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Abstract: Phenylketonuria (PKU) was the first disorder for which newborn screening (NBS) was
introduced in the early 1960s. Slovenia started the NBS program for PKU in 1979, and the fluorimetric
method was implemented in 1992, with a phenylalanine (Phe) cut-off set at 120 mol/L. This value
has been in use for almost thirty years and has never been revised. We aimed to analyze the DBS
samples and review the data from a large nationwide cohort of newborns to optimize the cut-off
values for HFA screening to minimize the number of false positives while maintaining the highest
level of sensitivity by detecting all those who needed to be treated. In the first prospective part of
the study, we analyzed samples of all newborns in Slovenia in 2019 and 2020, and in the second
retrospective part, we reviewed data from all known patients with hyperphenylalaninemia (HFA)
in Slovenia born from 2000 to 2018. We defined true screening-positive cases as those that required
a low-Phe diet. The sensitivity, specificity and positive predictive values of the modeling elevation
of the Phe cut-off value from 120 µmol/L to 200 µmol/L were assessed. The number of recalls at
the cut-off of 120 µmol/L was 108 out of 37,784 samples at NBS (2019–2020). Six newborns were
defined as true positives and 102 samples as false positives. If the cut-off value was adjusted to
160 µmol/L, only 12 samples exceeded it and all six true positive newborns would be detected.
Among the 360,000 samples collected at the NBS between 2000 and 2018, 72 HFA patients in need of
a low-Phe diet were found. All the diagnosed cases would have been detected if the cut-off was set
to 160 µmol/L. We demonstrated in a large group of newborns (400,000 in 20 years) that using the
fluorimetric approach, a cut-off value of 160 µmol/L, rather than 120 mol/L, is safe and that there
were no missing true positive patients who required treatment. By increasing the cut-off, this method
becomes more precise, resulting in a significantly reduced rate of false positives and thus being less
burdensome on both families and the healthcare system.

Keywords: phenylalanine; phenylketonuria; newborn screening; DBS; NBS; PKU; cut-off value; false
positive; true positive

1. Introduction

Phenylketonuria (PKU; OMIM 261600) is the most prevalent inborn error of the
metabolism (IEM) caused by mutations in the phenylalanine hydroxylase (PAH, OMIM
* 612349) gene [1] which catalyzes the hydroxylation of phenylalanine (Phe) to tyrosine
(Tyr) using tetrahydrobiopterin (BH4) as a cofactor [2]. Phe and its secondary metabolites
accumulate in the blood and brain as a result of a PAH deficiency [2–4]. The phenotypes
can vary from a very mild increase in blood Phe values to a severe classic phenotype
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with pronounced hyperphenylalaninaemia (HFA) [4]. PKU causes irreversible nerve cell
damage if left undiagnosed and untreated, resulting in severe mental retardation, repressed
language function, poor attention and underdeveloped motor control skills [5,6].

The development of Robert Guthrie’s diagnostic test in the early 1960s allowed mass
screening for elevated Phe values, enabling early diagnostics of PKU. With the early
introduction of effective dietary treatment, mental retardation due to PKU became very
rare [3,7]. In Slovenia, the newborn screening program (NBS) for PKU was established in
1979 [8]. For 13 years, screening was performed using the Guthrie test [8–10]; after 1992,
PKU was screened for using a fluorimetric method for the quantification of phenylalanine
(Phe) in dried blood spots (DBS).

To establish the Phe cut-off value, a pilot study of the NBS for PKU in Slovenia was
conducted in 1992, when the fluorimetric method was adopted. The research involved
roughly 7000 NBS samples. The Phe cut-off was set at 120 µmol/L. Additionally, the
manufacturer of the utilized kit (PerkinElmer) specified a cut-off value of 127 µmol/L. The
cut-off was rounded down to 120 µmol/L for safety concerns. This Phe cut-off value has
been in use for almost thirty years and has never been revised. Cut-offs vary significantly
among countries [6]; Slovenia’s is relatively low in comparison to others [11,12], with a
high rate of sample recall.

Determining the optimal cut-off value is a critical feature of method efficacy in routine
NBS practice. The sensitivity of the method should be as high as possible, meaning that
the number of false negative results should be as low as possible while none of the true
positive patients is missed [13].

We aimed to analyze the DBS samples and review the data from a large nationwide
single-centre origin cohort of newborns to optimize the cut-off values for HFA screening to
minimize the number of false positives while maintaining the highest level of sensitivity by
detecting all those who needed to be treated.

