
CRITICAL REVIEW

Neuropsychological Profile of Children with Early and Continuously
Treated Phenylketonuria: Systematic Review and Future Approaches

Marie Canton1,2,3, Didier Le Gall2,4, François Feillet1, Chrystele Bonnemains1 and Arnaud Roy2,5
1Reference Center for Inborn Errors of Metabolism, INSERM U954, Nancy University Children’s Hospital, 54000 Nancy, France
2Laboratory of Psychology, UBL, EA4638, University of Angers, 49000 Angers, France
3Reference Center for Learning Disabilities, Pediatric Neurology Department, Nancy University Children’s Hospital, 54000 Nancy, France
4Neuropsychology unit, Department of Neurology, Angers University Hospital, 49000 Angers, France
5Neurofibromatosis Clinic and Reference Center for Learning Disabilities, Nantes University Hospital, 44000 Nantes, France

(RECEIVED November 15, 2017; FINAL REVISION December 22, 2018; ACCEPTED January 20, 2019; FIRST PUBLISHED ONLINE April 29, 2019)

Abstract

Objective: To provide a comprehensive systematic review of the literature by examining studies published on all cognitive
aspects of children with early and continuously treated phenylketonuria (ECT-PKU) included in the databases Medline,
PsycINFO, and PsycARTICLE.Method: In addition to a classical approach, we summarized methodology and results of each
study in order to discuss current theoretical and methodological issues. We also examined recent advances in biochemical
markers and treatments of PKU, with implications for future research on metabolic control and its role as a determinant of
neuropsychological outcome. Results: Consistent with previous reviews, the hypothesis of a specific and central executive
impairment in children with ECT-PKU was suggested. However, findings are inconclusive regarding the nature of executive
impairments as well as their specificity, impact on everyday life, persistence over time, and etiology. Conclusion: Given the
current state of the science, we suggest future directions for research that utilizes a developmental and integrative approach to
examine the effects of recent advances in biochemical markers and treatment of PKU. (JINS, 2019, 25, 624–643)
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INTRODUCTION

Phenylketonuria (PKU) is an autosomal recessive inborn
error of phenylalanine metabolism caused by deficiency
of phenylalanine hydroxylase (PAH). This enzyme con-
verts phenylalanine into tyrosine, a precursor of dopamine
and other catecholamines (Scriver & Kaufman, 2001).
Tetrahydrobiopterin, also known as sapropterin, is a nec-
essary cofactor of PAH (Erlandsen & Stevens, 2001).
The PAH gene is located on chromosome 12q23.1
(Scriver & Kaufman, 2001). Systematic newborn screen-
ing programs are conducted in several countries since
the 1970s. Usual classification scheme of PKU severity
is based on pretreatment blood phenylalanine levels. The
normal range of blood phenylalanine concentrations is
50–110 μmol/L. Patients with classical PKU (phenylala-
nine level > 1200 μmol/L) and mild PKU (phenylalanine

level between 600 and 1200 μmol/L) require treatment.
Patients with phenylalanine levels lower than 600 μmol/
L are classified in the group of mild hyperphenylalanine-
mia. Prevalence rate of PKU varies between countries,
from approximatively 1/3500 newborns in Turkey, to 1/
15,000 newborns in the United States (Scriver &
Kaufman, 2001).

The mutation of the PAH gene leads to PAH deficiency,
which increases serum levels of phenylalanine and decreases
tyrosine levels, impairing cerebral protein synthesis (de Groot
et al., 2013). High blood and brain phenylalanine concentra-
tions are toxic and can cause severe and irreversible neurologi-
cal damage, such as seizures, microcephaly, and intellectual
disability. The aim of treatment is to decrease the blood
phenylalanine concentration. The dietary phenylalanine
restriction is the mainstay of treatment, but some patients with
PKU, especially with a higher residual PAH activity, respond
to tetrahydrobiopterin administration. PKU is treated as soon
as possible after birth with a low phenylalanine diet and
consumption of medical food substitutes containing the
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appropriate mix of essential amino acids, vitamins, minerals,
and trace nutrients (Acosta & Matalon, 2010). The primary
goal of treatment is to achieve an optimal neuropsychological
outcome by preventing phenylalanine toxicity. The effective-
ness of treatment depends on its early introduction, its quality,
and its duration (for a review, see Brumm & Grant, 2010).
Currently, there is no international consensus on the upper
targets of phenylalanine level at the different periods of life
(for American guidelines, see Camp et al., 2014; for European
guidelines, see van Spronsen et al., 2017).

Early and continuously treated PKU (ECT-PKU) prevents
intellectual disability and the most severe neurodevelopmental
consequences of PKU (Mitchell et al., 2011). However, there is
a higher risk of a slight decrease in intelligence (for a meta-
analysis, seeDeRoche&Welsh, 2008) and neuropsychological
problems (for a meta-analysis, see Moyle et al., 2007). These
outcomes are due to a complex array of factors, including
phenylalanine toxicity. Phenylalanine-level targets in children
with ECT-PKU are supposed to prevent neuropsychological
problems, but they’re still higher in comparisonwith the normal
level of non-PKUchildren.Diamondet al. (1997) andBlau et al.
(2010) hypothesized that neuropsychological impairments may
be caused by reduced dopamine and serotonin synthesis. In
addition to neurotransmitter dysregulation, Dyer (1999) and
Anderson and Leuzzi (2010) related the extent and severity
of cognitive deficits to impairment in the maintenance and pro-
duction of myelin. The prefrontal cortex and dopaminergic
activity play a crucial role in higher-order cognitive abilities
conceptualized as executive functions (EFs) (Jurado &
Rosselli, 2007;Welsh et al., 1990). In this context,many studies
were devoted to EFs (for a review, see Christ et al., 2010a). Less
often discussed, impairments have been identified in nonexecu-
tive abilities as well (for a review, see Janzen&Nguyen, 2010).

Earlier qualitative and critical reviews have pointed to a
number of neuropsychological problems in children with
ECT-PKU. However, the neuropsychological risks associated
with ECT-PKU are not fully elucidated. Neuropsychological
sequelae have an influence on treatment adjustment and care
in PKU; therefore, it is particularly important to understand
the nature of those risks. Previous reviews (Christ et al.,
2010a; Janzen & Nguyen, 2010) suggested the need for a
more comprehensive approach to the neuropsychology of
ECT-PKU. These reviews discussed neural underpinnings
(i.e., dopamine dysfunction hypothesis/white matter hypothe-
sis), but did not discuss recent advances in biochemical aspects
and treatments of PKU.

The first aim of this study was to present a systematic and
integrative review of studies of the neuropsychological profile
of children and adolescents with ECT-PKU to inform future
directions for research. The second aim was to present recent
advances in biochemical markers and treatments of PKU, and
focus on the role ofmetabolic control as a determinant of neuro-
psychological outcome. An argumentative synthesis, as well as
clinical and research prospects, is presented in the final section.

