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Abstract

Optimal upper limb (UpL) function is essential for performing daily activities; however,
children with unilateral spastic cerebral palsy (USCP) often experience impairments in
UpL function, which can impact their quality of life or independence. While UpL motor
impairments are a primary concern, non-motor functions, such as cognition, attention, and
visual function, commonly impaired in USCP, may also play a role in UpL performance.
Nevertheless, these non-motor functions are often not considered in evaluation protocols
that focus on the UpL. Moreover, clinical evaluation is typically conducted in structured
and controlled settings and may not accurately reflect the child’s abilities in daily life.
Non-invasive, novel technologies are a promising solution for filling this gap, by providing
additional quantitative and ecologically valid information to clinicians. In this context,
this overview aims (i) to present the most frequently used tools for a holistic evaluation in
children with USCP, ensuring a thorough understanding of the UpL function, and (ii) to
report the evidence of how novel, non-invasive technologies can enhance clinical evaluation
in daily life, enabling a more comprehensive evaluation. This work could set a basis for
multidimensional evaluation protocols for UpL function in USCP, providing a different
approach to the current standards.
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1. Introduction

Cerebral palsy (CP) refers to a non-progressive disorder attributed to a lesion in
the developing brain, which affects about 18 million individuals worldwide. The CP
prevalence accounts for 1-2/1000 live births in high-income countries, making it one of
the most common causes of childhood-onset disability [1]. As a direct consequence of the
brain lesion, children with CP experience movement and posture abnormalities leading
to functional impairments. One of the most common CP subtypes—accounting for more
than 1/3 of the total population with CP—is predominantly spastic unilateral CP (USCP),
where the lesion affects mainly one side of the body [2]. Children diagnosed with USCP
usually achieve independent walking, yet with restrictions in walking speed or quality [3].
Nevertheless, the impairments in the upper limb (UpL) are more prominent and are
considered widely responsible for daily challenges, such as difficulties with self-care and
independence [4]. Overall, the presence of motor impairments reduces the children’s ability
to learn and adapt mainly bimanual actions into their daily life, including play, self-care,
and academic activities [5].

Despite sharing the same diagnosis, children with USCP usually exhibit large vari-
ability in the clinical presentation of the UpL, in terms of muscle strength and muscle
tone, range of motion, and somatosensation, but also in terms of manual ability, dexterity,
unimanual capacity, and bimanual performance [6,7]. Studies in USCP have shown that
there is also variability in UpL functional outcomes, as non-motor functions differ in this
population and can also determine the level of functionality [8,9]. For example, apart from
disruption in the descending motor pathways, impairments in UpL function have also
been associated with disruption in the ascending thalamocortical pathways/somatosensory
cortical areas, and the visual and the pre(frontal) cortex [10-12], compromising sensorimo-
tor and visuomotor integration, motor learning, and anticipatory motor planning [13-15].
Moreover, intellectual disability or difficulties with complex cognitive functions can further
affect the motor development of the UpL, by impeding the ability to execute fine motor
tasks, which are considered more complex [12,16]. This suggests that a single-dimensional
evaluation, addressing only motor aspects, might overlook important aspects of UpL func-
tion. Therefore, UpL function should be assessed through a multidimensional evaluation,
essential to map functional abilities, identify areas of attention, monitor progress over time,
and set relevant therapeutic goals, tailored to each child’s needs.

Over the last few decades, various clinical performance-based tests, questionnaires,
and classification systems have been developed to serve as a structured way of assessing
the functional abilities of individuals with CP. The development of clinical tools always
occurs in concert with the International Classification of Functioning, Disability, and Health
in Child and Youth (ICF-CY), the universal framework developed by the World Health
Organization [17] to describe and assess health, functioning, and disability from a holistic
perspective. Particular attention has been given to bias elimination, and the consistency
and reproducibility of the results stemming from clinical tools, with studies establishing
population-specific psychometric properties.

While clinical assessments have increased clinical and scientific value and are being
routinely used in the clinical and research setting, they often lack objective quantitative
data, as they are mediated by the evaluator’s experience [18]. Furthermore, conducting
clinical assessments within controlled environments (i.e., clinical or research settings) may
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not provide a representative example of the child’s behavior in daily life [19]. As Van
der Lee et al. highlighted, “the best way to obtain valid information about the use of the
affected arm and hand in daily life would obviously be to observe the patient in the home
environment” [20]. In the state of the art, numerous studies on technologies have been
conducted to help clinicians in obtaining objective data from the assessment of the UpL,
while maintaining ecological validity. Intending to create assessments that are unobtrusive,
there is increasing attention towards technologies that are minimally invasive and can be
used in daily life without the strict presence of a clinician.

Several reviews have already advanced knowledge in this field, each focusing on
specific aspects of UpL evaluation in children with CP or motor impairments. For instance,
systematic reviews have summarized instrumented assessments that evaluate UpLs [21]
and bimanual movements in CP [22], clinical tools for unimanual skills in CP [23], and
mobile health technologies for the assessment of and intervention for UpLs in children with
motor impairments [24]. However, none of these studies have synthesized tools that assess
factors beyond motor impairments to provide a holistic view of UpL abilities. Moreover,
a comprehensive overview of emerging non-invasive technologies that can support the
understanding of UpL function in daily life is still lacking. This study therefore aims to
bridge this gap by presenting a holistic approach to evaluating UpL function in children
with USCP, integrating both established clinical tools and promising technologies for a more
comprehensive assessment. The use of technological solutions in the clinical context can
have a complementary role by capturing spontaneous performance during daily activities,
which is often difficult to assess through standardized clinical tests alone.

Based on the number of various tools available for the evaluation of children with CP,
we focused on the following research aims: (i) to present the most frequently used clinical
assessments to evaluate the UpL function of children with USCP, within the frame of a
holistic approach; (ii) to report the evidence of how non-invasive promising technologies
can enhance clinical UpL evaluation in children with USCP in daily life, enabling a more
comprehensive evaluation. This review is structured to first describe the literature search,
followed by an overview of clinical assessments and promising technological approaches.
Next, a summary of the findings is presented, including the advantages and limitations
of each approach. We then discuss how promising technologies can complement clinical
assessment, and highlight implications for practice, before concluding with recommenda-
tions for future research. It is aspired that this work will set the foundation for a unified
framework for assessing UpLs in children with USCP, supporting more comprehensive
and ecologically valid evaluations.

2. Methods

This study is a non-systematic narrative literature review. Literature was identified
through searches in four international databases relevant to the clinical field (PubMed, MED-
LINE, CINAHL, and Embase) as well as in two more technologically oriented databases
(Web of Science and Scopus), using combinations of keywords and Boolean operators to
capture variations in terminology. Where available, systematic reviews were also included
to guide recommendations for the selection of the assessments. Studies were considered if
they involved children with CP, especially USCP, and used assessment tools mapped on
the ICF-CY framework that had established psychometric properties according to COS-
MIN standards [25]. The documented clinical assessments (e.g., classification systems,
performance-based tests, questionnaires)—chosen for their prominence in the literature—
are the most frequently used in children with USCP and primarily target those over the
age of five, aligning with the age range supported by most standardized evaluation tools.
For the technologies, we also considered those not yet applied to children with USCP,
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provided that there is sufficient evidence to support their potential. In addition, the selected
technologies were characterized by low invasiveness and high portability, as they do not
rely on wearable sensors or a structured environment. However, wrist-worn sensors were
also considered, as they are commonly accepted. The end selection was based on relevance
and a consensus among the authors, reflecting their collective experience with clinical tools,
technologies, and familiarity with commonly used tools in both research and practice.

