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Background and Purpose PET scanning with fluorodeoxyglucose (FDG-PET) is a non-in-
vasive method that measures regional glucose metabolic rate. Phenylalanine (Phe) and its me-
tabolites appear to impair several aspects of brain energy metabolism. 1) To evaluate brain glu-
cose metabolism with FDG-PET imaging in phenylketonuria (PKU) patients before and 4 months
after sapropterin therapy; 2) to evaluate neurodevelopmental changes, blood Phe levels and di-
etary Phe tolerance before and after sapropterin therapy; 3) to generate pilot data to assess the
feasibility of evaluating brain glucose metabolism with FDG-PET imaging and to explore po-
tential trends resulting from the administration of sapropterin therapy.

Methods We enrolled 5 subjects, ranged in age from 22 years to 51 years, with PKU. Subjects
underwent FDG-PET brain imaging, blood tests for Phe and tyrosine levels, and neurocognitive
evaluations before and 4 months after sapropterin therapy (20 mg/kg/day). All subjects’ Phe and
tyrosine levels were monitored once a week during the study. Subjects kept 3 day diet records
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blood Phe level. The data show that glucose metabolism appeared depressed in the cerebellum
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five subjects. In response to sapropterin therapy, relative glucose metabolism showed significant
increases in left Broca’s and right superior lateral temporal cortices. Interestingly, there was cor-
responding enhanced performance in a phonemic fluency test performed during pre- and post-
neurocognitive evaluation.
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Introduction alanine (Phe) hydroxylase, which utilizes tetrahydrobiopterin

(BH4) as a cofactor and converts Phe to tyrosine.! PKU can

Phenylketonuria (PKU) is caused by a deficiency of phenyl- cause severe mental retardation; however, implementation of
@ This is an Open Access article distributed under the terms of the Cre- a Phe-restricted diet shortly after birth prevents many of the
ative Commons Attribution Non-Commercial License (http://creative- neurologic manifestations of PKU.' PKU patients may have
commons.org/licenses/by-nc/3.0) which permits unrestricted non-com- difficulties with executive function, attention, emotional labi-

mercial use, distribution, and reproduction in any medium, provided the ori-

ginal work is properly cited lity, and depression’ in spite of diet treatment. Although the
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causes of brain damage, neurocognitive dysfunction or depres-
sion in PKU remain unknown, some data point to impaired
protein synthesis, or deficiencies of brain dopamine and sero-
tonin.>” Evidence also indicates that there is altered energy
metabolism in the brain of the child with PKU.>” Phe and its
metabolites appear to impair several aspects of brain energet-
ics including: 1) inhibition of glucose uptake; 2) diminished
glycosylation of cytoskeletal proteins; 3) inhibition of hexo-
kinase and pyruvate kinase; 4) reduced flux through the gly-
colysis and 5) inhibition of mitochondrial electron transport
chain.

Tetrahydrobiopterin is the first drug (sapropterin dihydro-
chloride-KUVAN), which acts as a pharmacological chaperone,
approved to be used in PKU patients by the Food and Drug
Administration in 2007. Since then, numerous studies have
confirmed that about 40-50% of PKU patients, especially the
ones with some residual enzyme activity, respond to BH4 to
the point that it becomes possible to ease dietary restrictions,
establish lower and more stable Phe levels or even replace
the diet with a near-normal regimen.®

The aim of this pilot study is to determine if there are any
changes in brain glucose metabolism in patients with PKU
before and 4 months after sapropterin therapy. Primary im-
portance will be the generation of pilot data to assess the fea-
sibility of evaluating brain glucose metabolism with Fluoro-
deoxyglucose Positron Emission Tomography (FDG-PET)
imaging and to explore potential trends resulting from the ad-
ministration of sapropterin therapy.

Methods

Subjects

Five adults (3 male and 2 female) with Classical PKU partic-
ipated in the study. Participants ranged in age from 22 years
to 51 years (median: 27.2; IQR: 19.0) (Table 1). All partici-
pants were naive to sapropterin therapy.

