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a b s t r a c t
Early-treated phenylketonuria (PKU) is associated with a range of neuropsychological impairments. Proposed mechanisms for these impairments include dopamine depletion and white matter pathology. Neuroimaging studies demonstrate high-signal intensity in the periventricular white matter in most PKU
patients, which can extend into subcortical and frontal regions in more severe cases. A review of histopathology and neuroimaging studies reveals that diffuse white matter pathology in untreated PKU
patients is likely to reﬂect hypomyelination (lack of myelin formation), while in early-treated patients
white matter abnormalities observed on magnetic resonance imaging (MRI) is likely to reﬂect intramyelinic edema. Research demonstrates that this pathology is associated with metabolic control and may
be reversed with adherence to a strict low-phenylalanine (Phe) diet. While the functional signiﬁcance
of white matter pathology in PKU is not certain, there is some evidence that these abnormalities are associated with functional impairments when the pathology extends into subcortical and frontal regions.
Crown Copyright Ó 2009 Published by Elsevier Inc. All rights reserved.

Introduction
Phenylketonuria (PKU1; OMIM 261600 and 261630) is an
inborn error of metabolism associated with diffuse brain pathology. The consequences are usually severe when this metabolic condition is left untreated; however, white matter pathology is
common even in early diagnosed and treated individuals. PKU
appears to principally affect cortical and subcortical white matter,
although there is emerging evidence that this condition also inﬂuences cortical development, in particular dendritic growth and
dendritic spine density [1]. Little is known about the cortical
changes related to early-treated PKU in humans as dendritic abnormalities are not easily detectable with current neuroimaging paradigms. However, some recent studies have reported volumetric
reductions in gray matter structures including the motor cortex,
thalamus, and hippocampus [2,3]. In contrast, considerable human
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research has examined how PKU impacts white matter development, and this literature will be the focus of this review.
Histopathology
While human histopathology studies are limited to small numbers of selective samples of different ages, these studies can provide
important insights into the speciﬁc neuropathology associated with
PKU. The brains of untreated PKU patients generally show impaired
myelination, reﬂected by pallor of the white matter on myelin stains
[1,4]. Astrocystic gliosis is usually present in these affected white
matter tracts [5]. In animal models of PKU, studies have demonstrated that oligodendrocytes (i.e., cells that assemble and maintain
myelin) fail to form myelin in response to high-phenylalanine (Phe)
levels [6]. For example, rats placed on a hyperphenylalanemia diet
display increased turnover of myelin components and inhibited
myelin synthesis [7], which is similar to the disturbed myelin metabolism observed in a mouse mutant deﬁcient of phenylalanine
hydroxylase (PAH; EC 1.14.16.1) [8]. Given that elevated Phe is a
symptom of untreated or poorly treated PKU, the impaired myelination observed in these individuals is probably due to a toxic effect of
high-Phe levels on oligodendroglia [4].
In utero the fetus with PKU of a mother heterozygous of PKU does
not experience the elevated Phe levels associated with this metabolic disorder, and brain development up to birth is thought to proceed normally. After birth, Phe levels rise quickly and from this point
forward are considered neurotoxic for subsequent brain development. This view is consistent with the location of white matter
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lesions in untreated PKU, which generally occur in regions in which
myelination occurs postnatally [4,6]. As a consequence, it has been
proposed that oligodendrocytes in regions that myelinate post-birth
(e.g., optic tract, corpus callosum, subcortical white matter, and periventricular white matter) are vulnerable to high-Phe levels postbirth, while oligodendrocytes associated with white matter tracts
that myelinate pre-birth (e.g., internal capsule and brainstem) are
resistant to elevated Phe levels post-birth [4]. If this is the case,
one would expect that offspring from untreated or poorly treated
maternal PKU pregnancies would show myelination abnormalities
in the internal capsule, brainstem, and other early myelinating
tracts. However, to date, there is limited supporting evidence. A neuroimaging study reported no myelination abnormalities in offspring
without PKU, although signiﬁcant changes to the corpus callosum
were observed [9]. Further, an autopsy report on an infant whose
mother had poorly controlled maternal PKU and died at 4 months
of age revealed age-appropriate myelination in early myelinating
tracts including the brainstem, spinal cord, and cerebellum, but
myelination was delayed in tracts that commence myelination late
in the third trimester, such as the optic radiation [10].
Dyer [4] argues that white matter pathology in untreated PKU is a
developmental process whereby elevated Phe levels stall the myelination process, resulting in severe hypomyelination. Mild and transient involvement of white matter tracts that myelinate post-birth
has been suggested also in early-treated PKU patients. However, in
early-treated patients myelination is thought to proceed normally,
or close to normal, and the lesions are likely to reﬂect demyelination
or dysmyelination. In other words, white matter lesions in untreated
PKU is likely to be due to reduced myelin formation, while lesions in
well-controlled patients is considered a function of loss or impairment of previously assembled myelin [4].
In the lack of neuropathological conﬁrmation, this attractive
model can be explored in light of the data collected in vivo in
PKU patients by magnetic resonance imaging (MRI) examination
and neurophysiological and clinical studies.

Structural MRI
Probably the ﬁrst report of white matter abnormality in treated
PKU patients using conventional MRI was in 1989 [11]. This case report described two young adults displaying neurological deterioration (years after diet discontinuation) who on T2 weighted images
exhibited increased signal intensity in periventricular white matter.
This report was followed by a series of studies published in the
early 1990s, which investigated neuroanatomical changes in treated PKU patients using structural MRI. An inﬂuential paper was
published in the Lancet by Thompson et al. [12]. This case series described seven treated patients who displayed neurological deterioration in adolescence or early adulthood. Six of these patients
underwent MRI and all were identiﬁed as having white matter
abnormalities on T2 weighted images, speciﬁcally high-signal
intensity in periventricular white matter. While the size and distribution of these high-signal intensity changes varied between subjects, it was more common in posterior temporal and occipital
white matter. The abnormal high-signal areas were thought to
indicate ‘‘increased water content and/or an alteration in the macromolecular environment of water” in the cerebral white matter.
Thompson et al. [12] also described one young adult who had serial
MRI scans at age 23, 24, and 25 (two scans, with a repeat scan taken after resumption of treatment). The white matter abnormalities observed on brain scans at 23 and 24 years of age were
similar, and during this period this patient remained stable. Between 24 and 25 years of age this patient showed marked clinical
deterioration, which interestingly coincided with ‘‘striking MRI
changes”. A follow-up assessment was undertaken 2 months after

