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Japan’s Newborn Mass Screening (NBS) was started in 1977 for amino acid metabolism
disorders (phenylketonuria (PKU), homocystinuria, maple syrup urine, histidineemia (dis-
continued in 1993)) and galactosemia at the national level as a national project. Subse-
quently, congenital hypothyroidism was added in 1979, congenital adrenal hyperplasia
was added in 1989, and screening was being conducted for six diseases.

From 2014, a tandem mass analyzer (tandem mass) was introduced nationwide in
place of the conventional Guthrie test, and in addition to the conventional amino acid
metabolism disorders, urea cycle disorders, organic acid metabolism disorders and fatty
acid metabolism disorders have joined the target diseases. Screening is currently being
conducted for 20 diseases. The acceptance rate of mass screening in Japan is 100%, and the
world’s top-level screening, such as quality control system and inspection system, is being
carried out.

The Japanese Society for Neonatal Screening was established in 1973 and is now a sub-
committee of the Japan Pediatric Society. Members are composed of clinicians (pediatrics,
obstetrics and gynecology, internal medicine, etc.), laboratory technicians, basic medical
researchers, public health/epidemiological researchers, and administrative personnel.

At this time, the past, present and future of mass screening in Japan is summarized in
the Topical Collection of the International Journal of Neonatal Screening. I would like to thank
everyone involved.

This Topical Collection includes the following topics that are important in new-
born screening;:

Long-term prognosis of congenital metabolic diseases found by newborn screening
Screening issues for congenital hypothyroidism and congenital adrenal hyperplasia
Challenges of tandem mass screening and new knowledge in Japan

Screening for spinal muscular atrophy (SMA)

Examination of the long-term prognosis of the diseases found in NBS is an important
point. Yamada et al. have investigated the prognosis of adult patients with homocystinuria
(HCU) [1] and phenylketonuria (PKU) [2]. HCU revealed that cases found by NBS had a
generally good neurological prognosis and general social life. However, it was suggested
that Marfanoid and psychiatric symptoms may worsen with age even with treatment. In
PKU, pre-NBS patients had some neurological complications, but many patients found
by NBS lived a normal social life without neurological problems. However, even patients
found with NBS had neuropsychiatric complications in those who discontinued treatment.

It is known that there are many carriers of the PAH gene c.158G> A (p.R53H) in East
Asia. Hyperpheylalaninemia (HPA) was also found in the NBS of PKU, but its follow-up
policy is not clear in some parts. Odagiri et al. [3] analyzed the genotype and phenotype of
Japanese PKU and HPA patients in a large number of cases. As a result, HPA carrying a
variant of p.R53H was untreated, and its Phe level was below 360 pmol/L. Therefore, they
propose a follow-up method of HPA.

Congenital hypothyroidism (CH) is the most common disease found by NBS. Mina-
mitani [4] discusses changes in the TSH cut-off of CH screening in Japan, an overview of
guidelines for CH diagnosis and treatment, screening for low-birth-weight infants and
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an increase in the frequency of CH in Japan, as in the rest of the world. Furthermore,
Nagasaki et al. [5] follow up with patients with CH found in NBS up to the age of 15 and
re-evaluate during that course to examine the frequency of permanent CH and transient
CH. As a result, it was shown that the frequency of permanent CH is 1 in 2500-3000, which
is almost the same as in other countries. Regarding congenital adrenal hyperplasia (CAH),
Tsuji-Hosokawa et al. [6] have reported the data of 30 years in the Tokyo Metropolitan area.
One of the problems with CAH’s NBS is that it has a high false positive rate. Simultane-
ous measurement of 17-OHP and other steroids has been successful in reducing the false
positive rate.

On the topic of tandem screening, Shigematsu et al. [7] have reported in detail the
development of a new secondary test method using liquid chromatography-tandem mass
spectrometry for the purpose of reducing the false positive rate. Tajima et al. [8] have
described the current state of NBS in Japan for Propionic acidemia. The PCCB gene
¢.1304T> C (p.Y435C) variant is particularly frequently found in Japanese people, so
Propionic acidemia is found in 1 in 45,000 people. The cases harboring this variant are
considered to be mild, but the treatment and follow-up policy has not yet been determined.

Kagawa et al. [9] have reported cases of cobalamin disorders and methylenetetrahydro-
folate reductase deficiency that cannot be detected by the current tandem mass screening.
They are investigating improvements in tandem mass screening to detect these cases.

Nucleic acid drug therapy and gene replacement therapy have been developed for
SMA, and NBS has been introduced in other countries. On the other hand, although the
introduction to NBS is delayed in Japan, Kimizu [10] et al. have reported the frequency of
SMA in Japan and the pilot study of NBS and discussed how to introduce NBS for SMA
in Japan.

We would like to thank the authors for providing the cutting-edge article series includ-
ing NBS achievements, problems, solutions, and new screenings that will be developed in
the future in Japan. We would also like to thank the reviewers for carefully reviewing the
submitted papers and increasing their scientific value.

We will continue to make efforts so that the Japanese Society for Neonatal Screening
can contribute to newborn screening. We look forward to overcoming the COVID-19
pandemic and meeting you at the Scientific Meeting of the International Society for Neona-
tal Screening.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Kenji, Y.; Kazunori, Y.; Kikumaro, A.; Takeshi, T.; Seiji, Y. Long-Term Outcomes of Adult Patients with Homocystinuria before
and after Newborn Screening. Int. |. Neonatal Screen 2020, 6, 60. [CrossRef]

2. Kenji, Y.; Seiji, Y.; Kazunori, Y.; Kikumaro, A.; Takeshi, T. Long-Term Neurological Outcomes of Adult Patients with Phenylke-
tonuria before and after Newborn Screening in Japan. Int. ]. Neonatal Screen 2021, 7, 21. [CrossRef]

3. Shino, O.; Daijiro, K.; Shogo, T.; Satoshi, K.; Tomoko, S.; Noriko, N.; Kouji, Y.; Haruo, S.; Takashi, H. Clinical and Genetic
Characteristics of Patients with Mild Hyperphenylalaninemia Identified by Newborn Screening Program in Japan. Int. |. Neonatal
Screen 2021, 7, 17. [CrossRef]

4. Kanshi, M. Newborn Screening for Congenital Hypothyroidism in Japan. Int. |. Neonatal Screen 2021, 7, 34. [CrossRef]

5. Keisuke, N.; Hidetoshi, S.; Sunao, S.; Hiromi, N.; Nao, S.; Kentaro, S.; Shota, H.; Tadashi, A. Re-Evaluation of the Prevalence of
Permanent Congenital Hypothyroidism in Niigata, Japan: A Retrospective Study. Int. ]. Neonatal Screen 2021, 7, 27. [CrossRef]

6.  Atsumi, T.-H.; Kenichi, K. Thirty-Year Lessons from the Newborn Screening for Congenital Adrenal Hyperplasia (CAH) in Japan.
Int. J. Neonatal Screen 2021, 7, 36. [CrossRef]

7. Yosuke, S.; Miori, Y.; Nobuyuki, I.; Hideki, N.; Go, T. Development of Second-Tier Liquid Chromatography-Tandem Mass
Spectrometry Analysis for Expanded Newborn Screening in Japan. Int. ]. Neonatal Screen 2021, 7, 44. [CrossRef]

8. Go, T; Reiko, K.; Fumiaki, S.; Akari, N.-U.; Keiichi, H.; Miori, Y.; Yuki, H.; Hideo, S.; Satoshi, O. Current Perspectives on Neonatal

Screening for Propionic Acidemia in Japan: An Unexpectedly High Incidence of Patients with Mild Disease Caused by a Common
PCCB Variant. Int. ]. Neonatal Screen 2021, 7, 35. [CrossRef]



Int. J. Neonatal Screen. 2022, 8,3

9. Reiko, K.; Go, T.; Takako, M.; Fumiaki, S.; Akari, N.-U.; Keiichi, H.; Yutaka, N.; Miori, Y.; Yosuke, S.; Hiromi, T.; et al. Pilot
Study on Neonatal Screening for Methylmalonic Acidemia Caused by Defects in the Adenosylcobalamin Synthesis Pathway and
Homocystinuria Caused by Defects in Homocysteine Remethylation. Int. J. Neonatal Screen 2021, 7, 39. [CrossRef]

10. Tomokazu, K.; Shinobu, I.; Kentaro, O.; Hiroyuki, A.; Emma TE, N.; Yogik OS, W.; Shin, O.; Hideki, S.; Tomoko Lee Koji, T.;
Tominaga, K.; et al. Spinal Muscular Atrophy: Diagnosis, Incidence, and Newborn Screening in Japan. Int. ]. Neonatal Screen
2021, 7, 45. [CrossRef]






International Journal of K\
Neonatal Screening M D\Py
Article

Long-Term Outcomes of Adult Patients with
Homocystinuria before and after Newborn Screening

Kenji Yamada '*, Kazunori Yokoyama 2, Kikumaro Aoki 2, Takeshi Taketani !
and Seiji Yamaguchi !

1 Department of Pediatrics, Shimane University Faculty of Medicine, 89-1, En-ya-cho,

Izumo, Shimane 693-8501, Japan; ttaketani@med.shimane-u.ac.jp (T.T.); seijiyam@med.shimane-u.ac.jp (S.Y.)
Secretariat of Special Formula, Aiiku Maternal and Child Health Center, Imperial Gift Foundation
Boshi-Aiiku-Kai, 5-6-8, Minami Asabu, Minato-ku, Tokyo 106-8580, Japan; milk@boshiaiikukai.jp (K.Y.);
aoki@boshiaiikukai.jp (K.A.)

*  Correspondence: k-yamada@med.shimane-u.ac.jp; Tel.: +81-853-20-2219; Fax: +81-853-20-2215

Received: 1 July 2020; Accepted: 29 July 2020; Published: 30 July 2020

Abstract: Background: Homocystinuria (HCU) is a rare inherited metabolic disease. In Japan,
newborn screening (NBS) for HCU (cystathionine p-synthase deficiency) was initiated in 1977.
We compared the outcomes between patients detected by NBS (NBS group) and clinically detected
patients (non-NBS group). Methods: We administered questionnaires about clinical symptoms and
social conditions to 16 attending physicians of 19 adult HCU patients treated with methionine-free
formula. Results: Eighteen patients (nine patients each in the NBS and non-NBS groups) participated.
The frequency of patients with ocular, vascular, central nervous system, and skeletal symptoms in the
NBS group was lower than that in the non-NBS group. Intellectual disability was observed in one
and eight patients in the NBS and non-NBS groups, respectively. Concerning their social conditions,
all patients in the NBS group were employed or still attending school, while only two patients in the
non-NBS group were employed. Three of the four patients who discontinued treatment presented
some symptoms, even in the NBS group. Conclusion: The social and intellectual outcomes of adult
Japanese patients with HCU detected by NBS were favorable. However, even in the patients in the
NBS group, some symptoms might not be preventable without continuous treatment.

Keywords: homocystinuria; cystathionine 3-synthase deficiency; newborn screening; long-term
outcome; social outcome; vitamin Bg; methionine

1. Introduction

Homocystinuria (HCU) is a rare inherited metabolic disease characterized by the accumulation of
homocysteine (Hcy) and its metabolites in the blood and urine [1,2]. HCU is classically categorized into
three types depending on the specific enzymes involved in the metabolism of sulfur-containing amino
acids that are deficient. The three types are as follows: (1) cystathionine 3-synthase (CBS) deficiency
(OMIM, 236200); (2) defect in cobalamin metabolism; (3) methylenetetrahydrofolate reductase deficiency.
In CBS deficiency, the conversion of Hcy to cystathionine is impaired, and CBS deficiency is known as
classic homocystinuria or homocystinuria type I [3]. The major clinical manifestations of CBS deficiency
include the dislocation of the optic lenses, osteoporosis, “marfanoid” habitus, learning difficulties,
and a predisposition to thromboembolism [4]. Because CBS deficiency is clinically heterogeneous and
exhibits a wide range of outcomes, some patients have severe clinical phenotypes from childhood,
while other patients may be asymptomatic until adulthood. Furthermore, CBS deficiency is classified
into two phenotypes depending on vitamin Bg responsiveness. The Bg-responsive type generally
results in a milder phenotype [5].

Int. ]. Neonatal Screen. 2020, 6, 60; doi:10.3390/ijns6030060 5 www.mdpi.com/journal/ijns
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Newborn screening (NBS) for HCU is performed in several countries and regions, including
Western Europe, Australia, the United States of America, and Japan [6]. The prevalence varies widely
by ethnicity and has been previously reported to range from 1:1800 to 1:1,000,000, with an overall
estimated prevalence of 1:344,000 [7-11]. However, the true frequency is unknown and is thought to
be higher than the prevalence detected by both NBS and clinical identification [9,12].

In Japan, NBS for HCU was initiated in 1977 and involves measuring methionine (Met) levels as
the diagnostic marker. This strategy detects only CBS deficiency. The detection incidence of HCU (CBS
deficiency) in Japan has been reported to be 1:800,000 to 1,000,000 births [13]. Early detection by NBS
enables therapeutic intervention from early infancy and the maintenance of lower levels of blood Hcy,
which may prevent the development of complications and consequently improve clinical outcomes in
terms of both mortality and morbidity [14,15]. Although we reported the outcomes of inborn errors
of metabolism in Japanese patients, including HCU detected by NBS, fifteen years ago [16], to date,
the long-term outcomes of HCU are unknown. Here, we investigated the long-term outcomes in adult
HCU patients, including clinically detected cases.

2. Materials and Methods

We sent questionnaires to 16 attending physicians of 19 adult patients with HCU who were older
than 20 years as of October 2017 and who continued to be treated with a Met-free amino acid formula
supplied by the Secretariat of Special Formula, Aiiku Maternal and Child Health Center. Patients with
HCU types 2 and 3 were excluded from this study.

The questionnaires included questions regarding age, sex, clinical form, physical growth, prior NBS,
onset age, first symptoms, metabolic data (i.e., blood methionine and Hcy levels), enzyme activity,
genotype, treatments, symptoms (i.e., ocular involvement, vascular symptoms, central nervous system
(CNS) disorders, and skeletal malformations), degree of intellectual disability, intermittent use of
treatments, educational status, working status, marital status, and additional details. In this study,
“marfanoid” included only skeletal symptoms, such as excessive height and/or arachnodactyly.

The subjects were divided into two groups, based on whether they underwent NBS as follows:
(1) the NBS group was defined as those who underwent NBS after the initiation of NBS in Japan in
1977; (2) the non-NBS group included those who were born before 1977 or who were born in or after
1977 but did not undergo NBS. The results of the non-NBS group were compared with those of the
NBS group; no statistical analysis was performed because of the small sample size in this study.

This study was approved by the Institutional Review Board of Shimane University in 28 September
2017 (#20170726-3).

3. Results

We received answers from 18 of 19 adult patients with HCU (response rate of approximately
95%). Ten males and eight females were included. Although 10 patients underwent NBS, one of these
patients failed to be diagnosed with HCU based on NBS, and the diagnosis was made after the onset of
symptoms. She was included in the non-NBS group. Eventually, the numbers of patients in the NBS
and non-NBS groups were the same (9 per group).

3.1. Profiles of the Patients: Biochemical Findings and Treatments

The patient profiles are summarized in Table 1. The male/female ratio was 7/2 in the NBS group
and 3/6 in the non-NBS group. The median ages were 25.8 years (21.3-36.7) and 44.3 years (32.2-59.2)
in the NBS and non-NBS groups, respectively. Regarding vitamin Bs responsiveness, six and five
patients in the NBS and non-NBS groups were non-Bg responsive, respectively. Elevated Met was
found in a diagnostic test in 12 patients (NBS, eight patients; non-NBS, four patients) with available
data. The median Met levels were 1264 uM (456 to 2433) and 565 uM (366 to 3903) in the NBS and
non-NBS groups, respectively. Among the nine patients (NBS, five patients; non-NBS, four patients)
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with available data, the median blood Hcy levels were 71.7 uM (9.1 to 286) and 63.6 uM (22.2 to 292) in
the NBS and non-NBS groups, respectively.

Table 1. Overview of the participating Japanese patients with HCU.

NBS Group (2 =9) Non-NBS Group (n = 9)

Sex

Male 7 3

Female 2 6
Median age (range) (years) 25.8 (21.3-36.7) 44.3 (32.2-59.2)
Clinical form

Bg responsive 2 0

Non-Bg responsive 6 5

Unknown 1 4
Diagnostic test

Median Met (range) (1tM) 1264 (n = 8) (456-2433) 565 (n = 4) (366-3903)

Median Hcy (range) (uM) 71.7 (n = 5) (9.1-286) 63.6 (n = 4) (22.2-292)

Number of patients undergoing tests for the urinary 7 5
excretion of homocystine

Number of patients undergoing tests for CBS activity 2 2

Number of patients undergoing genetic tests 5 2
Treatments

Met-free formula 9 9

Protein-restricted diet 7 4

Betaine 9 3

Aspirin 6 3

Dipyridamole 0 0

Others 3 2
Number of patients with a history of treatment interruption 4 2

Met, methionine; Hcy, homocysteine; CBS, cystathionine 3-synthase.

In three of the seven patients who underwent genetic testing, five types of variants—namely,
p-HO65R, p.G116R, p.G259S, p.M382R, and p.F531Gfs*9—in CBS, were identified. Only p.G116R was
found in two patients. p.M382R was a novel mutation judged as “causing the disease” based on the
Mutation Taster (http://www.mutationtaster.org/) results.

In the NBS group, all nine patients were treated with betaine and dietary therapy with Met-free
formula, seven patients followed a protein-restricted diet, and six patients underwent antiplatelet
therapy with aspirin. Additionally, three patients were treated with vitamin supplementation or
anticoagulant therapy as other treatments. Meanwhile, in the non-NBS group, all nine patients received
dietary therapy using a Met-free formula, and four patients followed a protein-restricted diet. Betaine
and aspirin were administered to three patients. In the non-NBS group, one patient was treated for
hypertension and hyperlipidemia, and another patient received antiplatelet therapy other than aspirin.

In total, four and two patients temporarily discontinued the treatment in the NBS and non-NBS
groups, respectively. The reasons included economic problems, insufficient instructions by the
physicians, and self-judgment mainly due to fewer subjective symptoms experienced during adulthood,
difficulty in visiting distant hospitals, decreased motivation, the need for excessively strict control,
and/or the cost of betaine. The discontinuation periods ranged from a few years to approximately
ten years.

3.2. Clinical Symptoms

The major clinical symptoms in this survey are shown in Table 2. The NBS group had fewer
complications than the non-NBS group. In particular, four of the nine patients in the NBS group were
asymptomatic, and all patients were in their 20s.
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Table 2. Comparison of the major clinical symptoms in adult patients.

