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ABSTRACT

0z

Introduction: Phenylketonuria is one of the common causes
of preventable mental retardation. Therefore, dietary and/
or cofactor therapy initiated by early detection of the disease
is of great clinical importance. In this study, the specificity
and sensitivity of fluorescence immunoassay (FIA), tandem
mass spectrometry (MS/MS) and plasma amino acid analysis
methods used in the diagnosis of phenylalanine metabolism
disorder (PMD) were compared.

Methods: Patients who were referred to our clinic with a
prediagnosis of PMD disorder (n=163) from primary health
care institutions were included in the study.

Results: The median age of the patients on admission was 3
months (range: 0-25 months). It was observed that the samples
were resent to the newborn screening program at a rate of
68.1%. The sensitivity and specificity of FIA for phenylalanine
(Phe) with a cut-off value of 2.95 mg/dL were 73.3% and 78.6%,
respectively. The sensitivity and specificity of MS/MS for Phe
with a cut-off value of 294.94 umol/L were 93.3% and 92.2%,
respectively.

Conclusion: A clinical delay was detected in the diagnosis
of the cases. Because of this clinical delay, it is considered
that the samples in the screening program are repeated
frequently and that families do not have enough information
about the disease. In our study, it was shown that MS/MS was
more effective than FIA. The use of MS/MS instead of FIA for
the detection of phenylalanine metabolism disorder in the
neonatal screening program may be effective in preventing the
diagnostic delay.
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immunoassay,

Amag: Fenilketoniri (FKU), onlenebilir zihinsel geriligin
yaygin nedenlerinden biridir. Bu nedenle, hastaligin erken
tespiti ile baslatilan diyet ve/veya kofaktor tedavisi, klinik
acidan ¢ok onemlidir. Bu calismada, fenilalanin metabolizma
bozuklugu (FMB) tanisinda kullanilan floresans immiinolojik
testi (FIA), tandem kutle spektrometrisi (MS/MS) ve plazma
amino asit analiz (AAA) yontemlerinin 6zgulligi ve duyarhihg
karsilastirildr.

Yontemler: Birinci basamak saghk kurumlarindan FMB
(n=163) ©n tanisiyla Kklinigimize yonlendirilen hastalar
calismaya dahil edildi.

Bulgular: Klinigimize basvuran hastalarin medyan yasi 3
aydi (minimum-maksimum: 0-25). Numunelerin yenidogan
tarama programinda %68,1 oraninda tekrar gonderildigi
goruldu. FIA ile belirlenen 2,95 mg/dL fenilalanin (Phe) cut-off
degerinde, %73,3 duyarlilik ve %78,6 6zgullik saptandi. MS/
MS ile belirlenen Phe >94,94 umol/L kesme degeri icin %93,3
duyarhlik ve %92,2 ozgiilliik saptandi.

Sonug: Olgularin tanisinda klinik bir gecikme tespit edildi.
Klinik gecikmeye sebep olarak, tarama programindaki
orneklerin sik tekrarlanmasi ve ailelerin hastalik hakkinda
yeterli bilgiye sahip olmamasi distiniilmektedir. Calismamizda
MS/MS'nin FINdan daha etkili bir yontem oldugu gosterilmistir.
Yenidogan tarama programinda FMB tespitinde FIA yerine
MS/MS kullaniminin tanisal gecikmenin 6nlenmesinde etkili
olabilecegi disunulmektedir.

Anahtar Kelimeler: Fenilketoniiri, floresans, immiinolojik test,
sivi kromatografi, yenidogan taramasi
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Introduction

Phenylketonuria (PKU) is a hereditary, autosomal recessive (AR)
phenylalanine metabolism disorder (PMD) resulting from a variety of
mutations in genes encoding phenylalanine hydroxylase (PAH). In the
presence of cofactor tetrahydrobiopterin, molecular oxygen and iron
PAH normally convert phenylalanine (Phe) to tyrosine (Tyr) (1). The
enzyme deficiency causes a significant increase in Phe concentration in
the blood and brain, and this can lead to a variety of neurocognitive
and neuromotor disorders, including attention deficit symptoms and
serious intellectual impairments if left untreated in the neonatal period
(2-5). PMD may appear in a wide variety of clinical situations ranging
from mild hyperphenylalaninemia (HPA) to classic PKU (5). Considering
data from newborn screening programs (NSP), it is observed that the
prevalence of PAH deficiency varies in different regions (for example, it
is 1in 1.000.000 births in Finland, it is 1 in 4200 births in Turkey) (5,6).