resuming a strict low-Phe diet, neurological symptoms improved,
and the severity of white matter changes diminished.
At roughly the same time Pearsen et al. [13] published the ﬁndings of an MRI study involving 17 PKU patients (age range: 9–
35 years), nine of which were early-treated and six of these were
still following a low-Phe diet. All but one of these patients had
‘‘symmetric high-signal intensity in the periventricular white matter of the posterior cerebral hemispheres, with extension into the
frontal lobes in advanced cases only”. No white matter abnormalities were identiﬁed in other brain regions and the basal ganglia
appeared unaffected in all cases; however, mild cortical atrophy
was seen in eight patients.
The ﬁndings of these early reports have been replicated in larger
and more representative samples, and also in quite young and
well-controlled children [14–26]. The largest cohort study using
MRI scanned 77 adolescent and adult PKU patients (recruitment
rate of 78%), with suitable images obtained for 74 cases [18]. The
majority of the participants (n = 70) were early-treated (treatment
commenced within 2 months), and most discontinued treatment at
age 14 years. Some degree of white matter abnormality was observed in 71 (of 74) scans, with one normal scan and two with
‘‘equivocal changes”. The MRI abnormalities were less severe for
younger participants who were still on treatment in comparison
to those who were off treatment.
In summary, the prevalence for white matter abnormalities is
high [18,24], with most early-treated patients exhibiting at least
mild high-signal intensity in the periventricular white matter
[15,18,23]. The prevalence of the white matter abnormalities tends
to be higher and more severe in older children [15,18], those who
are off treatment [15,18,24], or those with high-Phe levels
[15,17,18,22–24,27]. Further studies have also demonstrated that
in more severe cases the white matter abnormalities can extend
into subcortical regions [15–17,24], posterior limb of the internal
capsule into the cerebral peduncles [17], brain stem [22], and cerebellum [22].
A major limitation of these studies is the reliance on qualitative
measurements of pathology. Furthermore, the imaging sequences
vary across studies, as do the protocols for assessing the presence
and severity of white matter abnormalities. Finally, the majority of
subjects examined by a number of these published studies (see Table 1) were in their second decade of life or older and longitudinal
studies are still lacking. So, as the information based on structural
studies is concerned, the age of the onset and the natural outcome
of MRI white matter abnormalities remain to be explored. In spite
of these constraints, the picture emerging from the literature of the
last 20 years is striking, showing that over 90% of all PKU patients
suffer from white matter abnormalities (Table 1), which were not
associated with obvious neurological alterations.

Table 1
Cumulative data on structural white matter MRI abnormality in PKU without
neurological deterioration.
Patients
Age range (years)
</> 11 years, n
PKU (Phe > 600 lM), n
Hphe (Phe < 600 lM), n
Early/late detected, n
On/off diet, n
Cognitive functioning (normal/abnormal), n
MRI white matter pathology (normal/
abnormal), n

312
0.9–49
23/172 (available data for 195/
312)
300
12
254/58
107/205
96/59 (available data for 165/
312)
22 (7%)/290 (93%)

Data summarize patients reported in Refs. [13,14,16–26]. Numbers should be
accepted with prudence, considering that it is not totally possible to rule out
repeated enrollment of the same patient in more than one paper.
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Regression of white matter abnormalities
The regression in MRI-deﬁned white matter abnormalities observed in a patient by Thompson et al. [12] has also been described
by others [17,28,29]. Bick et al. [17] noted less severe white matter
pathology in two of three patients who returned to a strict low-Phe
diet in just 3 months, however, these improvements diminished
for both patients when treatment was again discontinued. In this
study, the improvement in MRI changes appeared related to the
maintenance of good metabolic control. This view is consistent
with the lack of improvement on MRI showed by the third patient,
who returned to treatment but continued to record relatively highPhe levels.
While these case reports provided hope that MRI-deﬁned
abnormalities in PKU are reversal, more empirical evidence for this
view was provided by an landmark study by Cleary et al. [28]. This
study involved serial MRI scans in 41 patients (aged 14–49 years)
who following a baseline scan either (1) returned to a strict lowPhe diet with amino acid supplementation aiming for Phe levels
less than 400 lmol/L (n = 5), (2) started a low-protein diet with
amino acid supplementation aiming for Phe levels less than
900 lmol/L (n = 21) or (3) made no dietary changes (n = 15). The
follow-up MRI scans, which were conducted after 3–12 months
of intervention, revealed regression in white matter abnormalities
in all ﬁve patients who returned to a strict treatment regime. In
contrast, some reversal of MRI changes was observed in 5 of 21 patients who returned to a low-protein diet and in 4 of 15 patients
who made no dietary change. All these patients who showed
reduction in white matter changes but one had a lower Phe level
at the second scan. Regression of white matter abnormalities was
signiﬁcantly associated with blood Phe levels, in particular blood
Phe level at the time of the follow-up scan. Further inspection of
the data indicated that improvement in white matter score was
primarily observed in those participants who were able to reduce
their blood Phe to less than 900 lmol/L. Unfortunately, the clinical
correlations (if any) of the different outcomes of MRI white matter
alterations were not explored in this study.
The duration of strict metabolic control needed to signiﬁcantly
reduce white matter abnormalities is not known, but it is clear that
reversal of these changes does not occur rapidly [30] and a minimum of 2 months may be needed [28].