2. Materials and Methods
2.1. Subjects

In the first, prospective part of the study, we analyzed DBS samples (and followed
established protocol—Figure 1) from 37,784 newborns in Slovenia in 2019 and 2020. In
the second, retrospective part of the study, we reviewed data on all newborns with HFA
born between 2000 and 2018. Around 360,000 newborns were born in Slovenia during that
period. The NBS program is a mandatory nationwide population program; the IEM registry
is also mandated by national legislation [14], and written informed permission was not
required from the families to be included in the NBS program or IEM registry. This study
was performed in the context of regular NBS quality control, which is also required by the
applicable legislation. The study protocol regarding the genotype-phenotype analyses in
HFA patients was previously approved by the Slovene Medical Ethics Committee. Written
informed consent was obtained from all the participants or their parents before genetic
analysis was performed [10].
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2.2. Specimen Collection, Methods, and Screening Protocol

Blood samples for NBS were taken between 48 and 72 h after birth from the newborn’s
heel or by venipuncture [15] and collected on filter paper (Whatman 903, LKB, Austria).
The DBS were sent to the Laboratory for Medical Radiochemistry, Department of Nuclear
Medicine (LMR), where Phe quantification using a fluorimetric method was performed.
The DBS controls (low and high) were included in every analytical batch to monitor the
accuracy and precision within the system. From 2006 to 2018, the LMR was part of the
United Kingdom Newborn Screening External Quality Assessment Scheme (KNEQAS) to
ensure the quality of the results.

In LMR, a fluorimetric method was used involving a Neonatal Phenylalanine kit
(PerkinElmer Life and Analytical Sciences, Wallac Oy, Finland). The method is based
on the enhancement of the fluorescence of a phenylalanine-ninhydrin product using the
dipeptide L-leucyl-L-alanine [16]. The reaction product was measured using a Fluorimeter
1420 VICTOR™ D Series (Perkin Elmer, MA, USA). A diagnostic algorithm following
abnormal newborn screening results for PKU is presented in Figure 1.

2.3. Confirmation Analyses and PKU Classification
2.3.1. Fluorimetric Method—S-Phe

All patients with Phe values above 120 µmol/L measured twice (i.e., the first and
second DBS) or with Phe values greater than 200 µmol/L in the initial DBS were classified
as NBS-positive and required further testing. Confirmatory analyses (Figure 1) were
performed on blood serum in the Clinical Institute for Special Laboratory Diagnostics
(CISLD), University Children’s Hospital Ljubljana (UCHL). The confirmation method is
a fluorimetric in-house method, similar to the one in the LMR, based on the reaction
between Phe (S-Phe) serum and ninhydrin in the presence of the dipeptide leucine-alanine.
The reaction product is measured with a Perkin Elmer fluorescence spectrometer LS-55
(PerkinElmer, MA, USA). The reference interval for this method is between 50 µmol/L and
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150 µmol/L. Patients with values above 200 µmol/L were also subjected to genetic testing;
the PKU classification was based on their Allelic phenotype values (APV). Patients with
values below 200 µmol/L were classified based on S-Phe values [3].

2.3.2. Genetic Confirmation

Genetic analysis of the PAH gene was performed as previously described [2]. The
classification of PKU for these patients was made based on Allelic phenotype values (APV),
a model for genotype-based phenotype prediction in phenylketonuria, where a diagnosis
is based on an allele with a lower APV value [17,18]. PAH variants determine the residual
enzyme activity, which is the main determinant of the clinical phenotype in PKU. The less
severe of the two PAH pathogenic variants—the variant with more residual enzyme activity
and, therefore, with a higher APV value—usually determines the clinical phenotype of
PKU [17].

2.3.3. True Positive/False Positive

For the purpose of our study, all NBS-positive patients with Phe levels in areas where
no dietary changes were needed were defined as false positives. True positives were all
patients who required a low Phe-diet (Figure 1).

All the patients were followed at the Department of Endocrinology, Diabetes, and
Metabolic Diseases, UCHL.

2.4. Adjustment of the Cut-Off Value

Based on the data obtained from the phenotypic and genotypic analysis of 37,784
samples, we modeled increasing the lower Phe cut-off value in NBS to different values
to determine the most appropriate in terms of greatest sensitivity, specificity, and pos-
itive predictive value. After adjusting the Phe cut-off, we re-evaluated the number of
false positives.

Additionally, we evaluated data from all individuals diagnosed with HFA between
2000 and 2018 who were also on a low-Phe diet. We examined how increasing the cut-
off value of Phe to the value set in the first part of the study affects the number of false
negatives in the second part of the study.

