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Pediatric acquired brain injuries (ABIs) may cause significant cognitive deficits. Early rehabilitation is
recommended, but there is no solid evidence on the best intervention formats. This randomized clinical
trial investigated the efficacy of two multidomain cognitive interventions for children aged 5:0-17:11.
A personalized intervention was compared with an intervention providing a fixed-dose cognitive
stimulation. 40 children were randomized into the 2 study arms and received 12-week rehabilitation
(3 45-minute daily sessions for 5 days per week). 34 children completed the intervention and were
assessed at baseline (T0) and post-intervention (T1). Visual sustained attention and other cognitive
measures of attention, memory, visual-spatial/visual-constructional abilities and executive functions
were primary and secondary outcomes, respectively. Primary and 14 of the 16 secondary outcomes
showed an improvement at T1 with a medium-to-very-large effect, but training effects could not be
disentangled from spontaneous recovery. No differences were found between interventions, likely
because of the prolonged multidomain stimulation provided by both of them, which might have been
helpful in improving the widespread cognitive deficits of children in both groups. Therefore, while for
the chronic phase the guidelines recommend a personalized approach, in the early phase of recovery a
standardized intervention may also be effective.
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Acquired brain injury (ABI) is one of the principal causes of death and disability among children and young
people! ™. ABI refers to any damage to the brain that occurs after birth, either of traumatic (traumatic brain
injury-TBI) or non-traumatic etiology (non-traumatic brain injury-non-TBI, including cerebrovascular
accidents, hypoxic events, cerebral infections etc.)®. Neurological impairments associated with ABI may include
an initial Disorder of Consciousness and, usually, subsequent motor, linguistic and cognitive deficits*”%. With
respect to cognitive functioning, in addition to intellectual abilities, specific cognitive domains, such as attention,
memory, visual-spatial abilities, executive functions and social cognition skills, are affected, with a negative
impact on academic functioning, behavioral outcomes and social integration, also in the long-term®-2°.

Injury severity, etiology, age at the eventand coma duration predict persisting cognitive impairments!>181921-25,
with children generally having poorer recovery than adults'>?%2%. This is because cognitive functions develop
during infancy, childhood and adolescence, and injuries in these periods may consistently alter their normal
developmental pattern, with a frequent worsening over time after a recovery plateau!>?>?. Persisting cognitive
impairments are reported in a wide range of patients!®!8:2627,

Hence, there is a need to provide interventions that target cognitive abilities in this population to support
recovery and adjustment in daily life. It has been suggested that treatments should start as early as possible,
already in the subacute phase®?%. Nevertheless, while specific recommendations for the rehabilitation of cognitive
functions have been provided for adults with ABI and important efforts have been made in identifying the most
effective and evidence-based interventions®*~, there is a lack of scientific evidence on the best treatments to
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adopt in the pediatric population3*-3¢. A systematic review published in 2019%” reported updated guidelines for
effective treatments of children with ABI, indicating evidence for family/caregiver-focused interventions, as well
as interventions aimed to directly improve attention, memory, executive functioning, and emotional/behavioural
functioning. Despite these efforts, heterogeneity in participant inclusion criteria and methodological shortfalls
of examined studies limited comparability and, thus, generalizability of findings. Hence, there is a significant
need to develop and improve specific interventions for children with ABI and to design studies on their efficacy
including more stringent inclusion criteria and an examination of the effects of their specific rehabilitation
components’s,

This study is a randomized controlled trial (RCT) aimed at assessing and comparing the efficacy of two
multidomain cognitive inpatient interventions for children aged 5-17 years with moderate-to-severe ABI in the
subacute phase, immediately after the emergence of consciousness. Due to the interconnected nature of brain
networks®*40, cognitive deficits after emergence from a disorder of consciousness are generally multiple and
complex, involving different cognitive domains that reciprocally influence each other®!~ 42, For this reason,
for both interventions a multidomain cognitive stimulation was used, for which positive effects for patients
with ABI in the chronic phase have already been reported in previous studies**~*”. However, the long-term
and far-transfer (transfer to untrained cognitive abilities) benefits of such a stimulation have been questioned
and evidence seems to support improvements only after prolonged stimulation of each cognitive ability*3-2.
Thus, the two interventions tested in this study were designed to target various cognitive domains for a long
period. This was done by using an intensive rehabilitation approach (3 45-minute daily sessions for 5 days a week
for a total of 12 weeks) including neuropsychological, speech therapy and psychoeducational treatments. Both
interventions focused on the level of functions (the ability to perform a specific neuropsychological task, e.g., to
remember target stimuli in a memory task) or activities (the ability to use a specific cognitive function in daily
tasks, e.g. to remember important daily tasks)?®.

The interventions targeted the cognitive domains of attention, memory, visual-constructional abilities,
and executive functioning. These domains were selected as they are not only primary rehabilitation targets in
children with ABI**38:48:5253 byt have also shown improvement in previous interventions focused on functions
and activities®”*$484%52 similar to those in this study. Within the domain of executive functioning, social
cognition was included as a target subdomain. Research has shown that social cognition is frequently impaired
in individuals with ABI**-%, and studies have begun to investigate the neurological mechanisms underlying
these deficits in children®®. Recent guidelines for cognitive rehabilitation after ABI have highlighted that social
cognition skills are often omitted from assessment and rehabilitation protocols®®-2, despite repeated emphasis
on their importance®861-63, Therefore, the interventions of this study were specifically designed to address also
this subdomain.

The intervention component which this study focused on was treatment personalization based on patient
cognitive profile vs. treatment standardization. With this aim, a personalized cognitive treatment was compared
with one providing a fixed-dose rehabilitation on the various cognitive abilities. Specifically, in the personalized
intervention, named ‘COgnitive REehabilitation for ABI’ -CORE-ABI-, each patient received greater stimulation
of the most deficient cognitive function(s), while at the same time being trained on all the other functions.
This intervention method was based on the hypothesis that a person-centered process, with flexible activities
tailored to the individual’s needs, could lead to the best outcomes*’+4864, Differently, the second intervention,
named ‘SEquential Treatment for ABI’ -SET-ABI, relied on a fixed-dose stimulation of each cognitive function
following a sequential order, based on a ‘bottom-up’ model®. This format was supported by the hypothesis
that an improvement in basic cognitive skills is an essential precondition for the rehabilitation of higher-order
cognitive abilities®®”. It is important to note that, because they were delivered in a neurorehabilitation setting,
both interventions were not only based on drill-based exercises, but also benefited from therapists teaching
instructions, metacognitive strategies and rules. This more comprehensive and integrative rehabilitation
approach has been indicated to provide more advantages to patients with ABI®, also in the pediatric age>®468,

However, as the best intervention format to sustain cognitive recovery in children with ABI is still under
debate®®4853, this study could provide new insights, by evaluating the effects of early multidomain inpatient
interventions and by assessing if a personalized approach could lead to better effects than a standardized
rehabilitation approach. The study has several relevant features: first, the included interventions were started
early, in the subacute phase following acute ABI, which is a phase where research on the efficacy of cognitive
interventions is very limited. As far as we know, there are no RCTs that analyzed the efficacy of cognitive
inpatient rehabilitation in the subacute phase (<3 months after the event) in children aged 5-17 years*®3, so
this study is unique in the field. Only two studies®~7° have examined the effectiveness of cognitive rehabilitation,
implemented with the same individualized intervention approach, in 11- to 18-year-olds who had experienced
an ABI (specifically, a mild or severe TBI) in the previous 1-6 months. However, such an intervention was web-
based, delivered at home, and focused primarily on the level of adaptive behavior rather than on functions or
activities, differing in key components from the interventions included in this study. Thus, the present study
may provide important information on inpatient clinician-delivered interventions aimed to enhance specific
cognitive domains at an early stage of recovery from an ABI. Second, interventions of this study were unusually
intense, consisting of 12 weeks of training, 5 days a week, with 3 daily 45 min sessions, for a total of 135 h of
rehabilitation. Overall treatment duration (intended as total hours of treatment) of interventions for children
with ABI reported in the literature up to 2017°® was significantly lower. Specifically, those that consisted of
drill-based exercises had an average duration ranging approximatively from 6 to 24 h total®; differently, those
that combined metacognition/strategy use and drill-based exercises generally had a longer duration’, but the
maximum total treatment hours slightly exceeded half of the rehabilitation hours provided by the interventions
of this study. Third, the characteristics of the exercises and activities offered for each cognitive domain by the
interventions of this study are clearly detailed in this paper (see Supplementary Information 1), which enables
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other clinicians and researchers to replicate the rehabilitation and study methodology. Fourth, the measures
used to assess outcomes were all standardized and performance-based, which should ensure stronger empirical
evidence.