Metabolic control
Evidence that the severity of white matter pathology can be reduced with a return to a strict low-Phe diet and good metabolic
control (i.e., blood Phe < 400 lmol/L) implies that the evolution
of this lesion is linked to poor metabolic control. While most studies have found that the severity of abnormalities is related to blood
Phe levels [15,17,18,22–25,27,31], this is not a universal ﬁnding
[13,16]. The approach for determining the role of metabolic control
in MRI-deﬁned white matter changes has varied greatly. Most
studies have correlated white matter abnormalities with concurrent blood Phe, but other parameters of metabolic control examined include previous 6 months Phe, previous 12 months Phe,
and lifetime Phe. These parameters are usually associated with
age, given that treatment guidelines alter according to age. Thus,
untangling the independent effects of age and metabolic control
on the development of white matter pathology is difﬁcult.
Early reports that MRI-deﬁned white matter changes are not related to metabolic control were based on small sample studies
(n = 15 [13] and n = 9 [16]). These studies did not describe in detail
the analyses conducted, but it appears that qualitative rating of diet
history was the basis of the analyses rather than Phe level. Larger cohort studies and those that have examined the relationship between
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severity of white matter and blood Phe have tended to report a positive ﬁnding, such that high-Phe levels are generally associated with
more severe white matter pathology [15,17,18,22,24,25]. In an early
report examining the issue of metabolic control, Thompson et al. [24]
found that severity of white matter pathology was greater in those
patients who were off treatment, especially those off treatment for
greater than 2 years, patients who had blood Phe levels in excess
of 1200 lmol/L, and patients older than 11 years. They reported that
MRI abnormalities were either absent or minimal in young children
who were still on a strict diet and with concurrent blood Phe less
than 700 lmol/L [24]. More in-depth analyses were conducted by
Cleary et al. [18] in their large cohort study including concurrent
Phe, maximum Phe, mean lifetime Phe, mean Phe in the ﬁrst 4 years,
and mean Phe in the last 5 years. Of these metabolic control parameters concurrent Phe correlated most strongly with MRI score
(r2 = 0.34). Mean lifetime Phe (r2 = 0.14) and mean PHE in the last
5 years (r2 = 0.16) were also moderate predictors of white matter
abnormalities. Consistent with these ﬁndings, mean MRI scores
were signiﬁcantly higher (abnormal) in patients older than 14 years
and off treatment when compared to younger patients who were
still on treatment.
Summary parameters for metabolic control (i.e., lifetime Phe)
have generally been calculated by averaging Phe values; however,
means should only be used when the distribution is normally distributed, and this is not always the case. In a younger cohort,
Anderson et al. [31] examined this relationship between metabolic
control and severity of white matter abnormalities but utilized
median values rather than means to represent lifetime Phe, early
Phe (ﬁrst 6 months), and recent Phe (previous 12 months). Consistent with previous reports, lifetime Phe (r2 = 0.36) and concurrent
Phe (r2 = 0.45) were strong predictors of white matter abnormalities, but median Phe level over the previous 12 months was even
more predictive (r2 = 0.61). Children with moderate to severe MRI
changes had a mean concurrent Phe of 786 lmol/L and mean lifetime Phe of 542 lmol/L, which was signiﬁcantly higher than those
children with no or mild white matter pathology.
A reliance on blood Phe levels is a limitation of the above studies.
In the mid-1990s studies using magnetic resonance spectroscopy
(MRS) emerged. MRS is used to measure the concentration of different metabolites in tissue and has enabled brain Phe levels to be estimated [32–40]. In early-treated PKU patients, blood and brain Phe
levels generally correlate highly [19,32,35,38], although there is
some data to suggest that this linear relationship deviates at higher
Phe levels [19,36,37,41]. Furthermore, inter-individual variability
has been reported, with some patients exhibiting signiﬁcant variability between blood and brain Phe levels [32,33,36,37,39,41,42].
For example, Moats et al. [42] describes four PKU patients who, despite exhibiting high-historic Phe levels, recorded low-brain Phe levels and normal intellectual functioning. It has been speculated that
this inter-individual variability may explain the different clinical
outcomes observed between patients despite very similar metabolic
control; in some cases individual treatment recommendations may
be warranted [40]. Brain Phe has been related to white matter abnormalities, with Rupp et al. [38] reporting a moderate association similar to that for concurrent blood Phe.

Neurophysiological evidence of white matter alteration
White matter integrity can be reliably explored by neurophysiological techniques, which are useful in detecting a possible
impairment of nervous potential generation and conduction—a frequent ﬁnding in demyelinating diseases. Lou et al. [21] found normal visual evoked potentials (VEP) in 14 PKU subjects with a wide
spectrum of white matter involvement. Cleary et al. [18] recorded
VEP and somatosensory evoked potentials (SEP), central motor
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conducting time, and peripheral motor nerve conduction velocity
in a subgroup of PKU patients enrolled for their neuroradiological
study. Despite some peripheral and/or central conduction alterations detected in a few subjects, the authors did not identify a pattern of neurophysiological alteration consistent with white matter
abnormalities and concluded that there was no convincing evidence of major neurophysiological abnormality in PKU subjects
with white matter abnormality.
However, VEP abnormalities in a high percentage of PKU adolescents and young adults with variable white matter involvement
have been reported in other studies [43,44]. In 22 of 27 PKU patients
aged 14–31 years, Jones et al. [43] found alterations of both latency
(21/22) and amplitude (14/22) of VEP P100 peak associated with
moderate to severe (score 3–5) white matter alterations in 20 of
22 patients (concurrent blood Phe 430–2010 lmol/L). In contrast,
VEP were normal in eight of nine PKU patients younger than 14
(concurrent Phe level 348–1166 lmol/L) who showed minimal
white matter involvement (in the only abnormal subject of this
group, a pattern of retrochiasmal visual pathway involvement was
associated with a higher white matter severity score and concurrent
blood Phe level 1320 lmol/L). Level of blood Phe higher than
1200 lmol/L was associated with a higher probability of VEP abnormalities, while VEP latency was not signiﬁcantly correlated with
white matter score, despite a general trend of VEP alterations to occur in the patients with most severe involvement of white matter.
An increase of VEP P100 latencies was also conﬁrmed when the
integrative function of visual system was explored by structured
stimuli with different spatial frequencies and contrasts [44]. Phe
values higher than 900 lmol/L and the patient’s age independently
affected VEP latency elicited by higher frequency and/or reduced
contrast and VEP latency elicited by the lower spatial frequency,
respectively. Also in this study the involvement of white matter
on MRI, which was found in all patients, was not correlated with
severity and patterns of neurophysiological alterations. The picture
emerging from these studies shows that while VEP and white matter alterations share a similar linkage with the recent exposure to
blood Phe level and the patient’s age, they do not appear to be
associated with each other and may be representing different pathologic backgrounds [44].
In conclusion, although the pattern of neuroradiological abnormality suggests a demyelinating process in early-treated PKU
subjects during their second decade of life and afterwards, neurophysiological studies do not completely support that demyelination is the main pathological background of these alterations.

Advanced MRI sequences
Conventional MRI studies have clearly demonstrated that periventricular white matter pathology is common in early-treated
PKU patients, and the severity of pathology is strongly associated
with metabolic control. The changes in MRI have been described
as elevated water content, edema, and immature or vacuolated
myelin [16,18,24]. However, more advanced MRI sequences are
necessary to fully understand the etiology of these white matter
abnormalities, such as MRS and diffusion tensor imaging (DTI).
While some MRS studies have reported altered spectra in PKU
patients [45], others have reported normal concentration of the
primary metabolites in a range of regions [17,21,22]. Discrepancies
that have been reported include a decrease in choline concentration [46], as well as choline/creatine [45] and inositol/creatine
[47] ratios. A more relevant ﬁnding is the increased volume of cerebrospinal ﬂuid (CSF)-like water compartment in affected white
matter regions [22]. The volume of CSF-like water compartment
is signiﬁcantly less in unaffected white matter regions in comparison to affected regions [22].

