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Abstract

Background National coverage of neonatal screening for
hyperphenylalaninaemia (HPA) in China is still low and
tests to differentiate causes of HPA are not performed in
many centres. This study aimed to describe the demo-
graphics, geographic distribution, diagnosis, treatment
and clinical outcomes of treatment, including intellectual
development, in patients with tetrahydrobiopterin (BHy,)
deficiency in mainland China.

Methods This was a retrospective, multicentre, chart review
in patients with BH, deficiency across mainland China born
1985-2010.

Results Two hundred fifty six patients were included; 59.9 %
(267/446) of parents were from eastern China. Median
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(interquartile range) age at diagnosis decreased from 12.0
(5.5, 102.0) months to 2.0 (1.0, 3.5) months in patients born
1985-1999 (n=28) and 2005-2010 (n=152), respectively. 6-
Pyruvoyl-tetrahydropterin synthase (PTPS) deficiency was
the primary cause of BHy deficiency (96.0 %); four hotspot
mutations accounted for 76.6 % of PTS gene mutations; two
novel variants in the ODPR gene were identified. Most
patients (83.6 %) received treatment with BHy, L-dopa, 5-
hydroxytryptophan and/or diet therapy. Target blood Phe con-
centration was confirmed at 88.9 % of visits; median (Q1, Q3)
blood Phe concentration was 106.8 (73.0, 120.0) umol/L
during therapy and 117.0 (67.1, 120.0) umol/L at last visit.
Median (Q1, Q3) WISC IQ score was 80.0 (69.0, 90.0) in 33
patients. DQ scores were within normal range (>85) for 37/59
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(62.7 %) patients. Physical development indicators were with-
in normal ranges. Treatment-related adverse events, reported
in 20/256 (7.8 %) patients, were mild-to-moderate in severity.
Conclusion This study provides valuable information on the
current and historical situation of BH, deficiency in main-
land China.

Introduction

A rare form of hyperphenylalaninaemia (HPA) can arise
through the deficiency of an essential cofactor, tetrahydro-
biopterin (BH4), which leads to decreased metabolism of
phenylalanine (Phe) into tyrosine. BH, deficiency is caused
by defects in one of four enzymes responsible for its synthesis
and recycling: BHy is synthesized from guanosine triphos-
phate (GTP) by GTP cyclohydrolase I (GTPCH), 6-pyruvoyl-
tetrahydropterin synthase (PTPS) and sepiapterin reductase,
and recycled from pterin-4«-carbinolamine by pterin-4oc-
carbinolamine dehydratase (PCD) and dihydropteridine re-
ductase (DHPR) (Blau et al 2005). In addition to being a
cofactor for phenylalanine hydroxylase, BH, is also an essen-
tial cofactor for tyrosine hydroxylase and tryptophan hydrox-
ylase, enzymes involved in the synthesis of monoamine
neurotransmitters (Blau 2010). Thus, BH, deficiency results
in neurotransmitter deficits and patients with BH, deficiency
show signs of progressive neurological impairment when
treated with a Phe-restricted diet alone (Wang et al 2000).
Differential diagnosis of BH, deficiency from phenylketon-
uria (PKU) is essential, and treatment with BH,4 and neuro-
transmitter precursors (5-hydroxytryptophan [5-HTP] and L-
dopa) should be initiated as soon as possible to reduce neuro-
logical deterioration. Patients with DHPR deficiency also
require folinic acid supplements (Shintaku 2002).

Neonatal screening for the detection of HPA has been
available since the 1960s (Seymour et al 1997) and was
introduced in China in 1981 (Gu et al 2008; Zheng et al
2010). National coverage of neonatal screening in China is
gradually expanding and increased from 31 % in 2006 to 40 %
in 2007 (Cao et al 2009). According to data obtained during
the screening of 18 million newborns from 2000 to 2009, the
overall incidence of HPA in China is 1:11,763, with BH,
deficiency accounting for 12.9 % of patients with HPA in
Shanghai (Gu et al 2008).