3. Overview of Clinical Assessments

The overview of the clinical assessments (Table 1) will be synthesized according to
the different levels of the ICF-CY [17] to ensure comprehensive coverage of all areas of
functioning in children with USCP. The ICF-CY levels into which the clinical assessments
will be divided are Body Function and Structure, Activity, Participation, and Quality of Life.

3.1. Body Function and Structure Level
3.1.1. Motor

Motor impairments mainly encompass increased muscle tone (most often spasticity),
muscle weakness, and decreased muscle length. The increased muscle tone is mainly
present in the antigravity muscles, with distal muscles being more involved compared
to proximal muscles [4]. Essentially, this results in an UpL flexion pattern, with flexed
fingers, wrist, and elbow; a pronated forearm; and a protracted and endorotated shoulder.
Increased spasticity may further result in fisting and difficulties with opening the hand and
extending/abducting the fingers. Muscle weakness is also more prominent distally [26].
Overall, the affected hand can be described as slow and weak, with uncoordinated move-
ments and spasticity, accompanied by difficulties in grasping, releasing, and manipulating
objects [27]. Klingels et al. stated that these types of motor impairments can be assessed
reliably in children with USCP over the age of 5 years [26].

The passive range of motion (ROM) is traditionally evaluated with a universal go-
niometer, a device that measures the angle of a joint or permits the rotation of an object to a
definite position. The resulting value per joint is interpreted against established normative
values. Muscle tone is widely assessed in clinical practice and research with the Modified
Ashworth Scale (MAS) in children with USCP [26]. The MAS allows assessing muscle
spasticity with the following grading [28]: 0: no increase in muscle tone; 1: slight increase
in muscle tone, with a catch and release or minimal resistance at the end of the range of
motion when an affected part(s) is moved in flexion or extension; 1+: slight increase in
muscle tone, manifested as a catch, followed by minimal resistance through the remainder
(less than half) of the range of motion; 2: a marked increase in muscle tone throughout most
of the range of motion, but affected part(s) are still easily moved; 3: considerable increase in
muscle tone, passive movement difficult; and 4: affected part(s) rigid in flexion or extension.
Muscle strength is widely evaluated using manual muscle testing and scored with the
Medical Research Council (MRC) scale [29]. The patient is instructed to perform an active
muscle movement, activating the target muscles, and a score is given, corresponding to
the level of strength: 0: no muscle contraction; 1: slight contraction, but no movement;
2: movement occurrence, but no antigravity movement; 3: antigravity movement, but no
resistance; 4: movement against moderate resistance; 5: movement against full resistance.
Furthermore, based on the systematic review of Dekkers et al. [30], the Jamar Dynamometer
is recommended to be used in CP to evaluate grip strength, defined as the isometric muscle
strength of the hand and forearm during grasp. Three trials are performed for each hand,
starting with the less-affected hand, and the mean value for each hand is recorded.
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Another important motor aspect, a direct consequence of the brain injury, is the
presence of mirror movements, defined as the involuntary movement of the contralateral
hand when the ipsilateral hand moves voluntarily. An easy way to assess mirror movements
is the Woods and Teuber scale [31]. Three repetitive unimanual tasks are performed with
each hand: fist opening and clenching, sequential finger opposition, and alternate finger
tapping. An alternative test set consists of the following tasks: fist opening and clenching,
repetitive index tapping to the thumb, and simultaneous finger tapping on the table. The
tasks are videorecorded and scored accordingly: 0: no clearly imitative movement; 1: barely
discernible repetitive movement; 2: either slight but unsustained repetitive movement or
stronger, but briefer, repetitive movement; 3: strong and sustained repetitive movement;
4: movement equal to that expected for the intended hand [31].

3.1.2. Somatosensory Function

Somatosensory impairments may further complicate motor activity. For example,
disturbed somatosensory input from the affected hand may lead to reduced internal repre-
sentation of the object properties, producing a reduction in the ability for optimal object
manipulation or effective grasp. This interplay between somatosensory function, manual
ability, and processing skills leads to changes in anticipatory control, influencing functional
outcomes [32]. Up to 90% of the children with CP have somatosensory impairments, in-
cluding either difficulties with registering tactile input and/or difficulties with interpreting
somatosensory input (i.e., tactile perception) [13,33].

A traditional assessment of somatosensory function includes the evaluation of pro-
prioception, tactile registration, and tactile perception. Proprioception is usually assessed
through the passive movement sense evaluation of the index. With the vision occluded, the
index is passively moved by the therapist within, initially, small ranges, while expecting
an indication by the patient when the movement is felt. Tactile registration is usually
evaluated with Semmes—Weinstein monofilaments. First, a 0.07 g monofilament is applied
to the index fingertip, expressing normal tactile registration. Based on the patient’s perfor-
mance, a lighter (more difficult) or heavier (easier) monofilament is used afterwards [34].
Tactile perception can be evaluated with the assessment of stereognosis and two-point
discrimination. To assess stereognosis, 12 daily-life objects (i.e., six paired—pen and pencil,
coin and button, and paper clip and safety pin—and six unpaired: tennis ball, spoon, comb,
clothespin, marble, and key) are given to the patient with their vision occluded and they
are asked to identify the objects by only touching them. Two-point discrimination, defined
as the ability to differentiate that two nearby objects touching the skin are truly distinct
points, is routinely assessed with an Aesthesiometer. The two prongs of the Aesthesiometer
initially have a 4 mm distance from each other, which is progressively decreased. The
smallest distance at which the patient feels two distinct points is recorded [26].

3.1.3. Visual Function

Cerebral visual impairment (CVI), defined as a “verifiable visual dysfunction not at-
tributed to disorders of the anterior visual pathways or any potentially co-occurring ocular
impairment’, occurs in up to 70% of children with CP [35], with the visual-specific problems
varying based on the CP subtype. Particularly for children with USCP, impairments in
visual function usually appear in terms of reduced visual acuity, hemianopia, disturbed
stereoacuity, and impaired visual-perceptual function, affecting up to 62% of the popula-
tion [35-37]. In CVI, the processing of visual information is disturbed, potentially impacting
the motor planning and finetuning of UpL movements, especially those requiring both
hands. Hence, the evaluation of visual-perceptual skills is essential, within the context of
acquiring a comprehensive insight into the UpL abilities.
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A test widely used in children with USCP is the Test of Visual Perceptual Skills—
Fourth version (TVPS-4), a non-motor test which comprehensively assesses seven dimen-
sions of visual perception i.e., visual discrimination, visual memory, spatial relationship,
form constancy, sequential memory, visual figure-ground, and visual closure [38]. Similar
conclusions apply for the Developmental Test of Visual Perception—Third edition (DTVP),
which evaluates eye-hand coordination, copying, figure-ground, visual closure, and form
constancy, while exhibiting acceptable internal consistency and convergent validity with
the Beery-VisuoMotor Integration test and the Motor-Free Visual Perceptual Test (MVPT),
evaluating visual discrimination, visual figure-ground, visual memory, visual closure, and
visuospatial aspects [39].