3. Results
3.1. The First Part of the Study

We analyzed 37,784 DBS samples between 2019 and 2020. The number of recalls at
the predetermined cut-off of 120 µmol/L was 108. Nine of them had a Phe concentration
more than 200 mol/L, indicating that they were directly subjected to confirmatory analyses.
The second DBS result exceeded 120 mol/L in seven out of 99 NBS borderline samples.
As a result, 16 patients required additional confirmatory diagnostics. Genetic analysis
of the PAH region was carried out in 11 patients, which included all those with a s-Phe
value greater than 200 mol/L. Table 1 shows the patient’s number, Phe values, genotype,
APV values, PKU classification based on the APV values or s-Phe, diet, and true/false
positive determination.
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Table 1. Phe values, genotype, and diagnosis of 16 newborns who needed PKU confirmatory analyses.

Patient DBS-Phe (µmol/L) DBS-Phe (µmol/L)—
New Sample S-Phe (µmol/L) Genotype (PAH Gene)

APV
Allele1/
Allele2

* PKU
Classification Diet TP

1 500 nd 569 NM_000277.1:c[143T>C(;)913-7A>G] 2.1/0 cPKU yes yes

2 420 nd 1118 NM_000277.2:c[143T>C(;)1222C>T] 2.1/0 cPKU yes yes

3 550 nd 802 NM_000277.2:c[842C>T(;)1222C>T] 0.8/0 cPKU yes yes

4 490 nd 751 NM_000277.3:c[473G>A];[473G>A] 0/0 cPKU yes yes

5 580 nd 983 NM_000277.3:c[473G>A];[473G>A] 0/0 cPKU yes yes

6 290 nd 593 NM_000277.1:c[442-5C>G(;)842C>T] 6.2/0.8 mPKU yes yes

7 310 nd 241 NM_000277.2:c[58C>T(;)165T>G] 0/8.1 MHP no no

8 180 200 229 NM_000277.3:c[473G>A(;)827T>C] 0/10 MHP no no

9 260 nd 250 NM_000277.3:c[1208C>T(;)1222C>T] 9.3/0 MHP no no

10 150 120 247 NM_000277.3:c[678G>C(;)734T>C] nd/9.9 MHP no no

11 150 170 194 / / MHP no no

12 130 180 131 / / MHP no no

13 130 120 92 / / / no no

14 130 130 130 / / MHP no no

15 180 160 144 / / MHP no no

16 710 nd 417 / / GALD / /

DBS-Phe—the phenylalanine (Phe) value in the dried blood spot (DBS); DBS-Phe—new sample—the Phe value in newly collected DBS; S-Phe—the Phe value in serum; APV—Allelic
Phenotype Values; TP—true positive. * Based on APV cut-off values: 0–2.6 = cPKU; 2.7–6.6 = mPKU; 6.7–7.5 = mPKU-MHP; 8–10.0 = MHP [17]. nd—not determined. When the PAH gene
was not analysed, PKU classification was based on s-Phe [4]. cPKU—classic phenylketonuria; mPKU—mild phenylketonuria; MHP—mild hyperphenylalaninemia; GALD—gestational
alloimmune liver disease.
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3.1.1. Detailed Description of 16 Patients

Patients 1 to 5 had elevated values of Phe in the DBS and they all had increased
values of S-Phe. All had undergone genetic testing, and three of them had two different
variants in the heterozygous state, all linked to PKU. Patients 4 and 5, who were twins,
had variants linked to PKU in a homozygous state. Based on the APV values and the
phenotype association of the PAH Variations [17,18], all five patients were diagnosed with
classic phenylketonuria (cPKU), and they are all on dietary therapy based on a restricted
Phe intake; thus, they are all defined as true positives.

Phe levels in patient 6’s DBS and blood serum were both elevated. Genetic test-
ing revealed one PKU-related variant and one MHP-related variant. The patient has a
brother with the same genotype and they are both on a low-Phe diet. The patient was
diagnosed with mild phenylketonuria (mPKU) based on the APV values and was defined
as a true positive.

Patient 7 had elevated Phe levels in both his DBS and blood serum. One pathologi-
cal variant and one variant that maintains adequate enzymatic activity were discovered
through genetic analysis. For 16 months, the patient was on a Phe-restricted diet. After
that, he switched to a normal diet. Based on the APV values, the patient was diagnosed
with mild hyperphenylalaninemia (MHP). The patient’s highest value was 310 µmol/L,
indicating that the diet was likely started for safety concerns and some other clinical consid-
erations. Later on, the levels fell below 120 µmol/L, necessitating the diet’s discontinuation.
Due to the possibility that his diet was administered too early, we defined this patient as a
false positive.

Based on the APV values, the patient was diagnosed with mild hyperphenylalaninemia
(MHP). The low-Phe diet may have been implemented too early for this patient and because
he ceased dieting after 16 months, we defined him as a false positive.

