
Working-memory 
training folloWing 
neonatal critical 
illness: a randomized 
controlled trial

raisa schiller, 
marlous J. madderom, 
Joost van rosmalen, 
arno f. J. van Heijst, 
ivo de Blaauw, 
elisabeth m. W. J. Utens, 
andré B. rietman, 
frank Verhulst, 
dick tibboel, 
tonya White, 
Hanneke iJsselstijn

critical care medicine 2018; doi: 10.1097/ccm.0000000000003151

Neuropsychological outcome after working-memory training 1

http://hdl.handle.net/1765/105797

Working-memory training 
following neonatal critical 
illness: a Randomized 
Controlled Trial

Raisa Schiller, 

Marlous J. Madderom, 

Joost van Rosmalen, 

Arno F. J. van Heijst, 

Ivo de Blaauw, 

Elisabeth M. W. J. Utens, 

André B. Rietman, 

Frank Verhulst, 

Dick Tibboel, 

Tonya White, 

Hanneke IJsselstijn

Critical Care Medicine 2018; DOI: 10.1097/CCM.0000000000003151



AbstrAct 

Objective to test the immediate and long-term effectiveness of cogmed Working-
memory training (cWmt) following ecmo and/or cdH.

Design a nationwide randomized controlled trial assessing neuropsychological out-
come immediately and one year post-cWmt, conducted between october 2014-June 
2017. researchers involved in the follow-up assessments were blinded to group alloca-
tion.

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 = 19) or 
no intervention (n = 24) (two dropped out after t0). Verbal working-memory (estimated 
coefficient = 0.87; p = .002) and visuospatial working-memory (estimated coefficient = 
0.96, p = .003) had significantly improved in the cWmt group at t1, but were similar 
between groups at t2 (verbal, p = .902; visuospatial, p = .416). improvements were found 
at t2 on long-term visuospatial memory following cWmt (estimated coefficient = 0.95, 
p = .003). greater improvements in this domain at t2 following cWmt were associated 
with better self-rated school functioning (r = .541, p = .031) and parent-rated attention 
(r = .672, p = .006).

conclusions Working-memory improvements after cWmt disappeared one year post-
training in neonatal ecmo and/or cdH survivors. gains in visuospatial memory persisted 
one year post-intervention. cWmt may be beneficial for survivors with visuospatial 
memory deficits.

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

growing up after neonatal critical illness has long-term neurodevelopmental conse-
quences.(1-7) specifically, children treated with neonatal extracorporeal membrane 
oxygenation (ecmo) and/or with congenital diaphragmatic hernia (cdH) are at risk of 
specific (working)memory and attention deficits at school-age, despite average intel-
ligence.(1,3,8) these deficits become more evident as children mature, suggesting they 
‘grow into deficit’(9). this mechanism – where subtle brain injuries acquired in early life 
become evident only later in life when higher cognitive functioning is required – has 
recently been described by our group across survivors of neonatal critical illness.(10) as 
more educational problems occur following neonatal critical illness than in the general 
population(4,11), it is imperative to find intervention strategies to prevent or diminish 
impaired outcome.

Working-memory, one of the fundamental building blocks for higher cognitive 
functioning, is highly associated with academic performance(12) and may be at risk of 
impairment following neonatal ecmo.(1,13) training programs to improve cognitive 
functioning have received increasing attention over the years, and are based on the idea 
that repetitive mental exercise of one cognitive task results in improved functioning that 
may generalize to other tasks with similar underlying skills. a widely evaluated cogni-
tive training for children with working-memory problems is cogmed Working-memory 
training (cWmt).(14) near-transfer effects, i.e. improvements on trained and untrained 
working-memory tasks, as well as far-transfer effects to non-trained cognitive functions 
have been found immediately after cWmt.(15,16) However, whether effects persist 
beyond six months post intervention remains largely unknown.(17,18) 

in this single-blind rct, the immediate and long-term effectiveness of cWmt on 
(working)memory in school-age (8-12 years) survivors of neonatal ecmo and/or cdH 
are studied. We hypothesized that cWmt improved (working)memory and attention 
immediately after training. furthermore, we hypothesized that these improvements 
persisted 12 months post-training.