To examine intervention efficacy, we assessed a wide range of cognitive outcomes, in light of the treatments’
multidomain stimulation. We identified as primary outcome visual sustained attention, which has been reported
by extant literature to be crucial for the development of higher order cognitive abilities’'”>. In addition, attention
network alterations have been found to be associated with various cognitive impairments in children with ABI*2,
supporting the choice to identify this cognitive domain as primary outcome. At a methodological level, sustained
attention was heavily stimulated by both study treatments, either directly, by using ad hoc exercises, or indirectly,
by requiring children to stay quiet and pay attention to challenging cognitive activities for a long period of time.

This work was developed in a rehabilitation center with several decades of specific expertise in the pediatric
field. This allowed a neurodevelopmental approach to the implementation of the rehabilitation interventions, as
adult procedures cannot be adopted with children, especially when considering cognitive abilities*. The data of
this study allow the pediatric rehabilitation community to get informed about effective tools to improve patients’
outcomes in order to enhance the quality of care provided and could also help draw more accurate guidelines for
children, which are still lacking in the literature. Based on findings from previous studies and recommendations
available in extant literature on the usefulness of a personalized approach®”-%474-77, we hypothesized that both
treatments of the present study would lead to cognitive benefits, but that the personalized CORE-ABI treatment
could provide more consistent and widespread gains.

This study included only moderate-to-severe ABI, as mild injuries are associated with multifactorial nature
of cognitive complaints and evaluating cognitive outcomes after rehabilitation across severity levels could be
challenging, as reported by a team of experts on neurocognitive rehabilitation for TBI%. This fact, together with
the choice of a very narrow time frame from the ABI to implement interventions, may have reduced the sources
of variation that could adversely affect the investigation of intervention efficacy.

Materials and methods

Study design and procedure

The present study is a single-blind RCT including two groups, the CORE-ABI group, receiving a mutidomain
cognitive stimulation through a personalized approach, and the SET-ABI group, receiving a cognitive stimulation
through a bottom-up approach identical for each participant. Participants were allocated to intervention groups
according to a 1:1 ratio.

The study is registered with ClinicalTrials.gov with identifier NCT04499092 (05/08/2020).

Children were recruited while being inpatients in the Acquired Brain Injury Unit of Scientific Institute
IRCCS Eugenio Medea, Bosisio Parini, Lecco, Italy. The study Principal Investigators (V.P. and S.S.) identified
those children meeting study eligibility criteria. Then, a research assistant presented the study to parents (all
participants were underage children), providing detailed information on study objectives and methodology. In
case of willingness to participate, all parents were required to sign a written informed consent.

Demographic and clinical data of all patients enrolled in the study were collected before randomization.
Allocation of children to groups and pre-treatment evaluation were scheduled within one week of receipt of
informed consent. Cognitive evaluations were conducted at pre-treatment (T0) and immediately after the
treatment (T1). All data were inserted in a password protected database, to which access was permitted to the
research Principal Investigators and members of the research team responsible for data management.

No change to methods after trial commencement was performed.

Recruitment for this study started on 01.10.2019 and the study ended on 31.12.23. The study stopped at the
reaching of the established sample size.

Ethics declaration
This study was approved by the Ethical Committee of Scientific Institute, IRCCS E. Medea, Bosisio Parini, Lecco,
Italy (project number 607 Rev.1-v.1) on 25.02.2019.

Study procedures were conducted in accordance with the protocol and the principles of the 1964 Declaration
of Helsinki and subsequent amendments.

This study was conducted in accordance with CONSORT guidelines for non-pharmacological
interventions’®”’.

Informed consent was obtained from all legal guardians of children participating in the study.

Sample size and power calculation

Effect size and power calculations were calculated using G*Power (latest ver. 3.1.9.7; Heinrich-Heine-Universitat
Diisseldorf, Diisseldorf, Germany; http://www.gpower.hhu.de/)%. With a statistical power of 0.8 and an alpha
level of p=0.05, an a-priori power calculation suggested that a total sample size of N=40 (20 per group) allowed
detecting a moderate effect size f=0.25 for our 2x2 (2 timepoints x 2 groups) linear mixed model statistics,
with a correlation of 0.40 among repeated measures. The effect size was estimated based on the average effect
size related to the effects on various outcomes of cognitive training programs for children with ABI reported by
previous literature®8, considering the lowest effect levels (i.e. moderate effect) to be conservative.

Due to limited sample size, no stratification was planned for patients’ allocation.

Randomization and blinding

Participants were randomized to either the CORE-ABI (G1) or the SET-ABI (G2) group, applying a coin flip
procedure. Specifically, randomization was generated by an independent statistician prior to RCT start by
using the randomization tool of Microsoft Excel: an automated numerical identifier was associated in a random
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manner to each patient, determining allocation to G1 (0 to 0.49) or G2 (0.50 to 1). The generated numerical
identifiers of patients with group allocation were reported on a sheet, which was then delivered to the research
team. The research team progressively assigned patients to groups based on the numerical identifier, which
followed recruitment order. The research team was not blinded to allocation, as it was not possible to conceal this
information in the clinical neurorehabilitation setting. In fact, weekly meetings between the neuropsychologists
of the research team and patients’ referring clinical staff were conducted to discuss patients’ clinical status,
update treatment objectives, share environmental recommendations, suggest external aids to be used etc.
Differently, families and participants were not informed about which intervention they had been assigned to
and also assessors were blinded to patients’ allocation. Thus, this is a single-blinded RCT.

Participants and eligibility criteria
To be eligible for the study, children had to meet the inclusion and exclusion criteria described below.
Inclusion criteria were:

e age: 5.0-17.11 years.

o diagnosis: moderate to severe ABI assessed through Glasgow Coma Scale (GCS
onset;

« Level of Cognitive Functioning Assessment Scale (LOCFAS;®?) score at enrollment in the study > 5, thus ex-
cluding a confusional state;

o time between the event and first study cognitive assessment <3 months, with patients being in a subacute
phase, immediately after the emergence of consciousness.

)8L: score<12 at injury or

Exclusion criteria were:

o adocumented history of previous neurological or neurodevelopmental disorders (i.e., autism, learning disor-
ders, attention disorders etc.);

« ABI due to brain tumor;

o presence of severe motor impairments or sensory deficits, causing the need for a device or the mediation of a
therapist for communication, perception and/or execution of activities;

« presence of aphasia, apraxia, acalculia or hemispatial neglect, which are more frequently associated with focal
brain injury®%3.

Interventions

Both the interventions used in the study, namely the CORE-ABI (personalized treatment) and the SET-ABI
(sequential treatment) interventions, had a duration of 12 weeks. Specifically, 3 daily individual rehabilitation
sessions were delivered to each patient 5 days per week, for a total of 60 days of treatment,180 rehabilitation
sessions and 135 h of intervention. The 3 daily sessions consisted of one session of neuropsychological treatment,
one of speech therapy treatment and one of psycho-educational treatment, each lasting 45 min. Two psychologists
with expertise in neuropsychology delivered the neuropsychological treatment, two speech therapists delivered
the speech-therapy treatment and two professional educators delivered the psycho-educational treatment. Their
involvement with patients assigned to the two groups was randomly determined.

Both the CORE-ABI and the SET-ABI interventions aimed to improve the following cognitive domains:
attention, visual-spatial/visual-constructional abilities, memory and executive functions. However, whereas in
the CORE-ABI intervention each child was primarily trained on his/her most deficient cognitive function(s), in
the SET-ABI intervention a fixed-dose cognitive stimulation was provided.

