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Abstract
Newborn screening for phenylketonuria (PKU) and early introduction of dietary ther-

apy has been remarkably successful in preventing the severe neurological features of

PKU, including mental retardation and epilepsy. However, concerns remain that long-

term outcome is still suboptimal, particularly in adult patients who are no longer on

strict phenylalanine-restricted diets. With our systematic literature review we aimed to

describe the neurological phenotype of adults with early-treated phenylketonuria

(ETPKU). The literature search covered the period from 1 January 1990 up to 16 April

2018, using the NLM MEDLINE controlled vocabulary. Of the 643 records initially

identified, 83 were included in the analysis. The most commonly reported neurological

signs were tremor and hyperreflexia. The overall quality of life (QoL) of ETPKU

adults was good or comparable to control populations, and there was no evidence for a

significant incidence of psychiatric disease or social difficulties. Neuroimaging

revealed that brain abnormalities are present in ETPKU adults, but their clinical signifi-

cance remains unclear. Generally, intelligence quotient (IQ) appears normal but spe-

cific deficits in neuropsychological and social functioning were reported in early-

treated adults compared with healthy individuals. However, accurately defining the

prevalence of these deficits is complicated by the lack of standardized neuropsycholog-

ical tests. Future research should employ standardized neurological, neuropsychologi-

cal, and neuroimaging protocols, and consider other techniques such as advanced

imaging analyses and the recently validated PKU-specific QoL questionnaire, to pre-

cisely define the nature of the impairments within the adult ETPKU population and

how these relate to metabolic control throughout life.
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1 | INTRODUCTION

The natural history and devastating consequences of
untreated phenylketonuria (PKU) are well described:

Abbreviations: ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; ETPKU,

early-treated phenylketonuria; HRQoL, health-related quality of life; MeSH, medical subject head-

ings; MRI, magnetic resonance imaging; Phe, Phenylalanine; PKU, phenylketonuria; QoL, quality of

life; TNO-AZL, TNO Institute of Prevention and Health and the Leiden University Hospital.
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profound neurological damage with severe intellectual
impairment and behavioral problems.1 Seizures, behavioral
problems, and movement disorders can be seen in untreated,
late diagnosed patients, and in patients with long-term diet
discontinuation.2–4 Fortunately, with early treatment and the
consequent reduction of phenylalanine (Phe) levels in the
blood and the brain, these effects are preventable.5 The
introduction of universal newborn screening has transformed
the outlook for people born with PKU, who should now be
able to lead essentially normal lives.

Individuals with early-treated PKU (ETPKU) can obtain
normal or near-normal intelligence quotient (IQ) if they main-
tain good metabolic control through dietary restriction until the
age of 10, after which IQ appears to be fixed irrespective of
Phe levels.6 Nevertheless, deficits in executive function, psy-
chiatric symptoms, and abnormalities on neuroimaging have
been reported in patients with ETPKU.7,8 However, it is
unclear whether suboptimal outcomes are related to lack of
metabolic control or to the burden of treatment. A recent retro-
spective cohort study suggests that neuropsychiatric symptoms
are more prevalent in adults with well-managed PKU than in
the general population, with many symptoms comparable with
patients with diabetes mellitus, another chronic disorder that
requires dietary restrictions.9 However, this study evaluated
data from insurance claims databases, so precise information
on treatment history was unavailable. It is not clear at this stage
what proportion of adults with ETPKU suffer from these resid-
ual effects, or to what extent they affect their lives. Recent
population-based surveys suggest that the majority of adults
with ETPKU are, in fact, functioning well in society.10,11

To develop evidence-based recommendations for the treat-
ment of adults with ETPKU, any pathological features of this
condition need to be described and the unmet medical need
defined. Currently, the neurological phenotype of early-treated
patients is not well characterized, and there are no cohort studies
which systematically describe the neurological, neurocognitive,
and neuroimaging features that can be seen, what proportion of
people are affected, and what aspects of the phenotype relate to
metabolic control. As detailed in the first European PKU guide-
lines, occasional case reports have described other problems
such as Parkinsonism and cortical blindness in individual
patients,12,13 but we do not know the prevalence of these poten-
tial complications, which might be expected to be seen primar-
ily in older patients. Therefore, we undertook a review of the
literature on neurological involvement in adult patients with
ETPKU to better understand which medical issues have been
reported in this population and to make recommendations on
appropriate outcomes to be measured in future cohort studies in
patients with ETPKU. Furthermore, we considered how neuro-
logical and neuropsychiatric involvement may affect quality of
life (QoL) and social outcomes.

2 | METHODS

2.1 | Literature retrieval and screening
strategy

A literature search of PubMed was initially performed using
NLM MEDLINE controlled vocabulary (medical subject
headings [MeSH] terms), with the MeSH term “Phenylketon-
uria” searched in conjunction with the MeSH term “Adult.”
The search was restricted to exclude individual case reports,
and include English language articles only from 1 January
1990 up to 16 April 2018 (the date of the search). Because
indexing does not always occur immediately upon an article
appearing in PubMed, a second search was performed with
free-text terms on the titles and abstracts of articles dated
1 January 2015 to 16 April 2018. The free-text terms used
were a combination of various synonyms of the initial MeSH
terms “Phenylketonurias” and “Adult.” Individual case reports
and non-English language articles were excluded. Finally, a
third search was performed to account for articles from two
relevant journals that were identified as not being indexed
within PubMed, specifically JIMD Rep and Mol Genet Metab
Rep. This search was the same as search 2, with the exception
that it included articles only from these two journals, and the
start date was set to 1 January 1990. The results from the three
searches were combined and duplicates removed.

Retrieved papers were screened to select those reporting
clinical data on behavioral, intelligence, mood, motor, neuro-
psychological, neuroimaging, neurological, psychiatric, QoL,
or social outcomes among patients with a diagnosis of PKU
(including patients with both mild PKU and classical PKU).
Papers were then excluded if no relevant data from adults with
ETPKU could be extracted (ie, data were generally excluded if
they included a contribution from late-treated patients or chil-
dren). Some rare but justifiable exceptions were allowed (eg, if
relevant data were derived from a mixed cohort with a preva-
lence of adult ETPKU patients). Certain outcomes data were
excluded if the selection of the population was intentionally
biased (eg, IQ data were excluded for matched IQ studies).
Data from patients who had discontinued dietary treatment
before the age of 5 years were excluded. However, the level of
lifetime dietary adherence (if reported) was not a criterion.

For the purpose of this review, the definition of “early
treated” is that the patient was diagnosed by newborn screen-
ing and treated pre-symptomatically, as defined by the study
in question, and the definition of “adult” is ≥16 years of age.