METHODS

For the first section of this review, neuropsychological
studies of children and adolescents with ECT-PKU were
identified through computerized searches of Medline via
the PubMed interface, PsycINFO, and PsycARTICLE.
Search terms were (phenylketonuria) AND (children)
AND (neuropsychology OR cognitive OR cognition OR
executive function). This systematic review was based on
the PRISMA statements (Moher et al., 2015). The flow
of studies through the screening process is presented in
the PRISMA flowchart (see Figure 1). Abstracts were
screened and the inclusion criteria applied.

The review included (1) English language studies; (2) pro-
spective and retrospective studies; (3) longitudinal and cross-
sectional studies; (4) studies with an experimental group of
children and/or adolescent with ECT-PKU; (5) studies that
compared the performances of children with ECT-PKU to
a control group or test norms using quantitative methods;
and (6) studies on intellectual functioning, nonverbal abilities
(visual perception, visual–spatial abilities, visual construc-
tion, and motor skills), language and academic achievement,
memory, EFs, and information processing speed. Based on
the current understanding of executive dysfunction in atten-
tion-deficit hyperactivity disorder (ADHD) (Barkley, 1997;
Sonuga-Barke et al., 2008), we included a review of ADHD
symptoms in the review of EFs.

The review did not include (1) case studies; (2) review and
meta-analytic papers; (3) studies of adults with PKU; (4) studies
of children/adolescents with PKU who were treated after 60
days of life or had stopped their treatment early; (5) studies
of participants with mild hyperphenylalaninemia; and (6) stud-
ies of children with ECT-PKU who used tetrahydrobiopterin
medication.

Fig. 1. PRISMA flowchart from search results.
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Table 1. Neuropsychological findings before 2000

Article

Participants with
ECT-PKU

n
Age (years)

Comparison
group
n

Intellectual
efficiency

Oral language and
learning abilities

Visual perception,
visual–spatial abilities

and motor skills Memory

Executive functions,
ADHD, and information

processing speed

Williamson et al. (1981) 132
6

Not specified STB*

Koch et al. (1984) 23
8

23 WISC(FSIQ) WRAT(R, A, S)

Holtzman et al. (1986) 38
8

Not specified WISC(FSIQ) WRAT(R, A, S)

De Sonneville et al. (1990) 32
8.7

20a,b HAWIK-R(FSIQ*, PIQ*, VIQ) SVAT(CAE, DPE) [PKU(l)]
SVAT(CAE*, DPE*) [PKU(h)]

Michel et al. (1990) 132 <5; 5; 6
(longitudinal)

Not specified <5 years : CMM
5 years : HAWIVA(PIQ*, VIQ)

6 years : HAWIVA(PIQ, VIQ)

5 þ 6 years. :
HAWIVA(MT*), PET

5 years : DTVP*,
LOSKF18

6 years : DTVP,
LOSKF18

Ozanne et al. (1990) 29
7–16

29a–c TOLD-P, TOLD-I,
TOAL-2, SICD,

FLTAC
Welsh et al. (1990) 11

4,64
11a–d EF composite score, *FLV(S*),

TOH*, VST*, FT
Mazzocco et al. (1994) 17

6–13
17a,b,d VMI, GC CVLT(5, DR) TOH, VST, MFFT, RFFT,

CNT(E, T), WCST
Stemerdink et al. (1995) 33

11.8 (2.9)
33a–c WISC-R(FSIQ, PIQ, VIQ*) SRT, FLANK(RT, E)

Burgard et al. (1996) 89
3 ; 6 ; 9

(longitudinal)

200a 3 years. : CMM
6 þ 9 years. : WPPSI þ
WISC-R(FSIQ*, VIQ*, PIQ*)

Diamond and
Herzberg (1996)

12
7,82 (1,1)

29 Vistech*

Weglage et al. (1996) 20
10,1 (1,3)

20a,b CFT-20 MLS(FT*, LP*, S, FL, A, R) STROOP(I*, L*), d2(E*, RT*)

Burgard et al. (1997) 23
7–15

(cross-sectional)

21a,b,d SVAT(FMSE, DPE, LPE) [PKU(c)]
SVAT (FMSE*, DPE*, LPE*) [PKU(a)]

Diamond et al. (1997) 37 <1–7
(longitudinal)

25siblings

36a–c

25

STB NVT [PKU(h),
PKU(l)]

AB, OR, DN, TAP, 3P [PKU(l)]
AB*, OR*, DN*, TAP*, 3P* [PKU(h)]

3-6B, CORSI [PKU(h), PKU(l)]
Griffiths et al. (1997) 15

12,1 (1,2)
None

(test norms)
WLAB

Griffiths et al. (1998) 11
8,8

11a CPT(C, RT)

(Continued)
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Of the 197 studies retrieved from the search, we consid-
ered 54 eligible for analysis. Overall, the studies ranged in
publication date from 1981 to the end of 2016. We summa-
rized the methodology and results of each article in three
tables (before 2000, Table 1; from 2000 to 2009, Table 2;
from 2010 to 2017, Table 3).

The second part of this paper presents findings from stud-
ies of neuropsychological profiles within the context of recent
advances in biochemical markers and treatments of PKU.

Table 4 and Figure 2 summarize results and key recom-
mendations from the extensive review.

RESULTS

Neuropsychological Profile of Children and
Adolescents with ECT-PKU

Intellectual functioning

Intellectual functioning was assessed in 63% of the articles in
the literature. In 41% of these studies, intellectual level was
measured as a control variable. In all studies on intellectual
functioning, the mean Full Scale Intelligence Quotient
(FSIQ) score of children with ECT-PKU group was within
the normal range. The mean FSIQ of the group with
ECT-PKU was compared with a control group or test norms
in most studies (73% vs. 6%, respectively). In 52% of these
studies, childrenwith ECT-PKU performed significantly lower
than controls or test norms. Approximately half of the studies
on intellectual functioning used complete intelligence tests
(e.g., WISC—Weschler Intelligence Scale for Children). The
other half used abbreviated versions of these scales or g
factor tests (e.g., WASI—Wechsler Abbreviated Scale of
Intelligence). A majority of studies that identified lower intel-
lect used entire rather than abbreviated tests (62% vs. 36%,
respectively).

Aside from the slight downward shift in FSIQ, only five
studies have compared verbal and perceptual reasoning in
children with ECT-PKU to controls or normative samples.
And results were mixed. To our knowledge, only two studies
have compared Verbal Intelligence Quotient (VIQ) to
Performance Intelligence Quotient (PIQ) within group, again
with mixed results. Cappelletti et al. (2013) found no signifi-
cant discrepancy between VIQ and PIQ, whereas Griffiths
et al. (2000) found lower PIQ than VIQ.

Visual perception, visual–spatial and visual
construction abilities, and motor skills

Visual perception was assessed in seven studies (13% of the
literature). Findings suggested that visual perception was
intact.Mixed results were found concerning sensitivity to vis-
ual contrast (Diamond & Herzberg, 1996; Stemerdink
et al., 1999).

