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ARTICLE INFO ABSTRACT

Keywords: Background: Phenylketonuria (PKU) is an inborn error of phenylalanine (Phe) metabolism. Besides dietary
Phenylketonuria treatment, some patients are responsive to and treated with tetrahydrobiopterin (BH4). Our primary objective
PKU was to examine whether the 48-hour BH4 loading test misses BH4-responsive PKU patients. Secondary, we
'g;t;ahydmbiopterin assessed if it would be beneficial to 1) use a cut-off value of 20% Phe reduction instead of commonly used 30%,

and 2) extend the loading test to 7 days.

Methods: 24 patients with a 20-30% decrease of blood Phe levels during their initial 48-hour BH4 loading test or
at least one mutation associated with long-term BH4 responsiveness, were invited to participate. 22 of them
underwent the 7-day BH4 loading test. During the BH4 loading test, BH4 was administered orally once daily for
7 days (20 mg/kg/day). Blood samples on filter paper were collected at 13 time points. Potential BH4 responders
(=20% decrease in blood Phe concentrations at =1 moment within the first 48 h or =30% at =1 moment
during the entire test) underwent a treatment trial to assess true long-term responsiveness (=30% decrease of
Phe levels compared to baseline and/or =50% increase in natural protein tolerance in accordance with the
Dutch guidelines before 2017). The duration of the treatment trial varied from 2 to 18 months.

Results: Of the 22 patients who completed the 7-day BH4 loading test, 2 were excluded, 8 had negative tests and
12 were considered to be potential BH4 responders. Of these 12 potential BH4-responsive PKU patients, 5 turned
out to be false positive, 6 true-responder and 1 was withdrawn.

Conclusion: Even though the 48-hour BH4 loading test has proven its efficacy in the past, a full week may be
necessary to detect all responders. So, if blood Phe concentrations during the 48-hour BH4 test shows a clear
tendency, but not sufficient decrease, a full week (with only measurements each 24 h) could be offered. A
threshold of =20% decrease within 48 h is not useful for predicting true BH4 responsiveness.

Responsiveness
Loading test

1. Introduction

Phenylketonuria (PKU; McKusick #261600) is an autosomal recessive
inborn error of phenylalanine (Phe) metabolism, caused by a deficiency in
the hepatic enzyme phenylalanine hydroxylase (PAH). PAH converts Phe
into tyrosine (Tyr) requiring the co-substrate tetrahydrobiopterin (BH4).
Left untreated, PKU results in high blood Phe levels, causing intellectual
disability, seizures, and behavioural disturbances [1].

The main treatment is a diet low in natural protein in combination with
Phe-free L.-amino acid supplements (AAS). Some patients are responsive to
and treated with BH4, prescribed as sapropterin dihydrochloride. In these

patients, BH4 acts as a pharmaceutical chaperone that increases residual
PAH activity. Patients who are responsive are able to increase their natural
protein intake and/or to reduce their blood Phe levels [2,3].

The gold standard for determining whether patients are responsive
to BH4 is to treat all patients with BH4 for months and evaluate if blood
Phe levels decrease and/or patients' natural protein tolerance increases.
However, this is time-and cost-consuming. Therefore, determination of
potential BH4 responsiveness is usually done by genotype and/or BH4
loading tests [4]. The duration of short-term loading tests varies from
48 h in Europe [5] to 28 days in the USA [6]. In the Netherlands, BH4
has been available since 2009. Since then most PKU patients underwent

Abbreviations: AAS, Phe-free L-amino acid supplements; BH4, tetrahydrobiopterin; PAH, phenylalanine hydroxylase; Phe, phenylalanine; PKU, Phenylketonuria;

Tyr, tyrosine
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a 48-hour BH4 loading test. During this test, blood Phe was analysed for
48 h (T = 0, 8, 16, 24, 48 h) after the administration of a single daily
dose of 20 mg/kg BH4 with a second dose after 24 h. A patient was
considered to be a potential BH4 responder when a reduction in blood
Phe of =30% compared to baseline was seen at =1 of the time points.
Potential BH4 responders then underwent a treatment trial of several
weeks or months where natural protein intake, BH4 dosing and AAS
were adjusted. Until the publication of the first European PKU guide-
lines [4,5], patients were considered to be true-responders when they
were able to decrease their Phe levels with =30% compared to baseline
and/or increase their natural protein tolerance with =50% or 4 g
during this treatment trial.