NBS Group (7 =9) Non-NBS Group (n =9)
Current Age 20s 30s 30s 40s 50s
(n=5) (n=4) mn=4 @®=3) (n=2)

ectopia lentis 0 0 2 2 1
myopia 0 0 0 1 0
Eye glaucoma 0 0 0 1 1
other (retinal detachment) 0 1 0 0 0
coronal 0 0 0 0 0
Vascular pulmonary 1 0 0 1 0
system cerebral 0 1 2 1 0
other 0 0 0 0 1
Central int'ellect'ual disability 0 1 2 3 2
nervous epilepsy 0 0 2 0 1
svstem psychiatric disability 0 2 1 0 0
Y other (dystonia) 0 0 0 0 1
marfanoid * 0 3 2 3 0
osteoporosis 0 1 1 1 0
Sski::fll scoliosis 0 0 2 2 1
Y pectus excavatum 0 0 1 0 1
other 0 0 0 0 0
Other * 0 0 1 2 1
No symptoms 4 0 0 0 0

#: marfanoid involves excessive height and/or arachnodactyly. *: other symptoms included diabetes, arteriosclerosis
obliterans, hyperlipidemia, and pneumonia in one patient each. The cumulative total number of patients was counted.

Concerning optic involvement, retinal detachment was noted in one of the nine patients in the
NBS group, who was aged 35 years, while among the nine patients in the non-NBS group, ectopia
lentis, myopia, and glaucoma were observed in five, one and two patients, respectively.

Regarding vascular system complications, one patient in the NBS group had a thromboembolism in
the pulmonary vessels at the age of 26 years, and another patient had cerebrovascular thromboembolic
events at the age of 31 years. These two patients had a history of treatment interruption. In the
non-NBS group, four patients developed thromboembolism in the period between the age of 6 years
and their fourth decade of life, and one of them experienced complications of both cerebrovascular
and pulmonary vascular obstructions.

Regarding CNS symptoms, psychiatric disability was noted in two of nine patients in the NBS
group. One of these two patients with psychiatric disability also had intellectual disability. In contrast,
all nine patients in the non-NBS group had some type of CNS symptoms, such as intellectual disability,
epilepsy, psychiatric disability, and/or dystonia. Intellectual disability, including that of a mild degree,
was observed in seven patients in the non-NBS group.

Regarding complications of the skeletal system, marfanoid was observed in three patients in the
NBS group in their 30s. One patient also had osteoporosis. Meanwhile, all patients in the non-NBS
group, except for one patient, presented some skeletal symptoms. Marfanoid, osteoporosis, scoliosis,
and pectus excavatum were noted in five, two, five, and two patients, respectively.

Other complications, such as diabetes, arteriosclerosis obliterans, hyperlipidemia, and pneumonia,
were noted in one patient each in the non-NBS group.

3.3. Life Outcomes: Intelligence, Education, Employment, and Other Outcomes

The outcomes in this survey are shown in Table 3. Physical development was within the normal
range in six and three patients in the NBS and non-NBS groups, respectively. In total, two and four
patients had excessive height in the NBS and non-NBS groups, respectively. Other physical findings,
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such as short stature and obesity, were noted in one and two patients in the NBS and non-NBS
groups, respectively.

Table 3. Comparison of clinical and social status.

NBS Group Non-NBS

n=9) Group (n=9)
Physical development
Normal 6 3
Excessive height 2 4
Other * 1 2
Intelligence
Normal 8 1
Borderline 0 3
Mild intellectual disability 1 0
Moderate intellectual disability 0 1
Severe intellectual disability 0 1
Unknown degree of intellectual disability (may be moderate or severe) 0 3
Education status
University 2 2
Technical school 4 0
High school 1 2
Junior high school 0 0
School for handicapped 1 3
Unknown 1 2
Employment status
Attending school 1 0
Employed 8 2
Unemployed 0 3
Living in a facility for the handicapped 0 3
Unknown 0 1
Marital status
Married 2 0
Unmarried or not yet married 5 6
Outcome
Alive 9 6
Dead 0 3

* Other includes obesity or a short stature.

Regarding intelligence, eight patients showed normal intelligence, and one patient had mild
intellectual disability among the nine patients in the NBS group. In contrast, only one of the nine patients
in the non-NBS group demonstrated normal development, while three patients showed borderline,
and one each had moderate and severe intellectual disability. An unknown degree of intellectual
disability (may be moderate or severe) was noted in the other three patients in the non-NBS group.

Regarding education status, the final educational attainment was university, vocational school,
high school, and school for the handicapped in two, four, one, and one patients, respectively, in the
NBS group. In contrast, in the non-NBS group, the numbers of patients were two, zero, two,
and three, respectively.

Regarding other outcomes, including employment and marital status, eight of nine patients in
the NBS group were employed, and the other patient was still attending school. In the non-NBS
group, two patients were employed, and three patients each were unemployed or living in a facility
for the handicapped. Two patients in the NBS group were married, while no patient was married
in the non-NBS group. Although all nine patients in the NBS group were alive, three patients in
the non-NBS group had already died. The causes of death in these three patients were thalamic
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hemorrhage, pneumonia, and unknown. No further information regarding the three deceased patients
was available.

In the other free description, all attending physicians stated the need for life-long treatment.
Additionally, some physicians described the need to support medical expenses, including the treatment
cost of betaine, and the necessity for consultation with internal medicine and psychiatry specialists.

4. Discussion

Our study revealed that NBS substantially contributed to the improvement in the long-term
outcomes of Japanese patients with HCU but that the symptoms might progress even in patients
detected by NBS. All patients in the NBS group worked or attended school, and all had normal mental
development, except for one patient. NBS for HCU was previously reported to be an effective and
recommended program [17]. The early start of treatment to maintain low levels of Hcy improved the
long-term outcomes [18], and our study supports the finding that outcomes in Japanese patients are
similar to those in previous reports.

Our results also indicate that lifelong continuous treatment is important to the achievement of
improved long-term outcomes. Three of the four patients who discontinued their treatments presented
some symptoms, even in the NBS group, while three of the five patients continuing treatments were
asymptomatic. However, because information regarding the Hcy levels during the treatment period,
including the discontinuation period, was not available in our study, the relationship between the
outcomes and treatment interruption could not be fully elucidated.

Additionally, our results suggest that, even if HCU is detected by NBS and is continuously treated,
the condition is likely to progress in some cases. In our study, the condition of the patients in their
30s seemed to be more severe than that of the patients in their 20s, even within the same NBS group.
This finding might indicate that the management was improved or that their symptoms progressed.
Our results also explored the responsiveness to treatments. Because marfanoid and psychiatric
disability were observed in some patients in the NBS group, these symptoms might not be completely
prevented even by early detection and intervention. However, scoliosis and pectus excavatum might
be responsive to early intervention because these symptoms were present only in the non-NBS group.
Ectopia lentis and intellectual disability also seemed to be responsive to early treatment.

Regarding vitamin By responsiveness, two of 11 patients could be considered Bs-responders in
our study, which is similar to a previous report revealing that 15% of Japanese HCU patients were
vitamin By responders (based on a report in a domestic Japanese journal). The Japanese prevalence of
Bg responders was higher than that in Ireland, where 1 in 25 patients was a Bg responders [18], while a
report showed that 231 of 629 patients (36.7%) were vitamin B responders [19]. However, because
not all Japanese patients, such as pyridoxine-responsive patients treated without Met-free formula,
were included in our study, our results for vitamin By responsiveness might not correctly reflect the
true prevalence in Japan.

Concerning the genetic background, it has been suggested that p.G116R might be common among
Japanese patients, although genetic testing information was available for only three patients. In the
European population, it has been reported that the p.I278T mutation is common and is associated
with Bg responsiveness [9]. Additionally, the p.T191M, p.G307S, and p.R336C mutations are relatively
common in some populations [8,20,21]. However, these mutations were not observed in the Japanese
patients in our study.

Although 1 in 10 patients born between 1977 and 1997 was a false-negative case in our study,
our results could not provide information about the sensitivity and specificity of screening tests using
Met levels because of the small sample size. It is well known that the sensitivity and specificity of
screening tests using Met levels alone are insufficient [22]. The selection of appropriate markers and
setting of accurate cut-off values are future challenges for the NBS for HCU in the Japanese population.

There may be some limitations of our study. For example, patients treated with Met-free formula
who could be traced by our institution were recruited for our study. Patients treated with only betaine
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and vitamin B, patients who died before adulthood, and patients who interrupted treatment with
Met-free formula during this survey, were not included. Information regarding the three dead patients
was insufficient. Because approximately 30,000,000 babies were screened between 1977 and 1997 in
Japan (1,200,000 to 1,800,000 births per year), there should, theoretically, be approximately 40 adult
patients with HCU, but only 10 patients could be enrolled in our study. Therefore, our results do not
correctly reflect the long-term outcomes of all Japanese patients with HCU. Furthermore, because HCU
is a progressive disease, the differences in outcomes between the two groups may be associated with,
not only NBS, but also age. We did not collect information to estimate the severity of disease except for
symptoms; therefore, we could not compare disease severity between the two groups. Nevertheless,
we believe that the severity is similar between the two groups because the Met and/or Hcy levels in
the NBS group at diagnosis were similar to those in the non-NBS group. Therefore, we could not
definitively conclude that the positive outcomes were all due to NBS. However, because there are few
reports in which the long-term outcomes of patients with HCU detected by NBS were compared with
those of clinically detected patients on the same scale and because the long-term outcomes of Japanese
patients are unknown, our results are important for the investigation of the effect of NBS on HCU.

5. Conclusions

The long-term, particularly social and intellectual, outcomes of Japanese adult patients with
HCU detected by NBS were favorable compared with those of patients with clinically detected
HCU. However, even in the patients in the NBS group, some symptoms might not be preventable,
and long-term outcomes may worsen if treatment is interrupted.
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Abstract: Japanese newborn screening (NBS) for phenylketonuria (PKU) was initiated in 1977.
We surveyed the neurological outcomes of Japanese adult patients with PKU to investigate the
long-term effects and of and issues with NBS. Eighty-five patients with PKU aged over 19 years
who continued to be treated with a phenylalanine-free amino acid formula were investigated by
administering questionnaires regarding clinical characteristics, such as mental ability, education
status, and therapeutic condition. Of the 85 subjects, 68 patients were detected by NBS (NBS group),
while the other 17 were clinically diagnosed before the initiation of NBS (pre-NBS group). Further,
10 of the 68 NBS patients presented intellectual and/or psychiatric disabilities, 5 of whom had
a history of treatment discontinuation; in contrast, 12 of the 17 pre-NBS patients presented with
neuropsychiatric symptoms. Regarding social outcomes, almost all patients in the NBS group could
live an independent life, while over half of the patients in the pre-NBS group were not employed
or lived in nursing-care facilities. Neurological outcomes are obviously improved by NBS in Japan.
However, some patients, even those detected by NBS, developed neuropsychiatric symptoms due to
treatment disruption. Lifelong and strict management is essential to maintain good neurological and
social prognoses for patients with PKU.

Keywords: phenylketonuria; newborn screening; long-term outcome; adult patients; Japanese;
intellectual disability; psychiatric disability; treatment discontinuation

1. Introduction

Phenylketonuria (PKU, OMIM No. 261600), an autosomal recessive inherited disease
of amino acid metabolism, is a major disease identified by newborn screening (NBS) [1].
Classic PKU is caused by phenylalanine hydroxylase (PAH, OMIM No. 612349) defi-
ciency and is associated with severe intellectual disability, convulsions, hypopigmentation,
behavioral abnormalities, and dementia. Because PKU is detected as an elevation in pheny-
lalanine (Phe) levels in NBS, mild hyperphenylalaninemia (HPA), tetrahydrobiopterin
(BHy) deficiency, including BHy metabolic defects, and BHy-responsive PKU and classic
PKU are all detectable. Mild HPA is also caused by a defect in PAH but is clinically mild
and may require less strict dietary restrictions. BHy-responsive PKU and BHy deficiency
show BHj responsiveness. The global prevalence of PKU has been reported to be approxi-
mately 1 in 4000 to 15,000 births [1-3], but the incidence of NBS in Japan has been reported
to be 1 in 50,000 to 70,000 births [4,5].

NBS for PKU first spread from the mid to late 1960s in North America and the United
Kingdom, while nationwide NBS for PKU was initiated in 1977 in Japan. Almost all cases
of PKU are detected by NBS and treated immediately after birth. The treatment is mainly
a diet with protein restriction and Phe-free formula and supplementation with BHy in
some cases. With this therapy, the life and neurological prognoses of patients with PKU
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have been reported to improve, at least in childhood, resulting in a significantly decreased
societal economic burden [6,7]. Therefore, PKU is considered one of the best targets for
NBS in terms of a cost-benefit analysis.

However, even in patients who are initially treated and achieve good metabolic control,
reversible (and sometimes irreversible) neuropsychiatric symptoms can develop if this
control is lost in later childhood or adulthood [8]. In addition, over time, some patients
may manifest subtle intellectual and neuropsychiatric issues even with strict adherence to
a low-Phe diet [9-12]. In fact, the long-term outcome of PKU is not necessarily favorable.

In this study, we expanded upon our previous studies [5,13,14] and investigated
the social and neurological outcomes of adult patients aged over 20 years who were
diagnosed with PKU before and after NBS in Japan using a questionnaire administered to
attending doctors.

2. Materials and Methods

We sent questionnaires to the 33 attending physicians of 85 adult patients with PKU
aged over 20 years as of October 2016 (born before 1996) who had continuously required
a special formula (including Phe-free comprehensive amino acid powder and low-Phe
peptide powder) supplied by the Secretariat of Special Formula, Aiiku Maternal and Child
Health Center for dietary therapy.

Attending physicians answered the questionnaires based on clinical records. The
questionnaire included questions on sex, age, clinical form of PKU, history of treatment
interruption and the reason, follow-up department, physical development, neuropsychi-
atric disability, educational status, work status, and marital status and allowed for an
open-ended description of the patient.

Regarding the question on neuropsychiatric disability, attending physicians were
able to answer “normal intelligence”, “borderline intellectual disability”, “intellectual
disability”, and /or “psychiatric disability”. When “intellectual disability” was selected,
patients with an IQ (intelligence quotient) less than 50 or patients living in nursing-care
facilities were characterized as having a “moderate-severe intellectual disability”, while
those with an IQ of 5070 or who are able to fend for themselves and patients with bor-
derline intellectual disability were characterized as having a “borderline-mild intellectual
disability”. Additionally, the details of psychiatric disability were judged based on the
open-ended description. Regarding physical development, short stature was defined as a
height <160 cm for males and <148 cm for females. Obesity and leanness were defined as
BMI >25 and <18.5 kg/m?, respectively.

The subjects were divided into the following two groups: (1) the NBS group was
defined as patients who underwent NBS, and (2) the pre-NBS group consisted of patients
who were born before 1977 (when NBS was initiated) or were born after 1977 but did not
receive NBS. Each of the groups was subdivided into age groups of approximately 5 years.
The results of the NBS and pre-NBS groups were compared without a statistical analysis
because of the small-scale nature of this study.

This study was approved by the Institutional Review Board of Shimane University on
13 October 2016 (#20160915-2).

3. Results

We received answers from the attending physicians of all 85 adult patients with PKU
(response rate of 100%). All participants were alive. Because only one patient had not
undergone NBS despite being born in 1979, she was enrolled in the pre-NBS group (and
classified into the 39—-44-year-old subgroup). Eventually, 68 and 17 patients were placed
into the NBS and pre-NBS groups, respectively. As shown in Table 1, the NBS group
consisted of 34 males and 33 females, while 7 males and 10 females constituted the pre-NBS
group. The median age (range) of the NBS and pre-NBS groups was 28.5 years (20.5 to
38.2) and 43.9 years (37.7 to 50.8), respectively. Regarding the clinical form of PKU, almost
all patients had classic PKU, but six patients with mild HPA and two patients with BHy-
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responsive PKU were included in the NBS group. In this study, almost all participants
(66 of the 68 patients in the NBS group and 16 of the 17 patients in the pre-NBS group)
were managed by pediatricians even after reaching adulthood.

Table 1. Overview of the participating patients with phenylketonuria (PKU).

NBS Group (n=68)  Pre-NBS Group (1 =17)

Sex
male 34 7
female 33 10
unknown 1 0
Median age (range) [years] 28.5 (20.5-38.2) 43.9 (37.7-50.8)
20-24 22 0
25-29 19 0
30-34 14 0
35-39 13 3
40-44 0 7
45-49 0 6
50- 0 1
Clinical form
classic 54 16
mild HPA 6 0
BHy-responsive 2 0
BH, defect 0 0
unknown 6 1
Follow-up department
pediatrics 66 16
internal medicine 1 1
gynecology 1 0
treatment interruption 21 5

HPA, hyperphenylalaninemia; BHy, tetrahydrobiopterin.

Approximately 30% of patients (21 of the 68 patients in the NBS group and 5 of
the 17 patients in the pre-NBS group) had ever discontinued treatment. Although the
description of treatment discontinuation was unequal due to the open-ended questionnaire,
concrete information was obtained for only eight patients in the NBS group. Among them,
the median age at treatment discontinuation was 18 years (range, 11 to 20 years), and the
median duration was 11 years (range, a few years to 23 years). In the pre-NBS group,
the details of treatment discontinuation were provided by one patient, and she was a
42-year-old female who had several intermittent histories of treatment discontinuation
for a total of a few decades beginning at 3 years of age. As shown in Table 2, the most
common reasons for discontinuation before and after NBS were financial problems and self-
judgment, including a decrease in motivation and busy school or work schedules, followed
by the unpleasant taste of the special formula and erroneous recommendations from the
attending physicians. On the other hand, the most common reason for restarting dietary
therapy is the prevention of maternal PKU, followed by improvement of the medical
subsidy system and the appearance of psychiatric or behavioral abnormalities.

Table 2. Reasons for discontinuing or restarting dietary treatment.

Reasons for Discontinuation Reasons for Restarting
(Number of Patients with the Same Comment) (Number of Patients with the Same Comment)

Economic problems (7)
Self-judgment/personal circumstances (7)
Unpleasant taste of the special formula (6)

Recommendation of the attending physicians (5)
Changes in one’s environment (3)

Pregnancy (8)
Improvement of the medical subsidy system (4)
Appearance of psychiatric abnormalities (3)
Spontaneously restarted (2)
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20-24y
(n=22)

Figure 1 shows the comparison of intellectual outcomes before and after NBS in
different age groups. Normal intelligence was observed in 60 of the 68 patients (88%) in the
NBS group; specifically, all but two patients less than 35 years old had normal intelligence.
Meanwhile, even in the NBS group, 6 of 13 patients over 35 years of age exhibited a certain
degree of intellectual disability, including 5 patients with borderline intellectual disability.
In contrast to the results of the NBS group, only 6 of the 17 patients (35%) in the pre-NBS
group showed normal intelligence. Additionally, the degree of intellectual disability in the
pre-NBS group was more severe than that in the NBS group.

