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ABSTRACT

This study investigated age-related differences in hot (affective-motivational) and cold (cognitive) executive
functions (EF) in boys with Duchenne Muscular Dystrophy (DMD) across childhood and adolescence. In a cross-
sectional design, 70 boys with DMD aged 5, 8, 11, and 14 years completed performance-based EF assessments,
accompanied by parent-reported EF ratings. Longitudinal data were also collected from a subsample of 13 boys
over a three-year period, with repeated assessments at the age intervals of 5-8, 8-11, and 11-14 years. At age 5,
no significant EF impairments were observed. By age 8, however, significant deficits in hot EF tasks emerged,
followed by impairments in cold EF at age 11. Cold EF performance indicated developmental delay rather than
decline, as reflected in logits-based data. Longitudinal analyses using the Reliable Change Index revealed het-
erogeneous developmental patterns. Findings suggest that boys with DMD exhibit disrupted EF development,
with increasing impairment through middle childhood and a potential positive trend from 11 to 14 years. These

results underscore the importance of monitoring EF across a wider age range in this population.

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked recessive
neuromuscular disorder that affects approximately 1 in 3500-5000 live-
born males and is caused by mutations in the dystrophin gene on the X
chromosome [1]. Dystrophin (DYS) protein is found in many human
tissues, especially in muscle tissue, and insufficient functional DYS leads
to progressive muscular weakness. Research also indicates that dystro-
phin plays an important role in the central nervous system, particularly
in synaptic terminal integrity, synaptic plasticity, and cellular signal
integration [2]. Furthermore, dystrophin isoforms have been identified
in several brain regions, including the cerebral cortex, hippocampus,
and cerebellum, suggesting that these areas are affected by dystrophin
deficiency [3-5]. Although the precise role of dystrophin in the CNS
remains unclear, evidence suggests that abnormal dystrophin likely
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influences brain circuitry and affects the development of neural struc-
tures and the brains developmental trajectories [6,7].

Several studies of boys with DMD have found that Full-Scale Intel-
ligence Quotient (FSIQ) is generally normally distributed but about one
standard deviation lower than the population norm [8-10]. Hinton [4,
11-14] and colleagues have argued that performance on digit span
/working memory (WM) capacity regardless of IQ levels may reflect an
underlying “core cognitive deficit” in children with dystrophinopathy,
while others have suggested that the “core deficit” in DMD is better
explained as a generalized executive skill deficit [15-19].

Executive functions (EF) are commonly described as top-down neu-
rocognitive processes involved in the regulation of thoughts, actions,
and emotions. These processes encompass cognitive flexibility, working
memory, and inhibitory control [20-24]. Some researchers even argue
that WM capacity only should be defined as a specific EF construct [22].
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EF skills are crucial for modulating behaviour, solving problems, and
devising strategies in response to changing external or social demands
[25,26]. One influential developmental model from Anderson [20],
proposes four interrelated executive domains, attentional control,
cognitive flexibility, goal setting, and information processing, that
together enable “executive control.” According to this model, atten-
tional control emerges early (in infancy) and develops rapidly during the
preschool years, whereas cognitive flexibility, goal setting, and infor-
mation processing undergo a major developmental spurt between ages 7
and 9, and reach relative maturity by around age 12. The model em-
phasizes a developmental trajectory of EF throughout childhood and
adolescence.

Within the EF literature, some researchers also distinguish between
“hot” and “cold” EF [24]. “Cold” EF refers to cognitive processes with
little emotional or motivational involvement such as tasks assessing
working memory, inhibitory control, or cognitive flexibility under
neutral conditions - and is primarily associated with the prefrontal
cortex [27,28]. “Hot” EF, by contrast, involves emotionally loaded or
motivationally significant contexts, such as risky decision-making, and
is more linked to orbitofrontal and medial brain regions [29]. While
these categories are conceptually distinct, they frequently overlap in
real-life tasks that require both cognitive and affective regulation.
Notably, hot EF typically mature later than cold EF, particularly during
adolescence, when decision-making in emotionally charged situations
may develop at a slower pace compared to more cognitively oriented
abilities [24].

Historically, it has been assumed that, unlike the progressive muscle
deterioration, cognitive abilities in boys with DMD are stable over time
and several studies have supported this assumption [17-19]. Other
meta-studies have also proposed an increased capacity in verbal IQ [8]
but not for performance IQ, between 9 and 20 years of age. However,
some studies also suggest evidence for alternative developmental tra-
jectories. For example, a longitudinal follow-up study by Hellebreker
[30] indicated developmental stagnation in verbal span capacity over
time, and investigations by Chieffo [31] and Gillenstrand [32] identified
varying patterns of cognitive development throughout childhood and
adolescence.

Although some studies have documented examples of both hot and
cold EF difficulties in boys with DMD [16-19,33] no previous research
has systematically examined age-related differences or longitudinal
studies of EF in this population.

The aim of the present study was to examine age-related differences
in hot and cold EF (including working memory capacity), in boys with
DMD throughout childhood and adolescence. The investigation utilized
both performance-based assessments and parental ratings of EF at 5, 8,
11, and 14 years of age, and further explored individual change across
the intervals of 5-8, 8-11, and 11-14 years.

