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Abstract
Background: The population of adult patients with early-treated phenylketonuria (PKU) following newborn
screening is growing substantially. The ideal target range of blood phenylalanine (Phe) levels in adults outside
pregnancy is a matter of debate. Therefore, prospective intervention studies are needed to evaluate the effects of
an elevated Phe concentration on cognition and structural, functional, and neurometabolic parameters of the brain.
Methods: The PICO (Phenylalanine and Its Impact on Cognition) Study evaluates the effect of a 4-week Phe load
on cognition and cerebral parameters in adults with early-treated PKU in a double-blind, randomized, placebocontrolled, crossover, noninferiority trial.
Participants: Thirty adult patients with early-treated PKU and 30 healthy controls comparable to patients with
regard to age, sex, and educational level will be recruited from the University Hospitals Bern and Zurich,
Switzerland. Patients are eligible for the study if they are 18 years of age or older and had PKU diagnosed after a
positive newborn screening and were treated with a Phe-restricted diet starting within the first 30 days of life.
Intervention: The cross-over intervention consists of 4-week oral Phe or placebo administration in patients with PKU.
The study design mimics a Phe-restricted and a Phe-unrestricted diet using a double-blinded, placebo-controlled
approach.
Objectives: The primary objective of the PICO Study is to prospectively assess whether a temporarily elevated Phe
level influences cognitive performance (working memory assessed with a n-back task) in adults with early-treated
PKU. As a secondary objective, the PICO Study will elucidate the cerebral (fMRI, neural activation during a n-back
task; rsfMRI, functional connectivity at rest; DTI, white matter integrity; and ASL, cerebral blood flow) and
neurometabolic mechanisms (cerebral Phe level) that accompany changes in Phe concentration. Cognition, and
structural and functional parameters of the brain of adult patients with early-treated PKU will be cross-sectionally
compared to healthy controls. All assessments will take place at the University Hospital Bern, Switzerland.
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Randomization: Central randomization will be used to assign participants to the different treatment arms with age,
sex, and center serving as the stratification factors. Randomization lists will be generated by an independent
statistician.
Blinding: All trial personnel other than the statistician generating the randomization list and the personnel at the
facility preparing the interventional product are blinded to the assigned treatment.
Discussion: Using a combination of neuropsychological and neuroimaging data, the PICO Study will considerably
contribute to improve the currently insufficient level of evidence on how adult patients with early-treated PKU
should be managed.
Trial registration: The study is registered at clinicaltrials.gov (NCT03788343) on the 27th of December 2018, at
kofam.ch (SNCTP000003117) on the 17th of December 2018, and on the International Clinical Trials Registry
Platform of the WHO.
Keywords: Phenylketonuria, PKU, Phenylalanine, Diet, Neuropsychology, Working memory, Neuroimaging

Background
Phenylketonuria (PKU) is a rare autosomal recessive disorder caused by a defective function of the phenylalanine
hydroxylase enzyme leading to an impaired conversion of
the amino acid phenylalanine (Phe) to tyrosine. Untreated
PKU with increased Phe concentrations in the blood and
brain during childhood leads to severe irreversible neurological impairment with, e.g., mental retardation, intellectual disability, behavioral problems, or other neurological
sequelae such as epilepsy or movement disorders [1]. Newborn screening for PKU was established around 1965, enabling early treatment with a dietary restriction of Phe (low
protein diet) and Phe-free protein substitutes (amino acid
mixtures) soon after birth. Consequently, the population of
adults with phenylketonuria with an absence of neurological disabilities has grown substantially since the early
1980s [1]. Most of these early-treated adult patients live a
“normal” life as shown in an earlier study at our center, in
which 15% of the adult patients with PKU went to high
school or graduated from university [2].
Despite wide agreement on the treatment strategy and target Phe concentrations in childhood and for women during
pregnancy, no consensus on safe Phe concentrations in
adulthood has been reached so far [3]. Traditionally, the low
protein diet had been enforced only during childhood and
adolescence, leaving adult patients with PKU “off-diet.”
Nonetheless, concerns remain that high phenylalanine levels
may still have negative effects in adolescents and adults with
PKU [4, 5]. Limited evidence of irreversible neurological
damage exists, but over the last decade, observational and
cross-sectional studies associated high Phe in early-treated
adult patients with cognitive problems [6–8], psychiatric
symptoms, and behavioral abnormalities [4–6, 9–13].
The executive deficit hypothesis of PKU suggests that selective impairments of executive functions may result from
abnormalities of neurotransmitters, in particular dopamine,
a neurochemical that is critical for prefrontal cortical functions [7]. Coming along with alterations of prefrontal

cortex functions is a slight decrease in intelligence observed in patients with PKU [14]. Decreased intelligence is
linked with impairments in higher-order cognitive functions, including executive functions [15] and attention [16].
In particular, various studies have reported impaired working memory performance in patients with PKU [5, 11].
Working memory is an executive function that encompasses the ability of maintaining information during a short
period of time, as well as manipulating and refreshing this
information to successfully complete a task [17]. Hence,
working memory is crucial in everyday life; for example, it
helps with focus on a demanding task or following a sequence of actions [18]. Also, other subtypes of executive
functions have been reported to be affected from PKU,
such as inhibition and cognitive flexibility [15]. Most of the
previous studies described above, however, have focused
on selected cognitive domains resulting in a lack of a comprehensive overview across cognitive domains. Such an
overview is crucial to increase knowledge about the extent
to which cognition is affected by PKU. More importantly,
it enables a thorough evaluation of PKU treatment success.
The neurotoxicity of Phe during childhood and adolescence is additionally apparent in regard to structural and
functional characteristics of the brain [19, 20]. In detail, an
estimated 90% of patients with early-treated PKU display
periventricular white matter lesions and reduced white matter integrity, which likely impede processing speed, often reported to be reduced in patients with PKU [21, 22]. In
contrast, little is known about gray matter changes in PKU.
Pérez-Dueñas and colleagues (2006) found volumetric reductions in gray matter structures including the motor cortex and thalamus [23]. However, data were acquired from a
mixed sample of early- and late-treated patients, restricting
the interpretation of findings. Smaller whole brain volume
and smaller parietal and occipital cortex but larger volume
of the putamen were described in early-treated patients with
PKU [9, 19]. The latter study included patients 9–33 years
old, limiting the generalizability of results due to the lack of
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comparability between the cognitive and neuroimaging data
of children and adults. In regard to functional brain networks, atypical brain activation during a working memory
task [24, 25] and decreased functional connectivity [10] have
been described, likely coming along with cognitive alterations of this vulnerable patient sample. Patients with
PKU additionally display neurometabolic alterations in
upfield and downfield spectra, such as a decrease in choline concentration [20] and an increase in cerebral Phe
level [26], respectively. Due to the limited amount of neuroimaging studies, still much uncertainty exists about the
relationship between Phe concentrations and brain
abnormalities in adult patients. Importantly, these
studies are unable to distinguish between past effects
of elevated Phe levels on the brain during childhood
and adolescence and a potentially ongoing negative
impact in adulthood. Previous intervention studies
were mostly open label, associating the level of Phe
intake in the diet with cognitive performance [27].
However, the perception of one’s own compliance
with dietary recommendations may influence cognitive
performance. One small intervention trial investigated
the effect of the Phe concentration on cognition in a
prospective randomized, placebo-controlled, doubleblinded way [28]. Ten Hoedt and colleagues suggested
a negative effect of high plasma Phe levels on sustained attention and on mood in nine adult patients
with PKU, concluding that “a Phe restricted ‘diet for
life’ might be an advisable option for many” [28].
Due to the availability of only low-grade evidence, recommendations of national and international guidelines
differ substantially with regard to Phe target levels in
adult patients with PKU [3, 29]. The most recent European guidelines suggest keeping Phe concentrations
below 600 umol/l throughout adulthood, while stating
this is a grade D recommendation. Consequently, not
only are the recommendations unequally accepted by
the treating metabolic specialists, but more than 50% of
adults with PKU exhibit substantial difficulty in maintaining the compliance necessary to reach the recommended target Phe concentrations [30, 31]. Therefore,
prospective intervention studies in adult patients with
PKU are needed to evaluate the effects of dietary restrictions on cognition, cerebral and neurometabolic parameters, and quality of life.