Exercises used in the rehabilitation sessions were pencil and paper activities, computer-based exercises or
games, both ad-hoc-created and common board ones. All the activities were previously classified by the research
team and therapists based on the cognitive function(s) addressed. If the same activity or game could be used for
the stimulation of more than one cognitive domain, a clear description of its different use was provided. Further,
exercises were classified based on children’s age and difficulty level and were assigned to each rehabilitation
setting: neuropsychological treatment, speech therapy treatment or psycho-educational treatment. Exercises
assigned to neuropsychological treatment primarily involved visual stimuli or non-verbal auditory stimuli, those
assigned to speech therapy treatment mostly included verbal or written stimuli (such as phonemes/graphemes,
letters, words or short stories), while those assigned to psycho-educational treatment were mostly board games
or activities based on concrete stimuli, frequently having high similarity to every-day activities.

Each therapist received a list of exercises to adopt according to the specific cognitive function to train and
patients’ characteristics.

A detailed description of interventions and related methodology is provided below.

SET-ABI intervention

In the SET-ABI intervention, the stimulation of cognitive functions was provided following a sequential order,
identical for each child and for each session in each setting (neuropsychological treatment, speech therapy
treatment and psychoeducational treatment). Each session had a duration of 45 min.

Specifically, the first three weeks (weeks 1-3) of treatment targeted attention, with the stimulation of selective
attention in week 1, sustained and divided attention in week 2 and inhibition and shifting in week 3. In weeks 4-6,
the domain of visual-spatial and visual-constructional abilities was addressed, with training of visual-perceptual
abilities in week 4, visual-spatial abilities in week 5 and visual-constructional abilities in week 6. In weeks 7-9,
memory was the target domain, with training of short-term memory in week 7, long-term memory in week 8
and working-memory in week 9. In weeks 10-12, executive functions and socio-emotional skills were addressed,
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with the stimulation of categorization/reasoning/abstraction in week 10, problem-solving/planning in week 11
and socio-emotional skills in week 12. Therefore, each cognitive domain was addressed for a total of 33.75 h.

During monitoring meetings scheduled at the end of each rehabilitation week, the neuropsychologists
reviewed the exercised performed by the child in the intervention sessions in each setting (each therapist
provided a folder reporting activities and performance score of each child), but did not provide specific
recommendations based on patients’ strengths and weaknesses. Neuropsychologist weekly supervision had the
aim to ensure treatment fidelity and manage eventual therapist difficulties.

Supplementary Information 1 reports the exercises and activities delivered for each cognitive domain in the
different rehabilitation settings.

CORE-ABI intervention

In the CORE-ABI intervention, the stimulation of cognitive functions was based on a weekly evaluation of
child’s cognitive profile by a qualified neuropsychologist. In particular, during the first meeting scheduled before
the intervention, the neuropsychologist presented to the therapists each child’s cognitive functioning based
on baseline assessment data, describing strengths and weaknesses and identifying the cognitive ability(ies) to
primarily train during the rehabilitation path. 30 min per session in each setting were devoted to such a training,
while the remaining 15 min ensured the stimulation of the various cognitive subdomains addressed by the SET-
ABI intervention. Therefore, also in the CORE-ABI intervention, the following subdomains were addressed:
selective attention, sustained and divided attention, inhibition and shifting, visual-perceptual abilities, visual-
spatial abilities, visual-constructional abilities, short-term memory, long-term memory, working-memory,
categorization/reasoning/abstraction, problem-solving/planning and social cognition. A single cognitive
subdomain was addressed each week, but the order of stimulation of the subdomains could be different from
that established for the SET-ABI intervention and it was decided by the neuropsychologist. Each cognitive
domain could be addressed for a minimum of 11.25 h and a maximum of 101.25 h.

During monitoring meetings scheduled at the end of each rehabilitation week, the neuropsychologists
reviewed the exercises performed by the child in the intervention sessions in each setting (each therapist
provided a folder reporting activities and performance scores of each child) and, based on performance,
suggested activities to carry on in the subsequent week, identifying specific cognitive processes to address and
related exercised to deliver to favor recovery. This monitoring also ensured treatment fidelity.

Data collection

Demographical, clinical and intellectual data

For all the patients enrolled in the study, the following demographic data were collected before randomization:
age at the ABI, socio-economic status (SES) and age at admission to the rehabilitation center. Further, the
following clinical data were collected, as they were considered to be prognostic of adjustment: etiology of the
ABI (TBI vs. non-TBI, i.e.: cerebrovascular accidents, hypoxic events/anoxia, cerebral infections etc.), data on
neurosurgery after the ABI, days of coma, GCS score, tracheotomy before study start, enteral nutrition before
study start and pharmacotherapy before study start. After intervention conclusion, days of intervention for each
patient (including drop-outs were collected).

Further, each child received an intellectual evaluation by the administration of the age-related Wechsler
Scales: the Wechsler Preschool and Primary Scale of Intelligence (WPPSI-IV)3*8> was used for children aged
5:0-5:11 years; the Weschler Intelligence Scale for Children-Fourth Edition (WISC-IV)3¢%” was adopted with
children aged 6:0-16:11; the Wechsler Intelligence Scale for Adults-Fourth Edition (WAIS-IV)3 was used for
children aged 17:0-17:11.

All data related to the study participants were collected at the Scientific Institute IRCCS E. Medea, Bosisio
Parini, Lecco, Italy.

Cognitive outcome measures

This study intended to evaluate the effects of two multidomain rehabilitation interventions on the various core
cognitive domains affected by a pediatric ABI immediately after the emergence of consciousness, which have
been reported to be multiple and interconnected®*!. Hence, a comprehensive battery of well-known cognitive
outcome measures was adopted. Assessments of outcomes were carried out at T0 and T1.

All cognitive measures used in this study involved tasks with setting and stimuli different from those used
during the interventions, to evaluate whether benefits were not solely associated with practice-related effects
(engagement), but occurred in the trained domains on different tasks (near-transfer effects). All tasks were
administered at Scientific Institute IRCCS E. Medea, Bosisio Parini, Lecco, Italy.

Primary cognitive outcome

Visual sustained attention

The study primary cognitive outcome was visual sustained attention assessed by using the Conners Kiddie
Continuous Performance Test-2nd Edition K-CPT-2%, for children aged up to 7:11 years, and the Continuous
Performance Test-3rd Edition -CPT-3%, for children aged 8:0-17:11 years. During this computerized task,
children had to press as fast as possible the spacebar in front of the presentation of alphabetical letters appearing
on the screen, except when letter X appeared. Missed targets (omissions), incorrect responses to non-targets
(commissions) and random or anticipatory responses (perseverations) were automatically counted by the
program. The detectability score (KCPT-2/CPT-3 Detectability) was considered for our study, as it represents
the ability to discriminate between targets and non-targets, constituting a global score of the sensitivity to targets
during a long-time interval. Scores were expressed as T scores (Mean-M =50, Standard Deviation-SD = 10).
Higher scores indicated worse outcomes.
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Secondary cognitive outcomes
Secondary cognitive outcomes included other cognitive processes related to the domain of attention and other
cognitive domains.

Attention

Visual selective attention: the visual selective attention task (BVN Visual selective attention) from the Italian
battery ‘Batteria di valutazione neuropsicologica per Ieta evolutiva -BVN 5-11" [‘Battery for neuropsychological
evaluation for developmental age -BVN 5-11’]°! was used for children aged 5:0-11:11 years; the same task
included in the Italian battery ‘Batteria di Valutazione Neuropsicologica per I'adolescenza -BVN 12-18’ [‘Battery
for neuropsychological evaluation for adolescence ~-BVN 12-18°]°2 was used for children aged 12:0-17:11 years.
The task was a barrage test in which children were required to detect a target geometric shape (a square with
two differently oriented lines) among a series of distracting shapes. The target was shown at the top of the sheet,
followed by 2 practice lines and 17 test lines. Children had to search and mark the shapes identical to the target
in 1 min. Scores were expressed as z-scores (M =0; SD =1). Higher scores indicated better outcomes.

Visual-spatial and visual-constructional abilities

« Visual-spatial orientation: the Benton Judgment of Line Orientation Test®® was used to test this cognitive
ability. The test targets subjects from 7:0 years onwards. In this task, children were required to match the angle
and orientation of lines in space. Scores were expressed as z-scores (M =0; SD=1). Higher scores indicated
better outcomes.

