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ABSTRACT - Objective: This systematic review aims to analyze the assessment tools used to evaluate executive
functions, adaptive skills, and emotional and behavioral outcomes in pediatric and adult patients with phenylketo-
nuria (PKU). Given the impact of elevated phenylalanine (Phe) levels on cognitive and psychological development,
this review seeks to provide a comprehensive overview of validated instruments employed in the literature to
assess neurocognitive and psychosocial functioning.

Materials and Methods: A systematic literature search was conducted according to the PRISMA guidelines.
Studies published between 2020 and 2025 were identified through PubMed using keywords related to PKU, exe-
cutive functions, and cognitive functions. Inclusion criteria encompassed studies focusing on pediatric (0-18 years)
and adult PKU patients and using standardized neuropsychological, behavioral, and emotional assessment tools.
Studies that did not use standardized tools, as well as reviews, meta-analyses, case reports, and expert opinions,
were excluded. Data extraction was performed independently by two reviewers, with discrepancies resolved by
consensus.

Results: A total of 168 studies were initially identified. After removing duplicates and applying inclusion criteria, 35
studies were included: 11 studies assessed pediatric patients, 22 focused on adults, and two examined both populations.
The most frequently used tools for executive function assessment included the Behavior Rating Inventory of Executive
Function, The Developmental Neuropsychological Assessment - [| (NEPSY-II), Trail Making Test, and Wechsler Intelligence
Scale subtests. Behavioral and emotional functioning were primarily assessed using the Child Behavior Checklist and the
Hospital Anxiety and Depression Scale. The review highlighted variability in assessment methodologies, with a lack of
standardized protocols across studies.

Conclusions: The findings underscore the need for a standardized, comprehensive battery of neurocognitive and
behavioral assessments tailored to PKU patients across different age groups. Consistent evaluation tools are crucial
for monitoring disease progression and treatment outcomes, especially with emerging therapeutic options. Future
research should focus on validating existing instruments and developing sensitive measures to assess the quality of
life and psychosocial functioning in PKU patients.
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INTRODUCTION

Phenylketonuria (PKU) is an autosomal recessive metabolic disorder caused by a deficiency of phenylala-
nine hydroxylase (PAH), leading to impaired conversion of phenylalanine (Phe) to tyrosine and resulting in
hyperphenylalaninemia (HPA)!. The condition encompasses a spectrum ranging from mild HPA (120-600
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umol/L) to classic PKU (>1,200 umol/L), and, if untreated, can lead to neurotoxic Phe accumulation and
reduced tyrosine levels?. The most serious consequence is damage to the central nervous system, causing
intellectual disability along with motor and psychiatric symptoms, aberrant behaviors, and epilepsy®*.

The global prevalence of PKU is about 1:20,000 newborns, with variability depending on region and
ethnicity?; in Italy, it is estimated at 1:4,500°. Widespread neonatal screening enables early detection
and treatment, preventing severe neurocognitive deficits®. The dietary therapy introduced in the 1950s
consists of a low-Phe diet and amino acid supplementation. However, long-term adherence remains
challenging’, particularly in adolescence and adulthood, often impairing social participation and reduc-
ing perceived quality of life®°,

Cognitive and behavioral issues are attributed to multiple pathophysiological factors, including tyro-
sine deficiency and disrupted monoaminergic neurotransmission®. Deficits in executive functions — such
as processing speed, planning, and inhibition — are especially common during adolescence and adult-
hood®?”. Neurological signs, including tremors, hyperreflexia and white matter changes, have been as-
sociated with poor metabolic control'®?°,

Beyond cognitive symptoms, patients may experience anxiety, depression, hyperactivity, low self-esteem,
social withdrawal, and reduced autonomy?'°. Despite average Qs often being within normal ranges, they tend
to be lower than in non-PKU individuals?®%2, and specific executive deficits are frequent!*?’. These functions
are crucial for behavioral adaptability, decision-making, impulse regulation, and emotional control?2>,

Cognitive outcomes are closely linked to both Phe levels and their fluctuations over time!#26-32, Assess-
ing these domains also contributes to understanding patients’ quality of life3*34. Given the heterogeneity
in assessment tools, this review aims to examine recent studies that employ standardized measures to
evaluate executive, emotional, and behavioral outcomes in pediatric and adult populations with PKU.

MATERIALS AND METHODS

The authors conducted a systematic review of the literature, according to the PRISMA guidelines®, to
investigate the instruments used to assess executive function and emotional and behavioral outcomes
in pediatric and adult patients with PKU.

A study protocol was developed at the outset and is available upon request. The literature search
aimed to identify quantitative studies consistent with predefined inclusion criteria. One researcher con-
ducted an electronic keyword search on PubMed, supported by the Rayyan software (Cambridge, MA,
USA) for screening. To maximize retrieval due to the limited literature on this population, the search strat-
egy included the keyword “phenylketonuria”. The database search was completed on 9 January 2025.

Study Selection

The search focused on recent publications from 2020 to 2025, and the following search terms were
used: “phenylketonuria,” AND “executive functions,” OR “cognitive functions”.

All articles were screened based on title and abstract.

The inclusion criteria were:

1. Studies that focused on children (aged 0-18 years) and adults diagnosed with PKU.

2. Use of standardized cognitive, neuropsychological, or behavioral assessment tools.

3. Research that provided insights into the effectiveness, reliability, and validity of the tools used.

The exclusion criteria included:

1. Reviews or meta-analyses.

2. Case studies or reports.

3. Expert opinions or recommendations.

Data Extraction and Collection

The data extracted from each study included authors and year, key findings, patient ages, and instru-
ments to assess executive functions and behavioral or emotional functioning.

Data were extracted independently by two reviewers; disagreements were resolved by discussion
between the authors.
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Outcome Measures

The main outcome measures were the type and the characteristics of instruments used to assess exec-
utive function and emotional and behavioral outcomes in pediatric and adult patients with PKU.

Risk of Bias of the Studies

Given the aim of our review, the authors agreed that the risk of bias was not significant.

RESULTS
Study Selection

A total of 168 studies were identified. After the automatic removal of duplicates, the 121 remaining
articles were screened by title and abstract. Among these, 23 were reviews or meta-analyses, five were
case studies, and four consisted of recommendations or clinical guidelines for PKU management. In to-
tal, 53 articles were excluded for not meeting the inclusion criteria. Additionally, one study®® was exclud-
ed due to its primary focus on neurodevelopmental disorders, without relevant analysis of executive,
emotional, or behavioral functioning.

The final selection included 35 full-text articles??3%37-%: 11 focused on pediatric populations, 22 on
adults, and two on both. The PRISMA flow diagram summarizing the selection process is shown in Figure
1.

The selected articles were analyzed to extract data on standardized tools used to assess executive
functions and emotional or behavioral outcomes, in line with the objectives of this review.

To provide readers with an immediate overview of the tools identified in the literature, we have
summarized the main characteristics of the instruments assessing executive functions in pediatric and
adult patients with PKU in Table 1. The list and the main results of the selected papers are available in
Supplementary Table 1.

Instruments for Executive Functions
Pediatric Patients

Systematic analysis of the included articles identified 13 works3”*° discussing neuropsychological screen-
ing tools to assess specific cognitive aspects of pediatric PKU patients, including executive function and
attention span. All these studies used standardized instruments. These tools have proven essential in
identifying deficits that may not be evident through IQ testing alone.

Specifically, to assess executive functions in PKU children, the most commonly used standardized
questionnaires were the Behavior Rating Inventory of Executive Function (BRIEF)¥*3 (7/13, 53.8%) and
The Developmental Neuropsychological Assessment - [| (NEPSY-11)444 (2/13, 15.4%).