Patients 8 and 9 had elevated Phe values in their DBS and serum. Genetic analysis
revealed one variant linked to PKU and one variant linked to MHP in both of them. The
PAH genotype is the main determinant of the phenotype and the disease severity is in most
cases determined by the milder of the PAH variants [17]. As a result, both were diagnosed
with MHP. Since neither of these patients required a low-Phe diet, they were defined as
false positives.

Patient 10 had borderline NBS results and increased S-Phe. The S-Phe values had
dropped to normal in subsequent analyses, so there was no need for a low-Phe diet. Genetic
analyses showed two variants in a heterozygous state, one linked to MHP and one with no
APV value. The patient was defined as a false positive.

Patient 11 had borderline results using the fluorimetric method. The S-Phe values
were slightly elevated; however, there was no need for further monitoring.

Patients 12 to 15 had borderline results. The S-Phe values were within the normal
range. They were all defined as false positives.

Patient 16 had a highly increased value of Phe. He also had pronounced hyperam-
monemia and hyperbilirubinemia. The baby died shortly after birth due to multiorgan
failure. He had genetically confirmed gestational alloimmune liver disease (GALD). Al-
though the fluorimetric method correctly measured the high Phe value, this patient did not
have PKU; thus, we have not included him among the true positives.

The number of true positive patients was six, with the cut-off set to 120 µmol/L, so
the number of false positives for the fluorimetric method was 102.

3.1.2. Adjustment of the Cut-Off Value

We simulated the number of recalls with different Phe cut-off values ranging from
120 µmol/L to 200 µmol/L.

If we increased the lower cut-off value for PKU detection to 150 µmol/L, the number
of recalls would be 16 instead of 108, and the number of false positives would be only ten
instead of 102 out of 37,784 newborns. All six true positives would have been detected.
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If we increased the cut-off value to 160 µmol/L, the number of recalls would be 12,
with no false negatives. If we additionally increased the cut-off value to 180 µmol/L, the
number of recalls would be 11. With the cut-off set at 180 µmol/L, we would miss patients
number 10 and 15. However, they were both on a diet without restrictions. All six true
positives would have been detected. Similarly, with the cut-off set to 200 µmol/L, the
number of recalls would drop to nine, with the cut-off detecting all six true positives. For
all the cut-off values, the number of false negatives is zero. All the results are presented
in Figure 2.
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The recall rate in the analyzed cohort was 0.29%. Table 2 shows the specificity, sensi-
tivity, positive and negative predictive value, and detection rate at different Phe cut-offs.

Table 2. Specificity, sensitivity, positive and negative predictive value, and detection rate at different
Phe cut-offs.

Number of newborns 37,784

Phe cut-off value (µmol/L) 120 130 140 150 160 170 180 190 200

Recalls (N) 108 41 21 16 12 11 11 9 9

False positive (N) 102 35 15 10 6 5 5 3 3

True positive (N) 6 6 6 6 6 6 6 6 6

False negative (N) 0 0 0 0 0 0 0 0 0

True negative (N) 37,676 37,743 37,763 37,768 37,772 37,773 37,773 37,775 37,775

Detection rate (%) 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019

Sensitivity (%) 100 100 100 100 100 100 100 100 100

Specificity (%) 99.73 99.91 99.96 99.97 99.98 99.99 99.99 99.99 99.99

Positive predictive value (%) 5.56 14.63 28.57 37.50 50.00 54.55 54.55 66.67 66.67

Negative predictive value (%) 100 100 100 100 100 100 100 100 100

3.2. The Second Part of the Study

We reviewed data from all patients who had been diagnosed with cPKU, mMPKU, or
MHP, based on S-Phe values between 2000 and 2018. Among the 360,000 samples collected
through the NBS, 72 HFA patients in need of a low-Phe diet were found. We had data on
the Phe levels from the first DBS for all but two patients. We evaluated the number of false
negatives with different Phe cut-off values, from 120 µmol/L to 200 µmol/L.
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If we increased the cut-off value for PKU detection from 120 µmol/L to 160 µmol/L,
all of those 70 patients would have been detected except for one, which means that the Phe
value in his DBS was below 160 µmol/L. We have reviewed the medical documentation for
that patient. The baby was born prematurely at 31 weeks of gestation and was in intensive
care for 8 days, where he received two blood transfusions. The first DBS sample was
taken after transfer to the neonatal department, following eight days of parenteral nutrition
with an unknown composition and after two transfusions, which makes the Phe values
questionable. According to the established protocol for gestational age and for being in
intensive care, a newly collected sample must be taken after an additional 4 weeks. The
new sample was taken after a few weeks and the Phe value was 390 µmol/L, thus this
value is the correct one. In the further measurement of the S-Phe, the Phe values were
above 600 µmol/L a few times, despite the introduced diet. Additionally, genetic analysis
revealed two variants, NM_000277.1:c[1169A>G(;)1222C>T] with APV values of 6.8 and
0 (mPKU). This means that a false negative result for the patient would not be due to a
cut-off value that was too high, but to premature sampling according to his gestational age;
this patient was thus not considered a false negative.