« Visual information processing: the Italian version of the Test of Visual Perceptual Skills-3rd Edition -TVPS-
3% was used. The test targets subjects from 4:0 years through 18:11. In this task, children were presented with
black and white line drawings that they had to process using the following visual analysis processes: visual dis-
crimination (namely, the ability to identify forms based on their characteristics), visual figure ground (name-
ly, the ability to distinguish figures filtering out irrelevant information), visual memory (namely, the ability to
recognize and recall visually presented information) and visual closure (namely, the ability to visually com-
plete an image partially missing of some parts). The overall score (TVPS-3 Overall), consisting of the sum of
scaled scores related to each visual process, was considered for this study. Scores were expressed as Standard
scores (M =100; SD=15). Higher scores indicated better outcomes.

« Visual-constructional abilities: the Rey-Osterrieth Complex Figure Test-copy task®® (ROCF Copy) was adopt-
ed. The test targets subjects from 4:0 years onwards. In this task children were asked to reproduce a compli-
cated line drawing by coping it from a stimulus figure placed in front of them. In addition to visual-motor
integration, this task also relied also on motor planning. Scores were expressed as z scores (M=0; SD=1).
Higher scores indicated better outcomes.

Memory

« Long-term visual-spatial memory: the Rey-Osterrieth Complex Figure Test® recall task (ROCF Recall) was
used. In this task children were required to reproduce a complicated line drawing 30 min after presentation.
Scores were expressed as z scores (M =0; SD =1). Higher scores indicated better outcomes.

« Visual-spatial working-memory: the Corsi block tapping task?® (BVN Corsi) included in the Italian ‘Batteria
di valutazione neuropsicologica per leta evolutiva -BVN 5-11" [‘Battery for neuropsychological evaluation
for developmental age -BVN 5-11"]°! was used for children aged 5:0-11:11; the same task included in the Ital-
ian ‘Batteria di Valutazione Neuropsicologica per I'adolescenza ~-BVN 12-18’ [‘Battery for neuropsychological
evaluation for adolescence ~-BVN 12-18’]°2 was used for children aged 12:0-17:11 years. In the task, children
were asked to reproduce a visual-spatial sequence on spatial separated blocks glued on a tablet, in the same
order as presented by the examiner. Different block-tapping series of increasing length were presented, with
3 trials per series. The memory span corresponded to the maximum length of the series in which at least 2
trials were correctly performed by children. Scores were expressed as z-scores (M =0; SD =1). Higher scores
indicated better outcomes.

« Short-term verbal memory and verbal working-memory: the digit span test included in the Italian ‘Batteria di
valutazione neuropsicologica per leta evolutiva -BVN 5-11" [‘Battery for neuropsychological evaluation for
developmental age -BVN 5-11"]! was used for children aged 5:0-11:11 years, while the one included in the
Italian ‘Batteria di Valutazione Neuropsicologica per I'adolescenza -BVN 12-18’ [‘Battery for neuropsycho-
logical evaluation for adolescence ~BVN 12-18’]°? was used for children aged 12:0-17:11 years. Both forward
(BVN Forward digit span) and backward (BVN Backward digit span) digit span were considered for this
study. Patients were required to repeat a sequence of numbers presented by the examiner, in either the same
order as presented (BVN Forward digit span) or in a reverse order (BVN Backward digit span). Scores were
expressed as z-scores (M =0; SD=1). Higher scores indicated better outcomes.

« Short-term verbal memory, verbal learning and long-term verbal memory: the immediate and delayed word
list recall tasks included in the Italian ‘Batteria di valutazione neuropsicologica per leta evolutiva -BVN 5-11’
[‘Battery for neuropsychological evaluation for developmental age -BVN 5-11°]°! was used for children aged
5:0-11:11 years, while the one included in the Italian ‘Batteria di Valutazione Neuropsicologica per 'adoles-
cenza -BVN 12-18’ [‘Battery for neuropsychological evaluation for adolescence ~-BVN 12-18’]°2 was used for
children aged 12:0-17:11 years. A list including 12 words was orally presented by the examiner and children
were required to repeat as many words as possible after the first presentation. Then, in the subsequent pres-
entations the examiner repeated only the words not recalled by the child, until a maximum of 8 presentations.
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The delayed task was administered 30 min after the end of the immediate task. Scores were expressed as
z-scores (M =0; SD=1). Higher scores indicated better outcomes.

Executive Functions

« Cognitive flexibility: the computerized Modified Card Sorting Test®” (MCST) was used for children aged 5:0-
7:11 and the computerized Wisconsin Card Sorting Test*® (WCST) was used for children aged 8:0-17:11. In
this task, children were required to find a rule for associating cards and, subsequently, to modify it in a flexible
way based on computerized feedback. The number of total errors (MCST/WCST Errors), which represented
the sum of perseverative and non-perseverative errors, was considered for this study. Scores were expressed
as Standard scores (M =100; SD =15). Higher scores indicated better outcomes.

« Planning: the Tower of London® (ToL) was used to assess planning and related problem-solving abilities.
In this task children were required to reproduce an end-state picture showed by the examiner, by moving
three color balls across three wooden pegs of different length mounted on a wood strip. For each problem, a
minimum number of moves was given, with exceeding moves reflecting lower planning abilities. Total moves
score (ToL Total moves) and total planning time score (ToL Total planning time) were considered for this
study. Scores were expressed as Standard scores (M =100; SD =15). Higher scores indicated better outcomes.
The administration sheet and normative data are available for children aged 7:0-15:11 years and adolescents
and adults aged 16:0 years or older; thus children of this study aged less than 7:0 years were not administered
this test.

o Phonemic Fluency: the phonemic fluency task (BVN Phonemic fluency) included in the Italian ‘Batteria
di valutazione neuropsicologica per leta evolutiva 5-11" [‘Battery for neuropsychological evaluation for de-
velopmental age -BVN 5-11"]°! was used for children aged 5:0-11:11 and the one included in the Italian
‘Batteria di Valutazione Neuropsicologica per 'adolescenza’ [‘Battery for neuropsychological evaluation for
adolescence ~-BVN 12-18’]°? was used for children aged 12:0-17:11 years. In this task, children were required
to generate as much words as possible in a minute beginning with a specific phoneme indicated by the exam-
iner. 3 different phonemes (c, s and p) were used, for a total duration of 3 min for the whole task. Scores were
expressed as z-scores. (M =0; SD =1). Higher scores indicated better outcomes.

Social cognition abilities

The “Theory of mind’ and ‘Affect recognition’ subscales from the Italian version of the battery -A Developmental
NEuroPSYchological Assessment-IT (NEPSY-II)!%%1%! were administered. The Theory of Mind subscale-part A
assessed the understanding of mental functions and other people’s perspectives; the Theory of Mind subscale-
part B tested the ability to match basic emotions to specific situations. The total score related to the Theory of
Mind subscale (NEPSY-II ToM), consisting of the sum of the scores on Theory of Mind subscale-part A and
—part B, was considered for this study. The Affect Recognition subscale (NEPSY-II AR) assessed the ability to
recognize emotions on facial expressions. Scores were expressed as scaled scores (M =10, SD =3), ranging from
1 to 19. Higher scores indicated better outcomes. As NEPSY-II was developed and validated for children aged
3:0-16:11 years, scores of adolescents aged 17:0-17:11 years have been calculated by considering norms for
adolescents aged 15:0-16:11 years.

Statistical analyses

Differences between G1 (CORE-ABI) and G2 (SET-ABI) on demographic, clinical and intellectual variables at
baseline (T0) were checked by using the t-test (two-tailed) for continuous variables and the chi-square test or
Fisher’s exact test for binary variables. Correlations were calculated by using Pearson’s method.

To evaluate intervention efficacy, intention-to-treat analysis was used. Indeed, all children who were
randomized into the two study groups were included in the analysis according to their randomized allocation,
irrespective of adherence to treatment in the CORE-ABI or the SET-ABI arm. A total of 39 children were
considered, as one child of the 40 randomized was excluded immediately after the start of the intervention
because of aphasia. No imputation of missing baseline (T0) or post-intervention (T1) data was performed.
Linear mixed models (LMMs) were used to determine the effects of ‘group’ (G1: CORE ABI vs. G2: SET-ABI),
‘time’ (TO vs. T1) and ‘group x time’ interaction on each cognitive outcome measure, with patients included as a
random factor. Variables significantly differing between groups at baseline were included as covariates in distinct
LMMs to control for possible confounding effects.