While patients consume normal protein, PMD can be classified according
to Phe concentrations (5,7). According to this classification, the groups
were defined as classical PKU (Phe >1200 umol/L, residual PAH activity
less than 1%), mild PKU or HPA (Phe=600-1200 umol/L, residual PAH
activity between 1-5%), non-PKU-HPA and moderate HPA (Phe=600-120
umol/L; more than 5% residual PAH activity) (2,5,7).

In the 1960s, with the development of a simple test by Guthrie and Susi
(8) based on a bacterial inhibition assay to detect HPA, PKU became
the first disease to be diagnosed and treated early in NSP. Detection of
newborns with PKU using this screening test has led to a reduction in
the incidence of PKU-associated cognitive deficits when combined with
early treatment (9). Over time, the use of fluorometric immunoassay
(FIA) and tandem mass spectrometry (MS/MS) methods in screening
programs has allowed for more precise and sensitive measurements
(10,11). While Guthrie method could only detect positive or negative
results, Phe level in heel blood became measurable by FIA method
when integrated into NSP (11). Today, Phe levels in heel prick blood are
measured more precisely by MS/MS method compared to FIA method
and it also provides information about Tyr level simultaneously (12).
However, since many different diseases can be detected concurrently
with MS/MS method, it is now used as a more cost-effective method in
NSP in many developed countries (13-16).

Methods

This study was conducted in Turkey between 07.05.2018-31.12.2018.
Before the study, written informed consent was obtained from the
parents of the patients who participated in this study. This study
conformed to the principles of the 2008 Declaration of Helsinki and was
approved by the Local Ethics Committee of Harran University Faculty of
Medicine, Turkey (decision no: Session 5, 19747, date: 03.05.2018).

Out of 216 patients, a total of 163 patients, who were referred to the
pediatric metabolic disease clinic after suspicion of PMD by primary
health care institutions, were included in the study. Samples for FIA and
MS/MS analysis were taken on a filter paper from heel prick blood (FIA:
Whatman 903, MS/MS: Whatman 10538018). In all primary health care
institutions in Sanliurfa, samples for NSP were taken on a filter paper in
accordance with the manufacturer’s instructions. Samples were stored in
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a refrigerator at 4 °C for the period from drying at room temperature to
laboratory analysis. Samples were moved to central laboratories, which
are under the authority of Turkish Public Health Institution, at room
temperature conditions twice a week. All Phe levels obtained in NSP
were quantitatively determined by FIA (ODAK Neonatal Phenylalanine
Assay, ISLAB, istanbul, Turkey) method in mg/dL. Sampling on the filter
paper for MS/MS analysis was performed simultaneously with plasma
amino acid analysis (AAA). Heel prick blood MS/MS analysis results were
obtained by liquid chromatography (LC)-MS/MS method (Shimadzu
LCMS-8040, Kyoto, Japan). Venous blood samples (2 mL) for plasma
AAA were taken into a heparinized tube. The levels of all amino acids
detected by plasma AAA were obtained by LC-MS/MS method (Shimadzu
LCMS-8045, Kyoto, Japan).