There is geographic diversity in the prevalence of neonatal
screening, with screening coverage in 2007 varying from ap-
proximately 20 % in western China to more than 80 % in
eastern China, and up to 95 % in large cities (Cao et al 2009;
Gu and Chen 1999). Increasing screening coverage is therefore
a priority. Following identification of HPA at neonatal screen-
ing, BH, deficiency may be differentiated from PKU using BH,4
oral loading tests, urine pterin analysis and DHPR activity (Blau
et al 1996; Zurfluh et al 2005). Characteristic urinary patterns of
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pterins and erythrocyte DHPR activity in dried blood spots
allow the differentiation of BH, deficiency subgroups (Shintaku
2002; Zurfluh et al 2005). Urinary pterin analysis, which was
introduced in China in 1990 (Ye et al 2002), became routine for
patients with HPA in 1999. The BH, oral loading test and
detection of DHPR activity in dried blood spots were intro-
duced in mainland China in 2003, leading to the diagnosis of
the first patient with DHPR deficiency in mainland China in
2007 (Ye et al 2008).

The primary objectives of this retrospective study were to
describe the demographics, geographic distribution, diagno-
sis, treatment and clinical outcomes of patients with BHy
deficiency in mainland China.

Methods
Study design

This was a retrospective multicentre chart review of patients
with BH, deficiency born between 1985 and 2010 who had
visited nine treatment centres across mainland China. This
study, performed from October 2010 to February 2011, was
conducted in accordance with the ethical principles of the
Declaration of Helsinki.

Participants

Patients at participating treatment centres were eligible if they
had been diagnosed with BH, deficiency through blood Phe
concentration, urine pterin analysis and detection of DHPR
activity. In some cases, data on DHPR activity, the BH, loading
test and gene mutation analysis were also available. Patients
with PTPS deficiency, whose urinary biopterin to pterin ratio
(B%) was >10 %, required confirmation of BH, deficiency
using gene mutation analysis. Patients were excluded if they
or their parents did not give permission to use their data.

Demographics

Demographic data and details of parental geographical heri-
tage were obtained from medical records where available for
all patients.

Diagnosis

When available, the following laboratory data were obtained:
neonatal screening status, urinary pterin profile, DHPR activ-
ity in dried blood spots, blood Phe concentration following a
BH, loading test (20 mg/kg; performed in patients with blood
Phe concentration >600 pmol/L at baseline), and blood Phe
concentration following a combined Phe and BH, loading test
(Phe 100 mg/kg before BH,4 loading test in patients with blood
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Phe concentration <600 umol/L at baseline). Baseline was
defined as the maximum blood Phe concentration before
initiation of treatment. Where possible, results of gene muta-
tion analyses, which were used to confirm BH, deficiency in
patients with an abnormal urinary pterin profile or abnormal
DHPR activity, were obtained. Information related to the signs
and symptoms of BH, deficiency was collected, and magnetic
resonance imaging (MRI) was performed in some patients.

Treatment and outcomes

Data on BH, deficiency treatment, including information
about diet therapy, BH, (Schircks Laboratories, Switzer-
land), L-dopa and 5-HTP supplementation, were obtained.
Changes in blood Phe concentration from baseline and
percentage rate of Phe control within target concentration
during BH, therapy were assessed.

Intelligence and physical outcomes

Where available, the following information was sought:
intelligence quotient (IQ) assessed by Wechsler Intelligence
Scale for Children (WISC); physical development status
assessed using the infant Gesell developmental quotient
(DQ) for children aged under 3 years, chosen because it is
widely used for assessing early child development in China
(Cui et al 2001; Perera et al 2008; Zhu et al 2005); indicators
of physical development at last visit, including height,
weight and head circumference; and education and school
grades following treatment for BH, deficiency. Data were
analysed by dividing patients into two subgroups: those
with DQ scores <85 and those with scores >85, the latter
of which were considered within the normal range.

Statistical analyses

As this was a retrospective study, there was no predeter-
mined sample size. Data were pooled across centres and
summarized using descriptive statistics. No adjustments for
multiplicity were performed. Duplicate patient records were
identified using name, sex and birth date. Missing data were
handled as follows: if age at diagnosis was missing, age at
first L-dopa administration was used; if baseline blood Phe
concentration was missing, Phe concentration at confirma-
tory testing was used. For change in Phe concentration
during the BH, loading test, data were pooled for patients
receiving combined BH4 and Phe loading tests and those
receiving BH4-only loading tests; for patients receiving the
combined test, baseline Phe concentration was defined as
the concentration at the start of the BH, loading test (3 h
after Phe loading). Paired #-tests and Wilcoxon signed-rank
tests were performed to compare baseline and endpoint data;
comparisons between groups were performed using a two-

sample #-test or Wilcoxon rank-sum test. Qualitative data
were analysed using the chi-squared test. All analyses were
performed using SAS Software version 9.1 or later (SAS
Institute Inc, NC, USA) and significance was set at 5 %. All
values are given as median (interquartile range [Q1, Q3])
unless stated otherwise.