Many studies*+**%’ (n=6) used batteries of neuropsychological tests or scales with different subtests
for assessing executive functions in children. These test batteries comprise a well-defined set of tasks
designed to assess various aspects of child development and evaluate multiple executive functions. The
use of defined batteries is valuable as it provides a comprehensive assessment by covering multiple do-
mains of executive functions, ensuring greater sensitivity and specificity in detecting developmental and
cognitive deficits. The different batteries identified in our review to assess executive functions in pedi-
atric patients with PKU were NEPSY-II, Test Battery for Attentional Performance (TAP) and Test Battery
for Attentional Performance for Kids (KiTAP), Bayley Scales of Infant and Toddler Development — Third
Edition (Bayley-Ill), National Institutes of Health Toolbox (NIH Toolbox), Cambridge Neuropsychological
Test Automated Battery (CANTAB), and Denver Developmental Screening Test-1I (DDST-II).

Almost all studies®”#>4849 (n=11) used single tests, alone or in combination with standardized batter-
ies, to assess executive functions in PKU children or adolescents. The use of single tests can be extreme-
ly valuable, particularly when the goal is to focus on specific aspects of executive functions. Single tests
enable a more in-depth assessment of specific abilities, such as working memory, inhibitory control, or
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Figure 1. PRISMA diagram.

cognitive flexibility, making them useful for targeted assessments or detailed investigations in clinical
or research settings. Additionally, they may be preferable in situations in which time constraints or the
need for a quick screening make the use of a full battery impractical. The single tests identified in our
review were: BRIEF, Trail Making Test (TMT) for children, Oral Fluency, Contingency Naming Test (CNT),
Digit and Spatial Span, Letters-Number Sequencing, Tonic Alertness, Corsi Test, Flanker test, Tower of
London (Tol) Test, Stroop Test, Hand Game, Dimensional Change Card Sort (DCCS), Brixton Test, Chil-
dren’s Gambling Task (CGT), and PKU Symptom Severity and Impacts Scale (PKU-SSIS), and the Conners
Continuous Performance Test — Third Edition (CPT-3).

The tools identified in our review for assessing executive functions in pediatric patients with PKU will
be briefly described below.
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Instrument

Primary Objective/Domain

EXECUTIVE FUNCTION ASSESSMENT TOOLS

Table 1. Summary of assessment tools used to evaluate executive, behavioral, and emotional functioning in pediatric and adult patients with PKU.

Main Features

Pediatric patients

NEPSY-|[#44 Cognitive flexibility, attention, inhibition, Neuropsychological battery (3-16 yrs); includes Animal Sorting, Auditory Attention, Inhibition,
working memory Digit Span, Corsi Block; modular and cross-linguistically adaptable.

TAP / KiTAP* Attention, impulse control, flexibility, Computerized tests (TAP: 210 yrs; KiTAP: child-friendly); includes Go/No-Go, n-back,
working memory set-shifting, and distractibility.

Bayley-II1* Cognitive development, early executive skills For ages 16 days-3.5 yrs; assesses cognition, language, motor function; includes growth

scores; indirect executive assessment.

NIH Toolbox*

Executive function, PSI, working memory

Computerized battery (>3 yrs); includes Flanker, DCCS, List Sorting; yields Fluid/Crystallized
Cognition scores.

CANTAB*® Attention, flexibility, executive control Touchscreen tasks (28 yrs); includes RVP, Reaction Time, Feature/Conjunction Search;
measures attention under distraction.
DDST-[46:47 Developmental screening For ages 0-6 yrs; assesses personal-social, motor, and language domains; identifies early delays.

BRIEF (BRIEF-P,
BRIED-2)¥3

Behavioral manifestations of EF

Questionnaire for parents/adolescents (ages 3-17); measures inhibition, working memory,
planning, and emotional control.

TMT (Switch Task)3®

PSI, cognitive flexibility

Classic TMT and child-friendly version (4-7 yrs) using playful stimuli; assesses task-switching.

Oral Fluency Test®

Verbal fluency, PSI

Semantic and phonemic fluency; timed word generation by category/letter; age-normed z-scores.

Contingency Naming
Test (CNT)3®

Flexibility, response inhibition

Color-shape stimuli with rule shifts; measures accuracy, speed, and efficiency.

Digit and Spatial Span*

Auditory & visuospatial WM

Forward/backward recall tasks; part of Wechsler scales; assess memory span and manipulation.

Letter-Number
Sequencing (LNS)*

Sequencing, verbal WM

Recall and reorder number-letter sequences; assesses working memory load.

Tonic Alertness*®

Sustained attention

3-min task detecting stimuli (e.g., rabbit image); measures RT, omissions, impulsivity.

Continued
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Instrument

Corsi Block Tapping*®

Primary Objective/Domain

Visuospatial WM

Table 1. Summary of assessment tools used to evaluate executive, behavioral, and emotional functioning in pediatric and adult patients with PKU.

Main Features

Reproduction of tapped block sequences; digital version uses animated characters.

Flanker Task*

Inhibitory control

Visual distractors; compares accuracy/speed in congruent vs. incongruent conditions.

Tower of London (ToL)*

Planning, problem-solving

Strategic bead-moving task; involves sub-goals and working memory.

Stroop Test (Sun-Moon
variant)*

Verbal inhibition

Reverse naming task using sun/moon stimuli; interference and error scores.

Hand Game Test*

Non-verbal inhibition

Gesture-based mimic vs. counter-mimic task; includes feedback and self-corrections.

DCCS* Cognitive flexibility Card sorting task with rule-switching and dynamic border condition.
Brixton (Preschool Rule deduction, set-shifting “Mouse in a pot” pattern task; assesses implicit rule learning with rule shifts.

version)*
Children’s Gambling Decision-making, risk-taking Choice task with advantageous/disadvantageous decks; reward/loss-based learning.

Task (CGT)%
PKU-SSIS* Executive and psychosocial symptoms Interview for children and caregivers; explores mood, EF, physical, and social domains.
CPT-3% Sustained attention, vigilance, impulsivity 14-min computerized task with letter stimuli; reports hit rate, RT, omissions, commissions.
Adult patients

PICO Protocol®®**

Attention, inhibition, WM, PSI, flexibility

Composite framework using TAP, D-KEFS, WAIS-IV; standardizes cognitive assessment in PKU.

WAIS-IV Subtests3157-61.63

Working memory, PSI, reasoning

Includes Digit Span Backward, Symbol Search, Coding, Matrix Reasoning; detects subtle executive deficits.

NIH Toolbox>*6°

Executive control, WM, PSI, flexibility

Modular battery with Flanker, List Sorting, Spatial WM, DCCS, Pattern Comparison, Oral Symbol Digit;
demographically normed.

CANTAB®052

Attention, flexibility, executive control

Automated battery with RVP, Reaction Time tasks, Feature/Conjunction Search; validated in cognitive
disorders.

Continued
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Table 1. Summary of assessment tools used to evaluate executive, behavioral, and emotional functioning in pediatric and adult patients with PKU.

Instrument

D-KEFS50-5461

Primary Objective/Domain

Flexibility, inhibition, planning

Main Features

Includes Phonemic Fluency, Card Sorting, Stroop, TMT A/B; comprehensive EF profiling.

TAP30-5464 Attention, shifting, alertness Computerized subtests for selective/sustained attention; used standalone or in PICO.
SAD¥ Sustained attention, impulse regulation Measures attentional stability and inhibitory control over time.
CPT* Vigilance, inattention, impulsivity Go/no-go task assessing sustained attention and inhibitory response patterns.

Memory Search 2
Dimensions®’

Visual WM, multidimensional memory

Identifies features across shape/size dimensions; assesses dual-feature tracking.

Trail Making Test
(TMT)58,62,68,69

Flexibility, PSI

Part A: speed; Part B: task-switching; sensitive to Phe-related cognitive change.

SDMT (Symbol Digit
Modalities Test)s766269

PSI, attention, associative learning

Symbol-digit matching task; widely used in metabolic and neurodegenerative research.

PASAT®

WM, PSI, attention

Auditory serial addition task; sensitive to processing efficiency and Phe-level variation.

Digit Span Backward®

Working memory, manipulation

Reverse digit recall; used standalone or in WAIS to assess auditory WM.

COWAT (Controlled Oral
Word Association Test)*’

Verbal fluency, retrieval

Timed letter-based word generation; evaluates initiation and executive access.