3 | RESULTS

Of the 643 articles retrieved from the initial search, 83 met
criteria for inclusion in this review10,11,14–94 (Figure 1).
Patients had been maintained on a Phe-restricted diet during
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early childhood, although this did not necessarily equate to
strict treatment; overall adherence to diet throughout their
lifetime was not consistently reported and was variable
between studies. Here, we discuss the key findings, with full
tables of results presented in Supporting Information,
Tables S1-S8.

3.1 | Neurological signs and symptoms

The literature search retrieved 13 articles that assessed neu-
rological signs and symptoms in adult patients with ETPKU,
of which the majority used routine clinical and neurological
examinations (Table S1).

All studies reported abnormal neurological findings in the
adult ETPKU population. The most commonly reported signs
were tremor (postural and kinetic tremor), and hyperreflexia.

Where severity of tremor was reported, it was usually mild or
moderate.32,58,59,70 Only two studies included a control group
permitting direct comparison with healthy controls. One study
with a larger sample size performed statistical evaluation but
found no statistical difference between the incidence of tremor
in patients (28%) and healthy controls (15%).59 However, in the
same study, fine motor skills were significantly impaired in
patients compared with controls for measures of hand-wrist
steadiness, dexterity and speed.59 Although rare, more severe
signs including ataxia, optic atrophy and spastic quadriparesis
were reported in one study.51

Two studies assessed the impact of Phe levels on neurologi-
cal signs.59,61 No significant difference was found in the level
of Phe control between patients with and without tremor,59 and
no correlation between historical or current Phe levels and fine
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(n=643)
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(n=643)

1. No relevant outcomes (n=368)
2. Late/untreated only (n=21)
3. Maternal PKU (n=17)
4. Pediatric only (n=9)
5. Case reports (n=6)
6. Mild HPA (n=4)

Records excluded (n=425)

1. No relevant outcomes (n=38)
2. Mixed adult/paediatric (n=52)
3. Early discontinuation (n=2)
4. Review (n=24)
5. Insufficient information on 

treatment history (n=10)
6. Late/untreated only (n=7)
7. Pediatric only (n=2)

Full-text articles excluded (n=135)

Full-text articles assessed 
for eligibility

(n=218)

Studies included in 
qualitative synthesis 

(n=83)

Additional records identified
through other sources

(n=0)

FIGURE 1 PRISMA flow diagram. The stages involved in literature review are outlined, along with the number of articles included/excluded,
and the reasons for exclusion
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motor skills.59,61 However, one study that compared patients
who had never discontinued a Phe-restricted diet with those
who had discontinued found that nearly a quarter of off-diet
patients had neurological signs, relating primarily to changes in
muscle tone and deep tendon reflexes. No signs were reported
in the on-diet group, although it is important to note the small
number of patients in this group.41

4 | IQ AND
NEUROPSYCHOLOGICAL
OUTCOMES

4.1 | Intelligence quotient

The literature search identified 47 articles that presented IQ
data for adults with ETPKU. A range of standardized tests
were used, each of which was generally calibrated such that
the normal range of the general population was approxi-
mately 90 to 110 (Table S2).

Overall, while the IQ scores of adults with ETPKU were
within the normal range, they were consistently lower when
assessed in comparison to healthy subjects.32,55,59,83,92,94

Where assessed, dietary control and Phe levels at the time of
testing did not have a significant impact on IQ.17,59,60 How-
ever, several studies correlated adult IQ with historical die-
tary compliance and Phe levels, particularly in early
childhood and adolescence.58,60,74,83 IQ in patients and
healthy subjects appears to remain constant once adulthood
is reached, regardless of Phe levels.83

4.2 | Neuropsychological, executive function,
and attentional outcomes

The literature review retrieved 30 articles reporting on neu-
ropsychological, executive function, and attention findings
in adults with ETPKU (Table S3). Overall, 44 different test-
ing methods were used across the studies (Table S4), asses-
sing outcomes including working memory, sustained
attention, attentional control, and response inhibition.

A number of well-controlled studies reported statistically
significant deficits in patients compared with healthy control
groups or normative populations across a range of neuropsy-
chological and executive functions, including sustained and
selective attention,17,22,27 working memory,22,27,38 response
inhibition,46 and letter fluency.27 Two studies that performed
extensive analyses on the same cohort of patients reported
impairments in patients with ETPKU vs healthy controls, in
the higher order executive functions, visuo-spatial attention
and visuo-motor coordination, with significant variability
across patients.92,94 Additionally, a recent study reported
that compared with a control group, patients with ETPKU
showed deficits in complex language tasks and were slower

and less accurate in tasks requiring planning and strategic
abilities.89 However, two studies that assessed executive
function using the Behavior Rating Inventory of Executive
Function questionnaire reported only slightly elevated scores
compared with normative mean scores, which were not con-
sidered clinically significant.25,46

The literature provides evidence for a significant link
between the incidence of neuropsychological deficits and
elevated blood Phe levels. Where analyzed, patients who
had maintained good dietary control performed significantly
better than patients with poor dietary compliance, on mea-
sures of executive functions including working memory,
attentional control, and response inhibition.17,27,29 Perfor-
mance on focused attention and aspects of memory was also
shown to correlate with concurrent or recent Phe levels dur-
ing adulthood.22,27 By contrast, working memory was signif-
icantly improved by lower Phe levels during childhood in
adult patients adhering to a controlled diet, but showed con-
flicting results for off-diet patients.28,29 A significant associ-
ation was reported between Phe levels during childhood and
adolescence with executive functioning and executive motor
control90,91 and with information processing and sustained
attention performance in adulthood, but no change in perfor-
mance was observed after 5 years of follow-up.83

There is contradicting evidence on the effect of Phe
levels, with one study reporting significant deficits in sus-
tained attention during a high Phe condition,79 while no such
impact was reported on response inhibition78 or on cognitive
flexibility and working memory.87

The association of Phe levels with adult cognition may
depend on the age at which metabolic control was mea-
sured and on the particular cognitive domain examined.
A recent study showed that performance on verbal memory
and learning, visuomotor coordination and sustained atten-
tion were better predicted by recent Phe levels than control
during childhood, whereas performances on visuospatial
processing and complex executive functions showed a stable
association with metabolic control across different ages.94

Interestingly, a positive correlation has been found between
striatal dopamine D2/3R receptor availability, with impul-
sivity and error rate in a cognitive flexibility task, while
there was no correlation with working memory or inhibi-
tory control. These findings suggest that dopamine defi-
ciency may impact the crucial role of the prefrontal cortex
and striatum in executive functioning in adult patients with
ETPKU.87

5 | PSYCHIATRIC, MOOD, AND
BEHAVIORAL OUTCOMES

The literature search retrieved 15 articles reporting on psy-
chiatric, mood, and behavioral outcomes in adult patients
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with ETPKU (Table S5). These studies reported on a range
of psychiatric symptoms, often using standardized testing
methods that allow comparisons with normative data.