Inclusion and Exclusion Criteria

According to NSP applied in Turkey, Phe <2 mg/dL (<120 mmol/L) in
the heel prick blood sample taken between the 48" hours and seventh
day of life is considered negative, patients with Phe values between 2.1-
3.9 mg/dL are requested to give samples again, and patients with Phe
>4 mg/dL are directly referred to the pediatric nutrition and metabolic
disease clinic (17,18). Also, samples taken during the first 48 hours of
life (duplicate) and samples found to be inconvenient in terms of the
sampling technique, storage and transportation conditions are taken
again (17). In case of repeated heel prick blood sampling, the patient’s
last sample result was evaluated within the scope of the study. Among
the patients who applied to our clinic, those who could not be fed orally
for any reason within the first 48 hours of life and who underwent
intravenous blood transfusion were excluded from the study. Currently,
MS/MS method is recommended in NSPs and Phe >120 umol/L value in
blood is considered to be significant for moderate HPA (2). Among the
patients who were referred from the primary health care institutions,
those having Phe >120 umol/L with at least one of the plasma AAA or
heel prick blood MS/MS methods were evaluated as positive group and
followed up. In order to exclude laboratory errors in patients included
in the study, a control test was performed at the earliest month in
patients who did not receive Phe restricted diet and patients with Phe
>120 umol/L in plasma AAA were included in the study. Patients with
Phe <120 umol/L in both heel prick blood MS/MS and plasma AAA were
considered as the negative group. In our study, Phe/Tyr ratio was also
taken into account (5). In addition, the Phe/Tyr ratio of cases, who was
confirmed by only one method (heel prick blood MS/MS or plasma AAA)
in the positive group, was more than 3 as assessed by both plasma AAA
and heel prick blood MS/MS methods, whereas the Phe/Tyr ratio of all
the cases in the negative group was less than 3 as determined by both
methods.

Statistical Analysis

Statistical analysis was performed using SPSS 24.0 version (SPSS Inc.,
Chicago, IL). Descriptive statistics were expressed as number, percentage,
mean, median and standard deviation. The suitability of the variables
to the normal distribution was investigated using visual (histogram and
probability charts) and analytical methods (Kolmogorov-Smirnov test).
Continuous variables were analyzed by either Student’s t-test or Mann-
Whitney U test depending on distribution and homogeneity of the
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data. In the correlation analysis, the relationship between sequential
variables and numerical variables was performed by Kendall’s Tau B
test. Specificity and sensitivity analyzes were performed using receiver
operator characteristic curve (ROC) analysis method. In the ROC analysis,
the area under the curve (AUC) values were studied. Pearson chi-square
analysis was used to compare ordinal data. Statistical significance level
was accepted as p<0.05 in all statistical analyses.

Results

Among all patients referred to our clinic from primary health care
institutions with suspicion of PMD, 163 patients were included in the
study. Of the patients, 53.4% were male and 46.6% were female. Phe
levels of 163 patients were examined with heel prick blood MS/MS and
plasma AAA methods, and it was found that eight patients (4.9%) had
classical PKU (Phe >1200 umol/L), one patient (0.6%) had mild PKU (Phe
600-1200 umol/L), 51 patients (31.3%) had moderate HPA (Phe 600-120
umol/L), and 103 patients (63.2%) were PKU negative (Phe <120 umol/L).
Sixty patients with PMD (classical-mild PKU and moderate HPA) were
evaluated as positive. Accordingly, the percentage of consanguineous
marriage among the parents in the positive group was 78.3% and 36.9%
in the negative group (Table 1). The rate of siblings with PKU was 15% in
the positive group and 2.9% in the negative group. In the positive group,
unexplained sibling death at birth was present in three cases, with one
classic PKU and two HPA. There was no unexplained sibling death in the
negative group.

The median age at diagnosis was 2 months (range: 0-13 months) in the
positive group and it was (range: 0-25 months) in the negative group.
The median age at diagnosis in the positive group was statistically
significantly lower than the negative group (Table 2). In 68.1% of the
cases, heel prick blood samples taken in NSP were resent due to various
reasons (Table 2). In the positive group, NSP replicate samples were
sent in 41.7% of the cases and this rate was significantly higher in the
negative group (83.5%) (Table 2). In the positive group, the number
of sample repeats in NSP was statistically significantly lower than the
negative group (Table 2). In Kendall’s Tau B analysis, there was a positive

Table 1. Socio-demographic and clinical evaluation of cases
Positive group (Phe >120 umol/L), (n=60)