Phonemic Fluency
Tasks586269

Language fluency, flexibility

COWAT variants focused on verbal flexibility and memory access.

Stroop Color-Word Test>"#°

Inhibition, cognitive control

Color naming under interference; measures executive suppression.

Hayling Sentence
Completion Test®

Response initiation, inhibition

Sentence completion with logical and unrelated responses; assesses response suppression.

Tower of London (ToL)®

Planning, problem-solving

Strategic bead placement task evaluating working memory and goal planning.

WCST (Wisconsin Set-shifting, flexibility Rule-based card sorting; assesses abstraction and adaptive strategy switching.

Card Sorting Test)®
BRIEF-A* Executive behavior in daily life Self-report on inhibition, organization, emotional regulation; reflects functional EF impact.
PKU-SSIS* Executive symptoms, quality of life PKU-specific interview assessing cognitive, emotional, social, and physical domains.

Continued
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Table 1. Summary of assessment tools used to evaluate executive, behavioral, and emotional functioning in pediatric and adult patients with PKU.

Instrument

Primary Objective/Domain

BEHAVIORAL AND EMOTIONAL FUNCTION ASSESSMENT TOOLS

Pediatric patients
ADHD Rating Scale-IV
(ADHD RS-IV)*¥

Inattention, hyperactivity, impulsivity

Main Features

Parent-rated; 18 items on a 4-point scale; two 9-item subscales; max score = 54.

Conners Comprehensive
Behavior Rating Scale

Behavioral and emotional problems,
academic performance

Multi-informant (ages 6-18); assesses emotional/behavioral issues and academics; includes 25-item
Clinical Index and validity checks.

(Conners CBRS)*®

Child Behavior Checklist Broad emotional and behavioral problems Parent-report for ages 6-18; covers aggression, anxiety, depression, hyperactivity, and socialization;
(CBCL)34144 provides T-scores for clinical use.

PROMIS® Mental health and psychosocial well-being Self- and parent-report (ages 5-17); assesses anxiety, depression, fatigue, pain, peer relations; T-scores

enable cross-study comparison.

Social Skills Rating
System (SSRS)*

Social skills, problem behaviors, academic
competence

Multi-rater tool with forms for teachers, parents, and students; evaluates key social and behavior
domains; yields standard scores.

Adaptive Behavior
Assessment System -
Second Edition (ABAS-I1)*

Daily living skills, adaptive functioning

Parent form (ages 5-21); 211 items; provides Conceptual, Social, and Practical domain scores plus
General Adaptive Composite.

Adult patients
Conners’ Adult ADHD
Rating Scales (CAARS)*

Inattention, hyperactivity, impulsivity,
emotional regulation

Self-report for adults; assesses ADHD symptoms and their impact on emotional regulation and daily life;
yields severity scores and indexes.

Behavioural and Emotional
Disturbance (ASR 18-59)*’

Broad behavioral and emotional disturbances

Part of Achenbach System; self-report for ages 18-59; evaluates mood, anxiety, aggression; includes
syndrome and DSM-oriented scales.

Beck Anxiety Inventory
(BA|)59,S7

Anxiety symptoms

21-item self-report; assesses somatic and cognitive symptoms of anxiety; uses 4-point scale;
sensitive to symptom severity.

Beck Depression
Inventory (BDI)**>’

Depressive symptoms

21-item questionnaire measuring mood, pessimism, fatigue; widely used to assess depression severity.

Hospital Anxiety and
Depression Scale (HADS)®

Anxiety and depression in medical settings

14 items (7 per subscale); excludes somatic symptoms; indicates severity from normal to abnormal.

Continued
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Table 1. Summary of assessment tools used to evaluate executive, behavioral, and emotional functioning in pediatric and adult patients with PKU.

Instrument Primary Objective/Domain Main Features
Perceived Stress Scale Subjective stress perception 10-item self-report; measures perceived stress and loss of control; uses a 5-point Likert scale.
(PSS)®*
Neuropsychiatric Psychiatric and neurobehavioral symptoms Caregiver-reported; assesses delusions, hallucinations, apathy, depression, irritability, and sleep disturbances.
Inventory (NPI)*
Relationship Scale Attachment styles and relational patterns Assesses trust, intimacy, avoidance in relationships; identifies interpersonal difficulties.
Questionnaire (RSQ)®*
Family Adaptability and Family functioning and dynamics Measures family cohesion and adaptability; provides insight into relational and psychosocial support.
Cohesion Evaluation
Scale (FACES)®

2D = Two-Dimensional; ABAS-II = Adaptive Behavior Assessment System, Second Edition; ADHD RS-IV = Attention Deficit Hyperactivity Disorder Rating Scale-Fourth Edition; ASR = Adult Self-Report;
BAI = Beck Anxiety Inventory; BDI = Beck Depression Inventory; BRIEF = Behavior Rating Inventory of Executive Function; BRIEF-A = Behavior Rating Inventory of Executive Function — Adult Version;
CAARS = Conners’ Adult ADHD Rating Scales; CBCL = Child Behavior Checklist; CANTAB = Cambridge Neuropsychological Test Automated Battery; CGT = Children’s Gambling Task; CNT = Contingency
Naming Test; Conners CBRS = Conners Comprehensive Behavior Rating Scales; COWAT = Controlled Oral Word Association Test; CPT = Continuous Performance Test; CPT-3 = Conners’ Continuous
Performance Test, Third Edition; D-KEFS = Delis-Kaplan Executive Function System; DCCS = Dimensional Change Card Sort; DDST-II = Denver Developmental Screening Test, Second Edition; FACES =
Family Adaptability and Cohesion Evaluation Scale; HADS = Hospital Anxiety and Depression Scale; KiTAP = Child version of the Test of Attentional Performance; LNS = Letter—-Number Sequencing;
NEPSY-II = Developmental Neuropsychological Assessment, Second Edition; NIH = National Institutes of Health; NPI = Neuropsychiatric Inventory; PASAT = Paced Auditory Serial Addition Test; PICO
= Phenylketonuria-specific Integrated Cognitive Outcome protocol; PKU-SSIS = PKU Symptom Severity and Impacts Scale; PROMIS = Patient-Reported Outcomes Measurement Information System;
PSI = Processing Speed Index; PSS = Perceived Stress Scale; RSQ = Relationship Scale Questionnaire; RT = Reaction Time; RVP = Rapid Visual Information Processing; SAD = Sustained Attention and
Distractibility test; SDMT = Symbol Digit Modalities Test; SSRS = Social Skills Rating System; TAP = Test of Attentional Performance; TMT = Trail Making Test; ToL = Tower of London; WAIS-IV = We-
chsler Adult Intelligence Scale, Fourth Edition; WCST = Wisconsin Card Sorting Test; WM = Working Memory.
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NEPSY-II

The NEPSY-Il was used in two studies**4. It is a developmental neuropsychological battery designed to as-
sess executive functions and social cognition in children aged 3-16 years. Widely used in clinical and research
settings, particularly in the treatment of neurodevelopmental disorders, it has demonstrated high reliability.
NEPSY-II evaluates multiple cognitive domains, with emphasis on executive function and attention.

Key subtests include Animal Sorting (cognitive flexibility), Auditory Attention (selective attention), response
set (vigilance), and inhibition (task-switching and inhibitory control). It also incorporates standard working mem-
ory tasks, such as Digit Span and the Corsi Block-Tapping Test, as well as verbal and semantic fluency assess-
ments. Its modular format allows for targeted or comprehensive use, and its validated scoring and cross-linguis-
tic adaptability support both diagnostic and research purposes in pediatric populations.

Test Battery for Attentional Performance (TAP) and Test Battery
for Attentional Performance for Kids (KiTAP)

The TAP was used by Tomm et al*® to assess attention functions in individuals aged 10 years and above.
This computer-based tool includes reaction tasks using language-free stimuli, with performance mea-
sured via response time, errors, and omissions. It is well-validated and offers age-normed data.