Increased incidence of psychiatric symptoms in adult
patients with ETPKU was reported in the literature, but not
consistently between studies, and there was no evidence for
an increased incidence of psychiatric diagnoses. One study
reported a significantly higher incidence of several psychiatric
symptoms among patients with PKU compared with a norma-
tive population, particularly in measures of psychoticism,
paranoid ideation, obsessive-compulsive behavior, and
depression.18 However, other studies found no significant dif-
ference between patients and control groups in the incidence
of psychiatric disorders,60 or measures of anxiety and depres-
sion.28,29 One study did find that patients with PKU experi-
enced only internalizing disturbances (emotional problems
such as depression and anxiety), while healthy controls exhib-
ited both internalizing and externalizing disturbances (inter-
personal problems such as antisocial behavior) equally.60

Regarding sleep behavior, one study reported that adult
patients with ETPKU presented more sleep disorders, reduced
sleep quality, increased latency to fall asleep, and more day-
time sleepiness compared with first degree relatives.88

Average Phe levels have been reported to be significantly
correlated with scores for psychoticism and psychiatric symp-
tom intensity,18 while better Phe control during childhood was
associated with better mood during adulthood.30 Similarly,
depression and anxiety scores were positively correlated with
the age at diet initiation and childhood Phe levels, respec-
tively.22,90 Equally, in other studies, psychiatric disturbance,
anxiety, and depression were neither associated with current
dietary status, nor with concurrent or historical Phe levels.28,60

Interestingly, one study found that patients with good dietary
control during childhood reported a higher incidence of psy-
chiatric disorders than those with poor dietary control, which
the authors suggest may be attributed to the psychological
stress incurred by adherence to a strict diet.49 Similarly,
another study found that a restrictive and controlling parenting
style was a risk factor for the development of psychiatric
symptoms,60 although the relationship between parenting style
and dietary adherence was not assessed.

6 | QUALITY OF LIFE

The literature search retrieved 11 articles reporting on QoL in
adult patients with ETPKU. Several different questionnaires
were used to asses QoL, however, only one article included a
validated PKU-specific assessment19 (Table S6).

Several studies used standardized QoL tests, which
reported good QoL in patients, comparable with that of
healthy controls.21,26,30,54,76 However, specific QoL domains
may be affected in adults with PKU, despite normal scores

overall. For example, patients scored significantly lower
than controls only on the cognitive functioning domain of
the TNO-AZL Adult QoL questionnaire.31 Furthermore,
compared with the US general population, adult patients
with PKU scored consistently worse in mental domains of
the short form-36 questionnaire, while they achieved better
scores on the physical domains.19 Elsewhere, the difference
in physical and mental domain scores between patients and
healthy controls was nonsignificant.28,29 Additionally, one
study reported significantly lower QoL in male vs female
patients, and in patients with lower educational level, despite
a normal QoL score in the overall population.26

Bosch et al evaluated health-related QoL (HRQoL) in
mild-to-moderate and classical PKU patients (determined by
Phe range at diagnosis), using a validated PKU-specific
questionnaire designed to assess the impact of PKU on a
patient's life. Using this questionnaire, patients with mild-to-
moderate PKU tended to report a lower emotional, practical,
social, and financial impact of PKU compared with patients
with classical PKU.19 However, the impact of dietary man-
agement on QoL was comparable between patients with
classical and mild PKU, possibly reflecting dietary relaxa-
tion during adulthood.19 In another study, patients on a
restricted diet reported higher scores of general life-
satisfaction than both an off-diet patient group and a refer-
ence sample.10 Moreover, some data suggest that returning
to a strict diet after discontinuation for at least 3 months can
significantly improve the subjective well-being of patients,
according to evaluation with the Psychological General
Well-Being Index.16

7 | SOCIAL OUTCOMES

Overall, the literature search identified 15 articles that
reported on social outcomes in adult patients with ETPKU,
variously assessed by standardized questionnaires and stan-
dard clinical interviews (Table S7).

Several studies reported comparable sociodemographic
outcomes between patients and control populations, includ-
ing comparisons with healthy siblings, in terms of employ-
ment, marital status, having children, education, and
professional occupation.10,11,20,21,41 Additionally, no statisti-
cally significant difference was reported between patients
and controls in the achievement of autonomy, psychosexual,
and social developmental milestones.20,21

When compared with patients with galactosemia, patients
with PKU scored significantly better on psychosexual and
social development, and were more frequently cohabiting/
married and in employment,20 suggesting that the outcomes
of dietary treatment of PKU are better than those seen in
galactosemia.
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Two studies that provided comparative German census data
did report differences in educational attainment between sub-
jects with PKU and the general population. In the first study,
patients with PKU, 96% of whom were on a restricted diet,
achieved lower levels of academic achievement, specifically
for graduation at senior high school level, compared with the
general population.54 The second study found that educational
attainment was only lower in patients with PKU whose treat-
ment was interrupted (for at least 4 years starting at the age of
7-14 years), while patients who had been continuously treated
until the end of adolescence demonstrated comparable educa-
tion status to the census population.10 Nevertheless, income
was comparable between patients with PKU and the census
population, regardless of therapy interruption.10,54

Although evidence for the relationship between Phe levels
and social outcomes is limited, some studies indicated that
social factors in adult life are related to metabolic control during
childhood,11,54 while one study found that social skills are not
associated with concurrent Phe level.38 There is also evidence
to suggest that the demands of maintaining a low Phe diet itself
may restrict a patient's lifestyle and social interactions.34

8 | NEUROIMAGING

The literature review retrieved 35 publications reporting
magnetic resonance imaging (MRI) findings in adult patients
with ETPKU (Table S8). Most articles assessed white matter
abnormalities using T2-weighted imaging.