[] normal
borderline— mild
intellectual disabiliy

O moderate — severe
intellectual disability

39-44y 45-50y
(n=10)* (n=T)

25-29y 30-34y 35-38y
(n=19) (n=14) (n=13)

Figure 1. Degree of intellectual disability in patients stratified by age before and after newborn screening.*, A 37-year-old

female was included in the “39-44-year-old subgroup” of the pre-newborn screening (NBS) group because she did not
undergo NBS.

Table 3 shows a comparison of other clinical symptoms and social outcomes. Regard-
ing the psychiatric status, transient psychiatric disabilities were observed in three patients
in the NBS group, all of whom had histories of treatment interruption, during their inter-
mittent treatment. Another patient presented with a psychiatric disability. Four patients
presented with an abnormal psychiatric status in the NBS group (6%). On the other hand,
6 of 17 patients (35%) in the pre-NBS group had psychiatric disabilities. When the number
of patients with intellectual and/or psychiatric disabilities was counted collectively as
neuropsychiatric diseases, the total was 10 patients in the NBS group. More specifically, six
patients were diagnosed with only an intellectual disability, two patients were diagnosed
with intellectual and psychiatric disabilities, and two patients were diagnosed with only a
transient psychiatric impairment during treatment interruption. Meanwhile, 12 patients in
the pre-NBS group were diagnosed with neuropsychiatric diseases (six patients with only
intellectual disability, five with intellectual and psychiatric disabilities, and one with only
psychiatric disability).
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Table 3. Comparison of clinical and social parameters.

NBS Group (1 = 68) Pre-NBS Group (1 =17)

20-24 25-29 30-34 35-38 o 39-44 45-50 o
n= 22})] (n= 19})’ (n= 14}), (n= 13})’ Total %) (' _10)¢  (n= 7)y Total (%)
Psychiatric status
normal 20 19 13 12 64 (94%) 7 4 11 (65%)
transient impairment
during treatment 2 0 1 0 3 (4%) 0 0 0 (0%)
interruption
psychiatric disability 0 0 0 1 1 (1%) 3 3 6 (35%)
Physical characteristics
normal 19 13 14 11 57 (84%) 5 7 12 (71%)
short stature 1 0 0 0 1 (1%) 1 0 1 (6%)
obesity 2 3 0 1 6 (9%) 2 0 2 (12%)
obesity and short stature 0 2 0 0 2 (3%) 0 0 0 (0%)
leanness 0 1 0 1 2 (3%) 1 0 1 (6%)
unknown 0 0 0 0 0 (0%) 1 0 1 (6%)
Education status
university 9 10 3 4 26 (38%) 1 1 2 (12%)
technical school 3 5 3 0 11 (16%) 1 0 1 (6%)
high school # 10 2 4 2 18 (26%) 2 2 4 (24%)
junior high school 0 0 0 1 1 (1%) 0 0 0 (0%)
school for individuals o o
with a disability 0 0 0 1 1 (1%) 3 2 5 (30%)
unknown 0 2 4 5 11 (16%) 3 2 5 (30%)
Employment status
attending school 4 1 0 0 5 (7%) 0 0 0 (0%)
employed 18 17 14 12 61 (90%) 3 4 7 (41%)
unemployed 0 1 0 1 2 (3%) 4 1 5 (30%)
living in a house for
individuals with a 0 0 0 0 0 (0%) 3 2 5 (30%)
disability
unknown 0 0 0 0 0 (0%) 0 0 0 (0%)
Marital status
married 0 4 9 6 19 (28%) 2 0 2 (12%)
unmarried or divorce 14 8 4 5 31 (46%) 8 5 13 (76%)
unknown 8 7 1 2 18 (26%) 0 2 2 (12%)

Short stature was defined as a height <160 cm for males and <148 cm for females. Obesity and leanness were defined as BMI >25 and <18.5,
respectively. *, A 37-year-old female is included in the group of “39-44 years old” because she did not undergo NBS. #, Graduation from
“high school” includes five patients who are still in college.

The relationship between neuropsychiatric symptoms and treatment interruption is
described below. In the NBS group, 5 of 21 patients with treatment interruption had a
neuropsychiatric disease, while 5 of 47 patients who were continuing treatment had a
neuropsychiatric disease. A 35-year-old female patient who had the earliest and longest
treatment discontinuation period (for approximately 23 years beginning at an age of
11 years) in the NBS group presented with a psychiatric disability and “moderate-severe
intellectual disability” that was the worst intellectual level in the NBS group. Although 5 of
10 patients in the NBS group with a neuropsychiatric disability had a history of treatment
discontinuation, the details, such as how long and when treatment discontinued, and
Phe levels, were not accurately obtained. On the other hand, in the pre-NBS group, four
of five patients with treatment interruption had a neuropsychiatric disease, while 8 of
12 patients who were continuing treatment had a neuropsychiatric disease. From another
perspective, 4 of 12 patients with a neuropsychiatric disability had a history of treatment
discontinuation. A 42-year-old female in the pre-NBS group who discontinued treatment at
3 years old based on the recommendation of an attending physician, as mentioned above,
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was unable to be employed, despite her normal intelligence, due to a psychiatric disability
induced by intermittent treatment discontinuation for a few decades.

The rate of normal physical size in the NBS group was higher than that in the pre-
NBS group, but no obvious differences in physical measurements, including short stature,
obesity, or leanness, were observed between the two groups.

Information on education status was obtained for 57 of the 68 patients in the NBS
group and 12 of the 17 patients in the pre-NBS group. Fifty-five of 57 (96%) patients in the
NBS group had an education level of high school or higher, while 7/12 (58%) patients in
the pre-NBS group graduated from high school or higher educational institutions.

Regarding employment status, all but two patients (97%) in the NBS group were
employed or attended universities. One of the two unemployed patients was a married
female with normal intelligence and was managed to prevent maternal PKU. She was likely
a full-time housewife, although this information was not provided. Meanwhile, seven
patients (41%) in the pre-NBS group were employed. Five patients each in the pre-NBS
group were unemployed or were living in a facility for individuals with a disability. Four
of five unemployed patients had intellectual and/or psychiatric disabilities. The other
unemployed patient had normal intelligence but also had a tracheostomy due to other
respiratory diseases. In summary, all but one of the patients in the NBS group was able
to live an independent life, while over half of the patients in the pre-NBS group were not
employed or lived in facilities for individuals with disabilities.

Regarding the marital status, 19 of 50 patients in the NBS group were married, while
2 of 15 patients in the pre-NBS group were married.

When given the opportunity to freely describe the patient, many attending physicians
stated the difficulty in continuing a Phe-restricted diet, the necessity for lifelong treatment,
the need to support medical expenses, and/or the necessity for consultation with internal
medicine and psychiatric specialists.

4. Discussion

Our study examined the physical, neurological and social status of adult patients who
were diagnosed with PKU before and after NBS in Japan and revealed that NBS obviously
contributed to the improvement of long-term outcomes; our results were similar to those
of previous reports [1,15-17]. While almost all patients in the NBS group exhibited normal
mental development and were able to live an independent life, over half of the patients
in the pre-NBS group had neurological and psychiatric problems and were more severely
disabled. However, even in the NBS group, 10 patients had intellectual and /or psychiatric
disabilities. Because five of them had histories of treatment interruption, continuous and
lifelong treatment is essential for good neurological outcomes.

Meanwhile, five patients in the NBS group whose disease remained well-controlled
from birth presented with intellectual and/or psychiatric disabilities despite having no
history of treatment interruption. In particular, the neurological outcomes of patients in
their late 30s (born from 1977 to 1981) were not as good as those in the younger age group.
Four of five patients with neuropsychiatric diseases despite continuing the treatment
were in their late 30s. This difference is due to less strict target levels of Phe at the
beginning stage of NBS [3,18]. In fact, the target levels of plasma Phe concentration were
4-8 mg/dL in babyhood and 4-12 mg/dL in childhood in Japanese guidelines at that
time. In addition, because the recommended Phe levels after the age of 6 years were not
indicated until the early 1990s, some Japanese physicians considered that dietary therapy
could be relaxed and the dietary restriction could be discontinued after patients reached
school age. Because the restriction of Phe was not sufficient even before 20 years, a patient
aged in the early 20s had a borderline intellectual disability, despite having no history
of poor Phe management. As well as this patient, patients who were detected by NBS,
even those with proper management, showed poor neurological outcomes in previous
studies [16,19]. Hence, in the present guidelines, the restriction of Phe has become stricter.
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Namely, not only continuous but also more restricted diet therapy is necessary for good
neurological outcomes.

Normal intelligence was observed in some patients in the pre-NBS group despite
treatment after onset for unexplained reasons. Additionally, some untreated individuals
with classic PKU have normal intelligence despite the elevated plasma Phe concentration [1].
However, the reasons are still unknown. In our study, the symptoms at the onset, what
triggered their diagnosis, and when and what type of treatment they had received were
not recorded, while our results revealed that their clinical forms were all classic, their
age ranged from 39 to 46 years, and one patient had a treatment interruption for 7 years,
indicating that the factors constituting a good neurological prognosis are unknown.

Our study also revealed the reasons why patients with PKU discontinued and restarted
treatment. Although the unpleasant taste of the special formula is well known [20], treat-
ment interruption was more frequently caused by economic problems in our study. In
fact, because the medical public support system for adult patients with PKU has improved
since 2015 in Japan, some patients were able to restart treatment. Therefore, lifelong
administrative-economic support is necessary to continue treatment. Furthermore, treat-
ment was often neglected due to the selfjudgment of being free of symptoms and personal
circumstances, such as busy school life and working during adulthood or after childhood.
Although many patients detected by Japanese NBS are strictly controlled in childhood
by physicians, nutritionists, medical staff, and family, they are released from strict man-
agement after adulthood due to independence from those supporters. Therefore, adult
patients tend to neglect regular visits and strict dietary therapy due to poor subjective
symptoms, and neurological symptoms progress over a chronic course. On the other hand,
the primary reason for restarting treatment was pregnancy and the prevention of maternal
PKU. Therefore, we strongly suggest that appropriate and continuous patient education is
the most effective method to prevent loss to follow-up.

In our study, psychiatric disabilities were likely to progress in the later period of life.
One of the reasons may be a difference in the quality of disease management between child-
hood and adulthood, as mentioned above. In fact, some patients present with psychiatric
disabilities after adulthood due to inadequate self-management or treatment intermittence
despite having normal intelligence and receiving higher education in childhood. Addi-
tionally, it was previously reported that neuropsychiatric symptoms are more prevalent in
older adults with PKU [21]. Namely, PKU is considered a progressive disease even after
adulthood. Higher blood levels of Phe inhibit myelination in early childhood and func-
tionally impair myelin in late childhood or adulthood, even after normal myelination [22].
Thus, continuous treatment is important for favorable neuropsychiatric outcomes.

Regarding physical development, no obvious differences were detected between the
NBS and pre-NBS groups. Nevertheless, optimal growth outcomes were not attained in a
previous study, even with advances in dietary treatments [23]. Although our study did
not indicate major issues related to growth, physical development should be continuously
evaluated for each individual with PKU.

Our results also indicated that the transition to an adult internal medicine department
is not easy at this time in Japan. In fact, this issue has been observed in not only Japan but
also other countries [24] and for not only PKU patients but also patients with other rare
diseases [25]. The explanation for this finding is that internal medicine physicians for adults
have little knowledge of PKU or are unable to appropriately treat this disease. In addition
and very importantly, patients with PKU realize this limitation and generally prefer to be
treated by pediatricians who are experts in PKU care and treatment. Furthermore, patients
feel comfortable visiting a place where they know the care providers rather than a new and
strange facility. Therefore, the transition to adult department is a major issue for all adult
patients with PKU. Furthermore, the issue of the transition and when to make transition
have not been described yet in Japanese guidelines, although preparations for the transition
from pediatrics to adult internal medicine should begin at approximately 12 years of age
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based on European guidelines [18,26]. Namely, transitions are likely to be delayed in Japan
compared with Europe.

Finally, our study may have some limitations. Only patients who were treated with
Phe-free formula and could be traced after adulthood were recruited for our study. Ac-
cording to the annual report of Japanese NBS, approximately 400 adult patients were
estimated to be diagnosed with PKU during the period from 1977 to 1996. However,
in the present study, only 68 patients were enrolled in the NBS group. Our study did
not include a considerable number of adult patients with PKU who no longer received
treatment at the hospital, discontinued treatment with Phe-free formula, were treated with
only BHy, and died before adulthood. Furthermore, because the participants in this study
had continuously or intermittently ordered the special formula, they were willing to be
treated even after reaching adulthood. Therefore, our results might be shifted to better
outcomes of PKU than the actual situation. Nevertheless, our results are useful for many
Asian physicians because the long-term outcomes of East Asian patients with PKU have
not been well understood to date. Improvements in the patient registration, follow-up and
medical support systems for adult and pediatric patients with PKU will be essential for
achieving lifelong favorable outcomes.

5. Conclusions

The long-term outcomes of adult patients with PKU detected by NBS were much more
favorable than those of patients in the pre-NBS group in Japan, as previously reported in
other countries. However, some patients, even those who underwent early detection using
NBS, with histories of treatment intermittence suffered from neuropsychiatric symptoms.
Lifelong and strict management is essential to maintain a good prognosis for patients
with PKU.
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Abstract: Phenylketonuria (PKU) and hyperphenylalaninemia (HPA), both identified in newborn
screening, are attributable to variants in PAH. Reportedly, the p.R53H(c.158G>A) variant is common
in patients with HPA in East Asia. Here, we aimed to define the association between p.R53H and
HPA phenotype, and study the long-term outcome of patients with HPA carrying p.R53H. We
retrospectively reviewed the genotype in 370 patients detected by newborn screening, and identified
the phenotype in 280 (117, HPA; 163, PKU). p.R413P(c.1238G>C) was the most frequently found
(n =117, 31.6%) variant, followed by p.R53H (1 = 89, 24.1%). The odds ratio for heterozygous p.R53H
to cause HPA was 48.3 (95% CI 19.410-120.004). Furthermore, we assessed the non-linear association
between the phenylalanine (Phe) value and elapsed time using the follow-up data of the blood Phe
levels of 73 patients with HPA carrying p.R53H. The predicted levels peaked at 161.9 umol (95%
CI152.088-172.343) at 50-60 months of age and did not exceed 360 umol/L during the 210-month
long observation period. The findings suggest that patients with HPA, carrying p.R53H, do not need
frequent Phe monitoring as against those with PKU. Our study provides convincing evidence to
determine clinical management of patients detected through newborn screening in Japan.

Keywords: phenylketonuria; hyperphenylalaninemia; phenylalanine hydroxylase; genetic analysis;
neonatal screening; genotype—phenotype correlation

1. Introduction

Phenylketonuria (PKU) and hyperphenylalaninemia (HPA) are autosomal recessive
disorders characterized by the deficiency of hepatic phenylalanine hydroxylase (PAH) [1].
This enzyme is encoded by PAH located on chromosome 12q, and comprising 13 exons
and 12 introns. The genotype-phenotype correlations in PKU have been demonstrated
using predicted PAH activity, which is the average in vitro residual PAH activity of two
alleles [2].

The severity of the disorder is diverse, ranging from HPA to classical PKU that
is characterized by high blood phenylalanine (Phe) levels [3]. The European and US
guidelines for PKU recommend studying its molecular genetics and accumulating the
data about correlations between the genotype and clinical phenotype [4,5]. Furthermore,
more than 1100 variants of PAH have been recorded in the locus-specific database PAHvdb
(http:/ /www.biopku.org/pah/, accessed on 1 March 2021). However, these data are
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mainly gathered from European patients. The frequency of PAH variants in Japanese and
other East Asian populations is different from that in Europeans. Therefore, recording data
on the genotype—phenotype correlation in Japanese patients with PKU is required.

In Japan, a nationwide newborn screening (NBS) for PKU was launched in 1977. The
current screening cut-off level for Phe on dried blood spots is set >120 umol/L. When
patients with PKU and related disorders are identified via NBS, their clinical phenotypes
are classified as follows: (1) tetrahydrobiopterin (BH4) deficiency is ruled out by pteridine
analysis and measurement of dihydropteridine reductase activity, (2) PAH deficiency
is classified by pretreatment-Phe levels, and (3) Patients with <60 umol/L Phe level are
diagnosed with HPA while those with >360 umol/L are further classified as BH4-responsive
mild PKU or classical PKU based on BH4 loading test.

According to the integrative Japanese Genome Variation Database (i{GVD, https:/ /ijgvd.
megabank.tohoku.ac.jp, accessed on 18 February 2021), the allele frequency of p.R53H in
the general Japanese population was reported to be as high as 5% [6]. Several studies have
reported that p.R53H is associated with HPA phenotype [3,4,7-9].On the contrary, a few
reports exist that correlates PKU with p.R53H [9,10].

In this study, we retrospectively reviewed the genotype-phenotype correlation of
370 patients who were diagnosed with PKU or HPA through NBS in Japan. Consequently,
we found that the p.R53H genotype was associated with HPA phenotype, but not with that
of PKU. Further, 73 of the patients with HPA carrying the p.R53H variant displayed stable
blood Phe levels without needs of permanent treatments during the long-term follow-up.
Our findings are especially useful for determining clinical management of such patients in
Japan and other East Asian countries.

2. Materials and Methods
2.1. Study Design and Participants

This study was approved by the Institutional Review Board of Osaka City University
Graduate School of Medicine (Osaka, Japan) (#3687). Written informed consent for the
genetic analyses was obtained from all patients or their parents/guardians. The study
included 370 Japanese patients analyzed for PAH at our facility during January 1998-March
2017, and for secondary examinations of HPA by NBS. We retrospectively reviewed the
medical records of the patients to analyze their phenotype and genotype characteristics.
The criterion for PKU phenotype was blood Phe level >600 umol/L, and that for HPA
phenotype was 120-600 umol /L without Phe-restriction diet. Furthermore, we analyzed
the genotype—phenotype correlation with p.R53H and the follow-up data of blood Phe
levels of patients with HPA carrying p.R53H from the retrieved medical records.