Objectives

The primary objective is to prospectively assess the impact of higher Phe load on cognitive performance in
adults with early-treated PKU. Secondarily, the study
aims to elucidate the functional and neurometabolic
mechanism in the brain accompanying changes in Phe
concentration.
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Methods/design
Design

The PICO Study is a prospective, single-center, doubleblinded, randomized, placebo-controlled, crossover, noninferiority study. In total, 30 adult patients with PKU will
be included in the study. Patients with PKU will crossover, thereby serving as their own controls. To prevent
the occurrence of carryover effects, a washout period of
4 weeks will be implemented in between the treatment
arms (see Fig. 1). To cross-sectionally compare cognitive
and neuroimaging data, 30 healthy controls will serve as
a reference group.
This study protocol is written according to the SPIRIT
2013 Statement [32] providing evidence-based recommendations for the minimum content of a clinical trial
protocol. SPIRIT is widely endorsed as an international
standard for trial protocols. A SPIRIT Table is presented
below (Table 1, Additional file 1).
Recruitment

Patients will be recruited from the treating metabolic specialist at the adult metabolic center of the University Hospital Bern and Zurich, Switzerland. Patients will be
screened by the metabolic specialist either on the phone or
in the course of one of their regular metabolic consultations
(T0). Patients overseen at metabolic centers other than the
study site will first be informed about the study by their
treating metabolic specialist. If the patient is interested in
the study participation, the local treating metabolic specialists informs the study physician (R.T.) who will invite the
patient to the study center at the University Hospital Bern
on condition that they fulfill the eligibility criteria.
Patients will be asked whether family members or friends
are interested in participating in the study as control participants. Healthy controls will be additionally recruited
through advertisements placed at websites, by word-ofmouth, and with flyers in the area of Bern.
Interested potential participants will be informed
about the study by means of an information brochure
and written informed consent will be obtained after the
participants have had enough time to consider the information and to ask any questions.
Participants

Thirty adult patients with early-treated PKU and 30
healthy controls comparable to patients with regard to age,
sex, and educational level will be recruited. To achieve
comparable groups, patients will be assessed first while
consecutively searching for controls that are comparable in
their demographics. Patients are eligible for the study if
they are 18 years of age or older and have PKU diagnosed
after a positive newborn screening and treated with Pherestricted diet starting within the first 30 days of life.
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Fig. 1 Study flow chart. Legend. T0 = screening; T1 = first assessment; T2 = second assessment; T3 = third assessment; T4 = fourth and
last assessment

Patients will be excluded if they did not follow a
Phe-restricted diet within 6 months before the study,
exhibited Phe concentrations above 1600 μmol/L
within 6 months before the study, or have a concomitant disease status that could significantly affect primary or secondary outcomes (e.g., untreated vitamin
B12 deficiency).
Female patients of childbearing potential will be excluded if they are not using or not willing to continue
using at least one highly efficient method of contraception (Pearl index less than 1) for the entire study duration, are pregnant or intend to become pregnant during
the course of the study, or are breast feeding.
Patients and healthy controls will be excluded if they
have known or suspected noncompliance; show drug or
alcohol abuse; changed medications likely to significantly
interfere with cognitive functions; have known or suspected hypersensitivity or allergy to one of the ingredients of the placebo; are unable to follow the procedures
of the study, e.g., due to language problems (lack of fluency in German or French); participated in another
intervention study within the 30 days preceding and during the present study; or have a condition that interferes
with the acquisition of MRI scans.
Intervention

The intervention, consisting of a 4-week oral administration of Phe or placebo in patients with PKU, is initiated to
simulate a controlled, temporary discontinuation of their
diet. To ensure the blinded setting and avoid changing the
usual low protein diet of the patients, Phe or placebo will
be administered in the form of capsules. In other words,
this mimics a Phe-restricted and a Phe-unrestricted diet
using a double-blinded, placebo-controlled approach. Patients will be randomly assigned to one of two treatment

groups starting either with Phe-containing capsules or with
placebo-containing capsules. After 4 weeks, patients cross
over to the alternative treatment arm. All patients and
study investigators will be blinded to the treatment assignment until the completion of the study.
The investigational product (IP) consists of capsules
containing 250 mg Phe and placebo capsules indistinguishable from Phe capsules and will be supplied by
the Laboratorium Dr. G. Bichsel AG, 3800 Unterseen,
Switzerland, according to applicable regulations. The
amino acid Phe is part of the normal dietary protein
and marketed as a dietary supplement, although not
designated for this patient group. Using a similar approach as ten Hoedt [28], the amount of Phe (and
placebo) given will be adapted according to sex and
body weight with the aim to mimic the total Phe intake likely to be consumed by a healthy adult of the
same sex and weight or by the patient with PKU being fully “off-diet.” Taking into account that the usual
daily protein intake in adults in Switzerland is approximately 0.9–1.2 g per kilogram of body weight
[33], that the average protein intake is somewhat
higher in men than in women, that within a normal
diet the portion of Phe of the protein content is approximately 5%, and that adult patients with mild to
classical PKU mostly consume approximately 40% of
the usual protein intake, the following additional
doses of Phe to be administered were calculated:
 Female < 60 kg: 1500 mg per day (divided into three

doses: 250 mg 2–2–2–0), ≥60 kg: 2000 mg per day
(divided into three doses: 250 mg 2–2–4–0)
 Male < 60 kg: 2500 mg per day (divided into three
doses: 250 mg 4–2–4–0), ≥60 kg: 3000 mg per day
(divided into three doses: 250 mg 4–4–4–0)
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Table 1 Schedule of enrolment, interventions, and assessment (according to the SPIRIT guidelines)

