
Molecular Genetics and Metabolism 114 (2015) 409–414

Contents lists available at ScienceDirect

Molecular Genetics and Metabolism

j ourna l homepage: www.e lsev ie r .com/ locate /ymgme
Individualized long-term outcomes in blood phenylalanine
concentrations and dietary phenylalanine tolerance in 11 patients with
primary phenylalanine hydroxylase (PAH) deficiency treated
with Sapropterin-dihydrochloride☆
Sylvia Stockler-Ipsiroglu ⁎, Nataliya Yuskiv, Ramona Salvarinova, Delia Apatean, Gloria Ho, Barbara Cheng,
Alette Giezen, Yolanda Lillquist, Keiko Ueda
Department of Pediatrics, University of British Columbia, Division of Biochemical Diseases, British Columbia Children's Hospital, Vancouver, Canada
☆ Contributions of authors to this manuscript: SSI: desi
NY: analyzed data, wrotemanuscript; RS, BC, AG, KU, and
care and clinical data monitoring; GH: collected data; and
⁎ Corresponding author at: Department of Pediatrics

Division of Biochemical Diseases, British Columbia Childr
Street, Vancouver, B.C., Canada, V6H3V4. Fax: +1 604 875

E-mail address: sstockler@cw.bc.ca (S. Stockler-Ipsirog

http://dx.doi.org/10.1016/j.ymgme.2014.11.014
1096-7192/© 2014 The Authors. Published by Elsevier Inc
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 October 2014
Received in revised form 20 November 2014
Accepted 20 November 2014
Available online 3 December 2014

Keywords:
Tetrahydrobiopterin
Cofactor
Medical nutrition therapy
Pharmacologic therapy
Outcome
Weanalyzed long-term sustainability of improved blood Phenylalanine (Phe) control and changes to dietary Phe
tolerance in 11 patients (1 month to 16 years), with various forms of primary PAH deficiency (classic, moderate,
severe phenylketonuria [PKU], mild hyperphenylalaninemia [HPA]), who were treated with 15–20 mg/kg/d
Sapropterin-dihydrochloride during a period of 13–44 months.
7/11 patients had a sustainable, significant reduction of baseline blood Phe concentrations and 6 of themalso had
an increase in mg/kg/day Phe tolerance. In 2 patients with mild HPA, blood Phe concentrations remained in the
physiologic range even after a 22 and 36% increase in mg/kg/day Phe tolerance and an achieved Phe intake at
105% and 268% of the dietary reference intake (DRI) for protein. 2 of these responders had classic PKU.
1 patient with mild HPAwho started treatment at 2months of life, had a significant and sustainable reduction in
pretreatment blood Phe concentrations, but no increase in the mg/kg/day Phe tolerance. An increase in Phe
tolerance could only be demonstratedwhen expressing the patient's daily Phe tolerance with the DRI for protein
showing an increase from 58% at baseline to 78% of normal DRI at the end of the observation.
Long-term follow-up of patients with an initial response to treatment with Sapropterin is essential to determine
clinically meaningful outcomes. Phenylalanine tolerance should be expressed in mg/kg/day and/or % of normal
DRI to differentiate medical therapy related from physiologic growth related increase in daily Phe intake.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY NC ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Phenylketonuria (PKU; OMIM 261600) is an autosomal recessive
deficiency of phenylalanine hydroxylase (PAH) resulting in an accumu-
lation of phenylalanine (Phe) in blood and in the brain. Cognitive/
behavioral deficiency is prevented by early institution of a Phe restrict-
ed medical nutrition therapy [1,2]. However, recommended blood Phe
concentrations [3,4] are difficult to maintain over the long-term.
Despite early diagnosis via newborn-screening programs, the preva-
lence of neuropsychiatric (ADHD, anxiety, depression) and executive
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functioning problems is high in this patient population [5,6]. Poor
blood Phe control correlates with the severity of the PKU [7], and is of
particular concern in adolescents and adults [8–11] and in children
from families with insufficient psychosocial resources [12].