If we additionally increased the cut-off value to 170 µmol/L and 180 µmol/L, we
would miss one and three patients, respectively. All three patients have MHP. However,
they all had S-Phe values of around 400 µmol/L or more; thus, this cut-off value might
not be safe for PKU detection. At cut-off set at 200 µmol/L, we would miss six patients
(Figure 3).
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Figure 3. The number of false negatives with different cut-off values.

We ensured the measurement’s quality by participating in the external quality scheme
UKNEQAS from 2006 to 2018. Evaluating the C-scores, the Phe values were stable, without
significant fluctuations, with an average positive bias of 11.3% and a 95% confidence
interval (CI) ranging from 10.6% to 12.0%. We took the 12% bias into account to ensure the
safety of the newly set cut-off at 160 µmol/L.

4. Discussion

NBS is a system that identifies apparently healthy newborns with inherited disorders,
usually metabolic in origin, before they cause serious morbidity or even death [9,19]. It was
first introduced in the early 1960s in the USA with the Guthrie test for detecting PKU [20].

Different methods now exist for NBS for PKU worldwide, from enzymatic and bacte-
rial inhibition assays to fluorimetric methods and methods using tandem mass spectrometry
(MS/MS) [21]. Slovenia started the NBS program for PKU in 1979 and used the fluorimetric
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method since 1992, which is still in use in some Southeastern European countries [12].
Many NBS globally have Phe cut-off levels set higher than 120 µmol/L—e.g., 38.5% of
65 Latin American laboratories use 180 µmol/L or higher (up to 240 µmol/L) [11]. This is
also apparent in Southeastern Europe, where most of the countries have a higher cut-off [22].
Additionally, cut-offs tend to vary significantly between countries, with no insight as to
why such large differences exist [6].

In Slovenia, the cut-off value of 120 µmol/L has been used since 1992 and has never
been revised. Thus, we analyzed DBS samples and reviewed NBS data for a wider group
of neonates in order to optimize the cut-off values for PKU screening using the fluori-
metric approach in terms of decreasing false positives while detecting all patients who
required treatment. We included a prospective cohort of 37,784 neonates screened and a
retrospective cohort of a considerably larger size, which included 70 patients who required
nutritional treatment in the previous 18 years (identified among 360,000 newborns screened
in that period). Both cohorts originate from a single center; the center covers both the
NBS and HPA cohorts across the country, using the identical baseline circumstances and
decision-making framework.

The central finding in the first part of the study was that at cut-off 120 µmol/L, the
number of recalls and false positive samples is high. One hundred and eight samples were
detected as borderline or positive while the number of true positive patients was only six.

The diagnosis and classification of PKU are usually done based on a Phe value in the
blood before the patient starts a diet. This type of classification is not always straightforward
in neonates, as the Phe values have not yet reached their highest values [3]. Due to this fact,
in our study, the PKU classification was made based on the APV when possible.

For the purpose of our study, the definition of true or false positive was based solely on
whether the patient required a low-Phe diet. The number of true positive patients was six
using the fluorimetric method with a cut-off at 120 µmol/L and yielded 102 false positive
samples. We consider it a false positive result when an additional sample is required that is
later found to be normal, or positive-screening patients with Phe levels in areas where no
dietary changes are needed.

False positive results disrupt the first weeks of a newborn’s life and can cause a great
deal of anxiety and lasting emotional stress for the parents [23–26]. From the point of view
of the physician and the laboratory analyst, the follow-up for each such result requires
contacting the clinic for additional samples, testing them (which requires additional cost),
and then notifying the clinic of the second result [13,25,27].

When we hypothetically increased the cut-off value for PKU detection from 120 µmol/L
to 160 µmol/L, the number of recalls dropped from 108 to 12, with no false negatives. For
Slovenia, this corresponds to approximately 50 recalls per 19,000 newborn children per
year. Furthermore, cut-off values between 170 µmol/L and 200 µmol/L also proved to be
safe and sensitive enough when applied to 37,784 newborns.