3.1.4. Cognitive Function

Most children with USCP exhibit typical levels of cognition, with about 19% having
an intellectual quotient (IQ) level below 70, which can further compromise their level
of functionality [40]. However, the difficulties encountered by children with USCP do
not appear to be limited to general cognitive functioning but also include behavioral and
emotional control processes. Specifically, about 1/3 of the population with USCP experience
specific learning impairments or problems in executive functions (EFs) [41-43]. EFs refer to
a set of cognitive processes involved in novel situations, and in complex and goal-directed
actions and allow individuals to regulate their own cognitive processes and behaviors [44].
The three core EFs are inhibition (i.e., the ability to suppress inappropriate responses and
inhibit distractors); working memory (i.e., the ability to keep information in mind while
performing mental operations on it); and shifting or cognitive flexibility (i.e., the ability to
flexibly shift between ideas and activities [44]).

Starting from general intellectual functioning, the tool traditionally used for its as-
sessment is the Wechsler Preschool and Primary Scale of Intelligence—Fourth Edition
(WPPSI-1V) for children aged 2.64-7.7 years [45]. The WPPSI-IV provides measurements of
the Full-Scale IQ (FSIQ) and the following five primary indices: the Verbal Comprehension
Index (VCI), Visual Spatial Index (VSI), Fluid Reasoning Index (FRI), Working Memory
Index (WMI), and Processing Speed Index (PSI). Ancillary indices can also be calculated
for the Vocabulary Acquisition Index (VAI), Nonverbal Index (NVI), General Ability Index
(GAI), and Cognitive Proficiency Index (CPI). Moreover, to reliably assess intellectual
functioning in older children, the Wechsler Intelligence Scale for Children—Fifth Edition
(WISC-V), for children ages 6-16 years, is used. The WISC-V [46] is a test of general intelli-
gence composed of 16 subtests expressed as scaled scores. There are seven primary subtests
that determine the FSIQ, used to produce the five-factor index scores (two subtests each for
the Verbal Comprehension Index [VCI], Visual Spatial Index [VSI], Fluid Reasoning Index
[FRI], Working Memory Index [WMI], and Processing Speed Index [PSI]) [47].

EFs in daily life are traditionally assessed with the Behavior Rating Inventory of
Executive Functioning (BRIEF), a questionnaire developed in self-reported, parent-reported,
and teacher-reported form [48]. The items of the BRIEF describe daily situations in which
behavioral expressions of EFs can be exhibited. Furthermore, various performance-based
assessments are being used to evaluate EFs in CP, according to the systematic review of
Pereira et al. and other studies investigating EFs in USCP [49]. For example, inhibition
can be assessed with the Conners continuous performance test [50], which evaluates four
dimensions of attention in a computerized format. A series of visual stimuli is presented,
one-at-a-time, to the participant, who is instructed to respond to target stimuli while
inhibiting their response to non-target stimuli. Another example is the Stroop test or
the Color-Word Interference Test (Inhibition Condition) of the D-KEFS, in which the
participant names the ink color of a color word that is incongruent with the word itself. In
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addition, working memory is frequently assessed with the Digit Span Backward subtest
of the WISC-1V, where the participant hears a sequence of digits and is asked to repeat
them in reverse order, or the Corsi block-tapping test, where the participant is asked to
retrieve a sequence previously seen performed by the examiner by tapping blocks with
the preferred finger, following the same order for the forward condition or reversing the
order for the backward condition. Lastly, shifting or cognitive flexibility can be evaluated
using the Trail Making Test, where individuals should connect a sequence of numbers and
then alternate between numbers and letters in order, or the Verbal Fluency Test from the
D-KEFS, for which individuals are requested to generate as many words as possible under
specific constraints within a time limit [49]. However, it should be noted that a common
challenge when assessing EFs is the so-called ‘task impurity’. This phenomenon manifests
because some tasks assessing one EF (e.g., working memory) might also assess another
EF (e.g., shifting), due to the overlap in characteristics and the close interrelation between
the different EFs. To minimize task impurity, the literature suggests the use of multiple
measures to assess each distinct EF [51].

3.2. Activity Level

Activity is defined as one’s capacity to perform a task or action. Based on the scoping
review of Chagas et al. [52], the ICF-CY Activity level is the most investigated in CP, with
most studies focusing on mobility, carrying, moving, and handling objects. To evaluate the
activity of the UpL, a number of classification systems, performance-based assessments,
and questionnaires have been developed or adapted for children with CP.

Starting with the classification systems, the Manual Ability Classification System
(MACS) is traditionally used. The MACS classifies the child’s ability to handle objects
in daily activities at one out of five levels (level I: greater ability; level V: less ability)
and is applicable in children from 4 to 18 years old. Typically, in USCP, children are
mostly classified in MACS levels I to IIIl: MACS level I (able to handle objects easily
and successfully), level II (able to handle most objects but with somewhat reduced quality
and/or speed of achievement so that alternate ways of performance might be used), or level
III (handles objects with difficulty; needs help to prepare and/or modify activities) [53].
Moreover, the Bimanual Fine Motor Function—Version 2 (BFMF2) is used to classify
bimanual fine motor function in children with CP aged between 3 and 18 years. BEMF2
is also based on a five-level scale (level I: greater function; level V: the most limited
function [54]). The BFMF2 offers the possibility to classify the capacity of the two hands
separately, in contrast to MACS, which classifies the performance of both hands together.
The classification levels could be determined from three fine motor tasks, regardless of
bimanual fine motor ability, making the BEMF2 a useful tool for classifying fine motor
capacity. Lastly, the House Functional Classification System (HFCS) assesses the UpL
function of the affected hand. It comprises a nine-point scale that categorizes hand function,
ranging from no use of the hand to use as a passive assist, an active assist, and ultimately
to spontaneous use of the affected hand during tasks [55,56].

With respect to clinical performance-based assessments, the Assisting Hand Assess-
ment (AHA) has been widely used in children with USCP and is defined as the gold standard
for evaluating bimanual performance. Essentially, the AHA assesses the spontaneous use
of the affected hand in bimanual tasks, and it comprises a semi-structured play session,
involving objects that trigger bimanual activity [57]. The session is recorded, and the video
is scored according to 20 aspects. Furthermore, the Melbourne Assessment of Unilateral
Upper Limb Function (MUUL) [58], with its current updated version Melbourne Assessment
2 (MA2), is a reliable and valid assessment for children with neurological impairment. The
MAZ2 consists of 14 unimanually tested items including reaching, pointing, manipulat-
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ing, grasping, releasing, and pro-/supination. Standardized instructions describe how
to administer and videotape the assessment. Each item is scored from the videotape on
a three-, four-, or five-point ordinal scale, with the scoring divided into four subscales:
range of motion, accuracy, dexterity, and fluency [59]. The Box and Blocks Test (BBT) is a
reliable and valid assessment for children with USCP [60], designed to measure manual
dexterity. Specifically, it evaluates how quickly and efficiently an individual can transfer
small wooden blocks from one compartment of a box to another, within 60 s. The BBT is
a standardized assessment that is portable, readily accessible, easy to use, and quick to
administer [61].