Sapropterin dihydrochloride (Sapropterin, Kuvan®) is a PAH cofac-
tor [13] with the ability to reduce blood Phe concentration and to
increase dietary Phe intake. The effect is believed to be due to
Sapropterin's chaperon function and its ability to increase the residual
enzyme activity. It is estimated that about 30–50% of patients respond
to therapy with Sapropterin [14–18] with a decrease in blood Phe con-
centrations. Patients with milder forms of PKU and higher residual PAH
activity seem to be particularly responsive to Sapropterin, but patients
with severe/classic PKU may also respond [14,19].

Responsiveness to Sapropterin has been defined as 30% reduction of
blood Phe concentrations after an initial Sapropterin trial in a variety of
study protocols [17,20–24]. Recently less pronounced reductions have
also been accepted [25]. Some authors have shown that a reduction
the CC BY NC ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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of blood Phe concentrations during the first 24 h of Sapropterin admin-
istration is predictive of a long-term response [26]; others suggest a one
month trial to determine a response [27].

Despite an increasing number of outcome studies [18,28–32] infor-
mation about long-term sustainability of reduced and absolute blood
Phe concentrations and dietary Phe tolerance achieved upon treatment
with Sapropterin is still limited.

Here we report long-term outcomes of blood Phe concentrations
and dietary Phe tolerance in 11 patients in response to therapy with
Sapropterin.

2. Patients & methods

2.1. Study protocol

We performed a chart review (Institutional Ethics Review board
approval # H12-03598) in 11 patients diagnosed with primary PAH
deficiency via newborn screening who had shown a N30% reduction of
blood Phe concentrations after one month of treatment with
20 mg/kg/day Sapropterin. The initial response was determined by
comparing mean blood Phe concentrations after 1 month of treatment
with 1-month pretreatment values. To determine long-term sustain-
ability we investigated whether the initial blood Phe reduction was
sustainable, we compared mean 6-month treatment- with 6 month-
pretreatment blood Phe concentrations. To determine whether treat-
ment with Sapropterin resulted in a sustainable improvement of Phe
tolerance, we compared the dietary Phe intake during the last 3months
of the entire observation period with the 6-month pretreatment Phe
intake. The data were collected retrospectively on clinical observations
made between 2009 and 2013.

2.2. Patient characteristics

For classification of the severity of the PKU phenotype, we applied
generally used criteria based on pretreatment blood Phe concentra-
tions: Classic PKU: N20 mg/dl (N1200 μmol/l); moderate PKU: 15–20
mg/dl (900–1200 μmol/l); mild PKU: 15–20 mg/dl (600–900 μmol/l);
mild Hyperphenylalaninemia (mild HPA): b10 mg/dl (b 600 μmol/l);
non-PKU HPA: 2–6 mg/dl (120–360 μmol/l) [33].

PAH genotype was not available in the patients included in this
study, asmutation analysis historically has not been part of the diagnos-
tic confirmation.

2.3. Standard treatment

Patients were treated according to a standard medical nutrition
therapy protocol including a Phe restricted diet, medical Phe-free
aminoacid formula and low protein foods with the aim to maintain
therapeutic blood Phe concentrations of 2–6 mg/dl (120–360 μmol/l)
and allowing for blood Phe concentrations of up to 10 mg/dl (600
μmol/l) in patients older than 12 years.

2.4. Sapropterin treatment

Sapropterin was administered orally once daily with a main meal.
Initially all patients were started on 20 mg/kg/day. With increasing
weight, dosages down to 15 mg/kg/day were allowed until new adjust-
ments were made.

6/11 patients (P5, P6, P7, P8, P9, P10) received Sapropterin when
enrolled in PKU-015 (Biomarin Pharmaceutical Inc), an ongoing
open label trial to determine the safety and efficacy of Sapropterin
dihydrochloride on blood Phe concentrations and neurocognitive out-
comes in children with PKU between 0 and 6 years [34].