We hypothesized that significant differences would be observed
across the four age groups (5 + 0.5, 8 = 0.5, 11 + 0.5, and 14 + 0.5
years) in both hot and cold executive functions. Furthermore, we hy-
pothesize that longitudinal data will reveal significant individual dif-
ferences in both hot and cold EF across the developmental intervals of
5-8, 8-11, and 11-14 years.

2. Patients and methods
2.1. Study design

This cross-sectional study compares parental self-reported and
performance-based measures EF in boys with DMD, aged 5-14 years. All
boys were tested by the same psychologist either at their local rehabil-
itation center or at the Regional Pediatric Rehabilitation Center in
Gothenburg. During the child’s performance-based assessment, parents
completed survey forms and rated their child’s EF skills. If both parents
were present, they filled out a single questionnaire collaboratively;
otherwise, one parent completed the questionnaire. Data on EF
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measures were part of a larger neuropsychological test battery, admin-
istered between 2017 and 2020. Two recent publications [32,33] re-
ported partial findings from this cohort. The present study provides
entirely new analyses, with the exception of background characteristics,
which are also summarised here (Appendix B). The EF
performance-based test was administered at the beginning of the
assessment battery to minimize the effects of fatigue. All parents or
guardians gave informed consent and all participants gave assent before
enrolment. The study was approved by the regional ethical review board
in Gothenburg (Ref. 737-16).

2.2. Participants

All boys in Sweden aged 5-14 years with a confirmed DMD diagnosis
between 2017 and 2020 were invited to participate. Potential partici-
pants (n = 100) were identified and approached via local physicians in
the southern, eastern, and western healthcare regions (up to Harjedalen
and Jamtland). Of these, 73 (73 %) agreed to participate and provided
written informed consent. Three families were excluded due to language
barriers or personal reasons, leaving data from 70 % of the total eligible
population (Appendix A). Participants were divided into four age groups
(5 £ 0.5 years, 8 + 0.5 years, 11 + 0.5 years, and 14 + 0.5 years),
corresponding to developmental stages used in our clinical follow-up
schedule and were assessed in the year they turned 5, 8, 11, or 14, be-
tween 2017 and 2020. A subgroup of thirteen boys that were tested the
first year 2017 were also re-tested 2020. Six of the boys contributed with
longitudinal data between 5 - 8 years of age, five boys at 8 and 11 years
of age and two boys at 11 and 14 years of age.

2.3. Measures

Standardized neuropsychological measures with robust normative
data were selected for the assessment. The measures were carefully
chosen to minimize the influence of motor demands; both the WISC-V
and MEFS performance-based measurements were administered on an
iPad, while the remaining tests required only verbal responses. In par-
allel with the performance-based assessments of boys with DMD, their
parents completed a survey that included questions on their boy’s motor
functions, their family socioeconomic status (SES) and parental ratings
of their boys EF.

2.3.1. Motor function

Information about upper and lower extremity function was collected
by parental ratings of Brooke upper extremity functional classification
and the Vignos scale [34,35]. Higher scores on both scales reflect greater
motor impairments. The Brooke scale [36,37] (levels 1-6) assesses
upper extremity function from full overhead arm movement (level 1) to
an inability to bring the hands to the mouth or use them functionally
(level 6). The Vignos scale (levels 1-10) evaluates lower extremity
function from normal ambulation (level 1) to being confined to bed
(level 10). As older patients with DMD lose muscle strength, dependency
in activities of daily living increases correspondingly. A moderate pos-
itive correlation between Brooke and Vignos scores suggests an inter-
relation in upper and lower extremity function [38].

2.3.2. Socioeconomic status

Family SES was measured using a Swedish-adapted version of the
Hollingshead Four-Factor Index of Social Status [39,40]. It includes
factors such as marital status, employment status (retired/employed),
educational attainment, and occupational prestige.

2.3.3. Cognitive abilities

FSIQ, General Ability Index (GAI) and Working Memory Index
(WMI) were measured using the Wechsler Preschool and Primary Scale
of Intelligence — Fourth Edition (WPPSI-IV) [41] for 5-year-olds, and the
Wechsler Intelligence Scale for Children — Fifth Edition (WISC-V, iPad
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version) [42] for children aged 8, 11, and 14. Both are standardized with
a mean (M) of 100 and a standard deviation (SD) of 15. The test-retest
reliability for the WISC-V scales is: FSIQ = 0.92, GAI = 0.91 and WMI
= 0.82. For the WPPSI-1V, the test-retest reliability for FSIQ is 0.93, with
other composite scales ranging from 0.84 to 0.89. These values indicate
highly robust and reliable retest measurements.

2.3.4. Executive functions
Measures of EF were collected using performance-based tests,
parental ratings.

2.3.4.1. Performance-Based cold executive function test. The Minnesota
Executive Function Scale (MEFS) is a standardized measure of EF and
learning readiness [43]. It assesses attention, behavioural regulation,
cognitive flexibility, and the ability to retain and process information.
The MEFS is validated in >32,800 typically developing children aged
24-215 months in the United States (internal consistency = 0.94). A
certified Swedish translator produced a Swedish version, which was
back-translated to ensure accuracy. Test-retest reliability for MEFS is
(0.829) indicating highly robust and reliable retest measurements.