T0 = Recruitment, Informed Consent, Randomization; T1 = before the first treatment arm (neuropsychology, neuroimaging and blood sample assessment); T2 =
after the first treatment arm (neuropsychology, neuroimaging and blood sample assessment); T3 = after the wash-out period and before the second treatment
arm (neuropsychology, neuroimaging and blood sample assessment); T4 = after the second treatment arm (neuropsychology, neuroimaging and blood sample
assessment); IP Investigational product
*additional weekly phone-calls to assess adverse events
1
Working memory, inhibition, cognitive flexibility, neural activation during working memory fMRI
2
IQ, memory, fine motor speed, attention
3
Voxel-based morphometry, diffusion tensor imaging, resting-state functional imaging, arterial spin labeling, magnetic resonance spectroscopy

Assignment to individual doses will be done at the first
screening (T0). The assigned dose of the IP will be kept
throughout the whole study, and weight fluctuations will
not be considered. The capsules can be ingested before,
during, or after a meal or together with the usual amino
acid supplements. The last capsule of the given intervention period will be timed to be ingested with the last meal
before the study visit.
To prevent the occurrence of carryover effects, a washout period of 4 weeks has been incorporated into the study
design and will be implemented in between the two treatment phases (see Fig. 1). The bioavailability of Phe is close
to 100% [34]. Phe blood concentrations are known to decrease within 1 to 2 weeks after Phe intake reduction in

Phe tolerance reassessment [35]. The 4-week washout
period is equivalent to 12 times the length of the estimated
half-life of Phe concentration in the blood of patients, with
0% residual phenylalanine hydroxylase activity [36].
Patients will be asked to maintain their usual proteinrestricted diet and amino acid supplements throughout
the whole study period. In addition, patients will provide
a dietary protocol during the last 3 days before the first
(T1) assessment. They will be instructed to replicate the
diet of the 3 days before T1 as closely as possible during
the 3 days before T2, T3, and T4.
Healthy controls will not receive any intervention but
will undergo the same cognitive assessment and neuroimaging measurements as patients at T1 except for
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blood and dry blood sampling. Healthy controls will only
be assessed once (T1).
Randomization

Computer-generated central randomization will be used to
assign participants to the different treatment arms. To ensure
comparability of treatment groups, the age (less than 30 years
old, more than 31 years old), sex, and center (Zurich, Bern)
will serve as the stratification factors. Randomization lists will
be generated by an independent statistician at the Clinical
Trial Unit (CTU) Bern. The randomization list will be transferred to the Laboratorium Dr. G. Bichsel AG by the independent statistician. Randomization is performed at the
study site (University Hospital of Bern) by the study coordinator (S.A.), who will inform the Laboratorium about the
randomization result and who will add those patient characteristics (weight, sex) that influence the IP dosage. All trial
personnel other than the statistician generating the list and
the personnel at the facility preparing the IP packs are
blinded to the assigned treatment. In case of a severe adverse
event, the treating metabolic specialist (M.H.) will first be unblinded, enabling the treatment and care of the affected
patient.
Procedure

All study visits and procedures will be performed at the
study site, Inselspital, Bern University Hospital, Switzerland.
In patients, cognitive performance as well as structural,
functional, and neurometabolic parameters of the brain will
be measured at four time points, one baseline measurement
before each and one measurement after each treatment
phase (see Fig. 1).
T1, T2, T3, and T4 will be carried out at the University
Hospital Bern and will last approximately 5 hours (including
breaks and breakfast). Each time point consists of a pregnancy test, fasting blood sample (amino acid profile), neuroimaging, cognitive assessment, physical examination, and
assessment of adverse events. Cognitive assessment could be
affected by drawing attention to negative influences immediately beforehand. Therefore, physical examination and assessment of symptoms and adverse effects will be placed at
the end of each study visit after completion of neuroimaging
and cognitive assessment.
The visits will take place in the morning. Before T2 and
T4, the last IP will be taken together with the last meal,
which will be placed to approach an antecedent fasting
period of 10 h (range 8–12 h) before the assessment. For a
given patient, T2, T3 and T4 will be scheduled for the
same time of the day as the assessment at T1 to keep the
length of the antecedent fasting period consistent.
Neuropsychology

Each of the four neuropsychological assessments (T1 to
T4) will include evaluations of executive functions, namely
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working memory (n-back task; Test of Attentional Performance, TAP [37]; Letter-Number-Sequencing; Wechsler Adult Intelligence Scale Fourth Edition, WAIS-IV
[38]), inhibition, cognitive flexibility and fluency (ColorWord Interference Test; Delis-Kaplan Executive Function
System, D-KEFS [39]). Further, attention (Alertness, Sustained Attention, Divided Attention; TAP [37]), verbal
and design fluency (D-KEFS [39]), and fine motor control
(Purdue Pegboard [40]) will be assessed.
Psychological questionnaires will be used to assess mood
(short form of the Profile of Mood States; POMS [41]), depressive symptoms (Beck’s Depression Inventory; BDI-II
[42]) and health-related quality of life (PKU quality of life;
PKUQOL [43]). The first neuropsychological assessment
will additionally contain the assessment of general intellectual performance (short-form of WAIS-IV [38]).
Neuroimaging