Data of a Dutch cohort show that the positive predictive value (PPV)
of the 48-hour BH4 loading test is 87% [7]. Unfortunately, these data
do not allow us to analyse the negative predictive value and thus
whether there are any false-negative tests. There is evidence that some
patients take longer than 48 h to respond to BH4 [8-10]. Also, the 30%
blood Phe decrease threshold is arbitrary [11] and possibly a 20% re-
duction is enough to predict a clinically relevant response in some cases
[12]. A recent survey showed that the 20% cut-off is even used as the
cut-off for true-responsiveness in 17 countries [13].

Therefore, the primary objective of this study was to assess whether
the 48-hour BH4 loading test misses BH4-responsive patients.
Secondary to this, we examined 1) if the threshold of 30% in 48-hours
test should be lowered to 20%, and 2) if the current 48-hour test should
be extended to 7 days to detect more BH4-responsive patients.

2. Material and methods

This study was conducted between September 2016 to August 2019
in two centres: UMC Groningen and Radboudumc Nijmegen. The
medical ethical committee of UMC Groningen ascertained the protocol
as routine care for PKU patients treated in the Netherlands. The design
of the study was a prospective cohort study consisting of two parts: the
7-day BH4 loading test and the BH4 treatment trial.

2.1. Inclusion criteria

Patients with a negative 48-hour BH4 loading test in the past with a
blood Phe reduction of 20-30% during the 48-hour BH4 loading test
loading test or with at least one mutation associated with long-term
BH4 responsiveness were eligible for the study. Mutations were selected
according to Anjema et al. (2013) including mutations with inconsistent
results [7]. Patients had to sign an informed consent.

2.2. BH4 loading test

BH4 was administered orally once daily for 7 days at a dose of
20 mg/kg/day. Patients were instructed to continue their usual diet
throughout the test. Blood samples on filter paper were collected at
T = —8,0,8,16, 24, 32, 40, 48, 72, 96, 120, 144 and 168 h. With these
selection of time points, a repetition of the 48-hour test was combined
with an extension to 7 days. Phe was measured prior to the first dose of
BH4 at T = 0 as a baseline measurement. All morning samples were
taken after an overnight fast.

Preceding the BH4-loading test a 24-hour blood Phe fluctuation was
determined by 2 samples (prior to breakfast and 12 h later) on 2 days to
help interpret the BH4 loading test results. Also, Phe levels of the pre-
vious 6 months and a three-day dietary record were collected to de-
termine the baseline Phe levels and baseline natural protein tolerance.

All blood spots of the BH4 loading test were collected on the same
filtration paper (Grade 179 g/m2, Sartorius Stedim DEU) and analysed
by LC-MS/MS at the Laboratory of Metabolic Diseases in the UMC
Groningen. In order to answer the two secondary questions, the defini-
tion of potential BH4 responsiveness was twofold. In order to examine if
the duration of the current loading test should be extended to 7 days,
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potential BH4 responsiveness was defined as =30% at =1 moment(s)
during the entire test. In order to examine if the threshold of 30% should
be lowered to 20%, potential BH4 responsiveness was also defined as
=>20% at =1 moment(s) within the first 48 h. However, when Phe levels
consistently increased above baseline Phe levels (T = 0) after a sufficient
reduction within the first 48-hours, patients were considered to be ne-
gative. Patients with potential BH4 responsiveness were invited to take
part in second phase of the study, the BH4 treatment trial.

2.3. BH4 treatment trial

During the treatment trial, blood samples were collected once to
twice weekly after an overnight fast. Both centres used their own fil-
tration paper and samples were analysed at their own laboratories.
Natural protein intake, BH4 dosing and AAS were adjusted by the
centre's dietician and physician according to usual care. Natural protein
was increased with food products by patients' choice. Mean Phe levels
during this phase had to stay under the upper target limit (<12 years of
age 360 pmoll/L, >12 years of age 600 umoll/L) according to the
Dutch guidelines for PKU of that time that were replaced by the first
European PKU guidelines [4,5]. True BH4 responsiveness was defined
as =30% decrease of Phe levels compared to baseline and/or =50%
increase in natural protein tolerance according to the Dutch criteria of
2009 [14], as the first European guidelines were not yet published at
the start of this study.

