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Summary

Phenylketonuria (PKU) is characterized by phenylala-
nine accumulation due to phenylalanine hydroxylase
deficiency. Up to 50% of PKU patients experience
seizures. We evaluated an adult PKU patient who suf-
fered from absences and primarily generalized tonic-
clonic seizures, associated with generalized spike-
and-wave discharges (GSWs) on EEG. An analysis of
blood oxygenation level-dependent (BOLD) signal
changes during interictal epileptiform discharges
showed early activation of the left perirolandic cortex
followed by a BOLD signal decrease within cortical
regions belonging to the default mode network and
left frontoparietal cortex. Moreover, deactivation of
the head of the right caudate nucleus and the left thal-
amus was observed. The fMRI pattern observed in
our patient during GSWs is similar but not identical to
that observed in idiopathic generalized epilepsy, sug-
gesting different neurophysiological mechanisms.
This is the first description of BOLD-fMRI patterns in
a PKU patient with epilepsy. Similar studies in more
patients might help to uncover the pathophysiology
of seizures in this disease.
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Introduction

Phenylketonuria (PKU) is a metabolic disorder, char-
acterized by accumulation of phenylalanine (Phe) due
to phenylalanine hydroxylase (PAH) deficiency. If
untreated, it leads to an abnormal phenotype including
growth failure, intellectual impairment and seizures.
PKU patients may experience different types of
seizures, including generalized ones.

We report the blood oxygenation level-dependent
functional magnetic resonance imaging (BOLD-fMRI)
features recorded during interictal epileptiform dis-
charges (IEDs) in an adult patient affected by PKU,
who had experienced absence seizures and primarily
generalized tonic-clonic seizures in adolescence and
early adulthood, associated with features of idiopathic
generalized epilepsy (IGE) on EEG.

Case report
History and clinical features

A 45-year-old Caucasian male was admitted as an out-
patient to our epilepsy center at the age of 40. His child-
hood history showed, from the age of two years, delayed
acquisition of walking and language milestones and mild
learning difficulties. At the age of 16 years, he experi-
enced a first seizure characterized by eyelid myoclonias
and brief psychomotor arrest. In the following months he
experienced similar seizures, sometimes triggered by
watching television. A year later a generalized tonic-
clonic seizure occurred. Carbamazepine induced an
increase in seizure frequency, and was thus substituted
with ethosuximide and primidone, which gave reason-
able seizure control. At the age of 18 years, the patient
was diagnosed with PKU in a pediatric neurology unit:
his blood and urinary Phe levels on admission were
2516 pmol/l and 297 mmol/l, respectively; PAH gene
mutation was confimed. EEG on admission showed pro-
longed bursts of 3-4 Hz generalized spike-and-wave dis-
charges (GSWs), which increased during 10-15 Hz
intermittent light stimulation (ILS) (Fig.1A).

A Phe-poor diet was promptly started, primidone was
discontinued and the ongoing ethosuximide was asso-

75



M. Guida et al.

ciated with phenobarbital. Within one month cognitive
function and seizures had already significantly
improved and blood and urinary Phe levels had fallen
significantly. Routine EEG had improved too: few
GSWs were recorded and were not increased by ILS.
Thereafter, the patient experienced absence episodes
and sporadic eyelid myoclonias only 2-3 times per
year up to the age of 35 years when lamotrigine was
associated with phenobarbital and ethosuximide,
resulting in complete resolution of absences and eye-
lid myoclonias up to the present time. EEGs per-
formed annually at our center consistently reveal
bursts of 3-4 Hz diffuse sharp waves and GSWs
(Fig.1B), not modified by hyperventilation or ILS. A 3T
brain MRI scan showed a mild subcortical white mat-
ter alteration (Fig.1C).

EEG-fMRI

The patient underwent an EEG-fMRI investigation per-
formed using a 3T MR scanner. fMRI data were
obtained by a T2*-weighted gradient recalled echo-
planar imaging sequence (TR 2500 msec, TE 40
msec, FA 90°, image matrix 128 x 128, in plane field
of view 220 x 220 mm?) with 28 interleaved slices
(slice thickness 5 mm) parallel to the anterior-posteri-
or commissural plane, repeated over 300 volumes for
a total scanning time of 12 min 30 sec. The EEG was
recorded with an MR-compatible cap as described
elsewhere (Pesaresi et al., 2011). Data were analyzed
using the FEAT v5.98 tool of the software-package
FSL 4.1.5 (http://www.fmrib.ox.ac.uk/fsl/). The prepro-
cessing of the dataset consisted of spatial smoothing
with a 6 mm Gaussian kernel, temporal filtering with a
100 sec high-pass filter, slice-time correction and

motion correction. We explored a time window from 10
sec before until 10 sec after the onset of IEDs, pro-
ceeding in 2.5 sec steps. For each step we built up a
general linear model (GLM) composed of IED regres-
sor convolved with a Gamma hemodynamic response
function (HRF). Motion parameters were also added to
the GLM as covariates of no interest. In total, 12
GLMs were computed and statistical maps were
obtained with a cluster threshold of z=2.3 and apply-
ing a p-value =0.05.