2.2. Statistical Analysis

To evaluate whether the p.R53H variant is the cause underlying the HPA phenotype,
we performed multivariate logistic regression analysis in the PKU (including HPA) pedi-
atric patients who underwent genetic analysis using the variable indicating presence or
absence of the HPA phenotype as the outcome and the number of the p.R53H variants as
the explanatory variable. This regression model was adjusted the following covariates; the
presence of the p.R413P, p.R241C(c.721C>T), p.R111*(c.721C>T), IVS4-1G>A(c.442-1G>A),
p-R243Q(c.728G>A), p.T2781(c.833C>T), p.R252W(c.754C>T), p.Ex6-96A>G(c.611A>G) and
variants in the PAH gene and sex. The multiple imputation was conducted to impute the
missing values for all variables.

Furthermore, in order to assess the change of Phe level over time, we performed non-
linear regression analysis with the Huber-White robust sandwich estimator of variance—
covariance matrix. The robust estimator considers dependence in repeated measures within
a single patient. Additionally, non-linear restricted-cubic-spline was conducted to assess
the non-linear association between Phe level and the elapsed time. In this mode, Phe levels
were used with natural-log transformation to satisfy the assumption of normality of the
error distribution.
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All statistical tests were performed two-sided with 5% significance level. The analyses
were conducted using R (https://www.r-project.org/foundation/, accessed on
21 December 2020) (https:/ /cran.r-project.org/, accessed on 21 December 2020).

3. Results

We retrospectively examined the genotype and clinical phenotypic characteristics
of the 370 subjects with PAH deficiency and blood Phe levels of >120 umol/L detected
through NBS. Frequency of variants in PAH observed are summarized in Figure 1, and all
PAH variations (n = 370) found in the study cohort are shown in Table S1. Briefly, p.R413P
was most frequently found (n = 117, 31.6%), followed by p.R53H (1 = 89, 24.1%), p.R241C
(n =53,14.3%), p.R111* (n = 47, 12.7%), and IVS4-1G>A (n = 44, 11.9%). Five patients had
large deletions involving exons 5 and 6. In all, no variant was identified in three patients
while one variant was identified in 27; two in 238; three in 11; and four in two. Phenotypes
were identified in 280/370 patients, wherein HPA was identified in 117 and PKU in 163.
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Figure 1. Frequency of PAH variants in 370 patients with elevated Phe levels detected by mass
screening. Percentage of patients with mutations in PAH was detected by direct sequencing or
multiplex ligation-dependent probe amplification (MLPA) in all the participants enrolled in this
study. Numbers at the top of the vertical bars represent the actual number of patients with each
mutation. Infrequent mutations have been omitted. Phe; phenylalanine, PAH; gene encoding
phenylalanine hydroxylase, * stop codon.

We, next, compared the frequency of the p.R53H variant between patients with HPA
and PKU (Figure 2A). Consequently, we found that the frequency of p.R53H in those with
HPA phenotype was 61.0% (74/117). From these, three were homozygous for p.R53H
while 71 were heterozygous. The frequency of p.R53H in the patients with PKU phenotype
was 6.7% (11/163). Of them, one was homozygous for p.R53H while 10 were heterozygous.
In order to validate that the p.R53H variant is associated with HPA phenotype rather
than that of PKU, we performed multivariate logistic regression analysis. Accordingly,
we adjusted the influence of the other alleles frequently found in this population. The
odds ratio for patients with heterozygous p.R53H to develop HPA phenotype was 48.3
(95% confidence interval [CI] 19.410-120.004) (Figure 2B). The odds ratio for patients with
homozygous p.R53H to develop HPA phenotype was 26.2 (95% CI 2.054-334.832). This
result demonstrated that patients with homozygous or heterozygous p.R53H variant are
more likely to manifest HPA rather than PKU.
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Figure 2. p.R53H variant is observed at a higher frequency in patients with HPA phenotype than
in patients with PKU phenotype. (A) Number of patients with R53H variant in PAH (p.R53H)
in each of the 280 patients with a known phenotype of either HPA or PKU. (B) Odds ratios for
patients with no, heterozygous, and homozygous p.R53H variant to develop HPA phenotype. HPA,
hyperphenylalaninemia; PKU, Phenylketonuria.

We further examined the status of p.R53H in the 11 patients with PKU. Conse-
quently, we found that one patient had four variants, homozygous p.R53H and homozy-
gous p.R158W; seven patients had three variants, heterozygous p.R53H and two other
variants, p.R413P/p.R252W, p.R111*/p.R252W, p.R111*/IVS9+1G>A(c.969+1G>A), IVS4-
1G>A/p.R252W, p.R252W /p.EX6-96A>G, p.R252W /p.V399V(c.1197A>T), and p.P407S
(c.1219C>T)/p.R158W(c.472C>T). Therefore, the presence of these variants other than
p.R53H explains the manifestation of PKU in eight of the 11 identified patients [11-18]. The
remaining three had only one heterozygous variant (p.R413P, p.R111*, and p.R252W) other
than p.R53H.

To determine which of the genetic variants were responsible for HPA phenotype, we
analyzed them in the 117 patients with HPA. We categorized the patients into three groups
based on their phenotypes predicted from the previously reported genotype—-phenotype
correlations (Table 1). The left column lists 74 patients with HPA who carried the p.R53H
variant. In these patients, genetic variants that are known to cause PKU, such as p.R413P
and p.R243Q, were recurrently found. On the contrary, only three of 74 patients had the
p-R241C variant, which was associated with BH4-responsive PKU. Patients homozygous
for p.R53H were not found in our study. The middle column shows cases carrying variants
associated with HPA except for p.R53H. The right column shows remaining cases carrying
variants with predicted PKU or unknown phenotype. In this group, p.R241C variant
was found in 18 patients. Three patients with homozygous p.R241C manifested the HPA
phenotype, while only one patient with same the genotype manifested PKU phenotype
(data not shown).
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Table 1. PAH variants identified in 117 patients with HPA phenotype.

Variants with R53H (n = 74) Variants without R53H (n = 43)
Predicted HPA phenotype Precﬁ:ﬁi}s\ﬁ%i}eﬁgggge or

Genotype n Genotype n Genotype n
R53H/R413P 15 R71H/T2781 1 R241C/R241C 3
R53H/R243Q 6  Al132V/R413P 1 R241C/S70del 2
R53H/T2781 6  Al132V/ 1 R241C/P407S 1
R53H/Ex6-96A>G 5 R297C/ 1VS4-1G>A 1  R241C/ IVS4-1G>A 1
R53H/1VS4-1G>A 4  A373T/R241C 1  R241C/Ex6-96A>G 1
R53H/R252W 4 A373T/T380M 1 R241C/R243Q 1
R53H/E5_6del 3 A373T/R413P 1  R241C/R252P 1
R53H/E3del4bp 3 QB375E/delS70 1 R241C/T2781 3
R53H/R111* 3 Q375E/ IVS4-1G>A 1 R241C/R413P 2
R53H/R241C 3 V379A/R111* 1 R241C/P281A 1
R53H/E6del 2 V379A/R252W 1 R241C/ 2
R53H/V399V 2 T380M/IVS10-14C>G 3 R413pP/ 2
R53H/A259T 1 T380M/R111* 1  F55L/Y154D 1
R53H/S70del 1 T380M/ IVS4-1G>A 1 R243Q/ 1
R53H /F4021 1 F402I/R252W 1 K43IN/ 1
R53H/1VS10-14C>G 1 A403V/S16* 1 Se7C/ 1
R53H/IVS10-1C>G 1  D415N/R353W 1
R53H/L421T 1
R53H/P281L 1
R53H/R176X 1
R53H/R243* 1
R53H/R408W 1
R53H/R413C 1
R53H/V412P 1
R53H/A132V /R413P 1
R53H/ 5

There are no studies that report the long-term follow-up data of patients with HPA car-
rying p.R53H. We, thus, investigated the detailed clinicopathological characteristics of these
patients. In the 74 patients with HPA carrying p.R53H, we excluded one patient carrying
two pathogenic variants other than p.R53H. We analyzed the blood Phe levels in 73 pa-
tients (Figure 3). These patients included 31 males, 40 females, and two patients for whom
gender data were not available. The observation period was of 0-210 months (median:
33 months). The mean of their blood Phe levels was 150 4 30 umol/L, and the maximum
level found was 340 pmol/L. No patients had impaired mental and physical development.
Furthermore, using the blood Phe levels at each visit of these patients and 635 data counts,
we assessed the non-linear association between the Phe level and the elapsed time. The
predicted Phe level at 0 month was 136.470 umol/L (95% CI 131.491-141.638), but the Phe
level peaked at 161.899 pumol/L (95% CI 152.088-172.343) at 50-60 months. Thereafter,
the predicted Phe level gradually decreased to 106.246 pmol/L (95% CI 80.829-139.656) at
200 months of age. The predicted Phe levels did not exceed 360 umol/L throughout the
observation period.

27



Int. |. Neonatal Screen. 2021, 7, 17

6.0 log( 360umol/L )
. log( 240pmol/L )
T
°
€
=
[
c
c
o
250
f=)
[
£
S A
c
- log( 120pmol/L )
45

0 50 100 150 200
Age (months)
Figure 3. Predicted Phe levels until 200-month-olds are less than 360 umol/L in patients with HPA
carrying p.R53H.

Changes in the predicted Phe levels in the patients. Solid line represents mean value; gray
area represents 95% confidence interval. HPA, hyperphenylalaninemia; Phe; phenylalanine.

4. Discussion

We examined the genotypes of 370 patients with HPA or PKU identified by NBS in
Japan. Consequently, we found that the p.R53H variant was recurrent in patients with
HPA. Our study rigorously demonstrated that carrying compound heterozygous p.R53H
and classical PKU-associated variants can predict HPA phenotype. Patients with PKU,
carrying p.R53H, were likely to have two other pathogenic variants. Consequently, we
found that the levels were maintained lower than 360 umol/L until adolescence in the
absence of Phe-restriction dietary treatment. Our findings provide convincing evidence
that can help plan clinical management of patients detected through NBS in Japan.

As shown in Figure 1, the most common variants identified in this study were p.R413P,
p-R53H, and p.R241C. A few East Asian countries, namely Japan, China, Taiwan, and
Korea, share a common spectrum of PAH variants [11,12,17,19,20]. The variants—p.R243Q,
p-EX6-96A>G, p.R241C, and p.R413P—have been frequently detected in the these coun-
tries. Further, five variants—p.V399V, p.R111%, p.Y356X(c.1068C>A), IVS4-1G>A, and
p-T278l—were shared with each other [12,17]. Allele frequency of p.R53H in the general
population is 1.6% in the whole of East Asia, and 2.57% and 4.7% in Korea and Japan, respec-
tively [21,22]. In case of patients detected through NBS, the allele frequency of p.R53H is
12.6% (93/740) in our study, and 1.27% and 2.11% in Korea and Taiwan, respectively [12,17].
Our study predicted the average Phe level for screening positive newborns carrying com-
pound heterozygous p.R53H and other pathogenic variants to be 136.470 pmol/L (95% CI
131.491-141.638). In case of Korea and Taiwan, blood Phe levels of 240-599 umol/L are
used to define HPA; possibly, this is the reason why the p.R53H variant is less frequently
detected in their affected populations [12,17]. The frequency of variants and genotypes
in Japan is different from that recently published by Hillert et al. [23]. We considered
that these differences were made because their study was based on information from only
55 patients.

In this study, 6.7% patients with PKU carried p.R53H (allele frequency, approximately
4%) that is close to 4.7% in the Japanese general population, as mentioned above [21].
This fact also suggested that the p.R53H variant is not directly associated with PKU
phenotype. In order to explain the pathogenesis of PKU, these 11 patients must have two
other pathogenic variants in addition to p.R53H. However, we found that three of them
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carried only one other pathogenic variant. In these three patients we further performed
multiple ligation-dependent probe amplification (MLPA) to exclude the possibility of large
deletions. It should be noted that some genetic variants could not be identified even with
the available methods. In previous studies, the detection rates of pathogenic variants
among biochemically confirmed PKU cases were 96% (318/330) in China, 98% (139/142)
in Taiwan, and 86.7% (137/158) in Korea [8,12,13]. Therefore, it is reasonable to assume
that one other variant has not yet been identified in those patients who carry only one
pathogenic variant other than p.R53H.

In an analysis of 512 people in the Japanese general population, 48 people (allele
frequency, 4.7%) were heterozygous for p.R53H [21]. These heterozygotes displayed an
average 19% increase in plasma Phe levels compared to wildtype homozygotes. Inter-
estingly, Choi in Korea reported that the father of a patient with HPA was homozygous
for p.R53H but did not manifest HPA [22]. Consistent with these reports, in our study,
patients homozygous for p.R53H were not detected by NBS. Our study revealed that
patients with HPA and the p.R53H variant frequently carried compound heterozygous
classical PKU-associated variant, such as p.R413P, p.R243Q, and p.T278I (Table 1). They
were less likely to have the compound heterozygous mild PKU-associated variant, such as
p-R241C. A study using COS cells has reported the residual enzyme activities of p.R413P,
p-R53H, and p.R241C as 1%, 79%, and 49%, respectively [12]. Collectively, it is reasonable
to assume that the combination of variants with high residual enzyme activity will not
exceed 120 umol/L Phe levels to be detected through NBS.

With respect to the cut-off value of Phe levels set for NBS, there are contradictory
views; some argue that this cut-off value should be set higher because the current value de-
tects people as PKU-affected even though they do not require treatment. However, patients
with BH4 deficiency present around 120 umol/L Phe levels [24]. Therefore, we consider
that the current cut-off value should not be changed such that patients with BH4 deficiency
who sometimes maintain low Phe levels are not missed during the screening process. Fur-
thermore, DNAJC12 deficiency that manifests HPA phenotype but not PAH variant or BH4
deficiency has been reported earlier [25]. Further, patients with DNAJC12 deficiency who
were diagnosed early and accordingly treated showed normal development, while perma-
nent neurological damage was observed with delayed diagnosis. Since p.R53H is present
at a high frequency in the Japanese general population [21], it is possible that patients
with DNAJC12 deficiency carry this variant. When patients with p.R53H have persistently
high Phe levels and exhibit neurological symptoms, such as developmental delay and
behavioral disorder, DNAJC12 deficiency should be considered for differential diagnosis.

Since there are no guidelines for HPA in Japan, patients with this condition are
also monitored according to the guidelines for PKU. The European guidelines for PKU
recommend frequent measurements of blood Phe levels; weekly up to the age of 12 months,
followed by fortnightly till 12 years, and monthly for >12 years [4]. The current Japanese
follow-up guidelines of PKU recommend that patients undergo measurement of blood Phe
levels every four weeks until elementary school entrance [26]. We found that the predicted
Phe levels in patients with HPA carrying p.R53H never exceeded 360 umol/L without
Phe-restricted diet until 200 month of age (Figure 2). These facts suggest that patients
with HPA do not require frequent follow-ups. Further, we recommend that guidelines be
developed on a priority basis for patients with HPA. In patients with PKU, first trimester of
pregnancy should be monitored since the Phe levels tend to elevate during this period [4].
According to the European and US guidelines, when the untreated blood Phe level of
women of childbearing-age with PKU is 120-360 pmol/L, treatment is unnecessary [4,5].
Extrapolating our study findings, we expect the blood Phe levels of pregnant women with
HPA carrying p.R53H to not exceed 360 pumol/L during pregnancy. Further, our findings
suggest that Phe-restricted diet and frequent follow-ups are not necessary for such patients
even during pregnancy.

There are several limitations associated with the present study. Owing to its retrospec-
tive nature, the protocol for genetic testing was not consistent from subject to subject. Only
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a subset of patients who were found to have one or fewer variants by direct sequencing
were subjected to MLPA. In addition, for cases in which two or more pathogenic variants
were identified by direct sequencing, no further analyses were performed, and the presence
of large deletions may have been missed. Giilin Eving et al. in Turkey report that children
with untreated Phe levels of 240-360 umol/L are at a higher risk for cognitive and behav-
ioral impairment as compared to healthy children [27]. To evaluate neurodevelopmental
outcome, appropriate developmental testing should have been performed in this study.

Based on study findings, we propose the following measures when p.R53H is detected
by genotype search about HPA of NBS in Japan. When identifying patients with PKU
carrying p.R53H, presence of two other pathogenic variants should be looked for. Whereas,
when patients with HPA carrying p.R53H are identified, p.R53H should be considered
underlying the phenotype. This study revealed that blood Phe levels in patients with HPA
carrying p.R53H were continuously below 360 pmol/L without diet therapy. However,
we should not determine the follow-up frequency only by genotype. We suggest monthly
follow-up at least in their infancy according to their diet change and increase in protein
intake. The patients with persistently low Phe levels during infancy may not require the
frequent hospital visits and the frequent measurements of blood Phe levels. In summary,
we could clarify genotype-phenotype correlations and long-term follow-up data on blood
Phe levels in patients with p.R53H and one genotype associated with PKU in the Japanese
population. We therefore consider that the findings of our study hold implications in
strategically planning appropriate follow-ups for patients with HPA. Future studies should
investigate patient-oriented outcomes in the clinical management.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2409-515
X/7/1/17/s1, Table S1: PAH variations (n = 370) found in the study cohort of PKU patients.

Author Contributions: Conceptualization and methodology, all authors; writing—original draft
preparation, S.O., H.S., and T.H.; statistical analyses, D.K., S.T., and K.Y.; genetic analyses, SK., T.S.,
and N.N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by Health and Labor Sciences Research Grant 20316977
(to T.H.), and AMED JP16ek0109050, JP19ek0109276, JP20ek0109482 (to T.H.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Osaka City University
Graduate School of Medicine (protocol code 3687, 27/02/2017).

Informed Consent Statement: Informed consent was obtained from all subjects or their
parents/guardians involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, T.H., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1. Blau, N.; van Spronsen, E]J.; Levy, H.L. Phenylketonuria. Lancet 2010, 376, 1417-1427. [CrossRef]

2. Okano, Y.; Eisensmith, R.C.; Giittler, F.; Lichter-Konecki, U.; Konecki, D.S.; Trefz, FK.; Dasovich, M.; Wang, T.; Henriksen, K.; Lou,
H.; et al. Molecular Basis of Phenotypic Heterogeneity in Phenylketonuria. N. Engl. J. Med. 1991, 324, 1232-1238. [CrossRef]

3. Guldberg, P; Rey, E; Zschocke, J.; Romano, V.; Frangois, B.; Michiels, L.; Ullrich, K.; Hoffmann, G.F; Burgard, P.; Schmidt, H.; et al.
A European Multicenter Study of Phenylalanine Hydroxylase Deficiency: Classification of 105 Mutations and a General System
for Genotype-Based Prediction of Metabolic Phenotype. Am. ]. Hum. Genet. 1998, 63, 71-79. [CrossRef] [PubMed]

4. Van Wegberg, A.M.J.; Macdonald, A.; Ahring, K.; BéLanger-Quintana, A.; Blau, N.; Bosch, AM.; Burlina, A.; Campistol, J.; Feillet,
E; Gizewska, M.; et al. The complete European guidelines on phenylketonuria: Diagnosis and treatment. Orphanet |. Rare Dis.