MAterIAls AnD MethODs

Design and setting
this rct, conducted between october 2014 and June 2017, compared cWmt to no 
training in school-age neonatal ecmo and/or cdH survivors (ntr4571). children born 
between february 2002 and december 2007 who were treated in either of the two 
referral centers for neonatal ecmo and cdH treatment in the netherlands (erasmus mc, 
rotterdam or the radboudumc, nijmegen) were recruited. as we have previously shown 

Neuropsychological outcome after working-memory training 3



similar long-term cognitive outcome in cdH patients irrespective of ecmo treatment, 
cdH patients treated without ecmo were also recruited.(2,8) ecmo had been applied 
using the entry criteria described by stolar et al.(19), which did not change over time. 
the study took place at the erasmus mc-sophia children’s Hospital. ethical approval was 
granted by our institution’s review Board (mec-2014-001).

eligibility and recruitment 
eligible participants were: neonatal ecmo and/or cdH survivors between 8-12 years at 
first assessment, iQ ≥ 80, and a z-score ≤ -1.5 on at least one (working)memory test.(20) 
children were recruited in two ways: 1) children who underwent neuropsychological as-
sessment as part of the structured follow-up program in rotterdam(21,22) and met the 
inclusion criteria were referred to our study or, 2) potentially eligible children received 
information by mail about the trial and were invited to contact our center. Written 
informed consent from all parents and children ≥ 12 years old was obtained. exclusion 
criteria were: usage of psychopharmaceutic drugs (e.g. methylphenidate) and/or ge-
netic syndromes that affect neuropsychological functioning. all children had sufficient 
knowledge of the dutch language to perform the assessments.

eligible children were randomized into either the cWmt group or the control group 
by an independent researcher uninvolved with the neuropsychological assessments. 
randomization was performed by drawing from sealed, opaque envelopes containing 
a paper with either ‘intervention’ or ‘no intervention’. the psychologists who conducted 
the neuropsychological assessments were blinded to group allocation.

Intervention 
the cWmtrm version for 7-17-year-old children was used. children trained at home for 
45 minutes a day, five days a week, for five consecutive weeks, after which the training 
was completed as per manufacturer’s instructions.(14) task level adapted automatically 
to ensure the child was continuously performing at its’ maximum ability. as part of the 
program, children were supervised by a certified cWmt coach, who provided weekly 
support to the family by phone and e-mail, and closely monitored the child’s perfor-
mance via online access.

children in the control group did not receive any training.

Outcome measures 
after baseline assessment (t0), neuropsychological assessments were repeated in all 
participants one week (t1) and one year (t2) post-intervention (figure 1). the primary 
outcome measure was verbal working-memory(23), assessed using the Wisc-iii-nl digit 
span(24), at t1. for all secondary outcome measures, please refer to supplemental digi-
tal content (sdc) 1 and 2.
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sample size calculation 
the power calculation was based on the expected difference between the cWmt group 
and control group on verbal working-memory, the primary outcome measure. Based 
on previous findings on the effect of cWmt on verbal working-memory in children 
with working-memory problems(23,25,26), we expected a difference of 0.8 sd between 
groups (considered a large effect according to cohen’s guidelines(27)). We assumed that 
baseline scores would show a correlation of 50% with scores at t1. We calculated that a 
sample size of 25 children per group would be needed (power of 90%, alpha of .05).(28) 

statistical analysis 
clinical and demographic characteristics and neuropsychological outcome at baseline 
were compared between groups using independent samples t-tests and ancoVa (nor-
mally distributed variables), mann-Whitney U tests or fisher’s exact tests (non-normally 
distributed continuous or categorical variables).

all analyses were based on the intention-to-treat principle. outcome scores were 
converted to z-scores (individual score minus population mean divided by population 
sd). scores were inverted where appropriate so that a higher score always equated 
with better performance. to assess outcome after cWmt at t1 and t2, we estimated 
linear mixed models. this method accounts for within-subject correlations and allows 

Prior to study inclusion  
Baseline neuropsychological assessment (T0) (n = 95) 

Randomization 

Intervention group (n = 20) 
CWMT 

Six weeks after START (T1) (n = 42) 
• Neuropsychological assessment 
• Questionnaires 

12 months after START (T2) (n = 35) 
• Neuropsychological assessment 
• Questionnaires 

If fulfilling inclusion criteria*  

START study (n = 45) 
•  Questionnaires (T0) 

Control group (n = 25)  
No intervention 

Figure 1. trial outline
for short descriptions of the tests and 
questionnaires used, please refer to sup-
plemental digital content 2. *iQ > 80 and 
a z-score ≤ -1.5(20) on one or more mem-
ory tests. abbreviations: cWmt, cogmed 
Working-memory training.
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for missing values in the dependent variable. Based on the akaike information criterion, 
a random intercept was included in the mixed models to account for the within-subject 
correlations. P-values for the fixed effects were calculated using t-tests with the satter-
thwaite approximation method. Performance at baseline was constrained to be equal. 
neuropsychological outcome was the dependent variable, and group and time-point as 
well as the group*time-point interaction term were independent variables. for analyses 
with the secondary neuropsychological outcome measures (all but verbal working-
memory at t1), the false discovery rate (fdr)-correction(29) was used to correct for 
multiple testing. it was applied once for each set of tests in the same neuropsychological 
domain (e.g. once for the analyses done with tests measuring attention). additionally, 
linear mixed models were estimated with the self- and proxy-rated outcomes as depen-
dent variables.