Structural imaging Anatomical MRI will be used to determine structural characteristics of the brain. All MRI
images will be acquired using a 3.0 Tesla Siemens Magnetom Prisma, (Siemens Erlangen, Germany), equipped
with a 64-channel head coil. Anatomical imaging will be
performed using a 3-D T1 magnetization prepared rapid
gradient echo (MPRAGE) sequence for acquisition of
T1-weighted structural brain imaging (acquisition time
TA: 4:34 min, repetition time TR = 1950 ms, echo time
TE = 2.26 ms, slices per slap 176, field of view FoV 256
mm, 1 mm voxel resolution).
Functional imaging Resting state fMRI (rs-fMRI) will
be performed to obtain information about regional interactions (functional connectivity) between and within
brain regions at rest. For the investigation of rs-fMRI, a
multi-band EPI sequence from the University of Minnesota (Center for Magnetic Resonance Research), TA: 6:
39 min, and flip angle 52° (avoiding rf-clipping; is in the
order of the Ernst angle for TR = 1300 ms and T1 of gray
matter) will be used.
Functional MRI (fMRI) of working memory will be assessed
to observe the influence of Phe on the characteristics of this
higher-level cognitive network. fMRI will be administered
using an established paradigm assessing the visuospatial
working memory network (TA = 9.52 min, TR = 1000 ms,
voxel size = 2 x 2 x 2, 48 slices, slice thickness 2 mm).
Diffusion tensor imaging (DTI) will be performed to
measure the integrity of white matter tracts using a
Double-SE weighted q-space sequence [44] with 124 directions, slice and PE acceleration 2 and 2 resp., voxel
size 2.2 mm iso, slices 56, and TA: 7:55 min.
Three-dimensional arterial spin labeling (3D-ASL) will
be applied to assess cerebral blood flow. An QII FAIR 3D-
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ASL will be administered (TA, 4:59 min; PM, REF; Voxel
size, 1.5 × 1.5 × 3.0 mm; slices per slab 40; TR = 4600 ms;
TE = 16.18 ms; post-labeling (inversion time) varies depending on patient and age; bolus duration 800 ms; and inversion time 1500-2000 ms). For quantification purpose of
arterial blood flow, an M0 run is added.
Magnetic resonance spectroscopy (MRS) will be
utilized to capture potential alterations of brain Phe
concentrations. Data will be acquired with a semi-LASER
sequence [45, 46].
All MR scans will be subjected to a radiological evaluation by an experienced neuroradiologist.
To minimize head motion, a head support system consisting of two pillows positioned on each side of the head
will be used. Earplugs will reduce the scanner noise.
Primary outcome and hypothesis

The main hypothesis is that in adult patients with earlytreated PKU, a 4-week period of Phe load does not decrease working memory performance measured at each
of the four time points (T1 to T4) using accuracy in the
visual n-back task of the TAP [37].
Secondary outcomes

The study further aims to assess the influence of a 4week period of Phe load on working memory performance (reaction time, visual n-back task, TAP [37]), inhibition (third condition, Color-Word Interference Test, DKEFS [39]), cognitive flexibility (fourth condition, ColorWord Interference Test, D-KEFS [39]), intensity of
neural activation during the working memory task in the
MR scanner (n-back task fMRI), strength of functional
connectivity between brain regions related to working
memory (resting-state fMRI), and on brain Phe concentrations (MRS). All secondary outcomes will be assessed
at all four time points (T1 to T4).
Other outcomes

The PICO Study will further investigate the influence of a
4-week period of Phe load on cognitive performance, specifically on sustained and divided attention, fine motor
control, verbal and design fluency, processing speed, mood
(short form of the Profile of Mood States, POMS [41];
Beck’s Depression Inventory, BDI-II [42]) and healthrelated quality of life (PKU quality of life, PKUQOL [43]).
Additionally, the influence of temporarily elevated Phe
concentrations on integrity of white matter tracts (DTI)
and cerebral blood flow (ASL) will be investigated.
Moreover, the study assesses differences between patients with early-treated PKU and healthy controls in regard to cognitive variables, intensity of neural activation
during the working memory task, strength of connectivity between brain regions involved in working memory,
and structural brain characteristics.
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Statistical analysis

The calculation of the sample size is based on the primary outcome (accuracy, visual n-back task of the TAP)
for the intra-individual comparison within the different
groups using a crossover design. The power analysis was
done using Stata based on a paired means test. A noninferiority margin of 4% in working memory (n-back task)
is regarded as clinically irrelevant. This margin is based
on a study with healthy adults presenting a standard deviation of 4% in the accuracy condition of the n-back
task [46]. Hence, a performance change in the n-back
task of 4% or less would support our noninferiority hypothesis. According to Zimmermann and Fimm (2009),
the test-retest reliability of the n-back task is 0.67 [37].
The correlation between two periods will be lower.
Therefore, a correlation of 0.5 was assumed for this sample size calculation. Based on reported standard deviations in a n-back task in patients with PKU ranging from
5% to 8% (off-diet: SD = 7.6; on-diet: SD = 5.7 [27]), a
standard deviation of 8% is expected (assuming that patients are off-diet during the 4 weeks Phe treatment).
Based on these assumptions, the PICO Study will be able
to detect noninferiority at a margin of 4%, a power of
80%, and a one-sided alpha level of 0.05, with a sample
size of 26 patients. From earlier studies, including patients with PKU in Bern [47], patients with PKU are
known to be highly motivated. Still, we might need to
compensate for possible dropouts, which are suggested
to fall between approximately 18% and 30% in other
studies including patients with PKU [24, 28]; therefore,
the goal has been set to 30 patients. Additionally, the effect size that would be detectable at different sample
sizes and correlations for the comparison of the healthy
control group and the experimental group (assuming the
same number of controls and patients) was assessed.
With a sample size of twice 26 participants and a power
of 80%, an effect size of 0.79 could be detected at a twosided alpha level of 0.05. To match the number of patients, the goal has been set to 30 controls.
Data will be analyzed according to the intention-totreat (ITT) principle whereby all randomized participants will be analyzed in the randomized group regardless of any protocol violations. Moreover, data will be
analyzed in the per-protocol patient set, excluding patients who did not receive the randomized treatment
schedule, patients who did not comply with the intervention (i.e., unable to follow all four time points, unable
to adhere to the treatment arms), or patients who violated major eligibility criteria (i.e., onset of a pregnancy,
onset of a concomitant disease status that could affect
primary or secondary outcome).
The primary analysis will be performed in the randomized patient group. As recommended by the CONSORT
statement for noninferiority trials [48], the analysis of the
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primary outcome will be based on the ITT as well as perprotocol patient set. Raw data of the n-back task will be
transformed into standardized values using age matched
normative data from the test manual. Normality of data
will be assessed via graphical representation of data. Linear mixed effects models will be used to calculate the
lower one-sided 95% confidence limit of the primary outcome. If the lower limit lies above the noninferiority margin of 4% in both analysis sets, noninferiority will be
claimed. The mixed effects model will contain the baseline
measurements, the 4 weeks measurements, and an indicator for the treatment and period as fixed effects, and a random effect for participants. All primary and secondary
continuous endpoints will be analyzed via this approach.
Secondary outcomes will primarily be analyzed in the ITT
patient set. Secondary outcomes will additionally be evaluated in the per-protocol patient set. Furthermore, processed neuroimaging data will be compared in a crosssectional and longitudinal manner. Due to the expected
heterogeneity of the patient sample, comparisons will be
focused on intra-individual changes of cerebral metabolism and functional integrity (comparison Phe vs placebo).
Differences between groups will be investigated by linear
mixed models, as described above. For the comparison of
baseline values between patients and controls, regular linear regression models adjusted for potential confounders
will be used.
One interim analysis is planned for the reassessment
of the sample size. Currently no reliable data are available on the correlation between the baseline and 4weeks measurement and between the two different treatment periods for the n-back test. Therefore, the sample
size will be re-assessed after 50% of patients to assure
sufficient power. The re-assessment of the sample size
will only be based on the observed standard deviations
and correlations between baseline and follow-up values
and between treatment periods. Observed changes
within and between treatment periods will not be displayed, nor will the noninferiority margin be modified.
No formal testing will take place; therefore, the alphalevel does not require adjustment.
Simple descriptive statistics will be used for evaluation
of questionnaires on adverse events and mood. No formal statistical testing will be performed.
Data management