Lastly, questionnaires can provide additional information about the child’s functional
level. The ABILHAND-kids questionnaire [62] is a Rasch-based measure of manual ability
used in children with CP. It captures the ability of children to perform activities of daily
living, independent of the strategies involved. [63] Due to its parent-reported nature, it relies
on parental recall within the preceding three months, with each item scored on a three-point
scale (i.e., impossible, difficult, easy). The Children’s Hand-use Experience Questionnaire
(CHEQ) was developed based on the dual premise that the efficient completion of daily-life
activities requires the skillful use of both hands together and that a person’s perception of
competency contributes to a comprehensive understanding of the UpL function. The CHEQ
was designed for children and adolescents with USCP, UpL reduction deficiency, or obstetric
brachial plexus palsy. Its development aimed to capture the individual’s experience while
using the affected hand in daily activities that typically require both hands. Lastly, the
Caregiver Functional Use Survey (CFUS) was designed to assess caregivers’ perceptions on
how often and how well children with USCP use their affected UpL in ‘real-life’ situations,
on a six-point scale [64].

3.3. Participation Level

Participation refers to one’s involvement in life situations and the ability to engage in
societal roles. For children with USCP, participation across settings might be limited due to
the burden imposed mainly by their physical abilities. An essential aim of rehabilitation
is to improve functional ability and consequently enhance participation in meaningful
activities for people with living experience [65]. This implies that goal-setting must occur
in a patient-centered manner, based on the priorities of the child and their family.

In the clinical reality, a few assessment tools are being used to either assess the level of
participation or assist in goal-setting. Based on the systematic review of James et al. [66],
the Assessment of Motor Processing Skills (AMPS) is the best measure for evaluating
performance in daily life [67]. Additionally, the systematic review of Sakzewski et al.
suggested the use of the Canadian Occupational Performance Measure (COPM) to evaluate
participation outcomes in children with CP. The COPM is a personalized goal-setting tool
and outcome measure that facilitates the identification of meaningful patient-centered goals
related to daily activities and has additionally shown adequate responsiveness in detecting
clinically significant changes. Lastly, Sakzewski et al. also recommended the use of the
Participation and Environmental Measure for Children and Youth (PEM-CY) [68] as an
adjunct within an evaluation protocol, to capture participation at home, at school, and in
community environments, based on parental views.

3.4. Quality of Life Level

Quality of Life is a broad concept encompassing various components of overall health
and well-being (e.g., physical, psychosocial, economic, and cultural). It can be influenced
by the context of the culture and value systems and relates to the individual’s goals, expec-
tations, and concerns [69]. The life quality of children and adolescents with a neurological
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condition can be impacted at various levels, including in physical (e.g., physical health,
independence in basic functional activities), psychological (e.g., mental status, positive self-
perception), and psychosocial dimensions (e.g., forming friendships, leisure time, finding
a partner). Identifying the factors that are associated with better or worse life quality is
important to guide therapeutic strategies and the allocation of resources, thus contributing
to optimizing the well-being of these children, youth, and young adults [70]. In the clinical
and research setting, life quality is mainly assessed with self-reported, qualitative measures
(i.e., questionnaires), such as the Child Health Questionnaire (CHQ); Youth Quality of Life
Instrument—Research version (YQoL-R); (excluding subscales related to service access
and pain/feeling about disability); Pediatric Quality of Life Inventory (PedsQL); Chil-
dren’s Quality of Life (TACQOL); and Schedule for the Evaluation of Individual Quality
of Life (SEIQoL) [71,72]. One of the most used life quality measures in CP, also widely
applicable in USCP, is the Cerebral Palsy Quality of Life Questionnaire (CP-QoL), as it is a
condition-specific measure.

Table 1 provides a summary of the classifications and clinical tools discussed, orga-
nized by the ICF-CY domains.

Table 1. Validated or most frequently used clinical assessments and classifications in children with
unilateral spastic cerebral palsy.

ICE-CY Clinical Tools Psychometric Condition '8¢
Properties Range
Range of motion (=the extent to ;Tée]giigx? Reliability for Wrist
which a joint can move within Universal ’
ICC =0.48-0.73 [26]. UsCP >5 years

its physiological plane goniometer [26]
of movement)

-Test—Retest Reliability:
ICC =0.81-0.94 [26].

Muscle tone (=the muscle’s
resistance to passive stretch MAS [26]
during resting state)

-Inter-Rater Reliability:
ICC = 0.64-0.88 [26].
-Test-Retest Reliability:
ICC =0.57-0.90 [26].

UusCP >5 years

-Inter-Rater Reliability for

Muscle strength (=the ability of Individual UpL Muscle Groups:
a muscle or group of musclesto  MRC scale [29] ICC =0.49-0.90 [26]. uscp >5 years
exert force against resistance) -Test—Retest Reliability:

ICC = 0.69-0.96 [26].

Body Function and Structure

Grip strength (=specific -Inter-Rater Reliability:
measure of the force generated  Jamar ICC =0.95 [26].
>
by the muscles of the hand dynamometer [26]  -Test—Retest Reliability: usce >5 years

and forearm)

ICC =0.96 [26].

Mirror movements
(=involuntary movements on
one side of the body that mirror
voluntary movements occurring
on the opposite side)

-Inter-Rater Reliability:
Woods and Teuber ICC = 0.90.
scale [31] -Intra-Rater Reliability:
ICC =0.92 [31].

USCP >5 years
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Table 1. Cont.

ICF-CY

Metrics

Clinical Tools

Psychometric

Properties Condition

Age
Range

Body Function and Structure

Tactile registration (=the ability
to detect and respond to touch
stimuli on the skin)

Semmes—
Weinstein
monofilaments

-Reliability in the Affected Hand:
ICC =0.96 [73].

-Reliability in the Unaffected Hand:
ICC =0.90 [73].

-Convergent Validity in the

Index Finger:

p =0.57-0.65.

-Inter-Rater Reliability in the
Index Finger:

kw =0.79.

-Intra-Rater Reliability in the Index
Finger:

kw =0.80 [74].

USCP
D

5-17
years

Stereognosis (=the ability to
recognize and identify objects
only by touch)

12 daily-life
objects [26]

-Inter-Rater Reliability:
ICC =0.78 [26].
-Test-Rest Reliability:
ICC =0.86 [26].

USCP

>5 years

Two-point discrimination (=the
ability to determine the smallest
distance at which two separate
touch points can be perceived
as distinct)

Aesthesiometer
[26]

-Inter-Rater Reliability:
ICC =0.92 [26].
-Test-Retest Reliability:
ICC =0.81 [26].

uscp

>5 years

Visual-perceptual function
(=the ability to interpret,
analyze, and give meaning to
visual information received
from the environment)

TVPS-4; DTVP;
MVPT [39]

-TVPS-4 Internal Consistency:
Cronbach’s a = 0.94.

- DTVP Internal Consistency:
Cronbach’s Coefficients %4
0.8-0.97 for subtests.

0.93 or above for composites.
-MVPT Internal Consistency
Cronbach’s a:

4-10 years, 0.69-0.87.

4-11 years, 0.86-0.9.

-TVPS Test—Retest Reliability:
Whole Test ICC = 0.88;
Subtests ICC 0.38-0.77.
-DTVP Test-Retest Reliability:
r=0.95.

-MVPT Test—Retest Reliability:
4-10 years r = 0.87;

>11 years r = 0.92 [39].