Subtests administered included working memory (n-back), flexibility (set-shifting), divided attention
(dual tasking), impulse control (Go/NoGo), and incompatibility (stimulus-response conflict). The KiTAP,
a child-friendly version, preserves subtests on flexibility, divided attention, and impulse control and
adapts tasks for sustained attention and distractibility, where no direct TAP equivalents exist.

Bayley Scales of Infant and Toddler Development — Third Edition (Bayley-Il1)

The Bayley-lll scales were used by Christ et al*® to assess developmental progress in children aged 16 days to 3.5
years. These individually administered tools help identify developmental delays and inform early intervention.
The battery covers five domains: cognitive, language, motor, socio-emotional, and adaptive behavior.

The cognitive scale examines early abilities such as sensory-motor skills, memory, and concept for-
mation. The language scale includes receptive (e.g., vocabulary, comprehension) and expressive (e.g.,
language production) components. The motor domain assesses both fine motor skills (manipulation,
coordination) and gross motor skills (balance, movement).

Socio-emotional and adaptive behavior are assessed through parent reports, providing insight into
emotional regulation and functional independence. The Bayley-lIlI’s age-appropriate materials, clear
instructions, and modular format support both full and domain-specific use. Growth scores facilitate
tracking over time, making the tool valuable for clinical and research purposes.

National Institutes of Health Toolbox (NIH Toolbox)

The NIH Toolbox was used by Christ et al** and administered to participants aged 3 years and older. De-
veloped under the NIH Blueprint for Neuroscience Research, this computer-based battery assesses cog-
nitive, executive, emotional, sensory, and motor functions. It is designed to be used across age groups
and research settings, enabling standardized comparisons.

The Cognition Battery comprises 3-7-minute subtests and yields two composite scores: crystallized
cognition (verbal abilities) and fluid cognition (executive function, processing speed, and memory). Fluid
cognition scores are not calculated for children under 6 years due to subtest constraints.

A major advantage is the use of normative scores adjusted for age, sex, ethnicity, and education,
allowing culturally appropriate interpretation across populations.

Cambridge Neuropsychological Test Automated Battery (CANTAB)
CANTAB was used by Christ et al*® for pediatric and adult participants aged over 8 years. This automated

neuropsychological battery is widely used in clinical and research settings to assess attention, memory,
processing speed (PSI), executive control, and cognitive flexibility.
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Key subtests include Rapid Visual Information Processing (RVP) for sustained attention, Simple De-
tection and Detection with Distractors for reaction time and attentional control, and Choice Reaction
Time for decision speed. Feature and Conjunction Search tasks assess visual search and target recogni-
tion in complex stimuli, reflecting PSI and flexibility.

Denver Developmental Screening Test-1l (DDST-1)

The DDST-1I was used in two studies®®* to assess global development in children from birth to 6 years.
It evaluates four domains: personal-social, fine motor-adaptive, language, and gross motor. The test
includes 125 items and applies corrected age for children under 2 years to adjust for prematurity. It is
administered at specific ages to monitor developmental milestones. Scoring follows age-specific crite-
ria, with items rated as pass (1) or fail (0). Since no total score is provided, raw scores are derived by
summing passed items in the current and earlier developmental windows, enabling consistent cross-ad-
ministration analysis. The DDST-1I’s structured format and clear classification system make it a reliable
tool for identifying developmental delays and guiding early interventions.

The DDST-II was used in two studies*®*’ to assess global development in children from birth to 6
years. It evaluates four domains: personal-social, fine motor-adaptive, language, and gross motor. Com-
prising 125 items, it adjusts for prematurity in children under 2 years and is administered at set ages to
track developmental milestones.

Scoring uses age-specific criteria, with items marked as pass (1) or fail (0). Although no total score is
provided, raw scores are calculated by summing passed items within and below the child’s developmen-
tal level, allowing for consistent analysis. The DDST-IIs structured design facilitates the early identifica-
tion of developmental delays and effective intervention planning.

Behavior Rating Inventory of Executive Function (BRIEF)

The BRIEF was the most frequently used tool, appearing in seven studies®”*. It is a standardized ques-
tionnaire assessing executive functions in children and adolescents, including inhibition, flexibility, emo-
tional control, initiation, working memory, planning, organization, and self-monitoring.

Versions include the BRIEF-P (ages 3-5 years, parent report), BRIEF-2 (ages 6-17 years, parent report),
and BRIEF-2 self-report (ages 11-17 years). Respondents rate the frequency of behavior (e.g., difficulty
waiting for a turn) as “never,” “sometimes,” or “often” a problem. Scores generate clinical scales and
indices, including the Global Executive Composite, reflecting everyday executive challenges.

Trail Making Test (TMT)

The TMT was used by Randell et al*® in a child-specific version and by Hanusch et al*® through a digital
adaptation called The Switch Task. It assesses processing speed (PSI), visual scanning, psychomotor co-
ordination, working memory, and executive functions, including cognitive flexibility and task switching.

Part A involves connecting numbers in order; Part B alternates numbers and letters (e.g., 1-A-2-B).
Timed performance reflects executive efficiency. The Switch Task, adapted for children aged 4-7, uses
visual stimuli (e.g., rabbits and carrots) and records reaction time and switch costs to assess early cog-
nitive flexibility.

Oral Fluency Test

This test was used in one study®®. The Oral Fluency Test is a brief neuropsychological tool assessing ver-
bal ability, executive functioning, and processing speed (PSI). It includes semantic fluency (e.g., naming
animals) and phonemic fluency (e.g., words starting with F, A, or S), typically within a 60-second limit.
Performance is scored using Z-scores based on age-normed data.
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Contingency Naming Test (CNT)

The Contingency Naming Test (CNT) was used by Randell et al®® to assess executive functions, including
processing speed (PSl), cognitive flexibility, working memory, and response inhibition. It features four
trials of increasing complexity using colored shapes, internal figures, and backward arrows.

The first two trials involve simple naming, while the latter ones require rule-switching based on
shape-color rules. Sensitive to frontal lobe function, the CNT helps detect executive deficits from neu-
rodevelopmental issues or injury. Performance is evaluated based on errors, completion time, and effi-
ciency, with Z-scores used for standardized analysis.

Digit and Spatial Span Tests

These assessments were used in two studies: Trimarco et al** used Digit Span alone, while Parmentier et
al*® applied both Digit Span and Spatial Span.

Digit Span, part of the Wechsler Scales, evaluates working memory, auditory attention, and exec-
utive function. It includes Forward (repeat in order) and Backward (repeat in reverse) tasks, with the
latter requiring more cognitive flexibility. Scoring is based on the longest correctly recalled sequence.

Spatial Span assesses visuospatial working memory using a 10-cube board. Children reproduce se-
quences in forward or backward order, with the longest accurately repeated sequence scored. Together,
these tests provide a detailed view of auditory-verbal and visuospatial memory, aiding in the detection
of domain-specific deficits.

Letter-Number Sequencing (LNS)

The Letter-Number Sequencing (LNS) subtest, part of the Wechsler Scales, was used in one study**. It
assesses working memory, attention, and executive functioning by requiring participants to reorder
mixed sequences of digits and letters, repeating numbers in ascending order and letters alphabetically.
Administered orally, the LNS measures cognitive flexibility, sequencing, and manipulation of informa-
tion, with performance scored by the number of correctly recalled sequences.

Tonic Alertness Test

The Tonic Alertness Test, used by Hanusch et al*é, assessed sustained attention and the ability to main-
tain alertness over time. Children tapped the screen when a black fixation circle changed into a colorful
rabbit across 50 trials over 3 minutes. Outcome measures included mean reaction time, missed respons-
es (no response within 1,500 ms), and commission errors (responses during the fixation phase).

Corsi Block Tapping Task

The Corsi Test is a standard measure of visuospatial short-term memory, assessing the ability to retain
and manipulate spatial sequences. It typically uses a board with nine cubes tapped in sequences of in-
creasing length (2-10 items), with participants reproducing the order. Progression requires at least two
correct trials out of three, and span is defined by the longest accurately recalled sequence.

Hanusch et al*® created a digital, child-friendly version using animated animals appearing in sequence.
Children tap screen locations across 12 sequences (1-4 items, repeated three times). This adaptation
maintains reliability and is effective for evaluating visuospatial working memory in young children.