Results
Study population

Records from a total of 294 patients were screened and 256
patients were included in the study; 38 patients were ex-
cluded: 37 owing to duplicate records and one owing to
incomplete diagnostic information.

Demographics

The median (Q1, Q3) patient age was 39.0 (16.0, 76.0)
months (range 2—-241 months); 59.8 % (153/256) were male
and the mean (SD) birth weight was 3.1 (0.5) kg (Table 1).
Based on geography relative to the Yangtze River, 47.8 %
(213/446) of parents were from northern China and 52.0 %
(232/446) were from southern China. According to a na-
tional geographic division, 59.9 % (267/446) of parents
were from eastern China, 34.1 % (152/446) from central
China and 5.8 % (26/446) from western China. Among 114

Table 1 Patient disposition and baseline characteristics

Characteristic Patients with BH,4

deficiency (N=256)

Age, months [N=214]

Mean (SD) 54.6 (50.3)
Median (Q1, Q3) 39.0 (16.0, 76.0)
Range 2-241
Year of birth, n (%) [N=254]

1985-1999 28 (11.0)
2000-2004 69 (27.2)
2005-2010 157 (61.8)
Males (%) [N=256] 153 (59.8)
HPA screening test performed, n (%) [N=253] 207 (81.8)
Birth weight, mean (SD) kg [N=202] 3.1(0.5)

Family history of BH, deficiency?, n (%) [N=114]
No 86 (75.4)
Yes 28 (24.6)

BH, tetrahydrobiopterin; HPA hyperphenylalaninaemia; O/, O3 inter-
quartile range; SD standard deviation

Number in square brackets = number of patients

*Familial history of diagnosed BH, deficiency, or BH, deficiency
diagnosed after the individual’s death
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patients who provided information about family history, 28

(24.6 %) had a familial history of BH, deficiency (Table 1).

Disease characteristics and diagnosis

Neonatal screening for HPA was performed in 81.8 %
(207/253) of patients (Table 1). In total, clinical symptoms of
BH, deficiency prior to diagnosis were reported for 50.4 %
(129/256) of patients, with first presentation of symptoms at a
median (Q1, Q3) age of 4.0 (3.0, 7.0) months (n=110); 73.6 %
(92/125) of patients for whom detailed information regarding
symptoms were available presented with typical symptoms of
BH, deficiency (including hypotonia, apathy, drowsiness, low
response, drooling and retardation of motor development),
70.4 % (88/125) with systemic symptoms of HPA (including
yellow hair, white skin, characteristic body odour, convulsions,
mental retardation, occasional tremors and microcephaly), and
4.0 % (5/125) with other symptoms (including eczema and
vomiting). Information about symptoms was missing for four
patients and not all patients presented with the same symptoms.
Neonatal screening had not been performed in 34.9 % (45/129)
of patients who displayed symptoms of BH, deficiency prior to
diagnosis; among patients with symptoms who underwent neo-
natal screening, 70.2 % (59/84) did not receive prompt diagno-
sis (before age 3 months) of BH, deficiency. Patients who
underwent neonatal screening were diagnosed at an earlier
age (median [Q1, Q3] age 2.0 [1.0, 5.0] months, n=200) than
those who did not undergo neonatal screening (16.0 [7.0, 49.0]
months, n=45). Patients with BH, deficiency had a median
(Q1, Q3) blood Phe concentration of 495 (283.5, 897.0) umol/L
at neonatal screening and 950.1 (480.0, 1200.0) umol/L at
confirmatory testing.

Overall, the median (Q1, Q3) age at diagnosis was 3.0
(1.5, 9.0) months (n=248) and decreased from 12.0 (5.5, 102.0)
months in patients born between 1985 and 1999 (n=28) to 5.0
(2.0, 17.0) months in patients born between 2000 and 2004
(n=60), and to 2.0 (1.0, 3.5) months in those born between
2005 and 2010 (n=152).