Classical PKU, (n=8) Mild PKU, (n=1)
Gender
Male/Female 6/2 1/-
Age, months
Mean £ SD (min-max) 4+4.87 (0-13) 1
Consanguineous marriage among 8/- 0/1
the parents, Yes/No
PKU history in sibling, Yes/No 3/5 0/1
gil:f')‘(’p\l(aelsr;zcldead sibling at 26 o/
Plasma AAA
Phe level mean * SD (umol/L) 1741.06::248.16 7134
Plasma AAA Phe/Tyr ratio 35.79+14.86 15.51

correlation between the reference age of the patients and the number
of repeat heel prick blood screening tests (r=0.686, p<0.0001). Again,
there was a negative correlation between the Phe level measured by
FIA method and the number of repeat heel prick blood screening test in
Kendall’s Tau B analysis (r=-0.368, p<0.0001). When 193 samples that
were resent for various reasons in NSP were examined, it was found that
112 samples (57.7%) were resent because they had a Phe value between
2.1-3.9 mg/dL, 51 samples (26.6%) were taken within the first 24-48
hours of life, and 30 samples (15.7%) were resent due to inappropriate
sampling or transfer (Table 2).

While the mean Phe level of the positive group considered as having
PMD was 6.06+6.26 mg/dL, the mean Phe level measured by FIA was
2.78%1.13 mg/dL in the negative group without PMD. The mean Phe
level measured by FIA method was significantly higher in the positive
group than in the negative group. In the MS/MS analysis, the mean
Phe level of the positive group was 394.15+561.44 umol/L and the
median Phe/Tyr ratio was 2.67. On the other hand, the mean Phe level
in the negative group was 64.10£21.45 umol/L and the median Phe/
Tyr ratio was 0.84. The mean Phe level and median Phe/Tyr ratio in the
MS/MS analysis were significantly higher in the positive group than in
the negative group (Table 2). Finally, the mean Phe level measured by
plasma AAA method in the positive group was 396.62+546.81 umol/L
and the median Phe/Tyr ratio was 2.70. On the other hand, the mean
Phe level in the negative group was 61.39+23.59 pumol/L and the
median Phe/Tyr ratio was 0.73. The mean Phe level and median Phe/Tyr
ratio measured by plasma AAA method were significantly higher in the
positive group than in the negative group (Table 2).

ROC curves were plotted to compare FIA, MS/MS and plasma AAA
methods used in the diagnosis of 163 patients with suspected PMD
(Figure 1). In the FIA method, AUC was 0.814 (p<0.0001). Accordingly,
sensitivity was 73.3% and specificity was 78.6% for a Phe cut-off value
of >2.95 mg/dL determined by FIA method, while sensitivity was 46.7%
and specificity was 89.3% for a Phe cut-off value of >4 mg/dL (Table
3). In the MS/MS method, AUC was 0.964 (p<0.0001). Sensitivity and
specificity of MS/MS method were 93.3% and 92.2%, respectively, for a

Negative group

p
Moderate HPA (n=51) (Phe <120 umol/L), (n=103)
24/27 56/47 0.739
3.27+3.66 (0-13) 5.40+4.87 (0-18)
39/12 38/65 <0.001
6/45 3/100 0.009
1/49 0/103
179.52+70.14 61.39+23.59
2.58+1.31 0.77£0.32

Phe: phenylalanine, PKU: phenylketonuria, HPA: hyperphenylalaninemia, : the Pearson chi-square test was carried out between the positive and negative groups as 2x2, SD: standard

deviation, AAA: amino acid analysis, min: minimum, max: maximum
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Phe cut-off value of >94.94 umol/L (Table 3). Finally, when the AUC was
0.987 (p<0.0001), the sensitivity and specificity of plasma AAA method
were 95% and 92.2%, respectively, for a Phe cut-off value of >101.42
umol/L (Table 3). While 46 of the 60 patients in the positive group were
identified as Phe >120 umol/L by both heel prick blood MS/MS and
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Figure 1. Comparison of ROC analysis results of phenylalanine level
measurement methods

ROC: receiver operator characteristic curve, MS/MS: tandem mass
spectrometry, FIA: fluorometric immunoassay

plasma AAA method, Phe >120 umol/L was determined and considered
as positive in eight patients by plasma AAA method. It was seen that 14
patients considered to be positive by a single method had Phe/Tyr ratio
>3 both in heel prick blood MS/MS analysis and in plasma AAA.