Flanker Task

The Flanker Task assesses inhibitory control by testing the ability to suppress responses to distracting
stimuli. Participants indicate the direction of a central target while ignoring flankers that may be congru-
ent, incongruent, or neutral, measuring interference and cognitive flexibility.
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Hanusch et al*® used a child-friendly computerized version with orange fish as targets and distractor
fish as flankers. Children tapped the square, matching the direction of the target fish. Reaction time and
accuracy in congruent vs. incongruent trials were used to assess inhibitory control.

Tower of London (Tol) Test

The Tower of London (Tol) test was used in one study* to assess executive functions, particularly plan-
ning, problem-solving, and strategic decision-making. Participants move three colored balls across ver-
tical pegs of varying height to match a target arrangement in as few moves as possible, with peg capac-
ity limiting placement.

Performance requires working memory, sub-goal sequencing, and strategic planning guided by the
supervisory attentional system of the prefrontal cortex. The TolL is widely used to evaluate how individ-
uals coordinate complex, interdependent actions.

Stroop Test

The Stroop Test assesses selective attention, cognitive flexibility, and inhibitory control — core compo-
nents of executive functioning. The classic version includes reading color names in black ink (baseline),
naming colored squares (control), and naming the ink color of incongruent color words (inhibition). The
final phase requires suppressing automatic reading, with performance assessed via reaction time, er-
rors, and interference scores.

Paermentier et al*® used a Sun-Moon variant to measure verbal inhibition. In the control phase, chil-
dren named the image; in the inhibition phase, they gave the opposite response. Interference and error
scores were used to evaluate inhibitory control.

Hand Game Test

The Hand Game, used in one study®’, assesses non-verbal inhibitory control. In the control phase, chil-
dren mimic the examiner’s hand gesture (fist or pointing finger); in the interference phase, they perform
the opposite gesture, testing the ability to suppress automatic responses.

The adapted version included six control and fifteen interference trials in random order. Feedback
was provided after each response, with scoring based on accuracy, errors, and self-corrections. Unlike
the adult version, which ends after six correct responses, the child version administered all interference
trials.

Dimensional Change Card Sort (DCCS)

The Dimensional Change Card Sort (DCCS), used by Paermentier et al*, assesses cognitive flexibility —
the ability to shift attention and adjust to new rules. Children first sort cards by one criterion (e.g., color
or shape), then switch to the other if they correctly sort at least five out of six cards.

In the advanced “border” phase, sorting depends on border presence: cards with a black border are
sorted by color, others by shape. Scoring ranges from 0 to 3, with one point awarded for each completed
phase.

Brixton Test

The Brixton Test for preschoolers, used in one study?®’, assesses cognitive flexibility, rule deduction, and
set-shifting. In this adapted version, children guess which of 30 clay pots hides a mouse. To reduce the
working memory load, the examiner reminds them of the last correct location.

The rule changes three times, each over eight trials. After each guess, the correct pot is shown, al-
lowing the child to infer the pattern. The total score reflects correct guesses, capturing set-shifting and
implicit rule learning.
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Children’s Gambling Task (CGT)

The Children’s Gambling Task (CGT), used by Parmentier et al*°, evaluates decision-making and risk-tak-
ing in children. Participants select cards from two decks: one offering small, consistent gains (advanta-
geous) and another with larger gains but higher, more frequent losses (disadvantageous). Sweets are
used as incentives to maintain engagement. After a practice phase, children complete test trials. A pro-
portion score reflects the preference for advantageous choices, with higher scores indicating better risk
evaluation and decision-making.

PKU Symptom Severity and Impacts Scale (PKU-SSIS)

The PKU Symptom Severity and Impacts Scale (PKU-SSIS) is a structured patient-reported interview
designed to assess the impact of PKU on cognitive, social, and academic functioning in early-treated
children. Described by Quinn et al®, it captures how PKU and its dietary treatment influence neuropsy-
chological performance and daily life.

The 22-item tool includes input from children and caregivers, covering three symptom domains
(emotional/psychological, neurocognitive/executive, physical health) and four impact areas (social rela-
tionships, independence, well-being, self-care), offering a detailed view of disease burden.

Conners Continuous Performance Test — Third Edition (CPT-3)

The CPT-3 was administered by Christ et al*® to participants aged 8 years and older. This 14-minute com-
puterized task assesses sustained attention, inattention, impulsivity, and vigilance. Participants respond
to a sequence of letters by pressing a button for all except the non-target letter “X”. Scoring includes
age-normed metrics such as discriminability, hit reaction time, and response time variability, offering a
detailed profile of attentional performance.

Adult Patients

A systematic analysis of the included articles identified 24 studies??34249-%° discussing neuropsycho-
logical screening tools to assess specific cognitive aspects in adults with PKU. All of these studies used
standardized instruments. As with children, these tools have proven essential in identifying deficits that
may not be evident through 1Q testing alone.

Standardized tests were predominantly used to assess executive functions in adult PKU patients,
including both batteries and single tests. The use of questionnaires was less frequent. Many studies did
not employ entirely standardized batteries but rather selected specific tools to assess particular exec-
utive functions. These tools included subtests from the Wechsler Adult Intelligence Scale (WAIS), TAP,
CANTAB, NIH Toolbox for the Assessment of Neurological and Behavioral Function, Delis-Kaplan Execu-
tive Function System (D-KEFS), Sustained Attention and Inhibitory Control (SAD), and CPT. Additionally,
individual standardized tests such as Memory Search 2 Dimensions, TMT, Symbol Digit Modalities Test
(SDMT), Paced Auditory Serial Addition Test (PASAT), Digit Span Backward, Controlled Oral Word Asso-
ciation Test (COWAT), Verbal Fluency, Stroop-Color Word Test, Hyling Sentences Completion Test, TolL,
and Wisconsin Card Sorting Test (WCST) were employed.

Two questionnaires were used to evaluate executive functions: the BRIEF-Adult Version (BRIEF-A)
and the PKU-SSIS. Some studies have adopted the Phenylalanine and its Impact on Cognition (PICO)
protocol, which is specifically designed for studying executive functions in adults with PKU and incor-
porates carefully selected subtests from standardized batteries. Of the 24 studies analyzed, seven>°->®
(7/24) employed the PICO protocol, three?>®% (3/24) utilized only individual tests, eight31,°7,5861-:6466
(8/18) combined individual tests with subtests from standardized batteries, three®®t%¢’ (3/24) combined
only subtests from standardized batteries, one® (1/24) exclusively used subtests from a single tool (NIH),
and two***° (2/24) relied solely on questionnaires. All the selected tools were aimed at a detailed assess-
ment of specific executive functions rather than serving as screening instruments. The individual tools
will be described in detail in the following paragraphs.
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Phenylalanine and Its Impact on Cognition (PICO) protocol

A group of studies®*->¢ used the PICO protocol, a standardized framework for assessing cognitive func-
tions in adult PKU patients. It targets attention, executive function, and general intelligence, enabling
reliable cross-study comparisons.

Key tools include the TAP (attention, working memory), D-KEFS (inhibition, flexibility), and WAIS-IV,
which measures intellectual ability through subtests such as Symbol Search and Visual Matrices, both
indirectly reflecting executive function. Reported deficits include inhibition, sustained attention®%3,
working memory, cognitive flexibility, and processing speed>!. PKU patients also showed lower average
1Q scores compared to controls®®.

Wechsler Adult Intelligence Scale 1V (WAIS-1V)

WAIS subtests have been widely used in PKU research, both within the PICO protocol*®°¢ and in 8 of 24
reviewed studies®*”%, The WAIS evaluates domains like working memory, verbal comprehension, rea-
soning, and processing speed (PSI). Common subtests include Digit Span Backward (working memory),
Matrix Reasoning (fluid intelligence), Digit Symbol (Coding), and Symbol Search (PSI, visual accuracy).
Deficits in PSI — especially in visual search>®t%¢2 — and working memory impairments in Digit Span Back-
ward®! were frequently reported.