2017, 12, 1-56. [CrossRef]

5. Camp, KM.; Parisi, M.A.; Acosta, P.B.; Berry, G.T.; Bilder, D.A.; Blau, N.; Bodamer, O.A.; Brosco, ].P.; Brown, C.S.; Burlina,
A.B.; et al. Phenylketonuria Scientific Review Conference: State of the science and future research needs. Mol. Genet. Metab. 2014,

112, 87-122. [CrossRef]

30



Int. |. Neonatal Screen. 2021, 7, 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Nagasaki, M.; Yasuda, J.; Katsuoka, F.; Nariai, N.; Kojima, K.; Kawali, Y.; Yamaguchi-Kabata, Y.; Yokozawa, J.; Danjoh, I.; Saito,
S.; et al. Rare variant discovery by deep whole-genome sequencing of 1,070 Japanese individuals. Nat. Commun. 2015, 6, 8018.
[CrossRef]

Dateki, S.; Watanabe, S.; Nakatomi, A.; Kinoshita, E.; Matsumoto, T.; Yoshiura, K.I,; Moriuchi, H. Genetic background of
hyperphenylalaninemia in Nagasaki, Japan. Pediatr. Int. 2016, 58, 431-433. [CrossRef]

Lee, D.H.; Koo, S.K.; Lee, K.-S; Yeon, Y.-J.; Oh, H.-].; Kim, S.-W.; Lee, S.-J.; Kim, S.-S.; Lee, J.-E.; Jo, L; et al. The molecular basis of
phenylketonuria in Koreans. |. Hum. Genet. 2004, 49, 617-621. [CrossRef]

Li, N.; He, C; Li, J; Tao, J.; Liu, Z.; Zhang, C.; Yuan, Y,; Jiang, H.; Zhu, J.; Deng, Y.; et al. Analysis of the genotype-phenotype
correlation in patients with phenylketonuria in mainland China. Sci. Rep. 2018, 8, 1-7. [CrossRef]

Park, Y.S.; Seoung, C.S.; Lee, S.W.; Oh, K.H.; Lee, D.H.; Yim, ]. Identification of three novel mutations in Korean phenylketonuria
patients: R53H, N207D, and Y325X. Hum. Mutat. 1998, 11, S121-S122. [CrossRef]

Okano, Y.; Kudo, S.; Nishi, Y.; Sakaguchi, T.; Aso, K. Molecular characterization of phenylketonuria and tetrahydrobiopterin-
responsive phenylalanine hydroxylase deficiency in Japan. J. Hum. Genet. 2011, 56, 306-312. [CrossRef]

Liang, Y.; Huang, M.-Z.; Cheng, C.-Y.; Chao, H.-K.; Fwu, V.T.; Chiang, S.-H.; Hsiao, K.-J.; Niu, D.-M.; Su, T.-S. The mutation
spectrum of the phenylalanine hydroxylase (PAH) gene and associated haplotypes reveal ethnic heterogeneity in the Taiwanese
population. J. Hum. Genet. 2014, 59, 145-152. [CrossRef]

Tao, J.; Li, N.; Jia, H.; Liu, Z.; Li, X.; Song, J.; Deng, Y.; Jin, X.; Zhu, ]J. Correlation between genotype and the tetrahydrobiopterin-
responsive phenotype in Chinese patients with phenylketonuria. Pediatr. Res. 2015, 78, 691-699. [CrossRef]

Eisensmith, R.C.; Woo, S.L.C. Molecular basis of phenylketonuria and related hyperphenylalaninemias: Mutations and polymor-
phisms in the human phenylalanine hydroxylase gene. Hum. Mutat. 1992, 1, 13-23. [CrossRef] [PubMed]

Ellingsen, S.; Knappskog, PM.; Eiken, H.G. Phenylketonuria splice mutation (EXON6nt-96Ag) masquerading as missense
mutation (Y204C). Hum. Mutat. 1997, 9, 88-90. [CrossRef]

Santos, L.L.; Castro-Magalhaes, M.; Fonseca, C.G.; Starling, A.L.P; Januario, ].N.; Aguiar, M.].B.; Carvalho, M.R.S. PKU in Minas
Gerais State, Brazil: Mutation analysis. Ann. Hum. Genet. 2008, 72, 774-779. [CrossRef]

Li, N; Jia, H.; Liu, Z,; Tao, J.; Chen, S.; Li, X.; Deng, Y.; Jin, X.; Song, J.; Zhang, L.; et al. Molecular characterisation of
phenylketonuria in a Chinese mainland population using next-generation sequencing. Sci. Rep. 2016, 5, 15769. [CrossRef]
Hennermann, J.B.; Vetter, B.; Wolf, C.; Windt, E.; Bithrdel, P; Seidel, J.; Monch, E.; Kulozik, A.E. Phenylketonuria and hyper-
phenylalaninemia in eastern Germany: A characteristic molecular profile and 15 novel mutations. Hum Mutat. 2000, 15, 254-260.
[CrossRef]

Okano, Y.; Asada, M.; Kang, Y.; Nishi, Y.; Hase, Y.; Oura, T.; Isshiki, G. Molecular characterization of phenylketonuria in Japanese
patients. Hum Genet. 1998, 103, 613-618. [CrossRef]

Okano, Y.; Hase, Y.; Lee, D.H.; Furuyama, J.I; Shintaku, H.; Oura, T; Isshiki, G. Frequency and distribution of phenylketonuric
mutations in orientals. Hum. Mutat. 1992, 1, 216-220. [CrossRef]

Koshiba, S.; Motoike, L; Kojima, K.; Hasegawa, T.; Shirota, M.; Saito, T.; Saigusa, D.; Danjoh, 1; Katsuoka, F.; Ogishima, S.; et al.
The structural origin of metabolic quantitative diversity. Sci. Rep. 2016, 6, 31463. [CrossRef]

Choi, R.; Lee, J.; Park, H.D.; Park, ].E.; Kim, Y.H.; Ki, C.S.; Lee, S.Y.; Song, J.; Kim, ].W.; Lee, D.H. Reassessing the significance
of the PAH ¢.158G>A (p.Arg53His) mutation in patients with hyperphenylalaninemia. J. Pediatr. Endocrinol. Metab. 2017, 30,
1211-1218. [CrossRef]

Hillert, A.; Anikster, Y.; Belanger-Quintana, A.; Burlina, A.; Burton, B.K.; Carducci, C.; Chiesa, A.E.; Christodoulou, J.; Dordevic,
M.; Blau, N.; et al. The Genetic Landscape and Epidemiology of Phenylketonuria. Am. |. Hum. Genet. 2020, 107, 234-250.
[CrossRef]

Blau, N.; Ichinose, H.; Nagatsu, T.; Heizmann, C.W.; Zacchello, F; Burlina, A.B. A missense mutation in a patient with guanosine
triphosphate cyclohydrolase I deficiency missed in the newborn screening program. J. Pediatr. 1995, 126, 401-405. [CrossRef]
Blau, N.; Martinez, A.; Hoffmann, G.E; Thony, B. DNAJC12 deficiency: A new strategy in the diagnosis of hyperphenylalanine-
mias. Mol. Genet. Metab. 2018, 123, 1-5. [CrossRef]

Japanese Society for Inherited Metabolic Disease. Newborn Screening Clinical Guideline; Shindan to Chiryo Sha: Tokyo, Japan, 2019;
pp- 11-24. (In Japanese)

Eving, S.G.; Pektas, E.; Foto-Ozdemir, D.; Yildiz, Y.; Karaboncuk, Y.; Bilginer-Giirbiiz, B.; Dursun, A.; Tokatli, A.; Coskun, T.;
Oktem, F; et al. Cognitive and behavioral impairment in mild hyperphenylalaninemia. Turk. J. Pediatr. 2018, 60, 617-624.
[CrossRef]

31






International Journal of
l Neonatal Screening

Review

Newborn Screening for Congenital Hypothyroidism in Japan

Kanshi Minamitani

Citation: Minamitani, K. Newborn
Screening for Congenital
Hypothyroidism in Japan. Int. J.
Neonatal Screen. 2021, 7, 34. https://
doi.org/10.3390/ijns7030034

Academic Editor: Ralph Fingerhut

Received: 27 May 2021
Accepted: 23 June 2021
Published: 28 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pediatrics, Teikyo University Chiba Medical Center, Chiba 299-0111, Japan;
kminami@med.teikyo-u.ac.jp; Tel.: +81-436-62-1211

Abstract: Congenital hypothyroidism (CH) is the most common preventable cause of intellectual
impairment or failure to thrive by early identification and treatment. In Japan, newborn screening
programs for CH were introduced in 1979, and the clinical guidelines for newborn screening of CH
were developed in 1998, revised in 2014, and are currently undergoing further revision. Newborn
screening strategies are designed to detect the elevated levels of thyroid stimulating hormone (TSH)
in most areas of Japan, although TSH and free thyroxine (FT4) are often measured simultaneously in
some areas. Since 1987, in order not to observe the delayed rise in TSH, additional rescreening of
premature neonates and low birth weight infants (<2000 g) at four weeks of life or when their body
weight reaches 2500 g has been recommended, despite a normal initial newborn screening. Recently,
the actual incidence of CH has doubled to approximately 1:2500 in Japan as in other countries. This
increasing incidence is speculated to be mainly due to an increase in the number of mildly affected
patients detected by the generalized lowering of TSH screening cutoffs and an increase in the number
of preterm or low birth weight neonates at a higher risk of having CH than term infants.

Keywords: newborn screening; lowering of thyroid stimulating hormone screening cutoffs; thyroid
dysgenesis; thyroid dyshormonogenesis; transient congenital hypothyroidism; permanent congenital
hypothyroidism; delayed rise in TSH; low birth weight

1. Introduction

Since thyroid hormone is indispensable for myelin sheath formation during the fetal,
neonatal, and infant periods, dysfunction of thyroid hormone during these periods causes
irreversible intelligence impairment. Furthermore, thyroid hormone stimulates growth hor-
mone secretion, insulin-like growth factor 1 production, and bone maturation. Therefore,
insufficient thyroid hormone activity can result in failure to thrive and early osteoporosis
in adulthood. Primary congenital hypothyroidism (CH) is the most common congenital
endocrine disorder caused mainly by thyroid dysgenesis or thyroid dyshormonogenesis.
CH can be prevented by early detection and optimal treatment, and newborn screening
programs for CH have been introduced in many countries worldwide. In Japan, newborn
screening programs for CH started in 1979 and have markedly improved neurologic and
health outcomes [1-3]. The present review provides an update on newborn screening
programs for CH as well as the treatment and long-term outcomes of CH in Japan.

2. Newborn Screening Programs for CH

Before the development of newborn screening programs for CH, primary CH was
mainly diagnosed from clinical symptoms based on a 12-item checklist (persistent jaundice,
constipation, umbilical hernia, poor weight gain, xerosis cutis, sluggishness, macroglos-
sia, hoarseness, coldness of limbs, edema, dilation of posterior fontanel, and goiter) [4].
However, because these symptoms are nonspecific in the neonatal period, they were
often diagnosed late or overlooked. Newborn screening for CH through an enzyme
immunoassay-based thyroid stimulating hormone (TSH) measurement on a filter paper
blood spot sample was introduced as a nationwide screening program in 1979, and this
method was upgraded to enzyme-linked immunosorbent assay in 1987 [2,5,6]. At present,
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patients with CH are treated according to the guidelines of mass screening for CH by the
Japanese Society for Pediatric Endocrinology and the Japanese Society for Mass Screening,
which were developed in 1998 [7] and revised in 2014 [8].

An initial TSH-based screening is performed using a filter paper blood spot sample col-
lected on days 5-7 postpartum. Neonates with a TSH level of 15-30 mIU/L in whole blood
on the filter paper blood spot sample are immediately referred to a regional medical facility
for closer clinical examination. Neonates with a TSH level of 10-15 mIU/L are retested for
TSH using the filter paper blood spot sample. Neonates with a TSH level >10 mIU/L in
the retested sample are usually subjected to close examination [8].

Currently, the age of the first visit for close examination of patients ranges from 15.8
to 18 days, with an average of 17.3 days [3].

During close examination in a medical facility, the family history of thyroid disease
and mother’s history of iodine overload and medication are noted. In Japan, where iodine is
abundant, dietary iodine insufficiency is rarely seen. A physical examination is performed
mainly based on the abovementioned 12 items of the checklist. Serum TSH, free thyroxine
(FT4), free triiodothyronine (FT3), and thyroglobulin levels are measured. The distal
femoral epiphyseal ossification center (DFEC) is examined using X-ray, and the thyroid
gland is identified using ultrasonography. Thyroid scintigraphy is reliable for the definitive
diagnosis of thyroid dysgenesis. However, it is generally not performed in the neonatal
period in Japan, probably because it is the only atomic-bombed country in the world.

Treatment is immediately initiated under following conditions: if a case has clinical
symptoms, if the appearance of the DFEC is delayed, if the thyroid gland cannot be
identified by ultrasonography, or if goiter is found. It is recommended to start treatment if
the serum TSH level is >30 mIU/L or 15-30 mIU/L and the FT4 level is <15 pmol/L.

If no clinical symptoms are found, the serum FT4 level is within the normal range, and
the TSH level is <15 mIU/L, a thyroid function test should be performed again. If the serum
TSH level is >10 mIU /L at 3-4 weeks after birth, treatment initiation should be considered.
It has been suggested that infants with a TSH level of >10 mIU/L at <6 months after birth
and >5 mIU/L at 12 months after birth should be followed up carefully and treated.

3. Incidence of CH in Japan

Prior to the introduction of newborn screening for CH, the incidence of primary CH
was 1:7400 [1]. However, once screening was started, the incidence increased to 1:3000 to
4000 since the 1990s and then to 1:2000 to 2500 since the 2000s [5]. The possible reasons for
this increase include an increase in the number of mildly affected patients detected by the
generalized lowering of TSH screening cutoffs and an increase in the number of preterm
or low birth weight neonates at a higher risk of having CH than term infants, as well as
epigenetic factors and changes in iodine intake and dietary habits [9].

The percentage of regions with the positive criterion of a TSH level of <30 mIU/L in
whole blood on the filter paper blood spot sample doubled from 43.1% in 1993 to 89.4% in
2008 [10]. Therefore, the identification of an additional mild form of CH with gland-in-situ
is thought to be responsible for the increase in CH incidence.

Preterm or low birth weight neonates are at a higher risk of having CH than term
infants. In Japan, recent dramatic advances in neonatal care have led to an increase in
the percentage of low birth weight neonates in Japan, i.e., from 5.2% in 1975 to 9.4% in
2017 [11]. However, there are no reports on the actual incidence of CH in low birth weight
neonates in Japan.

4. Epidemiology of CH in Japan

Iodine deficiency is rare in Japan, which is originally an iodine-sufficient area. Ac-
cording to data from 1989, CH was caused by thyroid dysgenesis in 84% of cases (ectopic
thyroid gland in 60% and athyreosis/hypoplasia of the thyroid gland in 24%) and by
intrinsic defects of thyroid hormone synthesis (dyshormonogenesis) in the remaining 16%
cases [12]. However, several recent studies using lower cutoff points for TSH levels have
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reported an increased diagnosis of cases with gland-in-situ. In a 2008 Japanese study, 54%
of primary CH cases were caused by thyroid dysgenesis (ectopic thyroid gland in 37% and
athyreosis/hypoplasia of the thyroid gland in 17%) and the remaining 46% of CH cases
occurred due to dyshormonogenesis [13].

A comprehensive genetic analysis identifies genetic abnormalities in 20% of Japanese
patients [14-18]. Mutations in the DUOX2 gene are particularly common, identified in
approximately 20% cases of dyshormonogenesis. In contrast, in thyroid dysgenesis, genetic
mutations can only be identified in 5-10% of patients.

Currently, the National Center for Child Health and Development (Tokyo, Japan)
analyzes genetic mutations in CH-associated genes, including DUOX2, DUOXA2, FOXEI,
GLIS3, IGSF1,1YD, NKX2-1, PAX8, SECISBP2, SLC26A4, SLC5A5, TG, THRA, THRB, TPO,
TRH, TRHR, TSHB, and TSHR, using next-generation sequencing methods.

5. CH in Low Birth Weight Neonates

Premature and low birth weight neonates may present with hypothyroxinemia without
an increase in the TSH level through a variety of mechanisms, including the hypothalamic—
pituitary-thyroid axis immaturity, nonthyroidal illness, dopamine administration, high-
dose steroid therapy, undernutrition, and exchange transfusion [19]. A delayed rise in
TSH is a condition in which although the TSH level is below the cutoff point at initial
screening, it increases later. A delayed rise in TSH is particularly common in low birth
weight infants. A retrospective single-center matched case-control study shows that the
percentage of small-for-gestational age infants was significantly higher in the delayed TSH
rise group (71%) than in the comparison group (25%) [20]. In order not to overlook this
pattern of delayed rise in TSH, since 1987, additional rescreening of premature neonates
and low birth weight infants (<2000 g) at four weeks of life, when their body weight reaches
2500 g, or at discharge from the hospital is recommended, despite a normal initial newborn
screening [21,22].

More than 50% of low birth weight infants before 30 weeks of gestational age manifest
a temporary pattern of low levels of FT4 and normal or low levels of TSH termed ‘transient
hypothyroxinemia of prematurity” (THOP), due to the immaturity of the hypothalamic-
pituitary-thyroid axis, iodine deficiency, the withdrawal of maternal placenta FT4 transfer,
nonthyroidal illness and exposure to some medications. The more premature the infants are,
the more severely the thyroxine is reduced. Many studies have shown that levothyroxine
sodium (LT4) has a poor effect on severe hypothyroxinemia [23-25], and the administration
of LT4 to premature infants in Japan has been suggested to cause late onset circulatory
collapse [26,27]. Infants with THOP should not be treated with LT4.

6. Treatment of CH

The Japanese Guidelines classify serum FT4 level <5, 5 to <10, and 10 to <15 pmol/L as
indicating most severe, severe, and moderate cases, respectively, taking into consideration
the consensus guidelines of the European Society for Pediatric Endocrinology [28].