In patients with ETPKU, overt atrophy is rare and con-
ventional MRI typically discloses increased signal on
T2-weighted images within periventricular white matter
regions,32,63,75 brain stem, and cerebellum.63

Other MRI techniques have also been used to report dif-
ferences between PKU patients and healthy subjects.
Diffusion-weighted imaging (DWI) provides evidence for
significantly reduced apparent diffusion coefficient (ADC)
in patients, demonstrating impaired water diffusion,32,48,80

which may indicate higher cell-packing density compared
with controls.33 Additionally, analysis of T2-relaxation
reported markedly longer values in patients, indicating
increased water content relative to controls,32 although this
may be specific to patients with poor dietary control.33 Brain
volume may also be affected in patients with PKU, particu-
larly with reductions of the cerebrum, pons, hippocampus,
and corpus callosum regions compared with controls.58

The results provide contradicting evidence for a relation-
ship between dietary adherence and the severity of brain
abnormalities. In one study, patients who had never discon-
tinued a restricted diet tended to exhibit less severe white
matter abnormalities than those who had discontinued or had
a history of poor dietary control.75 However, another study
reported abnormalities despite the fact that all patients had

adhered to dietary treatment since birth.48 Additionally, the
severity of brain abnormalities were generally associated
with historical Phe levels,30,50,55 while there appeared to be
no relationship with Phe concentration at the time of MRI
evaluation.51 Furthermore, there was no significant correla-
tions between the volumes of different brain structures and
current or historical Phe levels.58

MR spectroscopy studies have repeatedly detected abnor-
mal concentrations of brain Phe45,84 that may be specifically
associated with white matter abnormalities.41,84 Interest-
ingly, one study reported that milder white matter abnormal-
ities were associated with lower brain Phe levels, but not
blood Phe levels.41 Furthermore, a significant negative cor-
relation between brain Phe levels and ADC was found to be
specific to the corpus callosum.80 Recently, two-dimensional
shift correlated spectroscopy has been applied for the unam-
biguous quantification of cerebral metabolites, Phe and tyro-
sine, that present spectral overlap via conventional
spectroscopy. With this technique, brain concentrations of
these metabolites were significantly associated with some
indices of neuropsychological functioning (eg, auditory
memory and executive functioning).81

9 | CONCLUSIONS

The introduction of newborn screening means that people
born with PKU can be expected to lead essentially normal
lives. While patients who have been treated since birth may
suffer some residual morbidity, the extent to which this
affects the adult population is poorly characterized. This arti-
cle represents the first systematic review to report on a
strictly adult population of patients with ETPKU.

9.1 | Neurological

To date, there is little evidence for clinically relevant neuro-
logical morbidity in this early and continuously treated pop-
ulation of adults with PKU. It seems unlikely that the minor
neurological signs and symptoms that have been described
would have a negative effect on patients' everyday lives.
Nevertheless, to confirm any relationship between Phe levels
and neurological signs and symptoms, future studies should
consistently test neurological functioning alongside Phe
levels for every patient. Furthermore, there should be an
effort to understand the temporal association of Phe levels
with outcomes; for example, whether there are periods of life
when the brain is particularly vulnerable to the effects of
high Phe levels, and whether fluctuating Phe levels have dif-
ferent effects to stable Phe levels.
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9.2 | IQ and neuropsychological outcomes

Although, on average, IQ in ETPKU adults appears to be
within the normal range, significant deficits were reported in
a number of neuropsychological, executive functions, speed,
and attentional outcomes. An accurate summary of the neu-
ropsychological deficits seen in this early treated population
was made difficult by the wide range of different assess-
ments used and the limited population studied: a survey into
adult PKU management found that only 26% of healthcare
providers perform routine neurocognitive tests in all of their
adult patients.95 However, the choice over the best neuro-
psychological test to use may be difficult to make in routine
clinical practice. An easily administered test, such as BRIEF,
may be well accepted by patients, but may not be sensitive
enough to detect the subtle deficits reported in patients with
ETPKU, nor to detect any new information after a short
follow-up period. Conversely, a more sophisticated test may
provide improved sensitivity, but would be more difficult to
administer and be less likely to be accepted by patients,
resulting in limited value for clinical purposes. To precisely
define the neuropsychological phenotype of adult patients
with PKU, a consensus needs to be reached on an appropri-
ate testing battery and the timing for administration.

9.3 | Psychiatric, mood, behavioral, and social
outcomes

Issues with mood and social functioning were found more
often than deficits of executive function in ETPKU adults38,79;
however, there is no evidence that adults with ETPKU have a
significantly higher incidence of psychiatric, mood, behav-
ioral, or social problems than the general population. Never-
theless, the incidence of certain mood and behavioral
outcomes, especially anxiety, could be further explored in
future studies. Furthermore, evidence for the impact of dietary
restriction on these outcomes was inconsistent. Further
research into the psychiatric and social outcomes of adults
with PKU should focus on understanding if there is a direct
correlation between Phe levels and psychosocial difficulties,
or whether such difficulties that patients experience are caused
by the demands of maintaining a restricted diet.

9.4 | Quality of life

Assessing the impact of ETPKU on QoL are limited by the
fact that all but one of the articles retrieved from the litera-
ture used generic HRQoL assessments, which may not be
sensitive enough to detect any specific problems related to
PKU. Future research should utilize the recently developed
PKU-QoL questionnaire that is specifically designed to
assess the impact of PKU on all aspects of a patient's life.
This includes evaluating the social and emotional impact of

PKU, as well as the impact of adhering to dietary restrictions
and supplements.96

9.5 | Neuroimaging

The pathogenesis of white matter abnormalities in PKU is
not yet fully understood, therefore, the mechanism that links
brain white matter abnormalities to possible cognitive
impairment is difficult to unravel. Conventional brain MRI
(FLAIR/T2-weighted imaging and DWI) represents a power-
ful, readily available, noninvasive tool for detecting brain
changes in adult patients with ETPKU. Although routine
MRI data currently have limited use in informing treatment
decisions, future research may use regular examinations to
monitor white matter changes in people with PKU as they
age. Furthermore, a recent morphometric MRI study in a
mixed population of adults and children showed gray matter
volume reductions in the parietal and occipital cortex of
patients with ETPKU.97 This indicates that brain MRI
changes in patients with ETPKU are not only confined to
the white matter, highlighting the importance of performing
brain MRI to better understand the disease. Advanced MRI
quantitative techniques, which have already provided valu-
able pathogenic clues about brain involvement in ETPKU,
are promising tools in the search for biomarkers, not only
for investigating the efficacy of new treatments in a research
setting but also, hopefully, in tailoring individual treatment
to prevent irreversible brain injury.

10 | SUMMARY AND CONCLUDING
REMARKS

This review of the current literature, excluding case reports,
has found studies which show minor neurological findings;
white matter changes on MRI; subtle but significant deficits
in neuropsychological functions; an increased, but nonsig-
nificant, incidence of psychiatric symptoms and possible
social difficulties in selected populations of adults with
ETPKU. Overall, however, these individuals have a good
QoL and social and educational achievements similar to
those of the general population. The fact that individuals
with PKU are now leading normal lives is testimony to the
success of newborn screening and the early institution of
dietary therapy.

