coefficient = 
-.010, p = .018)(table 2).

there was a significant group by time interaction with higher global fa in the cWmt 
group compared to the non-training group at t1 (estimated coefficient = .007, p = .015). 
additional linear mixed model analyses in the individual tracts showed a significant 
group by time interaction with higher fa in the right uncinate fasciculus in the cWmt 
group compared to the non-training group at t1 (estimated coefficient = .013, p = .029). 
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table 1. study population characteristics

characteristics
all 
(n = 34)

control 
(n = 19)

cWmt 
(n = 15) P-value 

a) demographic 

age (years) 10 ± 2 10 ± 2 10 ± 1 .821

gender .728

male 21 (62%) 10 (67%) 11 (62%)

handedness

right 28 (82%) 16 (84%) 12 (80%) .749

ethnicity .355

dutch 29 (85%) 15 (79%) 14 (93%)

maternal education levela .242

low 5 (15%) 2 (11%) 3 (20%)

moderate 11 (32%) 5 (26%) 6 (40%)

high 18 (53%) 12 (63%) 6 (40%)

type of education child .228

regular 23 (68%) 13 (68%) 10 (67%)

regular with help 9 (26%) 6 (32%) 3 (20%)

special education 2 (6%) 0 (0%) 2 (13%)

iQ 101 ± 12 100 ± 12 102 ± 12 .576

b) clinical

Birthweight (kilograms) 3.5 (3.2-2.8) 3.5 (3.3-3.8) 3.4 (3.0-4.0) .650

gestational age (weeks) 40 (39-41) 40 (40-41) 40 (40-42) .483

mechanical vent. (days) 10 (8-16) 11 (8-16) 10 (9-16) .762

chronic lung diseaseb 3 (9%) 2 (11%) 1 (8%) .787

abnormal cusc 3 (9%) 2 (12%) 1 (9%) .823

cdh-non-ecmo 11 (32%) 5 (26%) 6 (40%) .646

ecmo treatmentd 23 (68%) 14 (74%) 9 (60%) .475

type of ecmo .176

va 15 (65%) 8 (57%) 7 (78%)

vv 7 (30%) 6 (43%) 1 (11%)

vv conversion to va 1 (4%) 0 (0%) 1 (22%)

age start ecmo (days) 1 (1-2) 2 (1-4) 1 (1-2) .557

hours on ecmo 109 (85-180) 114 (84-185) 104 (84-161) .831

n (%), mean ± sd or median (interquartile range) is reported where appropriate. dutch refers to children 
with two native dutch parents. aBased on the highest level of education completed by the mother(38). 
bchronic lung disease defined as oxygen dependency at 28 days of life29. cabnormal cus: hemorrhagic 
infarct posterior cerebral artery (n=1), focal densities thalami (n=2). ddiagnoses underlying ecmo treat-
ment in the neonatal period were congenital diaphragmatic hernia (n=2), meconium aspiration syndrome 
(n=17), persistent pulmonary hypertension of the newborn (n = 2), infant respiratory distress syndrome 
(n = 1), and cardiac anomaly (n=1). abbreviations: cWmt, cogmed Working memory training; iQ, intel-
ligence Quotient; cus, cranial ultrasound; cdh, congenital diaphragmatic hernia; ecmo, extracorporeal 
membrane oxygenation; va, venoarterial; vv, venovenous.
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however, this finding did not survive the correction for multiple testing (pfdr = .173). 
furthermore, a significant group by time interaction was found with higher fa in the 
left cingulum bundle in the cWmt group compared to the non-training group at t1 
(estimated coefficient = .019, p = .037), but this finding did not remain significant after 
correcting for multiple testing either (pfdr = .173)(table 2).

global md did not significantly change following cWmt (estimated coefficient = -.007, 
p =.055)(table 2).