Urinary pterin analysis and DHPR activity

For 250 patients diagnosed with PTPS, DHPR and GTPCH
deficiency, urinary pterin analysis and DHPR activity data were
available for 242 and 114 patients, respectively; eight patients
were diagnosed by gene mutation analysis. In 96.0 % (240/250)
of patients, BH, deficiency was due to PTPS defects, while
2.4 % (6/250) of patients had DHPR deficiency, and 1.6 %
(4/250) had autosomal dominant GTPCH deficiency (dopa-
responsive dystonia; DRD) (Table 2). Mean biopterin and
biopterin to pterin ratio (B%) were markedly out of the
normal range in patients with PTPS deficiency, compared
with patients with DHPR and GTPCH deficiency, respec-
tively (Table 2). Among 224 patients with PTPS deficiency
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with documented B% and age at diagnosis, B% was <3 % in
159 (71 %), <5 % in 191 (85.3 %), 5-10 % in 31 (13.8 %),
and >10 % in 2 (0.9 %) patients. Patients with B% >10 %
underwent genotyping for diagnosis. Mean DHPR activity
was close to normal in patients with PTPS deficiency and
GTPCH deficiency, and decreased to about 610 % of normal
levels in patients with DHPR deficiency (Table 2).

BH, loading test

BH, loading tests were performed in 181 patients with PTPS
deficiency (including 96 patients receiving a combined Phe
and BH, loading test) and in five patients with DHPR defi-
ciency (including two patients receiving a combined Phe and
BH, loading test). Mean blood Phe concentration decreased
significantly following BH, loading in patients with both
PTPS deficiency and DHPR deficiency (Fig. 1), particularly
in patients with PTPS deficiency. Target blood Phe concen-
tration (<120 umol/L) was reached by 97.4 % (149/153) of
patients with PTPS deficiency within 6 h and by 98.8 %
(162/164) within 24 h. In contrast, target blood Phe con-
centration was achieved in 20.0 % (1/5) of patients with
DHPR deficiency within 6 h of BH4 loading and 80.0 %
(4/5) of patients failed to achieve the target within 24 h.

Time taken to reach target Phe concentration in patients
with PTPS deficiency was dependent on blood Phe concen-
tration immediately prior to BH,4 loading. Patients with base-
line blood Phe concentrations of <360 pumol/L (6/181; 3.3 %)
took a mean (SD) of 3.0 (1.1) hours to reach the target
concentration, compared with 4.4 (2.4) hours for patients with
baseline concentrations of 360—1,200 pumol/L (118/181;
65.2 %) and 4.7 (1.3) hours for patients with baseline concen-
trations of >1,200 umol/L (57/181; 31.5 %).

Gene mutation analysis

Gene mutation analysis was performed in 143 patients from
141 families: 136 patients with 6-pyruvoyl-tetrahydropterin
synthase (PTS) gene mutations (two patients from the same
family), four patients with quinoid dihydropteridine reduc-
tase (ODPR) gene mutations, and three patients with guano-
sine triphosphate cyclohydrolase (GCH/) gene mutations
(two patients from the same family). In total, 270 gene
mutations were detected in 280 alleles (a mutation detection
rate 0of 96.4 %; Table 3). Thirty-nine different mutations were
observed: 33 in the PTS gene, five in the ODPR gene, and
one in the GCH1 gene. Four hotspot mutations accounted for
76.6 % of PTS gene mutations: P87S (259C>T) (42.9 %),
D96N (286G>A) (13.4 %), N52S (155A>G) (11.5 %), and
IVS1-291A>G (splicing defect; 8.8 %). All mutations iden-
tified in the PTS gene have been reported before. Only two
novel variants, 451G>A (G151R) and IVS6-3delC (splicing
defect) in the QDPR gene were identified.
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Table 2 Baseline urinary pterin concentrations and DHPR activity by BH,4 deficiency subgroup

Characteristic PTPS* DHPR GTPCH (DRD)
Patients, n (%) 240 (96.0) 6(2.4) 4 (1.6)
Neopterins (N), mmol/molCr

Mean (SD) 12.7 (11.2)° 6.0 (4.1) 1.4 (1.3)
Out-of-normal range, n (%) 180 (79.3) 3 (50.0) 2 (50.0)
Biopterins (B), mmol/molCr

Mean (SD) 0.2 (0.3)° 53 (4.4 1.1 (1.1)
Out-of-normal range, n (%) 197 (87.6) 5(83.3) 2 (50.0)
B% (B/[B + N] x 100)