2/11 patients (P1, P3) were studied after completion of PKU-016
(Biomarin Pharmaceutical Inc), a randomized controlled trial to deter-
mine the safety and effect of Sapropterin on neuropsychiatric symptoms
in PKU patients [35]. Because PKU-016 study started with a 13 week-
randomized, double blinded treatment period, treatment start for the
patients included here, was set arbitrarily at the beginning of the
consecutive 13 week-open label phase. 3/11 patients (P2, P4, P11)
received Sapropterin as part of clinical care. P11, whose treatment
started at 1 month of age, only had a 1 month pre-treatment baseline
mean Phe concentration.

2.5. Blood Phe measurements

The number of blood Phe measurements was defined according to
the clinic's standard protocol for monitoring dietary control: blood
Phe concentrations being measured with a minimum frequency of
twice weekly in children younger than 6 months, once weekly in
children between 6months and 18months, once every 2 weeks in chil-
dren between 18months and 12 years, and oncemonthly after comple-
tion of the 12th year of life. During the 6month-treatment period, blood
Phe concentrations were measured in weekly intervals during the first
month of treatment with Sapropterin and afterwards according to the
clinic's standard protocol.

Blood samples were collected after a 3–6 hour fasting period in
children younger than 2 years and after a 6–10 hour overnight fast in
older children. Blood Phe concentrations were determined in dried
blood spots obtained during regular home-based monitoring, or in
plasma from blood samples obtained during a clinic visit. Dry blood
spot and plasma amino acid analysis was performed using liquid
chromatography–mass spectrometry technology and an amino acid
analyzer based on ion exchange chromatography, respectively.

As in our institution blood Phe concentrations are given in mg per
deciliter (mg/dl) we will use this unit throughout the text. The conver-
sion factor of mg/dl to μmol/l is 60.4.

2.6. Data analysis

We performed paired t-test comparing intra-individual mean blood
Phe concentrations before and during treatment. Statistical significance
was defined as p b 0.05.

2.7. Dietary Phe tolerance

To evaluate the long-term effects of treatment with Sapropterin on
dietary Phe tolerance, we assessed dietary Phe intake achieved at the
last 3 months of the individual observation treatment period and
compared this value with 6-month pretreatment tolerance. We used
prescribed dietary Phe intake as an indicator as diet records containing
actual dietary Phe intake data was not systematically available.

We determined dietary Phe tolerance in 3 ways: total daily Phe
intake expressed as milligrams Phe per day (mg/d); Phe intake per
body weight expressed as milligrams per kilo per day (mg/kg/day);
and DRI related Phe intake expressed as % normal DRI, comparing the
patient's daily Phe intake with the Dietary Reference Intake (DRI) for
age related normal peers. Phe normswere derived from the age specific
norms of daily protein intake, multiplied by 47, given that 1 g protein=
47 mg Phe. Dietary Reference Intakes (DRIs) of Phe consumption were
calculated from age specific recommended dietary allowance (RDA) ta-
bles from the Institute of Medicine DRI report [36].

3. Results

3.1. Patient characteristics

7males and 4 females between 1month and16years of age (median
5 years) were treated for 13–44 months (median 26). At the end of the
individual treatment period, patients' age ranged from 2 to 18 years
(median 9). 5 patients had classic, 1 had moderate, 1 had mild PKU,
and 4 patients had mild HPA. 1 of the 4 patients with mild HPA (P8)



Table 1
Changes in blood Phenylalanine concentrations and dietary Phenylalanine tolerance in response to treatment with Sapropterin dihydrochloride in 11 patients with primary Phenylalanine hydroxylase deficiency (Phenylketonuria/
Hyperphenylalaninemia).