2.4. Statistical analysis

Descriptive statistics report the number of potential BH4 responders
and true BH4 responders, change in blood Phe levels, natural protein
intake and AAS intake. In order to answer the secondary questions,
patients were divided according to (1) their inclusion criteria, (2) a Phe
reduction between 20 and 30% within the first 48-hours of the test and
(3) a Phe reduction =30% between day 3 and 7 of the test. IBM SPSS
Statistics 23 and Graphpad Prism version 5.03 were used.

3. Results

A total of 24 patients were invited to participate in this study.
Twenty-two patients were included in the study and completed the 7-
day loading test. Two of these 22 patients were excluded as they did not
follow their prescribed diet as usual during the test. The characteristics
and results of the remaining 20 patients are shown in Table 1, Figs. 1, 2
and 3a.

3.1. BH4 loading test

In total, twelve patients fulfilled one or both criteria and were
considered potential BH4 responders. Consequently, 8 patients were
considered to be non-potential BH4 responsive (Table 1). Three of these
8 patients showed =20% reduction in blood Phe levels within the first
48 h (21.7, 24.2, and 33.7% reduction). However, as the Phe level in-
creased during the following 5 days above the baseline Phe level still
taking BH4, these patients were considered to be non-potential BH4
responders and did not proceed with the treatment trial (Table 1).

3.2. BH4 treatment trial

Twelve potential BH4 responders underwent a treatment trial. The
median duration of the trial was 6 months with a range between 2 and
18 months. Six patients were considered to be true-responders (true
positive) according to the study criteria and 5 were considered to be
non-true-responders (false positive). Of these 6 true-responders, 5 were
able to increase their natural protein tolerance (=50%) and another
one decreased his Phe levels within target range (=30% compared to
baseline) without increasing his natural protein intake (Table 2).



Molecular Genetics and Metabolism 129 (2020) 186-192

'ssaUIAISUOdSaI-aNI) 1M PIRIDOSSE UONBINA
"S1[NSAI JURISISUOIU YIIM UOEIN
1s9] Burpeo] yHd Aep-Z 2} JO 1IeIS ) 210J2q SYIUOUI g ) SULMP SUOTBIUIIUOD Y U