Seven studies examined visual–spatial and visual con-
struction abilities (13% of the literature). Only two studies
used simple spatial tasks (spatial subtests of British
Abilities Scales and Beery-Developmental Test of Visual
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Table 2. Neuropsychological findings from 2000 to 2009

Article

Participants
with

ECT-PKU
n

Age (years)

Comparison
group
n

Intellectual
efficiency

Oral language
and learning abilities

Visual perception,
visual–spatial abilities

and motor skills Memory

Executive functions,
ADHD, and information

processing speed

Chang et al.
(2000)

32
11,9

None
(test norms)

WJR(D*, WS*, MC*,

AP, LWI, PC)

Griffiths et al.
(2000)

57
8,1 (0,3)

None
(test norms)

WISC-R þ
WISC-III(FSIQ*,
VIQ*, PIQ*)

PIQ < VIQ
Smith et al.
(2000)

19
9,4 (2,9)

19a,b,d VLT* [PKU(h)]
VLT [PKU(l)]

WCST, FAS, SOPT
[PKU(l)]

WCST*, FAS, SOPT
[PKU(h)]

Stemerdink
et al. (2000)

30
12,3 (2,5)

n = 23a–d ACH*

Luciana et al.
(2001)

18
17,88 (2,74)

16a–c

17e
EF composite score

White et al.
(2001)

23
10,7 (3,4)

(cross-sectional)

23a CVLT(1, 5*,DR , Clu*, P, I)

CVLT(1, 5, DR,Clu, P, I) [PKU(c)]
CVLT(1, 5*, DR,Clu, P, I) [PKU(a)]

STROOP(L*, I), FLV(P*, S),
WCST [PKU(c), PKU(a)]

Anderson et al.
(2002)

44
5–18

80 BRIEF(GEC, MI, BRI, Inhibit,

Emotional Control, Initiate,Working

Memory, Plan/Organize,

Organizationof materials, Shift*,

Monitor*)

Feldmann et al.
(2002)

42
14,7 (2,9)

42a–c,e CFT-20 WCST, d2(E, RT*),
STROOP(L*, I*),
TMTB(RT*)

Huijbregts et al.
(2002a)

58
10,9

(cross-sectional)

69 ANT(SASV «Inhibitionofprepotent

responding»*) [PKU(l,c),
PKU(l,a), PKU(h,c),
PKU(h,a)]

ANT(SASV «attentional flexibility» *)

[PKU(h,c)]
ANT(SASV «attentional

flexibility») [PKU(h,a),
PKU(l,c), PKU(l,a)]

Huijbregts et al.
(2002c)

57
7–14

(cross-sectional)

65 ANT(SA) [PKU(l,c),
PKU(l,a)]

ANT(SA*) [PKU(h,c),
PKU(h,a)]

ANT(BS*) [PKU(h,c),
PKU(h,a), PKU(l,c),
PKU(l,a)]

(Continued)
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Table 2. (Continued )

Article

Participants
with

ECT-PKU
n

Age (years)

Comparison
group
n

Intellectual
efficiency

Oral language
and learning abilities

Visual perception,
visual–spatial abilities

and motor skills Memory

Executive functions,
ADHD, and information

processing speed

Huijbregts et al.
(2002d)

67
7–14

73a ANT(MS) [PKU(h), PKU(,l)]
ANT(FA, FL, FI) [PKU(l)]
ANT(FA*, FL*, FI*) [PKU(h)]

White et al.
(2002)

20
11,4 (3,5)

(cross-sectional)

20a WJR(PV) WJR(SR) WMT [PKU(c)]
WMT* [PKU(a)]

Antshel and
Waisbren
(2003a)

46
10,9 (2,1)

18a,b WISC-III(Block Design,

Vocabulary)
ROCF(C*) CVLT(Clu*, 5*),

ROCF(M*)
WCode*, WSymb*,
STROOP(I, L*), ROCF(C*),
BRIEF(MI*, BRI)

Antshel and
Waisbren
(2003b)

46
10,9 (2,1)

18a,b,d ADHD Rating Scales
IV(NumberofInattention Symptoms*,

Numberof impulsive/hyperactive

symptoms)

Huijbregts et al.
(2003)

61
7–14

(cross-sectional)

69d WISC-R(FSIQ*) ANT(T*, P*) [PKU(h,c),
PKU(l,c)]

ANT(T, P) [PKU (h,a),
PKU (l,a)]

ANT(BS*) [PKU(h,c),
PKU(h,a), PKU(l,c),
PKU(l,a)]

ANT(T*, P*) [PKU(h,c),
PKU(l,c)]

ANT(T, P) [PKU(h,a),
PKU(l,a)]

Anderson et al.
(2004)

32
11,2 (3,6)

34a,c WISC-III þ
WAIS(FSIQ*)

WRAT3(R*, A*, s)

[PKU(wma)]
WRAT3(R, A, S)

[PKU(wwma)]

ROCFT(C)

[PKU(wma),
PKU(wwma)]

RAVLT þ RVDLT(1, Tot*)

[PKU(wma)]
RAVLT, RVDLT(1, Tot)

[PKU(wwma)]

WCode*, WSymb,
TEACh(DT*, Sky, Digit, CT),
CNT(E*, T*), TOL,
ROCFT(C) [PKU(wma)]

WCode, WSymb,
TEACh(DT, Sky, Digit, CT),
CNT(E, T), TOL,
ROCFT(C) [PKU(wwma)]

Leuzzi et al.
(2004b)

14
10,8

14a–d ROCF(C*) ROCF(M*) [PKU(h)]
ROCF(M) [PKU(l)]

TOL*, ELAB*, ROCF(C*),
WCST*, VST, WST,
MML [PKU(h)]

TOL, ELAB*, ROCF(C),
WCST, VST, WST, MML
[PKU(l)]

Gassió et al.
(2005)

37
9,9 (5,3)

29a,b KABC þ WISC-R þ
WAIS(FSIQ*)

ROCF(C*),
PPT*, FT

CVLT þ RAVLT(1, 5, DR),
ROCF(M)

ROCF(C*), CPT(C*, O, RT),
TMTA(RT*), TMTB(RT),
STROOP(L*, I), WCST

(Continued)
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Table 2. (Continued )

Article

Participants
with

ECT-PKU
n

Age (years)

Comparison
group
n

Intellectual
efficiency

Oral language
and learning abilities

Visual perception,
visual–spatial abilities

and motor skills Memory

Executive functions,
ADHD, and information

processing speed

Griffiths et al.
(2005)

22
11,2 (2,9)

22a–c BAS-2(VS, WD) BAS-2(PC*, RD) TEACh(Sky*, OW*, CC*, WW*,

CT, MM, S, SDT, DT)

Wiersema et al.
(2005)

9
9,2 (1,9)

9a,d

9f
WAIS-III (FSIQ) GNG (C*, RT)

Christ et al.
(2006)

26
11.2 (3.1)

25a,c WASI*(Matrix, Vocabulary) GNG(C*, RT) þ ANTIS(RT*, E),
FLANK(RT, E), STROOP(I)

Anderson et al.
(2007)

33
11,2 (3,6)

34a–c WISC-III þ WAIS(FSIQ*) WRAT3(R*, A*, S) ROCFT(C) RAVLTþRVDLT(1, Tot*) WCode*, WSymb*,
TEACh(DT*, Sky, Digit*, CT),
CNT(E, T*), TOL,
ROCF(C), COWAT

VanZutphen
et al. (2007)

