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Core Messages

e Phenylketonuria (PKU) was the first
inherited metabolic disease identified by
newborn screening and treated with diet
to prevent the development of intellec-
tual disability.

» Classification of the severity of phenyl-
ketonuria is based on the type of the
variants in phenylalanine hydroxylase
(PAH) gene, dietary phenylalanine tol-
erance, pretreatment blood phenylala-
nine concentrations, and the necessity to
introduce treatment to achieve target
blood phenylalanine concentrations.

* The etiology of brain damage in PKU
has not been fully elucidated; however,
high blood phenylalanine concentrations
are associated with impaired transport of
large neutral amino acids into the brain,
decreased neurotransmitters synthesis,
changes in brain morphology (gray and
white matter), and impact on many
enzymes involved in brain metabolism.

9.1 Background
Phenylketonuria (PKU) is the most common
inherited autosomal-recessive inborn error of
amino acid metabolism characterized by
decreased activity of the enzyme phenylalanine
hydroxylase (PAH) [1, 2]. The Norwegian bio-
chemist and physician, Asbjorn Folling, discov-
ered PKU in 1934 by detecting phenylketones in
the urine of siblings with intellectual disabilities,
with subsequent identification of altered phenyl-
alanine metabolism as the cause of this disease
[3, 4]. PAH is the enzyme that converts phenyl-
alanine to tyrosine in the presence of the cofactor
tetrahydrobiopterin (BH,), molecular oxygen,
and nonheme iron [5] (Fig. 9.1). Loss of PAH
activity results in elevated blood phenylalanine
concentrations and is referred to as hyperphenyl-
alaninemia (HPA) or phenylketonuria (PKU).
PKU is the exemplar of the effectiveness of
newborn screening as it was the first inherited
metabolic disease in which infants were identi-
fied by newborn screening and treated with diet
before the development of intellectual disability
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Fig. 9.1 Phenylalanine hydroxylase (PAH) and tetrahy-
drobiopterin (BH,) in the presence of molecular oxygen
(O,) and nonheme iron converts phenylalanine to tyrosine.
The alternate pathway of phenylalanine metabolism

results in the accumulation of phenylalanine as well as
phenylpyruvic acid and other phenylketones that are
excreted in the urine. (Adapted from Acosta [1] and
Donlon J et al. [5])
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associated with untreated PKU. If left untreated
or ineffectively managed, PKU can cause severe
intellectual disability, as well as complex neuro-
logical and behavioral disorders. Severely
affected patients are unable to live independently,
often requiring specialized and continuous super-
vised care. Conversely, early and continuously
treated patients typically have normal or nearly
normal cognitive development. [6—8]

9.2  Biochemistry

Phenylalanine is an indispensable amino acid
that cannot be synthesized by humans (Chap. 6).
It comprises 3-7% of all dietary protein. After
protein ingestion and digestion, phenylalanine is
absorbed from the gastrointestinal tract to the
liver via the portal vein. Phenylalanine is either
hydroxylated into tyrosine via PAH in the liver or
is incorporated into new proteins in tissues [5].
Hyperphenylalaninemia due to decreased activity
of PAH manifests as a spectrum of disorders
(severe, moderate, or mild PKU and non-PKU
hyperphenylalaninemia). Deficiencies in the
activity of PAH cofactor — tetrahydrobiopterin
(BH,) — represent a group of inherited metabolic
diseases that result not only in hyperphenylal-
aninemia but also in alterations in tyrosine and
tryptophan metabolism. BH, is also a cofactor for
tyrosine hydroxylase and tryptophan hydroxy-
lase, as well as three isoforms of nitric oxide syn-
thase. Therefore, proper functioning of BH, is
essential for the synthesis of dopamine, catechol-
amines, serotonin, melanin, and nitric oxide [9].
Phenylalanine can also be transaminated to phe-
nylpyruvic acid as an alternative to hydroxylation
by PAH. Phenylpyruvic acid, along with other
ketones, is excreted in the urine as phenylacetic
acid, phenylacetylglutamine, and phenyllactic
acid. This pathway of phenylalanine metabolism
is much less effective than hydroxylation [1, 5]
(Fig. 9.1).