Mean (+/−SD) blood Phe concentrations % change in blood
Phe concentrations

Total daily Phe
tolerance (mg/day)

Mg/kg Phe tolerance
(mg/kg/d)

Phe intake (% DRI)

Pt #,
Gender
(m/f)

Untreated blood Phe
concentrations
(mg/dl)
& severity [33]

Age at
treatment start
(years/months)

Total
treatment
period
(months)

Baseline
(minus 6
months)

Treatment
(plus 6
months)

Treatment
(last 6
months)

(plus 6
months) vs
(minus 6
months)

(plus 6
months) vs
(last 6
months)
−

Baseline
(minus 6
months)

Treatment
(last 3
months)

Baseline
(minus 6
months)

Treatment
(last 3
months)

%
increase
total Phe
tolerance

%
increase
mg/kg
Phe
tolerance

Baseline
(minus 6
months)

Treatment
(last 3
months)

1(m) 83.0 (c)a 16 y 16 5.83 (±0.63) 2.57 (±1.11) 2.39 (±0.83)b −56 −59 550 1200 6.9 14.7 118 113 17 37
2(m)1 38.6 (c) 11 y 24 3.30 (±3.06) 3.53 (±3.19) 3.03 (±1.53) 7 −8 473 508 8.6 7.9 8 −9 19 20
3(m) 7.8 (mHPA) 9 y 15 3.74 (±0.61) 2.00 (±0.33)b 1.70 (±0.22)b −47 −55 1475 1880 38.4 47.0 27 22 86 105
4(m) 20.4 (c) 8 y 22 4.61 (±3.13) 2.36 (±1.17) 3.88 (±0.92) −49 −16 478 870 15.0 22.7 82 51 34 51
5(m)1 30.0 (c) 6 y 43 5.56 (±1.93) 6.44 (±4.32) 5.81 (±2.47) 16 4 250 360 10.2 9.9 44 −3 23 22
6(m) 20.3 (c) 5 y 42 4.99 (±2.85) 4.13 (±1.85) 3.69 (±3.45) −17 −26 390 460 12.7 8.7 18 −31 28 19
7(f) 19.0 (mo) 5 y 44 5.42 (±0.61) 3.62 (±1.29)b 3.35 (±0.55)b −33 −38 425 700 19.2 21.9 65 14 43 49
8(f) 4.7 (nP-HPA)-(mHPA) 2y 13 3.13 (±0.85) 1.91 (±0.67)b 1.87 (±0.44)b −39 −40 1200 2131 97.6 132.4 78 36 197 268
9(f) 12 (m) 18 mo 43 3.41 (±1.37) 2.07 (±0.55)b 2.33 (±0.40)b −39 −32 205 640 21.1 34.6 212 64 43 77
10(m)2 9.7 (mHPA) 13 mo 42 3.20 (±1.58) 2.95 (±0.63) 2.59 (±0.32) −8 −19 360 645 33.3 32.4 79 −3 67 73
11(f)2 7.3 (mHPA) 1 moc 26 6.59 (±2.15)c 2.10 (±0.42)b 3.40 (±0.61)b −68 −48 214 435 41.2 38.5 103 −6 58 78

1P2, P5 and 2P10, P11 are siblings.
(c) = classic/severe PKU; (mo) = moderate PKU; (m) = mild PKU; mHPA) = mild HPA; (nP-HPA) = non-PKU HPA.

a Premature newborn (28 wk); Phe concentrations obtained while on total parenteral nutrition.
b Paired t-test comparing mean blood Phe concentrations before and during treatment is statistically significant (p b 0.05).
c 1 month-baseline pre-treatment Phe concentration (6 month-value was not available due to young age of patient).
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had non-PKU HPA with blood Phe concentrations below (6 mg/dl; 360
μmol/l) until introduction of solid foods at the age of 1 year, when
blood Phe concentrations rose to the 6–10 mg/dl (360–600 μmol/l)
range consistent with mild HPA.

An overview of patients and changes in their mean blood Phe
concentrations and dietary Phe tolerance during pretreatment and
treatment periods is shown in Table 1.