The case report forms (CRFs) in this trial are implemented electronically using a dedicated electronic data
capturing (EDC) system (REDCap™, https://www.projectredcap.org/). The EDC system is activated for the trial
only after successfully passing a formal test procedure. All
data entered in the CRFs are stored on a Linux server in a
dedicated mySQL database. Responsibility for hosting the
EDC system and the database lies with CTU Bern.

Page 8 of 11

Monitoring

On-site as well as central data monitoring will be part of
the quality control activities implemented for this study.
Monitoring will be performed according to a separate
monitoring plan in collaboration with CTU Bern.

Discussion
The PICO Study will help provide some much-needed
answers on whether a rigorous protein-restricted diet to
control Phe-levels is indispensable for adults with earlytreated PKU. Using a combination of neuropsychological
and neuroimaging data, the PICO Study will considerably contribute to an improvement of the currently insufficient level of evidence on how adult patients with
early-treated PKU should be managed.
The double-blind, placebo-controlled design will eliminate the expectation bias of patients and physicians
otherwise inherent to dietary interventions. Potentially
positive effects of the recommended dietary restrictions
have to be proven by means of double-blinded intervention trials and not only deduced from biased open interventions and association studies. This determination is
particularly important in light of the potential risks of a
lifelong low-protein diet. Similar to a strict vegan diet, a
Phe-restricted diet not only lacks proteins but also many
micronutrients, both of which have to be monitored and
compensated with supplements [49]. In addition, the restrictive diets may be associated with a predisposition or
aggravation of psychiatric problems by itself: eating disorders and obsessive compulsive disorder are four times
more common in patients with PKU compared to the
general population and twice as common as in patients
with diabetes mellitus [50].
During the intervention phase, transient mild cognitive
impairments might occur due to an increased Phe load. A
similar smaller study with increased Phe load over 4 weeks
suggested an impairment in sustained attention as well as
lower scores in mood profile but did not report any other
mild or serious adverse events [28]. Serious side effects are
not to be expected. Neither is hyperphenylalaninemia in
adulthood known as a cause of metabolic encephalopathy,
nor is there a recognized acute decompensation of PKU
[51]. The probability of irreversible adverse events during
the progress of the present study is therefore extremely
low. Even in adult patients with PKU not following any
low protein diet for a long time, only very few cases of serious neurologic events with unlikely causal relationship
(some of them probably caused by severe vitamin B12 deficiency) have been described in the literature: 11 cases of
spastic paraparesis, three cases of muscle weakness/difficulty walking, and three cases of vision loss [52]. Despite
not following any low protein diet for a long time, most
adult patients showed improved scores for attention as well
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as self-reported anxiety and depression after reintroducing
a low-protein diet [21, 53].
Neuroimaging has become an indispensable tool to
better understand brain regions of susceptibility in
metabolic disease and to assess the efficacy of dietary
treatment on the brain. Clinicians can benefit from
the technologic advancements in neuroimaging, allowing for improved understanding of diseases and ameliorated patient management. Only a limited number
of neuroimaging studies have been conducted so far
in patients with PKU. This is evident on a crosssectional level but even more so on a longitudinal
level. Hence, conclusive evidence on the influence of
Phe on brain structure and function is not available
with the current state of knowledge. By combining a
broad range of advanced MR-techniques, the PICO
Study strives to advance our understanding of the disease PKU and its impact on different properties of
the brain. The additional information gained by the
neuroimaging results may help to characterize subgroups of patients that benefit or do not benefit from
restrictive dietary interventions.
Evaluation of patients’ perceived cognitive performance
is an important part of routine patient care [29]. However,
patients’ reports may be prone to a substantial expectation
bias as they are usually aware of their recent compliance
with dietary restrictions. This double-blinded trial offers a
unique opportunity to evaluate the reliability of selfassessment of adult patients with early-treated PKU.
The PICO Study also yields an economical point of
view. Phe-restricted diet, including the use of amino acid
supplements and low-protein medical foods, costs approximately 20,000 CHF or USD per year, and patient.
Sapropterin (Kuvan®), which can be used in a small subset of patients with BH4-responsive PKU, costs approximately 180,000 CHF or USD annually. Also pegvaliase
(Palynziq®), the new enzyme substitution therapy [54–
56], is estimated to cost approximately 190,000 CHF or
USD per year and patient. Of note, neither sapropterin
nor pegvaliase enabled clinically relevant significant improvement of cognitive outcome [22, 24, 57, 58].
Two limitations of the study inherent to the design
need to be mentioned. First, being “off-diet” is mimicked, not conducted. Second, the duration of the
intervention does not reflect an indefinite discontinuation of the Phe-restricted diet, and long-term effects
of elevated Phe levels still remain largely unknown.
The oldest early-treated patients with PKU are now
only in their early 50s. This is a strong argument for
keeping all patients with PKU under periodic review
and making sure that even those who have stopped
dietary treatment are not lost to follow-up. Carefully
conducted long-term cohort studies are needed to
learn more about the course of the disease as patients
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age. Based on the current state-of-the-art, patients
and their metabolic specialists are unlikely to agree to
a longer intervention. A confirmation of the hypothesized noninferiority of Phe could justify a larger longterm trial and support the willingness of patients and
treating metabolic specialists to participate in such a
long-term clinical trial.
In summary, this double-blinded, randomized, placebocontrolled, crossover, noninferiority trial using a combination of cognitive and neuroimaging data, will considerably contribute to improve the currently insufficient level
of evidence on how adult patients with early-treated PKU
should be managed.
Trial status

The study was reviewed by the Clinical Trial Unit in
Bern and was approved by the ethics committee of the
canton of Bern, Switzerland, in December 2018 (2018–
01609). The manuscript includes all revisions. Recruitment will start in July 2019 and will end in June 2021.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13063-019-4022-z.
Additional file 1. SPIRIT 2013 Checklist: Recommended items to address
in a clinical trial protocol and related documents.