MEFS is administered on an iPad, with the examiner reading in-
structions to minimize confounds related to reading difficulties. Chil-
dren complete a card-sorting game in which they match cards to target
boxes according to varying rules (e.g., colour, size, shape). Starting
levels differ by age, and there are seven levels increasing in difficulty.
Participants progress or regress through levels based on performance
until stop criteria are met. The outcome variables include Standardized
Score (SS) with M = 100, SD = 15, and a Total Score (TS) that measure
accuracy and time efficiency and is related to an optimal score of 100
regardless of age, using Rasch-model analyse to generate personal
ability logits [44].

2.3.4.2. Parental and self-reported executive functions test. The Behav-
iour Rating Inventory of Executive Function (BRIEF) includes multiple
rating forms [45]. Parents completed the BRIEF-P, an 86-item ques-
tionnaire for children aged 5-18, reflecting performance in typical home
or familiar environments. The BRIEF-P produces three composite scores:

1. Behavioural Regulation Index (BRI): Subscales of Inhibit, Shift, and
Emotional Control. More likely to measure hot EF.

2. Metacognitive Index (MI): Subscales of Initiate/Task Completion,
Working Memory, Plan/Organize, Organization of Materials, and
Monitor. More likely to measure both hot and cold EF.

3. Global Executive Composite (GEC): A composite of all subscales
above.

The normative data for the BRIEF-P are based on 1419 parents from
diverse backgrounds in the United States, with reported internal con-
sistency ranging from 0.80 to 0.98. BRIEF Parent T-scores (M = 50, SD =
10), derived from the US population norms. In our study T-scores were
transformed into inverted Index Scores (M = 100, SD = 15) to facilitate
easier comparison with other measures, such as IQ Index Scores and
MEEFS Standard Scores (both with M = 100, SD = 15). Meaning that T-
scores exceeding 1 SD (>60), which are rated as clinically significant,
are now reported as scores below 1 SD (<85) on the inverted Index Score
scale. The psychometric properties of the BRIEF are robust, with strong
internal consistency across scales [45]. Test-retest reliability coefficients
for the BRIEF parental scales are excellent and robust: GEC (0.98), MI
(0.96), and BRI (0.96).

2.4. Statistical analysis
Descriptive statistics for age, family SES, FSIQ, GAI, WMI and

parental ratings of upper and lower motor function (assessed using the
Brooke and Vignos scales) and MEFS-TS are presented in Appendix B. A
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one-sample t-test was performed to evaluate whether the means of FSIQ,
GAI, WMI, MEFS-SS, BRIEF scales of GEC, MI and BRI differed signifi-
cantly from the Swedish age-related normative mean of 100 are reported
in Appendix B. To compare Hollingshead SES factors with Swedish
population means, the Mann-Whitney U test was utilized and results are
reported in Appendix B.

Pearson bi-variate correlations were conducted to examine the re-
lationships between performance-based measures EF (MEFS-SS and
WMI) and parental ratings of EF (BRIEF-P: GEC, MI, and BRI), and
covariates including age, lower motor function, upper motor function,
FSIQ, GAI and family SES. The results of these analyses are reported in
Table 1.

Shapiro-Wilk analyses were run to ensure the data were normally
distributed for parametric analyses and Levene’s test was conducted to
assess the assumption of homogeneity of variances for FSIQ, GAI, WMI,
MEFS Standard Score (SS), and BRIEF scales of GEC, MI and BRI across 4
age groups, 5, 8, 11 and 14-years old boys with DMD. The test was not
significant for any of the dependent variables (FSIQ p = 0.177, GAIp =
0.134, WMI p = 0.318, MEFS-SS p = 0.317, BRIEF-GEC p = 0.248,
BRIEF-MI p = 0.245 and BRIEF-BRI p = 0.147) indicating that the var-
iances were approximately equal across groups. Therefore, we pro-
ceeded with a one-way analysis of variance (ANOVA) to examine group
differences in FSIQ, GAI, WMI, MEFS-SS and for all three scales of BRIEF
(GEC, MI and BRI) with post hoc Bonferroni test to examine differences
between the age-groups. Cohens d was also calculated to measure effect
sizes between the age-groups (5-, 8-, 11- and 14-years old boys with
DMD).

To analyse longitudinal data from the 13 boys who completed both
an initial test and a follow-up test between the ages of 5-8 or 8-11 or
11-14 years, the Reliable Change Index (RCI) was calculated. The RCI,
based on the method outlined by Jacobson and Truax [46], was
computed by dividing the difference between scores on Test 1 (T1) and
test 2 (T2) by the standard error of measurement, incorporating the
test-retest reliability coefficient of the test. An RCI value greater than
1.96 was interpreted as indicating a reliable change, while an RCI value
of 1.96 or less suggested that the observed change could be attributed to
measurement error rather than true change.

Within-subject longitudinal group differences between the age in-
tervals (5-8, 8-11, 11-14 years and from 5-14 years) were analysed
using paired t-tests. Cohen’s d was calculated to assess effect sizes be-
tween each significant comparison [46].

Alfa level of significance was set to <0.05 for all analysis and all
statistical analyses were performed using SPSS for Mac (version 29).

3. Results

The 70 boys with DMD included in the cohort participated in at least
one performance-based executive function assessment at 5, 8, 11, or 14
years of age.

Parents completed questionnaires to assess family SES. For the 66
families who provided Hollingshead parental SES ratings (four families
did not rate their family SES form), the mean score was 38.89 (SD =
15.49), which did not significantly differ from prior findings in the
Swedish population (mean = 37.0, SD = 11.7) t (65 = 0.994, p = 0.324).