Phenylalanine hydroxylase (PAH) and BH, in
the presence of molecular oxygen (O,) and non-
heme iron convert phenylalanine to tyrosine. The
alternate pathway of phenylalanine metabolism
results in the accumulation of phenylalanine as
well as phenylpyruvic acid and other phenylke-

tones that are excreted in the urine (Adapted from
Acosta [1] and Donlon J et al. [5]).

The enzyme PAH has a complex structure
consisting of three domains: regulatory, catalytic,
and C-terminal domains. The regulatory domain
contains a serine residue that is involved in acti-
vation by phosphorylation. The catalytic domain
is responsible for cofactor and ferric iron bind-
ing, while the C-terminal domain is associated
with inter-subunit binding [10]. The liver is the
primary site of PAH activity, but it is also synthe-
sized in the kidneys, pancreas, and brain.

9.3  Genetics

Phenylketonuria is an autosomal-recessive disor-
der. The majority (98%) of genetic variants associ-
ated with PKU occur at the phenylalanine
hydroxylase locus [5], on the long arm of chromo-
some 12, in the region of q22-q24.1 [11]. Almost
1291 variants in the PAH locus have been described
thus far, with 60% being missense mutations [12].
It is estimated that globally 450,000 individuals
have PKU, with global prevalence of 1:23,930 live
births [2]. Globally, the incidence in screened pop-
ulations is estimated at 1:12,000 with a carrier fre-
quency of 1:55 [13] (Box 9.1).

Box 9.1: Global Incidence of PKU [2]

Country Incidence
Italy 1:4000
Ireland 1:4545
Iran, Jordan 1:5000
Turkey 1:6667
Germany 1:5360
Austria 1:5764
Estonia 1:7143
Poland 1:8039
France 1:9091
United Kingdom 1:10,000
Saudi Arabia 1:14,245
Canada 1:15,000
China 1:15,924
United States of America 1:25,000
Mexico 1:27,778
Peru 1:46,970
Japan 1:125,000
Thailand 1:227,273
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Table 9.1 Classification of phenylketonuria, hyperphenylalaninemia, and tetrahydrobiopterin diagnoses

Pretreatment blood phenylalanine

Classification of phenylketonuria concentrations
Unaffected

Tetrahydrobiopterin deficiencies
Mild hyperphenylalaninemia
Mild phenlketonuria

Moderate phenylketonuria
Severe (classical)
phenylketonuria

Adapted from Camp et al. [15]

50-100 pmol/L (0.50-1.8 mg/dL)
120-2120 pmol/L (2-35 mg/dL)*
120-360 pmol/L (2—6 mg/dL)
360-900 pmol/L (6-15 mg/dL)
900-1200 pmol/L (6—20 mg/dL)
>1200 pmol/L (>20 mg/dL)

Percentage of residual PAH
activity

Not applicable

Varies

>5%

1-5%

1-5%

<1%

In some patients with BH, deficiencies (e.g., dominant form of GTPCH deficiency and sepiapterin reductase defi-
ciency), pretreatment blood phenylalanine concentrations are <120 pmol/L [14]
Initiation of dietary treatment depends on baseline phenylalanine concentrations; disagreement exists regarding the

need for treatment

The prevalence of PKU varies widely among
ethnic groups and geographical regions. It is
highest in European and some Middle European
countries.

The correlation between genotypes and bio-
chemical phenotype, pretreatment phenylalanine
concentrations, and phenylalanine tolerance is
well established; however, the correlation
between genotype and clinical phenotype, includ-
ing neurological, intellectual, and behavioral out-
comes, is weak [13].