Hemiplegia

>4 years

Cogpnitive function (=the overall
capacity of an individual to
think, reason, learn, and adapt)

WPPSL-1V;
WISC-V [41]

-WPPSI-IV Internal Consistency
for the Composite Scales:

ICC =0.86 to >0.90

-WPPSI-1V Test-Rest Reliability:
ICC =0.84-0.93.

-WPPSI-IV Inter-Rater Reliability:
ICC =0.96-0.99 [75].

-WISC-V Criterion Validity:

ICC =0.89.

-WISC-V Test-Retest Reliability:
ICC =0.86-0.93 [76].

D

2.64-7.7
years
and
6-16
years
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Table 1. Cont.
ICF-CY Metrics Clinical Tools Psychomfetrlc Condition Age
Properties Range
g -BRIEF:
é BRIEF; Conners Good stability over time [77].
B : )
;E' Executive functions (=a set of continuous Conr}ers cpt .(Internal, 8-17
° advanced cognitive processes performance test Consistency): years;
£ . . . (cpt); Stroop test; Cronbach’s a= 0.64-0.96. uUsCP /
< enabling goal-directed behavior, .. . mean
c . .. . digit span; Corsi -Conners cpt Test—Retest TD .
o planning, decision-making, . . T, age:
£ roblem-solving, and block-tapping test;  Reliability: D 20,01 years
£ Eel fregulation) trail-making; ICC = 0.48-0.79 [50]. AN
M & tests of verbal -Corsi Block-Tapping Test: Good y
= fluency [49] concurrent validity with the
2 WISC [78].
Functional use of -MACS Inter-Rater Reliability: 418
hands/ classification (=effective ) ) ICC =0.97 [53]
and purposeful use of one or ?—I/[?CCSS, BEME; -BFMF Construct Validity with CP };ejl;
both hands to perform everyday the MACS: oars
activities) p =0.89 [54]. y
-Internal Scale Validity:
Bimanual performance (=the }ﬁiiga?cir[?{oe]ﬁabﬂit : 18 months
spontaneous use of the affected =~ AHA [79] Y uscr
hand during bimanual tasks) ICC =097 [81]. ~18 years
-Test-Retest Reliability:
ICC =0.99 [81].
Upper limb movement quality -MUUL Internal Consistency: PSI
(=the characteristics defining up to 0.92.
how a movement is performed, MUUL; MA2 [58] -MUU'L Responsiveness to Change: cP 2.5-15
focusing on its range of Questionable [58]. years
-‘g movement, accuracy, dexterity -MAZ2 Test—Retest Reliability:
S and fluency) ICC=0.92-0.98 [82].
<
Manual dexterity (=the -Responsiveness To Change: More
skillful and coordinated use affected hand, 517
of the hands and fingers to BBT [60] effect size = 0.678; uscr oars
perform precise and Less affected hand, Y
complex movements) effect size = 0.514 [60].
Manual ability (=ability to
effectively use both hands to ABILHAND- -Test-Rest Reliability: USCP 6-17
perform everyday activities that ~ Kids [62] ICC =0.92[62]. years
require fine skills)
—CHEQ Vahdltyf CHEQ:
. Effective operational
Personal perception on upper CHEQ; o 3-18 years
limb function CFUS [64,83] range >90% [$4]. USCP T crus:
! -CHEQ Test-Retest Reliability: 515 ea;rs
ICC = 0.88-0.91 [84]. y
-AMPS Test—Retest Reliability:
ICC =0.86-0.93.
g -AMPS Intra-Rater Reliability: 5-18
= . ) ICC =0.96-0.98 [66]. years
g, Goal-setting, assessment AMPS; COPM; -COPM Test-Retest Reliability: cp 5-13
! Lo PEM-CY
= of participation [67,85,36] ICC =0.88-0.89 [87]. D years
E T -PEM-CY Internal Consistency: 5-17
Cronbach’s a = 0.59-09.1. years

-PEM-CY Test—Retest Reliability:
ICC =0.58-0.95 [88].




J. Clin. Med. 2025, 14, 6539

12 of 26

Table 1. Cont.

ICF-CY

Metrics Clinical Tools

Psychometric

Properties Condition

Age
Range

Quality of Life

CP-QoL; CHQ;
YQoL-R; PedsQL;
TACQOL;
SEIQoL [89]

Life Quality

-CP-QoL Internal Consistency:
Cronbach’s a = 0.74-0.92 for
primary caregivers.

Cronbach’s a = 0.80-0.90 for
child self-report.

-CP-QoL Test—Retest Reliability
for caregiver:

ICC = 0.76-0.89.

-CP-QoL Concurrent Validity with
CHQ, KIDSCREEN, and
GMFCS [90,91].

CP

>4 years

ICE-CY = Functioning and Disability in Child and Youth; USCP = unilateral spastic cerebral palsy;
MAS = Modified Ashworth Scale; MRC = Medical Research Council; UpL = upper limb; TVPS-4 = Test of
Visual Perceptual Skills-Fourth version; DTVP = Developmental Test of Visual Perception—Third Edition;
MVPT = Motor-Free Visual Perceptual Test; WPPSI-IV = Wechsler Preschool and Primary Scale of Intelligence—
Fourth Edition; WISC-V = Wechsler Intelligence Scale for Children—Fifth Edition; BRIEF = Behavior Rating Inven-
tory of Executive Function—Second Version; MACS = Manual Ability Classification System; BEMF = Bimanual
Fine Motor Function; HFCS = House Functional Classification System; AHA = Assisting Hand Assessment;
CHEQ = Child hand-use Experience Questionnaire; MUUL = Melbourne Assessment of Unilateral Upper Limb
Function; MA2 = Melbourne Assessment 2; BBT = Box and Blocks test; CFUS = Caregiver Functional Use Survey;
AMPS = Assessment of Motor Processing Skills; COPM = Canadian Occupational Performance Measure; PEM-
CY = Participation and Environmental Measure for Children and Youth; CP = cerebral palsy; TD = typically devel-
oping children; ICC = Intraclass Correlation Coefficient; CP-QoL = Cerebral Palsy Quality of Life; CHQ = Child
Health Questionnaire; YQoL-R = Youth Quality of Life Instrument—Research Version; PedsQL = Pediatric Quality
of Life Inventory; TACQOL = Children’s Quality of Life; SEIQoL= Schedule for the Evaluation of Individual
Quality of Life. Underlined items: questionnaires.

4. Overview of Technologies

This section will present wrist-worn sensors, markerless systems, sensorized objects,
and eye tracking (Table 2) as promising technologies that best align with our criteria of
ecological validity, minimal invasiveness, and applicability in daily life. These technologies

could provide a more comprehensive clinical evaluation, targeting the ICF-CY (Figure 1).