Treatment starts with the administration of 10 ug/kg/day LT4 in powder form once
daily before breakfast. In most severe cases, treatment starts with a dose of 12-15 ug/kg/day
LT4. Infants with subclinical CH can be treated with 3-5 ug/kg/day LT4 because they
often become hyperthyroid when given 10 ug/kg/day LT4 [8].

The target for serum FT4 levels should be >50% of the reference range by age. The
target for TSH level should be the reference range by age. A follow-up is required at one,
two, and four weeks after the start of LT4 treatment, at one-month intervals until one year
of age, and then at 3—4-month intervals until the adult stage.

7. Re-Evaluation

A re-evaluation or definitive diagnosis should be made for the patients with CH after
the age of three years, including the differentiation of transient from persistent CH [8]. Af-
ter four weeks of LT4 withdrawal, a 1231 thyroid scintigram, 12T uptake rate, saliva/serum
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iodine ratio, perchlorate discharge test, thyroid function tests (TSH, FT4, FT3, and thy-
roglobulin), and thyroid ultrasonography are performed to diagnose athyreosis, hypoplasia,
ectopic thyroid gland, hormone organification defect, and iodine concentration deficiency.
If no abnormalities are detected upon these examinations, the patient is diagnosed with
transient hypothyroidism. Infants treated with less than 1.25 ug/kg/day LT4 at three years
of age are more likely to have transient CH [29,30]. In addition, infants who do not require
an increase in LT4 dose after three years of age are more likely to have transient CH [31].

8. Psychomotor Development

Prior to newborn screening for CH, only 19.8% of infants with CH received treatment
at an age of less than three months. Therefore, even after treatment, 43% of the patients
showed mental retardation with IQ levels below 75, 33.3% of the patients showed IQ levels
over 90, and two thirds of the patients were mentally retarded, including those on the
borderline [32].

In early newborn screening, the recommended initial dose of LT4 was 5-8 ug/kg/day,
and the initiation of treatment was often delayed until 4-5 weeks after birth. The patients
with CH had an IQ that was lower by 6-20 points in comparison with controls, and the
prognosis was particularly poor in severe children with a blood T4 level < 5 pg/dL at their
initial visit. The mean IQ in the first nationwide survey in 1991 was 97.5 + 14.8 (n = 81) [33]
and that in the second survey in 1994 was 99.9 + 13.7 (n = 151) [34].

Since the late 1990s, infants with CH have been treated with an initial dose of
10-15 pg/kg/day LT4, with treatment starting within two weeks after birth [35]. In the
nationwide follow-up survey of CH children in 2003 [36], the DQ/IQ at 1-5 years of age
was good, ranging from 104.1 to 107.3. Serious intellectual disability due to CH has almost
been eradicated. However, children with severe hypothyroidism, such as athyreosis, dur-
ing pregnancy presented with significantly lower IQ levels than those with other types
of CH [37]. Furthermore, patients with severe CH also have cognitive, behavioral, and
attention deficits in adolescence and adulthood [35,36].

9. Growth, Puberty, Body Composition, and Quality of Life

Prior to newborn screening for CH, while the frequency of children with a high degree
of short stature equal to or less than —3 SD decreased from 45% to 11.8% after LT4 treatment,
the frequency of children with a short stature equal to or less than —2 SD represented
approximately 30% [32].

A report analyzing the height and body weight of 2341 patients with CH (1030 males
and 1311 females) detected neither short stature nor obesity, but normal growth and
constitution through a registration in the Medical Aid Program for Chronic Pediatric
Disease of Specified Categories in 2002 [38]. A follow-up study in 2006 reported that the
patients with CH had a nearly normal physique, with a height of 162.9 4 8.4 cm and
body weight of 60.8 &+ 14.3 kg for male adults, height of 157.3 £ 5.2 cm and body weight
of 52.4 + 7.4 kg for female adults, and BMI of approximately 21.1 £ 3.0 for both males
and females [39]. A report from Kanagawa shows no significant difference in adolescent
growth patterns and adult height between patients with CH and healthy individuals, and
no significant correlation between adult height and severity of hypothyroidism or the age
of starting treatment was observed [40]. Some reports suggest that, even with good control,
puberty tends to be earlier in girls with CH, judging from the age at menarche [41,42].

Patients in whom CH was detected shortly after the introduction of newborn screen-
ing have already finished compulsory education and reached the age for employment
or marriage. The long-term quality of life (QOL) condition of these patients has been
reported [39,41]. Regarding the employment status of these patients, full time employees
represent 27% of patients, part-time employees represent 10%, unemployed represent 8%,
married and unemployed represent 6%, students represent 43%, and others represent 6%,
with no difference in employment status compared with the general population of the
same generation. Patients with CH show no differences in academic backgrounds for
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employees and the unemployed compared with those of the general population, as 15%
of patients graduated from university/college, 7% dropped out from university/college,
22% graduated from vocational school or junior college, 41% graduated from high school,
4% dropped out from high school, and 11% graduated from junior high school. In terms
of marital status, 8% of the patients with CH are married. In Japan, more than 90% of
all households purchase life insurance. Life insurance aims to cover the loss associated
with life, accidents, and sickness and also meets various needs, such as savings and post-
retirement security, but people with underlying conditions are often refused enrollment by
life insurance companies. Among patients with CH, 46% have purchased life insurance
and 65% of them applied for their insurance without declaring their disease [39].

10. Summary

Newborn screening for CH markedly improves the long-term intellectual outcome,
physical growth, and QOL of patients with CH.

The incidence of CH is increasing every year. It is important to minimize the damage
of hypothyroidism and further improve the outcomes by setting appropriate cutoff values,
appropriate initial therapeutic doses, and appropriate treatment for mild CH and low birth
weight infants.

Given that some patients with CH are anxious about explaining their disease to their
spouses and the inheritance of the disease, proper counseling needs to be provided based
on genetic diagnosis. In addition, it is becoming apparent that patients have various issues,
including their transition from the pediatric to adult clinic, purchase of life insurance, and
burden of medical expenses.
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Abstract: Although newborn screening (NBS) for congenital hypothyroidism (CH) in Japan started
more than 40 years ago, the prevalence of CH remains unclear. Prevalence estimations among
NBS-positive CH individuals include those with transient hypothyroidism and transient hyperthy-
rotropinemia, and re-evaluation with increasing age is necessary to clarify the actual incidence. Thus,
we re-evaluated the incidence of permanent CH. Of the 106,114 patients who underwent NBS in the
Niigata Prefecture, Japan, between April 2002 and March 2006, 116 were examined further due to high
thyroid-stimulating hormone levels (>8 mIU/L) and were included in the study. We retrospectively
evaluated their levothyroxine sodium (LT4) replacement therapy status from the first visit to 15 years
of age. Of the 116 NBS-positive patients, 105 (91%) were initially examined in our department. Of
these, 72 (69%) started LT4 replacement therapy on the first visit. Subsequently, 27 patients continued
LT4 replacement until 15 years of age after multiple re-evaluations. The prevalence of permanent
CH in the Niigata Prefecture during this period was 1 in 2500-3500 children. Ultimately, 62.5% of
patients on LT4 replacement discontinued treatment by 15 years of age. This is the first study to
clarify the true prevalence of permanent CH in Japan.

Keywords: congenital hypothyroidism; newborn screening; Japan; re-evaluations; prevalence

1. Introduction

In Japan, newborn screening (NBS) for congenital hypothyroidism (CH) was initiated
in 1979. The prevalence of CH in Japan was initially estimated at 1 in 7400 newborns prior
to the commencement of the NBS [1]. National survey results after starting NBS indicated
that the prevalence of CH in Japan was 1 in 16002500 children since the 2000s [1,2]. CH
detected by NBS has been reported in various countries worldwide, but the incidence
varies from 1 in 1000 to 1 in 6000 children [3]. Recently, reports have indicated that the
prevalence of CH detected by NBS is increasing due to lower thyroid-stimulating hormone
(TSH) cut-off values, racial composition changes, and an increase in the number of preterm
or low-birthweight infants [3-5].

NBS-positive individuals present with transient hypothyroidism and transient hy-
perthyrotropinemia [6], and re-evaluation with increasing age is necessary to differentiate
between these conditions and determine the actual incidence of CH. Permanent CH preva-
lence, excluding transient hypothyroidism, has not been clarified in Japan, which prompted
our retrospective re-evaluation. To clarify the true prevalence of permanent CH in Ni-
igata, Japan, we re-evaluated the patients who were NBS-positive for CH to determine the
permanent CH prevalence based on the levothyroxine sodium (LT4) replacement status.
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2. Materials and Methods

This was a single-institution retrospective cohort study. We retrospectively reviewed
the LT4 replacement therapy status from the first visit after birth to 15 years of age. In this
study, patients on LT4 replacement were defined as CH patients.

2.1. NBS Method in the Niigata Prefecture

Blood samples were collected on filter paper within the first 4 to 7 postnatal days,
and the TSH level in the filter paper sample was measured using an enzyme-linked
immunosorbent assay (TSH: Enzaplate N-TSH, Bayer Co., Tokyo, Japan). All CH screening
tests were centralized at the Niigata Health Laboratory Center.

If the initial TSH level was between 8 and 30 mU/L, a second specimen was evaluated.
If the TSH level in the second specimen was also greater than 8 mU/L, a confirmatory test
was performed within 30 days of birth at the patient’s medical institution. If the initial TSH
level was more than 30 mU/L, a confirmatory test was performed within 14 days of birth
at the patient’s medical institution. Serum-free T4 (FT4), free T3 (FT3), and TSH levels were
measured, and the thyroid morphology was evaluated by ultrasonography at the patient’s
medical institution.

The included patients comprised 116 newborns who tested positive for high TSH
levels among the 106,114 newborns who underwent NBS in the Niigata Prefecture, Japan,
between April 2002 and March 2006. Patients who had been initially examined at other
hospitals were excluded.

2.2. Re-Evaluations at Ages 2—4 Years

Patients with a eutopic thyroid gland who underwent LT4 replacement therapy and
remained euthyroid without LT4 dose increments after 12 months of age were re-evaluated
by discontinuing LT4 for 4 weeks and performing thyroid function tests.

2.3. Etiological Diagnosis Determination for CH after 5 Years of Age

The methods are detailed in previous studies [7]. To summarize, after discontinuing
LT4 replacement therapy, several tests (such as thyroid function test, thyrotropin-releasing
hormone stimulation, 12*1 scintigraphy and radioactive iodine uptake (RAIU), saliva-to-
plasma radioiodine ratio, and perchlorate discharge (if the RAIU was 20% or more)) and
thyroid ultrasonography were performed.

2.4. Re-Evaluations at Final Height

Patients with a eutopic thyroid gland who underwent LT4 replacement therapy and
remained euthyroid after achieving their final height were re-evaluated by discontinuing
LT4 for 4 weeks to confirm thyroid function.

2.5. Criteria for Beginning and Discontinuing LT4 Replacement Therapy

The criteria for beginning LT4 were a serum TSH level of 10-15 mU/L or higher at the
time of the initial visit, persistent TSH level of >10 mU/L after the age of 3-6 months, or a
persistent TSH level of >5 mU/L after the age of 1 year. The discontinuation criterion was
a serum TSH level of <5 mU/L without LT4 replacement therapy, which was restarted if
the TSH level remained above the 5-10 mU/L range.

2.6. Primary and Secondary Outcomes

The primary outcome was the prevalence of permanent CH detected by NBS, and
the secondary outcome was the prevalence of transient CH among patients with CH who
received LT4 replacement. This study was approved by the Niigata University Ethics
Committee. We have published information related to the content of the research on the
hospital’s homepage. The patients and their parents were informed of their right to refuse
access to their medical records for use in the study.
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3. Results

The background characteristics of the subjects are listed in Table 1. Fifteen percent of
the NBS-positive infants had a low birthweight. Of the 116 NBS-positive subjects with high
TSH levels, 105 (91%) were evaluated at our hospital (Figure 1). Therefore, this study is
based on a population base of 106,114 x 91% (i.e., 96,000 newborns). The LT4 replacement
status for each age group is shown in Figure 2. Of these, 73 patients (69%) were initiated
on LT4 at their first visit, while 32 (31%) were left initially untreated; 10 of the latter had
persistent mildly elevated TSH levels and were initiated on LT4 by the age of 1 year. Thus,
73 out of 87 patients (84%) were treated with LT4 for 2 years, excluding those who were
transferred or those for whom the follow-up had ended.

Table 1. Subject backgrounds.

Sex (1) Male (54), Female (62)

NBS-positive timing (1) First examination (28), second examination (88)
Whole blood TSH level in filter paper at NBS **  10.5 (9.8-31.3) mIU/L

Birth weight (BW); mean =+ SD (range) 2830 + 664 g (424-3916)

BW <2500 g; 1 (%) 18 (15.5%)

BW < 1500 g: 11 (%) 8 (6.9%)

Thyroid morphology * (1) Ectopic (7), hypoplasia (10), enlarged (7), eutopic (81)

n, number of patients; NBS, newborn screening; * Data from 105 patients who underwent detailed examinations
at our hospital; ** Data are shown as median (interquartile range).

106,114 Newborns screened
in Niigata prefecture

116 Positive for elevated TSH levels |

I »| 11 Visited other institutions

105 Visited Niigata University
Medical & Dental Hospital

12 Transferred to other
1 institutions (including 9 receiving
].4 Endlof fO“OW:'I.I? LT4 rep!acemcrlt)
(including 1 receiving |«
LT4 replacement)

A4

79  Continue to be followed-up
atage 15

Figure 1. Enrollment of the study subjects. Between April 2002 and March 2006, a total of 106,114 new-
borns were screened for CH in Niigata prefecture, and 116 were referred to pediatric endocrinologists.
We evaluated 105 subjects (90.5%). Eleven patients did not visit our hospital due to reasons such
as hospitalization in the neonatal intensive care unit. Fourteen patients (including 1 patient who
died after cardiac surgery while on LT4 replacement) with normal thyroid function at the first visit,
transient hypothyroidism, or transient hyperthyrotropinemia did not receive further follow-up.
Twelve patients, including 9 on LT4 replacement, were transferred to another hospital. At the age of
15, 79 patients were being followed up.
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Figure 2. The LT4 replacement status of each age group. M, month; yr, years; (1), the number in both
parenthesis indicates the number of patients receiving LT4 replacement; * transient hyperthyrotropine-
mia due to maternal antithyroid drugs or blocking TSH receptor antibody; ** thyroid function was
normal from the first visit and the follow-up ended; *** the patient died after cardiac surgery.

Among patients aged between 2 and 5 years, 55 patients were re-evaluated and 16 dis-
continued LT4 replacement therapy. Consequently, 57 patients were on LT4 replacement
therapy at the age of 5 years; of these, 52 patients were diagnosed etiologically with CH
at the age of 5-7 years. LT4 replacement was discontinued in 24 patients, and 33 patients
were continued on LT4 after the CH etiological diagnosis.

At the re-evaluation conducted after reaching final height, six patients discontinued
LT4 replacement therapy, and at 15 years of age, 27 of the 79 patients (34%) who were
followed up were receiving LT4 replacement therapy.

3.1. Permanent CH Prevalence

In addition to the 27 patients receiving LT4 replacement at 15 years of age, 10 patients
were transferred or died while on LT4 replacement therapy. Thus, the number of patients
with permanent CH from April 2002 to March 2006 ranged from 27 to 37, and the permanent
CH prevalence was 1 in 2500-3500 children.

3.2. Transient CH Prevalence

Of the 74 patients who received LT4 replacement at 1 year of age, LT4 was discontinued
in 46 patients by the age of 15 years, suggesting transient CH. There were 13 NBS-positive
infants with an elevated TSH level and a birthweight of less than 2500 g who were examined
at our hospital; 11 were initiated on LT4 replacement therapy, 3 were transferred to other
hospitals, and 8 discontinued LT4 by the age of 15 years. Thus, the number of patients with
transient CH or transient hyperthyrotropinemia ranged from 46 to 56, and the transient
CH or transient hyperthyrotropinemia prevalence was 1 in 1700-2100 children.

4. Discussion

In this study, the re-evaluated prevalence of permanent CH was 1 in 2500-3500 children.
Approximately 60% of the patients who received LT4 replacement therapy had transient
CH or transient hyperthyrotropinemia and discontinued LT4 replacement therapy.

The CH prevalence reported worldwide is likely to include patients with transient
hypothyroidism. In our study, when a patient with CH was defined as a patient on LT4
replacement therapy, the CH prevalence was approximately 1 in 1300 children at the time
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of the first visit after birth, 1 in 1200 children at 1 year of age, and 1 in 1500 children at
5 years of age. The prevalence of CH at 1 year of age increased from the first visit due
to the inclusion of patients who started LT4 replacement in early infancy without LT4
replacement at the initial diagnosis, i.e., persistent mild hyperthyrotropinemia. Therefore,
when discussing CH prevalence, it is difficult to compare without considering the timing
(i.e., age) of the incidences.

Reports indicate that the frequency of transient CH has increased, likely because
of lower TSH level cut-off values. The incidence of transient CH in North America is
approximately 5% to 10% of the NBS-positive children with CH [8]; however, recent
reports indicate that 40% to 53% of the NBS-positive children with CH actually have
transient CH [9,10]. Only one-third of patients with CH and eutopic thyroid gland needed
to continue LT4 replacement after re-evaluation at the age of 3 to 6 [11]. In our study,
approximately 60% of the 74 patients on LT4 replacement therapy at the age of 1 year
discontinued it by the age of 15 years. Thus, the TSH cut-off value of 8 mU/L does include
a certain number of patients with transient hypothyroidism. Even if LT4 replacement
cannot be discontinued by 5 years of age, some patients may be able to discontinue LT4
thereafter and should be re-evaluated for transient CH at the appropriate period.

Increasing numbers of low birthweight and preterm infants may also be associated
with CH prevalence [12,13]. Small for gestational age, especially, is a high risk for hyper-
thyrotropinemia [13]. The incidence of low birthweight was higher among infants with
high TSH levels on NBS in our study than among the general population. However, all
NBS-positive low-birthweight infants were able to discontinue LT4 replacement by the age
of 15 years. Because high TSH levels in low-birthweight infants may be transient, these
patients should be excluded when determining the prevalence of permanent CH.

Although this was not a nationwide survey, this is the first study to clarify the true
prevalence of permanent CH in Japan. The study was limited by the inability to ascertain
the LT4 replacement status in patients transferred to other hospitals, and the lack of
investigation of the presence of CH patients who were not detected by NBS. We also did
not examine factors associated with transient CH in this study. However, this study was
strengthened by uniform data, as a single institution managed almost all the CH screenings
in the Niigata Prefecture, and transient CH was excluded from long-term follow-up until
the age of 15 years.