finally, if any sustained improvements were found on the neuropsychological out-
come measures following cWmt at t2, we assessed whether these were associated 
with subjective improvements scored by parents, teachers or children on ef, working-
memory, attention, self-esteem or school functioning. We conducted Pearson correla-
tion analyses between the change-score from t0 to t2 on neuropsychological outcome 
and these self- and proxy-reported outcomes at t2 in the cWmt group. in secondary 
analyses, no correction for multiple testing was applied.

statistical analyses were performed using sPss 21.0 (iBm corporation, armonk, ny) 
and r statistical software version 3.1.3 (r core team, 2014)( lme4 and lmertest packag-
es). results of the linear mixed models were summarized using the estimated marginal 
means, which are the predicted values of the dependent variable adjusted for the ef-
fects of the independent variables. these can be interpreted as z-scores. for all analyses, 
a two-sided (fdr-corrected) p-value < .05 was considered statistically significant.

results

of 217 invited children, 54 declined to participate and 68 did not respond. fifty as-
sessed children were excluded because they did not meet the inclusion criteria and two 
dropped out after randomization, leaving 43 participants. of these, 19 were assigned to 
the cWmt group and 24 to the control group (figure 2). age, ethnicity, gender, iQ, edu-
cation type, or clinical characteristics, such as ecmo treatment, were similar between 
groups (table 1). see figure 3 for baseline neuropsychological outcome.

all children in the cWmt group completed 25 sessions, except one who completed 20 
sessions. sensitivity analyses were performed without this child’s data. as the results did 
not change, the child was not excluded from the analyses.
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Primary outcome measure
the cWmt group improved significantly on verbal working-memory at t1 compared to 
controls (estimated coefficient = 0.87; p = .002) (sdc3, figure 4).

secondary outcome measures
Working-memory
Verbal working-memory was similar between groups at t2 (estimated coefficient 
= -0.04, p = .902) (sdc3, figure 4a). additional analyses were performed to evaluate 
the digit span forward (dsf), i.e. short-term memory, and digit span Backward (dsB), 
i.e. working-memory, separately(24). Performance on the dsf and dsB improved sig-
nificantly at t1 in the cWmt group compared to the control group (forward: estimated 
coefficient = 0.93, p = .028; backward: estimated coefficient = 1.13, p = .033), whereas 
no group differences were found at t2 (forward: estimated coefficient = -0.08, p = .860; 
backward: estimated coefficient = 0.38, p = .497).

the cWmt group improved significantly on visual working-memory compared to 
the control group at t1 (estimated coefficient = 0.96, p = .003). However, this difference 

 

Assessed for eligibility (n= 217) 
Erasmus MC – Sophia, Rotterdam (n = 151)  

Radboud UMC, Nijmegen (n = 66) 
Excluded  (n=172) 
   Not meeting inclusion criteria 

(n=50) 
- IQ < 80, n = 22 
- No memory problems, n = 26 
- Other, n = 2 

   Declined to participate (n=54) 
   No contact (n=68) 

Analysed  (n= 19) 
   Excluded from analysis (n=0) 

Discontinued intervention (n=0) 
 
Lost to immediate follow-up T1 (n=0) 
 
Lost to 1-year follow-up T2 (n=3):  
   No contact (n=2) 
   Too busy (n=1) 

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

- Child could not postpone ADHD medication (n=1).  

 
Lost to immediate follow-up T1 (n=1):  
   Ill at the time of assessment (n=1) 
 
Lost to 1-year follow-up T2 (n=4) 
   No contact (n=3) 
   Too busy (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) 

Analysed  (n=24) 
   Excluded from analysis (n=0) 
 

Randomized (n=45) 

Allocation 

Follow-up 

Analysis 

Figure 2. consort flow diagram
t1 refers to the first follow-up assessment immediately after the intervention, t2 refers to the assessment 
one year after the intervention. abbreviations: adHd, attention deficit Hyperactivity disorder.
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table 1. study population characteristics

characteristics
all 
(n = 43)

controls 
(n = 24)

cWmt 
(n = 19) P-value 

a) demographic 

age (years) 10 ± 2 10 ± 2 10 ± 1 .275

gender .812

male 24 (56%) 13 (54%) 11 (58%)

ethnicity .127

dutch 37 (86%) 19 (79%) 18 (95%)

maternal education levela .407

low 7 (16%) 3 (13%) 4 (21%)

moderate 13 (30%) 7 (29%) 6 (32%)