Abbreviations
3D-ASL: Three-dimensional arterial spin labeling; ASL: Arterial spin labeling;
BDI-II: Beck’s Depression Inventory II; CRF: Case report form; D-KEFS: Delis–
Kaplan Executive Function System; DTI: Diffusion tensor imaging;
EDC: Electronic data capturing; EPI: Echo-planar imaging; fMRI: Functional
magnetic resonance imaging; GM: Gray matter; HRQoL: Health-Related
Quality of Life; IP: Investigational product; ITT: Intention to treat;
MRI: Magnetic resonance imaging; MRS: Magnetic resonance spectroscopy;
Phe: Phenylalanine; PKU: Phenylketonuria; PKUQOL: Phenylketonuria Quality
Of Life questionnaire; POMS: Profile of Mood States; rsfMRI: Resting-state
functional MRI; T: Time point; TAP: Test of Attentional Performance; WAISIV: Wechsler Adult Intelligence Scale Fourth Edition
Acknowledgements
We would like to thank the Vontobel Foundation, the Bangerter Rhyner
Foundation, the Nutricia Metabolics Research Fund, the Swiss National
Science Foundation, and the Inselspital Bern for their funding. In advance,
we would like to thank the participants of the PICO Study.
Authors’ contributions
The original manuscript was drafted by RT and RE. It was critically reviewed
and revised by all coauthors. All authors read and approved the final
manuscript. Important contribution to this study protocol were provided by
each coauthor of this study protocol. RT, RM, LB, and RE made substantial
contributions to the study design. Funding was acquired by the senior
author (RE) and the main coinvestigator (RT). Assessments will be conducted
by RM, SA, LB, scientific assistants and master students. All examiners receive
adequate training supervised by RT and RE. Study coordination will be
conducted by RT and RE. Medical experts for the patients with PKU are LB,
and MH. Experts for the neuropsychological assessments are RM, SA, and RE.
Experts for neuroimaging are RM, SA, JS, CR, RK, and RE. All authors read and
approved the final manuscript.

Trepp et al. Trials

(2020) 21:178

Funding
This study is supported by the Swiss National Science Foundation (doc.CH
Grant to R.M., Grant number 184453); the Vontobel Foundation, Tödistrasse
17, CH-8002 Zürich, Switzerland; the Bangerter Rhyner Foundation, Lange
Gasse 15, Postfach, CH-4002 Basel, Switzerland; the Nutricia Metabolics Research Fund (Amsterdam, Netherlands); and a young investigator grant from
the Inselspital Bern (CTU Grant) to L.B.. The funding body has no role in the
design of the study or in the collection, analysis, and interpretation of data
and writing the manuscript.
Availability of data and materials
Not applicable.
Ethics approval and consent to participate
The research project has been approved by the ethics committee of the
canton of Bern, Switzerland (KEK BE 2018–01609). Important study protocol
modifications will be reported to the relevant parties. In addition, the
research project is registered at in online platforms (www.clinicaltrial.gov and
kofam.ch).
After being verified as eligible for the study, the participants will receive
adequate verbal information about the study. They will be given enough
time to consider their participation, and the informed consent form will be
sent to them. Written informed consent will be obtained of all participants
by the study physician (R.T.) or the study coordinators (R.M., S.A.). Participants
can withdraw from participating at any time without giving a reason. If
participants discontinue, their data will still be analyzed. Individual medical
information obtained as a result of this study is considered confidential, and
disclosure to third parties is prohibited. Participants’ confidentiality will be
further ensured by utilizing subject identification code numbers (both on
paper and electronically) to correspond to treatment data in the computer
files. The key (i.e., a list in which an alphanumeric code is linked to individual
participants’ names) will be kept separately from the study data in a secured
(locked) document. Access to documents, datasets, statistical codes, etc.
during and after the study will only be granted to the PI and his designees
(e.g., co-authors of the study protocol). The results of the present study will
be submitted for publication in peer-reviewed journals and will be presented
at national and international scientific meetings to healthcare professionals
and/or the public. Authorship eligibility will be determined according to the
Vancouver Convention established by the International Committee of Medical Journal Editors (ICMJE).

Page 10 of 11

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

Consent for publication
Not applicable.
16.
Competing interests
The authors declare that they have no competing interests.
Author details
Department of Diabetes, Endocrinology, Nutritional Medicine and
Metabolism, Inselspital, Bern University Hospital and University of Bern, Bern,
Switzerland. 2Support Center for Advanced Neuroimaging (SCAN), University
Institute of Diagnostic and Interventional Neuroradiology, Inselspital, Bern
University Hospital, Bern, Switzerland. 3Magnetic Resonance Methodology
Unit, Department of Biomedical Research & Institute of Interventional,
Diagnostic and Pediatric Radiology, University of Bern, Bern, Switzerland.
4
Division of Neuropediatrics, Development and Rehabilitation, Children’s
University Hospital, Inselspital, Bern University Hospital, Bern, Switzerland.
1

17.
18.

19.

20.
21.

Received: 17 May 2019 Accepted: 20 December 2019

References
1. Blau N, Van Spronsen FJ, Levy HL. Phenylketonuria. Lancet. 2010;376(9750):
1417–27.
2. Pers S, Gautschi M, Nuoffer J, Schwarz H, Christ E. Integration of adult
patients with phenylketonuria into professional life: long-term follow-up of
27 patients in a single centre in Switzerland. Swiss Med Wkly. 2014;
(December):1–6 http://doi.emh.ch/smw.2014.14074.
3. Burgard P, Ullrich K, Ballhausen D, Hennermann JB, Hollak CEM, Langeveld
M, et al. Issues with European guidelines for phenylketonuria. Lancet
Diabetes Endocrinol. 2017;5(9):681–3.

22.
23.

24.