It is likely that some patients do have significant impair-
ments that impact on their everyday function and it is not
unreasonable for patients, physicians, and parents to worry
that they, their patient or their child will be at risk. However,
the current evidence does not indicate that there are long-
term PKU-related health problems that are serious and irre-
versible. A better understanding of the impact of Phe levels
on the precise range and frequency of problems seen in
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adults with PKU will help to further develop the evidence-
based approach to treatment guidelines, and make sure that
patients have the best chances of realizing the full benefits
of treatment while minimizing any adverse effects of overly
strict management.

ACKNOWLEDGMENTS

R.H.L. is supported by the National Institute for Health
Research University College London Hospitals Biomedical
Research Centre. Writing and editorial assistance in the
preparation of this manuscript were provided by Arthur Hol-
land, PhD, of Fishawack Communications GmbH, Basel,
Switzerland. This support was funded by Merck/BioMarin.
The authors confirm independence from Merck/Biomarin;
the content of the article has not been influenced by
Merck/Biomarin.

CONFLICTS OF INTEREST

A.P.B. has received honoraria for presentations and board
meetings from Amicus Therapeutics, Biomarin, Nutricia,
Sanofi Genzyme. R.H.L. has received honoraria and travel
support from Nutricia, Biomarin and Nestle HealthScience.
R.M. has received honoraria from Merck-Serono SA and
Biomarin. F.J.v.S was/is a member of Scientific Advisory
Boards for Phenylketonuria (Merck-Serono SA, Arla Foods,
Biomarin, APR, Nutricia, Nestle-Codexis Alliance, Mod-
erna), has received grants from Nutricia, Codexis, Merck-
Serono SA, and Biomarin, and honoraria from Merck-
Serono SA, Biomarin, Vitaflo International, Nutricia/Da-
none, and Excemed. A.B. was/is a member of Scientific
Advisory Boards for Phenylketonuria (Merck-Serono SA,
Biomarin, Nutricia), has received honoraria from Merck-
Serono SA, Biomarin, Nutricia/Danone. C.C. and
A.C. declare that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS

A.P.B., R.H.L., R.M., C.C., A.C., and A.B. were involved
in planning and conducting the literature review and in writ-
ing the manuscript. F.J.v.S critically reviewed the manu-
script. All authors reviewed and approved the final
manuscript. A.P.B. serves as guarantor for the article and
accepts full responsibility for the work.

REFERENCES

1. Murphy GH, Johnson SM, Amos A, et al. Adults with untreated
phenylketonuria: out of sight, out of mind. Br J Psychiatry. 2008;
193:501-502.

2. Lee PJ, Amos A, Robertson L, et al. Adults with late diagnosed
PKU and severe challenging behaviour: a randomised placebo-

controlled trial of a phenylalanine-restricted diet. J Neurol Neuro-
surg Psychiatry. 2009;80:631-635.

3. Velema M, Boot E, Engelen M, Hollak C. Parkinsonism in phe-
nylketonuria: a consequence of dopamine depletion? JIMD Rep.
2015;20:35-38.

4. Yannicelli S, Ryan A. Improvements in behaviour and physical
manifestations in previously untreated adults with phenylketonuria
using a phenylalanine-restricted diet: a national survey. J Inherit
Metab Dis. 1995;18:131-134.

5. Blau N, van Spronsen FJ, Levy HL. Phenylketonuria. Lancet.
2010;376:1417-1427.

6. Burgard P. Development of intelligence in early treated phenylke-
tonuria. Eur J Pediatr. 2000;159(suppl 2):S74-S79.

7. Enns GM, Koch R, Brumm V, Blakely E, Suter R, Jurecki E.
Suboptimal outcomes in patients with PKU treated early with diet
alone: revisiting the evidence.Mol Genet Metab. 2010;101:99-109.

8. Trefz F, Maillot F, Motzfeldt K, Schwarz M. Adult phenylketon-
uria outcome and management. Mol Genet Metab. 2011;104
(suppl):S26-S30.

9. Bilder DA, Kobori JA, Cohen-Pfeffer JL, Johnson EM,
Jurecki ER, Grant ML. Neuropsychiatric comorbidities in adults
with phenylketonuria: A retrospective cohort study. Mol Genet
Metab. 2017;121:1-8.

10. Mutze U, Thiele AG, Baerwald C, Ceglarek U, Kiess W, Beblo S.
Ten years of specialized adult care for phenylketonuria - a single-
centre experience. Orphanet J Rare Dis. 2016;11:27.

11. Pers S, Gautschi M, Nuoffer JM, Schwarz HP, Christ E. Integra-
tion of adult patients with phenylketonuria into professional life:
long-term follow-up of 27 patients in a single centre in Switzer-
land. Swiss Med Wkly. 2014;144:w14074.

12. van Spronsen FJ, van Wegberg AM, Ahring K, et al. Key European
guidelines for the diagnosis and management of patients with phe-
nylketonuria. Lancet Diabetes Endocrinol. 2017;5:743-756.

13. van Wegberg AMJ, MacDonald A, Ahring K, et al. The complete
European guidelines on phenylketonuria: diagnosis and treatment.
Orphanet J Rare Dis. 2017;12:162.

14. Bick U, Fahrendorf G, Ludolph AC, Vassallo P, Weglage J,
Ullrich K. Disturbed myelination in patients with treated hyper-
phenylalaninaemia: evaluation with magnetic resonance imaging.
Eur J Pediatr. 1991;150:185-189.

15. Bick U, Ullrich K, Stober U, et al. White matter abnormalities in
patients with treated hyperphenylalaninaemia: magnetic resonance
relaxometry and proton spectroscopy findings. Eur J Pediatr.
1993;152:1012-1020.

16. Bik-Multanowski M, Didycz B, Mozrzymas R, et al. Quality of
life in noncompliant adults with phenylketonuria after resumption
of the diet. J Inherit Metab Dis. 2008;31(suppl 2):S415-S418.

17. Bik-Multanowski M, Pietrzyk JJ, Mozrzymas R. Routine use of
CANTAB system for detection of neuropsychological deficits in
patients with PKU. Mol Genet Metab. 2011;102:210-213.

18. Bilder DA, Burton BK, Coon H, et al. Psychiatric symptoms in
adults with phenylketonuria. Mol Genet Metab. 2013;108:155-160.