Upper and lower extremity motor function on the Brooke and Vignos
scales, showed an expected decline with age, with increasing scores
observed from 5 to 14 years. The mean age of participants and different
age groups are shown in Appendix B.

Independent t-test was conducted to compare the cohort’s perfor-
mance to the population mean of 100 across our key variables, including
FSIQ, GAI, WMI, MEFS-SS and the BRIEF scales of GEC, MI and BRI. The
results indicated that all measures were significant lower. FSIQ (M =
88.98, SD = 18.42), (64) = —4.82, p < 0.01, with a medium effect size,
Cohen’s d = —0.61. GAI (M = 91.77, SD = 17,90), t (64) = —3.71,p <
0.01, with a medium effect size, Cohen’s d = —0.45. WMI (M = 84.58,
SD =17.81), t (64) = —6.98, p < 0.001, with a large effect size, Cohen’s
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Table 1
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Bivariate correlation between Age (months), Upper motor extremity function (Brooke), Lower motor extremity function (Vignos), Socioeconomic Status (Hollingshead
SES), Full-Scale Intelligence Quotient (FSIQ), General Ability Index (GAI), Working Memory Index (WMI), Minnesota Executive Functions Scale (MEFS) Standard Score
and the Behavioural Ratings of Executive Functions (BRIEF) Scales of General Executive Composite (GEC), Metacognition Index (MI) and Behavioural Regulation Index

(BRI), (n 13), * = p < 0.05, ** =p < 0.01.

Age Brooke Vignos SES FSIQ GAI WMI MEFS GEC MI BRI
Age -
Brooke 0.363** -
Vignos 0.641** 0.627** -
SES —0.257* —0.316* —0.255 -
FSIQ —0.073 0.009 —0.070 0.313* -
GAI 0.004 0.068 —0.008 0.302* 0.981%** -
WMI —0.395%* —0.284* —0.350%* 0.243 0.827%* 0.698** -
MEFS —3.66%* -0.171 —0.269* 0.234 0.492%* 0.439%* 0.585** -
GEC —0.154 0.178 —0.082 0.147 0.239 0.232 0.249* 0.020 -
MI —0.120 0.189 —0.66 —0.009 0.266* 0.263* 0.279* 0.027 0.923**
BRI —0.206 0.139 —-0.114 0.254* 0.250* 0.217 0.347** 0.143 0.817** 0.653** -
n 70 68 68 65 70 70 65 68 68 68 68
M 125.42 1.96 4.44 39.08 83.63 86.83 84.63 85.95 86.41 91.95 81.85
SD 39.18 1.11 3.16 15.54 27.50 27.46 17.75 13.58 19.54 17.53 22.32

d =—1.27. MEFS-SS (M = 85.95, SD = 13.58), t (67) = —8.53,p < 0.001,
with a large effect size, Cohen’s d = —1.03. BRIEF-GEC (M = 86.14, SD =
19.54), t (67) = —5.75, p < 0.001, with a medium effect size, Cohen’s
d = —0.70. BRIEF-MI (M = 91.95, SD = 17.53), t (67) = —3.79, p <
0.001, with a small effect size, Cohen’s d = —0.46. BRIEF-BRI (M =
81.85, SD = 22.32), t (67) = —6.71, p < 0.001, with a large effect size,
Cohen’s d = —0.81.

To examine the relationships between variables across age-groups
and assess patterns of co-variation, a bivariate Pearson correlation
analysis was conducted (Table 1). WMI significantly correlated with all
other covariates except family SES. MEFS-SS did not correlate with any
of the parental ratings of EF (BRIEF, - GEC, -MI and -BRI). Age correlated
with Brooke, Vignos, family SES, WMI and MEFS-SS and furthermore,
family SES correlated with parental ratings of BRI but not MI or GEC.
This analysis provides an overview of the strength and direction of as-
sociations between the measured variables offering insight into their
developmental trajectories and potential interdependencies.

3.1. Age-group differences

When analyzing the independent variables across different age
groups with independent t-test, no EF variables were found to be
significantly lower than the population mean (100) at 5 years of age
(Appendix B). However, at 8 years of age, all EF variables, with the
exception of WMI, were significantly lower than the population mean
and by 11 years of age, all EF variables showed significant reductions
compared to the population mean. At 14 years of age, all EF variables,
except for BRIEF-MI, remained significantly lower than the population
mean but there was a positive trend for all EF variables from 11 to 14
years of age except for WML

A one-Way ANOVA revealed non-significant age differences between
the age groups, in FSIQ, F (3,66) =. 19, p = 0.905., GAL F (3,66) = 0.19,
p =0.905., GEC, F (3,64) =1.91,p=0.134 and ML, F (3,64) = 1.54,p =
0.212.