5. Conclusions

In our study, 62.5% of the LT4 replacement patients discontinued treatment by 15 years
of age. From these results, the prevalence of permanent CH in the Niigata Prefecture during
this period was 1 in 2500-3500 children.
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Abstract: Congenital adrenal hyperplasia (CAH) is an inherited disorder caused by the absence or
severely impaired activity of steroidogenic enzymes involved in cortisol biosynthesis. More than 90%
of cases result from 21-hydroxylase deficiency (210HD). To prevent life-threatening adrenal crisis and
to help perform appropriate sex assignments for affected female patients, newborn screening (NBS)
programs for the classical form of CAH have been introduced in numerous countries. In Japan, the
NBS for CAH was introduced in 1989, following the screenings for phenylketonuria and congenital
hypothyroidism. In this review, we aim to summarize the experience of the past 30 years of the NBS
for CAH in Japan, composed of four parts, 1: screening system in Japan, 2: the clinical outcomes for
the patients with CAH, 3: various factors that would impact the NBS system, including timeline,
false positive, and LC-MS/MS, 4: Database composition and improvement of the screening program.

Keywords: congenital adrenal hyperplasia; 21-hydroxylase deficiency; newborn screening

1. Introduction

Congenital adrenal hyperplasia (CAH) is an inherited disorder caused by the loss
or severely impaired activity of steroidogenic enzymes involved in cortisol biosynthesis
(Figure 1A,B) [1,2]. More than 90 percent of cases result from 21-hydroxylase deficiency
(210HD) caused by mutations in CYP21A2. The prevalence of 210HD is estimated to be
1:15,000-16,000 in the USA and Europe [3] and slightly lower in Japan (1:18,000) [4-6]. The
clinical spectrum of the disease ranges from the most severe to mild forms, depending
upon the degree of enzyme deficiency [2].

The disease is mainly classified into two forms: classical and nonclassical. The classical
form is associated with two major problems: life-threatening adrenal crisis in both sexes
and virilization of the external genitalia in 46,XX patients. The classical form is further
subdivided into two subtypes, the severest, salt wasting (SW) form, and simple virilizing
(SV) form. The SW form is associated with cortisol and aldosterone deficiencies, in which
neonates are likely to develop life-threatening adrenal crises with severe hyponatremia
and hyperkalemia. Virilization of the external genitalia in newborn females and precocious
puberty due to overproduction of androgens by the adrenal cortex are the other major
clinical manifestations of the SW and SV forms. However, the clinical phenotypes of the
SW type and the SV forms may overlap, and attempts to differentiate them based on
endocrinological evaluation without genetic analysis are sometimes inconclusive [2].

To prevent a life-threatening adrenal crisis and help perform appropriate sex assign-
ments for affected female patients, newborn screening (NBS) programs for the classical
form of CAH have been introduced in numerous countries [7]. In Japan, the NBS for CAH
was introduced in 1989, following that for PKU and congenital hypothyroidism [4].
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Figure 1. Steroid synthesis in the adrenal cortex (A) and the pathophysiology of 210HD (B). P5: Pregnenolone, 17a0OHP5:
17-hydroxypregnenolone, P: Progesterone, 17a«OHP: 17-hydroxyprogesterone, DOC: Deoxycorticosterone, 11DOF: 11-
deoxycortisol, B: Corticosterone, 180OHB: 18-Hydroxycorticosterone, DHEA: Dehydroepiandrostendione, A4: Androstene-
dione, T: Testosterone. 17a«OHP and other green steroids are included in the panel of LC-MS/MS screening in Japan.

Steroids written in blue suggest its synthesis is reduced.

In contrast to the classical form, the nonclassical form has a milder phenotype in
which clinical problems are not obvious during the neonatal period or childhood, generally
developing during adolescence or adulthood [1,2]. The prevalence of nonclassical form
in Japan is estimated much lower than that in western countries [8-10]. Although some
of them are screened by the NBS, the screening program is not designed to detect all the
newborns with the nonclassical form.

The aim of this review is to summarize the experience of the past 30 years of the
NBS for CAH in Japan, comprising four parts: 1, screening system in Japan; 2, clinical
outcomes for patients with CAH; 3, factors that would impact the NBS system, including
timeline, false positive, and LC-MS/MS; and 4, database composition and improvement of
the screening program.

2. Screening System in Japan

The NBS in Japan was introduced individually into the prefectural administration
according to a government notification by the Ministry of Health and Welfare in 1977. The
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basis of the NBS system, such as the timeline, and the screening panel are identical in
all local governments. After informed consent is obtained from a legal guardian, blood
samples are collected by a heel prick blotted on a filter paper from neonates at 4-7 days
from birth, and the filter paper samples are immediately sent to a laboratory allocated by
the prefectural government.

The details of the screening system are different among laboratories, and as a rep-
resentative, the screening algorithm in Tokyo was shown in Figure 2. In Tokyo, the 1st
screening is divided into two procedures. The level of 17-hydroxyprogesterone (17«OHP)
is initially determined by enzyme-linked immunosorbent assay (ELISA) without steroid
extraction. We select blood samples in the 97th percentile or higher for 17a¢OHP values for
subjecting the second-tier test, which is carried out after steroid extraction [4,5,11,12]. The
cutoff criteria for the second-tier test are shown in Table 1.

The NBS has two different cutoff values: for “screening positive” and for “retest”.
When the 17«OHP level is higher than the screening positive cutoff value, the neonate
is directly referred to a pediatric endocrinologist for further endocrinological evaluation.
Neonates with 17«OHP levels more than the retest cutoff value are retested. When the
17xOHP levels are higher than the retest cutoff value two-three times, the screening is
considered positive (Figure 2) [4,5,11-13].
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the Pediatric
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Diagnosis and
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Figure 2. Algorithm of CAH screening in Tokyo.

In some female patients, blood sampling for the screening is performed ahead of
schedule due to atypical genitalia, which is one of the major clinical symptoms in female
neonates with 210HD and is frequently recognized at birth.

To reduce the number of false-positive results in preterm newborns, one of the most
serious issues in the screening for 210HD, some laboratories, including that of Tokyo,
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employ cutoff values based on gestational age and/or birth weight. The cutoff values were
determined according to a pilot study of serum 17xOHP levels in full-term and preterm
infants. As a representative screening system in Japan, the algorithm and criteria for the
screening in Tokyo are shown in Table 1 and Figure 2 [5], respectively.

Table 1. Criteria of CAH mass screening in Tokyo.

<Criteria According to the Gestational Age>

Gestational age at birth (weeks) *1# <29 30-34 35-36 >37
Corrected gestational age (weeks) +1b <31 32-35 36-37 >38
<Criteria According to Weight> *%*3
Body weight (g) <999 1000-1999 2000-2499 >2500
Cutoff level of Retest ** 60 45 24 15
17aOHP [n'mol/L] ~ Positive * 60 60 60

+la Samples collected before the age of 7 days, *1b Samples collected at the age of 7 days or after, *2 Ist test: body
weight = birth weight, 2nd test and after: body weight = corrected body weight calculated by the formula as
below. Corrected body weight at test (g) = birth weight (g) + (age at test — 7) x 20 (g). *3 For infants born small
or large for gestational age, either the criteria of gestational age (corrected gestational age) or body weight was
applied, whichever was a lower value. Since 2012, criteria according to weight have not been used, and solely
gestational age-stratified cutoff has been used. ** recall for the second (or the third) test of the screening. *> refer
to hospitals for further endocrinological examinations.

For the quality control of the screening, most screening laboratories perform follow-up
surveys of the patients who were referred to hospitals. In the surveys, clinical information of
the patients, including confirmed diagnosis, is collected from the pediatric endocrinologists
at the hospitals [13].

3. Clinical Outcomes of the Newborn Screening for CAH in Japan
3.1. The Effects of the Screening

The clinical profiles of 210HD before the introduction of the screening differ remark-
ably from the current profiles [14]. Before the introduction of the screening, Suwa S et al.
conducted a nationwide survey and reported the clinical profiles of 210HD in Japan. Ac-
cording to the survey, the estimated prevalence of 210HD was 1/43,764, and the average
age in days when the patients firstly visited the hospitals was 1102. In the SW type, the
average age of the first hospital visit was 55 days (male: 63 days (range, 1 days to 3 years),
female: 47 days (range: 0 days to 3.9 years)), and in the SV form, the average age at first
visit was 6.4 years (male: 5.9 years (range: 14 days to 34 years), female: 6.5 years (range:
0 days to 44 years)) (Table 2) [15]. The ratio of male to female was 1:1.5, and the number
of male patients was significantly lower than that of females, implying that a substantial
number of male patients were missed, i.e., the SV form remained undiagnosed or the fatal
cases with the SW form in the neonatal-infantile period. Consistently, the survey revealed
that the mortality rate was 10.6% in neonates with the SW form, which is consistent with
the reports from other countries [15]. In 46,XX cases, 12.9% were firstly assigned as male
because of atypical genitalia and corrected to female sex after the diagnosis of 210HD [15].

Table 2. Age at diagnosis before and after implementation of the screening.

Before CAH Screening * After CAH Screening **
Male Female Total Male Female Total
SW type 63 days (120) 47 days (96) 55 days (216)
SV type 5.0 yrs (39) 6.5 yrs (150) 6.4 yrs (189) 90days (55) 62days(45) 7.6 days (100)

Numbers in parentheses indicate numbers of the subjects, *, **: according to the data reported by Suwa et al., 1994 [15] and Gau
etal., 2020 [13], respectively.

After the introduction of the screening, the clinical outcomes of 210HD during the
neonatal/infantile period were remarkably improved. The average ages at the first visit
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were 8.2 and 7.6 days (male: 9.2 days, female: 6.0 days) in Sapporo and Tokyo, respectively
(Table 2) [6,13]. To date, no fatal cases have been identified.

Although the follow-up surveys and the screening systems are not designed for
detecting false-negative cases, based on a survey for the literature and the annual reports
from NBS programs, no false-negative cases have been reported since the introduction of
the screening [5,6,13]. We presume that the sex of all 46,XX cases was correctly assigned.

3.2. The Progression of Salt Wasting during the First Two Weeks of Life

Adrenal crisis is a life-threatening medical emergency, and eradicating the lethal cases
of 210HD is one of the major goals of newborn screening [16]. Although the fact that
there were no reported fatal cases suggests the primary goal of the screening has been
accomplished, 37.4% of 210HD neonates already developed severe salt wasting, which
is defined by Na < 130 mEq/L, K > 7 mEq/L, on arrival at medical hospitals in Tokyo
screening [13]. Furthermore, some of the 210HD neonates exhibited life-threatening salt
wasting, such as more than 10 mEq/L of serum K [13].

Severe adrenal crisis during the neonatal to early infantile period would cause neuro-
logical comorbidities. According to the nationwide survey before the introduction of NBS
in Japan, a substantial number of the 210HD patients revealed to have neurological comor-
bidities including intellectual disability and epilepsy. The prevalence associated with the
SW form was higher, 18.5%, than with the SV form, 9.4%, suggesting that delayed diagnosis
of adrenal crisis causes intellectual disability [17]. Consistently, in the retrospective study
from the U.K., where NBS for 210HD is not introduced, more than 20% of the SW-type
210HD patients developed learning difficulties [14]. Those suggest that just eradication
of lethal cases would not be sufficient for the goal of the 210HD screening, and avoiding
severe adrenal crisis should be considered.

Retrospective analysis of the follow-up survey of the NBS in Tokyo revealed that, in
classical 210HD patients, the serum Na and K levels linearly deteriorated with age in days,
and the age when the regression lines reached Na < 130 mEq/L, K>7 mEq/L approximately
coincided at 11.1 and 12.3 days, respectively [13] (Figure 3). The risk of developing severe
salt wasting increases during the second week of life without a threshold, and, therefore,
an early intervention, ideally during the first week of life, is desirable [13,18,19].
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Figure 3. Clinical features of serum sodium (Na) and potassium (K) levels in 210HD neonates.
Retrospective analysis of the NBS in Tokyo revealed that, in classical 210HD patients, the serum Na
and K levels linearly deteriorated with age in days, and the age when the regression lines reached Na
<130 mEq/L, K> 7 mEq/L approximately coincided at 11.1 and 12.3 days, respectively. (Modified
from Gau et al., 2020 [13]).
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3.3. Triage of the Neonates with Salt Wasting by Body Weight Change

The follow-up survey in Tokyo revealed that from the second week of life, changes
in body weight provide a useful index in the evaluation of neonates with positive CAH
screening results [13]. Neonates with decreasing body weight from the birth weight are
likely to have classical 210HD, and neonates with increasing body weight after birth are
more likely to be false positives [13]. Furthermore, even in cases of 210HD, the possibility
of developing severe salt wasting, such as hyponatremia (<130 mEq/L) or hyperkalemia
(>7 mEq/L), is extremely low without loss of body weight (Figure 4). Contrary to body
weight change, the relevance of predicting severe salt wasting based on the 17«OHP level
is extremely low because the 17aOHP level is not associated with Na or K levels [13].

B

8.0
1
|
370 w30 L
w 1
E70 'i
X |
6.5 43% | 14%
1
5.0 i
0 + - 0 +
ABody Weight ABody Weight

Figure 4. Body weight change from birth is an excellent predictor of 210HD and the risk of severe salt wasting. Body
weight data of 210HD patients at 7-14 days after birth were collected, and the change in body weight from birth weight was
examined. None of the 210HD patients with severe salt wasting (Na < 130 meq/L or K > 7.0 mEq/L) exhibited increased

body weight (A,B).

Although the findings of body weight change in patients cannot be the direct criteria
for the CAH screening protocol, they may assist in some individual cases, e.g., for triaging
a neonate with a positive result who is living in a region with limited access to a pediatric
endocrinologist or in which there is no CAH screening.

4. Potential Issues of Testing Practices in the Newborn Screening for CAH in Japan
4.1. The Timeline of the Newborn Screening for 210HD

The timeline of the NBSs is becoming earlier worldwide because newly added inborn
errors to the screening panel require early intervention immediately after birth. In the
U.S., SIMD (Society for Inherited Metabolic Disorders) defines the critical condition as a
condition in which serious symptoms may present acutely in the first weeks of life with a
short pre-symptomatic window and require immediate treatment to mitigate morbidity
and mortality [20]. More than 10 inborn errors of organic acid disorders and fatty acid
oxidation disorders are involved in the list, and the SIMD recommends considering the
list as an important starting point for discussion between clinicians and laboratories [20].
Accordingly, blood samples for screening are collected 48 h after birth in the U.S., and the
recommended age in days when the first results are obtained should be seven [21]. Indeed,
in 2018, 64% of the first results were available within 5 days after birth (Table 3) [22]. The
situation is similar in the EU, and, in most countries, blood sampling starts 72 h after birth
(Table 3) [23].

In the NBS for 210HD, several factors should be considered in terms of timing for the
blood sampling. Especially, given the rate of 37.4% neonates with severe salt wasting in
Japan, earlier sampling can be discussed for the prevention of life-threatening salt wasting.
However, an increase in serum 17acOHP level has been observed in unaffected neonates
during the first 1-2 days of life, and there is evidence of false negatives associated with
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the early collection of specimens in the U.S. [24]. Further, the timeline is determined
by various factors of other diseases in the screening panels, which are different among
countries (Table 3). For optimizing the timeline of the screening, we need careful discussion
continuously.

Table 3. Summary of newborn screening in European countries, Oceania, and the U.S. (modified table from ref-

erence [25]) and the following website (https://www.hrsa.gov/advisory-committees/heritable-disorders/newborn-

screening-timeliness.html, https://newbornscreening.hrsa.gov/your-state#w, https:/ /www.newsteps.org/resources/
data-visualizations/newborn-screening-status-all-disorders, visited date, “23 April 2021”).

Screening Panel Interval Birth-Sampling Interval Sampling Analysis
Countries A[»[:)I::lx:g:;:e AAD,
*1 (Million) CAH CH PKU GAL OA, <48 h 48-72h 72-96 h >96 h 1d 2d 3d 4d 5d >6d
FAOD
Austria 8.8 x 2 X X X >6 X X X X X
Belgium 10.5 X X X X >6 X X X X
Denmark 5.6 X X X X >6 X X X
France 67 X X X X P *2 X X X
Germany 80 X X X X >6 X X X X
Netherlands 17.8 X X X X >6 X X X X
Spain 46.5 X X X P >6 X X X X X X X
Sweden 10 X X X X >6 X X X X
Switzerland 8.1 X X X X 1-6 X X
Finland 55 X X >6 x X X X X X X X
Greece 105 X X X X X
Hungary 10 X X X >6 X X X
Ireland 49 X X X X X X
Ttaly 60.5 X X P P X X X X X
Norway 53 X X >6 X X
Portugal 10.3 X X >6 X X X X
UK. 66.6 X X 1-6 X X X
us.® 328.2 50/50  50/5050/50 50/50 50/50 X X X
JPN 126.3 X X X X >6 X X X X

*1 European countries whose population is approximately more than 5 million were listed. *2 % (in screening panel section) = in screening
panel, P = pilot/regional screening. ** In the United States section, the number of states that include the disease in the screening panel is
listed. In the AAD, OA, and FAOD section, states that implemented more than six of the metabolic disorders were counted. The interval
between birth, sampling, and analysis of U.S. is recommended timeline. ** Cord blood is used for some of the screening.

4.2. High Rate of False Positive

For the 17cOHP measurement, immunoassays have been used because of their sensi-
tivity, cost, and simplicity. However, immunoassays lead to high rates of false positives,
seriously affecting the screening efficiency [5,18,26].

One of the major reasons is the cross-reactivity with steroids, such as 17-hydroxy
pregnenolone sulfate and 153-hydroxylated compounds, which is high in preterm infants,
and the ratio of false positives is extremely high in preterm infants. To minimize false
positives, cutoff points stratified by gestational age and/or birth weight have been used in
some screening systems. Although the stratified cutoff improves positive predictive value
(PPV) to some extent, its efficiency is limited [5,27-30]. In the Tokyo system, gestational age
and birth weight cutoff points have been used since the introduction of the NBS (Table 1).
While the average PPV in Japan was reported as 6.6%, the Tokyo screening program
achieved 25.8% (Figure 5). On the other hand, the PPV in preterm infants with a gestational
age of <37 weeks was only 2% [5].
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Figure 5. PPV (positive predicted value) of CAH screening in Tokyo according to the birth weights
and the gestational ages of newborns judged as positive. (Modified from Tsuji et al., 2015 [5]).