More recently DTI has been utilized to assess the nature of the
white matter lesions observed on conventional MRI. DTI is an
imaging technique that allows the assessment of water diffusion
in white matter, enables representation of the architecture of ﬁber
tracts through the analysis of differential tissue anisotropy, and
provides information relating to axonal loss and demyelination.
Most DTI studies report reduced apparent diffusion coefﬁcients
in PKU patients [19,46,48,49]. Phillips et al. [48] reported reduced
apparent diffusion coefﬁcient (ADC) in occipital white matter, splenium, genu, frontal white matter, and corona radiate in three PKU
patients compared to six healthy volunteers. The authors suggest
that the restricted diffusion in PKU patients is unlikely to reﬂect increased extracellular ﬂuid or demyelination, as these phenomena
are more likely to result in increased diffusion [48]. The most likely
explanation offered was that the reduced diffusion reﬂected water
within the myelin or increased myelin turnover. While Dezortova
et al. [46] also found reduced ADC values in PKU patients, this
was speciﬁcally in lesioned white matter and not in unaffected
white matter. These ﬁndings were interpreted to reﬂect a greater
concentration of unbound water molecules in the white matter lesion and alterations to the myelin sheath. More recent DTI studies
by Leuzzi et al. [19], Vermathen et al. [49], and Scarabino et al. [50]
also report reduced diffusivity in regions exhibiting white matter
changes and agree that this is likely to represent increased intracellular water content. Moreover, a reduction of ADC values has
also been reported in unaffected (on T2 images) regions of white
matter [49,51]. Similar to hyperintensity on T2 weighted images,
restricted diffusion in the posterior white matter has been reported
to be strongly associated with metabolic control over the preceding 12 months (r2 = 0.59), such that higher Phe levels are related
to reduced ADC values [52]. A signiﬁcant, although weaker, relationship was also identiﬁed between metabolic control and ADC
values in the frontal white matter [52].
The pathologic background associated with the reduced value of
ADC and the hypotheses that the ADC alteration could reﬂect a possible change in myelin content in the brain of patients with PKU were
further explored in vivo by MRI [53] or multimodal MR (combined
DTI, relaxometry, and MRS) approaches [49]. These studies computed in adult PKU subjects and age-matched controls the fraction
of the water contributing to brain water signal trapped between
myelin bilayers (sensu strictu myelin water [MW]), which is alleged
to be a quantitative marker of myelin integrity. MW content was
found reduced in lesions and in unaffected tissue of PKU patients
[49], while the pool of extracellular water was increased [49,53].
Coupled with ADC reduction, this pattern of alterations suggests a
swelling or separation of myelin sheaths with intramyelinic edema
and formation of vacuoles [49]. Controversial data are available as
the fractional anisotropy (FA), which reﬂects the integrity of the tridimensional architecture of the myelin ﬁbers, is concerned. FA is
found preserved by some studies [19] and altered (with prevalent
impairment in longitudinal direction) by others [49].
In conclusion, the cumulative results of neuroradiological and
neurophysiological studies in PKU patients support the view of
MRI white matter alteration as resulting from a (chronic) intramyelinic edema, which does not result in a demyelinating process or
in a relevant derangement of the pattern of MW connectivity.