Mean (SD) 2.4 (2.6)° 47.0 (24.7) 472 (9.4)
Out-of-normal range, n (%) 224 (99.1) 2 (33.3) 1 (25.0)
DHPR activity, nmol/min/5 mm disc*

Mean (SD) 3.8 (1.5)° 0.3 (0.1) 5.350.0)

B% biopterin %; BH, tetrahydrobiopterin; DHPR dihydropteridine reductase; DRD dopa— responsive dystonia (autosomal dominant subtype);
GTPCH guanosine triphosphate cyclohydrolase I; PTPS 6-pyruvoyl-tetrahydropterin synthase; SD standard deviation

*Normal range: 1.02-3.35 nmol/min/5 mm disc

#Two patients with PTPS deficiency provided urinary pterin profile but did not provide their age

b n=227, °n=225, 4n=226, °n=107, 'n=1

Cerebral MRI scans

Fifty-three patients underwent cerebral MRI scanning follow-
ing diagnosis of BH, deficiency at a median (Q1, Q3) age of
7.0 (4.0, 18.0) months; white matter signal abnormalities in T2-
weighted imaging were detected in 43.4 % (23/53) of patients.

Treatment and adverse events

In total, 214/256 (83.6 %) patients received treatment with
BH,, L-dopa, 5-HTP and/or diet therapy; 42/256 (16.4 %)

patients (or their parents/caregivers) refused treatment. The
median (Q1, Q3) starting age for BH, therapy decreased from
87.0 (28.0, 156.0) months in children born 1985-1999
(n=11), to 25.0 (15.0, 37.0) months in those born 2000-2004
(n=14), and t0 2.0 (1.0, 15.0) months in those born 20052010
(n=35). A total 0f 69/194 (35.6 %) patients received both BH,
and diet therapy, which in some cases was due to an initial
misdiagnosis of PKU and in others unaffordability or unavail-
ability of BH4. The median minimal starting dose of BH, was
1 mg/kg/day for patients with PTPS deficiency, adjusted
according to Phe concentrations to achieve the target Phe
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Fig. 1 Change in blood Phe concentration during 24-hour BH, load-
ing test. Data were pooled for patients receiving combined BH, and
Phe loading tests and those receiving BH,-only loading tests; baseline
Phe concentration (0 h) includes data for 3 h after Phe loading for 98
patients receiving the combined loading test. PTPS deficiency: *n=169,

°n=180, “n=153, n=175, *n=164. Compared with baseline (0 hours):
#p<0.05; **p<0.01; 7p<0.001 BH,, tetrahydrobiopterin; DHPR, dihy-
dropteridine reductase; Phe, phenylalanine; PTPS, 6-pyruvoyl-tetrahy-
dropterin synthase; SD, standard deviation
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Table 3 Genetic mutation spectrum identified in 143 patients with
BH, deficiency

Characteristic Frequency of mutations, n (%)
PTS 261 (100)
259C>T (P87S) 112 (42.9)
286G>A (D96N) 35 (13.4)
155A>G (N52S) 30 (11.5)
IVS1-291A>G (splicing defect) 23 (8.8)
272A>G (K91R) 10 (3.8)
317C>T (T106M) 934
166G>A (V56M) 5(1.9)
379C>T (L127F) 4(1.5)
73C>G (R25G) 3(1.1)
Other (<1 % of mutations) 30 (11.5)
QDPR 7 (100)
311G>A (C104Y) 2 (28.6)
451G>C (G151R) 2 (28.6)
515C>T (P172L) 1 (14.3)
661C>T (R221X) 1 (14.3)
1VS6-3delC (splicing defect) 1(14.3)
GCHI1 2 (100)
IVS5+3insT (splicing defect) 2 (100)