High 23 (54%) 14 (58%) 9 (47%)

type of education child .953

regular 27 (63%) 14 (58%) 13 (68%)

regular with help 13 (30%) 9 (38%) 4 (21%)

special education 3 (7%) 1 (4%) 2 (11%)

iQ 100 ± 12 98 ± 12 101 ± 12 .359

b) clinical

Birthweight (grams) 3596 ± 479 3474 ± 338 3772 ± 605 .765

gestational age (weeks) 40 ± 1 40 ± 2 41 ±1 .492

mechanical vent. (days) 11 (9-17) 12 (9-17) 10 (9-17) .677

cld presence 6 (15%) 3 (13%) 3 (19%) .423

abnormal cUs .969

yes 3 (9%) 2 (9%) 1 (9%)

no 29 (91%) 19 (91%) 10 (91%)

Unknownb 11 3 8

cdH-non-ecmo 12 (28%) 6 (50%) 6 (50%) .646

ecmo treatmentc 31 (72%) 18 (75%) 13 (68%) .643

type of ecmo .357

Va 21 (66%) 10 (56%) 11 (84%)

VV 9 (31%) 8 (44%) 1 (8%)

VV conversion to Va 1 (3%) 0 (0%) 1 (8%)

age start ecmo (days) 2 (1-3) 2 (1-4) 1 (1-2) .077

Hours on ecmo 110 (90-182) 119 (87-196) 104 (90-182) .824

n (%), mean ± sd or median (interquartile range) is reported where appropriate for the group as a whole 
(‘all’ in column 1), the control group (controls in column 2) and the cWmt group (cWmt in column 3) 
separately. dutch refers to children with two native dutch parents. aBased on the highest level of education 
completed by the mother(41).
bin cdH-non-ecmo patients, cranial ultrasounds were not routinely performed in our centers.
cdiagnoses underlying ecmo treatment were congenital diaphragmatic hernia (n=2), meconium aspiration 
syndrome (n=22), persistent pulmonary hypertension of the newborn (n = 4), infant respiratory distress 
syndrome (n = 2), and cardiac anomaly (n=1).
abbreviations: cWmt, cogmed Working-memory training; iQ, intelligence Quotient; cld, chronic lung 
disease; cUs, cranial ultrasound; cdH, congenital diaphragmatic hernia; ecmo, extracorporeal membrane 
oxygenation; Va, venoarterial; VV, venovenous
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disappeared at t2 (estimated coefficient = 0.29, p = .416) (sdc3, figure 4a). an improve-
ment in spatial span forward was found in the cWmt group at t1 compared to controls 
(estimated coefficient = 1.12, p < .001), but not at t2 (estimated coefficient = -0.15, p = 
.613). spatial span Backward did not differ between the cWmt group and controls (t1: 
estimated coefficient = 0.43, p = .146; t2: estimated coefficient = 0.61, p = .056).

Memory 
the cWmt group improved on short-term visuospatial memory at t1 and t2 compared 
to the control group, but this difference did not reach significance. long-term visuospa-

    



 

 



 

 

 

  



 

 

 

 

 

 

 





 

  

 





Figure 3. neuropsychological outcome at baseline for the cWmt group and the control group 
mean z-score is given per group. scores of the cWmt group are presented in blue, scores of the control 
group are presented in black. independent samples t-test was used to identify differences between the 
groups. *significant difference between the groups. abbreviations: cWmt, cogmed Working-memory 
training; raVlt, rey auditory learning test; rcft, rey complex figure test; dct, dot cancellation test; tmt, 
trail making test; strooP, stroop color Word test.
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Figure 4. neuropsychological outcome immediately and one year after cWmt in ecmo and/or cdH sur-
vivors
Blue lines represent the cWmt group, black lines represent the control group. Panel a shows verbal work-
ing-memory, visuospatial working-memory, and visuospatial memory at baseline (t0), immediately after 
(t1) and one year after cWmt (t2). a red dot represents a significant group by time effect, showing a sig-
nificant improvement in the cWmt group compared to the control group at that time-point. Panel B shows 
the significant correlations between the change in z-scores from t0 to t2 in long-term visuospatial memory 
and z-scores on the self- and parent-reported outcomes on school functioning and attention in the cWmt 
group at t2. abbreviations: cWmt, cogmed Working memory training; ecmo, extracorporeal membrane 
oxygenation; cdH, congenital diaphragmatic hernia.
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tial memory improved significantly in the cWmt compared to the control group at t2 
(estimated coefficient = 0.95, p = .003) (sdc3, figure 4a).