National Institutes of Health Toolbox (NIH Toolbox)

Two studies®>® used the NIH Toolbox to assess cognitive, motor, and emotional functioning in adults
with PKU. Designed for both clinical and research use, the battery provides a rapid, standardized evalu-
ation of domains, including attention, memory, and executive control.

Tests included the Flanker Inhibitory Control task (inhibition, sustained attention), List Sorting and
Spatial Working Memory (working memory), and the Dimensional Change Card Sort (DCCS) for cognitive
flexibility. Additional tasks assessed processing speed (Pattern Comparison) and symbol-number match-
ing (Oral Symbol Digit). These contribute to the Fluid Cognition Composite Score, a measure of executive
and reasoning ability.

Both Clocksin et al*® and Christ et al® reported deficits in executive functioning, particularly in the
Fluid Cognition Composite.

Cambridge Neuropsychological Test Automated Battery (CANTAB)

CANTAB was used by Manti et al*?, Schoen et al®® and Romani et al®* to evaluate cognitive function in
adult PKU patients. This automated battery is widely used in clinical and research settings to assess at-
tention, memory, processing speed (PSl), executive control, and cognitive flexibility.

Subtests included Rapid Visual Processing (sustained attention), Simple Detection and Detection
with Distractors (reaction time and attentional control), and Choice Reaction Time (decision speed).
Feature Search and Conjunction Search assessed visual search and flexibility. These studies reported
impairments in working memory®® and sustained attention®.

Delis-Kaplan Executive Function System (D-KEFS)

This tool is included in the PICO protocol*®*® and was also used in other studies®. It assesses executive
functions such as cognitive flexibility, planning, inhibitory control, and problem-solving and is especially
useful in individuals with executive impairments.

Several D-KEFS subtests were applied in adult PKU studies: the Phonemic Fluency Task (word gener-
ation by letter), the Card Sorting Subtest (flexibility in adapting to shifting rules), Trail Making Test (Parts
A and B for processing speed and strategy shifts), and the Stroop Color-Word Test (response inhibition
via color-word conflict naming).
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Test of Attentional Performance (TAP)

The TAP is a neuropsychological tool designed to assess various aspects of attention and executive func-
tion. It includes a series of subtests that evaluate different attention-related processes, such as selective
attention, sustained attention, and shifting of attention. The TAP is part of the PICO protocol*®-*¢ but was
also included by Scala et al®®.

Sustained Attention and Inhibitory Control (SAD)

This tool was selected in the work of van Wegberg et al®’. It is a task that evaluates the subject’s abil-
ity to maintain focus over an extended period while also controlling impulsive responses. This test is
important for assessing attention and inhibitory control, which are crucial for performing tasks that
require concentration and the suppression of distractions or automatic reactions. Significant differences
in reaction times were found in the study by van Wegberg et al®’.

Continuous Performance Tests (CPT)

The CPT has been used to assess attention, vigilance, and response inhibition. PKU patients typically
show deficits in these areas, which are related to executive functioning and PSI*°. These tests help clini-
cians identify early cognitive dysfunction, especially in areas requiring sustained attention.

Memory Search 2 Dimensions

The Memory Search 2-Dimensional task evaluates the subject’s ability to search and retrieve informa-
tion from memory across two dimensions (e.g., size and shape). This test involves presenting the subject
with a set of stimuli and requiring them to identify specific features, assessing their ability to process
and retrieve information based on multiple characteristics. This tool was used by van Wegberg et al®".

Trail Making Test (TMT)

The TMT, a common neuropsychological tool, was used in many studies??>863646869 tg gssess executive
functions, such as cognitive flexibility and PSI in PKU patients. Lower performance compared with the
control group was found by Romani et al® and Brachet et al*®. According to Costa-Lathan et al®8, patients
with poorer time-based performance on TMT Form A and Form B had higher ranges and maximum Phe
levels.

Rapid Visual Information Processing

Used by Thomas et al®? and Manti et al*!, assesses sustained attention and working memory by requiring
participants to detect target sequences of digits presented rapidly on a screen. It measures reaction
time, accuracy, and sensitivity, providing indices of cognitive vigilance.

Symbol Digit Modalities Test (SDMT)

The SDMT is a cognitive assessment that measures PSI, attention, and the ability to associate symbols
with numbers. This tool has been used in many studies®”6%4%° The subject uses a key that pairs symbols
with digits and must quickly match each symbol to its corresponding number. It is particularly helpful
in assessing cognitive function in individuals with conditions affecting PSI. Performance on the SDMT is
lower in PKU patients, according to Luna et al*” and Aitkenhead et al®?.
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Paced Auditory Serial Addition Test (PASAT)

The PASAT is a neuropsychological assessment that measures cognitive functions such as attention,
working memory, and PSI. This tool was used exclusively in the work by Burlina et al®®. According to the
results, the PASAT is a valuable tool for assessing cognitive efficiency in PKU patients and monitoring
changes associated with Phe management.

Digit Span Backward

This tool was used as a single test by Burlina et al®. In other studies, it is a subtest of the WAIS. It is
used to assess working memory and cognitive flexibility. In this task, participants are asked to repeat a
sequence of digits in reverse order, testing their ability to temporarily hold and manipulate information.

Controlled Oral Word Association Test (COWAT)

The COWAT assesses verbal fluency by asking the subject to generate as many words as possible within
a set time limit that begins with a specific letter (e.g., “F” or “A”). It measures the subject’s ability to re-
trieve words from memory under time constraints, indicating executive function and lexical access. This
tool was used by Luna et al*’, and Thomas et al®2.

Verbal Fluency — Phonemic Fluency Task

Verbal Fluency and Phonemic Fluency are assessed through a cognitive task in which a person is asked
to generate as many words as possible, starting with a specific letter, within a set time. This tool has
been used by Pilotto et al??, Manti et al*!, Brachet et al*8, Burlina et al®® and Romani et al®. It measures
verbal fluency, language retrieval, and cognitive flexibility, reflecting executive function and memory ef-
ficiency. PKU patients have lower performance in fluency tasks, according to Romani et al®* and Brachet
et al*8.

Stroop Color-Word Test

The Stroop Color-Word Test is designed to assess cognitive control, particularly the ability to inhibit
automatic responses. In this test, subjects are asked to name the color of a word, while the word itself
may refer to a different color (e.g., the word “red” written in blue). The Stroop Test was used as a single
test by Thomas et al®? and Burlina et al®, while it was part of a battery of tests in the study by Luna et
al®’, where alterations were found.

Hayling Sentence Completion Test

The Hayling Test is a neuropsychological assessment designed to evaluate executive functions, partic-
ularly response initiation and suppression. It consists of two sections: one test response initiation by
completing sentences with fitting words, and the other assesses response suppression using unrelated
words. This tool was used in Manti et al*!, Thomas et al®? and Burlina et al’s® work.

Tower of London (Tol) Test
The TolL is a neuropsychological instrument used to assess executive functions. It requires participants

to rearrange beads on pegs to match a target, assessing planning and problem-solving skills while fol-
lowing specific rules. This tool was used in Pilotto et al?> and Burlina’s work®.
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Wisconsin Card Sorting Test (WCST)

The WCST is a neuropsychological assessment commonly used to evaluate executive functions, partic-
ularly cognitive flexibility, problem-solving, and set-shifting abilities. It involves sorting cards according
to different rules (such as color, shape, or number), with the rule changing periodically without the par-
ticipant’s knowledge. Participants must adapt their strategy to the new rule, testing their ability to shift
cognitive strategies and solve problems. This tool was used by Thomas et al®2, Romani et al®* and Scala
et al®® to evaluate executive function in adult PKU patients.

Behavior Rating Inventory of Executive Function — Adult Version (BRIEF-A)

The Behavior Rating Inventory of Executive Function—Adult Version (BRIEF-A), used by Christ et al*,
is a standardized questionnaire-based tool for evaluating executive functions in adults. It assesses re-
al-world behaviors related to inhibition, emotional regulation, working memory, and organization, mak-
ing it particularly useful for identifying cognitive impairments and tracking changes over time in clinical
populations, including adults with PKU.