Discussion

PKU is one of the common causes of preventable motor and mental
retardation, and dietand/or cofactor therapy starting with early diagnosis
of PKU has great clinical importance (2). Today, NSPs are performed in
USA, Canada and most European countries by MS/MS method (14). The
traditional FIA method can also be successfully performed in some
eastern European countries, such as Slovenia (15,16). NSPs are applied
with various methods in many developing Middle Eastern and Latin
American countries as MS/MS method is less used (14). However, in some
African and Latin American countries, it is still not possible to carry out
an effective NSP nowadays (14). NSP for PKU in Turkey is accomplished
with FIA method (17). In our study, eight classic PKU cases and one mild
PKU case were detected in Sanhurfa in 2018. Considering the birth rate
of Sanliurfa province in Turkey in 2018, PKU incidence in our study was
found to be 1/7214. As PKU is an AR disease, it is more commonly seen
in geographical regions with frequent consanguineous marriages, as in
Turkey (2,5,18,19). In our study, it was seen that the consanguineous
marriages and PKU histories in siblings were more frequent in positive
cases with positive PMD compared to the negative group.

Table 2. Repeat sample reasons and comparison of laboratory results of groups

Positive group, (Phe >120 pmol/L) (n=60)  Negative group, (Phe <120 umol/L) (n=103) p

Age, month

Median (min-max) 2(0-13)

Heel prick blood screening repeat count

Median (min-max) 1(1-4)
Sample again, yes/no 25/35
Number of samples, n (%)

- 1t sampling 35 (58.3)

- 2" sampling 14 (23.3)

- 3" sampling 7(11.7)

- 4" sampling 4(6.7)

The reason for repeat sample n (%) (n=193)

- Taken within the first 48 hours of life (duplicated) 21 (11)

- Inappropriate sample 12 (6.3)

- Phe level is between 2.1 and 3.9 mg/dL 94.7)

FIA Phe (mean * SD) (mg/dL) 6.06+6.26
Heel prick blood MS/MS Phe (mean + SD) (umol/L) 394.15+561.44
Plasma AAA Phe (umol/L) 396.62+546.81

Heel prick blood MS/MS Phe/Tyr ratio
Median (min-max)

Plasma AAA Phe/Tyr ratio

Median (min-max)

2.67 (0.27-52.68)

2.70 (0.81-64.79)

4 (0-25) %0.001
2.(1-4) 4<0.0001
86/17 b<0.0001
17 (16.5)

36(35)

33(32)

17 (16.5)

30 (15.6)

18 (9.4)

102 (53)

2.78+1.13 <0.0001
64.10£21.45 €<0.0001
61.39+23.59 <<0.0001
0.84 (0.14-2.37) 9<0.0001
0.73 (0.14-1.92) 2<0.0001

2: analyzed by Mann-Whitney U test, *: pearson chi-square, <: student’s t-test, duplicated sample: sample taken within the first 24-48 hours of life, FIA: fluorometric immunoassay, MS:
mass spectrometry, Phe: phenylalanine, Plasma AAA: amino acid analysis measurement from venous blood by mass spectrometry method, SD: standard deviation, Tyr: tyrosine, min:

minimum, max: maximum
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Table 3. Comparison of test methods used for phenylalanine metabolism disorders

AUC Cut-off value Sensitivity (%) Specificity (%) p
Heel prick blood FIA Phe . 2.95 73.3 78.6
(mg/dL) 4 46.7 89.3 <0.0001
Heel prick blood MS/MS Phe, (umol / L) 0.964 94.94 933 92.2 <0.0001
Plasma AAA Phe, (umol / L) 0.987 101.42 95 92.2 <0.0001

AAA: amino acid analysis, AUC: area under the ROC Curve, MS/MS: tandem mass spectrometry, Phe: phenylalanine, Tyr: tyrosine