Verbal memory did not change (sdc3).

Other neuropsychological outcomes
attention, processing speed, ef, and visuospatial processing were similar between 
groups at t1 and t2 (sdc3).

Proxy- and self-reported outcomes
Parents, but not teachers, of the cWmt group scored ef at t2 higher than the control 
group (estimated coefficient = 0.57, p = .034). Parent- and teacher-rated working-
memory did not differ between groups (figure 4B, sdc4).

Parents and teachers scored the child’s behavior within the average range in both 
groups at all time-points (sdc4). Parents, but not teachers, of the cWmt group reported 
fewer problems with attention and hyperactivity at t2 compared to controls (estimated 
coefficient = 0.58, p = .042)(sdc4).

children in the cWmt group reported better quality of life at t2 than the control group 
(estimated coefficient = 0.92, p = .034). Parents did not report changes in (psychosocial) 
quality of life following cWmt (sdc4).

children in the cWmt group reported better school functioning at t2 than controls, 
but this difference did not reach significance. Proxy-reported school functioning was 
similar in both groups (sdc4).

neuropsychological improvement and subjective outcome following cWMt
larger gains in long-term visuospatial memory from t0 to t2 were associated with 
higher scores on school functioning scored by children in the cWmt group at t2 (r = 
.541, p = .031), and better parent-reported attention and hyperactivity at t2 (r = .672, 
p = .006) (figure 3B). no other associations were found between visuospatial memory 
improvement and the subjective outcomes (not shown).

DIscussIOn 

this nationwide single-blind randomized controlled trial confirmed our hypothesis by 
showing that school-age neonatal ecmo and/or cdH survivors who completed cWmt 
significantly improved on working-memory immediately post-intervention. How-
ever, this improvement did not persist one year post-intervention. We found positive 
far-transfer effects of cWmt to long-term visuospatial memory, persisting one year 
post-intervention. these children reported better school functioning and their parents 

Neuropsychological outcome after working-memory training 11



reported fewer problems with inattention and hyperactivity. as over half of our cohort 
had visuospatial memory deficits at baseline, these improvements following cWmt are 
highly relevant for this particular population.

our findings of improved verbal and visuospatial working-memory immediately after 
cWmt are in line with the effects demonstrated in other groups.(30-33) the ability to 
memorize digits for a short period of time and manipulate them are directly trained 
in cWmt.(31) However, after one year, working-memory performance had returned to 
baseline. this suggests that active training of working-memory is needed to maintain 
improved functioning in these domains. a period of retraining after cWmt completion 
may lead to more sustained effects, but this remains speculative. although studies with 
follow-up assessments more than six months post-intervention are scarce, gains in 
working-memory performance have been found to persist seven months(30) and one 
year post-training(25). the inconsistency in results may be due to differences in popula-
tion and the type of neuropsychological deficits that exists between populations. for 
example, working-memory was within the average range in our population at baseline, 
in contrast to the children with working-memory deficits studied in the two other long-
term studies.(25,30) 

short- and long-term verbal and visuospatial memory are at major risk of impairment 
following neonatal ecmo and/or cdH.(1,3) in this school-age cohort, more than half 
of the children had such memory deficits at baseline. However, short- and long-term 
verbal memory did not change following cWmt. cWmt consists of mostly visual and 
visuospatial training tasks, and as such may not target verbal (working)memory enough 
to result in far-transfer effects.(31) in line with this, children in the cWmt group did show 
sustained improvement on long-term visuospatial memory one year after the interven-
tion, resulting in average performance at this time. Visuospatial memory is important for 
everyday life and gains in this domain are therefore of great significance.

greater sustained improvements in the cWmt group in long-term visuospatial 
memory were associated with better self-reported school functioning and less proxy-
reported problems with attention at t2. these findings suggest that the improvements 
on visuospatial memory extend to daily life. However, these results should be inter-
preted with caution due to the small sample size in combination with the number of 
analyses. the generalizability of cognitive improvements to everyday life and school 
performance has received considerable attention over the last few years. studies 
reported both improved attention in daily life following cWmt(34) and no benefits to 
educational performance(35). in our study, teachers did not report any improvements 
following cWmt. However, they did not report any problems at baseline either. future 
studies that include objective measures of academic performance such as reading or 
mathematical ability are needed in both preschool and school-age neonatal ecmo and/
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or cdH survivors following cWmt to get a better impression of its impact on school 
functioning and daily life.