Jahja R, van Spronsen FJ, de Sonneville LMJ, van der Meere JJ, Bosch AM,
Hollak CEM, et al. Long-term follow-up of cognition and mental health in adult
phenylketonuria: a PKU-COBESO study. Behav Genet. 2017;47(5):486–97.
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(3):242–
54 http://www.ncbi.nlm.nih.gov/pubmed/28240926.
Hofman DL, Champ CL, Lawton CL, Henderson M, Dye L. A systematic
review of cognitive functioning in early treated adults with phenylketonuria.
Orphanet J Rare Dis. 2018;13(1):150 http://www.ncbi.nlm.nih.gov/pubmed/3
0165883.
Welsh MC, Pennington BF, Ozonoff S, Rouse B, McCabe ERB. Neuropsychology
of early-treated phenylketonuria: specific executive function deficits. Child Dev.
1990;61(6):1697 https://www.jstor.org/stable/1130832?origin=crossref.
Brumm VL, Azen C, Moats RA, Stern AM, Broomand C, Nelson MD, et al.
Neuropsychological outcome of subjects participating in the PKU adult
collaborative study: a preliminary review. J Inherit Metab Dis. 2004;27(5):549–66.
Bodner KE, Aldridge K, Moffitt AJ, Peck D, White DA, Christ SE. A volumetric
study of basal ganglia structures in individuals with early-treated
phenylketonuria. Mol Genet Metab. 2012;107(3):302–7.
Christ SE, Moffitt AJ, Peck D, White DA, Hilgard J. Decreased functional brain
connectivity in individuals with early-treated phenylketonuria: evidence
from resting state fMRI. J Inherit Metab Dis. 2012;35(5):807–16.
Sundermann B, Pfleiderer B, Möller HE, Schwindt W, Weglage J, Lepsien J,
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(3):711–21 http://link.springer.com/10.1007/s10545-011-9318-4.
Van Spronsen FJ, Huijbregts SCJ, Bosch AM, Leuzzi V. Cognitive,
neurophysiological, neurological and psychosocial outcomes in earlytreated PKU-patients: a start toward standardized outcome measurement
across development. Mol Genet Metab. 2011;104(SUPPL):S45–51. https://doi.
org/10.1016/j.ymgme.2011.09.036.
Palermo L, Geberhiwot T, MacDonald A, Limback E, Hall SK, Romani C.
Cognitive outcomes in early-treated adults with phenylketonuria (PKU): a
comprehensive picture across domains. Neuropsychology. 2017;31(3):255–
67 http://www.ncbi.nlm.nih.gov/pubmed/28080075.
Waisbren SE, Noel K, Fahrbach K, Cella C, Frame D, Dorenbaum A, et al.
Phenylalanine blood levels and clinical outcomes in phenylketonuria: A systematic
literature review and meta-analysis. Mol Genet Metab. 2007;92(1–2):63–70.
Christ SE, Huijbregts SCJ, de Sonneville LMJ, White DA. Executive
function in early-treated phenylketonuria: Profile and underlying
mechanisms. Mol Genet Metab. 2009;99(SUPPL):S22–32. https://doi.org/
10.1016/j.ymgme.2009.10.007.
Bik-Multanowski Miroslaw M, Pietrzyk JJ, Mozrzymas R. Routine use of
CANTAB system for detection of neuropsychological deficits in patients
with PKU. Mol Genet Metab. 2011;102(2):210–3. https://doi.org/10.1016/j.
ymgme.2010.10.003.
Baddeley A. Working memory. Science. 1992;255(5044):556–9.
Kane MJ, Brown LH, McVay JC, Silvia PJ, Myin-germeys I, Kwapil TR. For
whom the mind wanders, and when executive control in daily life. Psychol
Sci. 2007;18(7):614–21 http://journals.sagepub.com/doi/pdf/10.1111/j.14679280.2007.01948.x.
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(1):3–8.
Dezortová M, Hájek M, Tintěra J, Hejcmanová L, Syková E. MR in
phenylketonuria-related brain lesions. Acta Radiol. 2001;42(5):459–66.
Bik-Multanowski M, Didycz B, Mozrzymas R, Nowacka M, Kaluzny L, Cichy W,
et al. Quality of life in noncompliant adults with phenylketonuria after
resumption of the diet. J Inherit Metab Dis. 2008;31(S2):415–8 Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18956249.
Anderson PJ, Leuzzi V. White matter pathology in phenylketonuria. Mol Genet
Metab. 2009;99(SUPPL):S3–9. https://doi.org/10.1016/j.ymgme.2009.10.005.
Pérez-Dueñas B, Pujol J, Soriano-Mas C, Ortiz H, Artuch R, Vilaseca MA, et al.
Global and regional volume changes in the brains of patients with
phenylketonuria. Neurol Int. 2006;66(7):1074–8 http://www.scopus.com/
inward/record.url?eid=2-s2.0-33646115442&partnerID=40&md5=1c59bdc45
e736438aacef75e827b5179.
Christ SE, Moffitt AJ, Peck D, White DA. The effects of tetrahydrobiopterin
(BH4) treatment on brain function in individuals with phenylketonuria.
NeuroImage Clin. 2013;3:539–47.