Functional consequences of PKU-related white matter
pathology
Cognitive and motor functions are dependent on both the structural integrity of speciﬁc brain regions as well as the tracts connecting these brain structures. The smooth ﬂow of neural
impulses is necessary for the brain to operate efﬁciently so that
information can be transmitted throughout the brain and inte-
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grated across multiple regions [54]. The speed of neural transmission is largely dependent on the structural properties of the connecting ﬁber tracts, such as axonal diameter and integrity of the
myelin sheath [54]. Given that neuroimaging and histopathology
studies indicate that treated PKU patients have high rates of white
matter pathology as a result of dysmyelination, it would be reasonable to expect impaired cognitive and motor deﬁcits [55]. The
white matter pathology observed in PKU is generally diffuse, and
as a consequence, multiple pathways may be compromised and
mild to moderate deﬁcits may be observed over a range of functions including motor skills and coordination, visual functioning,
processing speed, language, memory and learning, as well as attention and executive functioning. Consistent with this posit, a broad
array of neuropsychological difﬁculties has been reported in the
PKU population [31,56–72].
Mild neurologic impairments have been reported in patients
with PKU, including increased tremor and ﬁne motor performance
[73–75]. This population has also been found to exhibit slow reaction times [22,31,58,65,76,77], perception difﬁculties [67], compromised interhemispheric transfer [61,64], language problems
[57], and memory and learning [31,57,67,68] deﬁcits. However,
the domain that has generated most interest in PKU children is
attention and executive functioning. For example, deﬁcits in selective and sustained attention [22,66,78,79], working memory [72],
inhibitory control [62,65,69], conceptual reasoning [59,68,69],
planning ability [59,70], mental ﬂexibility [31,63,66], and organisational strategy [71] have all been reported. The general nature of
these impairments is consistent with white matter pathology.
Some researchers have reported selective deﬁcits in prefrontal
functions such as executive skills, leading to the premise that cognitive impairment in early-treated PKU patients is a result of mild
depletion in dopamine [70]. Dopamine depletion has been observed in early- and continuously-treated patients, and it is
thought to occur as a result of insufﬁcient levels of tyrosine crossing the blood–brain barrier (BBB) [80]. The prefrontal cortex is
thought to be particularly sensitive to low dopamine, given that
it rapidly turns over this neurotransmitter [81–83], and studies
have reported an association between prefrontal dysfunction (i.e.,
working memory) and dopamine depletion [82,84,85]. While a
considerable body of evidence supports the dopamine depletion/
executive dysfunction theory, conﬂicting research also exists. For
example, (1) some studies have failed to identify executive dysfunction in PKU cohorts [76,86–88], (2) the severity of executive
deﬁcits has reported to decrease rather than increase with age possibly reﬂecting developmental delay [88,89], and (3) a randomized
controlled trial of tyrosine supplementation revealed no beneﬁts
[90]. The dopamine depletion theory also does not explain the
commonly reported deﬁcits in processing speed, interhemispheric
transfer, and mild neurologic functions. As a consequence, it has
been proposed that the proﬁle of neuropsychological deﬁcits seen
in PKU patients may reﬂect multiple mechanisms including white
matter pathology and dopamine depletion [15,31].
Theoretically, it is reasonable to assume that at least some of
the difﬁculties experienced by PKU patients are due to white matter pathology; however, support for this view is limited. In fact,
most studies have reported that white matter abnormalities observed on MRI do not correlate signiﬁcantly with general intelligence (IQ) [13,17,18,22,24,74,91]. Still, it is possible that this
relationship is non-linear rather than linear, and that the pathology
needs to reach a certain threshold before it begins to compromise
functioning [15,31]. This view is supported by a study by Anderson
et al. [15], who contrasted the neuropsychological proﬁles of earlytreated PKU children with no white matter abnormalities on MRI
(n = 6), children with pathology restricted to the posterior periventricular region (mild, n = 12), and children with pathology that extended into subcortical and frontal regions (moderate, n = 14). A
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linear effect was not observed, with the children in the no pathology and mild pathology groups differing only marginally from each
other and from a control group. In contrast, children with moderate pathology exhibited signiﬁcant impairments in processing
speed, multitasking, information retention, mental ﬂexibility, and
arithmetic. Thus, it was concluded that PKU children with no
pathology or pathology restricted to posterior periventricular
white matter exhibit only subtle cognitive deﬁcits, while children
with more extensive pathology experience more global and severe
impairments. The weak association between total MRI scores and
IQ may also relate to the insensitivity of IQ measures to subtle
brain pathology and cognitive functioning [15]. For example, Pietz
et al. [22] reported a weak correlation between MRI grade and IQ
(r2 = 0.03) yet found a signiﬁcant relationship between MRI grade
and sustained attention (r2 = 0.17) and reaction time (dominant
hand: r2 = 0.28; non-dominant hand: r2 = 0.22).
In summary, there is some evidence that white matter pathology in PKU patients is at least partly related to some of the neuropsychological problems exhibited by these individuals. However,
deﬁcits associated with white matter pathology may be restricted
to those with pathology that extend beyond the posterior periventricular region, and it may affect speciﬁc cognitive functions which
are not easily detectable on general functional outcome measures.
Conclusions
PKU is associated with diffuse white matter pathology in both
treated and untreated patients. In untreated patients this is likely
to reﬂect hypomyelination (lack of myelin formation) while in
early-treated patients this pathology is likely to reﬂect intramyelinic edema. Research demonstrates that this pathology is associated
with metabolic control, and as such can be reversed with adherence to a strict low-Phe diet for at least 2 months. There is some
debate relating to the functional signiﬁcance of white matter
pathology in PKU; however, it seems that these abnormalities are
associated with functional impairments when the pathology extends into subcortical and frontal regions.
References
[1] P.R. Huttenlocher, The neuropathology of phenylketonuria: human and animal
studies, Eur. J. Pediatr. 159 (2000) S102–S106.
[2] B. Perez-Duenas, J. Pujol, C. Soriano-Mas, H. Ortiz, R. Artuch, M.A. Vilaseca, J.
Campistol, Global and regional volume changes in the brains of patients with
phenylketonuria, Neurology 66 (2006) 1074–1078.
[3] N.H. Pfaendner, G. Reuner, J. Pietz, G. Jost, D. Rating, V.A. Magnotta, A. Mohr, B.
Kress, K. Sartor, S. Hahnel, MR imaging-based volumetry in patients with earlytreated phenylketonuria, AJNR Am. J. Neuroradiol. 26 (2005) 1681–1685.
[4] C.A. Dyer, Pathophysiology of phenylketonuria, Ment. Retard. Dev. Disabil. Res.
Rev. 5 (1999) 104–112.
[5] N. Malamud, Neuropathology of phenylketonuria, J. Neuropathol. Exp. Neurol.
25 (1966) 254–268.
[6] C.A. Dyer, A. Kendler, T. Philibotte, P. Gardiner, J. Cruz, H.L. Levy, Evidence for
central nervous system glial cell plasticity in phenylketonuria, J. Neuropathol.
Exp. Neurol. 55 (1996) 795–814.
[7] F.A. Hommes, A.G. Eller, E.H. Taylor, Turnover of the fast components of myelin
and myelin proteins in experimental hyperphenylalaninaemia. Relevance to
termination of dietary treatment in human phenylketonuria, J. Inherit. Metab.
Dis. 5 (1982) 21–27.
[8] F.A. Hommes, L. Moss, Myelin turnover in hyperphenylalaninaemia. A reevaluation with the HPH-5 mouse, J. Inherit. Metab. Dis. 15 (1992) 243–251.
[9] H.L. Levy, D. Lobbreqt, P.D. Barnes, T.Y. Poussaint, Maternal phenylketonuria:
magnetic resonance imaging of the brain in offspring, J. Pediatr. 128 (1996)
770–775.
[10] R. Koch, S. Verma, F.H. Gilles, Neuropathology of a 4-month-old infant born to
a woman with phenylketonuria, Dev. Med. Child Neurol. 50 (2008) 230–233.
[11] D. Villasana, I.J. Butler, J.C. Williams, S.M. Roongta, Neurological deterioration
in adult phenylketonuria, J. Inherit. Metab. Dis. 12 (1989) 451–457.
[12] A.J. Thompson, I. Smith, D. Brenton, B.D. Youl, G. Rylance, D.C. Davidson, B.
Kendall, A.J. Lees, Neurological deterioration in young adults with
phenylketonuria, Lancet 336 (1990) 602–605.
[13] K.D. Pearsen, A.D. Gean-Marton, H.L. Levy, K.R. Davis, Phenylketonuria: MR
imaging of the brain with clinical correlation, Radiology 177 (1990) 437–440.