attention and (working)memory share similar pathways in the brain.(36) in addition to 
(working)memory, attention may therefore also improve through cWmt. sustained at-
tention deficits have been previously found following neonatal ecmo and/or cdH(1,3), 
and were confirmed in this cohort. although we found faster processing speed following 
cWmt at t2, significance disappeared after multiple testing correction. selective and 
sustained attention did not improve post-cWmt. neuroimaging studies in children with 
adHd or childhood cancer, found improvements in attention immediately post-cWmt 
to be associated with fronto-parietal networks.(32,37-39) However, attention deficits 
following neonatal ecmo and/or cdH were found to be associated with global white 
matter microstructure and cingulum bundle alterations.(3,5) cWmt therefore may not 
target the networks responsible for attention deficits in this population. our group is 
currently studying the effectiveness of cWmt following neonatal ecmo and/or cdH us-
ing advanced neuroimaging techniques. such findings could enhance our understand-
ing of how cWmt affects the brain in these survivors.

this is the first study investigating the effectiveness of cWmt following neonatal 
ecmo and/or cdH, demonstrating high feasibility of such a training in this group. How-
ever, our study has some limitations. first, 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. the self- and proxy-rated outcomes should therefore be interpreted 
with caution. nonetheless, various studies have found improved outcome following 
cWmt when compared to a non-adaptive training program which also included weekly 
phone calls from a certified cogmed training coach.(25,31,34,40) second, our sample 
size was smaller than anticipated. We did not extend our inclusion time because we 
did not want our control group to wait longer than needed to complete cWmt if it 
was proven to be beneficial. finally, our primary outcome measure was based on initial 
reports of neuropsychological outcome in the study population that showed working-
memory problems(2,7,11) and on previous studies on cWmt(23,25,26). However, on-
going research testing all major neuropsychological domains demonstrated primarily 
short- and long-term memory problems in these children.(8) given these new insights, 
a different primary outcome measure than working-memory would have been more 
appropriate for this population.
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cOnclusIOn

We found improved working-memory immediately after cWmt in school-age neona-
tal ecmo and/or cdH survivors, but this did not sustain until one year post-training. 
sustained far-transfer effects on long-term visuospatial memory were found follow-
ing cWmt. given the high risk of visuospatial memory deficits in these children and 
the importance of memory in daily life, cWmt shows clinical utility for children with 
visuospatial memory deficits. future studies with advanced neuroimaging techniques 
and objective measures of academic performance are needed to further delineate the 
effectiveness of cWmt in neonatal ecmo and/or cdH survivors.
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suPPleMentAry MAterIAl

supplemental Digital content 1. outcome measures

domain test respondent t0 t1 t2

Neuropsychological assessment

Working-memory subtest digit span of the Wisc-iii-nl; 
subtest spatial span of the WnV

child; 
child

*
*

*
*

*
*

Verbal memory raVlt immediate and delayed recall child * * *

Visuospatial memory rcft immediate and delayed recall and recognition child * * *

sustained attention dct child * * *

selective attention tmt section B; 
strooP colour-word test 

child
child 

*
*

*
*

*
*

Processing speed tmt section a child * * *

executive functioning subtests key search and modified six elements of the 
Bads-c-nl

child * * *

Visuospatial processing rcft copy child * * *

Questionnaires

executive functioning Brief total score Parents + teacher * * *

Working-memory subscale of Brief * * *

Behaviour sdQ Parents + teacher * * *

attention and hyperactivity subscale of sdQ * * *

Quality of life PedsQl child + Parents * * *

school functioning subscale of PedsQl * * *

Psychosocial quality of life cHQ Parents * * *

self-esteem subscale of cHQ * * *

overview of outcome measures assessed at the different time points of the study. t0 is the baseline assess-
ment, t1 is six weeks after baseline, and t2 is 12 months after baseline. the primary outcome measure was 
working-memory assessed by digit span.
abbreviations: Wisc-iii-nl, Wechsler intelligence scale for children; WnV, Wechsler non Verbal scale of 
ability; raVlt, rey auditory learning test; rcft, rey complex figure test; dct, dot cancellation test; tmt, 
trail making test; Bads-c-nl, Behavioural assessment of the dysexecutive syndrome; Brief, Behaviour 
rating inventory of executive functioning; sdQ, strengths and difficulties Questionnaire; PedsQl, Paediat-
ric Quality of life inventory; cHQ, child Health Questionnaire.
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supplemental Digital content 2. Descriptions of the outcome measures.
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

Primary outcome measures
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 

Secondary outcome measures
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 
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Questionnaires
Behaviour Rating Inventory of Executive Functioning (BRIEF)
to evaluate the perception of the parents and teachers of the child’s executive function-
ing, including working-memory, the Brief was used. this questionnaire can be used for 
children between the ages 5 and 18 years. the dutch version of the Brief has been 
validated and includes dutch norm scores.12