19. Bosch AM, Burlina A, Cunningham A, et al. Assessment of the
impact of phenylketonuria and its treatment on quality of life of
patients and parents from seven European countries. Orphanet J
Rare Dis. 2015;10:80.

20. Bosch AM, Maurice-Stam H, Wijburg FA, Grootenhuis MA.
Remarkable differences: the course of life of young adults with
galactosaemia and PKU. J Inherit Metab Dis. 2009;32:706-712.

216 BURLINA ET AL.



21. Bosch AM, Tybout W, van Spronsen FJ, de Valk HW,
Wijburg FA, Grootenhuis MA. The course of life and quality of
life of early and continuously treated Dutch patients with phenyl-
ketonuria. J Inherit Metab Dis. 2007;30:29-34.

22. Brumm VL, Azen C, Moats RA, et al. Neuropsychological out-
come of subjects participating in the PKU adult collaborative study:
a preliminary review. J Inherit Metab Dis. 2004;27:549-566.

23. Burgard P, Rey F, Rupp A, Abadie V, Rey J. Neuropsychologic
functions of early treated patients with phenylketonuria, on and off
diet: results of a cross-national and cross-sectional study. Pediatr
Res. 1997;41:368-374.

24. Burlina AB, Bonafe L, Ferrari V, Suppiej A, Zacchello F,
Burlina AP. Measurement of neurotransmitter metabolites in the
cerebrospinal fluid of phenylketonuric patients under dietary treat-
ment. J Inherit Metab Dis. 2000;23:313-316.

25. Burton B, Grant M, Feigenbaum A, et al. A randomized, placebo-
controlled, double-blind study of sapropterin to treat ADHD symp-
toms and executive function impairment in children and adults
with sapropterin-responsive phenylketonuria. Mol Genet Metab.
2015;114:415-424.

26. Cazzorla C, Cegolon L, Burlina AP, et al. Quality of Life (QoL)
assessment in a cohort of patients with phenylketonuria. BMC
Public Health. 2014;14:1243.

27. Channon S, German E, Cassina C, Lee P. Executive functioning,
memory, and learning in phenylketonuria. Neuropsychology.
2004;18:613-620.

28. Channon S, Goodman G, Zlotowitz S, Mockler C, Lee PJ. Effects
of dietary management of phenylketonuria on long-term cognitive
outcome. Arch Dis Child. 2007;92:213-218.

29. Channon S, Mockler C, Lee P. Executive functioning and speed of
processing in phenylketonuria. Neuropsychology. 2005;19:
679-686.

30. Das AM, Goedecke K, Meyer U, et al. Dietary habits and meta-
bolic control in adolescents and young adults with phenylketon-
uria: self-imposed protein restriction may be harmful. JIMD Rep.
2014;13:149-158.

31. Demirdas S, Maurice-Stam H, Boelen CC, et al. Evaluation of
quality of life in PKU before and after introducing tetrahydrobiop-
terin (BH4); a prospective multi-center cohort study. Mol Genet
Metab. 2013;110:S49-S56.

32. Dezortova M, Hajek M, Tintera J, Hejcmanova L, Sykova E. MR
in phenylketonuria-related brain lesions. Acta Radiol. 2001;42:
459-466.

33. Ding XQ, Fiehler J, Kohlschutter B, et al. MRI abnormalities in
normal-appearing brain tissue of treated adult PKU patients.
J Magn Reson Imaging. 2008;27:998-1004.

34. Frank N, Fitzgerald R, Legge M. Phenylketonuria--the lived expe-
rience. N Z Med J. 2007;120:U2728.

35. Gassio R, Campistol J, Vilaseca MA, Lambruschini N, Cambra FJ,
Fuste E. Do adult patients with phenylketonuria improve their
quality of life after introduction/resumption of a phenylalanine-
restricted diet. Acta Paediatr. 2003;92:1474-1478.

36. Hasselbalch S, Knudsen GM, Toft PB, et al. Cerebral glucose
metabolism is decreased in white matter changes in patients with
phenylketonuria. Pediatr Res. 1996;40:21-24.

37. Jahja R, Huijbregts SC, de Sonneville LM, et al. Mental health and
social functioning in early treated Phenylketonuria: the PKU-
COBESO study. Mol Genet Metab. 2013;110:S57-S61.

38. Jahja R, van Spronsen FJ, de Sonneville LM, et al. Social-
cognitive functioning and social skills in patients with early treated
phenylketonuria: a PKU-COBESO study. J Inherit Metab Dis.
2016;39:355-362.

39. Jones SJ, Turano G, Kriss A, Shawkat F, Kendall B,
Thompson AJ. Visual evoked potentials in phenylketonuria: asso-
ciation with brain MRI, dietary state, and IQ. J Neurol Neurosurg
Psychiatry. 1995;59:260-265.

40. Koch R, Azen C, Friedman EG, Fishler K, Baumann-Frischling C,
Lin T. Care of the adult with phenylketonuria. Eur J Pediatr.
1996;155(suppl 1):S90-S92.

41. Koch R, Burton B, Hoganson G, et al. Phenylketonuria in adult-
hood: a collaborative study. J Inherit Metab Dis. 2002;25:333-346.

42. Koch R, Fishler K, Azen C, Guldberg P, Guttler F. The relation-
ship of genotype to phenotype in phenylalanine hydroxylase defi-
ciency. Biochem Mol Med. 1997;60:92-101.

43. Koch R, Moats R, Guttler F, Guldberg P, Nelson M Jr. Blood-
brain phenylalanine relationships in persons with phenylketonuria.
Pediatrics. 2000;106:1093-1096.

44. Laule C, Vavasour IM, Madler B, et al. MR evidence of long T2
water in pathological white matter. J Magn Reson Imaging. 2007;
26:1117-1121.

45. Leuzzi V, Bianchi MC, Tosetti M, Carducci CL, Carducci CA,
Antonozzi I. Clinical significance of brain phenylalanine concen-
tration assessed by in vivo proton magnetic resonance spectros-
copy in phenylketonuria. J Inherit Metab Dis. 2000;23:563-570.

46. Liemburg GB, Jahja R, van Spronsen FJ, et al. Is BRIEF a useful
instrument in day to day care of patients with phenylketonuria?
Mol Genet Metab. 2015;114:425-430.

47. Luciana M, Hanson KL, Whitley CB. A preliminary report on
dopamine system reactivity in PKU: acute effects of haloperidol
on neuropsychological, physiological, and neuroendocrine func-
tions. Psychopharmacology. 2004;175:18-25.

48. Manara R, Burlina AP, Citton V, et al. Brain MRI diffusion-
weighted imaging in patients with classical phenylketonuria. Neu-
roradiology. 2009;51:803-812.