In contrast, significant age differences were observed for WMI F

-Wisc/Wp si - Working
Memory Index (WMI)
B MEFS - Standard Score (SS)

-BRIEF - Metacognitive Index
1 (M1)
.BRIEF - Behavioural
Regulation Index (BRI)
-BRIEF - Global Executive
Composite (GEC)

Comparison between WMI and EF from Childhood to Adoloscence for Boys with DMD
Age-groups diffrences in WMI, Performance-Based EF and Parentals Ratings of EF
125 "
® * '
100 I i i ‘ i I 1
c
o
]
= 75
50
25

5 Year olds 8 Year olds

Age groups

11 Year olds

14 year olds

Fig. 1. Distribution of index and standard scores (M = 100, SD = 15) with 95 % CIs for cold and hot EF measures across age groups in boys with DMD. Cold EF
includes the WISC/WPPSI Working Memory Index (WMI), MEFS standard score (SS), and BRIEF Metacognitive Index (MI). Hot EF is represented by the BRIEF
Behavioural Regulation Index (BRI). The BRIEF Global Executive Composite (GEC) reflects parental ratings integrating both EF domains. Boxplots illustrate age-
group differences from childhood to adolescence. Asterisks (*) indicate extreme values.
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(3,61) =3.51, p = 0.019., BRI F(3,63) = 3.053, p = 0.033 and in MEFS-
SS F (3,63) = 6.058, p = 0.001. Post hoc comparison using the Bonfer-
roni correction revealed significant differences in WMI between 5- and
14-year-olds, and in MEFS-SS between 5- and 11-year-olds, as well as
between 5- and 14-year-olds. Age group differences for the BRIEF scales,
including the GEC, MI and BRI, along with the Wisc/Wppsi - WMI, and
MEFS-SS, are presented in Fig. 1.

Age-related differences in hot and cold EF were observed (Fig. 1). At
5 years of age, all age-normed measures within this sample were within
the expected developmental range but subsequently, a more pronounced
decrease was observed in hot EF skills measured by the parental ratings
on the BRIEF (partly measured in GEC and especially measured in BRI)
between 5 and 8 years of age, compared to cold EF skills (measured by
MEFS-SS, WMI and BRIEF - MI) which showed a steeper decline between
8 and 11 years of age. Both hot and cold EF skills reached their lowest
levels at 11 years of age. Thereafter, an indication of positive develop-
mental progress was observed, with performance gradually approaching
age-related norms. Despite this improvement, it is important to
emphasize that the positive trends seen in the WMI, MEFS-SS, and BRI
originate from baseline scores that were more than one standard devi-
ation below age-related norms.

Furthermore, MEFS-TS, which assesses both accuracy and time effi-
ciency, using Rasch analysis ability logits, indicates a continuous age-
related difference in performance-based cold EF skills from 5 (M =
53.83, SD = 14.97) to 8 (M = 67.71, SD 20.47) to 11(M = 70.83, SD =
11.29) and 14 years of age (M 75.50 = 10.22), with no evidence of EF
skill decline for boys with DMD.

3.2. Longitudinal individual change

Thirteen boys with DMD completed the assessments on two occa-
sions: six boys were assessed at 5 and 8 years of age, five at 8 and 11
years of age, and two at 11 and 14 years of age. RCI scores were
calculated for each individual and are summarized in Table 2. Delays in
individual EF skills were most frequently observed in the WMI and the
BRIEF scales of GEC and MI between 5 and 8 years of age (50 %). The
BRIEF-BRI showed a range of changes, with 1/3 of participants
demonstrating increased scores, 1/3 decreased scores, and 1/3 showing
no change. Between 8 and 11 years of age, there was substantial

Table 2
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variability in changes across all domains, as reflected in the RCI calcu-
lations (Table 2). From 11 to 14 years of age, FSIQ, GAI, WMI and MEFS-
SS indicated only positive age-related differences. Furthermore, the RCI
analysis of MEFS-TS indicated an overall improvement in executive
function (EF) skills between the two measurement points across all
participants and age groups, supporting the evidence of no individual EF
skill decline in boys with DMD (Fig. 2).

Notably, when comparing RCI scores to age-normed means for the
whole group at the first T1, and second assessments T2, all domains at “5
to 8 years” of age were within the age-appropriate average range (90 —
109, percentile 25 to 75) [40], except for WMI at T2 that were just under
the average range (88 Index points), (Table 3).

A paired-sample t-test was also conducted to compare mean scores
between T1 and T2 on the dependent variables of FSIQ, GAI, WMI,
MEFS-SS and BRIEF scales of GEC, MI and BRI. Only WMI scores be-
tween T1 and T2, between 5 and 8 years of age were significant. How-
ever, the effect size, as measured by Cohen’s d, was large (d = 1.29)
indicating a substantial difference between WMI scores between 5 and 8
years of age. Additional indications suggested medium effect size dif-
ferences between T1 and T2 measurements on MEFS-SS; however, this
difference did not achieve statistical significance.

3.3. Discussion

The aim of the present study is to investigate age-related differences
of hot and cold EF (including WM capacity) in boys with DMD
throughout childhood and adolescence. Examining both age-group dif-
ferences and longitudinal individual changes.

3.4. Age-group differences

We hypothesized that significant age-group differences would
emerge in both hot and cold EF, measured through performance-based
EF tests and parental ratings of EF. Consistent with this hypothesis,
significant age-group differences were observed in WMI, MEFS-SS and
BRI, indicating substantial age-related variations across both hot and
cold dimensions of EF. We also saw significant lower results compared to
population mean for all the EF measurement (WMI, MEFS-SS, BRIEF
scales of GEC, MI and BRI) at 11 years of age.

Reliable Change Index (RCI) values across measurements, where values exceeding +1.96 are considered significant. A positive RCI (+) indicates reliable improvement,
a negative RCI (—) indicates reliable delay, and values between —1.96 and +1.96 indicate no reliable change. The table also presents the mean (M) and standard

deviation (SD) for each age group, as well as the overall total, (n-13).