Child Health Questionnaire (CHQ)
the dutch version of the cHQ (cHQ-Pf50) measures physical and psychosocial function-
ing of the child and is filled out by the parents. the cHQ comprises 14 subscales. in ad-
dition to the overall score on psychosocial functioning, the domain score on self-esteem 
is used. the dutch version of the cHQ is validated and includes dutch norm scores.13 

Paediatric Quality of Life Inventory (PedsQL)
the PedsQl measures health-related quality of life and is filled out by the parents as well 
as the child. the PedsQl measures various domains, such as social functioning, physical 
functioning, psychosocial functioning, emotional functioning and school functioning. 
the overall score to measure quality of life and school functioning are used. the PedsQl 
includes dutch norms for children between 4 and 16 years.14 

Strength and Difficulties Questionnaire (SDQ)
the child’s behaviour can be evaluated by the parents and teacher using the sdQ. this 
questionnaire can be used for children between 4 and 16 years. the child’s psychosocial 
development is evaluated using questions about both positive and negative behav-
iours. the follow-up version of the sdQ was used at the post-intervention assessments 
to obtain ratings of the behaviour of the child over the last month. the sdQ consist 
of five subscales and a total score. the total score as well as the score on the subscale 
hyperactivity/inattention is used. the dutch version of this test has been validated and 
includes dutch norm scores.15

We used dutch versions of all tests and questionnaires.
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supplemental Digital content 3. neuropsychological outcome immediately and one year after cWmt in 
neonatal ecmo and/or cdH survivors

measures Variable estimated coefficient 95% ci P-value

Working-memory

digit span CWMT*Time-point:

t0 reference reference - 

t1 0.87 0.21 to 1.42 .002 

t2 -0.04 -0.63 to 0.55 .902 

spatial span CWMT*Time-point:

t0 reference reference - 

t1 0.96 0.47 to 1.45 .003 

t2 0.29 -0.24 to 0.82 .416 

Verbal memory

raVlt immediate CWMT*Time-point:

t0 reference reference - 

t1 0.02 -0.67 to 0.70 .960 

t2 0.22 -0.51 to 0.96 .731 

raVlt delayed CWMT*Time-point:

t0 reference reference - 

t1 0.52 -0.04 to 1.08 .268 

t2 0.45 -0.15 to 1.04 .280 

Visuospatial memory

rcft immediate CWMT*Time-point:

t0 reference reference - 

t1 0.37 -0.17 to 0.91 .232 

t2 0.60 0.02 to 1.17 .094 

rcft delayed CWMT*Time-point:

t0 reference reference - 

t1 0.53 0.01 to 1.06 .094 

t2 0.95 0.38 to 1.51 .006 

rcft recognition CWMT*Time-point:

t0 reference reference - 

t1 0.46 -0.23 to 1.15 .232 

t2 -0.09 -0.83 to 0.65 .808 

Sustained attention

dct CWMT*Time-point:

t0 reference reference - 

t1 0.02 -0.76 to 0.80 .961 

t2 -0.03 -0.87 to 0.80 .961 

Selective attention

24 Erasmus Medical Center Rotterdam



supplemental Digital content 3. neuropsychological outcome immediately and one year after cWmt in 
neonatal ecmo and/or cdH survivors (continued)

measures Variable estimated coefficient 95% ci P-value

tmt section B CWMT*Time-point:

t0 reference reference - 

t1 0.31 -0.29 to 0.91 .950 

t2 0.11 -0.53 to 0.76 .950 

strooP CWMT*Time-point:

t0 reference reference - 

t1 -0.06 -0.64 to 0.51 .950 

t2 0.02 -0.62 to 0.66 .950 

Processing speed

tmt section a CWMT*Time-point:

t0 reference reference - 

t1 0.21 -0.36 to 0.77 .475 

t2 0.66 0.05 to 1.27 .068 

Executive functioning

Bads-c-nl key search CWMT*Time-point:

t0 reference reference - 

t1 -0.55 -1.21 to 0.10 .151 

t2 -0.21 -0.91 to 0.49 .557 

Bads-c-nl modified six 
elements

CWMT*Time-point:

t0 reference reference - 

t1 0.49 -0.12 to 1.09 .151 

t2 0.72 0.02 to 1.42 .151 

Visuospatial processing

rcft copy CWMT*Time-point:

t0 reference reference - 

t1 -0.10 -0.54 to 0.34 .664 

t2 0.15 -0.33 to 0.62 .664 

results of linear mixed model analyses showing the effect of cWmt on neuropsychological outcome at 
t1 and t2. all estimated coefficients are reported as z-scores. the control group was used as the reference 
group and the baseline assessment t0 as the reference time-point. fdr-correction(26) was applied to cor-
rect for multiple testing. fdr-correction was applied once for each set of tests in the same neuropsycho-
logical domain (i.e. once for the tests measuring attention). an FDr-corrected p-value <.05 is considered 
to be statistically significant.
abbreviations: cWmt, cogmed Working memory training; ecmo, extracorporeal membrane oxygenation; 
cdH, congenital diaphragmatic hernia; t1, six weeks after baseline; t2, 12 months after baseline; raVlt, rey 
auditory Verbal learning test; rcft, rey complex figure test; dct, dot cancellation test; tmt, trail making 
test; Bads-c-nl, Behavioural assessment of the dysexecutive syndrome.
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supplemental Digital content 4. Proxy- and self-reported outcomes after cWmt in ecmo and/or cdH 
survivors

Variable estimated coefficient 95% ci P-value

Self-report 

school functioning* 
(PedsQl)

CWMT*Time-point:

t0 reference reference - 

t1 0.11 -0.69 to 0.90 .787 

t2 0.71 -0.15 to 1.56 .104 

Quality of life (PedsQl) CWMT*Time-point:

t0 reference reference - 

t1 0.46 -0.42 to 1.33 .304 

t2 0.75 -0.16 to 1.71 .101 

Proxy-report - Parent

school functioning* 
(PedsQl)

CWMT*Time-point:

t0 reference reference - 

t1 0.24 -0.25 to 0.72 .335 

t2 0.10 -0.42 to 0.62 .704 

Quality of life (PedsQl) CWMT*Time-point:

t0 reference reference - 

t1 0.22 -0.25 to 0.68 .355 

t2 0.40 -0.10 to 0.89 .113 

Working-memory 
(Brief)

CWMT*Time-point:

t0 reference reference - 

t1 -0.21 -0.78 to 0.37 .478 

t2 0.51 -0.11 to 1.13 .108 

executive functioning 
(Brief)

CWMT*Time-point:

t0 reference reference - 

t1 -0.09 -0.58 to 0.40 .706 

t2 0.57 0.04 to 1.09 .034 

Psychosocial Quality of 
life (cHQ)

CWMT*Time-point:

t0 reference reference - 

t1 -0.16 -0.69 to 0.38 .565 

t2 -0.15 -0.74 to 0.43 .608 

self-esteem (cHQ) CWMT*Time-point:

t0 reference reference - 

t1 0.01 -1.05 to 1.08 .979 

t2 0.13 -1.03 to 1.29 .821 

Hyperactivity/attention 
(sdQ)

CWMT*Time-point:

t0 reference reference - 

t1 0.33 -0.18 to 0.84 .197 

t2 0.58 0.02 to 1.13 .042 
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supplemental Digital content 4. Proxy- and self-reported outcomes after cWmt in ecmo and/or cdH 
survivors (continued)

Variable estimated coefficient 95% ci P-value

Behaviour (sdQ) CWMT*Time-point:

t0 reference reference - 

t1 0.30 -0.16 to 0.76 .193 

t2 0.38 -0.11 to 0.88 .128 

Proxy-report - Teacher

Working-memory 
(Brief)

CWMT*Time-point:

t0 reference reference - 

t1 0.07 -0.80 to 0.94 .873 

t2 0.23 -0.70 to 1.15 .627 

executive functioning 
(Brief)

CWMT*Time-point:

t0 reference reference - 

t1 0.06 -0.53 to 0.66 .836 

t2 0.03 -0.50 to 0.67 .913 

Hyperactivity/attention 
(sdQ)

CWMT*Time-point:

t0 reference reference - 

t1 0.05 -0.54 to 0.63 .878 

t2 0.12 -0.50 to 0.73 .704 

Behaviour (sdQ) CWMT*Time-point:

t0 reference reference - 

t1 0.21 -0.27 to 0.69 .392 

t2 0.16 -0.34 to 0.67 .516 

results of linear mixed model analyses showing the effect of cWmt on proxy- and self-reported outcomes 
at t1, as well as at t2. the control group was used as the reference group and the baseline assessment t0 as 
the reference time-point. all estimated coefficients are reported as z-scores. P-value <.05 is considered to 
be statistically significant. abbreviations: t1, six weeks after baseline; t2, 12 months after baseline; cWmt, 
cogmed Working memory training; Brief, Behaviour rating inventory of executive functioning; PedsQl, 
Paediatric Quality of life inventory; sdQ, strengths and difficulties Questionnaire; cHQ, child Health Ques-
tionnaire.
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