The first subject was diagnosed and put on a Phe-restricted
diet at 9 months of age. The other four subjects were detected
through newborn screening and started on a Phe-restricted diet
before 2 weeks of life. At the time of the study, subjects 1 and
3 were on a low protein diet and Phe free formula. Subject 2
was on a low protein diet, and subject 4 and 5 were on a regu-

Table 1. Baseline characteristics of study subjects

lar diet (Table 1). Their Phe intake was 2522.0 mg/day
(3703.0) [median (IQR)].

All patients were examined with FDG-PET brain imaging,
physical and neurological exam, blood tests for Phe and ty-
rosine levels, and neuropsychological tests before and 4
months after sapropterin therapy (mean 12219 days between
studies). All patients’ Phe and tyrosine levels were monitored
once a week during the study. Subjects kept 3-day diet records
that allowed calculation of Phe intake. All subjects received
sapropterin at a dose of 20 mg/kg/day for four months. Re-
sponse to sapropterin is defined as 30% or more decrease in
Phe level at 1 month and 4 month-evaluations.

Methods

FDG-PET

Subjects received intravenous administration of 0.14 mCi/kg
(+/- 10%) of FDG, with a maximum dose of 10 mCi. PET im-
aging was initiated approximately 60 minutes after injection.
Using a Philips Gemini 16 Power PET/CT scanner (Cleve-
land, OH, USA), data were acquired in 4 back-to-back time
frames for total imaging time of 40 minutes. Following PET
emission data acquisition, transmission scans were obtained
using the Cs-137 point source for attenuation correction pur-
poses. The emission and transmission data were reconstruct-
ed with an iterative reconstruction algorithm, the expectation
maximization algorithm with ordered subsets (OSEM). Qu-
antification of regional brain glucose metabolism (RBGM)
for each study was determined using Philips NeuroQ 3.0™ [20
iterations, normalizing each of the 47 regions of interest (ROI)
to whole brain metabolism].

Neuropsychological battery

The battery was designed to assess verbal memory (Hopkins
Verbal Learning Test, HVLT), immediate auditory attention
and processing speed (Paced Auditory Serial Addition Task,
PASAT), graphomotor speed (Symbol-Digit Modalities Test),
verbal and visual working memory [Wechsler Adult Intelli-
gence Scale-Fourth Edition (WAIS-IV) Digit Span subtest and
Wechsler Memory Scale-Fourth Edition Symbol Span subtest
respectively], sustained attention and impulse control (Con-
ners’ Continuous Performance Test-Second Edition, Version

Subject Sex Age (year) Age at diagnosis Physical/neurologic exam Current treatment
1 M 51 9 months Normal Low protein diet+formula
2 F 23 10 days Normal Low protein diet
3 F 22 1 week Normal Low protein diet+formula
4 M 32 2 weeks Normal Regular diet
5 M 27 10 days Normal Regular diet
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5), and verbal fluency [Delis-Kaplan Executive Function Sys-
tem (D-KEFS) Verbal Fluency subtest].

Test choice and a double-baseline approach were used to
minimize and statistically control for potential practice ef-
fects. Five participants were tested three times: at an initial
baseline before treatment; a second baseline which occurred
approximately 7 to 14 days later but before initiation of treat-
ment; and at post-treatment approximately four months after
the second baseline. Additionally, alternate test forms were
used when applicable (HVLT, PASAT, D-KEFS). All tests
were given at all-time points, with the exception of the D-
KEFS Verbal Fluency task, which was given only at second
baseline and post-treatment as only two alternate forms for
this task exist. Two test battery versions were prepared, which
counterbalanced test forms across time points to prevent or-
der effects.