49. Manti F, Nardecchia F, Chiarotti F, Carducci C, Leuzzi V. Psychi-
atric disorders in adolescent and young adult patients with phenyl-
ketonuria. Mol Genet Metab. 2016;117:12-18.

50. Mastrangelo M, Chiarotti F, Berillo L, et al. The outcome of white
matter abnormalities in early treated phenylketonuric patients: a
retrospective longitudinal long-term study. Mol Genet Metab.
2015;116:171-177.

51. McDonnell GV, Esmonde TF, Hadden DR, Morrow JI. A neuro-
logical evaluation of adult phenylketonuria in Northern Ireland.
Eur Neurol. 1998;39:38-43.

52. Moyle JJ, Fox AM, Bynevelt M, Arthur M, Burnett JR. Event-
related potentials elicited during a visual Go-Nogo task in adults
with phenylketonuria. Clin Neurophysiol. 2006;117:2154-2160.

53. Moyle JJ, Fox AM, Bynevelt M, Arthur M, Burnett JR. A neuro-
psychological profile of off-diet adults with phenylketonuria.
J Clin Exp Neuropsychol. 2007;29:436-441.

54. Mutze U, Roth A, Weigel JF, et al. Transition of young adults with
phenylketonuria from pediatric to adult care. J Inherit Metab Dis.
2011;34:701-709.

55. Nardecchia F, Manti F, Chiarotti F, Carducci C, Leuzzi V. Neuro-
cognitive and neuroimaging outcome of early treated young adult
PKU patients: a longitudinal study. Mol Genet Metab. 2015;115:
84-90.

BURLINA ET AL. 217



56. Pearsen KD, Gean-Marton AD, Levy HL, Davis KR. Phenylketon-
uria: MR imaging of the brain with clinical correlation. Radiology.
1990;177:437-440.

57. Perez-Duenas B, Pujol J, Soriano-Mas C, et al. Global and
regional volume changes in the brains of patients with phenylke-
tonuria. Neurology. 2006;66:1074-1078.

58. Pfaendner NH, Reuner G, Pietz J, et al. MR imaging-based volu-
metry in patients with early-treated phenylketonuria. AJNR
Am J Neuroradiol. 2005;26:1681-1685.

59. Pietz J, Dunckelmann R, Rupp A, et al. Neurological outcome in
adult patients with early-treated phenylketonuria. Eur J Pediatr.
1998;157:824-830.

60. Pietz J, Fatkenheuer B, Burgard P, Armbruster M, Esser G,
Schmidt H. Psychiatric disorders in adult patients with early-
treated phenylketonuria. Pediatrics. 1997;99:345-350.

61. Pietz J, Kreis R, Boesch C, Penzien J, Rating D, Herschkowitz N. The
dynamics of brain concentrations of phenylalanine and its clinical sig-
nificance in patients with phenylketonuria determined by in vivo 1H
magnetic resonance spectroscopy. Pediatr Res. 1995;38:657-663.

62. Pietz J, Kreis R, Rupp A, et al. Large neutral amino acids block
phenylalanine transport into brain tissue in patients with phenylke-
tonuria. J Clin Invest. 1999;103:1169-1178.

63. Pietz J, Kreis R, Schmidt H, Meyding-Lamade UK, Rupp A,
Boesch C. Phenylketonuria: findings at MR imaging and localized
in vivo H-1 MR spectroscopy of the brain in patients with early
treatment. Radiology. 1996;201:413-420.

64. Pietz J, Schmidt E, Matthis P, Kobialka B, Kutscha A, de
Sonneville L. EEGs in phenylketonuria. I: follow-up to adulthood;
II: short-term diet-related changes in EEGs and cognitive function.
Dev Med Child Neurol. 1993;35:54-64.

65. Popescu T, Popescu A, Oltean L, Kozak L, Blazkova M,
Jebeleanu G. Retrospective neuropsychological evaluation of
18 Romanian subjects with hyperphenylalaninaemia. Acta Pae-
diatr. 2000;89:1502-1503.

66. Ris MD, Weber AM, Hunt MM, Berry HK, Williams SE,
Leslie N. Adult psychosocial outcome in early-treated phenylke-
tonuria. J Inherit Metab Dis. 1997;20:499-508.

67. Ris MD, Williams SE, Hunt MM, Berry HK, Leslie N. Early-
treated phenylketonuria: adult neuropsychologic outcome.
J Pediatr. 1994;124:388-392.

68. Roberts RM, Muller T, Sweeney A, Bratkovic D, Gannoni A,
Morante B. Relationships between childhood experiences and
adulthood outcomes in women with PKU: a qualitative analysis.
JIMD Rep. 2016;32:41-49.

69. Roricht S, Meyer BU, Irlbacher K, Ludolph AC. Impairment of
callosal and corticospinal system function in adolescents with
early-treated phenylketonuria: a transcranial magnetic stimulation
study. J Neurol. 1999;246:21-30.

70. Rupp A, Kreis R, Zschocke J, et al. Variability of blood-brain
ratios of phenylalanine in typical patients with phenylketonuria.
J Cereb Blood Flow Metab. 2001;21:276-284.

71. Scarabino T, Popolizio T, Tosetti M, et al. Phenylketonuria:
white-matter changes assessed by 3.0-T magnetic resonance
(MR) imaging, MR spectroscopy and MR diffusion. Radiol Med.
2009;114:461-474.

72. Schmidt E, Burgard P, Rupp A. Effects of concurrent phenylala-
nine levels on sustained attention and calculation speed in patients
treated early for phenylketonuria. Eur J Pediatr. 1996b;155(suppl
1):S82-S86.

73. Schmidt E, Rupp A, Burgard P, Pietz J, Weglage J, de
Sonneville L. Sustained attention in adult phenylketonuria: the
influence of the concurrent phenylalanine-blood-level. J Clin Exp
Neuropsychol. 1994;16:681-688.

74. Schmidt H, Burgard P, Pietz J, Rupp A. Intelligence and profes-
sional career in young adults treated early for phenylketonuria.
Eur J Pediatr. 1996a;155(suppl 1):S97-S100.

75. Shaw DW, Maravilla KR, Weinberger E, Garretson J,
Trahms CM, Scott CR. MR imaging of phenylketonuria. AJNR
Am J Neuroradiol. 1991;12:403-406.

76. Simon E, Schwarz M, Roos J, et al. Evaluation of quality of life
and description of the sociodemographic state in adolescent and
young adult patients with phenylketonuria (PKU). Health Qual
Life Outcomes. 2008;6:25.