This study was approved by our institutional ethics
comittee and the patient gave his written consent to
the publication of this case report.

Interictal EEG-fMRI findings

The resulting statistical maps at the level of the sub-
cortical structures (Fig. 2A) revealed deactivation of
the left thalamus and the head of the right caudate
nucleus from 5 sec before to 5 sec after onset of IEDs.
At cortical levels, statistical maps showed early activa-
tion of the left perirolandic cortex (10 sec before
IEDs), followed by a BOLD signal decrease in cortical
regions belonging to the so-called default mode net-
work (DMN), i.e. the precuneus, lateral parietal cortex,
frontomesial cortex and prefrontal cortex, from 5 sec
before to 2.5 sec after onset of IEDs. A late BOLD sig-
nal decrease was detected in the left frontoparietal
cortex (7.5 sec after onset of IEDs) (Fig. 2B).

Discussion

Phenylketonuria is caused by an inborn error of Phe
metabolism (Williams et al., 2008) due to mutation of

Figure 1 - EEG and MRI features of the
patient.

The recording performed at 18 years of age (A)
showed a burst of 3-4 Hz GSWs. The EEG pattern
during adulthood (B) was characterized by long bursts
of 3-4 Hz GSWSs and diffuse sharp waves. 3T brain
MRI (C) perfomed during adulthood showed mild bilat-
eral subcortical white matter signal alteration.
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the PAH gene located on chromosome 12qg23.2
(Lidsky et al., 1985). Because of the enzyme failure,
Phe cannot be transformed into tyrosine (Tyr): the
accumulation of toxic byproducts of Phe and the defi-
ciency of Tyr and its downstream products (cate-
cholamines, melanin, thyroxine) together cause the
PKU phenotype, which includes growth failure, intel-
lectual impairment and seizures. Several factors con-
tribute to the neurotoxicity occurring in PKU. Brain
MRI examinations performed in adult PKU patients
invariably show white matter abnormalities (Thomp-
son et al., 1990) and post-mortem brain examinations
in PKU patients reveal hypo- or demyelination, inde-
pendently of a Phe-poor diet (Dyer, 1999). In line with
these reports, our patient’'s brain MRI showed the
presence of white matter abnormalities despite the
continuation of dietary treatment in adulthood.

There exist no detailed descriptions of the epilepsy/
seizure phenotypes in PKU, although generalized
tonic-clonic seizures and myoclonic absences have
been suggested to occur in up to 25% of treated PKU
patients (Brenton and Pietz, 2000). Furthermore, EEG
abnormalities are frequently observed even in adult
patients under a strict dietary treatment (Gross et al.,
1981), a finding that suggests a permament alteration.
The mechanisms linking Phe levels and seizures are
far from clear. However: i) high Phe concentrations are
associated with a decrease in brain levels of norepi-
nephrine and serotonin (Puglisi-Allegra et al., 2000),
which have anticonvulsant effects (Giorgi et al., 2003);
ii) in mice bearing the human PAH gene mutation a
strict interplay between Phe levels and glutamatergic
transmission has been observed: due to an inhibitory
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effect of Phe upon glutamatergic transmission, these
mice might have a latent glutamatergic hyperexcitation
linked to chronic compensatory upregulation of gluta-
matergic receptors caused by high pre-treatment Phe
levels (Martynyuk et al., 2007). Interestingly, these
mutant mice show increased susceptibility to audio-
genic seizures, a model of generalized seizures
(Martynyuk et al., 2007).

Interictal epileptiform discharges have been presentin
our patient, in a varying fashion, since a young age:
typical GSWs in adolescence/early adulthood and dif-
fuse sharp waves/GSWs in his forties, with disap-
pearence of ILS-triggered bursts.

Our patient’s features fit those of an IGE syndrome,
since: i) his EEG constantly showed 3-4 Hz GSWs; ii) he
reported a history of both absences and generalized
tonic-clonic seizures; iii) during his adolescence he
experienced ILS-triggered GSWSs, which are often
described in IGE, especially juvenile myoclonic epilepsy
and childhood-juvenile absence epilepsy (CAE-JAE).
The patient also met at least some of the criteria for a
diagnosis of eyelid myoclonia with absences (EMA)
(Panayiotopoulos, 2005), since he experienced eyelid
myoclonia and brief absences found to be related to
EEG GSWs and triggered by ILS; however, he never
experienced epileptiform discharge during eye closure
— this is considered a hallmark of EMA (Panayioto-
poulos, 2005) — nor was such discharge mentioned in
previous EEG reports.

At least some aspects of the fMRI-BOLD signal modi-
fication we observed in our patient are similar to what
has been described during GSWs in IGE patients in
other EEG-fMRI studies. In particular, deactivation of

Figure 2 - EEG-fMRI BOLD signal changes
during IEDs.