3.2. Blood Phe concentrations

1 month pretreatment and 1 month treatment mean blood Phe
concentrations ranged between 3.08 mg/dl (186.5 μmol/l) and 7.54
mg/dl (456.5 μmol/l) (median 4.62 mg/dl; 280 μmol/l) and 1.61 and
2.72 mg/dl (97.5 and 164.7 μmol/l) (median 2.44 mg/dl; 147.7 μmol/l)
respectively, representing a range of blood Phe reduction from minus
30% to minus 69% (median 49%).

After 6 months of treatment, 7 of the 11 patients (P1, P3, P4, P7, P8,
P9, P11) continuedhavingN30%mean blood Phe reduction compared to
6 month-pretreatment values (range: minus 33–minus 68%, median:
minus 47%).

6 out of these 7 patients (P1, P3, P4, P7, P8, P9) had an additional
increase in mg/kg/day Phe tolerance. Their individual mean blood Phe
concentrations ranged from 1.70 to 3.40 mg/dl (102.9 to 205.8 μmol/l)
(median 2.36 mg/dl; 142.9 μmol/l) and were significantly (p b 0.05)
lower compared to 6-month pretreatment values.

4 out of 11 patients (P2, P5, P6, P10) did not maintain their initial
N30% blood Phe reduction after 6 months of treatment.
Fig. 1. Changes in dietary Phenylalanine tolerance expressed as total intake (mg Phe per day), m
baseline (6 months pretreatment) and the end (last 3 months) of treatment with Sapropterin
At the end of the observation period (last 6 months of treatment),
patients had blood Phe concentrations between 1.7 and 5.81 mg/dl
(102.9 and 351.7 μmol/l) (median 3.03 mg/dl; 183.4 μmol/l).

3.3. Dietary Phe tolerance (Fig. 1)

At the end of the individual treatment period, all patients had an
increase in total mg/day dietary Phe tolerance (range 8%–212%, median
78%). 6 patients (P1, P3, P4, P7, P8, P9) also had an increase inmg/kg/day
Phe intake ranging from 14% to 113% (median 43.5%). The maximum
effect was observed in P1 with an increase of mg/kg/day Phe tolerance
by 113% (from 6.9 mg/kg/day to 14.7 mg/kg/day).

We also compared the patients' daily Phe intake with the DRI for
protein intake as a surrogate for dietary Phe needs. Patients' dietary
Phe intake ranged between 17 and 197% (median 43%) of DRI for age
at pretreatment baseline and between 19 and 268% (median 51%) at
the end of the treatment period. P8 (non-PKU HPA/mild HPA) with a
pretreatment baseline dietary Phe intake at 197%DRI achieved a further
increment up to 268% DRI with treatment. The youngest patient who
started treatment at 2 months (P11 with mild HPA) had approximately
the samemg/kg/day Phe tolerance after 42 and 26months of treatment
compared to their baseline, while her DRI increased from 58% to 78%.

4. Discussion

In this individual case analysiswe found a range of response patterns
to treatment with Sapropterin dihydrochloride. The majority of our
g Phe per kilo body weight per day and % of age related dietary reference intake (DRI) at
in 11 patients with Phenylketonuria/Hyperphenylalaninemia.
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patients had a sustainable reduction of blood Phe concentrations
combined with an increase in mg/kg/day Phe tolerance.

In P3 and P8 with mild HPA, blood Phe concentrations remained in
the upper physiologic range even after a 22% and 36% increase in
mg/kg/day Phe intake and an achieved Phe tolerance at 105% and
268% of the DRI. Blood Phe concentrations in the physiologic range are
usually not achieved in patients with PKU, even upon most arduous
dietary Phe restrictions. As shown here, treatment with Sapropterin
potentially allows normalization of the biochemical phenotype, particu-
larly in patients with milder forms of PKU.