Statistical methods

Wilcoxon matched-pairs signed-ranks tests were used to ex-
amine differences between pre- and post-measurements of
Phe levels, neurocognitive test scores done only at two time
points, and FDG-PET values. The Friedman test, a non-para-
metric alternative to the one-way ANOVA with repeated me-
asures, was used to examine neuropsychological outcomes ac-
ross the three time-points.

Results

Clinical/biochemical findings

Physical and neurological examinations were normal in all
subjects. Concurrent plasma Phe and tyrosine levels were 18.0
(18.95) mg/dL and 0.90 (0.50) mg/dL at pre-sapropterin visit 1,
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9.4 (17.90) mg/dL and 1.20 (0.75) mg/dL at pre-sapropterin
visit 2, and 17.2 (16.35) mg/dL and 0.95 (0.70) mg/dL at post-
sapropterin visit. Liver function tests including prothrombin
time and partial thromboplastin time were normal. No patient
experienced any side effects related to sapropterin. Phe intake
in diet was 2522.0 (3703.0) mg/day and 2670.0 (3519.5) mg/
day at pre-sapropterin visit 2 and post-sapropterin visit, re-
spectively, and there was no statistically significant difference.
None of the subjects responded to sapropterin therapy based
on at least a 30% decrease in blood Phe level, nor did subjects
have increased Phe tolerance in diet.

Neuropsychological findings

There was no statistically significant difference between per-
formance of tasks at baseline 1 relative to baseline 2, with the
exception of auditory working memory (WAIS-IV Digit Span,
p=<0.043). When comparing pre-sapropterin visit 2 (baseline
2) to post-sapropterin, only one potential significant result was
noted, in that semantic verbal fluency (D-KEFS Verbal Flu-
ency Total Letter Fluency) increased an average of half a st-
andard deviation across subjects (Wilcoxon p<0.066) (Table 2).

FDG-PET findings

On the initial FDG-PET brain scan, seven ROI’s were mea-
sured to be at least, on average, 1 standard deviation below ex-
pected activity: right visual association cortex (-1.7), left pa-
rietal-temporal cortex (-1.4), right cerebellum (-1.3), left ce-
rebellum (-1.3) right infero-lateral posterior temporal cortex
(-1.2), cerebellar vermis (-1.2) and left inferior parietal cortex
(-1.1). Six regions were measured to be at least, on average,
1 standard deviation above the mean: left medial frontal cor-
tex (+2.0), left anterior cingulate cortex (+1.5), right medial

Table 2. Neuropsychological findings in 5 subjects before and after sapropterin therapy

Pre-sapropterin (visit 1)

Pre-sapropterin (visit 2)

Post-sapropterin Friedman test

Neuropsychological battery

Median IQR Median IQR Median IQR p-value
HVLT Total Recall T 51 30 44 26 53 25 0.82
HVLT Del Recall T 47 27 53 26 49 23 0.46
PASAT Rate 1Z 0.47 1.38 0.95 0.73 0.94 0.37 0.071
PASAT Rate 2 Z -0.32 0.96 0.63 0.60 0.62 0.92 0.050
SDMT Raw 63 38 72 40 79 39 0.25
WAIS-IV Digit Span Raw 33 15 37 19 37 19 0.050
WMS-IV Symbol Span Raw 35 18 39 32 37 19 0.68
D-KEFS Cat Fluency Scaled - - 10 5 11 8 0.34**
D-KEFS Letter Fluency Scaled - - 10 8 11 8 0.066**
D-KEFS Switch Scaled - - 11 8 12 9 0.59**
CPT-ll Clinical Conf 50 51.5 55.9 69.5 47.7 49.9 0.95
CPT-Il Hit RT Value 393.5 132.5 435.4 137.1 361.9 110.1 0.55

**p-value from Wilcoxon test.

CPT-IIl: Conners' Continuous Performance Test, D-KEFS: Delis-Kaplan Executive Function System Verbal Fluency subtest, HVLT: Hopkins
Verbal Learning Test, PASAT: Paced Auditory Serial Addition Task, SDMT: Symbol-Digit Modalities Test, WAIS-IV: Wechsler Adult Intelli-
gence Scale-Fourth Edition Digit Span subtest, WMS-IV: Wechsler Memory Scale-Fourth Edition Symbol Span subtest.
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Table 3. Pre sapropterin FDG-PET scan findings