15
8–20

None
(test norms)

WASI(Matrix, Vocabulary) DKEFS(S*, TMT*,FLG*, FLV,

TOW, CWI)

Gassió et al.
(2008)

36
9,7

29a–c CPT*

Araujo et al.
(2009)

24
10.7 (2.5)

25a WASI(Matrix, Vocabulary) GNG(C*, O, RT)

Sharman et al.
(2009a)

10
8–17

6a BRIEF(GEC, MI, BRI, Shift,

Monitor, Emotional Control, Plan/

Organize, Organizationof materials,

Initiate*, Working Memory*)

PKU(h)= subgroup of patients with high phenylalanine levels; PKU(l)= subgroup of patients with low phenylalanine levels; PKU(c)= subgroup of children with ECT-PKU; PKU(a)= subgroup of adolescents with ECT-PKU; PKU(wma)
= subgroup of patients with white matter abnormalities; PKU(wwma) = subgroup of patients without white matter abnormalities.
See Supplementary Material for the list of abbreviations used for the tools.
aAge-controlled; bGenre-controlled; cSocioeconomic status-controlled; dIntelligence Quotient-controlled; eDiabetic patients controls; fADHD patients controls; *Impairments.
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Table 3. Neuropsychological findings from 2010 to 2017

Article

Participants with
ECT-PKU

n
Age (years)

Comparison
group
n

Intellectual
efficiency

Oral language
and learning abilities

Visual perception,
visual–spatial abilities

and motor skills Memory

Executive functions,
ADHD, and information

processing speed

Christ
et al. (2010b)

6
18,3 (4,9)

6a,b WASI(Matrix, Vocabulary) NBACK(RT*, E)

Da Silva and
Lamônica (2010)

10
3–6

10a–c DDSTII(LGG*) DDSTII(MFA, MG)

Banerjee et al. (2011) 32
12,2 (3,9)

41a–d WASI PKU < FLV(PTot*, PSwi*, PClu, SClu, STot þSSwi

“Food/Drink”*, STot þSSwi “Animal”)

Janos
et al. (2012)

42
11,8 (3,5)

81a,c WASI*(Matrix, Vocabulary) CVLT SRT*, NBACK*, GNG(C*, RT*),
DS, FLV(S Food/Drink)

Araujo
et al. (2013)

61
7–17

80a–d GNG(C*, O, RT)

Cappelletti
et al. (2013)

35
11,5 (6,2)

(cross-sectional)

None
(test norms)

WPPSI þ WISC-III
þ WAIS(FSIQ)

VIQ = PIQ

TOL* [PKU(c) < PKU(a)]

Jahja et al. (2014) 63
10,8 (2,3)

73a ANT(SASV, P, FL, SA) [PKU(l)]
ANT(SASV*, P*, FL*, SA*) [PKU(h)]

Sharman
et al. (2015)

13
13,9 (1,8)

9 PKU = BRIEF(GEC, Working Memory)

Soleymani
et al. (2015)

n = 30
4–6,5

42a–c WPPSI(FSIQ*, VIQ*) TOLD-P(SE*, SL*, LI*,
OR*, SP*, SY*)

Jahja et al. (2016) 39
7–17

42a–d WISC-III*(Block design,

Vocabulary)
SCST, SSRS, FR, IFE [PKU(c)]
RME*, FPT*, SSRS, FR,
IFE [PKU(a)]

PKU(h)= subgroup of patients with high phenylalanine levels; PKU(l)= subgroup of patients with low phenylalanine levels; PKU(c)= subgroup of children with ECT-PKU; PKU(a)= subgroup of adolescents with ECT-
PKU.
See Supplementary Material for the list of abbreviations used for the tools.
aAge-controlled; bGenre-controlled; cSocioeconomic status-controlled; dIntelligence Quotient-controlled; *Impairments.
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Motor Integration scales). Impairments were not revealed
in such tasks. Deficits were mainly demonstrated on tasks
with more complex demands. Six studies used visual con-
structive tasks, including five that used the copy component

Rey–Osterrieth Complex Figure Test (ROCF). Deficits were
identified in four of these studies.

Four studies examined praxis (7% of the literature). Only
finemotor skills and higher-ordermotor control were explored.

Table 4. Synthesis of findings and key recommendations

A systematic analysis of intellectual functioning
A more comprehensive evaluation

of other cognitive domains

Intellectual functioning was widely studied. Intelligence is
usually in the average range, somewhat lower than matched
controls. A majority of studies identifying this slight
intellectual downward shift in FSIQ used intelligence scales.
Verbal/nonverbal discrepancy was suggested. Unknown is
whether cognitive impairments are associated with this
discrepancy

→ Analyze the verbal/nonverbal discrepancy at intelligence
scales and its links with cognitive impairments

→ Unjustified to control for FSIQ differences by matching
procedure or by using FSIQ scores as covariates

Other cognitive domains were poorly studied. However,
children present an increased risk of developing
problems in many cognitive and academic domains
(learning, praxis, processing speed, and mathematics).
The implication of EFs on cognitive performances is
unknown

→ Adopt a comprehensive and systematic approach to
the different components of each cognitive domain
with specific tasks and various measures:
1. Memory: verbal and nonverbal tasks þ encoding,

storage, and retrieval scores
2. Nonverbal abilities: visual perception,

visual–spatial, constructive, and fine motor tasks
3. Language: oral language (expressive and

receptive), spelling, and reading tasks
4. Mathematics: calculations and word problems

tasks.
→ Understand the potential links between these

cognitive domains and executive functioning

A comprehensive and integrative approach of executive
functioning

A study of biochemical markers and treatments,
within a developmental perspective

EFs were widely studied and areas of weakness. The
hypothesis of a potentially specific and central executive
impairment is suggested. However, general consensus has
yet to be reached with regards to the nature, the severity,
and the specificity of these impairments, as well as their
pathogenesis or their impacts on everyday life

→ Simultaneously use different measures of “cool EFs”
(planning, inhibition, shifting, and working memory), within
a developmental and conceptual framework of EFs

→ More systematic research on “hot EFs” and on the EFs on
everyday life

→ Analyze EFs both with and without processing speed and
nonverbal abilities as covariates

→ Compare EFs of ECT-PKU children (with and without
ADHD phenotype) with children with ADHD (without
PKU) within a conceptual framework of ADHD

→ Understand the links between mathematics performances
and EFs

While a causal relationship between metabolic control
and brain dysfunction is unquestionable, disease-
independent individual factors contribute to an
individual vulnerability to phenylalanine and
interindividual variability in neuropsychological
outcome of ECT-PKU patients. These individual
factors are not recognized. The hypothesis of an
individual resilience or vulnerability to phenylalanine
with age has been a scarcely studied topic. Currently,
studies remain too sporadic to determine an
international consensus about the phenylalanine-level
upper target in relation with developmental
milestones

→ Study the advantages of phenylalanine-tyrosine ratio,
fluctuation in phenylalanine, and nutritional
components, in relation to neuropsychological
outcome

→ Determine the factors that contribute to an individual
vulnerability to phenylalanine and interindividual
variability in neuropsychological outcome

→ Confirm safety and efficacy on neuropsychological
outcomes of new treatments such as sapropterin (for
responsive patients) and LNAA (without
phenylalanine)

→ Design systematic cross-sectional studies and
longitudinal studies in relation with different upper of
phenylalanine levels (e.g., ≤240, 240–360, and ≥360
μmol/L)
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Simple motor tasks (e.g., Purdue Pegboard or Tapping) and
complex motor tasks requiring coordination and planning
(e.g., target tracking) were used. Impairment was consistently
reported for both simple and complex motor tasks.