quaweddns poe ourure-T 991j-ayd SYY

188

umowjun H69 1Y d P IrAd 26914'd 8§ =1 z'6b 619 S'1e 0'8T 028 89% N8 0T
Mo[s [ ‘ou TT ‘a4 0 Hlogedrd J019z9d 891 = L 8'LY ¥'92 v'se o‘or €92 01s WFL 61
/ umouyun umowyun 02T = L 43 z'ee 6'LE 0'06 0z SbS N ST 8T
Mofs 0 ‘ou g ‘s9d g O19zad (0 < B)g + gSAI 891 = L L'9€ S€L LT o‘or L'ty 6EL 41z 41
/ umouyun 5 A 8PET 96 = L 6°92 £'€T L'ET 0'v8 PEL €9€ IN0Z 9T
Mmols  ‘ou g ‘sef [T 5 Lsord , Lsord 891 = L ¥'se L1 0 0'se S'81L €1s INFL ST
MOTs T ‘ou pZ ‘s34 0 O19zad (B < BT + TISAI 891 = L 4 €82 6'ST 0'89 86 90§ 40 1
MOTS O ‘OU g ‘594 § O19z9d (0 < 8)g + gSAI 02T = I L'6T £°0T v'1e 0'09 861 z89 NSL €1
MO[S ‘O ZZ ‘Soh 2 O19zy'd J019z9d el =1 6°ct L°8T 69 0°09 $0€ 9rs WSz 2l
MO[S § ‘OU ZZ ‘sok Ot19gyd ,0192y°d e =1 S've ¥'9z 8'vT 6'09 9'9g €TL N6E 11
Mmo[s 0 ‘ou T ‘seh 0 evey'd (> < 8)§ + gSAI 891 = I 5°0g 11 6'%C 0°09 6°LL 119 Wez o1
Mmols T ‘ou bz 9k 0 (e < B)L + ZISAL J019z9°d or =1L T'rE Sy L'1e 0'zy z'6 092 NZL 6
Jopuodsar pHg [BnUI0]
Mmols 0 ‘ou o 9k 0 (e < B)L + ZISAL Msopyd ve =1 I's z've 0 0 z'PS 0841 nsz 8
mofsgougr‘sak o (e < B)I + ZISAT (8 < 3)I + CISAI 9L = 1 0 L'ee 6'LT S'eL 0T 065 461 £
mos g ‘ougl ‘seh 0 (e < B)L + TISAL J118zd-d 9L = L 0 L2 8'1¢ 1'09 TLL 62 i4ze 9
uononpal ayd pamoys h__m_u_E oym m>_w=DQmw._ YHA _m_unuu—onwnoz
$pI0931 ON O19zyd 81M°d ve = L 0 €91 S'LT 0'0s 96 S29 441§
Mo[s 0 ‘ou T ‘sak O obpad epeud 8y = L z'e §'G1 112 0'sy T‘or GEL N0Z b
mols g ‘ougl ek 0 (2 < B)1 + ZISAI J118zd'd o = L 0 901 r'6l €02 €9 8z8 462 €
MoTs 0 ‘ou T ‘594 (0 < 1)G-LSAT JT18zdd e =1 0 6T 122 0 9'6S L821 412 ¢
mos 0 ‘out ‘04 0 (2 < 3)I + ZISAI aLLzad 9L = L 0 50 181 £'69 6L 09 N8y I
aarsuodsar yHg [enuajod-uon

(6102-11-+1) aun (%) 4 891-24 (%) U 8% (%) uononpai (ured) syv (3) ayeyur (N/d)

aseqelep MIJOId g uoneinpy 1 uopeIny UOTWINPaAI ISYSIH uonaINpal ayd Xey -0 UonONpaIayd Xey ayd xe|y juareamba uj01g urajord fermeN Ay suraseq  xas ‘(s1eak) a8y

1531 Surpeo|
adfyousn 159} BuIpeo[ pHY Lep £ Y-8 [ERIU] SINSLIRIORIRYD JUaHEd

A.M.J. van Wegberg, et al.

1189) Surpeo] pHY Aep-£ jo synsal aanisod as[ej pue aaneSau Jo sonsuLlEIRY)
1 2IqelL



A.M.J. van Wegberg, et

al. Molecular Genetics and Metabolism 129 (2020) 186-192

Selection of patients based on results of their initial 48-hour BH4 loading test
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Fig. 1. Results for the first 48-hours of the 7-day BH4 loading test with a lower Phe decrease threshold.

Selection of patients based on results of their initial 48-hour BH4 loading test
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1 of these 8 patients (patient I6) was considered to be a potential responder according to the other definition (20-30% reduction in 48 hours) and turned out to be a trc-responder.

Fig. 2. Results for the (extension to) 7-day BH4 loading test.
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Fig. 3. Results of 7-day BH4 loading test.
Table 2
True-responders treatment trial results.
Prior to BH4 treatment trial After BH4 treatment trial
Phe levels Protein Protein intake per kg Protein equivalent Phe levels Protein intake (gram) Protein intake per kg Protein equivalent BH4 dose
(umol/1)* intake (gram) bodyweight AAS (gram) (umol/l)b bodyweight AAS (gram) (mg/kg)
12 546 30,4 0,5 63,3 550 (+1%) 53,2 (+75%) 0,8° 33,3(—47%) 20
14 423 8.6 0,1 69 407 (—4%) 22,5(+162%) 0,3 69 20
15 513 18,5 0,4 35 643 (+25%) 33,9 (+83%) 0,7 30 (—14%) 20
16 363 13,4 0,2 84 486 (+34%) 26,6 (+99%) 0,3 70 (—17%) 15
19 510 26,3 0,6 40 No data“ 39,8-46,3 (+51-76%)  0,8-0,9° 40° 20°
20 474 57,0 1,1¢ 18 331 (—30%) 57,0 (+0%) 1,1¢ 9 (—50%) 20

AAS: Phe-free L-amino acid supplements.
# Mean Phe 6 months prior to 7 day loading test.
® Mean Phe 3 months after stop treatment trial.
¢ Patient stopped with BH4 treatment as the metabolic team considered the increase of protein as too little benefit.
94 Intake according to FAO/WHO/UNU safe levels.
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One of the 6 true-responders did not proceed with BH4 treatment
after the treatment trial as together with the metabolic team it was
decided the protein increase was not satisfying. Therefore, the follow-
up period was not completed. One patient decided to withdraw during
the treatment trial and his test was therefore considered inconclusive.