ROI's measured to be at least, on average,
1 standard deviation below expected activity

ROI's measured to be at least, on average,
1 standard deviation above the expected activity

Right visual association cortex -1.7
Left parietal-temporal cortex -1.4
Right cerebellum -1.3
Left cerebellum -1.3
Right infero-lateral posterior temporal cortex -1.2
Cerebellar vermis -1.2

Left inferior parietal cortex -1.1

Left medial frontal cortex +2

Left anterior cingulate cortex +1.5
Right medial frontal cortex +1.5
Left mid-frontal cortex +1.3
Right mid-frontal cortex +1.3
Right anterior cingulated cortex +1.1

FDG-PET: fluorodeoxyglucose positfron emission fomography, ROI: regions of interest.

Table 4. Changes in PET scan findings after 4 month-sapropterin therapy

ROI Pre sapropterin [median (IQR)]
Right superior lateral temporal cortices 0.74 (2.19)
Left Broca -0.784 (1.25)

Post sapropterin [median (IQR)]  Wilcoxon test (p-value)
1.30 (1.46) 0.043
0.035 (1.38) 0.043

ROI: regions of interest.

frontal cortex (+1.5), left mid-frontal cortex (+1.3), right mid-
frontal cortex (+1.3), and right anterior cingulated cortex (+1.1)
(Table 3). In response to the sapropterin therapy, two ROI’s
showed significant (»p<0.05) change in RBGM: left Broca’s
area (p=0.043, pre and post median levels of 0.74 and 1.30,
respectively) and right superior lateral temporal cortex (p=
0.043, pre and post median levels of -0.784 and 0.035, respec-
tively) (Table 4). FDG-PET transaxial images shown in Fig. 1
represent the differences between normal brain, and one of
the study subjects’ brain before and after Sapropterin supple-
mentation.

Discussion

In brain, FDG-PET imaging measures regional glucose meta-
bolic rate and reflects a complex scenario that involves activi-
ty of the entire neurovascular unit and the multifunctional role
of astrocytes.'"'? Our data show that PKU patients have repro-
ducible patterns of RBGM, which differ from those of a nor-
mal data set. Generally, glucose metabolism appeared de-
pressed in the cerebellum and left parietal cortex while it in-
creased in the frontal and anterior cingulate cortices. We spe-
culate that increased brain glucose metabolism in the frontal
cortex may have resulted from increased energy demand in
brain cells caused by elevated Phe levels. Pietz et al.® evaluat-
ed cerebral energy metabolism using *'P-MRS in adult PKU
patients whose phe levels ranged from 831 to 1784 umol.
They demonstrated that adenosine triphosphate (ATP) and
phosphocreatine (PR) levels and phe concentrations were in-
versely related: increasing Phe concentrations after Phe load-
ing resulted in decreasing ATP and PR levels. They pointed to
a link between Phe neurotoxicity and imbalances of cerebral
energy metabolism. Neurons require energy in the form of ATP
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to maintain their membrane potential. Increased demand for
ATP will increase cerebral metabolic rate for glucose, which
is used to replenish the ATP. Interestingly, the presence of in-
creased glucose uptake in the frontal cortex, largely respon-
sible for executive function is unexpected as patients with PKU
can have impaired executive function.? Increased glucose me-
tabolic rate may reflect compensation efforts of this region as
all early treated subjects showed relatively normal executive
functioning in neurocognitive evaluation.

It is more difficult to explain the diminished uptake in cer-
ebellum and left parietal cortex. The differences of glucose
uptake in different regions of brain may be a consequence of
a domino-like effect of elevated Phe, which can help to better
understand and define circuits and networks involved in the
pathogenesis of neurocognitive symptoms of PKU.