Axial view of fMRI at the level of basal ganglia (A)
and at the level of the rolandic knob (B) and a vol-
ume rendering of the cortical surface providing a
panoramic overview of activation and deactivation
(C). Each panel provides a dynamic representa-
tion of BOLD activation and deactivation from 10
sec before up to 10 sec after the onset of a GSW
burst: the statistical maps obtained by a set of
gamma functions with different time peaks are
shown. In (A) the BOLD signal changes within the
basal ganglia and thalamus are reported.
Deactivation of the head of right caudate nucleus
and the left thalamus was observed from 5 sec
before, until 5 sec after, the onset of IEDs, syn-
chronously with the BOLD signal reduction within
the DMN (see below). The BOLD signal changes
within the cortex are shown in (B). We observed
early activation of the left perirolandic cortex (10
sec prior to onset of IEDs) followed by a BOLD
decrease within cortical regions belonging to the
DMN (precuneus, lateral parietal cortex, frontome-
sial cortex and prefrontal cortex) from 5 sec
before, until 2.5 seconds after, the onset of GSWs.
A late BOLD reduction was detected within the left
frontoparietal cortex (from 7.5 sec before to 10 sec
after onset of GSWSs). Panel (C) shows a volumet-
ric 3D rendering of the brain BOLD-fMRI
increase/decrease.
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the so-called DMN after onset of GSWs has invariably
been described during GSWs in IGE, and particularly
in CAE-JAE (Aghakhani et al., 2004; Hamandi et al.,
2006; Moeller et al., 2008; Carney et al., 2010;
Benuzzi et al., 2012) in which it has been related, the-
oretically, to the vigilance impairment occurring during
prolonged GSWSs. Conversely, in many IGE patients,
thalamic activation is described at onset of GSWs
(Aghakhani et al., 2004; Hamandi et al., 2006; Moeller
et al., 2008; Carney et al., 2010; Benuzzi et al., 2012),
whereas we detected only an early monolateral thala-
mic deactivation. Our patient also showed brief unilat-
eral caudate deactivation, similar to that recently
reported in a girl with GSWs (Moeller et al., 2010a).
Finally, as regards the fMRI findings at cortical level,
some studies reported BOLD signal activation in dif-
ferent cortical areas before onset of GSWs (Benuzzi
et al., 2012; Moeller et al., 2010b). In a detailed study
by Moeller et al. (2010b) in patients with CAE, an early
asymmetrical frontal cortical activation was observed
in most subjects during absence seizures, similar to
what we found in our patient. According to the authors,
the difference with other studies describing symmetri-
cal cortical activation in patients with IGE could be
related to the different statistical approaches used
(individual pattern versus group analysis). In any
case, the above findings support the hypothesized
role of interplay between the thalamus and the neo-
cortex in the generation of GSWs (Blumenfeld, 2005).
Interestingly, a similar left precentral cortex activation
during brief diffuse spike-wave discharges has also
recently been described (Vaudano et al., 2012) in a
patient with reading epilepsy; even though our patient
did not show the clinical features of such a localiza-
tion-related epilepsy, we cannot exclude that, at least
in part, these two patients might share some common
functional substrates for the generation of IEDs.
Finally, it is interesting to note that BOLD activation of
the thalamus and DMN deactivation are constantly
observed also in EMA patients, during ictal/interictal
GSWs (Liu et al., 2008).

It is worth mentioning some methodological aspects of
our study in which, like other authors (Bagshaw et al.,
2004; Jacobs et al., 2009; Moeller et al., 2010a), we
investigated multiple time intervals from IED onset.
However, our study differed from previous ones in that
we did not combine different BOLD maps in order to
establish the statistically prevalent BOLD phenome-
non, but simply reported all the BOLD changes
observed in subsequent time intervals, as we were
interested in their temporal evolution. Assuming the
existence of dynamic processes that evolve over time,
we did not compare alternative hypotheses (i.e. alter-
native HRFs) and did not perform any correction for the
number of HRFs employed as they were included in
separate GLMs. It is reasonable to run each analysis
with the smallest possible p value in order to reduce
the total false positive rate of the study. The possibility
of false positive results should however be borne in
mind when interpreting BOLD statistical maps.

In conclusion, some of the cortical BOLD signal
changes observed in our patient during GSWs resem-
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ble those observed in IGE, and this might be related,
at least in part, to the similarity in the interictal EEG
patterns between IGE patients and PKU patients with
absences.

However, the precise meaning of these fMRI features
in IGE, particularly with regard to their pathogenetic
implications, is still far from being elucidated.

By the same token, the lack of a thalamic activation,
which is a frequent fMRI feature in IGE, suggests that:
i) our PKU patient is unlikely also to have IGE as an
independent disease;

ii) almost identical electroclinical phenotypes are not
necessarily underlain by the same pathogenesis;

iii) the thalamic BOLD activation in IGE may not be as
critical for the generation of GSWs as currently
believed.

Given the relatively high incidence of PKU among the
general population and of seizures among PKU
patients, large studies on the characteristics, patho-
genesis and possibly fMRI features of the epileptic
syndromes occurring in this condition are required to
extend our knoweledge of this disease, as well as to
disclose new mechanisms in seizure generation.
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