Finally, as suggested by a reviewer, individual-level analyses were performed to capture clinically meaningful
changes from treatment at the individual level, alongside group-level statistical significance. With this aim,
the number and percentage of children who exhibited no/<1 SD improvement or improvement>1 SD after
treatment were calculated and compared by using chi-square test or Fisher’s exact test. Results of these analyses
are reported in Supplementary Table S1.

No interim analyses were performed
Data analyses were performed using R software, version 4.3.2, (R Foundation for Statistical Computing, Vienna,
Austria)'%2 and SPSS, version 29.0.21%. Level of significance was set at p <0.05.

Results

Among the 77 patients in a subacute phase being inpatients at the Scientific Institute IRCCS E. Medea, Bosisio
Parini, Lecco during the research timeframe, 37 were excluded for the following reasons: 16 due to severe motor
impairment or sensory deficits, causing the need for a device; 5 due to presence of aphasia; 8 due to presence of a
previous diagnosis of learning or attention disorder; and 8 declined to participate into the study (due to excessive

Scientific Reports |

(2025) 15:22189 | https://doi.org/10.1038/s41598-025-06793-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

intervention duration). Thus, 40 patients were included in the study and randomized into the 2 study groups.
However, shortly after the beginning of the treatment (specifically, at session 2), a patient in G2 was excluded
due to presence of aphasia not diagnosed before. 39 children were then included in the study, 20 allocated in G1
(CORE-ABI) and 19 allocated in G2 (SET-ABI). In the whole sample, 25 children were boys and 14 girls. Mean
age of children at the ABI was 12.04 years (SD=3.11) and mean age at admission to the rehabilitation center was
12.12 years (SD =3.12). ABI etiology was mixed, with 18 TBI, 19 cerebrovascular accidents, 1 cerebral infection
and 1 anoxic event. Furthermore, participation was revoked during the training by 2 children in G1 (at training
day 26 and 28, respectively) and 3 children in G2 (at training day 19, 26 and 36, respectively). Therefore, 34
children completed the training and were assessed at T1, 18 assigned to G1 and 16 assigned to G2. Dropout rate
was 10% in G1 and 15.8% in G2 (average dropout rate =12.8%).

Figure 1 depicts the study flowchart.

No significant differences between groups were found for the following demographic and clinical variables
at baseline (T0): gender (x? (1)=0.01, p=0.91); age (years) at the ABI (t(37)=0.31, p=0.76); SES (t(37)=0.87;
p=0.39); age (years) at admission to the rehabilitation center (t(37)=0.29, p=0.78); age (years) at baseline
evaluation (t(37)=0.30, p=0.77); time (months) between the ABI and baseline evaluation (t(37)=-0.50,
p=0.62); etiology of the ABI (x3(3)=2.92, p=0.40); neurosurgery after the ABI (x3(1)=0.21, p=0.65); GCS
score (x*(37) =-0.36, p=0.72); days of coma (t(37)=-0.21, p=0.83); tracheotomy before study start (x*(1)=0.01,
p=0.95); enteral nutrition before study start (x*(1)=3.40, p=0.07); and pharmacotherapy before study start
(x3(1)=0.05, p=0.82). Finally, no differences in intellectual functioning were found (t(37) =1.53, p=0.14).

No between-group differences were found for days of treatment (t(37) =0.25, p=0.81). This calculation was
performed on the whole sample, including drop-outs. All children who concluded the allocated intervention
received complete therapy dose, consisting of 60 total sessions.

Table 1 reports the demographic, clinical and intellectual data at baseline (T0) for the whole sample and the
two groups, separately.

With respect to cognitive functioning, some missing data were found among the 17 outcome measures, both
at TO and T1. Missing data could be due to age (i.e., children aged less than the age range covered by cognitive
measures) or clinical reason (e.g., children refused to receive the evaluation for at least 2 times per assessment

Enrollment ]

Assessed for eligibility

(N=77)
Excluded:
-Declined to participate (N=8)
- Presence of severe motor impairment or
Randomized: sensory deficits (N=16)

-Presence of aphasia (N=5)
- Previous diagnosis of learning or
attention disorders (N=8)

CORE ABI: (N=20)
SET- ABI (N=20)

v
. .

G1(COREABI)

{ Allocation }

G2 ((SET-ABI)

Allocated to intervention and received
baseline evaluation (T0)
(N=20)

Received allocated intervention (N=20)

Allocated to intervention and received
baseline evaluation (T0)
(N=20)

Received allocated intervention (N=20)

i 1
* l Follow-Up ] ‘
Lostto follow-up (T1) Lostto follow-up (T1)
(N=2): (N=3)
Discontinued intervention (N=2) Discontinued intervention (N=3)
Excluded for clinical reason (N=1)

v Analysis

Analyzed Analyzed

N=20 at TO N=19 at TO

N=18 at T1 N=16 at T1

Fig. 1. Study flowchart.
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G1+G2 (n=39) G1 CORE-ABI (1=20) | G2 SET-ABI (n=19)
M(SD)/n(%) M(SD)/n(%) M(SD)/n(%) T test/x?'Fisher exact test

Demographic variables

Gender (males) 25 (64.1%) 13 (65.0%) 12 (63.2%) | 0.91

Age at injury (years) 12.03 (3.10) 12.18 (3.32) 11.87 (2.95) 0.76

Age at admission (years) 12.11 (3.11) 1225 (3.32) 11.96 (2.96) 0.78

Age at baseline evaluation (years) 12.15 (3.13) 12.30 (3.34) 12.00 (2.97) 0.77

SES 53.58 (19.41) 56.50 (21.34) 51.05 (17.29) 0.39

Etiology

TBI 18 (46.2%) 11 (55.0%) 7 (36.8%)

NTBI 21 (53.8%) 9 (45.0%) 12 (63.2%) 040

-cerebrovascular accident 19 9 10

-cerebral infection 1 0 1

-anoxic event 1 0 1

Clinical variables

NCH 26 (66.7%) 14 (70.0%) 12 (63.2%) | 0.65

Tracheotomy 6(15.4%) 3(15.0%) 3(15.8%) |0.95

Pharmacotherapy 26 (66.7%) 13 (65.0%) 13 (68.4%) | 0.82

Enteral nutrition 6 (15.4%) 1(5.0%) 5(26.3%) |0.07

Days of Coma 12.00 (19.35) 11.35 (14.81) 12.68 (23.62) 0.83

Time between ABI and study TO (months) | 1.48 (0.83) 1.41 (0.82) 1.55 (0.86) 0.62

GC$ 8.44 (3.25) 8.25(3.35) 8.63 (3.22) 0.72

Days of treatment 56.87 (8.47) 57.20 (8.72) 56.53 (8.43) 0.81

Intellectual functioning

FSIQ 85.21 (17.88) 89.40 (18.58) 80.79 (16.44) 0.14
Table 1. Demographic, clinical and intellectual characteristics of the whole sample and of the CORE-ABI
and the SET-ABI groups at baseline. ABI =acquired brain injury; FSIQ = Full scale intellectual quotient;
GCS =Glasgow Coma Scale; NCH = neurosurgery; NTBI = non-traumatic brain injury; TBI = traumatic brain
injury; SES = socio-economic status.
or the assessment was too difficult for the child causing excessive frustration). Specifically, at TO missing data
of one patient, all due to clinical reason, was found for: BVN Visual selective attention, BVN Immediate word
list recall, BVN Delayed word list recall, TVPS-3 Overall, NEPSY-II ToM and NEPSY-II AR. Missing data of 2
patients were found for: Benton Judgment of line orientation (missing data for one child was due to age), ROCF
Copy, ROCF Recall and WCST Errors. Missing data of 6 children were found for: ToL Total moves (missing
data for 2 children were due to age) and ToL Total planning time (missing data for 2 children were due to age).
At T1, excluding drop-outs,]1 missing data was found for BVN Backward digit span, Benton Judgment of line
orientation (missing data was due to age) and ToL Total moves (missing data was due to age).

At baseline (T0) no differences on outcomes measures were found between the 2 groups on the primary
cognitive outcome and on 13 of 16 outcomes; in contrast, TVPS-3 Overall, NEPSY-II ToM and NEPSY-II AR
differed between the 2 groups, with G1 that showed higher scores than G2. Cognitive data at baseline (T0) and
post-intervention (T1) for both the CORE-ABI (G1) and the SET-ABI (G2) group, including p values on the
differences at TO, are reported in Table 2.