3.2.1. Treatment trial results for the repeated 48-hour BH4 loading test with
a lower threshold

Of the 7 patients who entered the treatment trial because they
showed a decrease in Phe between 20 and 30% during the first 48 h, 4
were true-responsive (Fig. 1). One of the in total 6 true-responders was
not picked up in the first 48-hours.

3.2.2. Treatment trial results for the 7-day BH4 loading test

Of the 7 patients who entered the treatment trial because they
showed a decrease in Phe =30% between the extended period day 3
and 7 (but not during the first 48 h), 4 were true-responsive (Fig. 2).
Here also, 1 of the 6 true-responders was not picked up.

4. Discussion

The primary aim of this study was to evaluate if the current 48-hour
loading test misses BH4-responsive patients, as different loading tests
are used around the world to predict true long-term BH4 responsive-
ness. As BH4-responsive patients are able to liberate their strict dietary
treatment or can achieve better metabolic control, these tests need to be
sensitive and efficient. In total, we found 6 out of 20 patients to be true-
responders, which means the initial 48-hour test was unable to detect
some BH4 responders. Secondary, it was examined if 1) the arbitrary
threshold of 30% should be lowered to 20%, and 2) if the duration of
the test should be increased to 7 days.

To answer the first sub question, we will discuss three results. Firstly, if
we look at the first 48-hours of this studies combined BH4 loading test, in
total 9 patients showed a reduction of 20-30% Phe in the first 48-hours
(Table 1, Fig. 1). Only 4 of these 9 turned out to be true-responders.
Secondly, two of these 9 patients did not undergo the treatment trial as
their Phe levels increased above baseline Phe level (T0) during the fol-
lowing 5 days of the test. This initial decrease can probably be explained
due to within day fluctuations [16], as during the first 48-hours every 8 h
a blood sample was retrieved. When we look at the Phe fluctuation data
collected before the 7 day loading test, 4 of the 20 patients showed already
a difference of >20% (24, 27, 35 and 39%) between the morning and
evening sample. So, even without BH4 a decrease of 20% and even 30% is
not uncommon. In addition, only 1 of the 3 patients with a Phe reduction
of >30% in the first 48-hours of the loading test, turned out to be a true-
responder (Fig. 1). Thirdly, on a group level, Fig. 3b shows that a threshold
of 20% in 48-hours does not distinguish false positive from true positive
responders. Summarizing, a threshold of =20% to find potential BH4
responsiveness in a 48-hour BH4 loading test will lead to an increase of
false positive responders and not that many true positive responders, and
is therefore considered not suitable.

To answer the other question, whether the duration of the 48-hour
test should be increased, we only discuss the patients with a Phe re-
duction of =30% between day 3 and 7 (72 and 168 h), but not during
the first 2 days (Fig. 2). In total, 7 patients showed a Phe reduction of
=>30% between day 3 and 7. Of these 7 potential responders, 4 turned
out to be true-responders, 2 were considered false positive and 1 was
withdrawn. Similar to the other definition, 1 of the in total 6 true-re-
sponders was missed. In Fig. 3c the particular curve of this patient is
shown (patient 16). Perhaps other factors have played a role that
consequently influenced the test results negatively.

On a group level an extended test (with a threshold of 30%) seems to
be able to distinguish false positives from true-positive responders in
most cases (Fig. 3b). Even though the 48-hour BH4 loading test has
proven its efficacy, a full week may be necessary to detect all responders
if there is a tendency in the 48-hour loading test to be potential
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responsive. Also, an extended loading test with only measurements each
24 h would probably be less influenced by diurnal fluctuations.