9.4 Diagnosis

In most developed countries, PKU is identified
by newborn screening by the presence of elevated
phenylalanine and/or phenylalanine to tyrosine
(Phe:Tyr) ratio in the dry blood spot collected in
the first days to week of life (Chap. 2). Tandem
mass spectrometry (MS/MS) is the method of
choice to analyze the blood spots; however, other
methods such as enzymatic techniques or high-
pressure liquid chromatography (HPLC) are also
used in some laboratories. After a positive new-
born screening result, the patient is evaluated at a
metabolic center for confirmatory testing and to
rule out BH, deficiency by the analysis of pterin,
as well as dihydropteridine (DHPR) activity. In
many centers, a BH, loading test is often per-
formed to identify patients with BH,-responsive
variants of PKU, as well as BH, deficiencies
caused by the disturbance in the production and/

or recycling of BH, [14]. Table 9.1 describes
classifications of PAH deficiency.

9.5 Clinical Presentation

Untreated, late-treated, or poorly controlled
patients have chronically elevated blood phenyl-
alanine concentrations that lead to progressive
and irreversible neurological, psychological,
behavioral, as well as physical impairments that
significantly impact quality of life. The degree of
impairment depends on the blood concentration
of phenylalanine with the most severe symptoms
observed in untreated patients with the severe
(classical) form of the disease. Although severe
intellectual disability (with 1Q scores often below
50) is the most typical presentation, untreated
patients may demonstrate many other symptoms
of persistent hyperphenylalaninemia (Box 9.2).

Box 9.2: Symptoms of Untreated Classical

PKU

e “Musty” odor (urine and body)

e Hypopigmentation of the skin, hair, and
iris

e Eczema

 Intellectual disability

e Neurological (seizures, tremor)

* Behavioral (hyperactivity, self-injury)

* Psychological (depression, anxiety,
agoraphobia)
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The outcome of early detected and treated
PKU is generally favorable; however, even with
good metabolic control, some individuals may
demonstrate a higher prevalence of neuropsycho-
logical complications, including decreased exec-
utive function, internalizing disorders, and low
self-esteem. Some patients, especially adults
with PKU, are at higher risk of developing mood,
anxiety, and attentional disorders across the lifes-
pan [16-18].

9.6 Nutrition Management

The cornerstone of dietary management in PKU
is limiting consumption of the offending amino
acid, phenylalanine. In general, the diet is
restricted in all high protein foods and includes
medical foods that contain little or no phenylala-
nine but supply other amino acids in the diet
(Chap. 10).

The amount of phenylalanine a patient can con-
sume daily depends on the residual activity of
PAH and other factors including the patient’s age
and growth rate [19, 20]. The concept of limiting
dietary phenylalanine was first demonstrated in
the early 1950s by Bickel et al. as they showed
positive effects on behavior in a young patient
with PKU [6]. The development of medical foods
that were low in phenylalanine but contained other
amino acids made the dietary treatment of PKU
possible. During the early years of PKU treatment,
it was generally believed that a low phenylalanine
diet could be discontinued at around 6 years of age
with no adverse effects [21-23]; however, “treat-
ment for life” is the optimal mode of treatment
[24-27]. According to recommendations from the
National Institute of Health in 2014 and the first
European PKU Guidelines in 2017, treatment
should be started in all patients with hyperphenyl-
alaninemia with blood phenylalanine concentra-
tions greater than or equal to 360 pmol/L [14, 15].
Target phenylalanine concentrations used for the
long-term follow-up in many centers are age-spe-
cific. European countries/centers follow recom-
mendations from European PKU Guidelines
suggesting optimal phenylalanine levels between
120 and 360 pmol/L for children up to the age of

12 years with higher values (up to 600 pmol/L)
acceptable in older patients [14, 15]. In the United
States, the goal is to maintain plasma phenylala-
nine concentrations below 360 pmol/L [15, 24, 28]
across all age groups.

9.7 Phenylalanine Neurotoxicity
Eighty years after the discovery of PKU, the
pathogenesis of brain dysfunction and the exact
mechanisms of phenylalanine neurotoxicity are
yet to be elucidated. Although there is a common
agreement about the relationship between blood
phenylalanine concentration and cognitive out-
come in PKU, the concentration of phenylalanine
and a deficiency of other large neutral amino
acids in the brain are believed to be the main fac-
tors causing neurotoxicity. The impact of ele-
vated blood phenylalanine concentrations, which
is especially harmful during early infancy, is
complex and multidirectional [11, 18, 29-36]
(Box 9.3).