Patientswith severe PKUgenerally are less responsive as theirmuta-
tions obviously are not rescued by Sapropterin's function [32,37–39]. In
our study, 5 out of 11 individuals (P1, P2, P4, P5, P6) had classic PKU
according to diagnostic blood Phe concentrations above 20 mg/dl [33].
3 of them (P2,P5,P6) did not show a long-term sustainability of initial
reduction of blood Phe concentrations. While all 5 patients had some
degree of an increase in total dietary Phe tolerance during the time
periods studied, only in P1 and P4 this increase was also reflected in
mg/kg/day and DRI related Phe tolerance. Their comparably high Phe
tolerance documented during early childhood (28 and 26 mg/kg/day
at 2–3 years of age) suggests a milder phenotype with some degree of
residual PAH activity whereas P2, P5 and P6 had a Phe tolerance of
19–20 mg/kg/day at the same age (data not shown). P1's extremely
high diagnostic blood Phe level at 83 mg/dl (5025 μmol/l) was likely
further elevated due to his 28 week premature birth and parenteral
nutrition at the time of diagnosis.

Various aspects deserve attention when deciding whether and to
what extent an observed change in dietary Phe tolerance is the result
of a Sapropterin induced response. Due to the natural, growth related
augmentation in nutritional demands all children with PKU experience
an increase in the total daily Phe intake with increasing age. Therefore a
mg/kg/day Phe intake and comparison of the Phe intake with the age
matched protein DRI (expressed in % of normal DRI) help to discrimi-
nate a “true” response from a growth related change. While all 11
patients had an increase in total daily Phe tolerance, only 6 (P1, P3, P4,
P7, P8, P9) also showed an increase in mg/kg/day Phe tolerance. In
very young children determination of a “true” response is even more
challenging. P11 was treated with Sapropterin since the age of 2
months. After 26 months, her mg/kg/day Phe tolerance was decreased
by minus 6%. Due to rapidly changing metabolic demands there is a
significant natural decline in Phe tolerance during the first 2 years of
life [40], manuscript in preparation]. Thus the comparatively mild de-
cline in mg/kg/day Phe tolerance still indicates a treatment response
in this patient. Alternatively, this patient shows an increment of the
age related DRI from 58% of at baseline to 78% at age 2 years. Thus in
cases with otherwise ambiguous response patterns, comparison of Phe
intake with the age related DRI could serve as an additional tool to doc-
ument an improvement. In children who have a significant change in
their bodymass index (BMI) (e.g. if they develop obesity during the ob-
servation period), a BMI adjusted Phe tolerancemight be an appropriate
measure to determine therapy-induced response. We did not use this
measure in our patients as they all remained on their individual BMI
percentiles during the period observed in this study.

The following limitationsmust be considered in the interpretation of
our results: Phe tolerance was determined based on the goal to keep
patients' blood Phe concentrations within the lower (2–4 mg/dl; 120–
240 μmol/l) therapeutic range and further increase in Phe intake
might have been possible if blood Phe levels in the higher therapeutic
range (up to 6mg/dl; 360 μmol/l) had been targeted. Another limitation
is that Phe tolerance was calculated based on clinic dietitian prescribed
dietary Phe goals only, whereas systematically collected actual Phe
intake data analyzed from patients' diet records were not available
from all patients. However, we are confident that prescribed Phe intake
was similar to the actual intake, given that all patients included in this
study have a history of very good compliance. Finally, availability of ge-
notypic information might have helped to early discriminate
responders from non-responders and provided better explanations of
the observed patterns.

The annual cost for Sapropterin dihydrochloride (Kuvan®) treat-
ment is in the expensive-drug-for-rare-disease range, making a critical
analysis of long-term outcomes mandatory. We suggest long-term
monitoring of blood Phe concentrations to confirm sustainability of ini-
tial improvements as well as a multidimensional expression of dietary
Phe tolerance to discriminate therapy-induced response from natural,
growth induced changes. Recently established evidence of safety and
effectiveness of Sapropterin in very young children [41,42] is in favor
of starting treatment as early as possible. Integrating neuropsychologi-
cal, psychosocial [43] quality of life [44] and individual goal achieve-
ments will help to further clarify what are meaningful outcomes for all
involved stakeholders, including patients, health care providers,
government and private payers and pharmaceutical companies.
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