Besides a loading test, BH4 responsiveness can also be predicted
with genotype. When comparing our results with the BIOPKU database
(www.biopku.org), some important discrepancies were found. In this
respect, we should keep in mind however, that BIOPKU database de-
fines BH4 responsiveness based on short loading tests and not on long-
term treatment trials.

One patient who was heterozygote for p.R261Q showed no potential
responsiveness during the BH4 loading test, although this genotype is
strongly associated with BH4 responsiveness. On the opposite, this pa-
tient's sibling with the same genotype was found to be BH4 responsive for
sure, which requires explanation. Besides this, one patient with a geno-
type associated with BH4 unresponsiveness (IVS12 + 1(g > a) and
p-R261Q) was clearly responsive. These findings confirm that although
the genotype can be helpful in predicting BH4 responsiveness, it is not
always conclusive [7].

In addition, we found that the patients with mutations P281L, Y277D
and R408W, which showed inconsistent results in the cohort of Anjema
et al. 2013, were now all considered non-potential responders [7]. The
patient with E280K turned out to be a true-responder, however the second
mutation was R261Q. Mutation R261Q has been known for inconsistent
results [17-19] which was also the case in our study population.

One limitation of this study is that we did not measure quality of life
in these patients before and after the BH4 treatment trial. Another
important limitation is the definition of true-responsiveness, especially
the definition of the amount of natural protein increase which is con-
sidered to be enough to continue BH4 treatment. In our study a less
strict definition has been used (an increase of natural protein with 50%
with blood Phe levels remaining consistently within the target range)
than in the recent published European PKU guidelines. The European
PKU guidelines define BH4 responsiveness as an increase in natural
protein tolerance of =100% with blood Phe levels remaining con-
sistently within the target range or as improved metabolic control,
defined as >75% of blood Phe levels remaining within target range
without any reduction in natural protein intake [4,5].

According to the (protein)definition used in the first European
guidelines only 1 patient would have been considered as a true-re-
sponder and 1 a borderline true-responder. Two patients (Table 2)
would not have been defined as true-responders even though they were
able to increase their natural protein intake to WHO safe levels [20]. In
practice, there is discussion if the definition of the European guidelines
is the most optimal one as patients can really experience their diet in
daily life becomes easier with an increase of protein <100%. When we
adjust the data of Anjema et al. 2013 to the stricter definition of true-
responsiveness, the PPV of the 48-hour loading test drops to 50% in-
stead of 87% in the original publication [21]. To gain more insight in a
good definition, long-term follow-up studies comparing outcomes such
as quality of life and costs are necessary.

One other important item to address is the financing structure. In the
USA and in some centres in Europe the duration of the BH4 loading test is
=48 h and even up to 28 days. In most of these centres, BH4 is supplied
and financed by the manufacturer. In the Netherlands, BH4 is paid by
insurance companies as it is regarded as usual care. If this is taken into
account, the finding of 1 true-responder and 1 borderline true-responder
versus the costs implies that this 7 day BH4 loading test should not re-
place the 48-hour test for usual care in the Netherlands. Unresponsive
patients would receive BH4 unnecessary long. In addition, some poten-
tial BH4 responders who turned out to be non-true-responders, experi-
enced the treatment trial as very intensive and disappointing. These
treatment trials can be very time-consuming when results are conflicting
and inconclusive. Some of them had difficulties to return to their usual
restricted diet and control the Phe levels. To shorten and ease the
treatment trial, greater steps of protein increase (for example at once
+50% or + 100% depending on the goal) could be considered in the
form of a supplement of Phe or natural protein [22].
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5. Conclusion

Summarizing, although the 48-hour BH4 loading (using a cut-off
value of 30% reduction in Phe) does miss some BH4-responsive pa-
tients, a cut-off value of 20% should not be used. It is advised a 48-hour
BH4 loading test should occur under strict circumstances to limit the
impact of diurnal fluctuations. Additionally, an extended BH4 loading
test should not replace the current test in the Netherlands but could be
offered in cases when there is doubt about the result of a 48-hour BH4
loading test. Cost-effectiveness studies of BH4 treatment in the future
would be helpful to define true-responsiveness.
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