Box 9.3: The Main Theories of the

Pathogenesis of PKU

e Impairment of large neutral amino acid
(LNAA) transport across the blood-
brain barrier (BBB) with disturbances in
neurotransmitter metabolism [11, 29,
32-35, 37].

* Impairment in cholesterol synthesis and
disturbances in myelin metabolism [29,
32, 34, 38, 39].

e Altered brain protein synthesis [11,
33, 37].

e Interference with the glutamatergic sys-
tem directly involved in brain develop-
ment [30, 33, 37, 40, 41].

e Altered glycolysis via inhibition of
pyruvate kinase and other enzymes
involved in brain energy metabolism
[31, 33].

e Damage to cellular DNA, protein, and
lipid, as well as decreased antioxidant
defenses [33].
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The typical symptoms of untreated individu-
als with PKU are the manifestation of the neuro-
toxic effect of phenylalanine on the central
nervous system. A morphological change in the
brain in patients with PKU affects both white and
gray matters. Microcephaly, where the brain
mass can be only 80% of that of a healthy indi-
vidual, is a characteristic feature for many
untreated PKU patients [37]. This symptom is
caused by myelin structure anomalies that result
in a loss of myelin volume, disturbances in corti-
cal neuronal development, diffuse cortical atro-
phy, and general abnormalities in protein
synthesis [33, 37-42].

Phenylalanine neurotoxicity affects the brain
and related structures during critical windows of
growth and development. Periods of particularly
rapid growth make neuronal cells especially vul-
nerable to excessive amounts of toxic factors
(e.g., phenylalanine) or a lack of substances
needed for optimal development [43].

In PKU, similarly as in the other inherited dis-
orders of amino acid metabolism, the fast-
growing brain of the fetus is protected by the
mother’s enzymatic activity. The disturbances
appear after birth, and the central nervous system
is at risk of damage until the brain is fully devel-
oped and matured [44]. Despite the fact that the
increase in brain mass and the creation of synap-
tic connections occur mainly during the first year
of life, the full development of some areas (e.g.,
prefrontal cortex or white matter myelination) is
not complete until adulthood (Box 9.4).

The last region to mature in the prefrontal cor-
tex is the dorso-lateral area responsible for cogni-
tive functions [45]. During the first few years of
life, patients with PKU, which are inappropriately

Box 9.4: Brain Development

e The increase in brain mass and the cre-
ation of synaptic connections occurs
mainly during the first year of life.

e Full development of some areas (e.g.,
prefrontal cortex and white matter
myelination) is not complete until
adulthood.

treated and have poorly controlled blood phenyl-
alanine concentrations, suffer from inhibited
growth of the cortex and a disrupted myelination
process. For example, visuospatial speed deficits
that result from structural myelin damage, which
occurs early in life, followed by poor metabolic
control in subsequent years, are difficult to improve
despite tight phenylalanine control in adulthood
[46]. Therefore, the risk of progressive neuropsy-
chiatric manifestations of PKU in adulthood is
higher in patients with poor metabolic control in
infancy and early childhood. Of note, the neuro-
toxic influence of phenylalanine is present
throughout life; this is why all patients with PKU
require life-long, multidisciplinary care and main-
tenance of blood phenylalanine concentrations
within the treatment range. For example, for com-
plex executive functions, current and adult phenyl-
alanine concentrations are stronger predictors of
performance than metabolic control in childhood,
demonstrating the importance of strict treatment
and follow-up even in adulthood. Additionally,
maintaining stable phenylalanine concentrations
and minimizing blood phenylalanine fluctuations
is of significant importance [46, 47].