S8

P.J. Anderson, V. Leuzzi / Molecular Genetics and Metabolism 99 (2010) 3–9

[14] J. Weglage, G. Schuierer, G. Kurlemann, R. Bick, K. Ullrich, Different degrees of
white matter abnormalities in untreated phenylketonurics: ﬁndings in
magnetic resonance imaging, J. Inherit. Metab. Dis. 16 (1993) 1047–1048.
[15] P.J. Anderson, S.J. Wood, D.E. Francis, L. Coleman, L. Warwick, S. Casanelia, V.A.
Anderson, A. Boneh, Neuropsychological functioning in children with earlytreated phenylketonuria: impact of white matter abnormalities, Dev. Med.
Child Neurol. 46 (2004) 230–238.
[16] U. Bick, G. Fahrendorf, A.C. Ludolph, P. Vassallo, J. Weglage, K. Ullrich,
Disturbed myelination in patients with treated hyperphenylalaninaemia:
evaluation with magnetic resonance imaging, Eur. J. Pediatr. 150 (1991)
185–189.
[17] U. Bick, K. Ullrich, U. Stober, H. Moller, G. Schuierer, A.C. Ludoph, C.
Oberwittler, J. Weglage, U. Wendel, White matter abnormalities in patients
with treated hyperphenylalaninaemia: magnetic resonance relaxometry and
proton spectroscopy ﬁndings, Eur. J. Pediatr. 152 (1993) 1012–1020.
[18] M.A. Cleary, J.H. Walter, J.E. Wraith, J.P. Jenkins, S.M. Alani, K. Tyler, D. Whittle,
Magnetic resonance imaging of the brain in phenylketonuria, Lancet 344
(1994) 87–90.
[19] V. Leuzzi, M. Tosetti, D. Montanaro, C. Carducci, C. Artiola, C. Carducci, I.
Antonozzi, M. Burroni, F. Carnevale, F. Chiarotti, T. Popolizio, G.M.
Giannatempo, V. D’Alesio, T. Scarabino, The pathogenesis of the white
matter abnormalities in phenylketonuria. A multimodal 3.0 tesla MRI and
magnetic resonance spectroscopy (1H MRS) study, J. Inherit. Metab. Dis. 30
(2007) 209–216.
[20] V. Leuzzi, G. Trasimeni, G.F. Gualdi, I. Antonozzi, Biochemical, clinical and
neuroradiological (MRI) correlations in late-detected PKU patients, J. Inherit.
Metab. Dis. 18 (1995) 624–634.
[21] H.C. Lou, P.B. Toft, J. Andresen, I. Mikkelsen, B. Olsen, F. Guttler, S. Wieslander,
O. Henriksen, An occipito-temporal syndrome in adolescents with optimally
controlled hyperphenylalaninemia, J. Inherit. Metab. Dis. 15 (1992) 687–695.
[22] J. Pietz, R. Kreis, H. Schmidt, U.K. Meyding-Lamade, A. Rupp, C. Boesch,
Phenylketonuria: ﬁndings at MR imaging and localized in vivo H-1 MR
spectroscopy of the brain in patients with early treatment, Radiology 201
(1996) 413–420.
[23] D.W. Shaw, K.R. Maravilla, E. Weinberger, J. Garretson, C.M. Trahms, C.R. Scott,
MR imaging of phenylketonuria, AJNR Am. J. Neuroradiol. 12 (1991) 403–406.
[24] A.J. Thompson, S. Tillotson, I. Smith, B. Kendall, S.G. Moore, D.P. Brenton, Brain
MRI changes in phenylketonuria. Associations with dietary status, Brain 116
(1993) 811–821.
[25] V. Leuzzi, G.F. Gualdi, F. Fabbrizi, G. Trasimeni, C. Di Biasi, I. Antonozzi,
Neuroradiological (MRI) abnormalities in phenylketonuric subjects: clinical
and biochemical correlations, Neuropediatrics 24 (1993) 302–306.
[26] P.B. Toft, H.C. Lou, I. Krageloh-Mann, J. Andresen, F. Guttler, P. Guldberg, O.
Henriksen, Brain magnetic resonance imaging in children with optimally
controlled hyperphenylalaninaemia, J. Inherit. Metab. Dis. 17 (1994) 575–583.
[27] J. Weglage, U. Bick, G. Schuierer, M. Pietsch, A. Sprinz, R. Zass, K. Ullrich,
Progression of cerebral white matter abnormalities in early treated patients
with phenylketonuria during adolescence, Neuropediatrics 28 (1997) 239–
240.
[28] M.A. Cleary, J.H. Walter, J.E. Wraith, F. White, K. Tyler, J.P. Jenkins, Magnetic
resonance imaging in phenylketonuria: reversal of cerebral white matter
change, J. Pediatr. 127 (1995) 251–255.
[29] J.H. Walter, F. White, J.E. Wraith, J.P. Jenkins, B.P. Wilson, Complete reversal of
moderate/severe brain MRI abnormalities in a patient with classical
phenylketonuria, J. Inherit. Metab. Dis. 20 (1997) 367–369.
[30] V. Leuzzi, D. Fois, C. Carducci, I. Antonozzi, G. Trasimeni, Neuropsychological
and neuroradiological (MRI) variations during phenylalanine load: protective
effect of valine, leucine, and isoleucine supplementation, J. Child Neurol. 12
(1997) 338–340.
[31] P.J. Anderson, S.J. Wood, D.E. Francis, L. Coleman, V. Anderson, A. Boneh, Are
neuropsychological
impairments
in
children
with
early-treated
phenylketonuria (PKU) related to white matter abnormalities or elevated
phenylalanine levels?, Dev Neuropsychol. 32 (2007) 645–668.
[32] V. Leuzzi, M.C. Bianchi, M. Tosetti, C.L. Carducci, C.A. Carducci, I. Antonozzi,
Clinical signiﬁcance of brain phenylalanine concentration assessed by in vivo
proton magnetic resonance spectroscopy in phenylketonuria, J. Inherit. Metab.
Dis. 23 (2000) 563–570.
[33] H.E. Moller, J. Weglage, D. Wiedermann, K. Ullrich, Blood–brain barrier
phenylalanine transport and individual vulnerability in phenylketonuria, J.
Cereb. Blood Flow Metab. 18 (1998) 1184–1191.
[34] E.J. Novotny, M.J. Avison, N. Herschkowitz, O.A. Petroff, J.W. Prichard, M.R.
Seashore, D.L. Rothman, In vivo measurement of phenylalanine in human
brain by proton nuclear magnetic resonance spectroscopy, Pediatr. Res. 37
(1995) 244–249.
[35] J. Pietz, R. Kreis, C. Boesch, J. Penzien, D. Rating, N. Herschkowitz, The dynamics
of brain concentrations of phenylalanine and its clinical signiﬁcance in
patients with phenylketonuria determined by in vivo 1H magnetic
resonance spectroscopy, Pediatr. Res. 38 (1995) 657–663.
[36] H.E. Moller, P. Vermathen, K. Ullrich, J. Weglage, H.G. Koch, P.E. Peters, In-vivo
NMR spectroscopy in patients with phenylketonuria: changes of cerebral
phenylalanine levels under dietary treatment, Neuropediatrics 26 (1995) 199–
202.
[37] H.E. Moller, J. Weglage, D. Wiedermann, P. Vermathen, U. Bick, K. Ullrich,
Kinetics of phenylalanine transport at the human blood–brain barrier
investigated in vivo, Brain Res. 778 (1997) 329–337.