Language and academic achievement

Language can be subdivided into subdomains such as
receptive and expressive language, as well as specific areas
of functioning that include phonology, syntax, semantics,
and pragmatics. There are no studies that have systematically
examined all these aspects of language in children with
ECT-PKU. In particular, no studies have examined phonol-
ogy and pragmatic abilities. Five studies (9% of the literature)
used oral language tests. Impairments were identified in only
one of those studies (Soleymani et al., 2015). The ECT-PKU
group performed significantly lower than controls in both
receptive and expressive language, as well as syntax and
semantics. This group with ECT-PKU displayed a lower
FSIQ and VIQ. Intellectual level was not specified in the
other four studies on oral language.

Academic difficulties have been described in children with
ECT-PKU (Stemerdink et al., 2000). Reading and spelling
were examined in five studies (9% of the literature) andmath-
ematics in six studies (11% of the literature). All these studies
used composite scores from achievement tests (e.g., Wide
Range Achievement Test). Two of five studies have shown
a deficit in reading and only one study has shown a deficit
in spelling. To our knowledge, no study systematically exam-
ined basic reading and writing skills, as well as reading com-
prehension. Four out of six studies have shown a deficit in
mathematics. Only one work examined both calculations
and applied word problems (Chang et al., 2000). Children
with ECT-PKU performed significantly lower than test
norms for calculations, not for applied word problems.

Memory

Explicit memory was examined in nine studies (17% of the
literature). Five studies assessed visual memory with the
delayed recall condition of the ROCF or the Rey Visual
Design Learning Test, and eight studies used verbal memory
tasks (only with word-list-learning tasks). Six out of nine
memory studies (67%) reported impairment in visual (4/5
studies) as well as verbal memory (5/8 studies).

Although memory functions can be subdivided into spe-
cific processes (i.e., encoding, storage, and retrieval), no
study systematically examined all these aspects. Learning
was consistently measured in word-list- or design-learning
tasks (eight studies). Impaired learning was found in five
of these studies. In word-list-learning tasks, it is possible to
implement executive strategies to enhance learning (e.g.,
semantic clustering). In the only two studies that have mea-
sured “cluster scores,” children with ECT-PKU consistently
had a lower use of this strategy. No word-recognition scores
were used in the literature. The storage component of memory
in children with ECT-PKU was assessed with delay-recall
scores in only three studies and was consistently preserved.

EFs and attention-deficit hyperactivity disorder

EFs were widely investigated by 78% of the studies in the
literature, with impairments identified in 86% of these stud-
ies. Forty-two different executive tasks were listed. In 88% of
the studies on this topic, various tasks implying “cool” EFs
(see “cool/hot” executive taxonomy, Zelazo & Müller,
2002) were used. Cool EFs are elicited by more purely cog-
nitive aspects of EFs, which are characterized by relatively
abstract and decontextualized problems. Cool EFs in these
studies encompassed abilities such as planning, inhibition,
shifting, and working memory (Lehto et al., 2003; Levin
et al., 1991). Hot EFs are required for problems that are char-
acterized by high affective involvement or demand flexible
appraisals of the affective significance of stimuli. Hot EFs
were investigated with only one recent study, which con-
cluded that adolescents with ECT-PKU have a degree of
impairment on social-cognitive functioning and social skills
(Jahja et al., 2016). EFs in everyday life were explored in four
studies (only with the parental version of the BRIEF—
Behavior Rating Inventory of Executive Function). Three
studies displayed an executive impairment in everyday life,
especially in themetacognition domain. None of these studies
compared the BRIEF parental rating to executive perfor-
mance-based tests. When executive dysfunction was found,
its specificity was not systematically studied by comparing
it to intellectual level (45% of the studies on EFs controlled
this variable). Executive difficulties persisted in 89% of
studies on EFs when FSIQ was controlled. Only four studies
(i.e., 9% of the studies) on EFs have examined executive dys-
function specificity by comparing it to nonexecutive cogni-
tive abilities (Antshel & Waisbren, 2003a; Griffiths et al.,

Fig. 2. Synthesis of results of review on neuropsychological profile in ECT-PKU children. Note. Intell., Intelligence; VP, Visual perception;
VS, Visual–spatial abilities; VC, Visual construction; Prax., Praxis; Lang., Oral language; Spell., Spelling; Read., Reading; Math.,
Mathematics; Mem, Explicit memory; Efs, Executive functions; Speed, Processing speed.
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2005; Stemerdink et al., 1999;Welsh et al., 1990). In all these
studies, executive impairments were still observed when non-
executive abilities were controlled.

Executive deficits could potentially explain an overlap
of clinical phenotypes between PKU and ADHD
(Barkley, 1997; Sonuga-Barke et al., 2008). Antshel and
Waisbren (2003a, 2003b) showed that 13% of their sample
of children with ECT-PKU met criteria for diagnosis of
ADHD (2.5 times higher than controls), with a higher pro-
portion of inattentive symptoms. There was no significant
difference for hyperactive/impulsive symptoms. Arnold
et al. (2004) showed that medication for attention problems
was used by 26% of their sample of children with ECT-PKU
(5 times more than controls). No study has examined EFs
related to the presence or absence of ADHD in children with
ECT-PKU. One study showed that children with ECT-PKU
exhibited more impulsivity than children with a diagnosis of
ADHD combined type (without PKU) on a Go/No-Go task
(Wiersema et al., 2005) but this study did not specify
whether some of the ECT-PKU participants met the diag-
nostic criteria for ADHD.

Processing speed

In some studies (Feldmann et al., 2002; Weglage et al., 1999),
executive difficulties were interpreted as a slower information
processing speed. In five studies, processing speed was con-
trolled in studying executive performances (Antshel &
Waisbren, 2003a; Christ et al., 2006; Huijbregts et al., 2003;
Janos et al., 2012; White et al., 2001, i.e., 12% of the studies
on EFs). In 60% of these studies, executive difficulties were
observed when processing speed was controlled.

Information processing speed was poorly explored with
specific tasks. Seven studies (13% of the literature) used sim-
ple reaction time tasks or tests involving the processing speed
index ofWechsler scales. Six out of seven studies (86%) have
shown a slower information processing speed (Anderson
et al., 2004, 2007; Antshel & Waisbren, 2003a; Huijbregts
et al., 2002c, 2003; Janos et al., 2012).