Measures

Intelligence Quotient Working Memory Parental Ratings of EF Performance-Based EF
Individuals Age-Span FSIQ GAI WMI GEC MI BRI MEFS
1 5 to 8 years 4.00* 1.26 —-0.56 —8.00* —6.84* —2.36* 0.82
2 —-0.33 -0.79 —2.22% 3.00% 1.65 3.06* 1.81
3 —-0.67 -1.10 —2.89* 1.33 0.71 1.41 —-0.18
4 -1.67 0.31 0.44 —4.67* —4.48* 0.71 —0.36
5 —4.33* —2.51* —2.22* —3.33* —2.83* —2.12* —0.64
6 3.33*% 3.30% -0.22 6.67* 5.89* 3.54* 2.09*%
Mean —0.28 0.08 —1.28 —0.83 —0.98 0.47 0.59
SD 2.71 2.03 1.34 5.44 4.62 2.57 1.17
7 8 to 11 years -0.33 —-0.47 0.00 —8.00* —5.66* —3.54* 0.00
8 0.00 1.10 -1.67 —-0.33 -0.71 0.71 —-1.09
9 0.33 0.31 0.00 6.67* 6.60* —0.24 0.00
10 —2.67* —3.14* -0.33 4.67* 3.30% 0.94
11 —0.50 0.00 —0.56 1.00 —-0.24 1.65 —0.82
Mean —0.63 —0.44 —0.51 0.80 0.66 —0.09 —0.48
SD 1.18 1.62 0.69 5.66 4.60 2.04 0.56
12 11 to 14 years 3.17* 1.89 2.33% 1.67 -0.71 3.77* 0.91
13 1.10 1.33 —0.47 —-1.65 0.91
Mean 0.25 1.49 1.00 1.50 —0.59 1.06 0.91
SD 4.12 0.56 1.89 0.24 0.17 3.83 0.00
TOTAL Mean -0.33 0.10 —0.63 0.15 —0.29 0.34 0.29
SD 2.24 1.75 1.36 4.90 4.08 2.35 1.02
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Longitudinal developmental trajectory between 5-8, 8-11 and 11-14 years of age
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Fig. 2. MEFS Total Score (TS) in logits, reflecting combined accuracy and reaction time, where 100 represents the highest possible performance. (No age-related
normative data available.) Higher scores indicate better executive function performance.

Table 3

Measurements of FSIQ, GAIL, WMI, GEC, MI, BRI, and MEFS obtained from longitudinal data across two testing time points (Test 1 and Test 2) for boys assessed within
three age ranges: 5-8 years, 8-11 years, and 11-14 years. The table also includes the overall mean (M) and standard deviation (SD) for each measure. *Values that
deviate by + 1 SD (15 points) from the standardized mean of 100 are considered significant, (n = 13).

FSIQ GAI WMI GEC MI BRI MEFS
ID Age-Span Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2
1 5-8 87 99 93 101 929 94 102 78% 114 85* 82* 72% 97 106
2 103 97 104 99 105 85* 118* 129* 123* 130* 108 121* 99 119*
3 121* 117* 125* 118* 108 82* 105 109 115* 118 88 94 105 103
4 81* 86 89 91 78*% 82* 111 97 115* 96 103 100 91 87
5 113 100 119* 103 108 88 115* 105 115* 103 115* 106 96 89
6 80* 89 70* 91 93 91 96 118* 93 118* 102 117* 95 118*
Mean 5-8 97.50 98.00 101.40 100.50 98.50 87.00 107.50 106 112.50 108.33 99.67 101.66 97.17 103.67
SD 17.39 10.88 22.43 9.96 11.61 4.90 8.54 17.60 10.11 16.62 12.40 17.72 4.67 13.71
7 8-11 93 91 94 91 97 97 99 75*% 106 82* 82* 67 95 95
8 108 108 100 107 125 110 103 102 109 106 90 93 94 82*
9 53* 55* 61* 63* 45*% 45% 82% 102 85% 112 82* 81* 61* 61*
10 80* 64* 90 70* 65* 62* 76* 90 85* 99 69* 73*% 65*
11 118* 115* 111 111 112 107 96 929 103 102 87 94 91 82*
Mean 8-11 90.40 86.60 91.20 88.40 88.80 84.20 91.20 93.60 97.60 100.20 82.00 81.60 85.25 77.00
SD 25.42 26.43 18.65 21.49 33.17 29.06 11.61 11.50 11.70 11.28 8.03 11.95 16.26 13.91
12 11-14 86 105 89 101 79* 100 88 93 100 97 69* 85* 90 100
13 79*% 86 76* 78* 69* 82* 75*% 73*% 66* 80* 90
Mean 11-14 82.50 105.00 87.50 101 77.50 100 83.00 81.00 91.00 86.00 71.00 75.50 85.00 95.00
SD 4.95 2.12 2.12 7.07 16.97 12.73 15.56 2.83 13.44 7.07 7.07
Total Mean 92.46 93.83 94.69 95.50 91.54 86.92 97.61 98.38 103.46 101.77 88.46 89.92 91.17 92.08
SD 19.35 18.77 17.80 15.88 21.99 18.36 13,52 16.88 13.52 15.55 14.74 18.05 11.22 17.61

Fig. 1 illustrates separate age-related differences for hot and cold EF
and a combined measurement (of both hot and cold EF) in BRIEF — GEC.
The results indicate that behavior regulation difficulties emerge earlier
with impairments becoming more apparent compared to age-related
norms by 8 years of age. In contrast, cold EF skills (measured by WMI,
MEFS - SS and BRIEF — MI) demonstrated a steeper developmental
decline later between 8 and 11 years of age. These findings suggest that
behavior regulation problems may precede delays in cold EF develop-
ment. This also aligns with studies that suggests that hot EF lags behind
cold EF [24,47]. But the differences are much more evident for boys with
DMD with lower scores compared to age-related norms.