White matter microstructure and neuropsychological improvement 
following cWMt 
children in the cWmt group who improved with at least 1 sd on verbal working-memory 
from t0 to t1 had significantly higher fa in the left slf at t1 (n = 6; fa left slf at t1 = 
.408±.01) compared to children that did not show this improvement after cWmt (n = 6; 
fa left slf at t1 = .384±.02), F(1,12) = 6.22, p = .041, hp

2 = .47 (figure 2). this association 
was not found in the non-training group where two children improved with at least 1 sd 
from t0 to t1 (p = .175), indicating that the association between the increase in fa in the 
left slf and improvement in verbal working-memory is related to cWmt.

table 2. fa and md group differences in white matter tracts immediately after cWmt

tract hemisphere mean fa
t1 non-training

mean fa t1 
cWmt

p pfdr mean md t1
non-training

mean md t1 
cWmt

p

slf left .390 (.01) .396 (.01) .033 .781 (.01) .770 (.01) .018

right .387 (.01) .392 (.01) .250 .783 (.01) .762 (.01) .183

global - .401 (.01) .406 (.01) .015 .811 (.01) .800 (.01) .055

unc left .368 (.01) .381 (.01) .119 .298

right .378 (.01) .392 (.01) .029 .173

ifo left .442 (.01) .451 (.01) .296 .360

right .438 (.01) .447 (.01) .052 .173

ilf left .423 (.01) .424 (.01) .201 .337

right .427 (.01) .429 (.01) .202 .337

cB left .382 (.01) .396 (.01) .037 .173

right .351 (.01) .347 (.01) .324 .360

Phc left .276 (.01) .286 (.01) .296 .360

right .295 (.01) .293 (.01) .910 .910

group*time-point interaction terms of the linear mixed model analyses showing differences in white mat-
ter microstructure between children in the cWmt group (n = 14) and non-training group (n = 20) directly 
after the intervention. mean weighted average fa (sd) is given for each tract per group. results are sig-
nificant at p-value < .05. the fdr-correction18 was applied once for the set of additional analyses on the 
individual white matter tracts (i.e. once for 10 tests). PFDr < .05 was considered statistically significant. ab-
breviations: fa, fractional anisotropy; md, mean diffusivity; unc, uncinate fasciculus; ilf, inferior longitu-
dinal fasciculus; ifo, inferior fronto-occipital fasciculus; slf, superior longitudinal fasciculus; cB, cingulum 
bundle; Phc, parahippocampal cingulum bundle.
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significant improvements in visuospatial working-memory or visuospatial memory 
delayed recall found after cWmt were not associated with the training-induced changes 
in white matter microstructure in the cWmt group.

DIscussIOn 

in this single-blind randomized controlled trial, we found significant white matter 
microstructural changes in school-age survivors of neonatal ecmo and/or cdh who 
were trained with cWmt compared to non-trained survivors. We found both global and 
specific changes in white matter microstructure immediately post-intervention in the 
cWmt group compared to the non-training group. specific changes in fa in the left 
slf were associated with better verbal working-memory after cWmt. these findings 
demonstrate that neurobiological plasticity exists in survivors of neonatal critical illness 
despite significant alterations found in white matter microstructure in these children 
compared to healthy controls.3,5 

our findings of specific changes in the slf, a white matter tract connecting the frontal 
and parietal cortices9, following cWmt confirm previous findings of changes in connec-
tivity in frontopatietal regions following working-memory training in healthy school-
age children (8-11 years) as well as in childhood cancer survivors (12 years).20,21 although 
most studies have focused on brain activity using fmri and/or were performed in adults, 
the frontoparietal network has been consistently shown to be affected by working-

   

 












     
     









 