BH, tetrahydrobiopterin; GCHI GTP-cyclohydrolase 1; PTS 6-pyru-
voyl-tetrahydropterin synthase; QDPR quinoid dihydropteridine
reductase

concentration for the corresponding age. The median (Q1, Q3)
starting age for L-dopa and 5-HTP therapy, respectively, de-
creased from 114.0 (49.0, 156.0; n=10) and 117 (35.5, 156.0;
n=_8) months in children born 1985-1999, to 21.0 (14.5, 34.0;
n=12) and 19.0 (15.0, 32.0; n=13) months in those born
2000-2004, and to 2.0 (1.0, 15.0; n=36) and 2.0 (1.0, 14.0;
n=34) months in those born 2005-2010. The median minimal
starting doses of L-dopa (25 % carbidopa) or 5-HTP were also
1 mg/kg/day, with increments of 1 mg/kg every 5-7 days as
required to achieve target concentrations for the corresponding
age and adjusted according to clinical symptoms and blood
prolactin concentrations. Patients with DHPR deficiency re-
ceived a median minimal BH, starting dose of 10 mg/kg/day,
or a low Phe diet, folinic acid supplementation of 15 mg/day,
and median maximal doses of 5.0 mg/kg/day of 5-HTP and
7.0 mg/kg/day of L-dopa. Patients with GTPCH-deficient
DRD received 1-6 mg/kg/day of L-dopa only. In all patients
with BH, deficiency, mean (SD) minimum and maximum BH,
doses were 1.1 (0.8) and 3.1 (6.4) mg/kg/day, respectively;
mean (SD) minimum and maximum L-dopa doses were 2.1
(4.0) and 8.9 (8.2) mg/kg/day, respectively; and mean (SD)
minimum and maximum 5-HTP doses were 1.8 (3.2) and 5.6
(4.9) mg/kg/day, respectively.

Twenty treatment-related adverse events (AEs) were reported
in 20/256 (7.8 %) patients. The most common AEs were
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diarrhoea (n=10), the ‘on-off” phenomenon (7=5) and rashes
(n=2). Nausea and vomiting, headache and tics were each
reported in one patient. Two AEs were considered probably
related to BH, treatment in the investigator’s judgement: in the
first instance, mild diarrhoea from which the patient completely
recovered following adequate treatment; and in the second case,
mild headache which resolved spontaneously. Other AEs were
judged to be related to L-dopa or 5-HTP. All AEs were of mild
or moderate intensity and no severe AE was reported.

Clinical outcomes

Most patients (194/256; 75.8 %) received BH,4 therapy. A
significant decrease from baseline in median blood Phe
concentration was observed at last visit (p<0.0001; Table 4).
During BH, treatment, patients had a median (Q1, Q3)
blood Phe concentration of 106.8 (73.0, 120.0) pmol/L,
and blood Phe concentration was within the target range
(<120 umol/L) at 88.9 % of visits.

Median (Q1, Q3) IQ assessment on the WISC was 80.0
(69.0, 90.0) (range 36.3—112) in 33 patients. The median
(Q1, Q3) age at which treatment was started was significant-
ly (p=0.02) younger in patients with an IQ above 70 (2 [1, 4]
months) than in patients with an IQ below 70 (6 [5, 10]
months]). DQ was available for 23.0 % (59/256) of patients.
The majority of patients (37/59; 62.7 %) had DQ scores
within the normal range (>85) and 74.4 % (29/39) of patients
received good or average school grades (Table 5). In multi-
variate analyses, DQ was significantly negatively correlated
with age at treatment initiation (n=44; p=0.0009); however,
no correlations were found between DQ and mean blood Phe
concentration, proportion of visits with Phe concentration
within target range for Phe concentration, and average BH,
or L-dopa dosage. The median (Q1, Q3) age at last visit was
42 (16.5, 77.0) months. Indicators of physical development
at last visit, including height, weight and head circumference,

Table 4 Blood Phe concentration before (baseline) and during BH4
treatment

Characteristic Patients (n) Median (Q1, Q3) blood

Phe concentration

(umol/L)
Baseline 240 981.7 (491.4, 1,291.2)
During treatment 157 106.8 (73.0, 120.0)
Maximum during treatment 129 224.0 (120.0, 351.0)
Minimum during treatment 126 36.0 (24.0, 60.0)
At last visit 179 117.0 (67.1, 120.0)
Change from baseline 175 —840.0 (—1,171.0, —312.0)

at last visit*

BH, tetrahydrobiopterin; Phe phenylalanine; SD standard deviation
*p<0.0001, Wilcoxon signed-rank test
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Table 5 Neurodevelopmental and physical outcomes at last visit

Characteristic Patients, n (%) Outcome assessment,

median (Q1, Q3)

DQ 59 90.0 (70.0, 97.0)
DQ by category 59 (100)

<85 22 (37.3)

85-<90 7 (11.9)

90-<100 18 (30.5)

100-<120 10 (16.9)

>120 2(34)
Height percentile 166 50.0 (25.0, 70.0)
Weight percentile 172 48.0 (11.5, 66.0)
Head circumference percentile 99 45.0 (18.0, 55.0)
School grades 39 (100)

Good 17 (43.6)

Average 12 (30.8)

Poor 10 (25.6)

DQ developmental quotient; Phe phenylalanine; SD standard deviation

were within normal ranges for healthy Chinese children of the
same age and sex (P;~Py7) (Li et al 2009).