However, there were also similarities between the hot and cold EF
skills. For 5-year-olds both cold and hot EF were within average range,
and at 11 years of age both cold and hot EF was rated most problematic/
and performance reached lowest age-normed results, and furthermore at
14 years of age, all EF showed a positive trend of catching up to age-
related norms. This age-related difference is also similar in relation to
our [32] previous finding regarding behavioural problems. With
parental ratings of behaviour problems within expected range at 5 years
of age, followed by a decline in the portion of average ratings at 8 years
of age and fewest ratings within the average range recorded at 11 years
of age, followed by an upward trend of average ratings between 11 and
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14 years of age.

Notably, in this study, the MEFS-TS (person ability logits estimate
derived from Rasch analysis) did not indicate any developmental decline
in cold EF skills, as all boys with DMD showed progressive improve-
ments of accuracy and time efficiency at all ages. This pattern suggests a
potential developmental delay between 8 and 11 years of age, followed
by evidence of catching-up towards normative EF levels between 11 and
14 years.

This raises a compelling question: could a possible developmental
delay in both hot and cold EF during this period increase the risk of
behavioural problems? And can EF training for boys or compensation for
EF skills minimize the outcome of behavioural problems?

Our overall findings are also consistent with previous research
indicating that FSIQ and WMI scores are, on average, approximately one
standard deviation below the mean [8-10]. However, when examining
age-related differences (as illustrated in Fig. 1), it is critical to note that
these group averages provide limited insight into developmental
change. This highlights the importance of adopting a developmental
perspective. For example, while FSIQ and WMI scores among 5-year--
olds may fall within age-appropriate norms, the scores for 11-year-olds
are approximately one standard deviation below the mean. Notably,
these patterns are not apparent when examining only the overall mean
scores for the full sample.

Furthermore, our results also highlight the possibility for age-related
differences in hot and cold EF in boys with DMD. These age-related
differences could guide proactive, tailored interventions that support
strategies helping boys and their parents address delays in hot EF skills
around 8 years of age and, subsequently, delays in cold EF skills around
11 years of age.

Notably, WMI in our study were very closely connected to age-
related differences in MEFS-SS supporting the idea that they both
could be part of the same construct measuring cold EF skills. A con-
founding factor is that WMI measurements between 5 and 8 years of age
were conducted using two different tests: the WPPSI-IV for 5-year-olds
and the WISC-V for participants aged 8-14 years. The WPPSI-IV in-
cludes only visuo-spatial WM tasks, which are often less impaired in
boys with DMD compared to verbal WM capacity. In contrast, the WISC-
V-WMI also incorporates verbal WM, which may underlie the observed
differences in performance between these age-groups. And we did not
use only verbal-span as a separate measurement in our study because of
the limitation in age-span data (only for 8 to 14 years of age).

Furthermore, the bivariate correlations revealed no significant
relationship between MEFS-SS and the parental BRIEF ratings, sug-
gesting that these measures assess distinct dimensions of EF. However,
WMI was significantly correlated with both MEFS-SS and all BRIEF
parental rating scales, including GEC, MI, and BRI. WMI also correlated
with age, as well as upper and lower motor extremity functions, though
age is likely to be a confounding underlaying factor for the significant
correlations with the Brooke and Vignos measures. Our study also
confirmed that the physical decline in boys with DMD, measured by the
Brooke and Vignos scales, was not associated with any of the parental
ratings of hot EF or the performance-based measure of cold EF - MEFS-SS
(except WMI), these results also align with meta-analysis, confirming no
significant correlation between the physical and cognitive impact in
boys with DMD [9].

Another interesting finding was that family SES was significantly
correlated with BRI but not with MI or GEC, suggesting that lower SES
may also be associated with an increased prevalence of behaviour
regulation difficulties. Longitudinal research suggests that individual
differences in both hot and cold EF are considerable stability across time
[48,49]. One likely possibility is that key aspects of children’s envi-
ronment tend to remain stable and that EF is associated with the con-
texts in which children develop including their family SES [24].
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3.5. Longitudinal individual change

We hypothesized that longitudinal data would reveal significant in-
dividual differences in WM capacity and in both hot and cold EF across
the age intervals of 5-8, 8-11, and 11-14 years. Delays in individual EF
skills were most commonly observed in WMI and BRIEF scales of GEC
and MI between 5 and 8 years of age (Table 3). However, only WMI
showed significant differences between 5 and 8 years when comparing
results from Test 1 and Test 2 using a paired t-test. Despite the small
sample size, Cohen’s d indicated a large effect size, underscoring the
magnitude of the difference. However, results must be interpreted with
caution due to the limited sample size and the possible confounding
variable of using more visual versus verbal WMI test in WPPSI then
WISC.