Figure 2. associations between cognitive improvement and changes in white matter microstructure fol-
lowing cWmt
results from univariate linear regression analyses showing a significant association between an improve-
ment of >1 sd on verbal working-memory and an increase in fractional anisotropy in the slf after cWmt. 
children who improved with at least 1 sd on verbal working-memory (n=6) after cWmt, had significantly 
higher fa in the left slf at t1 than children that did not show this improvement (n=6). *indicates a signifi-
cant association at p < .05. abbreviations: cWmt, cogmed Working-memory training.
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memory training.22-24 furthermore, we found that the training-induced changes in the 
left slf were significantly associated with improvements in verbal working-memory. Pre-
dominantly left hemispheric alterations have been previously found following neonatal 
ecmo5, which have been suggested to be due to right internal jugular vein cannulation 
in neonatal ecmo patients.25 Because of this, there may be more room for improvement 
in the left hemisphere, which could explain the training-induced changes in the left 
hemisphere only. however, we have previously shown that, although more significant 
alterations were found in the left hemisphere, right-hemispheric alterations were found 
in these children compared to healthy children as well3, making this clarification unlikely. 
the majority of children in our cohort was right handed (80%) and right-handedness 
is generally associated with left-hemispheric dominance for language.26 this therefore 
may also explain the association between verbal working-memory improvements and 
the left-sided changes in white matter microstructure. these results confirm previous 
findings that have shown that working-memory functioning is lateralized, i.e. verbal 
working-memory corresponds with the left hemisphere and visuospatial working-
memory with the right hemisphere.16,27 however, children in the cWmt group improved 
significantly on visuospatial working-memory (chapter 7), yet we did not find any 
changes in the right slf. in previous neuroimaging studies following cWmt in children 
as well as adults, both right-lateralized and left-lateralized changes in the frontal and 
parietal cortices have been demonstrated.9,21 these contrasting findings may be due to 
the type of image acquisition and analysis employed, such as region-of-interest versus 
whole-brain analyses, making it difficult to draw definitive conclusions.

in addition to changes in the left slf, we found that global fa increased in the cWmt 
compared to the non-training group from t0 to t1. in the majority of the white mat-
ter tracts assessed, fa increased following cWmt. this global change may be due to 
the relatively high plasticity of the child’s brain.10 increased fa may indicate enhanced 
orchestration in communication between neural circuits, which, in turn, may lead to 
enhanced cognitive functioning.8 however, these global changes were not associated 
with any cognitive improvements following cWmt. in the same cohort, we previously 
showed an association between lower global fa and sustained attention deficits, a 
domain consistently found to be impaired following neonatal ecmo and/or cdh.3 
however, we did not find any direct relationships between the changes in global fa and 
sustained attention following cmWt. future research is needed to better understand 
the clinical relevance of changes in global white matter microstructure following cWmt 
in children.

We have previously shown improvements in long-term visuospatial memory both im-
mediately and one year after cWmt in this cohort (chapter 7). these cognitive improve-
ments may be due to changes in brain activity or connectivity that were not detectable 
using dti.9 however, in the same cohort, we previously showed that impaired delayed 
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visuospatial memory was specifically associated with increased md in the parahip-
pocampal part of the cingulum.3 a previous study using dti in adults following cWmt 
did find training-induced changes in the parahippocampal cingulum.9 in our cohort, 
the improvements in delayed visuospatial memory were most apparent one year 
post-intervention (chapter 7). Potential changes in the parahippocampal and temporal 
brain regions therefore may not have been detectable immediately following cWmt. in 
line with this, a recent study in a population-based cohort of school-age children (6-10 
years) has shown downstream effects of behavior on the brain instead of the commonly 
assumed direction of brain shaping behavior.28 such a downstream mechanism may 
explain why we see cognitive improvements immediately following cWmt without 
corresponding changes in the brain. unfortunately, this remains speculative as no mri 
was made after one year. future studies conducting multimodal neuroimaging both im-
mediately and longitudinally over the course of the year post-intervention are needed 
to better understand neuroplasticity following working-memory training.