Trepp et al. Trials

(2020) 21:178

25. Christ SE, Moffitt AJ, Peck D. Disruption of prefrontal function and
connectivity in individuals with phenylketonuria. Mol Genet Metab. 2010;
99(SUPPL):S33–40. https://doi.org/10.1016/j.ymgme.2009.09.014.
26. Leuzzi V, Bianchi MC, Tosetti M, Carducci CL, Carducci CA, Antonozzi I.
Clinical significance of brain phenylalanine concentration assessed by
in vivo proton magnetic resonance spectroscopy in phenylketonuria. J
Inherit Metab Dis. 2000;23(6):563–70 http://www.ncbi.nlm.nih.gov/
pubmed/11032331.
27. 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;292(3):213–8 http://www.ncbi.nlm.nih.
gov/pubmed/17068073.
28. ten Hoedt AE, de Sonneville LMJ, Francois B, ter Horst NM, Janssen MCH,
Estela Rubio-Gozalbo M, et al. High phenylalanine levels directly affect
mood and sustained attention in adults with phenylketonuria: a
randomised, double-blind, placebo-controlled, crossover trial. J Inherit
Metab Dis. 2010;34:165–71 www.childrensmemorial.org/.
29. van Wegberg AMJ, MacDonald A, Ahring K, Bélanger-Quintana A, Blau N,
Bosch AM, et al. The complete European guidelines on phenylketonuria:
diagnosis and treatment. Orphanet J Rare Dis. 2017;12(1):162 http://www.
ncbi.nlm.nih.gov/pubmed/29025426.
30. Brown CS, Lichter-Konecki U. Phenylketonuria (PKU): a problem solved? Mol
Genet Metab Reports. 2016;6:8–12. https://doi.org/10.1016/j.ymgmr.2015.12.004.
31. Burton BK, Leviton L. Reaching out to the lost generation of adults with
early-treated phenylketonuria (PKU). Mol Genet Metab. 2010;101(2–3):146–8.
32. Chan A, Tetzlaff JM, Gøtzsche PC, Altman DG, Mann H, Berlin JA, et al. SPIRIT
2013 explanation and elaboration: guidance for protocols of clinical trials.
BMJ. 2013;346:e7586.
33. Guigoz Epalinges Y. Dietary proteins in humans: basic aspects and
consumption in Switzerland. Int J Vitam Nutr Res. 2011;81(3):87–100.
34. Burns TS, Stargel WW, Hurwitz A. Bioavailability of phenylalanine and
aspartate from aspartame (20 mg/kg) in capsules and solution. Metabolism.
1990;39(11):1200–3 https://www.sciencedirect.com/science/article/pii/0026
04959090095T.
35. MacLeod EL, Gleason ST, van Calcar SC, Ney DM. Reassessment of
phenylalanine tolerance in adults with phenylketonuria is needed as
body mass changes. Mol Genet Metab. 2009;98(4):331–7.
36. Kaufman S. A model of human phenylalanine metabolism in normal
subjects and in phenylketonuric patients. Med Sci. 1999;96:3160–4.
37. Zimmermann P, Fimm B. Testbatterie zur Aufmerksamkeitsprüfung.
Würselen: Psytest; 2009.
38. Wechsler D. Wechsler adult intelligence scale - fourth edition (WAIS-IV).
22nd ed. San Antonio: NCS Pearson; 2008. p. 498.
39. Delis DC, Kaplan E, Kramer JH. D-KEFS: examiners manual. San Antonio: The
Psychological Corporation; 2001.
40. Tiffin J, Asher EJ. The Purdue Pegboard: norms and studies of reliability and
validity. J Appl Psychol. 1948;32(3):234–47.
41. Albani C, Blaser G, Geyer M, Schmutzer G, Brähler E, Bailer H, et al. Überprüfung
der Gütekriterien der deutschen Kurzform des Fragebogens Profile of Mood
States (POMS) in einer repräsentativen Bevölkerungsstichprobe. Psychother
Psychosom Med Psychol. 2005;55(7):324–30.
42. Dozois DJA, Dobson KS, Ahnberg JL. A psychometric evaluation of the Beck
Depression Inventory-II. Psychol Assess. 1998;10(2):83–9.
43. Regnault A, Burlina A, Cunningham A, Bettiol E, Moreau-Stucker F.
Development and psychometric validation of measures to assess the
impact of phenylketonuria 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(1):59.
44. Fujiyoshi K, Hikishima K, Nakahara J, Tsuji O, Hata J, Konomi T, et al.
Application of q-space diffusion MRI for the visualization of white matter. J
Neurosci. 2016;36(9):2796–808 http://www.jneurosci.org/cgi/doi/10.1523/
JNEUROSCI.1770-15.2016.
45. Öz G, Tkáč I. Short-echo, single-shot, full-intensity proton magnetic
resonance spectroscopy for neurochemical profiling at 4 T: validation in the
cerebellum and brainstem. Magn Reson Med. 2011;65(4):901–10 http://
www.ncbi.nlm.nih.gov/pubmed/21413056.
46. Jacola LM, Willard VW, Ashford JM, Ogg RJ, Scoggins MA, Jones MM, et al.
Clinical utility of the N-back task in functional neuroimaging studies of
working memory. J Clin Exp Neuropsychol. 2014;36(8):875–86.
47. Kreis R, Zwygart K, Boesch C, Nuoffer J-M. Reproducibility of cerebral
phenylalanine levels in patients with phenylketonuria determined by 1 H-

Page 11 of 11

48.

49.
50.

51.
52.

53.

54.

55.

56.

57.

58.

MR spectroscopy. Magn Reson Med. 2009;62(1):11–6 http://doi.wiley.com/1
0.1002/mrm.21983.
Piaggio G, Elbourne DR, Pocock SJ, Evans SJW, Altman DG, CONSORT Group.
Reporting of noninferiority and equivalence randomized trials. JAMA. 2012;308(24):
2594 http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2012.87802.
Feillet F, Agostoni C. Nutritional issues in treating phenylketonuria. J Inherit
Metab Dis. 2010;33(6):659–64.
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):1–8.
Hollak CE, Lachmann R. (Eds.). Inherited Metabolic Disease in Adults: A
Clinical Guide. Oxford University Press; 2016.
Bilder DA, Noel JK, Baker ER, Irish W, Chen Y, Merilainen MJ, et al. systematic
review and meta-analysis of neuropsychiatric symptoms and executive
functioning in adults with phenylketonuria. Dev Neuropsychol. 2016;41(4):
245–60. https://doi.org/10.1080/87565641.2016.1243109.
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(5):681–8.
FDA. FDA approves new treatment for a rare genetic disorder, Fabry
disease. 2018; https://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/ucm608835.htm. Cited 28 Sept 2018.
EMEA. EMEA-001951-PIP01–16 | European Medicines Agency. 2018. https://
www.ema.europa.eu/medicines/human/paediatric-investigation-plans/emea001951-pip01-16. Accessed 28 Sept 2018.
Levy HL, Sarkissian CN, Scriver CR. Phenylalanine ammonia lyase (PAL): From
discovery to enzyme substitution therapy for phenylketonuria. Mol Genet
Metab. 2018;124(4):223–9 https://linkinghub.elsevier.com/retrieve/pii/S1096
719218302920.
Jiang J, Amato RS, Weng HH, Burton BK, Stuy M, Longo N, et al. Pegvaliase
for the treatment of phenylketonuria: a pivotal, double-blind randomized
discontinuation Phase 3 clinical trial. Mol Genet Metab. 2018;24(1):20–6.
https://doi.org/10.1016/j.ymgme.2018.03.003.
Thomas J, Levy H, Amato S, Vockley J, Zori R, Dimmock D, et al. Pegvaliase
for the treatment of phenylketonuria: Results of a long-term phase 3 clinical
trial program (PRISM). Mol Genet Metab. 2018;124:1096–7192 http://
creativecommons.org/licenses/BY/4.0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