Some individual changes within the sample further supported age-
related differences observed across the age-groups. Notably, the MEFS-
SS measure did not show a decline between 5 and 8 years of age and
demonstrated a positive developmental trend between 11 and 14 years
of age. Age-related differences for MEFS-TS ability logits followed the
expected pattern of improvement, with scores progressively increasing
at5, 8, 11, and 14 years of age. These findings suggest a developmental
delay rather than a decline in cold EF functions in boys with DMD.
Additionally, the BRI showed no impairments at 5 years of age, but as
expected, impairments became more pronounced between 8 and 14
years.

Limited evidence was found to support a clear decline in behavior
regulation between 5 and 8 years of age. Specifically, 50 % of the par-
ticipants exhibited an increase in behavior regulation difficulties during
this period, while the other 50 % showed a decrease, indicating sub-
stantial variability among individuals. Similarly, large individual dif-
ferences were observed in working memory performance between 8 and
11 years of age. These findings highlight the heterogeneity of age-
related differences within the sample. Given the small sample size of
13 participants, broad generalizations should be approached with
caution. But at the same time significant individual changes observed
are unlikely to be solely attributable to test-retest variability or random
chance.

One of the most consistent findings, both in terms of age-related
differences and individual changes, was the positive developmental
trend observed between 11 and 14 years of age. However, it remains
unclear whether this trend will continue beyond 14 years or if it will
plateau. When compared to developmental models, such as Anderson’s
model [20], which suggests a steep increase in EF skills between 6 and
14 years of age, our findings raise the possibility that developmental
delays between 8 and 11 years could contribute to greater discrepancies
from age-related norms during this period. If a developmental spurt
occurs later in boys with DMD, it could indicate a catch-up phase beyond
11 years of age.

These observations underscore the need for further longitudinal
research and cross-sectional studies with a larger and more diverse
sample, extending the age range up to 20 years. Such research could
provide a more comprehensive understanding of individual growth
trajectories in both hot and cold EF, while clarifying the long-term
developmental outcomes for boys with DMD.

3.6. Conclusions

This study contributes to the understanding of age-related differ-
ences of EF in boys with DMD. In addition, it provides information about
separate age-releted differences for hot and cold EF throughout child-
hood and adolescence in boys with DMD. Our result confirms that WMI
and MEFS are closely related at different ages supporting the assumption
that they both could be representative for cold EF measurement. How-
ever, WMI correlated with a wider range of variables showing support
for a more central involvement in many cores intellectual and executive
processes.
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Clinically, these findings highlight the importance of adopting a
proactive, individualized approach that considers complex age-related
development in boys with DMD, addressing difference in both of hot
and cold EF skills.

3.7. Further research

Further research is needed to determine whether the positive
developmental trends observed in both the age-group differences and
individual changes reflect a delayed developmental spurt in EF or
merely a short-term positive trend. Extending the age range of studies to
include individuals up to 20 years of age would provide a more nuanced
understanding of the executive developmental period and its potential
variability.

We suggest that studying both hot and cold EF functions may provide a
more comprehensive understanding of the broader vulnerabilities associ-
ated with DMD [49]. These vulnerabilities include genetic isoforms,
neuropsychiatric conditions such as attention-deficit/hyperactivity disor-
der (ADHD), autism spectrum disorder (ASD) and obsessive-compulsive
disorder (OCD). Furthermore, children with DMD may also exhibit
behavioral difficulties such as oppositional/argumentative tendencies
rising from developmental crises, environmental challenges and/or lower
EF skills [50]. Additionally, using a range of different measurement tools is
essential to fully capture the complexity of EF, especially when comparing
atypical with typical development. Or as Zelazo and Carlson [51] so
elegantly describes it; Ecologically adapted measures of EF skills can
complement standardized measures that capture important age-related
and individual differences and should remain a cornerstone of research
on the topic (of EF). We believe this type of model will facilitate a deeper
understanding of how multiple, simultaneous, and interacting causal in-
fluences, operating at many levels of analysis (cultural, social, cognitive,
neural, and molecular), work together to produce conscious control.

3.8. Limitations

This study has several limitations. First, the sample size is relatively
small, particularly in terms of the longitudinal data. However, this is the
first study to investigate age-related differences of EF in boys with DMD,
both through cross-sectional age-group comparisons and longitudinal
assessments. Although the small sample size limits the generalizability
of the findings, the study provides valuable insights into how EF,
particularly the distinction between hot and cold EF, can inform the
development of tailored interventions for boys with DMD and their
families. Additionally, our findings highlight the importance of recog-
nizing age-related periods of heightened vulnerability, which could be
critical for early intervention strategies.

A second limitation is the reliance on age-related norms rather than a
control group. However, the study utilized robust assessment tools with
high test-retest reliability, and the tests were carefully selected to
minimize the impact of motor impairments on performance. Combining
measurement from age normed scores with ability logits scores also
strengthens the validity of the results in the study.

Finally, the measurement of WMI included both visual and verbal
components due to limitations in available tests. The results may have
differed if we had been able to assess verbal working memory capacity in
isolation. However, we did not have access to reliable and validated tests
designed specifically to assess verbal working memory in 5-year-old
children. This limitation highlights the need for future studies to
consider more targeted assessments when possible.
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