Performance-based
Assessments

Clinical settin g

Wrist-Worn Sensors

Daily Life

TS Markerless
cure ICF Activity ICF Activity . L - Systems
S Cr By,
o AHA, %
& MA 2 %,
S : 4 g
@\ MRC scale, BBT, Wrist-Worn ~ Markerless %
‘be 1\j1a:15ar:yn}e:mc.)meter, ABILHAND-Kids, Sensors, system,
3 AS, Aesthesiometer, CHEQ,MACS, . . Markerless Sensorized
& SW Monofilaments ~ BFME, HFCs ~ Upper limb function system objects
WPPSI/WISC, . -
D-KEFS, Conners cpt, . o . ens'onze
Corsi block-tapping LR Cognition/Attention NA ob]ects.,
test, Stroop test, BRIEF Eye tracking
TVPS-4, Visual-related functions
DTVP-3, NA NA Eye tracking
MVPT,

Questionnaires

Sensorized
Objects

Eye-tracking

Figure 1. Clinical tools and promising technologies for a comprehensive evaluation of the UpL in
children with USCP across the ICF-CY Body Function and Structure and Activity levels.
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4.1. Wrist-Worn Sensors

Over the years, wearable sensors have been significantly advanced, enabling the
objective and long-term monitoring of motor activities in daily life. These technologies
provide an opportunity to improve clinical assessments by capturing real-world data that is
often missing from controlled environments. In particular, the triaxial accelerometer is the
most used, and it seems to be the most suitable and reliable for monitoring and collecting
consistent data about UpL movement [92].

Wrist-worn sensors have emerged as a popular and practical solution for monitoring
daily activities. Their design allows individuals to move freely without restrictions, making
them particularly applicable for assessing children with USCP, enabling a deeper under-
standing of UpL function in daily life as well as task-specific abilities. Several wristband
devices are commercially available, such as ActiGraph (ActiGraph LLC, Pensacola, FL,
USA), AX3 sensors (Axivity Ltd., Newcastle upon Tyne, UK), Fitbit devices (Fitbit Inc., San
Francisco, CA, USA), and GENEActiv devices (Activinsights Ltd., Cambridgeshire, UK).

Primarily designed for consumer use, these devices integrate various sensors, in-
cluding inertial measurement units (IMUs)—accelerometers, gyroscopes, and sometimes
magnetometers—and bioelectrical sensors. Therefore, their application in clinical settings
requires rigorous validation to ensure their accuracy, reliability, and effectiveness. In rela-
tion to the importance of acquiring measurements of the use of the UpL within the daily
living context of the child, accelerometers are the most used wearable devices to quantify
daily-life motor activity in clinical trials and clinical practice [93,94]. A study evaluated
accelerometry as a measure of arm movement in children and adolescents with USCP [95].

Furthermore, applying a sensor on either side enables the estimation of laterality,
which is particularly relevant for people with unilateral impairments [96]. Indeed, evi-
dence shows that accelerometers can distinguish children with asymmetrical motor impair-
ments [97,98], offering insights into the severity of disability during bimanual real-world
activity and potentially guiding therapy selection.

4.2. Markerless Systems

Optoelectronic motion capture systems, such as Vicon systems (Oxford Metrics Group,
UK), are considered the gold standard for motion analysis and measuring the active range
of motion [99]. These systems are highly accurate but are typically limited to structured
environments, like clinical laboratories. Wearable sensors, on the other hand, provide a
good alternative for monitoring and assessing UpL kinematics in an open or home envi-
ronment, during the performance of daily-life activities [100]. Moreover, both approaches
often require attaching markers or sensors to the body, which can be intrusive and may
cause discomfort, particularly for young patients and babies, potentially affecting their
natural movements [101].

For these reasons, non-invasive alternatives are being increasingly investigated. Mark-
erless, camera-based systems have emerged as a promising solution due to their unobtru-
sive nature, ease of deployment, and capacity to capture spontaneous, natural movements
in home-based or ecological settings [102]. Crucially, the effectiveness of such systems
heavily relies on the performance of advanced software algorithms, which are responsible
for the accurate detection and tracking of human movements without the need for phys-
ical markers or specialized equipment. Recent applications have shown the potential of
markerless video analysis for the pediatric population [103-106].

Software open source like OpenPose (Carnegie Mellon University, Pittsburgh, PA,
USA), MediaPipe (Google LLC, Mountain View, CA, USA), and DeepLabCut [103] (G6t-
tingen University, Gottingen, Germania) allow for the real-time detection of upper limbs,
allowing us to obtain the joint kinematics and execution timing. Similarly, alternative
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non-commercial solutions have been explored based on RGB-D cameras [104-106], for
quantifying multi-joint coordination and compensatory movement strategies.

4.3. Sensorized Objects

Another promising technology for gaining ecological insights into UpL function is
the use of sensorized objects. Smart objects, such as sensorized toys, provide a valuable
means of monitoring and evaluating children in daily life by capturing detailed information
on how they grasp, manipulate, interact with, and release the object. Monitoring these
interactions provides a range of metrics that go beyond traditional clinical assessments.

Most studies have focused on the quantitative assessment of early motor skills, par-
ticularly grasping and manipulation, demonstrating the feasibility of measuring grasping
patterns [107] and forces [108], and the investigation of clinical aspects, such as spatial cog-
nition [109]. The implementation of sensorized objects facilitates the creation of ecologically
valid play environments, where instrumented “baby gyms” can capture infants’ sponta-
neous interactions [110]. By integrating multiple sensors (IMUs and pressure sensors), it
is possible to support the early detection of neurological disorders and the longitudinal
assessment of grasping development [111]. To overcome the constraints of wired devices,
wireless toys were proposed to monitor grasping forces [112]. Cube-based smart toys were
designed to detect psychomotor delays [113], and pilot studies confirmed their potential
by identifying parameters such as tremor and speed of movements [114]. Multi-toy kits
including dolls, cubes, cars, spoons, and balls have also been developed for the objective
analysis of play behavior and developmental trajectories [115].

Finally, sensorized objects have been employed as interactive rehabilitation tools.
Systems linking toys to computer games encourage children to perform specific movements
while collecting clinical data on grip types, movement ranges, and applied forces [116].
More recent platforms also integrate telemonitoring functionalities, supporting autonomous
hand rehabilitation and the remote evaluation of progress [117].

4.4. Eye-Tracking Systems

Monitoring eye movements and gaze direction can be performed to assess both visual
and cognitive function, aspects essential for the effective use of the UpLs. Camera-based
eye-tracking systems are a promising technology for this purpose. These systems rely on
advanced image processing algorithms and infrared illumination to detect and analyze eye
position and pupil dynamics, offering a non-invasive monitoring and assessment system in
both experimental and applied settings. Growing evidence indicates that eye-tracking data
correlates strongly with traditional cognitive assessment scales, suggesting its effectiveness
in assessing visual function (i.e., basic visual processing involved in tasks such as read-
ing [118] and visual—-perceptual functions, which involve more complex processes such as
visual search [119]), to monitor emotional and cognitive processes (i.e., visual attention,
emotional arousal, and stress and cognitive workload) [120] and to assess cognitive and lan-
guage impairment [121,122] and distractibility in children with neurological disorders [123].
Moreover, due to its portability, this system shows significant potential for use beyond
clinical settings, for example, at school [124].

Eye trackers can be classified into two categories: commercial eye trackers and
webcam-based eye trackers. The key difference between the two is the type of light used for
eye tracking. Commercial eye trackers use infrared light to illuminate the participant’s eyes
and analyze the reflections, allowing for greater accuracy. In contrast, webcam-based eye
trackers rely on visible light to capture eye movements, typically offering lower precision
but at a more affordable cost.
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Alongside commercial systems (such as Tobii Technology (Stockholm, Sweden), Smart
Eye AB (Gothenburg, Sweden), and Gaze Point (Vancouver, Canada)), webcam-based
eye trackers have gained traction, particularly in academic and experimental contexts.
Although typically characterized by lower spatial and temporal resolution compared to
specialized hardware, these low-cost alternatives offer greater accessibility and scalabil-
ity, making them suitable for large-scale studies, remote experiments, and preliminary
investigations into visual attention and cognitive engagement.