High concentrations of blood phenylalanine
result in increased uptake of phenylalanine into
the brain and concomitant decrease in the uptake
of other large neutral amino acids (LNAAsS).
Phenylalanine is transported into the brain by one
of the LNAA carriers, the L-amino acid trans-
porter 1 (LAT-1) [18, 32, 48-51]. This transporter
also selectively transports the amino acids valine,
isoleucine, methionine, threonine, tryptophan,
tyrosine, and histidine. The binding of the LNAA
to the LAT-1 transporter is a competitive process;
the rate of transport is proportionate to the blood
concentration of all the transported amino acids
[52]. This system has the highest affinity for phe-
nylalanine. With high blood phenylalanine, there
is a significant decrease in the transport of other
LNAAs as more phenylalanine is transported into
the brain. Elevated brain phenylalanine concen-
trations also negatively impact the synthesis of
catecholamines and serotonin in the brain due to
the altered uptake of tyrosine and tryptophan and
metabolism of tyrosine and tryptophan hydroxy-
lases [5, 18, 54].
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The distribution of dopamine synthesis sig-
nificantly alters activity of dopaminergic neurons
of the prefrontal cortex, especially the dorsolat-
eral area, which receives a large dopamine pro-
jection and is characterized by very high
dopamine turnover [49]. It has been established
that dopamine deficiency and disturbances in
neurotransmitter balance may be responsible for
cognitive and executive function deficits, as well
as emotional problems, even in early-treated
patients. The intensity of these dysfunctions is
related to the degree of hyperphenylalaninemia.
These observations form basic assumptions for
the tyrosine-dopamine theory, which explains the
complex abnormalities of neuropsychological
function resulting from the intra-cerebral
decrease of dopamine, secondary to tyrosine defi-
ciency [18, 43, 53, 55].

Despite the significance for the clinical pre-
sentation of dopamine depletion, Pilotto et al.
showed that serotonin depletion is also of great
importance and may occur at much lower cere-
bral phenylalanine concentrations than the levels
influencing dopamine synthesis. Based on the
study of 10 adults with early-treated PKU, the
authors postulated that the serotonergic axis is
more vulnerable to high phenylalanine concen-
trations and that both serotonin and dopamine
deficits are common in adult PKU patients.
Additionally, the brain structural 3 T MRI study
of these patients showed that decreased syntheses
of dopamine and serotonin were correlated with
specific gray matter atrophy patterns. These find-
ings support the need for stricter metabolic con-
trol in adults to prevent neurotransmitter depletion
and accelerated brain damage due to aging [32].

9.8  White Matter Pathology

PKU is associated with a diffuse brain pathology,
including white matter changes that can be
observed in both early and continuously treated
patients [44]. As an integral part of the neuronal
network, white matter has a crucial role in brain
functioning. It is fundamental for proper motor
and sensory functions, as well as sensory organ
activity. White matter damage causes complex
neurobehavioral syndromes, even if cortical and

subcortical regions of gray matter remain intact
[56]. The brains of individuals exposed to high
blood phenylalanine from early childhood pres-
ent with hypomyelination and astrocytic gliosis
[44]. In addition, foci of segmental demyelin-
ation and areas of status spongiosis may occur
[37, 39, 40, 49]. In histopathological research in
mice, Malamud et al. described the above-
mentioned phenomenon as diffuse vacuole for-
mations occurring alongside the nerve fibers or in
proximity of oligodendrocytes and stratifying
myelin layers [57]. Complex disturbances of
myelin metabolism in patients with PKU were
coined with the term dysmyelination [58, 59].
The main function of the myelin sheath surround-
ing an axon is to facilitate the rapid conduction of
action potentials along the axons for signal trans-
mission and neurotransmitter synthesis [60]. The
myelin takes part in axon maturation and, there-
fore, its damage causes disturbances in nervous
system function. This means that altered myelin
synthesis itself is the primary cause of secondary
neuronal dysfunction and neurotransmitter syn-
thesis abnormalities, including disturbances in
the synthesis of dopamine (myelin-dopamine
theory). Myelin-induced maturation of axons is
also necessary for proper branching of dendrites
during brain development, which is essential for
the formation of the brain network [18, 34, 40,
60, 61].