[38] A. Rupp, R. Kreis, J. Zschocke, J. Slotboom, C. Boesch, D. Rating, J. Pietz,
Variability of blood–brain ratios of phenylalanine in typical patients with
phenylketonuria, J. Cereb. Blood Flow Metab. 21 (2001) 276–284.
[39] R. Koch, R. Moats, F. Guttler, P. Guldberg, M. Nelson Jr., Blood–brain
phenylalanine relationships in persons with phenylketonuria, Pediatrics 106
(2000) 1093–1096.
[40] J. Weglage, D. Wiedermann, J. Denecke, R. Feldmann, H.G. Koch, K. Ullrich, E.
Harms, H.E. Moller, Individual blood–brain barrier phenylalanine transport
determines clinical outcome in phenylketonuria, Ann. Neurol. 50 (2001) 463–
467.
[41] H.E. Moller, J. Weglage, U. Bick, D. Wiedermann, R. Feldmann, K. Ullrich, Brain
imaging and proton magnetic resonance spectroscopy in patients with
phenylketonuria, Pediatrics 112 (2003) 1580–1583.
[42] R.A. Moats, R. Koch, K. Moseley, P. Guldberg, F. Guttler, R.G. Boles, M.D. Nelson
Jr., Brain phenylalanine concentration in the management of adults with
phenylketonuria, J. Inherit. Metab. Dis. 23 (2000) 7–14.
[43] S.J. Jones, G. Turano, A. Kriss, F. Shawkat, B. Kendall, A.J. Thompson, Visual
evoked potentials in phenylketonuria: association with brain MRI, dietary
state, and IQ, J. Neurol. Neurosurg. Psychiatry 59 (1995) 260–265.
[44] V. Leuzzi, S. Rinalduzzi, F. Chiarotti, P. Garzia, G. Trasimeni, N. Accornero,
Subclinical visual impairment in phenylketonuria. A neurophysiological study
(VEP-P) with clinical, biochemical, and neuroradiological (MRI) correlations, J.
Inherit. Metab. Dis. 21 (1998) 351–364.
[45] M. Hajek, L. Hejcmanova, J. Pradny, Proton in vivo spectroscopy of patients
with hyperphenylalaninemia, Neuropediatrics 24 (1993) 111–112.
[46] M. Dezortova, M. Hajek, J. Tintera, L. Hejcmanova, E. Sykova, MR in
phenylketonuria-related brain lesions, Acta Radiol. 42 (2001) 459–466.
[47] K. Johannik, P. Van Hecke, B. Francois, G. Marchal, M.H. Smet, J. Jaeken, L.
Breysem, G. Wilms, A.L. Baert, Localized brain proton NMR-spectroscopy in
young-adult phenylketonuria patients, Magn. Reson. Med. 31 (1994) 53–57.
[48] M.D. Phillips, P. McGraw, M.J. Lowe, V.P. Matthews, B.E. Hainline, Diffusionweighted imaging of white matter abnormalities in patients with
phenylketonuria, AJNR Am. J. Neuroradiol. 22 (2001) 1583–1586.
[49] P. Vermathen, L. Robert-Tissot, J. Pietz, T. Lutz, C. Boesch, R. Kreis,
Characterization of white matter alterations in phenylketonuria by magnetic
resonance relaxometry and diffusion tensor imaging, Magn. Reson. Med. 58
(2007) 1145–1156.
[50] T. Scarabino, T. Popolizio, M. Tosetti, D. Montanaro, G.M. Giannatempo, R.
Terlizzi, S. Pollice, A. Maiorana, N. Maggialetti, A. Carriero, V. Leuzzi, U.
Salvolini, Phenylketonuria: white-matter changes assessed by 3.0-T magnetic
resonance (MR) imaging, MR spectroscopy and MR diffusion, Radiol. Med. 114
(2009) 461–474.
[51] X.Q. Ding, J. Fiehler, B. Kohlschutter, O. Wittkugel, U. Grzyska, H. Zeumer, K.
Ullrich, MRI abnormalities in normal-appearing brain tissue of treated adult
PKU patients, J. Magn. Reson. Imaging 27 (2008) 998–1004.
[52] K. Kono, Y. Okano, K. Nakayama, Y. Hase, S. Minamikawa, N. Ozawa, H. Yokote,
Y. Inoue, Diffusion-weighted MR imaging in patients with phenylketonuria:
relationship between serum phenylalanine levels and ADC values in cerebral
white matter, Radiology 236 (2005) 630–636.
[53] S.M. Sirrs, C. Laule, B. Madler, E.E. Brief, S.A. Tahir, C. Bishop, A.L. MacKay,
Normal-appearing white matter in patients with phenylketonuria: water
content, myelin water fraction, and metabolite concentrations, Radiology 242
(2007) 236–243.
[54] T. Paus, A. Zijdenbos, K. Worsley, D.L. Collins, J. Biumenthal, J.N. Giedd, J.L.
Rapoport, A.C. Evans, Structural maturation of neural pathways in children and
adolescents: in vivo study, Science 283 (1999) 1908–1911.
[55] C. Filley, The Behavioral Neurology of Cerebral White Matter, Oxford
University Press, New York, 2001.
[56] G.C. Araujo, S.E. Christ, R.D. Steiner, D.K. Grange, B. Nardos, R.C. McKinstry, D.A.
White, Response monitoring in children with phenylketonuria,
Neuropsychology 23 (2009) 130–134.
[57] V.L. Brumm, C. Azen, R.A. Moats, A.M. Stern, C. Broomand, M.D. Nelson, R. Koch,
Neuropsychological outcome of subjects participating in the PKU adult
collaborative study: a preliminary review, J. Inherit. Metab. Dis. 27 (2004)
549–566.
[58] S. Channon, C. Mockler, P. Lee, Executive functioning and speed of processing
in phenylketonuria, Neuropsychology 19 (2005) 679–686.
[59] V. Leuzzi, M. Pansini, E. Sechi, F. Chiarotti, C. Carducci, G. Levi, I. Antonozzi,
Executive function impairment in early-treated PKU subjects with normal
mental development, J. Inherit. Metab. Dis. 27 (2004) 115–125.
[60] D.A. White, M.J. Nortz, T. Mandernach, K. Huntintong, R.D. Steiner, Deﬁcits in
memory strategy use related to prefrontal dysfunction during early
development:
evidence
from
children
with
phenylketonuria,
Neuropsychology 15 (2001) 221–229.
[61] M.T. Banich, A.M. Passarotti, D.A. White, M.J. Nortz, R.D. Steiner,
Interhemispheric interaction during childhood: II. Children with earlytreated phenylketonuria, Dev. Neuropsychol. 18 (2000) 53–71.
[62] A. Diamond, Phenylalanine levels of 6–10 mg/dl may not be as benign as once
thought, Acta Paediatr. Suppl. 407 (1994) 89–91.
[63] A. Diamond, M.B. Prevor, G. Callender, D.P. Druin, Prefrontal cortex cognitive
deﬁcits in children treated early and continuously for PKU, Monogr. Soc. Res.
Child Dev. 62 (1997) i–v. 1–208.
[64] M. Gourovitch, S. Craft, S.B. Dowton, P. Ambrose, S. Sparta, Interhemispheric
transfer in children with early-treated phenylketonuria, J. Clin. Exp.
Neuropsychol. 16 (1994) 393–404.