Cognition, Biochemical Markers, and Treatments

Blood phenylalanine level

Currently, blood phenylalanine level is the most widely used
measure to monitor metabolic control and adapt treatment.
Average phenylalanine levels (i.e., mean or median) have
been shown to predict neuropsychological outcome
(Waisbren et al., 2007). Early initiated and continued dietary
treatment is crucial for the intellectual development of
patients (see Brumm & Grant, 2010). Two meta-analyses
(Fonnesbeck et al., 2013; Waisbren et al., 2007) on patients
with ECT-PKU showed significant correlations between
FSIQ and (1) phenylalanine levels during childhood and ado-
lescence (e.g., critical period) and (2) mean lifetime phenyl-
alanine level. Significant but moderate correlations were
found between FSIQ and concurrent phenylalanine levels

(i.e., within months prior to evaluation or collected at the
same day of evaluation). Moreover, Waisbren et al. (2007)
suggested safe upper target of blood phenylalanine concen-
trations between 320 and 420 μmol/L until the age of 12
years. Fonnesbeck et al. (2013) indicated that a mean concen-
tration of 400 μmol/L was associated with an increased risk of
an FSIQ less than 85. It should be noted that many candidate
studies were excluded from these meta-analyses due to
incomplete reporting of data or results. Moreover, there is
a notable lack of consistent methodologies across studies con-
sidered. From a clinical perspective, this provides a basis for
being cautious in interpreting measures of these results.
Recent researches suggested that phenylalanine levels con-
tinue to have a negative impact on FSIQ scores during adult-
hood (Koch et al., 2002; Waisbren et al., 2007), which
requires dietary restriction throughout life [for American
guidelines, see Camp et al. (2014) and Vockley et al. (2014);
for European guidelines, see van Spronsen et al. (2017)].
While a causal relationship between blood phenylalanine
levels and brain dysfunction is well-demonstrated, a recent
longitudinal study showed that disease-independent individ-
ual factors may influence the consequences of the biochemi-
cal alteration, contributing to an individual vulnerability
to phenylalanine and interindividual variability in FSIQ
outcome of ECT-PKU (Manti et al., 2017).

For the other cognitive abilities, correlations between
phenylalanine levels and performances in the tests are incon-
sistent from one task to another [see Christ et al. (2010a) for
EFs; Janzen & Nguyen (2010) and Luciana et al. (2001) for
nonexecutive cognitive abilities]. However, long-term
memory performances were intact when the mean blood
phenylalanine concentrations (whether concurrent phenylala-
nine or lifetime phenylalanine levels) were under 360 μmol/
L, in comparison with ECT-PKU children with phenylalanine
levels above 360 μmol/L (Leuzzi et al., 2004b; Smith et al.,
2000). Similar results have been obtained for EFs (De
Sonneville et al., 1990; Diamond et al., 1997; Huijbregts
et al., 2002c, 2002d; Smith et al., 2000), in particular in
younger children (i.e., under 11 years) (Huijbregts et al.,
2002a). In a recent study with younger ECT-PKU children
(i.e., under 12 years), only those patients with phenylalanine
levels under 240 μmol/L (rather than 360 μmol/L) obtained
similar executive performances than controls (Jahja et al.,
2014). Longitudinal studies of ECT-PKU showed less exec-
utive deficits during adolescence, despite a significant
increase of phenylalanine levels, raising the hypothesis of a
decrease vulnerability of PKU patients against elevated
phenylalanine levels with aging (Nardecchia et al., 2015;
Weglage et al., 2009). Only few studies employed within-
subject designs where phenylalanine levels are manipulated
through dietary changes. Strong effects of phenylalanine
manipulation were found on EF performances (Huijbregts
et al., 2002b) and reaction time (Leuzzi et al., 2014a), but
not on short-term and long-term memory, or fine motor co-
ordination (Griffiths et al., 1998). Sensitivity to increase of
phenylalanine was higher in younger (i.e., under 13 years)
as compared to older people with PKU (Leuzzi et al., 2014a).
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Fluctuation in phenylalanine concentrations

Recent studies suggested that variability of blood phenylala-
nine levels over time appeared to correlate inversely and
strongly with FSIQ (Burgard et al., 1996; Hood et al., 2014;
Vilaseca et al., 2010) and with executive performances
(Arnold et al., 1998; Hood et al., 2014; Jahja et al., 2014).
However, in some studies, the correlation between fluctuation
in phenylalanine and FSIQ was at the trend level of signifi-
cance (Anastasoaie et al., 2008) or was not significant (Viau
et al., 2011). Different indices of variability in phenylalanine
have been used in the literature: SD (standard deviation, degree
of dispersion in phenylalanine around a regression line), SEE
(standard error of estimate, residual variation in phenylalanine
around a regression line), and Spikes (number of phenylalanine
levels that were at least 600 μmol/L greater than either the pre-
ceding or succeeding phenylalanine level). Interpretation and
comparison of findingswere limited by inconsistencies in tasks
and indices of variability used across the studies.

Phenylalanine-to-tyrosine ratios

PAH deficiency causes increase in blood phenylalanine,
decrease in tyrosine, and therefore theoretically an increase
in phenylalanine-tyrosine ratio. A high phenylalanine-
tyrosine ratio indicates that phenylalanine levels are in a
range that could interfere with the transport of available tyro-
sine across the blood–brain barrier, resulting in a decreased
availability of tyrosine for dopamine synthesis. Therefore,
phenylalanine-tyrosine ratio might be of interest considering
the fact that tyrosine levels are more closely related to
dopamine levels than phenylalanine levels (Diamond et al.,
1997). Clinical relevance of this ratio as an outcome measure
is unknown. Recent studies suggested that high lifetime
phenylalanine-tyrosine ratios (Diamond et al., 1997; Jahja
et al., 2014; Luciana et al., 2001; Sharman et al., 2009a,
2009b, 2015) and high concurrent phenylalanine-tyrosine
ratios (Jahja et al., 2014; Luciana et al., 2001) could explain
executive impairments in children with ECT-PKU.
Currently, it is difficult to determine the threshold above
which a high phenylalanine-tyrosine ratio is harmful.

Nutritional status

Even if it is not clear that PKU leads to a specific nutrient defi-
ciency (Camp et al., 2014), dietary treatment of PKU has been
associated with deficiencies in several antioxidant vitamins
and cofactors, such as selenium and coenzyme Q10
(Artuch et al., 2004; Colomé et al., 2003; Lombeck et al.,
1996; Przyrembel & Bremer, 2000; van Bakel et al.,
2000). Many nutrients have roles in cognition. For example,
selenium status has been linked to attention performances in
children with ECT-PKU, but not with FSIQ, verbal learning,
fine motor, spatial, and executive tasks (Gassió et al., 2008).
Currently, there is a paucity of studies on nutritional status
and its role as a determinant of neuropsychological outcome.