Elevated brain phenylalanine concentrations
influence the functioning of oligodendrocytes
(glial cells responsible for myelin production)
and thus proper axon functioning. Two types of
oligodendrocytes are present in the central ner-
vous system. The first type, phenylalanine-
sensitive oligodendrocytes, is found in close
proximity to neuronal networks that are myelin-
ated after birth. With the exception of the cerebel-
lum, these pathways are localized in frontal brain
structures (optic tract, corpus callosum, subcorti-
cal white matter, and periventricular white mat-
ter). This group of oligodendrocytes is sensitive
to phenylalanine concentrations, even in early-
treated patients, and therefore, when the brain is
exposed to high phenylalanine concentrations,
myelin synthesis is disrupted. This leads to axons
lacking proper myelin sheathing, further reduc-
ing the number of dendritic connections, decreas-
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‘i Phenylalanine and its metabolites
inhibit HMG-CoA (3-hydroxy-3methylglutaryl coenzyme A) reductase

(key enzyme in the cholesterol biosynthesis)

Cholesterol comprises about 30% of the myelin membrane lipids,
is essential for the formation of myelin, and is involved in signaling pathways

In the presence of elevated phenylalanine, the subset of oligodendrocytes

that myelinate postbirth are unable to up-regulate HMG-CoA reductase

4

Decreased HMG-CoA reductase
and cholesterol concentrations in
the hypomyelinated frontal brain

region in the PKU mouse

\

\

Oligodendrocytes switch to
a non-myelinating phenotype

"4

Fig. 9.2 Inhibition of HMG-CoA reductase results in the loss of myelin formation due to elevated phenylalanine con-

centrations in the brain [18, 60]

ing nervous conductivity and neurotransmitter
production in presynaptic areas. The second type
of oligodendrocyte cells are phenylalanine non-
sensitive oligodendrocytes. These cells myelinate
the axon before birth and are situated primarily in
hindbrain structures (internal capsule and brain-
stem) and in spinal cord [18, 53, 60].
Phenylalanine and related metabolites inhibit
activity of 3-hydroxy-3-methylglutaryl coen-
zyme-A (HMG-CoA) reductase (Fig. 9.2). This
enzyme is critical for proper synthesis of choles-
terol in phenylalanine-sensitive oligodendrocytes
located in the frontal brain, especially in the pre-
frontal cortex. Locally synthesized cholesterol
makes up approximately 30% of all myelin lipids
of the brain tissue. The function of cholesterol is
not only structural but is also required for proper
neuronal signal transmission [18, 60]. Inhibition
of HMG-CoA reductase by phenylalanine is par-
tially reversible in some individuals. This explains

the improvement in myelination observed in MRI
scans of poorly controlled patients who have
returned to diet and have reduced their blood phe-
nylalanine concentrations. The reduction in phe-
nylalanine allows for proper myelin production in
the phenylalanine sensitive oligodendrocyte pop-
ulation [18, 53, 60, 62] (Fig. 9.3).

Phenylalanine neurotoxicity also includes the
impact of elevated phenylalanine concentrations
on the oligodendroglial enzyme, phenylalanine-
sensitive ATP-sulfurylase. This enzyme is
involved in the synthesis of cerebrosulphatides
that protect the myelin base protein responsible
for preventing myelin degradation. A lack of
cerebrosulphatides results in an increase in the
process of myelin degradation and, if not com-
pensated for by proper synthesis, leads to com-
plex dysmyelination changes [42, 49] (Fig. 9.4).

According to Dyer et al., white matter pathol-
ogy in untreated PKU is a developmental process
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in which elevated phenylalanine concentrations

arrest the myelination process, causing reduced Box 9.5: Dysmyelination Changes in PKU [40,
myelin formation and hypomyelination. In early 44, 58]

treated patients, myelin lesions reflect demyelin- White matter abnormalities are a result of
ation or dysmyelination and represent loss or the following features:

impairment of previously assembled myelin [60]

e Demyelination (loss of formed myelin)
in treated individuals

* Hypomyelination (lack of myelin for-
mation) in untreated individuals

(Box 9.5).