Among the 256 patients included in this study, 17
patients (6.6 %; age range 2 months—5 years) were de-
ceased. The causes of death were worsening disease or
complications of BH, deficiency (#=10, including eight
untreated patients and two who did not receive prompt or
adequate treatment), accidental death (n=2), serious infec-
tious disease (n=2) and unknown (n=3). None of the deaths
was considered to be related to treatment.

Discussion

The aim of this retrospective chart review was to investigate
the demographics, geographic distribution, diagnosis and
treatment of BH, deficiency in China in patients born be-
tween 1985 and 2010 following the expansion of national
neonatal screening. To our knowledge, this study represents
the first attempt to summarize the disease characteristics by
collecting data about the disease on a national scale.

Regarding the geographical distribution of BH, deficien-
cy, the parents of most patients were from eastern China.
However, this apparent higher incidence of BH, deficiency
in eastern regions of China is likely to reflect the diverse
coverage of neonatal screening among the different regions
and limited access outside large cities in China (Cao et al
2009). Neonatal screening and medical technology for the
detection of HPA have advanced more rapidly in eastern
than western China. However, differential diagnosis from
PKU is not a routine requirement in most average-sized or
small cities and towns in China.

Most patients (81.8 %) in this study underwent neonatal
screening. The median age at diagnosis decreased from
12 months in children born during 1985-1999 to 5 months
in those born during 2000-2004 and to 2 months in those
born after 2005, suggesting that diagnosis of BH, deficiency
occurred at an earlier age as the national screening rate and
awareness of BH, deficiency increased. However, the me-
dian age of diagnosis of BH, deficiency in patients born
after 2005 was higher in China than in many developed
countries, where BH, loading tests are commonly per-
formed at a median age of 3 weeks (Bernegger and Blau
2002). For patients with clinical symptoms at first visit,
approximately 35 % of patients had not received neonatal
screening. About 70 % did not receive prompt differential
diagnosis from PKU after HPA was identified at neonatal
screening and displayed progressive neurological dysfunc-
tion associated with untreated BH, deficiency. Neurological
symptoms of BH, deficiency may not become apparent
during the neonatal period and are most commonly observed
at approximately 4 months of age (Blau et al 1996), consis-
tent with the median age of symptom onset in patients who
presented with symptoms before diagnosis in this study. The
results emphasize that neonatal screening procedures require
standardization in China so that every patient with HPA
undergoes further differential diagnosis, including the BH4
loading test, urinary pterin analysis and DHPR activity, to
identify BH, deficiency (Blau et al 2005).

Most patients (96.0 %) in this study had PTPS deficiency,
while only 2.4 % had DHPR deficiency. Autosomal dominant
GTPCH deficiency (DRD) was present in 1.6 % of patients
and no patients with autosomal recessive GTPCH deficiency
were reported. Internationally, PTPS deficiency is the predom-
inant subgroup of BH, deficiency (approximately 59 %),
followed by DHPR deficiency (approximately 32 %) (Blau
and Thony 2012). Thus, the incidence of PTPS deficiency was
markedly greater and the incidence of DHPR deficiency was
markedly lower in China than internationally. However, be-
cause DHPR activity determination was not introduced in
China until 2003, it is possible that patients with DHPR
deficiency may have been missed before 2003. GTPCH and
PCD deficiencies are relatively uncommon, each accounting
for approximately 4 % of cases internationally (Blau et al
1996). Urinary pterin profiles were available for most of the
patients in this study. Mean biopterin and B% were markedly
below the normal range in patients with PTPS deficiency.
Approximately 14 % of patients had a borderline B% of 5—
10 %, and in such cases further differential diagnosis using the
BH,4 loading test is required. B% alone, however, is not a
reliable indicator of BH, deficiency and may be affected by
the inflammatory response (Murr et al 2002). For patients with
DHPR deficiency, urinary pterin profiles are not reliable tests
and DHPR activity determination must be performed to con-
firm diagnosis. Thus, overall, urinary pterin analysis, DHPR

@ Springer



900

J Inherit Metab Dis (2013) 36:893-901

activity and the BH, loading test provided reliable detection of
BH, deficiency. Gene mutation analysis can make further
diagnoses at the gene level.