To assess the suitability of the various cut-off values determined in the first part of this
study, we applied them to 70 HFA patients, who required a low-Phe diet, diagnosed among
360,000 newborns between 2000 and 2018. When we raised the cut-off to 160 µmol/L, all of
those patients would have been detected except for one, who was later found to have had a
blood sample taken too soon for his gestational age and was also on two transfusions and
parenteral nutrition. A variety of outside factors could also have influenced the Phe values
in this newborn’s blood. The first is that he was born at 31 weeks of gestation, implying
that the Phe values could have been falsely increased or decreased. The second reason
is that he was on a parenteral diet, which produces false positive results by increasing
the blood Phe levels. The third component is transfusion, which is not supposed to affect
the Phe values; however, when all three factors are combined, the Phe values, as well
as other analytes, can become questionable [15,28–31]. If we additionally increased the
cut-off values to 170 µmol/L and 180 µmol/L, we would miss one and three patients,
respectively, all of whom had S-Phe values around 400 µmol/L. Currently, all three patients
are on a non-strict diet, only avoiding high-protein foods in large quantities. Evidence
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of the need to start treatment with blood Phe concentrations between 360 µmol/L and
600 µmol/L is currently inconsistent, but due to caution, there is a recommendation for the
treatment of children under 12 years of age with Phe values above 360 µmol/L [32]. Thus,
it is not yet entirely clear whether or not our false negatives would have any long-term
consequences. Nevertheless, cut-off values of 170 µmol//L or 180 µmol/L will not be safe
for PKU detection.

Despite that PKU screening is now almost universaly introduced accross the Europe,
cut-off values for PKU detection vary widely between different countries [6,33]. The time
of the blood sampling and the methods being used have changed over time, with more
specific MS/MS technology being used increasingly, especially in developed countries [21].
Usually, laboratories have to determine their own cut-off values. The next step could be to
compare them with international databases, like CLIR (Collaborative Laboratory Integrated
Reports) [34]. However, most countries still have a fixed cut-off for Phe, which is also
the sole biochemical biomarker to screen for HPA, which leads to reduced complexity
compared to some other disorders relying on multiple biomarkers [32].

The new cut-off values were determined using 37,784 samples, six of which were true
positives. We acknowledge that this number may be low, and it was only by integrating data
from the second cohort, which had 70 true positives, that we were able to determine if the set
values were acceptable. Thus, we believe that the study’s total cohort of 400,000 newborns
and 76 true positives in the analyzed period quite enables us to draw valid conclusions in
this study.

The lower than usual cut-off (120 µmol/L) in our program compared to most other
NBS programs allowed us to test a wider spectrum of possible cut-offs compared to other
programs. The strong variability of Phe cut-offs across countries suggests a lack of data
and consensus on what is optimal and safe for the Phe cut-off.

Each NBS program adheres to an ethical standard of adjusting the cut-off to ensure
that it not only detects all patients who may eventually require nutritional therapy, but
also burdens the fewest possible other families. We already adjusted the Phe cut-off for our
program based on our study, which was one of the study’s primary goals.

5. Conclusions

We demonstrated in a large group of newborns (400,000 in 20 years) that using the
fluorimetric approach, a cut-off value of 160 mol/L, rather than 120 mol/L, is safe and that
there were no missing true positive patients who required treatment. By increasing the Phe
cut-off, this method becomes more precise, resulting in a significantly reduced rate of false
positives and so being less burdensome on both families and the healthcare system.
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A.M.; et al. Expanded newborn screening program in Slovenia using tandem mass spectrometry and confirmatory next generation
sequencing genetic testing. Zdr. Varst. 2020, 95, 256–263. [CrossRef] [PubMed]

15. NAVODILO ZA IZVAJANJE RAZŠIRJENEGA PRESEJANJA NOVOROJENCEVV SLOVENIJI. Available online: https://www.
redkebolezni.si/assets1191/wp-content/uploads/2016/05/Redke-bolezni_Protokol-razsirjenega-presejanja-novorojencev-
marec-2019.pdf?x50514 (accessed on 22 October 2021).

16. Oblak, A.; Zaletel, K. Presejalno testiranje novorojencev–izkušnje v Slovenskem prostoru. In Proceedings of the Zbornik Predavanj
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za farmacijo, Univerza v Ljubljani: Ljubljana, Slovenia, 2017; pp. 58–69.

17. Garbade, S.F.; Shen, N.; Himmelreich, N.; Haas, D.; Trefz, F.K.; Hoffmann, G.F.; Burgard, P.; Blau, N. Allelic phenotype values: A
model for genotype-based phenotype prediction in phenylketonuria. Genet. Med. 2019, 21, 580–590. [CrossRef] [PubMed]

18. Allelic Phenotype Values (APV) and Phenotype Association of PAHVariations. Available online: http://www.biopku.org/home/
docs/APV.pdf (accessed on 16 October 2021).

19. Pourfarzam, M.; Zadhoush, F. Newborn screening for inherited metabolic disorders; news and views. J. Res. Med. Sci. 2013, 18,
801–808.