The diffuse character of white matter pathol-
ogy in PKU may compromise multiple path-
ways, resulting in different deficits in motor

[ ]
Normal Phe ‘j Phe Phe
Alere] Are] @
Active Inhtbmon of Active
Immature Myelinating Non-myelinating Re-myelinating
Oligodendrocyte Oligodendrocyte Oligodendrocyte Oligodendrocyte

Fig. 9.3 Hypothesized effect of elevated phenylalanine concentrations on Phe-sensitive oligodendrocyte phenotypes in
the forebrain [18, 60]

Disturbances in myelination

‘) Inhibition of oligodendroglial ATP-sulphurylase

(exclusively in the brain white matter)

Y

Decreased availability of cerebroside sulphate
Disturbances in myelin synthesis !

(reduced amount of myelin)

Transformation of oligodendrocytes Decreased protection of myelin protein
to a non-myelinating phenotype from proteolytic degradation

J

Increased myelin turnover

Fig. 9.4 Disturbances in myelination in the brain of patients with PKU [49, 57, 63-65]
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FLAIR

Fig. 9.5 Magnetic resonance imaging (MRI) of the
brain: T2-weighted images using FLAIR (fluid attenuated
inversion recovery) and FSE (fast spin echo) reveal
enhanced signal intensity representing white matter

skills, coordination, visual functioning, pro-
cessing speed, language, memory, and learning
as well as attention and executive functioning
[44].

White matter abnormalities (WMASs) of the
brain were first reported in patients with PKU at
the end of the 1990s [66, 67]. Dysmyelination in
white matter is revealed with MRI as intense
lesions and cortico-subcortical atrophy on
T2-weighted images with specifically high-signal
intensity in periventricular white matter. WMA
may be explained by cytotoxic edema and dys-
myelination changes with an increase in free
water trapped in myelin sheaths [47]. The size
and distribution of WMA vary between patients
with localization in the white matter primarily in
the temporal and occipital lobes [39, 44]
(Figs. 9.5 and 9.6).

FSE

abnormalities (WMA) in all lobes (arrows) of a female
(MM) aged 27 years on low-phenylalanine diet from 3 to
8 years of age with a DQ of 32. Blood phenylalanine con-
centration at MRI was 1571 pmol/L

Box 9.6: Effects of Hyperphenylalaninemia

on Gray Matter [37, 41]

 Inhibition of growth process of the pyra-
midal pathways

e Disrupted dendritic growth resulting in
formation of fewer connections

 Increased cell density of prefrontal cortex

* Inadequate synaptogenesis resulting in
decreased synaptic density

the neonate, profoundly affects the neocortex on
multiple levels (Box 9.6).

The primary location of this effect is the pos-
terior brain (parietal and occipital cortex), and it
is strongly correlated with blood phenylalanine
concentrations [38].

9.9  Gray Matter Pathology

Phenylalanine also influences the gray matter,
with the greatest effect in the neocortex. A state
of chronic hyperphenylalaninemia, especially in

9.10 Summary

If untreated or poorly controlled, especially in
early childhood, PKU can result in severe intel-
lectual disability, neurological deficits, and/or
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FLAIR

Fig. 9.6 MRI of the head (T2-weighted images, FLAIR
and FSE) in the same patient (Fig. 9.5) shows regression
of hyperintense lesions in white matter (WMA) of all
lobes (arrows) after 7 months of treatment with a low-

psychological/psychiatric manifestations. Early
diagnosis with early and continuous treatment
allows patients with PKU to achieve normal
intellectual development; however, they still may
exhibit a variety of neuropsychological difficul-
ties. The pathogenesis of phenylalanine neuro-
toxicity in PKU is very complex and still far from
being fully understood. It consists of both white
and gray matter pathologies related to high brain
phenylalanine concentrations. One of the main
mechanisms of neurotoxicity is the impairment
of brain neurotransmitter metabolism, especially
in the prefrontal cortex. It is difficult to predict
the outcome of discontinuing treatment in adults
with early treated PKU; however, given the mul-
tidirectional effects of high blood phenylalanine
on brain function, it is recommended that patients
with PKU continue to be monitored and remain
in metabolic control for life.
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