this is the first study to assess and demonstrate neuroplasticity following cWmt in 
neonatal ecmo and/or cdh survivors. despite this, our study has some limitations. 
first, our small sample size limits the interpretability of our findings, in particular the 
analyses on associations between brain changes and cognitive improvement in the 
cWmt group. however, since the association between increased fa in the slf and 
improved verbal working-memory had a large effect size (0.47)19, coupled with prior 
literature supporting this link9, 23, we regard this to be a reliable finding. second, we used 
a non-active control group for ethical considerations against subjecting children to an 
intensive training without potential benefits, which limits our ability to attribute our 
findings to the specific characteristics of the cWmt training. however, neuroplasticity 
has been demonstrated following working-memory training even when compared to a 
non-adaptive training program.9,20 third, we were not able to conduct an mri exam one 
year post-intervention, limiting our understanding of neuroplasticity following cWmt. 
future studies that combine neuroimaging and neuropsychological assessment at 
multiple time points following cWmt are needed. lastly, the indices extracted using dti 
are not specific to any white matter property and therefore specific biological changes 
may be missed. in the future, studies using more sensitive neuroimaging techniques, 
such as mri with higher magnetic field strength (e.g. 7 tesla), will further increase our 
understanding of neuroplasticity following cognitive training.

cOnclusIOn

our findings demonstrate both global and specific changes in white matter microstruc-
ture immediately after cWmt in school-age survivors of neonatal ecmo and/or cdh 
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compared to non-trained survivors. specific changes in fa in the left slf were associated 
with better verbal working-memory after cWmt. these results suggest that white mat-
ter microstructure and associated cognitive outcomes are malleable in these children. 
future studies on the effectiveness of cognitive interventions need to include follow-up 
assessments both immediately and one year after the training to further increase our 
understanding of neuroplasticity following neonatal critical illness.
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suPPleMentAry MAterIAl 

supplemental File 1. Descriptions of the neuropsychological tests.
Intelligence 
Wechsler Intelligence Scale for Children (WISC-III-NL)
a short-form with two subtests, Block design and vocabulary, of the Wisc-iii-nl were 
used to assess general intelligence.1 the Wisc-iii-nl has been shown to have good reli-
ability and validity.2 a normalized population mean of 100 with a standard deviation of 
15 is used.2

Verbal working-memory 
WISC-III-NL – subtest Digit Span 
the digit span consists of random number sequences that increase in length and that 
the examiner reads aloud at the rate of 1 number per second. the child has to reproduce 
these numbers in the same order. next, the sequences must be recalled backwards (3-
5-7 becomes 7-5-3). the first part of the test measures short-term auditory memory and 
short-term retention capacity. the second part measures auditory working memory.2 

Visuospatial working-memory 
Wechsler Nonverbal Scale of Ability (WNV) – subtest Spatial Span
the spatial span requires the child to touch a group of blocks arranged on a board in 
a non-systematic manner in the same and reverse order as demonstrated by the exam-
iner. the first part of the test measures short-term visuospatial memory and short-term 
retention capacity. the second part measures visuospatial working-memory.3 

Verbal memory 
Rey Auditory Verbal Learning Test (RAVLT)
the ravlt consists of five presentations with recall of a 15-word list, a sixth recall 
trial after 30 minutes, and a seventh recognition trial. this test measures memory span, 
short- and long term verbal memory, verbal recognition, and learning curve. it can be 
administered to children and adults in the age range 6-89 years.4,5

Visuospatial memory and visuospatial processing
Rey Complex Figure Test (RCFT)
the rcft consists of three trials. first the child has to copy a complex figure (copy). then 
after 3 and after 30 minutes the figure must be drawn from memory (recall). next, dif-
ferent figures are shown and the child has to indicate whether these figures were in the 
original figure (recognition). this test measures visual integration, short- and long-term 
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visual-spatial memory, and visual-spatial recognition. it can be completed by children 
and adults in the age range 6-89 years.6,7 

Attention 
Dot Cancellation Test
this paper-and-pencil test measures sustained attention and concentration in terms 
of speed. it consists of a paper on which figures made of three, four or five dots are 
displayed in 33 rows. the child is instructed to mark all figures with four dots, as precisely 
and as fast as they can.8 