20. MacReady, R.; Hussey, M. Newborn phenylketonuria detection program in Massachussets. Am. J. Public Health Nations Health
1964, 54, 2075–2091. [CrossRef] [PubMed]

21. Vittozzi, L.; Burgard, P.; Cornel, M.; Hoffmannn, G.F.; Lindner, M.; Loeber, J.G.; Rigter, T.; Rupp, K.; Taruscio, D.; Weinreich,
S. Executive Report to the European Commission on Newborn Screening in the European Union Table of Contents. Available
online: https://isns-neoscreening.org/wp-content/uploads/2016/06/Executive-Report-to-EC-FINAL.pdf (accessed on 16
November 2021).

22. Zerjav Tansek, M.; Groselj, U.; Angelkova, N.; Anton, D.; Baric, I.; Djordjevic, M.; Grimci, L.; Ivanova, M.; Kadam, A.; Kotori, V.;
et al. Phenylketonuria screening and management in southeastern Europe-Survey results from 11 countries. Orphanet J. Rare Dis.
2015, 10, 68. [CrossRef]

23. Waisbren, S.E.; Albers, S.; Amato, S.; Ampola, M.; Brewster, T.G.; Demmer, L.; Eaton, R.B.; Greenstein, R.; Korson, M.; Larson, C.;
et al. Effect of Expanded Newborn Screening for Biochemical Genetic Disorders on Child Outcomes and Parental Stress. J. Am.
Med. Assoc. 2003, 290, 2564–2572. [CrossRef]

24. Schmidt, J.L.; Castellanos-Brown, K.; Childress, S.; Bonhomme, N.; Oktay, J.S.; Terry, S.F.; Kyler, P.; Davidoff, A.; Greene, C. The
impact of false-positive newborn screening results on families: A qualitative study. Genet. Med. 2012, 14, 76–80. [CrossRef]

http://doi.org/10.1002/9780470123133.ch2
http://doi.org/10.1016/j.ymgme.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22513348
http://doi.org/10.1016/S0140-6736(10)60961-0
http://doi.org/10.3109/08958378.2014.955932
http://www.ncbi.nlm.nih.gov/pubmed/25264934
http://doi.org/10.1159/000312813
http://www.ncbi.nlm.nih.gov/pubmed/22475869
http://doi.org/10.3345/kjp.2019.00465
http://doi.org/10.1016/j.ymgme.2014.07.019
http://doi.org/10.1515/sjph-2015-0013
http://doi.org/10.1177/2326409816682764
http://doi.org/10.3389/fped.2021.648939
http://www.ncbi.nlm.nih.gov/pubmed/34026686
http://doi.org/10.1093/clinchem/44.12.2401
http://www.ncbi.nlm.nih.gov/pubmed/9836702
http://doi.org/10.2478/sjph-2020-0032
http://www.ncbi.nlm.nih.gov/pubmed/33133282
https://www.redkebolezni.si/assets1191/wp-content/uploads/2016/05/Redke-bolezni_Protokol-razsirjenega-presejanja-novorojencev-marec-2019.pdf?x50514
https://www.redkebolezni.si/assets1191/wp-content/uploads/2016/05/Redke-bolezni_Protokol-razsirjenega-presejanja-novorojencev-marec-2019.pdf?x50514
https://www.redkebolezni.si/assets1191/wp-content/uploads/2016/05/Redke-bolezni_Protokol-razsirjenega-presejanja-novorojencev-marec-2019.pdf?x50514
http://doi.org/10.1038/s41436-018-0081-x
http://www.ncbi.nlm.nih.gov/pubmed/29997390
http://www.biopku.org/home/docs/APV.pdf
http://www.biopku.org/home/docs/APV.pdf
http://doi.org/10.2105/AJPH.54.12.2075
http://www.ncbi.nlm.nih.gov/pubmed/14240515
https://isns-neoscreening.org/wp-content/uploads/2016/06/Executive-Report-to-EC-FINAL.pdf
http://doi.org/10.1186/s13023-015-0283-0
http://doi.org/10.1001/jama.290.19.2564
http://doi.org/10.1038/gim.2011.5


Genes 2022, 13, 517 12 of 12

25. Lipstein, E.A.; Perrin, J.M.; Waisbren, S.E.; Prosser, L.A. Impact of false-positive newborn metabolicscreening results on early
health care utilization. Genet Med. 2009, 1, 716–721. [CrossRef] [PubMed]

26. Tu, W.J.; He, J.; Chen, H.; Shi, X.D.; Li, Y. Psychological effects of true positive results in expanded newborn screening in China.
PLoS ONE 2012, 7, e36235. [CrossRef]

27. Bahn, C. Raising the Bar on Newborn Screening Test Performance. Available online: https://news.mayocliniclabs.com/2019/08/
29/raising-the-bar-on-newborn-screening-test-performance/ (accessed on 13 September 2021).