Because delays in PKU can lead to serious mental problems, early
diagnosis of the disease is extremely important (2,20). As a matter of
fact, when the reasons for delay in NSPs are examined in the past, the
most common reason is stated as “not having an effective NSP” (21). In
our study, the median age at diagnosis was 2 months in the positive
group and 4 months in the negative group. The cases in the positive
group were admitted to our clinic at a significantly earlier age than
the negative group, but delayed admission was determined in both
groups. When the possible causes of clinical delay were examined,
considering the flowchart of NSP applied for PMD in Turkey, it was
seen that the sample could be obtained from the infant after the
fourth time due to repeated and/or inappropriate sampling and/
or because Phe levels were detected between 2.1-3.9 mg/dL. In our
study, only 31.9% of the cases were referred to our clinic after the first
sampling in NSP. Kendall Tau-B correlation analysis showed a positive
correlation between age at admission to our clinic and the number
of NSP sample repeats. Repeat sample rate was 83.5% in the negative
group with lower mean Phe values and 41.7% in the positive group
with higher mean Phe values. In the negative group, repeat sample
rate was found to be significantly higher than the positive group. As
a matter of fact, in Kendall Tau-B correlation analysis, there was a
negative correlation between FIA Phe level and number of NSP repeat
sample. In our study, it was emphasized that every repeat sample may
contribute to delayed diagnosis since the parents should be reached
again.

Since clinically late diagnosis of PKU cases can cause serious mental
problems, it is thought that it would be useful to investigate the presence
and causes of diagnostic delay together with the studies to be performed
in different clinical centers. In a study carried out by Heidari et al. (22)
in Iran, attention has been drawn to the difficulty faced by physicians
to reach the families and to raise awareness in NSP for PKU, inability
to implement the screening program entirely in the country as well as
the social and financial problems of the families. Despite the effective
implementation of NSP in Turkey, problems in reaching families on time
and raising awareness are considered to be likely. As a matter of fact,
the mean age of the patients with classic PKU who were referred to
our clinic after the first screening test was 4+4.87 (range: 0-13) months.
While five patients were treated within the first two months, it was seen
that the families had low educational and socio-economic status and
did not have enough awareness about the importance of the disease in
three cases with diagnostic delay. Therefore, it is thought that there may
be a delay in the diagnosis due to the socio-economic and educational
level of the parents even if the sampling is not repeated.

In our study, it was determined that a total of 193 repeat samples
were sent by primary health care institutions in NSP. When the
reasons of repeat samples were examined, the most frequent reason
was Phe levels being in the range of 2.1-3.9 mg/dL and duplicate
sampling. It is thought that both causes may be directly related to the
specificity and sensitivity of the FIA method used in the screening. In
fact, blood Phe levels were also measured by simultaneous plasma
AAA and heel prick blood MS/MS methods in all cases directed to our
clinic. As a result of the ROC analysis performed for the FIA method,
although the FIA method used in NSP had a certain specificity and
sensitivity, it was found to be inadequate (AUC=0.814). The MS/
MS method was found to be more specific and sensitive than the
FIA method (AUC=0.964) (Figure 1). Today, heel prick blood MS/MS
method is used together with plasma AAA in the clinical follow-up
of patients with PKU (2). Although the most specific and sensitive
test was plasma AAA as expected in our study, heel prick blood MS/
MS method was also found to be able to perform highly effective
analysis (Table 2).

Conclusion

Despite the fact that the first screening tests of the cases were performed
with FIA method at the appropriate time in NSP in Turkey, patients with
suspected PMD as a result of screening were found to referred late to the
pediatric metabolic disease clinic. Moreover, it was thought that socio-
economic and educational status of the families could contribute to the
clinical delay in cases where repeat samples were not sent. Depending
on the socio-economic status and educational level, the presence of
family-related diagnostic delay may be considered as a limitation of our
study. Further studies in various centers are needed. In our study, MS/MS
has been shown to be a more effective method than FIA. It is thought
that the use of MS/MS instead of FIA in the NSP for the PMD may be
effective in avoiding the diagnostic delay.
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