Stroop Colour Word Test (Stroop)
the stroop consists of three trials: in the first trial (stroop 1) the subject must read colour 
names, in the second trial (stroop 2) name printed colours, and in the third trial (stroop 
3) name printed colours not denoted by the colour name. the test can be administered 
to children and adults in the age range 8-65 years. selective attention is measured with 
this test, using the difference score between stroop 2 and stroop 3.9,10 

Trail Making Test (TMT)
this paper and pencil test consists of two parts. in the first part (part a), the subject 
must draw lines to consecutively connect numbered circles on a sheet. in the second 
part (part B), the subject must consecutively but alternately connect numbered and 
lettered circles on another worksheet. the aim of the test is to finish each part as quickly 
as possible. the test can be administered to children and adults in the age range 6-89 
years. this test measures visual conceptual and visuomotor tracking as well as divided 
attention.9,10

Executive functioning 
Key Search of the Behavioural Assessment of the Dysexecutive Syndrome (BADS-C-NL) 
a test of strategy formation. the child is asked to demonstrate how they would search 
a field for a set of lost keys and their strategy is scored according to its efficiency and 
functionality.11 

Modified Six Elements of the BADS-C-NL
the child is asked to work on six different tasks for which they have five minutes. the 
child needs to make sure that by the end of the five minutes, all six of the tasks have 
been done and the child has done as much as possible of each task. this is a test of 
planning, task scheduling and performance monitoring.11 

We used dutch versions of all tests.
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Assessed for eligibility (n= 217) 

Excluded  (n=172) 
   Not meeting inclusion criteria (n=50) 
   Declined to participate (n=54) 
   Other reasons (n=68) 

Analysed  (n=14)
   Excluded from analysis due to poor MRI  
quality (n=1) 

Discontinued intervention (n=0) 
 
Lost to immediate follow-up (n=1) 
   Malfunctioning equipment (n=1) 
 
 
 

Allocated to intervention (n=20) 
   Received allocated intervention (n=19) 
   Did not receive allocated intervention (n=1):  

Just started with ADHD medication (n=1).  
 
No MRI exam (n=4) 
   Braces (n=3) 
   Pacemaker (n=1) 
 

 

Lost to immediate follow-up (n=4):  
   Ill at the time of assessment (n=1) 
   Poor data quality at T0 (n=2) 
   Braces (n=1) 

Allocated to control group (n= 25) 
   Dropped out of study (n=1): 

Did not want to wait with treatment until 
after study (n=1) 

 
No MRI exam (n=1) 
   Claustrophobia (n=1) 

Analysed  (n=20) 
   Excluded from analysis due to poor MRI 
quality (n=1) 

 

Allocation 

Analysis 

Follow-Up 

Randomized (n=45) 

supplemental Figure 1. consort flow diagram
abbreviations: adhd, attention deficit hyperactivity disorder.
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supplemental File 2. neuroimaging methods.
Image Acquisition 
Prior to neuroimaging, all participants underwent a 30-minute mock scanning session 
to become familiarized with the mr-environment1. magnetic resonance imaging data 
were acquired on a 3 tesla ge mr-750W system using an 8 channel receive-only head 
coil (general electric, milwaukee, Wi). in order to support the participant’s head and 
minimize head motion, cushions were placed on both sides of the child’s head inside of 
the head coil. Participants were able to watch a movie during the scans. mri-compatible 
headphones were used to reduce the scanner noise and allow participants to listen to 
the movie’s audio track. communication with the mr operator was also enabled through 
the headphones before and after scans. the dti data were acquired using a single-shot, 
echo-planar imaging sequence with the following parameters: tr = 12,500 ms, te = 72 
ms, flip angle = 90, matrix = 120 x 120, fov = 240 mm x 240 mm, slice thickness = 2 mm, 
number of slices = 65, asset acceleration factor = 2. in total, 35 volumes with diffusion 
weighting (b = 900 s/mm²) and 3 volumes without diffusion weighting (b = 0 s/mm²) 
were acquired.