Tetrahydrobiopterin or sapropterin therapy

The tetrahydrobiopterin cofactor is essential for PAH activity
(Erlandsen & Stevens, 2001). Until recently, the main treat-
ment for PKU was phenylalanine-restricted diet. Since 2008,
an additional synthetic analogue to tetrahydrobiopterin has
been developed (Burton et al., 2007; Levy et al., 2007). A
subgroup of patients has been shown to respond to treatment
with tetrahydrobiopterin. The frequency of tetrahydrobiop-
terin responsiveness varies, depending on genotype, severity
of PKU, and residual PAH activity (Heintz et al., 2013;
Karacic et al., 2009; Zhang et al., 2005). Significant decrease
in blood phenylalanine levels were seen in children with
ECT-PKU following oral administration of tetrahydrobiop-
terin (Fiege & Blau, 2007; Leuret et al., 2012; Longo
et al., 2015). Moreover, sapropterin may increase stability
in blood phenylalanine levels (Burton et al., 2010) and could
play a role in microstructural white matter integrity as an evi-
dence using diffusion tensor imaging (White et al., 2013).
Few studies regarding neuropsychological outcomes of chil-
dren with ECT-PKU with tetrahydrobiopterin treatment have
been conducted. In tetrahydrobiopterin-responsive children
with PKU and ADHD symptoms, sapropterin treatment
resulted in significant improvement of ADHD inattentive
symptoms on the ADHD-Rating Scale (but not on ADHD
hyperactivity/impulsivity scores) and on metacognition score
of parental BRIEF inventory (but not on behavioral regula-
tion score). These improvements weremaintained throughout
26 weeks of treatment (Burton et al., 2015). In a mixed sam-
ple of 12 tetrahydrobiopterin-responsive children and adults
with PKU, tetrahydrobiopterin treatment was associated with
improvements in working memory n-back task performances
after 6 months of treatment. Younger participants with PKU
showed greater gains in working memory performance
(Christ et al., 2013). The first studies comparing ECT-PKU
group of children and adolescents treated by tetrahydrobiop-
terin- versus dietary-treatment did not show significant differ-
ence on FSIQ, visual–spatial, fine motor functions, and EFs
(Gassió et al., 2010), or social cognition (Jahja et al., 2016).

Large neutral amino acid supplements

LAT1, the large neutral amino acid (LNAA) transporter 1, is
the predominant transport system for all LNAAs at the
blood–brain barrier (Smith, 2000). LAT1 shows a high affinity
to phenylalanine. As a consequence, brain phenylalanine in
PKU is increased and other LNAA concentrations decreased
(Pietz et al., 1999). Therefore, reduced non-phenylalanine
LNAAs may possibly impair cerebral neurotransmitter and/
or protein synthesis (Pardridge, 1998; Surtees & Blau,
2000). LNAA supplementation (excluding phenylalanine)
has been used on a limited number of patients with PKU.
phenylalanine-free LNAA supplements were shown to poten-
tially have some effect on decreasing blood phenylalanine con-
centrations (Matalon et al., 2006) but this effectiveness was not
consistent nor predictable (Matalon et al., 2007). Restoring
reduced brain LNAA concentrations in patients with PKU
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may improve neuropsychological outcome. The clinical sig-
nificance of reduced non-phenylalanine LNAAs in PKU
patients has not been fully elucidated. The use of LNAAs
may be beneficial in terms of attention and EFs to adolescents
and young adults with elevated blood phenylalanine levels who
have stopped or do not follow dietary treatment guidelines
(Berry et al., 1990; Schindeler et al., 2007). However, optimal
composition and dose of LNAA treatment is currently
unknown, limiting its clinical application. LNAA is contrain-
dicated in young children due to a lack of data on safety and
efficacy.

SYNTHESIS, LIMITS, AND PROSPECTIVE

The neuropsychological profile of children with ECT-PKUhas
been studied across many cognitive domains (for a synthesis,
see Figure 2). Consistent with previous reviews, the hypothesis
of a potentially specific and central executive impairment in
children with ECT-PKU was suggested. Although many stud-
ies have found neuropsychological deficits, general consensus
has yet to be reached with regard to the nature and the severity
of these impairments, their pathogenesis, or their impacts on
everyday life. This may stem in part from methodological var-
iations across studies. In this context, several issues stand out
and new research opportunities can be proposed (for a synthe-
sis, see key recommendations in Table 4).

A Systematic Analysis of Intellectual Functioning

FSIQ score is indicative of global functional outcome, the
final common path of an individual’s gene, biology,
cognition, education, and experience (Dennis et al., 2009).
Our review indicates that the intelligence of children with
ECT-PKU is usually in the average range, although it can
be potentially somewhat lower than the intelligence of dem-
ographically and/or age-matched controls (see Figure 2).
Research that includes genetically related controls such as
unaffected parents and siblings is recommended.

A majority of studies that identify a slight intellectual
downward shift in FSIQ used full intelligence scales (com-
pared to abbreviated forms of these scales or g factor tests).
In children with ECT-PKU, only a few studies addressed the
issue of the difference between verbal and perceptual reason-
ing. A systematic analysis of these verbal/nonverbal discrep-
ancies may lead to a more refined understanding of the slight
downward shift in FSIQ. That said, impairments in EFs,
processing speed, and nonverbal functions seem to be the
main characteristics of the cognitive profile of children with
ECT-PKU (see Figure 2).

Because intelligence tests measure multiple and correlated
abilities, it is misguided and generally unjustified to attempt
to control for FSIQ differences by matching procedures or by
using FSIQ scores as covariates in children with neurodeve-
lopmental disorders (Dennis et al., 2009). In 41% of the stud-
ies, intellectual level was measured in order to compare

specific cognitive measures between individuals with the
same intellectual level. Future research will need to address
these issues of controls and covariates in studying the neuro-
psychological profile of children with ECT-PKU.

A Comprehensive Examination of Executive
Functioning

“Cool EFs” are identified as areas of weakness for children
with ECT-PKU (see Figure 2). Some discrepancies in the lit-
erature may be related to variations in psychometric properties
of tasks or modalities for measurement. Multiple tests of the
same executive process (planning, inhibition, shifting, and
working memory), within a developmental and conceptual
framework of EFs (e.g., Anderson, 2002; Dennis, 2006;
Diamond, 2013), could strengthen findings. There is some
recent evidence that executive aspects involved in the emo-
tional, affective, and motivational contexts were impaired
(Jahja et al., 2016), but more systematic research on “hot
EFs” is needed to support this. From a clinical point of view,
the evaluation of the EFs on everyday life constitutes an essen-
tial quality of life index in addition to the laboratory tests (for a
review, see Chevignard et al., 2012). Behavioral inventories,
such as the BRIEF, are often useful tools for EF assessments
in individuals with PKU (Huijbregts et al., 2013; van Spronsen
et al., 2011). To date, the ratings have been based exclusively
on parents’ reports. Recommendations for future studies are to
include teachers’ ratings, as well as a systematic analysis of rat-
ing scale index scores (e.g., behavioral regulation vs. metacog-
nition). Comparisons with performances on “laboratory tasks”
are needed because of their potentially complementary nature
(Gioia et al., 2010; McCandless & O’ Laughlin, 2007; Toplak
et al., 2008).

Another finding from a limited number of studies was that
executive impairment tended to persist when intellectual
level, nonexecutive abilities, and processing speed were con-
trolled. An important challenge for further investigations will
be to devise EF assessment protocols that examine quantita-
tive (e.g., number of errors and latency) and qualitative (e.g.,
fluctuation of performances) aspects of performance, as well
as cognitive-process (e.g., strategies) scores in EF perfor-
mances (Anderson, 2002).