Treatment effects on cognitive outcomes

5 children out of the total 39 discontinued the intervention, 2 in G1 and 3 in G2, thus post-intervention data
(T1) on 34 children were included in LMMs, 18 in G1 and 16 in G2. Baseline data (T0) were, instead, included
for all the 39 children.

For the primary cognitive outcome (CPT/KPT Detectability: visual sustained attention) and all secondary
cognitive outcomes no interaction effect was found (all p>0.06). Therefore, LMMs were repeated including
only ‘time’ and ‘group’ effects. LMMs were calculated inserting variables significantly differing between groups
at baseline as covariates (i.e., TVPS-3 Overall, NEPSY-II ToM and NEPSY-II AR). LMMs yielded time effect for
the primary cognitive outcome and 14 out of 16 secondary outcomes, except for BVN Forward digit span and
ToL Total planning time. No group effect was found on any cognitive outcome measures. Results for each group
and the estimated effect size are reported in Table 3.

Correlations between age at baseline evaluation and change in cognitive outcomes
Correlations between age at baseline evaluation (T0) and the pre-post intervention difference (delta T1-T0) on
cognitive outcome measures yielded no significance for the following variables: KCPT-2/CPT-3 Detectability,
BVN Visual selective attention, BVN Forward digit span, BVN Backward digit span, BVN Phonemic fluency,
Benton Judgment of line orientation, ROCF Copy, ROCF Memory, WCST, ToL Total moves, ToL Total
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TO T1

G1+G2 G1 (CORE-ABI) | G2 (SET-ABI) | G1 vs. G2 G1+G2 G1 (CORE-ABI) | G2 (SET-ABI)

n=39 n=20 n=19 n=34 n=18 n=16

M (SD) M (SD) M (SD) t p value | M (SD) M (SD) M (SD)
Primary cognitive outcome
K-CPT-2/CPT-3 Detectability 55.85(12.53) | 52.90 (8.99) 58.95(15.04) |-1.53 | 0.13 49.21 (9.08) 47.78 (5.44) 50.81 (11.93)
Secondary cognitive outcomes
BVN Visual selective attention (A) -1.32 (1.47) -1.14 (1.45) -1.50 (1.52) 0.74 |0.46 -0.55 (1.35) -0.47 (1.36) -0.64 (1.37)
TVPS-3 overall (VS) 86.66 (17.41) | 92.42 (15.17) 80.89 (17.70) | 2.14 |0.04 96.50 (16.86) | 100.94 (16.64) 91.50 (16.17)
Benton Judgment of line orientation (VS) | -1.71 (2.81) -1.70 (3.31) -1.72 (2.33) 0.03 |0.97 -0.47 (2.23) -0.09 (1.72) -0.87 (2.67)
ROCEF Copy (VS) -4.70 (4.86) -3.45 (4.24) -6.10 (5.23) 1.72 | 0.09 -2.52 (3.47) -1.39 (2.24) -3.79 (4.18)
ROCEF Recall (M) -2.65(2.19) -2.26 (2.01) -3.07 (2.35) 1.15 |0.26 -1.76 (1.90) -1.37 (1.73) -2.20 (2.04)
BVN Corsi (M) -0.79 (1.54) -0.69 (1.77) -0.88 (1.30) 0.38 |0.71 -0.15 (1.20) -0.08 (1.11) -0.24 (1.33)
BVN Forward digit span (M) -0.80 (0.86) -0.81 (067) -0.80 (1.04) -0.05 | 0.96 -0.59 (0.78) -0.50 (0.76) -0.69 (0.82)
BVN Backward digit span (M) -0.67 (0.97) -0.66 (0.76) -0.70 (1.18) 0.05 | 0.96 -0.35 (0.80) —0.45 (0.63) -0.24 (0.97)
BVN Immediate word list recall (M) -2.69 (2.47) -2.66 (2.50) -2.74 (2.51) 0.10 |0.92 -0.98 (2.24) -1.01 (1.76) -0.96 (2.74)
BVN Delayed word list recall (M) -2.48 (2.78) -2.71 (2.86) -2.22(2.75) -0.53 | 0.60 -0.85(2.21) -0.83 (2.10) -0.88 (2.40)
ToL Total moves (EF) 80.18 (18.32) | 84.25(18.87) 76.35(17.47) | 125 |0.22 88.94 (19.97) | 90.59 (20.49) 87.07 (19.91)
Tol Planning time (EF) 106.00 (16.44) | 106.38 (15.72) 105.65 (17.57) | 0.13 | 0.90 101.25 (8.90) | 102.35 (8.84) 100.00 (9.10)
MCST/WCST Errors (EF) 92.43 (18.43) | 95.05 (18.12) 89.67 (18.86) | 0.89 |0.38 104.34 (19.06) | 108.65 (13.83) 99.47 (23.19)
BVN Phonemic fluency (EF) -1.40 (1.18) -1.09 (1.27) -1.73 (1.01) 1.75 |0.09 -0.89 (1.07) -0.70 (0.97) -1.10 (1.16)
NEPSY-II ToM (SS) 5.50 (3.78) 6.89 (4.08) 4.11(2.92) 242 |0.02 8.82(3.44) 9.61 (2.89) 7.94 (3.87)
NEPSY-II AR (SS) 4.26 (2.97) 5.58 (2.85) 2.95(2.51) 3.02 | <0.01 |7.94(3.13) 8.28 (3.25) 7.56 (3.05)

Table 2. Cognitive outcomes of G1 and G2 and the whole group at baseline (T0) and post-intervention

(T1). A=Attention domain; AR = Affect Recognition; BVN = Batteria di Valutazione Neuropsicologica

per leta evolutiva/lI'adolescenza; CPT = Continuous Performance Test-3rd Edition; EF = Executive function
domain; KCPT-2 = Conners Kiddie Continuous Performance Test-2nd Edition; LMM = Linear mixed model;
M =Memory domain; MCST = Modified Card Sorting Test; NEPSY-II = A Developmental NEuroPSYchological
Assessment-II; ROCF =Rey Osterrrieth Complex Figure Test; ToL = Tower of London; ToM = Theory of Mind;
TVPS-3=Test of Visual Perceptual Skills-3rd Edition; VS =visual-spatial and visual-constructional ability
domain; WCST = Wisconsin Card Sorting Test.

planning time, TVPS-3 Overall, NEPSY-II ToM and NEPSY-II AR (all 7<0.32, all p>0.67). Instead, significant
correlations were found for: BVN Immediate word list recall (r=0.40, p=0.02), BVN Delayed word list recall
(r=0.41, p<0.02) and BVN Corsi (r=0.47, p <0.01), with older children having better performance.

Discussion

This RCT aimed at assessing and comparing the efficacy of two 12-week inpatient cognitive rehabilitation
interventions for children with ABI aged 5-17 years, immediately after the emergence of consciousness. Two
different intervention formats, both addressing multiple cognitive abilities, have been adopted, namely a
personalized intervention (CORE-ABI), stimulating the most deficient cognitive function(s) with a concomitant
stimulation of all the other functions, and a sequential intervention (SET-ABI), addressing each cognitive
function following a sequential order. This study was conducted in view of the need indicated by previous
literature for post-acute neurorehabilitation in this population®”!* and the very limited evidence on the topic
for the subacute phase following an ABI®*!%°. An important aspect of this work is the inclusion of children in a
specific and temporally limited phase of recovery after ABI (subacute phase: <3 months since ABI), whose age at
onset, age at study entry and evaluation, and time since onset to evaluation were reported. This, together with the
use of standardized neurocognitive tools for outcome assessment, allowed us to clearly describe characteristics
and functioning of children, which until now have rarely been reported in the literature on rehabilitation and
functional outcomes of pediatric AB[*®1%°,