PKU Symptom Severity and Impacts Scale (PKU-SSIS)

The PKU Symptom Severity and Impacts Scale (PKU-SSIS)* is a patient-reported outcome tool devel-
oped to assess the neuropsychological symptoms and daily life impact of phenylketonuria (PKU). Based
on patient interviews and expert input, it offers insight into the disease burden beyond biochemical
data.

The 22-item scale evaluates symptoms across emotional (e.g., anxiety, depression), cognitive (e.g.,
attention, memory, executive function), and physical (e.g., headaches, fatigue, sleep) domains. It also
measures the broader impact of PKU on social relationships, independence, overall well-being, and the
management of dietary and treatment needs.

Behavioral and Emotional Functioning
Pediatric patients

The analysis identified six studies®-3>44344 reporting standardized tools used to assess behavioral and/
or emotional functioning in children with PKU.

Specifically, to evaluate executive functions in PKU children, the most commonly used standardized
questionnaire was the Child Behavior Checklist (CBCL, 3/6, 50%), used in three studies3>444,

The tests identified in our review were: Inattention or Hyperactivity/Impulsivity Attention-Deficit/
Hyperactivity Disorder Rating Scale-1V (ADHD RS-1V), The Conners Comprehensive Behavior Rating Scale
(Conners CBRS), Patient-Reported Outcomes Measurement Information System (PROMIS), Social Skills
Rating System (SSRS), and Adaptive Behavior Assessment System, Second Edition (ABAS-II).

Below, we describe the instruments identified to assess the behavioral and emotional functioning of
pediatric patients with PKU.

Inattention or Hyperactivity/Impulsivity Attention-Deficit/Hyperactivity
Disorder Rating Scale-1V (ADHD RS-1V)

The ADHD Rating Scale-IV (ADHD RS-IV), used in one study?’, is a validated parent-reported question-
naire designed to assess inattention, hyperactivity, and impulsivity in children. It comprises 18 items
rated on a 4-point Likert scale, divided into two nine-item subscales — one for inattention and one for
hyperactivity/impulsivity. Each subscale yields a maximum score of 27, with a total score up to 54; high-
er scores indicate greater symptom severity.
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The Conners Comprehensive Behavior Rating Scale (Conners CBRS)

The Conners Comprehensive Behavior Rating Scales (Conners CBRS), used in one study®®, assess emo-
tional, behavioral, and academic functioning in children and adolescents. Forms are available for par-
ents and teachers (ages 6-18 years) and self-report (ages 8-18 years), enabling a multi-informant view.

The CBRS evaluates issues such as emotional distress, aggression, hyperactivity, social difficulties,
compulsive behavior, and academic problems. It includes validity checks and a 25-item Clinical Index to
aid diagnosis and track treatment progress.

Child Behavior Checklist (CBCL)

The Child Behavior Checklist (CBCL), used in three studies®>**4, is a widely used parent-report tool for
assessing emotional and behavioral problems in children aged 6-18 years. It is applied in both clinical
and research settings to identify issues such as aggression, anxiety, depression, hyperactivity, social
difficulties, and problem-solving deficits.

The CBCL includes three parts: a main questionnaire covering behavioral domains, an Adaptive Func-
tioning Scale for daily skills, and a School Problem Scale for attention and academic concerns. Results
are reported as T-scores, with values above 70 indicating clinically relevant problems. It is often com-
bined with other tools for a full behavioral assessment.

Patient-Reported Outcomes Measurement Information System (PROMIS)

The Patient-Reported Outcomes Measurement Information System (PROMIS), used by Christ et al*, is
a person-centered tool designed to assess physical, mental, and social health across ages. In this study,
two pediatric modules were used: the Parent-Proxy-49 Profile (ages 5-17 years) and the Self-Report Pe-
diatric-49 Profile (ages 8-17 years).

These profiles assess domains such as anxiety, depression, physical function, pain interference, fa-
tigue, and peer relationships. Each yields a T-score, with higher values indicating more of the trait mea-
sured (e.g., greater anxiety or better physical function).

Social Skills Rating System (SSRS)

The Social Skills Rating System (SSRS), used in one study®?, is a multi-informant tool for assessing social
skills, problem behaviors, and academic competence in children from preschool through grade 12. It
includes forms for teachers, parents, and students.

The SSRS evaluates five social domains (cooperation, assertion, responsibility, empathy, self-control)
and three behavioral domains (externalizing, internalizing, hyperactivity). Items are rated on a 3-point
scale for frequency and importance. It yields standard scores and percentiles and is widely used in edu-
cational and clinical settings to support behavioral interventions.

Adaptive Behavior Assessment System, Second Edition (ABAS-II)

The Adaptive Behavior Assessment System, Second Edition (ABAS-Il) is a standardized scale for evaluat-
ing daily living skills and independent functioning across the lifespan, especially in individuals with de-
velopmental or neuropsychological disorders. Trimarco et al** used the Parent Rating Form for children
aged 5-21 years, which includes 211 items.

It provides composite scores in three domains — conceptual, social, and practical — and a general
adaptive composite for overall functioning. The ABAS-Il is widely applied to assess real-world skills and
inform individualized interventions.
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Adult patients

The analysis identified three studies®”*®! that reported the use of standardized tools for investigating
behavioral and/or emotional functioning in adult patients with PKU.

Some tools are primarily designed to assess the presence of anxiety and depressive symptoms, such
as the Hospital Anxiety and Depression Scale (HADS) and Beck Anxiety and Depression Inventory, which
were used in the studies by Clocksin et al*® and Luna et al*’. Other tools aim to assess symptoms typi-
cal of patients with ADHD, such as the Conners’ Adult ADHD Rating Scale, used by Clocksin et al*®. The
Behavioral and Emotional Disturbance Adult Self-Report (ASR) 18-59, used by Luna et al*’, provides a
general evaluation of cognitive and behavioral alterations. At the same time, the Perceived Stress Scale
(PSS) focuses on perceived stress. Finally, Aitkenhead et al®® utilized questionnaires designed to evaluate
relationships in social and family contexts.

Connors’ Adult ADHD Rating Scales

This tool was used by Clocksin et al*® to assess ADHD symptoms in adults, focusing on inattention, hy-
peractivity, impulsivity, and emotional regulation in adult PKU patients. It provides valuable insights into
the severity of symptoms and their impact on daily functioning.

Behavioral and Emotional Disturbance Adult Self-Report (ASR) 18-59

The ASR is a standardized assessment used to identify behavioral and emotional disturbances in adults
aged 18-59 years. It includes a series of questions that focus on various aspects of mental health, includ-
ing mood, anxiety, depression, and behavioral issues. The ASR provides a self-reported measure of how
individuals perceive their emotional and behavioral functioning. It was used by Luna et al*’ to assess
behavioral and emotional alterations in adult PKU patients.

Beck Anxiety and Depression Inventory

The Beck Anxiety and Depression Inventory includes two widely used tools designed to measure the
severity of anxiety and depressive symptoms. The Beck Anxiety Inventory evaluates anxiety through 21
items focusing on somatic and subjective experiences, while the Beck Depression Inventory assesses de-
pressive symptoms with 21 items addressing mood, interest, and energy levels. Pilotto et al??, Clockisin
et al*® and Luna et al*’ used this tool to investigate the presence of anxiety and depressive symptoms in
adult PKU patients.

Hospital Anxiety and Depression Scale (HADS)

The HADS is a self-report tool consisting of 14 items divided into two subscales for anxiety and depres-
sion. It is designed to assess psychological symptoms without including physical symptoms linked to
medical conditions, making it useful in non-psychiatric settings. The HADS is commonly used in clinical
and research settings to evaluate anxiety and depression. It was chosen in the work of Aitkenhead et al®!
to assess anxiety and depressive symptoms in adult PKU patients.