Stevenson and McNaughton (2013) suggested that a
subset of individuals with ECT-PKU and individuals with
ADHD (without PKU) have overlapping dysfunction in
cognitive inhibition. If symptoms are similar between these
two clinical groups, medication utilized for ADHD could be
an additional effective treatment to reduce ADHD-related
cognitive and behavioral symptoms in PKU patients. To
date, no study has provided a systematic analysis of the
links between ADHD and PKU. Further research comparing
EFs of children with ECT-PKU with and without ADHD
phenotype to children with ADHD without PKU is needed
to better understand the pathogenesis of the observed
impairments.
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An Integrative Approach of Other Cognitive
Impairments

Because of the significant overlap between EFs and memory
functions, learning difficultiesmay appearwhen there are signifi-
cant executive strategy demands (Janzen & Nguyen, 2010). No
study has systematically examined distinct long-term memory
processes (i.e., encoding, storage, and retrieval).Moreover, there
may be other cognitive aspects involved in memory test perfor-
mance such as language and visual–spatial processing. Futures
studies are needed to understand the interrelationships between
learning, EFs, language, and nonverbal abilities.

Children with ECT-PKU seemed to show more deficits in
visual construction than in visual–spatial functions. The ROCF
was most often used to examine visual construction in children
with ECT-PKU. Although there are various abilities involved
in this test including visual–spatial processing and EFs, lower
ROCF performance may stem from deficits in action planning
rather than to visual–spatial deficits per se (Roy et al., 2010).
The nature of nonverbal impairments in children with
ECT-PKU needs to be closely examined with assessments that
distinguish between specific visual–spatial and visual construc-
tion demands, as well as EFs and fine motor skills.

A Neuropsychological Approach of Academic
Performance

Language and academic achievement have not been well
studied in children with ECT-PKU. Limited studies have
identified widespread academic difficulties, consistent with
previous review (Janzen & Nguyen, 2010). Overall, it
appeared that children with ECT-PKU tend to display sub-
stantial deficits in mathematics, more than in written lan-
guage (see Figure 2). Further studies should systematically
investigate each component of written language (e.g., pho-
nology, syntax, and semantics) and mathematics (e.g., calcu-
lations and word problems) in order to understand which
domains are difficult for children with ECT-PKU.

Moreover, the links between academic performance and
cognitive domains need to be examined. As with other
neurodevelopmental disorders such as ADHD, autism, or
Neurofibromatosis type 1 (Roy et al., 2012), the hypothesis
of impairment in EFs and prefrontal network functioning
can offer new paradigms for understanding academic difficul-
ties. Executive impairments can adversely affect learning
abilities in general and mathematics in particular (Bull
et al., 2008).

A Systematic Study of Biochemical Markers and
Treatments, in Relation to Neuropsychological
Outcome

The phenylalanine concentration is the crucial factor to adjust
treatments. However, other parameters such as fluctuation of
phenylalanine levels, phenylalanine-tyrosine ratio, and nutri-
tional components (such as selenium) seemed to be correlated
with cognitive impairments. These other markers could be
interesting in addition to blood phenylalanine measurements

but the advantages of these markers still have to be
determined.

The goal of the therapy should be to lower blood phenylala-
nine enough to reach optimal neuropsychological and quality of
life outcome, without negative consequences. Dietary compli-
ance remains the cornerstone of the therapy to control phenyl-
alanine levels and to reach suboptimal neuropsychological
outcomes. However, the phenylalanine-restricted diet is
socially demanding and hard to comply with (MacDonald,
2000). Starting in adolescence, 60%–80% of the patients were
shown to have partially or totally disrupted the treatment (dos
Santos et al., 2006), resulting in a risk of neuropsychological
impairment. Other treatments might directly affect cerebral
metabolism, increase dietary tolerance, and allow dietary
expansion such as sapropterin (for responsive patients) and
LNAA (without phenylalanine). Studies with these other treat-
ments are still in their early stages and additional studies are
needed to confirm safety and efficacy on patients’ neuro-
psychological outcome.

Our understanding of the optimal therapies for PKU is still
incomplete. Although many studies suggest a primary neuro-
biological explanation for neuropsychological problems in
children with ECT-PKU, psychosocial and quality of life can-
not be ignored. In particular, the stress associated with this
chronic disorder is likely to play a role in the increased neuro-
psychological symptoms among children and adolescents
with PKU (Weglage et al., 2000).

A Developmental Perspective in Etiology-Related
Profiles

A number of longitudinal studies suggest that the severity of
visual perception, fine motor, and executive disorders may
decreasewith age, contrastingwith stability of FSIQand slower
processing speedwith age (Feldmann et al., 2005;Michel et al.,
1990; Nardecchia et al., 2015; Weglage et al., 1999). Findings
suggest the value of longitudinal study of the age-related course
of neuropsychological profiles of children with ECT-PKU, in
relationwithmetabolic control. The hypothesis of an individual
resilience or vulnerability to phenylalanine with age has been a
scarcely studied topic and deserves further investigations
(Manti et al., 2017; Nardecchia et al., 2015). Currently, individ-
ual factors that account for the vulnerability to phenylalanine
have not been identified.

Another challenge in studying the neuropsychology of
ECT-PKU is to examine status in relation to metabolic con-
trol. Phenylalanine concentrations have strong effects on
cognitive performance. Notwithstanding the positive
effects of decreasing blood phenylalanine levels, the pauc-
ity of studies makes it difficult to reach an international con-
sensus about the phenylalanine-level upper target for
optimal development. European guidelines set a phenylala-
nine blood concentration of 360 μmol/L as the upper target
for the first 12 years of life and 600 μmol/L for older chil-
dren (van Spronsen et al., 2017). American guidelines
advise 360 μmol/L throughout life (Camp et al., 2014;
Vockley et al., 2014). Thus, it might be important to study
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neuropsychological outcomes of patients with different age
and different upper of phenylalanine levels (e.g., ≤240,
240–360, and ≥360 μmol/L). In particular, data about ado-
lescents and adults are scarce. Further data collection within
long-term international collaborative studies is needed.

CONCLUSION

Similar to other reviews on the neuropsychological profile of
individuals with ECT-PKU, this review suggested a poten-
tially specific and central executive impairment in children
with ECT-PKU. However, data are limited or inconsistent
with regard to the nature and the severity of the impairments,
their persistence over time, their impact on everyday life, and
their pathogenesis. Neuropsychological status and outcome
remain critically important in determining the threshold
phenylalanine level and in medical decision-making for
PKU patients. In this context, this review highlights a number
of future clinical and research directions. It would be impor-
tant to use an integrative developmental approach to neuro-
psychological research with this population. Considering
EFs, we recommend a conceptual and longitudinal approach,
in particular to incorporate processing speed into the study of
EF status and developmental trajectories. Secondly, future
investigations of ECT-PKU could focus the complex interre-
lationships between neuropsychological domains, academic
skills, and ADHD symptoms. Finally, as phenylalanine con-
centrations have strong effects on neuropsychological perfor-
mances, systematic and additional studies are needed to
determine how new treatments that address metabolic control
affect neuropsychological outcome and the quality of life of
children with ECT-PKU.
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