P.J. Anderson, V. Leuzzi / Molecular Genetics and Metabolism 99 (2010) 3–9
[65] S. Huijbregts, L. de Sonneville, R. Licht, J. Sergeant, F. van Spronsen, Inhibition
of prepotent responding and attentional ﬂexibility in treated phenylketonuria,
Dev. Neuropsychol. 22 (2002) 481–499.
[66] S.C. Huijbregts, L.M. de Sonneville, R. Licht, F.J. van Spronsen, P.H. Verkerk, J.A.
Sergeant, Sustained attention and inhibition of cognitive interference in
treated phenylketonuria: associations with concurrent and lifetime
phenylalanine concentrations, Neuropsychologia 40 (2002) 7–15.
[67] M.L. Smith, P. Klim, E. Mallozzi, W.B. Hanley, Test of the frontal-speciﬁcity
hypothesis in the cognitive performance of adults with phenylketonuria, Dev.
Neuropsychol. 12 (1996) 327–342.
[68] M.L. Smith, P. Klim, W.B. Hanley, Executive function in school-aged children
with phenylketonuria, J. Dev. Phys. Disabil. 12 (2000) 317–332.
[69] N.B.A. Stemerdink, M.W. van der Molen, A.F. Kalverboer, J.J. van der Meere, J.
Huisman, L.W. de Jong, F.M.E. Slijper, P.H. Verker, F.J. van Spronsen, Prefrontal
dysfunction in early and continuously treated phenylketonuria, Dev.
Neuropsychol. 16 (1999) 29–57.
[70] M.C. Welsh, B.F. Pennington, S. Ozonoff, B. Rouse, E.R. McCabe,
Neuropsychology of early-treated phenylketonuria: speciﬁc executive
function deﬁcits, Child Dev. 61 (1990) 1697–1713.
[71] D.A. White, M.J. Nortz, T. Mandernach, K. Huntington, R.D. Steiner, Deﬁcits in
memory strategy use related to prefrontal dysfunction during early
development:
evidence
from
children
with
phenylketonuria,
Neuropsychology 15 (2001) 221–229.
[72] D.A. White, M.J. Nortz, T. Mandernach, K. Huntington, R.D. Steiner, Age-related
working memory impairments in children with prefrontal dysfunction
associated with phenylketonuria, J. Int. Neuropsychol. Soc. 8 (2002) 1–11.
[73] J. Pietz, R. Dunckelmann, A. Rupp, D. Rating, H.M. Meinck, H. Schmidt, H.J.
Bremer, Neurological outcome in adult patients with early-treated
phenylketonuria, Eur. J. Pediatr. 157 (1998) 824–830.
[74] J. Weglage, M. Pietsch, B. Funders, H.G. Koch, K. Ullrich, Neurological ﬁndings
in early treated phenylketonuria, Acta Paediatr. 84 (1995) 411–415.
[75] A. Burlina, L. Bonafe, V. Ferrari, A. Suppliej, F. Zacchello, A.P. Burlina,
Measurement of neurotransmitter metabolites in the cerebrospinal ﬂuid of
phenylketonuric patients under dietary treatment, J. Inherit. Metab. Dis. 23
(2000) 313–316.
[76] R. Feldmann, J. Denecke, M. Pietsch, M. Grenzebach, J. Weglage,
Phenylketonuria: no speciﬁc frontal lobe-dependent neuropsychological
deﬁcits of early-treated patients in comparison with diabetics, Pediatr. Res.
51 (2002) 761–765.
[77] E. Schmidt, A. Rupp, P. Burgard, J. Pietz, J. Weglage, L. de Sonneville, Sustained
attention in adult phenylketonuria: the inﬂuence of the concurrent
phenylalanine-blood-level, J. Clin. Exp. Neuropsychol. 16 (1994) 681–688.

S9

[78] E. Schmidt, P. Burgard, A. Rupp, Effects of concurrent phenylalanine levels on
sustained attention and calculation speed in patients treated early for
phenylketonuria, Eur. J. Pediatr. 155 (1996) S82–S86.
[79] J. Weglage, M. Pietsch, B. Funders, H.G. Koch, K. Ullrich, Deﬁcits in selective and
sustained attention processes in early treated children with phenylketonuria—
result of impaired frontal lobe functions?, Eur J. Pediatr. 155 (1996) 200–204.
[80] C. McKean, The effects of high phenylalanine concentrations on serotonin and
catecholamine metabolism in the human brain, Brain Res. 47 (1972) 469–476.
[81] S. Tam, R. Roth, Mesoprefrontal dopaminergic neurons: can tyrosine
availability inﬂuence their function?, Biochem Pharmacol. 51 (1997) 441–453.
[82] A. Diamond, V. Ciaramitaro, E. Donner, S. Djali, M.B. Robinson, An animal
model of early-treated PKU, J. Neurosci. 14 (1994) 3072–3082.
[83] L.A. Chido, M.J. Bannon, A.A. Grace, R.H. Roth, B.S. Bunney, Evidence for the
absence of impulse-regulating somatodendritic and synthesis-modulating
nerve terminal autoreceptors of mesocortical dopamine neurons,
Neuroscience 12 (1984) 1–16.
[84] T. Sawaguchi, P.S. Goldman-Rakic, D1 dopamine receptors in prefrontal cortex:
involvement in working memory, Science 251 (1991) 947–950.
[85] T. Robbins, Chemical neuromodulation of frontal-executive functions in
humans and other animals, Brain Res. 133 (2000) 130–138.
[86] P. Grifﬁths, R. Campbell, P. Robinson, Executive function in treated
phenylketonuria as measured by the one-back and two-back versions of the
continuous performance test, J. Inherit. Metab. Dis. 21 (1998) 125–135.
[87] M. Luciana, J. Sullivan, C.A. Nelson, Associations between phenylalanine-totyrosine ratios and performance on tests of neuropsychological function in
adolescents treated early and continuously for phenylketonuria, Child Dev. 72
(2001) 1637–1652.
[88] M.M. Mazzocco, A.M. Nord, W. Van Doorninck, C.L. Greene, C.G. Kovar, B.F.
Pennington, Cognitive development among children with early-treated
phenylketonuria, Dev. Neuropsychol. 10 (1994) 133–151.
[89] J. Weglage, M. Pietsch, J. Denecke, A. Sprinz, R. Feldmann, M. Grenzebach, K.
Ullrich, Regression of neuropsychological deﬁcits in early-treated
phenylketonurics during adolescents, J. Inherit. Metab. Dis. 22 (1999) 693–
705.
[90] M.L. Smith, W.B. Hanley, J.T. Clarke, P. Klim, W. Schoonheyt, V. Austin, D.C.
Lehotay, Randomised controlled trial of tyrosine supplementation on
neuropsychological performance in phenylketonuria, Arch. Dis. Child. 78
(1998) 116–121.
[91] J. Pietz, U.K. Meyding-Lamade, H. Schmidt, Magnetic resonance imaging
of the brain in adolescents with phenylketonuria and in one case of 6-pyruvoyl
tetrahydropteridine synthase deﬁciency, Eur. J. Pediatr. 155 (1996)
S69–S73.