Table 2 summarizes examples of how these technologies have been applied to typically
developing (TD) children and those diagnosed with neurological and developmental
disorders, to explore their potential applications in evaluating UpL function in children
with USCP.

Table 2. Promising non-invasive technologies for monitoring and assessing children in daily life.

ICF Study Aim Maetrics Age P References
Mean sensitivity, specificity, B
g BF Arm movement Youden index 3.4-139y cr [99]
=1 . . .
& BF Arm movement Dfuratlon and intensity 2-6y TD/USCP [100]
£ of movement
30 Mono-arm use index
- BF Arm movement (MAUI) and bilateral-arm 0-17 TD/AMD [101]
S y
'é use index (BAUI)
BF Arm movement NS 5-12y TD/USCP [102]
Upper extremity .
%]
E BF/AL  movement Jointangles, 12-226y  TD/DCP [103]
L angular trajectories
3 assessment
» -
2 BF/AL Fulltbody . Max joint angle, 5-29y D [104,105]
o motion tracking smoothness
E Functional
P oAl smmenor MRkl gy g
patients with HCP p
Graspin Trial duration, mean, mean
pat teIz nsgan d and peak pressure, 34
BF/AL . . pressure magnitude, ] TD [107]
manipulation pressure frequency, (SD: 1.5)
forces .
baseline pressure
Monitoring infants’ .
B BF imitation abilities Grasping pressure 4-9m NS [108]
%)
Yy Orientation of the block,
_oc Assessing spatial vertical and horizontal
4 BF/AL o nitior% p errors, pre-adjustment 12-36 m D [109]
'g & errors, insertion time,
a acceleration amplitude
()
» Collecting dataina . toy
Ere::zlilfjiﬂ:zt to displacement, time to toy
BF/AL  improve the contact, toy contact 311m ™D [110]

understanding of
motor skill
development

duration, frequency of toy

grasps, mean grasp

pressure, mean grasp area
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Table 2. Cont.
ICF Study Aim Metrics Age P References
Detection of
BF neurological Grasping pressure 4-9m NS [111]
disorders
xg:slgzﬁég and Maximum and mean
BF infants’ motor pressure, grasping >37 w NS [112]
action duration
development
Detecting Number, time, and speed
BF/AL developmental of movements; mean 23-37 m NS [113,114]
<§ delays of shaking
oy Anticipating the
o diagnosis of autism
] o . .
o spectrum Position and orientation of
5 disorders, neurode- the toys, time duration of a
@ velopmental gesture, features based on
= / —
& BE/AL disorders, and accelerometer data, quality -15m D [115]
social fragilities, of toy manipulation
monitoring (QoTM)
children’s ludic
behavior
Br/al,  Orpandpinch o po oo of motion, grip force  3-13 TD/MI [116]
capability & / 811P y
Telemonitoring
BF rehabilitation Grip force 2-7y TD [117]
progress
Fixation, percentage of gaze TD/ADHD/
BF Visual search aton, p 505 6-12y Cv1/ [119]
80 points, visual search area .
k= Dyslexia
'é Language and
= BF cognitive NS 3-15y ND [121]
2 assessment
R
BE Attentional Time in area of interest, 6-17 y TD/ADHD/ND [123]
processes press latencies

P = population; NS = not specified; d = days; w = weeks; m = months; y = years; BF = body function and structure
level; AL = activity level; CP = cerebral palsy; TD = typical development; DCP = dyskinetic cerebral palsy;
HCP = hemiplegic cerebral palsy; ND = neurodevelopment disorder; USCP = unilateral spastic cerebral palsy;
AMD = asymmetric motor deficits; ADHD = attention deficit hyperactivity disorder; MI = motor impairments;
CVI = cerebral visual impairment.

5. Discussion

This narrative review aimed to present an overview of the most frequently used
clinical tools that deliver a holistic presentation of the UpL function in children with USCP,
while additionally presenting innovative, non-invasive technologies that are promising
for assessing children with USCP, for complementary evaluation in daily life (Figure 1).
A broad range of assessment tools was presented, tapping diverse functions across the
ICF-CY levels, given that the UpL function in children with multifaceted disorders can also
be related to non-motor functions [38]. A holistic evaluation allows a more comprehensive
understanding of each child’s abilities and limitations, further aiding the formation of
tailored care.
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For the first research aim, we focused on clinical assessments—including classification
systems, performance-based tests, and questionnaires—commonly used to evaluate motor
and non-motor functions related to the UpL in children with USCP. The findings indi-
cated that clinical assessments cover a wide range of functioning across the ICF-CY levels.
Assessments targeting the ICF-CY Body function level, such as the MAS and two-point
discrimination, have been developed for generic populations but are validated for children
with USCP. In contrast, available classification systems, clinical tests, and questionnaires
that assess UpL function at the ICF-CY Activity level are mainly condition-specific. To
date, the clinical evaluation of motor and non-motor abilities comprises the basis of care in
CP, with various types of clinical tools serving specific purposes. Classification systems
enable uniformity across settings and facilitate multidisciplinary communication, essential
in CP [65]. Clinical questionnaires serve as a (time-)efficient way to gain insights into how
children function within various contexts. Some can also be filled out by various raters
(e.g., self-, parent-, teacher-reported), providing a more differentiated view of the abilities
being assessed [125]. Another key strength of clinical questionnaires lies in their ability to
capture patients’ lived experience, offering valuable insights that might not be accessible
through clinical observation alone. Performance-based clinical assessments are relatively
sensitive to changes in performance, making them useful for detecting improvements or
declines over time. They are often designed for use in controlled environments, such as
clinics or research settings. Standardized instructions further ensure that results remain as
comparable as possible across different populations, settings, and examiners [126]. Further-
more, due to their extensive and age-long use, clinical assessments usually have established
psychometric properties. Particularly in CP, multiple studies have developed or validated
population-specific tools, including normative data, thus increasing the applicability and
extraction of robust results [90]. Nonetheless, the literature shows that the psychometric
properties of assessments in children with USCP have been examined primarily in relation
to UpL function assessments, with less attention given to measures of cognitive function.
Yet, the exploration of psychometric properties in neuropsychological assessments is es-
sential. It is also equally important to identify potential accommodations or adaptations
of cognitive tests, as these can help account for motor limitations and other condition-
specific factors, improving the accuracy and clinical utility of these assessments. Another
advantage lies in the clinician—patient interaction during test administration, which enables
the real-time observation of the patient’s emotional state or monitoring of compensatory
movement strategies, offering deeper insights into performance. This interaction can also
enhance motivation by providing feedback in real time. Bartlett and Palisano emphasized
that motivation can play a key role in driving motor ability changes in children with
CP, regardless of their health condition [127]. By fostering motivation, the results of the
evaluation can yield a more accurate representation of a child’s true potential.