A wide range of cognitive abilities (attention, memory, visual-spatial/visual-constructional abilities and
executive functions) were trained through both interventions and outcomes in all these cognitive domains
were evaluated. Results showed significant differences at post-intervention in all domains, with no differences
between interventions, supporting the importance of early cognitive rehabilitation to sustain recovery in
pediatric patients with ABI®2%104-105 Both the primary cognitive outcome, namely visual sustained attention
(importantly, tested by using a computerized tool, thus excluding possible subjective influences of assessors)
and all secondary outcomes, except for short-term verbal memory (BVN Forward digit span) and time used in
tasks requiring planning (ToL Total planning time), showed an improvement after the intervention, irrespective
of its format (i.e., the personalized CORE-ABI and the sequential SET-ABI). The primary cognitive outcome
showed a change after treatment with a large effect, consistent with the continuous stimulation provided on
attention skills, either directly through ad hoc exercises or indirectly through the continuous attentional focus
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ADJUSTED* LMMs
Cognitive Outcomes Effect | p* SE | pvalue | n?
K-CPT-2/CPT-III Detectability (A) group | 1.88 | 3.59 | 0.60 0.01
time |-6.30 [1.75 |<0.01 |0.27
BVN Visual selective attention (A) group | 0.68 | 0.38 | 0.08 0.09
time |0.78 |0.19 |<0.01 |0.33
TVPS-3 Overall (VS) group | -1.18 | 5.54 | 0.83 0.00
time |9.84 |1.71 |<0.01 |0.50
Benton Judgment of line orientation (VS) | group | -0.19 | 0.78 | 0.81 0.00
time 1.29 |0.50 | 0.01 0.16
ROCEF Copy (VS) group | -0.81 | 1.22 | 0.51 0.01
time |241 |0.57 |<0.01 |0.34
ROCEF Recall (M) group | -0.31 | 0.66 | 0.64 0.01
time 0.88 [0.28 | <0.01 0.23
BVN Corsi (M) group | 0.76 | 0.41 | 0.07 0.10
time |0.73 [0.16 | <0.01 |0.37
BVN Forward digit span (M) group | 0.26 | 0.26 | 0.32 0.03
time |0.22 |0.12 | 0.08 0.09
BVN Backward digit span (M) group | 0.58 |0.28 | 0.05 0.12
time |0.32 |0.12 | 0.01 0.18
BVN Immediate word list recall (M) group | 0.96 | 0.82 | 0.25 0.04
time 1.54 |0.25 | <0.01 |0.53
BVN Delayed word list recall (M) group | 1.29 |0.83 | 0.13 0.07
time | 1.43 ]0.29 | <0.01 |042
ToL Total moves (EF) group | 7.59 |6.25 | 0.23 0.05
time 10.00 |2.62 | <0.01 |0.33
ToL Total Planning time (EF) group | -0.12 | 4.62 | 0.98 0.00
time |-4.11 |2.63 |0.13 0.07
MCST/WCST Errors (EF) group | -1.91 | 6.05 | 0.75 0.00
time 11.58 | 3.17 | <0.01 0.29
BVN Phonemic fluency (EF) group | 0.30 |0.29 | 0.31 0.03
time |0.48 |[0.15|<0.01 |0.23
NEPSY-II ToM (EF) group | -1.13 |0.99 | 0.26 0.04
time |3.05 |0.61 |<0.01 |0.42
NEPSY-II AR (EF) group | -0.98 |0.79 | 0.23 0.05
time |3.47 |0.58 | <0.01 0.50

Table 3. Linear mixed models’ results on cognitive outcomes. Note. *adjusted for: NEPSY-II ToM at TO,
NEPSY-II AR at T0O and TVPS-3 Overall at T0. NEPSY-II ToM, NEPSY-II AR and TVPS-3 Overall were not
adjusted for their own value at TO; *estimated coeflicient. A = Attention domain; AR = Affect Recognition;
BVN =Batteria di Valutazione Neuropsicologica per leta evolutiva/ladolescenza; CPT = Continuous
Performance Test-3rd Edition; EF = Executive function domain; KCPT-2 = Conners Kiddie Continuous
Performance Test-2nd Edition; LMM = Linear mixed model; M = Memory domain; MCST =Modified Card
Sorting Test; NEPSY-II= A Developmental NEuroPSYchological Assessment-II; ROCF = Rey Osterrrieth
Complex Figure Test; ToL =Tower of London; ToM =Theory of Mind; TVPS-3 = Test of Visual Perceptual
Skills-3rd Edition; VS = visual-spatial and visual-constructional ability domain; WCST = Wisconsin Card
Sorting Test.

that children had to maintain on challenging tasks for a long time. In relation to secondary outcomes, 13 out of
the total 16 showed a change with a medium-to-large effect and one with a very large effect (BVN Immediate
word list recall), supporting intervention efficacy. Instead, the absence of a change on short-term verbal memory
with numerical information (BVN Forward digit span), in contrast with the large improvement showed by
children on verbal recall with word stimuli (BVN Immediate word list recall and BVN Delayed word list recall
showed a change with a very large and large effect size, respectively), could highlight that verbal memory could
benefit from semantic grouping strategies to improve. This appears to be in accordance with the work done by
therapists in treatment, characterized by implementation of metacognitive strategies. Otherwise, a ceiling effect
for immediate verbal memory (BVN Forward digit span) could have occurred, as both groups scored in the low
range of the average at baseline. No change in planning time (ToL Total planning time) could be due to the fact
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that children were trained by therapists to stop and think before doing an action, thus they could spend more
time in action planning with a beneficial effect on planning accuracy (ToL Total moves).

The two study groups did not differ in any demographic, clinical and cognitive measures at baseline except
for visual-perceptual and social cognition abilities on which children allocated to the personalized CORE-ABI
intervention scored better. This may have limited the detection of the effects of the CORE-ABI intervention
compared with the SET-ABI intervention, as children included in the latter group had lower cognitive abilities
and, therefore, were more likely to have higher score differences between pre- and post-treatment. Related to
visual-perceptual abilities (TVPS-3 Overall), while the CORE-ABI intervention group had a score falling in the
average range, thus being at risk for the ceiling effect, the SET-ABI intervention group scored in the low average,
potentially benefitting more from treatment. However, when statistically controlling for this issue using baseline
scores on visual-perceptual abilities as a covariate in LMM analyses, no significant changes in main effect of time
or interaction time x group were found, leading to exclude this possibility. On the contrary, the group effect lost
statistical significance, confirming the existence of significant differences only at baseline. With respect to social
cognition (NEPSY-II AR and NEPSY-II ToM), both groups showed an impairment at baseline, but the CORE-
ABI group scored below the average while the SET-ABI group showed a more severe impairment. Nevertheless,
also in this case, the inclusion of affect recognition and theory of mind scores at baseline as covariates in distinct
LMMs did not lead to identify any significant changes in main effect of time or interaction. The group effect lost
its significance, confirming the presence of differences only at baseline. This allowed attesting the comparable
effects of the two interventions on social cognition at a group level, although individual-level analyses indicated
a higher percentage of changes>1 SD related to NEPSY-II AR in the SET-ABI group, probably due to a greater
possibility of improvement of some children due to lower baseline skills. No other between-group effects were
detected by individual-level analyses, supporting the results of group-level analyses. In sum, findings seem
to indicate that cognitive interventions, albeit different formats, may sustain cognitive recovery early after a
pediatric ABI and, thus, should be ensured to patients to favor the best functional outcomes. Nevertheless, no
passive control group was included in the study, due to ethical reasons associated with ensuring the earliest
care as possible to patients, thus this RCT cannot provide clear data on the effects of cognitive rehabilitation
irrespective of spontaneous recovery.

Previous literature suggested the importance of a personalized rehabilitation approach to favor recovery
and generalization of the effects of cognitive interventions to everyday activities in pediatric patients with ABI
in the chronic phase® 47477, The usefulness of highly individualized recommendations and strategies for
children with ABI across the various stages of recovery has also been highlighted by a collaborative of pediatric
psychologists with expertise in neuropsychology®. Tailored interventions based on child’s age, developmental
functioning, etiology and neurobehavioral impairments (e.g., sensory impairments, hemiparesis, aphasia etc.)
have been indicated as the optimal option to provide neuropsychological treatment to children with ABI®75,
thus leading to opposite conclusions compared to this RCT. This discrepancy could be attributed to the fact that
this RCT is the first one available in the literature evaluating inpatient rehabilitation interventions at a very early
stage of recovery, which might suggest that a personalized approach may be beneficial at a later stage of recovery,
when the impact of rehabilitation on daily activities becomes stronger. In fact, the stage in which interventions
of this study have been delivered, which is not coincidentally called ‘stage of acute cognitive impairment®, is
characterized by children that usually present with deficits in a wide range of cognitive abilities and exhibit slow
learning*!, with some deficits that may resolve over time and others, generally the primary areas of impairments,
that may persist in the long-term®*!. These persisting deficits, that become the focus of subsequent interventions
and rehabilitation post discharge®*1197:108, could require a more personalized approach to be addressed, as they
intersect with demands and expectations in home, school, community and work settings. Differently, at an early
stage of recovery everyday environmental needs are limited and a standardized cognitive rehabilitation protocol
could be used for a variety of patients, with no beneficial effects of a personalized approach based on continuous
clinical monitoring of patients’ cognitive strengths and weaknesses.