Perceived Stress Scale (PSS)

The PSS is a tool used to measure an individual’s perception of stress, focusing on how unpredictable,
uncontrollable, and overwhelming life feels. It includes 10 items rated on a 5-point scale. The PSS is
widely used in research, including studies on adult PKU patients®?, to assess the impact of perceived
stress on emotional and psychological well-being.
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Neuropsychiatric Inventory

The Neuropsychiatric Inventory was used by Pilotto et al?? to assess behavioral and psychological symp-
toms in individuals with neurological disorders, particularly dementia. It evaluates various domains such
as delusions, hallucinations, depression, anxiety, apathy, irritability, and sleep disturbances, providing
insights into a patient’s mental health and behavioral challenges.

Relationship Scale Questionnaire (RSQ)

The RSQ is a tool designed to assess individuals’ perceptions of their interpersonal relationships, partic-
ularly in the context of attachment styles. It evaluates dimensions such as intimacy, trust, and commu-
nication, aiming to identify patterns in how people relate to others. This tool has been used in studies®
involving adult PKU patients to assess social and family relationships.

Family Adaptability and Cohesion Scale (FACES)

The FACES is used to assess family dynamics, focusing on adaptability and emotional closeness among
family members. It helps identify strengths and challenges within family relationships and is commonly
used in clinical and research settings, including studies®! on adult PKU patients, to understand the im-
pact of family dynamics on health and well-being.

DISCUSSION

The neurocognitive profile of early-treated PKU (ETPKU) patients is typically marked by slightly reduced
intellectual ability compared to healthy peers, along with deficits in executive function, PSI, attention,
and motor control’®72, Executive dysfunction, inattention, hyperactivity, impulsivity, and neuropsychi-
atric symptoms are commonly reported in both children and adults with ETPKU'*1° and these issues
are often linked to elevated blood Phe levels. Higher Phe exposure is associated with greater symp-
tom severity?®. While many ETPKU patients attain comparable academic and occupational outcomes
to peers, impairments in social functioning and emotional well-being are still frequently observed®’3.
A recent systematic review by De Giorgi et al” highlighted the importance of maintaining metabolic
control during adolescence, emphasizing that consistently low Phe levels and reduced fluctuations are
critical across the lifespan.

European guidelines! offer clear recommendations on the timing of neuropsychological evaluations
in all PKU patients. They also advise the use of supplementary tools when metabolic control is subopti-
mal, academic or work challenges arise, or when emotional, behavioral, or cognitive concerns are raised
by the patient, family, or care team.

The extent of neurobehavioral abnormalities in ETPKU, especially among adults, remains de-
bated, and identifying tests sensitive to high Phe levels remains challenging. Test selection often
reflects clinician preference or center-specific protocols. To date, no standardized and compre-
hensive set of tools exists for evaluating executive, behavioral, and emotional functioning in PKU
patients across age groups.

An ltalian multidisciplinary expert group® convened to develop a more comprehensive approach to
neurocognitive, psychopathological, and neurological assessment in PKU patients, drawing from both
literature and clinical practice. Age-specific tests were selected based on their diagnostic sensitivity,
applicability across patient populations (e.g., those with limited Italian proficiency), and ease of use.

While there is broad consensus on the tools used to assess |Q or developmental quotient’, no stan-
dardized approach exists for evaluating executive functions. In this review, we aimed to explore not
only the use of standardized tools for executive function but also instruments assessing emotional and
behavioral domains.

Emotional and behavioral aspects are closely linked to executive functions and can significantly in-
fluence functioning in social, academic, and work environments?. Executive dysfunction may impair
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emotional regulation, stress management, and social responsiveness, leading to impulsivity, emotional
outbursts, or poor interpersonal interactions that impact mental health and relationships.

In clinical contexts like PKU, it is crucial to assess executive and emotional/behavioral domains to-
gether, as cognitive deficits can worsen emotional challenges and trigger behavioral issues. Compre-
hensive tools should evaluate both areas to guide targeted interventions that support cognitive control,
emotional regulation, and adaptive functioning.

Executive functions are high-level cognitive processes that enable individuals to regulate thoughts and actions
to achieve goals™. They underpin complex skills such as reasoning, theory of mind, arithmetic, decision-making,
and creativity and develop progressively with age, influenced by both genetic and environmental factors’””°.

A recent brain imaging study® supports this developmental trajectory, showing that increased seg-
regation of structural brain network modules with age mediates improvements in executive functions.

Executive functions begin to develop in infancy, with foundational skills emerging before age 3 years
and more refined abilities developing through early childhood’. Their developmental trajectory varies
by domain: working memory peaks around age 30 years and declines thereafter8%, while inhibitory
control is weakest in early childhood, improves in adulthood, and decreases in older age®*.

Given this variability, selecting age-appropriate tools to assess executive functions is essential.

This review examined instruments used to assess executive functions and behavioral and emotional
outcomes in pediatric and adult PKU patients. EF, behavioral, and emotional aspects were evaluated in
13 pediatric®”*° (<18 years) and 24 adult studies??31:42:49-69,

Most studies used standardized tools to ensure reliable, comparable results. For pediatric PKU pa-
tients, the tools identified provide important insights into cognitive and behavioral challenges. However,
their sensitivity to subtle deficits can vary. Moreover, fluctuating Phe levels and dietary adherence com-
plicate assessment, highlighting the need for longitudinal studies to better understand these outcomes.

To assess cognition in younger children, tools such as the Wechsler Preschool and Primary Scale of Intelli-
gence (WPPSI, for children aged 3-7 years) and the Wechsler Intelligence Scale for Children (WISC, for children
aged 6-16 years) are widely used. These tests evaluate domains such as working memory, verbal comprehen-
sion, visual perception, and problem-solving, supporting longitudinal monitoring of intellectual development.

However, they do not provide detailed insight into executive functions or behavioral and emotional outcomes.

In pediatric patients, the WPPSI-IV and WISC-1V are commonly used, while the LEITER-3 is preferred
in cases of language difficulties. For executive function, the BRIEF-P is widely applied. Neurocognitive
tools include the WCST and Tol (planning/problem-solving), ROCF, Grooved Pegboard Test (GPT), and
Digit Span (visual-spatial memory, coordination, and short-term memory). Other measures assess PSI,
sustained attention (Bells Test), verbal fluency (Semantic Fluency), and memory (RAVLT)®.

In adolescents, the WAIS-IV is used to assess intelligence, and the BRIEF-2 is used to evaluate exec-
utive functions. Neurocognitive tools include the WCST, TMT, and Tol, targeting visual-spatial memory,
inhibition, PSI, and sustained attention®. However, inconsistency in tools across studies limits compara-
bility. Standardized protocols are needed to improve reliability and clinical relevance.

Studies on adult PKU patients show an increasing use of specific cognitive tools rather than general
1Q tests, such as the WAIS, which often yield normal-range scores. These targeted instruments have re-
vealed notable differences in executive function compared to controls, particularly in processing speed
(e.g., SDMT, PASAT), inhibition (e.g., Stroop, Hayling), attention (e.g., SAD, TAP), and working memory.

Importantly, these impairments do not suggest intellectual disability.

When interpreting these findings, it is important to consider the combined effects of Phe levels,
their variability, and neuroimaging abnormalities (e.g., white matter changes) on cognition. These fac-
tors influence the PKU cognitive profile, underscoring the need for targeted assessments using tools
with high sensitivity and specificity. Attention should also be paid to low-normal or low-average scores,
which may reflect atypical patterns. Neuropsychological evaluations in PKU require tailored approaches
distinct from those used in focal or degenerative conditions, as deficits are typically subtle. For both
pediatric and adult patients, assessments must incorporate these considerations to ensure accurate
profiling and guide personalized interventions.

CONCLUSIONS

An evaluation of the available tools for assessing executive functions and emotional and behavioral as-
pects is useful for monitoring their progression over time, especially in light of new therapeutic options
for patients with PKU. There is a need for standardized, comprehensive assessment tools that address
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the full spectrum of cognitive, neuropsychological, behavioral and emotional issues in pediatric PKU
patients. Future research should focus on validating existing tools and developing new, more sensitive
instruments to evaluate the impact of PKU on quality of life and psychosocial functioning.
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