77. Sirrs SM, Laule C, Madler B, et al. Normal-appearing white mat-
ter in patients with phenylketonuria: water content, myelin water
fraction, and metabolite concentrations. Radiology. 2007;242:
236-243.

78. Sundermann B, Pfleiderer B, Moller HE, et al. Tackling frontal
lobe-related functions in PKU through functional brain imaging: a
Stroop task in adult patients. J Inherit Metab Dis. 2011;34:
711-721.

79. ten Hoedt AE, de Sonneville LM, Francois B, et al. High phenylal-
anine levels directly affect mood and sustained attention in adults
with phenylketonuria: a randomised, double-blind, placebo-con-
trolled, crossover trial. J Inherit Metab Dis. 2011;34:165-171.

80. Vermathen P, Robert-Tissot L, Pietz J, Lutz T, Boesch C, Kreis R.
Characterization of white matter alterations in phenylketonuria by
magnetic resonance relaxometry and diffusion tensor imaging.
Magn Reson Med. 2007;58:1145-1156.

81. Waisbren SE, Prabhu SP, Greenstein P, et al. Improved measure-
ment of brain phenylalanine and tyrosine related to neuropsycho-
logical functioning in phenylketonuria. JIMD Rep. 2017;34:
77-86.

82. Wasserstein MP, Snyderman SE, Sansaricq C, Buchsbaum MS.
Cerebral glucose metabolism in adults with early treated classic
phenylketonuria. Mol Genet Metab. 2006;87:272-277.

83. Weglage J, Fromm J, van Teeffelen-Heithoff A, et al. Neurocogni-
tive functioning in adults with phenylketonuria: results of a long
term study. Mol Genet Metab. 2013;110(suppl):S44-S48.

84. Weglage J, Wiedermann D, Denecke J, et al. Individual blood-
brain barrier phenylalanine transport determines clinical outcome
in phenylketonuria. Ann Neurol. 2001;50:463-467.

85. Weglage J, Wiedermann D, Denecke J, et al. Individual blood-
brain barrier phenylalanine transport in siblings with classical phe-
nylketonuria. J Inherit Metab Dis. 2002;25:431-436.

86. Wyrwich KW, Auguste P, Yu R, et al. Evaluation of neuropsychi-
atric function in phenylketonuria: psychometric properties of the
ADHD rating scale-IV and adult ADHD self-report scale inatten-
tion subscale in phenylketonuria. Value Health. 2015;18:404-412.

87. Boot E, Hollak CEM, Huijbregts SCJ, et al. Cerebral dopamine
deficiency, plasma monoamine alterations and neurocognitive def-
icits in adults with phenylketonuria. Psychol Med. 2017;47(16):
2854-2865.

88. Bruinenberg VM, Gordijn MCM, MacDonald A, van Spronsen FJ,
Van der Zee EA. Sleep disturbances in phenylketonuria: an explor-
ative study in men and mice. Front Neurol. 2017;8:167.

89. De Felice S, Romani C, Geberhiwot T, MacDonald A, Palermo L.
Language processing and executive functions in early treated

218 BURLINA ET AL.



adults with phenylketonuria (PKU). Cogn Neuropsychol. 2018;35:
148-170.

90. Jahja R, Huijbregts SCJ, de Sonneville LMJ, et al. Cognitive pro-
file and mental health in adult phenylketonuria: a PKU-COBESO
study. Neuropsychology. 2017a;31:437-447.

91. Jahja R, van Spronsen FJ, de Sonneville LMJ, et al. Long-term
follow-up of cognition and mental health in adult phenylketonuria:
a PKU-COBESO study. Behav Genet. 2017b;47:486-497.

92. Palermo L, Geberhiwot T, MacDonald A, Limback E, Hall SK,
Romani C. Cognitive outcomes in early-treated adults with phe-
nylketonuria (PKU): a comprehensive picture across domains.
Neuropsychology. 2017;31:255-267.

93. Romani C, MacDonald A, De Felice S, Palermo L. Speed of pro-
cessing and executive functions in adults with phenylketonuria:
quick in finding the word, but not the ladybird. Cogn Neuropsy-
chol. 2018;35:171-198.

94. Romani C, Palermo L, MacDonald A, Limback E, Hall SK,
Geberhiwot T. The impact of phenylalanine levels on cognitive
outcomes in adults with phenylketonuria: effects across tasks and
developmental stages. Neuropsychology. 2017;31:242-254.

95. Trefz FK, van Spronsen FJ, MacDonald A, et al. Management of
adult patients with phenylketonuria: survey results from 24 coun-
tries. Eur J Pediatr. 2015;174:119-127.

96. Regnault A, Burlina A, Cunningham A, et al. Development and
psychometric validation of measures to assess the impact of phe-
nylketonuria and its dietary treatment on patients' and parents'
quality of life: the phenylketonuria - quality of life (PKU-QOL)
questionnaires. Orphanet J Rare Dis. 2015;10:59.

97. Christ SE, Price MH, Bodner KE, Saville C, Moffitt AJ, Peck D.
Morphometric analysis of gray matter integrity in individuals with
early-treated phenylketonuria. Mol Genet Metab. 2016;118:3-8.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

How to cite this article: Burlina AP, Lachmann RH,
Manara R, et al. The neurological and psychological
phenotype of adult patients with early-treated
phenylketonuria: A systematic review. J Inherit
Metab Dis. 2019;42:209–219. https://doi.org/10.1002/
jimd.12065

BURLINA ET AL. 219

https://doi.org/10.1002/jimd.12065
https://doi.org/10.1002/jimd.12065

	 The neurological and psychological phenotype of adult patients with early-treated phenylketonuria: A systematic review
	1  INTRODUCTION
	2  METHODS
	2.1  Literature retrieval and screening strategy

	3  RESULTS
	3.1  Neurological signs and symptoms

	4  IQ AND NEUROPSYCHOLOGICAL OUTCOMES
	4.1  Intelligence quotient
	4.2  Neuropsychological, executive function, and attentional outcomes

	5  PSYCHIATRIC, MOOD, AND BEHAVIORAL OUTCOMES
	6  QUALITY OF LIFE
	7  SOCIAL OUTCOMES
	8  NEUROIMAGING
	9  CONCLUSIONS
	9.1  Neurological
	9.2  IQ and neuropsychological outcomes
	9.3  Psychiatric, mood, behavioral, and social outcomes
	9.4  Quality of life
	9.5  Neuroimaging

	10  SUMMARY AND CONCLUDING REMARKS
	10  ACKNOWLEDGMENTS
	  CONFLICTS OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  References