Significant cognitive deficits affecting multiple cognitive domains early after an ABI may have contributed to
the absence of differences between the CORE-ABI and the SET-ABI intervention because, although with different
formats, both treatments addressed the various cognitive functions over a long period of time with continuous
clinical support. This may have been beneficial for all patients, regardless of the severity of their impairment
and the exact amount of rehabilitation provided on each cognitive function by the two interventions. Given that
RCTs available in the extant literature on cognitive rehabilitation for pediatric ABI included interventions with
shorter overall treatment duration and fewer weekly sessions than those in this study®, it could be hypothesized
that treatment intensity played a crucial role in leading to the significant changes reported here. In addition, the
active role of therapists in the rehabilitation sessions might have further boosted cognitive improvement, as they
taught instructions, metacognitive strategies, and rules at an early stage of recovery from ABI, when patients
might need one-to-one support to perform activities. Close monitoring of strategies used by children with ABI
when coping with complex tasks and swift adjustments enabled by clinicians have been suggested as factors that
may increase feelings of control and self-efficacy in children and therapists during rehabilitation'%®, which might
in turn have contributed to the efficacy of both interventions of this study.

In addition, the outcome measures included in this study assessed discrete cognitive tasks, considering
improvement in cognitive functioning without assessing the skills needed for daily living, social interaction
or community participation. Indeed, the administration of measures assessing quality of life and everyday
functioning, which usually refer to adaptive behavior in the ecological setting, was not reasonable for inpatients
in the subacute stage after ABI. However, the adoption of a battery focused on cognitive functioning only might
not be meaningful for detecting the functional changes necessary for community participation, which instead
gain more importance in the chronic stages of recovery/rehabilitation. In our study this may have masked any
differences between the two interventions in fostering improvements in overall functioning. Further, previous
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research indicated that performance-based measures and informant rating scales of neuropsychological
functioning evaluate different constructs'!-!13. Therefore, the results of this RCT should be considered
generalizable to patients who sustained an ABI no more than 3 months before receiving cognitive rehabilitation
and to changes on the level of functions, not of adaptive behavior.

Up to now, many patients do not receive adequate intervention after an ABI for different reasons, such as
geographical barriers to reaching specialized rehabilitation centers, poor understanding of the consequences of
an ABI by non-specialists and families, patchy and inadequate resources or insurance status!'!*-!¢. However, the
possibility to administer an identical intervention protocol to children with different cognitive functioning could
allow reducing the costs related to involvement of qualified personnel in intervention design and delivery, which
could represent an incentive to the creation of rehabilitative services affiliated to hospitals managing injuries or
having a local service configuration. The unmet cognitive rehabilitation needs of children with ABI represents an
important health issue since more than two decades?®!!>-117, which should be urgently addressed.

In this respect, the SET-ABI protocol described in this study could inform about a feasible and potentially
effective cognitive rehabilitation practice to be adopted with children with moderate-to-severe ABI in the early
recovery phase. The long duration (12 weeks) of the intervention and its intensity (3 sessions/day per 5 days)
could represent a barrier to its implementation, but engagement in early intensive rehabilitation could prevent
negative cascade effects of an ABI on cognitive and social functioning; however, the potential of rehabilitation
still seems to be too overlooked!'. In our clinical experience we encountered an initial acceptance barrier
from therapists, as they strongly believed in the superiority of a personalized approach; in particular, they were
reluctant about the possibility to adopt the same protocol to patients with various cognitive functioning and to
address an only cognitive domain for an entire week. However, this RCT demonstrates the viability of such a
practice, which might gain the dose intensity required to trigger neuroplasticity''® and could help enhancing
the quality of care provided to children with ABI with an advantageous cost-benefit ratio. This study included
children of a wide age range, demonstrating benefits for those aged as early as the last year of nursery school
through adolescence; however, for the memory domain (specifically for the following measures: BVN Immediate
word list recall, BVN Delayed word list recall and BVN Corsi task) older children were found to obtain higher
gains. This could have occurred because they had a better understanding of their ability and task difficulty than
younger children, being abler to adapt metacognitive strategies to task demands.

Even though the SET-ABI intervention protocol does not needlessly require children hospitalization to be
delivered but could be adopted also by local services, we cannot exclude that the important cognitive gains
exhibited by children at post-treatment could have been boosted by the rehabilitation potential of the 24-hour
program of care provided by the whole team in the clinical context'". Future research should evaluate the effects
of rehabilitation, also including ingredients generally considered peripheral, such as the whole nursing and care
staff, whose actions also cover weekends and the evenings'!®.

Limitations of this study should be acknowledged. First, as clearly discussed above, the absence of a passive
control group, which could allow controlling for time effects and spontaneous recovery of children, could
have caused an overestimation of training effects. This choice was however motivated by the fact that it was
not considered to be ethical not ensuring early rehabilitation interventions to patients at the emergence of
consciousness. Second, no follow-up data have been collected to evaluate whether an intervention format could
have more long-term benefits than the other. This aspect could be of particular interest for future research,
as previous literature suggested more benefits of a personalized approach for the chronic phase of an ABI;
therefore, it might be interesting to consider whether some benefits observed in the chronic phase could also be
achieved through personalized rehabilitation at an earlier stage of recovery, by scheduling one or more follow-
up assessments. Third, the relatively small sample size, even though calculated through power analysis, warrants
further exploration in larger samples. Additionally, the exclusion of children with severe sensory and motor
deficits limits the generalizability of study findings to a selected group of children with moderate-to-severe
ABI, namely those with lower disability level and potential better prognosis. Generalizability of findings is also
affected by the non-inclusion of children with mild ABI, which was however established to reduce potential
sources of variation affecting results. Fourth, a wide age range was included, which could have masked a
potential age effect. Even though we tried to explore this aspect by correlation analyses between children’s age
and pre-post treatment change in cognitive performance, future studies should clearly control for it, benefiting
from narrower age ranges, as already suggested by previous literature®>. Fifth, even though treatment fidelity was
supported by scheduled meetings between the rehabilitation therapists and the neuropsychologists, differences
in modality of activity delivering could have occurred, possibly influencing outcomes. Nevertheless, exercises
and activities delivered were previously selected by the research team, neuropsychologists and therapists and
classified according to the specific cognitive function to train, patients’ characteristics and rehabilitation settings,
which could have mitigated such a risk. Finally, this study was partly conducted during COVID-19 pandemic
(2020-2021), which could have negatively impacted on types of ABI included (in particular, a lower number
of cases of TBI due to vehicle accidents was registered) and willingness of families to stay in a hospital for a
long time, possibly influencing dropout rate. In addition, this fact could have caused limitations in the use of
non-verbal communication due to the use of face masks, with potential reduction of benefits of child-therapist
interaction.

Conclusions

Findings of this RCT suggest the potential benefits of early rehabilitation interventions on cognitive functions
after a pediatric ABL. However, no definite conclusions on the effects of the interventions irrespective of
spontaneous change can be drawn, as no passive control group to test time effects and spontaneous recovery
was included in the study. Data highlights that a personalized approach is not strictly necessary to obtain better
cognitive gains in the early recovery phase after an ABI, in contrast with evidence for the chronic phase for which
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extant literature recommends personalized treatments to ensure generalization and better adjustment?”%474-77.
This could be due to the wide range of cognitive deficits exhibited by children at an early stage, which could
have led to find no differences between two rehabilitation interventions simultaneously addressing different
cognitive functions for a long time. It could be that individualized and tailored interventions are more beneficial
at a subsequent stage, in which everyday environmental needs become stronger. The SET-ABI (standardized
approach) and CORE-ABI (personalized approach) protocols described in this study may be considered viable
and potentially effective rehabilitation tools for children with moderate-to-severe ABI in the subacute phase.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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