28. Mandour, I.; El Gayar, D.; Amin, M.; Farid, T.M.; Ali, A.A. Amino acid and acylcarnitine profiles in premature neonates: A pilot
study. Indian J. Pediatr. 2013, 80, 736–744. [CrossRef] [PubMed]

29. Clark, R.H.; Kelleher, A.S.; Chace, D.H.; Spitzer, A.R. Gestational Age and Age at Sampling Influence Metabolic Profiles in
Premature Infants. Pediatrics 2014, 134, e37–e46. Available online: http://pediatrics.aappublications.org/content/134/1/e37.
abstract (accessed on 15 September 2021). [CrossRef] [PubMed]

30. Gucciardi, A.; Zaramella, P.; Costa, I.; Pirillo, P.; Nardo, D.; Naturale, M.; Chiandetti, L.; Giordano, G. Analysis and Inter-Pretation
of Acylcarnitine Profiles in Dried Blood Spot and Plasma of Preterm and Full-term Newborns. Pediatr. Res. 2015, 77, 36–47.
Available online: http://www.scopus.com/inward/record.url?eid=2-s2.0-84924386570&partnerID=tZOtx3y1 (accessed on 15
September 2021). [CrossRef] [PubMed]

31. Meyburg, J. Acylcarnitine Profiles of Preterm Infants Over the First Four Weeks of Life. Pediatr. Res. 2002, 52, 720–723. [CrossRef]
[PubMed]

32. APHL. Association of Public Health Laboratories Overview of Cutoff Determinations and Risk Assessment Methods Used
in Dried Blood Spot Newborn Screening- Role of Cutoffs and Other Methods of Data Analysis. 2019, pp. 1–23. Available
online: https://www.aphl.org/programs/newborn_screening/Documents/Overview%20on%20Cutoff%20Determinations%
20and%20RIsk%20Assessment%20Methods_final.pdf (accessed on 23 January 2022).

33. Loeber, J.G.; Platis, D.; Zetterström, R.H.; Schielen, P.J.C.I. Neonatal screening in Europe revisited: An ISNS-perspective on the
current state and developments since 2010. Medecine/Sciences 2021, 37, 441–456. [CrossRef] [PubMed]

34. Collaborative Laboratory Integrated Reports (CLIR). Available online: https://clir.mayo.edu (accessed on 5 January 2022).

http://doi.org/10.1097/GIM.0b013e3181b3a61e
http://www.ncbi.nlm.nih.gov/pubmed/19661808
http://doi.org/10.1371/journal.pone.0036235
https://news.mayocliniclabs.com/2019/08/29/raising-the-bar-on-newborn-screening-test-performance/
https://news.mayocliniclabs.com/2019/08/29/raising-the-bar-on-newborn-screening-test-performance/
http://doi.org/10.1007/s12098-013-0980-4
http://www.ncbi.nlm.nih.gov/pubmed/23404695
http://pediatrics.aappublications.org/content/134/1/e37.abstract
http://pediatrics.aappublications.org/content/134/1/e37.abstract
http://doi.org/10.1542/peds.2014-0329
http://www.ncbi.nlm.nih.gov/pubmed/24913786
http://www.scopus.com/inward/record.url?eid=2-s2.0-84924386570&partnerID=tZOtx3y1
http://doi.org/10.1038/pr.2014.142
http://www.ncbi.nlm.nih.gov/pubmed/25268144
http://doi.org/10.1203/00006450-200211000-00018
http://www.ncbi.nlm.nih.gov/pubmed/12409519
https://www.aphl.org/programs/newborn_screening/Documents/Overview%20on%20Cutoff%20Determinations%20and%20RIsk%20Assessment%20Methods_final.pdf
https://www.aphl.org/programs/newborn_screening/Documents/Overview%20on%20Cutoff%20Determinations%20and%20RIsk%20Assessment%20Methods_final.pdf
http://doi.org/10.1051/medsci/2021059
http://www.ncbi.nlm.nih.gov/pubmed/34003089
https://clir.mayo.edu

	Introduction 
	Materials and Methods 
	Subjects 
	Specimen Collection, Methods, and Screening Protocol 
	Confirmation Analyses and PKU Classification 
	Fluorimetric Method—S-Phe 
	Genetic Confirmation 
	True Positive/False Positive 

	Adjustment of the Cut-Off Value 

	Results 
	The First Part of the Study 
	Detailed Description of 16 Patients 
	Adjustment of the Cut-Off Value 

	The Second Part of the Study 

	Discussion 
	Conclusions 
	References