After sapropterin therapy, relative glucose metabolism
showed significant increases in left Broca’s and right superi-
or lateral temporal cortices. There were no significant changes
in other regions. There was corresponding enhanced perform-
ance in a standardized verbal fluency test performed during
pre and post-sapropterin neuropsychological evaluation. Pu-
blished data point to other biological roles of BH4 in human
beings besides being a cofactor for aromatic amino acid hy-
droxylases.*'® These other roles include BH4 1) as a cofactor
of nitric oxide (NO) syntheses to produce NO 2) as an intra-
cellular antioxidant to scavenge reactive oxygen species (ROS)
3) as a way to stimulate the increased release of dopamine and
serotonin. These roles may be important in preventing neu-
rotoxic effects of elevated Phe in PKU. It is unknown if in-
tracellular biochemical events and increased oxidative stress
can lead to disruption of BH4 homeostasis in PKU. Sanayama
et al."” reported increased oxidative stress status in PKU pa-
tients and found significant correlation with plasma Phe levels
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Fig. 1. Representative [F-18] FDG-PET transaxial images through-
out the cortices (A, C, E and G) and mid-brain (B, D, F and H). [F-
18] FDG-PET regions of interest are shown in (A) and (B) as de-
termined by Philips NeuroQ (version 3.0) as well as corresponding
locations in a representative normal brain (C and D) and one of
this study’s participants before (E and F) and after (G and H) Sap-
ropterin supplementation (126 days). Note the purple shaded re-
gion in (A) designates Broca’s area in which a significant increase
in glucose metabolism was found in response to therapy. Tracer up-
take intensity color legend is shown to the right of the images (red/
yellow=highest, black/violet=lowest). Note the depressed glucose
metabolism in the frontal cortices relative to the parietal cortices
in the PKU patient (E-H) compared to the normal example (C and
D). This pattern was present in all patients. FDG-PET: fluorode-
oxyglucose positron emission tomography.

and the magnitude of oxidative stress. Intracellular ROS can
diminish BH4/BH2 ratio through accelerated oxidation of
BH4 to BH2, and insufficient availability of BH4 to nitric ox-
ide synthase (NOS) results in the formation of superoxide ra-
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ther than NO (NOS uncoupling). Dihydrofolate reductase (DH-
PR) enzyme, which recycles BH4, may play a key factor in
the pathophysiology of PKU and its management with sap-
ropterin. If DHPR is up-regulated in PKU, it can override the
rate of BH4 oxidation, and BH4/BH2 ratio recovers to a high
level and NOS remains in a coupled state. If DHPR activity
is down-regulated under oxidative stress in PKU, it can result
in further deterioration of uncoupling of NOS.

While it is not well-known if oral supplementation of BH4
can be transported into the brain, one may speculate that in-
creased glucose uptake in left Broca’s and right superior lat-
eral temporal cortices may be the effect of increased blood
flow caused by NO production in the presence of BH4 or in-
creased release of neurotransmitters by BH4.

The small sample size constrains the statistical signific-
ance of this study. While useful in indicating potential trends
worthy of fuller exploration, the results of this pilot study sh-
ould be cautiously interpreted.

Further studies are needed with larger samples of patients
1) to assess brain energy metabolism using a combination of
imaging tools including PET scan, MRI, functional MRI and
magnetic resonance spectroscopy; 2) to reach more definitive
conclusions regarding the effect of sapropterin supplementa-
tion in PKU patients who do not respond to the therapy with
decreased Phe levels or increased Phe tolerance. Further rese-
arch is also needed to understand if PKU disturbs BH4 cellu-
lar homeostasis. If it does, PKU patients may benefit from
BH4 supplementation to keep their BH4/BH2 ratio at a high
level, and prevent further increase in oxidative stress. The nu-
merous remaining questions guarantee that additional research
will offer us valuable new insights in the near future.
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