MR-Image Preprocessing 
data were processed using the functional mri of the Brain’s software library (fmriB, fsl) 
(2) and the camino diffusion mri toolkit within Python (version 2.7) and the neuroimag-
ing in Python Pipelines and interfaces package (nipype, version 0.92)3,4. first, motion 
and eddy-current induced artifacts5 were addressed using the fsl “eddy_correct” tool6. 
in order to account for the rotations applied to the diffusion data after adjusting for 
these artifact, the resulting transformation matrices were used to rotate the “B-matrix” 
gradient direction table7,8. the fsl Brain extraction tool was used to remove non-brain 
tissue9. in order to minimize the limitations observed with respect to the ordinary 
least squares fit method10, the diffusion tensor was fit using the restore method 
implemented in camino11. voxel-wise scalar maps (i.e. fa, md) were then computed. 
fa is the degree of directionality of diffusion and ranges from 0 to 1, where a higher 
fa generally represents a greater coherence of white matter fibers. md is the rate of 
diffusion of hydrogen averaged in all directions. lower md is suggestive of increased 
integrity in axonal membranes, packing, or myelin. White matter continues to mature 
throughout childhood, even into young adulthood, causing fa to increase and md to 
decrease. abnormal brain development typically leads to lower fa and higher md in 
white matter tracts12.

Probabilistic Fiber Tractography 
fully automated probabilistic fiber tractography was performed using the fsl plugin, 
“autoPtx”13. subject-specific, probabilistic representations of multiple white matter fiber 
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bundles are created with this method using a combination of fsl tools from the diffusion 
toolkit (fdt). the Bayesian estimation of diffusion Parameters obtained using sampling 
techniques (BedPostx), accounting for two fiber orientations at each voxel, was used 
to esatimate diffusion parameters at each voxel14,15. next, for each subject, the fa map 
was aligned to the fmriB-58 fa template image with the fsl nonlinear registration tool 
(fnirt). the inverse of this nonlinear warp field was computed, and applied to a series 
of predefined seed, target, exclusion, and termination masks provided by the autoPtx 
plugin (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/autoPtx). the fsl module “ProbtrackX” was 
then applied to conduct probabilistic fiber tracking using these supplied tract-specific 
masks (i.e., seed, target, etc.) in the native diffusion image space of each subject14. the 
connectivity distributions resulting from fiber tractography were normalized to a scale 
from 0 to 1 using the total number of successful seed-to-target attempts, and were 
subsequently thresholded to remove low-probability voxels likely related to noise. for 
each tract, the number of samples used for probabilistic tracking, and the probability 
thresholds applied to the resulting distributions (ilf: 0.005, slf: 0.001, ifo: 0.01, unc: 
0.01, cB: 0.01, Phc: 0.02), were selected based on previously established values13. 
after thresholding the path distributions, weighted average dti scalar measures were 
computed within each tract using the normalized path distributions as the weights. the 
methods used were based on those described by muetzel et al16.

Image Quality Assurance 
raw dti image quality was assessed with both a visual inspection and with automated 
software16. for the visual inspection, maps of the sum of squares error (sse) of the tensor 
fit were inspected for structured signal that is consistent with motion and other artifacts 
in the diffusion-weighted images (e.g., attenuated slices in diffusion-weighted images). 
furthermore, probabilistic tractography data were inspected visually to ensure images 
were properly aligned to the template and paths were reconstructed accurately16. data-
sets determined to be of poor quality were excluded (n = 7, ~8%).

in addition to this visual inspection, slice-wise signal intensity was examined for 
attenuation resulting from motion, cardiac pulsation and other artifacts using the auto-
mated dtiprep quality control tool (http://www.nitrc.org/projects/dtiprep/). four (~5%) 
additional datasets were excluded based on the dtiprep results, leaving 77 dti datasets 
(patients = 23, controls = 54) for analysis.
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