Nevertheless, the strict presence of a clinician moderating the evaluation might also
work adversely, by creating stress or the feeling of expectation. Furthermore, conducting
clinical assessments within a clinical setting may not provide a representative example of
the child’s behavior in daily life, as they mainly capture the best of one’s ability or identify
the impairment level. Although numerous clinical assessments have a context-specific
design, their administration in a controlled environment obscures the unpredictability of
daily life. An effective method for collecting accurate information is monitoring the patient
within their home and/or natural environment [20], which can be achieved through the
implementation of technology.

The second research aim focused on summarizing promising technologies in neurore-
habilitation with potential applicability for children with USCP. The findings indicate a wide
range of technologies that provide either conventional metrics (e.g., ROM, grip strength) or
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measures that can only be captured through technology (e.g., angular trajectories, visual
search patterns). Such solutions offer objectivity, reducing reliance on bias-mediated obser-
vation. They further enhance ecological validity by capturing real-world patient behavior
in daily life, providing insights that traditional clinical tests may not capture. They also
ensure consistency and reproducibility, allowing standardized assessments to be reliably
repeated across time and settings. In addition, their minimal invasiveness improves patient
comfort, particularly in pediatric populations such as children with USCP, while their high
portability enables use beyond laboratories, making these tools accessible in clinics, in
schools, or even at home. Collectively, these advantages enrich the quality of clinical data,
enable the more precise monitoring of functional abilities, and create opportunities for
integrating rehabilitation into daily contexts.

An interesting finding was that the use of technology can mainly provide information
across the ICF-CY Body Function and Structure and Activity levels. These levels are more
easily addressed through technological solutions, since the ICF-CY levels of Participation
and Quality of Life require a contextual understanding of the patient’s lived experience,
occasionally relying on self-reported measures that provide a subjective point of view. Yet,
strategies combining methods could be explored to extend the application of technology
in these domains. Additionally, many systems face challenges with user acceptability,
particularly wrist-worn sensors that require consistent use or charging [128], compromising
compliance. With respect to camera-based technologies, environmental factors, such as
lighting or background conditions, can affect the accuracy of markerless and eye-tracking
systems. Particularly for eye tracking, physical characteristics such as eye color or the use
of prescription glasses can further decrease the quality of the collected data. Sensorized
objects and toys are often limited by their reliance on a single device or small number of de-
vices [129]. The development of larger sets of objects increases the costs and customization
required. Lastly, most studies on promising technologies remain proof-of-concept in TD
children, and only a few studies include individuals with motor impairments, making clin-
ical validation difficult. There is, therefore, the need for thorough validation and co-design
with clinicians to ensure clinical applicability in other populations.

A careful integration of established clinical assessments with promising technologies,
while taking into account their respective limitations, can improve rehabilitation outcomes
by combining their strengths. For instance, wrist-worn sensors offer a minimally invasive
means of accurately assessing asymmetries in UpL use at the Activity level of the ICE-CY.
These sensors can also be integrated into performance-based clinical tools, such as the
AHA or the BBT, providing complementary information on UpL spatial trajectories during
test execution. Due to their high portability, markerless [130] systems can be used for
the tracking of mirror movements, asymmetries between the affected and less-affected
hand, or movement smoothness, making them able to assess modalities across the ICF-
CY levels of Body Function and Structure and Activity. Additionally, the ability to use
these systems both in real time and offline makes them an excellent means for assisting
video-based assessments of the UpL. Combined with trained machine learning algorithms,
markerless systems could potentially be used in the scoring of video-based assessments,
such as the AHA or the MA2, [130], reducing the need for the clinician to watch the whole
video session for assessment. Sensorized objects offer also the potential to complement
the current clinical assessments. For example, in the context of ICF-CY Body Function,
grip strength is assessed through the Jamar Dynamometer, which is widely considered
the gold standard for measuring grip strength in children with CP [30]. However, its
use requires a standardized testing position, minimizing ecological insights into grip
strength during diverse arm positions. Thus, sensorized objects, such as sensorized toys,
could overcome this gap, by monitoring and quantifying the child’s interaction with it.
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Additionally, sensorized toys equipped with IMUs can provide valuable data on movement
patterns, allowing clinicians to monitor motor abilities more precisely, extending their use
also for the ICF-CY Activity level. Shape-matching tasks that are object-based can also be
equipped with sensors that can quantify task performance parameters, such as time for
task completion or object trajectory, allowing the evaluation of UpL activity and cognitive-
related functions. Lastly, eye tracking can primarily assess functions at the ICF-CY Body
Function and Structure level. One example is its integration into attention tests. Traditional
sustained attention assessments, such as continuous performance tests, rely on motor
responses, which can be limited by motor impairments and provide limited real-world
performance. Eye tracking offers a complementary approach by capturing objective, real-
time measures of gaze behavior—including microsaccades and pupil dilations—allowing
the detection of lapses in attention [131] even when button-press responses are correct,
using only a single camera.

We acknowledge that, due to the narrative nature of this methodology, some clinically
relevant tools may not have been captured. While selection was guided by the authors’
consensus and informed by the literature, this approach does not aim to be exhaustive.
Instead, it reflects a focused synthesis of widely used assessments for children over the
age of 5, and there remains the possibility that other valuable tools—particularly those
emerging in specific clinical contexts or less frequently reported in the literature—were not
included. Future work should aim to build on this narrative synthesis by conducting more
systematic or scoping reviews that comprehensively map the full range of available clinical
assessment tools for children with USCP.

6. Future Directions

As research progresses, technological solutions are likely to play an increasingly cen-
tral role in clinical practice, supporting more personalized and accessible rehabilitation
strategies for children with CP. To realize this potential, pilot programs and interdisci-
plinary collaborations between clinicians, researchers, and technologists will be essential.
Such collaborations can facilitate the development and validation of innovative techno-
logical solutions that complement and extend current clinical assessments, while carefully
addressing their known limitations. The establishment of integration frameworks will
help to ensure that technologies translate into scientifically sound, clinically feasible, and
meaningful solutions for the clinical reality. Additionally, studies implementing these
technologies in specific populations are essential to explore their psychometric properties
and clinical utility.

7. Conclusions

This study highlights the value of a comprehensive approach to evaluating UpL func-
tion in children with USCP, given the multidimensional nature of the condition. Traditional
assessments, classification systems, and questionnaires remain the standard evaluation
approach due to their established psychometric properties, ability to capture patient per-
spectives, and facilitation of multidisciplinary communication. Integrating these clinical
assessments with emerging, non-invasive technologies—such as wearable sensors, marker-
less motion capture, sensorized objects, and eye-tracking systems—allows for the assess-
ment of both motor and non-motor functions in real-world contexts, providing ecological
insights that can inform tailored rehabilitation strategies. While promising, these technolo-
gies cannot replace established clinical tools, but their use as an adjunct is encouraged,
offering metrics inaccessible to traditional tests as well as ecologically valid data. Key gaps
remain the lack of USCP-specific psychometric validation for most neuropsychological
tests, and the need to accommodate neuropsychological assessments to condition-specific
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requirements. For promising technologies, notable gaps remain the limited coverage of
ICF-CY Participation and Quality of Life domains, which restricts their ability to capture
patient-centered outcomes. In addition, there is a scarcity of studies involving children
with motor impairments, limiting evidence on the applicability, feasibility, and validity of
these technologies in clinical populations.
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