The mutation detection rate in this study was 96.4 %. Gene
mutation analysis revealed 39 mutations: 33 in the PTS gene,
five in the ODPR gene and one in the GCHI gene. Four hot
spot mutations identified in the P7S gene included P87S,
DI96N, N52S and IVS1-291A>G. The three missense gene
mutations P87S, N52S and D96N are associated with approx-
imately 75-80 % of PTPS mutations in the Chinese popula-
tion (Liu et al 1998, 2001). P87S, N52S and D96N have also
been identified as the most common PTPS mutations in East
Asian populations (Chiu et al 2012). The P87S mutation is
evenly distributed across northern and southern Chinese pop-
ulations, while N52S occurs predominantly in the southern
Chinese population and D96N occurs predominantly in the
northern Chinese population (Liu et al 1998, 2001). While
most patients in this study were born from parents from
eastern China, the proportions of P§7S, N52S and D96N gene
mutations identified were similar to those reported in the
literature (Liu et al 1998, 2001). IVS1-291A>G may be an
additional hotspot mutation in the P7S gene of Chinese
patients with PTPS deficiency. Furthermore, all mutations in
the PTS gene have been previously reported (Chiu et al 2012)
and only two novel variants, GI51R and IVS6-3delC, in the
ODPR gene were identified.

While most patients (84 %) with BH, deficiency in this
study received combination therapy with BH,, L-dopa and
5-HTP, treatment with BH, and 5-HTP was most likely
delayed following the diagnosis of BH, deficiency because
of unavailability of treatment or high treatment costs in
mainland China. Furthermore, the absence of a patient
support programme or reimbursement system in China
precludes the treatment of BH, deficiency for many
patients. Data collected from 128 patients revealed that
during BH, therapy, blood Phe concentrations were within
the target concentration range at 88.9 % of visits, support-
ing the findings of previous studies on the effectiveness of
unregistered BH,4 therapy (Kitagawa et al 1990; Schaub et
al 1978) and registered BH, therapy in patients with HPA
due to BH, deficiency (Wasserstein et al 2008). Low daily
doses (2-5 mg/kg) were sufficient to maintain blood Phe
within normal levels in patients with PTPS deficiency.
However, for patients with DHPR deficiency, there were
insufficient data to support the efficacy and safety of BH,.
Supplementation with BH, in patients with DHPR defi-
ciency has been associated with accumulation of 7,8-dihy-
drobiopterin, which may have a negative effect on nitric
oxide synthase and aromatic acid hydroxylases (Blau
2010). A low Phe diet is therefore recommended for
patients with DHPR deficiency. The overall incidence of
AEs in patients receiving treatment for BH, deficiency was
low. All AEs were mild or moderate in severity and most
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were related to L-dopa or 5-HTP therapy. Thus, treatment
with BHy4, either alone or in combination, was well toler-
ated. Data relating to patient deaths reported in this retro-
spective study serve to demonstrate that BH, deficiency is
a lethal disease if left untreated.

Multivariate analysis revealed that DQ was significantly
negatively correlated with age at treatment initiation; however,
it must be noted that only 44 patients were included in the
multivariate analysis and, hence, these results should be inter-
preted with caution.

The results of this study should be considered within the
context of the study limitations. The accuracy and availability
of medical records used for data collection must be taken into
account and it is difficult to control for bias and confounders in
a retrospective study (Hess 2004). Other limitations of retro-
spective studies include loss to follow-up, missing data, var-
iations in treatment and in outcomes assessment, and non-
standardized methods of assessments by multiple individuals.

Great progress has been made in the diagnosis and treat-
ment of BHy deficiency with the introduction of neonatal
screening in China. However, the screening rate is still low
and screening is not universally available (Yang et al 2011;
Zhan et al 2009). Furthermore, there is a lack of patient
support programmes and a reimbursement system. Howev-
er, the expansion of neonatal screening in China has allowed
early detection and treatment of BH, deficiency and was
associated with a reduction in the incidence of neurodeve-
lopmental impairments.
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