Another cause for the high false-positive rate is the nature of 17«xOHP itself. Histori-
cally, 17«OHP was originally considered as the pathogenic androgen in cases of 210HD
rather than as a diagnostic marker, and it has several shortcomings as a diagnostic for
210HD [31]. The level of 17xOHP is high in cord blood during the first 1-2 days of life, and
stress from other illnesses may result in the 17¢OHP remaining high in unaffected neonates.
Furthermore, in other forms of CAH, including 11-hydroxylase deficiency (110HD), 3f3-
hydroxysteroid dehydrogenase deficiency (33 HSDD), and P450 oxidoreductase deficiency
(PORD), 17OHP may be elevated to almost the same level as that of 210HD [32]. For fur-
ther improving PPV in 210HD screening, measuring other biomarkers with high specificity
for 210HD would be required.

4.3. LC-MS/MS Analysis of 17« OHP as a Second-Tier Test and Diagnostic Test for 210HD

To improve PPV, an alternative methodology should measure disease-specific markers
other than 17&OHP or has high specificity for the target steroids. When used appropriately
under highly regulated conditions, liquid chromatography-tandem mass spectrometry (LC-
MS/MS) is considered as the gold standard for steroids assays [33-39], and the guideline of
the Endocrine Society have recommended to employ LC-MS/MS for measuring 17«OHP
of the second tier in neonatal screening since 2018 [16].

In addition to its specificity, the advantage of LC-MS/MS is the capability for the
simultaneous assay of multiple steroids [33,34,36]. In Japan, a steroid profile panel from
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Siemens Healthineers AG (Frankfurt, Germany), “MS?-screening CAH” was developed for
the CAH screening. Five steroids were selected for the panel: 170OHP, 21-deoxycortisol (21-
DOF), 11-deoxycortisol (11-DOF), 4-androstenedione (4AD), and cortisol (F). Accordingly,
the cutoff criteria of the LC-MS/MS assay are not solely based on 17«OHP, but on 21DOF
and the ratios of steroids, such as (17c«OHP + 4AD)/F, 11DOF/17xOHP (Table 4) [33].
The combination of highly specific LC-MS/MS and simultaneous assays of five steroids is
expected to dramatically improve the efficiency of the screening [33,34,36].

Table 4. Cutoff level of 17aOHP and other steroids assayed by LC-MS/MS in Saitama, Sapporo and
Tokyo, Japan *.

Screening Positive Cutoff Level

S Tokyo
Prefecture Saitama apporo
PP Criteria A *>*3  Criteria B *2*3
170OHP Term birth >20 >20
>5 >5
(ng/mL) Preterm birth >30 >50
21DOF (ng/mL) >1.0 >2.0 >1.0
(17«OHP + 4AD)/F >2.0
11DOF /17 «OHP <0.1
Retest Cutoff Level
Prefecture Saitama *2 Sapporo *2 Tokyo *2
17«OHP (ng/mL) >1.0 >2.5 >1.5
(170OHP + 4AD)/F >0.1 >0.1 >0.3
11DOF /17 «OHP <0.3 <0.2 <0.3

*1 The algorithm of the screening is the same as shown in Figure 1. When the retest values are documented twice,
the patients are judged as positive. *? The result is judged as positive or retest when all parameters meet the
criteria. ** The patient with the result that meets criteria A or B is considered as screening positive.

Indeed, the outcomes of LC-MS/MS are excellent. In 2018, the LC-MS/MS assay
for 210HD was employed in 5 of 37 prefectural laboratories in Japan. In immunoassay
screening, out of 653 subjects with positive results, there were 38 confirmed cases of
210HD, resulting in a PPV of 5.8% (38/653). On the other hand, the PPV in LC-MS/MS
screening was 40.0% (6/15), indicating that the specificity of LC-MS/MS is remarkable [40].
Accordingly, in 2018, the Ministry of Health, Labor, and Welfare in Japan added LC-MS/MS
to the list of recommended methodologies for the second-tier test of 210HD screening [41].

In addition to improving the efficiency of 210HD screening, the steroid profile assay
by LC-MS/MS may bring further advantage to the screening, that is, assisting definitive
diagnosis of 210HD [34]. Although 210HD can be diagnosed endocrinologically, the
procedures and cutoff criteria are complicated because other rare forms of CAH, such as
110HD, PORD, and 3HSDD, should be differentiated from the diagnosis of 210HD as
we described in the previous section [32,42-48]. The nonspecific increase in 17«OHP levels
in other forms of CAH has been considered as a potential clinical pitfall.

Currently, reliable methods for differentiating 210HD from other forms of CAH are an
adrenocorticotropic hormone (ACTH) stimulation test [16], urine steroid profile analyses
using gas chromatography mass spectrometry [49], and genetic test, which cannot be used
as a first-line diagnostic test because the procedure of CYP21A2 gene analysis is extremely
complicated [50-52].

It has been suggested that the ratios of steroids (17ocOHP + 4AD)/F, 11-DOF /17 «OHP,
and 21-DOF may be more specific biomarkers for the diagnosis of 210HD than that of
17a¢OHP and are expected to differentiate 210HD from other types of CAH in which
170OHP levels are elevated, such as 33HSDD, 110HD, and PORD. Although there are few
reports of the levels of (17«OHP + 4AD)/F, 11-DOF/17xOHP, or 21-DOF in these forms
of CAH, some cases suggest the potential usefulness of the five steroids in the screening
panel. 2IDOF would not be elevated in 3HSDD because, in a model of partial 3HSD
deficiency preterm infants, 21DOF is not grossly elevated [34]. In patients with 11-OHD,
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21-DOF levels are reported to be normal, and 11-DOF is markedly elevated, presumably
increasing the 11-DOF/17«xOHP ratio [53]. Urinary steroid profile analyses of PORD
suggested that the ratio of pregnanetriolone (Ptl)/tetrahydrocortisone steroids (THEs) and
a specific cutoff of 113-hydroxyandrosterone (11HA) would be useful for differentiating
PORD from 210HD. Ptl, THEs, and 11HA are metabolites of 21DOF, 11DOF + cortisol, and
4AD, respectively, which are included in the LC-MS/MS screening panel [54].

Accordingly, in combination with other clinical symptoms and signs, such as poor
body weight gain and high ACTH, 210HD can be diagnosed based on the results of NBS
by LC-MS/MS [31,34]. However, we cannot directly apply the screening criteria to the
diagnostic criteria, and for establishing the diagnostic criteria, an accumulation of the cases
is required.

5. Database Composition and Improvement of Screening Program

For better and more efficient management of the CAH, the screening programs need
persistent improvement in quality. By examining reliable follow-up studies, the outcomes
and the experiences of the screening should be retrospectively evaluated and shared among
the screening laboratories [25,55,56]. For short-term outcomes, most laboratories and local
governments have introduced follow-up surveys in Japan, using the results for more
efficient screening by decreasing false positives and early availability of screening results.

On the other hand, the assessment of long-term outcomes for CAH patients identified
by screening is challenging. A nationwide registry system is required to establish efficient
long-term follow-up systems. In Japan, the current screening system depends on each local
government; thus, the demanding task of organizing a cross-regional collaborative system
that involves local governments, local laboratories, and medical institutes is required.

Recent studies have revealed that 210HD patients have substantial risks for metabolic
syndrome in adulthood [57-60]. The metabolic syndrome in 210HD has been assumed
to be due to long-term glucocorticoid therapy [61]. However, other causes, such as fetal
environments, have also been suggested [62,63], and the pathophysiology of the condi-
tion remains unknown. Further, the quality of life of 210HD patients in adulthood is
largely unknown. Especially in female patients, their gender issues should be clarified in
detail [64-66]. As mentioned previously, before the introduction of the screening, 210HD
patients had substantial risks for neurological sequelae, which are presumably caused
by the adrenal crisis during the neonatal period [14,17]. Therefore, the introduction of
NBS would reduce the risk for neurological sequelae [67], but currently, available data is
limited. We should keep in mind that, even after the introduction of the screening, there
are a substantial number of 210HD patients who developed severe salt wasting before the
introduction of therapy. Further, a recent study suggested the number of hyponatremic
episodes is an independent risk for lower IQ, suggesting that for optimizing the manage-
ment of 210HD patients during childhood, preventing episodes of severe adrenal crisis
is crucial [68]. Thus, clarifying long-term outcomes will provide valuable information for
improving the screening logistics.

Long-term outcomes will also provide valuable insights for evaluating the cost-
effectiveness of screening. Although several analyses have been performed economically,
they were based on short-term outcomes with various analytical models, leading to incon-
sistent results [69-71]. In Japan, economic analyses based on detailed clinical data have not
been performed. To better understand the cost-effectiveness of screening, comprehensive
approaches based on long-term outcomes are essential.

Despite not covering 210HD patients, the introduction of several registry systems for
rare congenital diseases has encouraged us. In the EU, some international collaboration-
based registry systems for rare congenital diseases, such as the European Registry and
Network for Intoxication type Metabolic Diseases (E-IMD) and the European Registry
and Network for Homocystinurias and Methylation Defects (E-HOD), have been estab-
lished [25,72-75]. Further, the Japanese Society for Inherited Metabolic Disease has suc-
cessfully introduced the registry system, “JaSMIn”, for patients with inherited metabolic
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disease (https://www.jasmin-mcbank.com/, visited 23 April 2021). The limitation of
this registry system is the unknown coverage rate due to voluntary patient registration.
However, the registry is designed to cover a broad spectrum of rare inherited metabolic
diseases that can be discovered by NBS, and it will provide valuable insights, enabling
feedback on newborn screening in the future, including economic aspects.

Ideally, for establishing feedback systems with long-term follow-up surveys, close
collaboration among the screening laboratory professionals, pediatricians, primary care
providers, and clinical epidemiologists is essential [55,56,76,77]. Currently, to share the
outcomes of the screening and updating of technical information, the Japan Society for
Neonatal Screening has a collaborative laboratory integrated committee (Gijutsubu-kai). We
expect that with this committee, pediatric endocrinologists and local governments would
be able to construct large collaboration-based reports and infrastructure. A nationwide
registry system in which all results of infants are registered and evaluated periodically
would lead to further methodological improvements.
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Abstract: To minimize false-positive cases in newborn screening by tandem mass spectrometry
in Japan, practical second-tier liquid chromatography-tandem mass spectrometry analyses have
been developed using a multimode ODS column with a single set of mobile phases and different
gradient elution programs specific to the analysis of acylcarnitines, acylglycines, amino acids, and
organic acids. Most analyses were performed using underivatized samples, except for analysis of
methylcitric acid, and careful conditioning of the column was necessary for analyses of organic
acids. Our second-tier tests enabled us to measure many metabolites useful for detection of target
disorders, including allo-isoleucine, homocysteine, methylmalonic acid, and methylcitric acid. We
found that accumulation of 3-hydroxyglutaric acid was specific to glutaric acidemia type I and that
the ratio of 3-hydroxyisovaleric acid to 3-hydroxyisovalerylcarnitine was useful to detect newborns
of mothers with 3-methylcrotonyl-CoA carboxylase deficiency. Data from the analysis of short-chain
acylcarnitine and acylglycine were useful for differential diagnosis in cases positive for C5-OH-

acylcarnitine or C5-acylcarnitine.

Keywords: isomer; stable-isotope dilution; derivatization; homocystinuria; cobalamin; biotin; mater-
nal 3-methylcronylglycinuria; argininosuccinic acid

1. Introduction

In newborn screening using dried blood spots (DBSs) and flow-injection tandem mass
spectrometry (MS/MS) in Japan, a series of acylcarnitines and amino acids, such as valine,
leucine (Leu)+isoleucine (Ile), methionine (Met), phenylalanine, and citrulline, have been
measured for the screening of fatty acid oxidation disorders, organic acidemias, maple
syrup urine disease (MSUD), phenylketonuria, homocystinuria, and citrullinemia, and
the recall rates have been relatively high, considering the proposed value [1]. In 2017,
946,065 newborns were born in Japan, and the overall official recall rate was 0.31%, with
recall rates of 0.074% for propionylcarnitine (C3), 0.065% for pentanoylcarnitines (C5),
0.009% for hydroxypentanoylcarnitines (C5-OH), 0.055% for pentadioylcarnitines (C5-DC),
0.033% for Leu+lle, 0.005% for Met, and 0.009% for citrulline. In cases of positive results
for screening markers for fatty acid oxidation disorders, serum samples instead of DBSs
are analyzed before diagnostic tests such as enzyme assays or gene analyses.

Catabolic conditions in newborns, such as in those who were fed poorly owing to strict
breastfeeding, which has been often controversial in Japan, can yield false-positive results
in screening for MSUD, glutaric acidemia type I (GA1), carnitine palmitoyltransferase-2
deficiency, and very-long chain acyl-CoA dehydrogenase deficiency in Japan. In addition,
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false-positive results may be due to low ability to discriminate among isomers of acylcar-
nitines and amino acids by flow-injection MS/MS. Although allo-isoleucine (allo-Ile) has
been reported to be a sensitive disease marker [2-5] in MSUD screening, allo-Ile values
cannot be obtained by flow-injection MS/MS measurement. In GA1, C5-DC is not thought
to be a reliable marker for GA1 because the value of C5-DC in flow-injection MS/MS
measurement consists of glutarylcarnitine and 3-hydroxyhexanoylcarnitine, both of which
are accumulated in a catabolic state, whereas 3-hydroxyglutaric acid (3HGA) in plasma
and urine is thought to be a useful diagnostic marker [6-9].

C3 and C3/C2 are classical screening markers for propionic acidemia (PAE) and a
group of methylmalonic acidemias (MMAEs), including defects in cobalamin metabolism
and maternal cobalamin deficiency. In the latter disease, C3 values tend to be lower than
the traditional cut-offs for PAE and MMAE. We have experienced a false-negative case
with cblD who developed MMAE without homocystinuria after viral enteritis in infancy
and false-negative cases with cobalamin deficiency, which forced us to adopt lower cut-offs
for C3 and C3/C2 and additional screening markers of C3/Met ratio and Met, the latter
of which is necessary for methylene tetrahydrofolate reductase deficiency (MTHFRD)
screening [10,11]. To detect these disorders, methylmalonic acid (MMA), methyl-citric
acid (MCA), 3-hydroxypropionic acid (3HPA), and total homocysteine (tHcy) in DBSs
measured by liquid chromatography (LC)-MS/MS have been reported to be powerful
disease markers [12-17].

C5 is used as a screening marker for isovaleric acidemia (IVAE) and consists of such
isomers as isovalerylcarnitine (IVC), valerylcarnitine, 2-methylbutyrylcarnitine (MBC), and
pivaloylcarnitine. Positive results for C5 are suggestive of IVAE and 2-methylbutyryl-CoA
dehydrogenase deficiency and can occur following the administration of pivaloyl group-
containing drugs; moreover, LC-MS/MS analysis of these isomers is useful for differential
diagnosis [18-20].

Citrulline is a screening marker for argininosuccinic acid synthetase deficiency, argini-
nosuccinic acid lyase deficiency, and citrin deficiency. For the differential diagnosis of these
disorders, argininosuccinic acid is measured in DBSs [5].

C5-OH is a screening marker for 3-methylcrotonyl-CoA carboxylase deficiency (3MCCD),
multiple carboxylase deficiency, biotin deficiency, 3-hydroxy-3-methylglutaryl-CoA lyase
deficiency (HMGLD), and 3-ketothiolase deficiency (KTD), and, in the traditional scheme,
additional urinary organic acid analysis using gas chromatography-MS is necessary for
differential diagnosis. In these disorders, acylcarnitines, including tiglylcarnitine in plasma,
are measured by LC-MS/MS [21], and disease markers, such as tiglylglycine, methylcrotonyl-
glycine (MCG), 3-hydroxyisoveleric acid (HIVA), 3-hydroxy-3-methylglutaric acid (HMGA),
and 3-hydroxy-2-methylbutyrylcarnitine (HMBC) in DBSs, are thought to be useful.

Although the above-mentioned LC-MS/MS analyses of the disease markers in DBSs
may have promising applications in decreasing recall rates [10,11], different measurement
conditions have been reported from various laboratories using different LC columns. In
the current study, we developed LC-MS/MS methods to measure many types of marker in
DBSs using a single LC column and a single set of mobile phases.

2. Materials and Methods
2.1. Materials
2.1.1. Biological Samples

DBSs from patients were prepared during the newborn period for mass screening
using MS/MS and then stored in a refrigerator in screening laboratories. Samples were then
transported to our laboratory at the University of Fukui and measured using LC-MS/MS
after obtaining permission from the parents of each patient. Diagnoses for patients with
the target disorders in newborn screening were confirmed by enzyme or gene analysis. A
patient with tyrosinemia type I was transferred to University of Fukui Hospital because
of liver failure at 5 months of age, and succinylacetone levels in DBSs and urine were
measured during treatments.
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2.1.2. Chemicals

A NeoSMAAT kit for MS/MS newborn screening, which contains labeled acyl-carnitines
and amino acids, was purchased from Sekisui Medical Co. (Tokyo, Japan). Methylmalonic
acid-dz, homocysteine-dy, methylcitric acid, methylcitric acid-ds3, and argininosuccinic acid-
13C6-15N4 were purchased from Cambridge Isotope Laboratories (Andover, MA, USA);
glutaric acid-dy, 3-hydroxyglutaric acid, 3-hydroxyglutaric acid-ds4, and succinylacetone-
13C, were purchased from the VU Medical Center Metabolic Laboratory (Amsterdam, The
Netherlands); 3-hydroxy-3-methylglutaric acid-ds, methylcrotonylglycine-d,, tiglylglycine-
dy, and propionylglycine-d, were purchased from CDN Isotope (Point-Claire, Canada);
3-hydroxypropionic acid, 3-hydroxyisovaleric acid, 3-hydroxy-3-methylglutaric acid, pivaloyl
chloride, and succinylacetone were purchased from Tokyo Chemical Industry (Tokyo,
Japan); 3-hydroxy-2-methylbutyric acid was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA); 2-hydroxyglutaric acid was purchased from Toronto Research Chemicals
(Toronto, ON, Canada); and allo-lle was purchased from Wako Chemicals (Kyoto, Japan).
Pivaloycarnitine was synthesized in our laboratory using pivaloyl chloride [18].

2.2. Methods

LC-MS/MS measurements for metabolites related to screening markers listed in
Table 1 were performed.

Table 1. LC-MS/MS methods for the metabolites related to the screening markers.

LC-MS/MS Method Positive Screening Marker Target Metabolite
1 Leu+lle allo-Ile, Ile, Leu
2-A C3,C3/C2, Met MMA, 3HPA, tHcy
2-B C3,C3/C2, Met MMA, MCA, tHcy (derivatized)
3 C5-DC GA, 3HGA
4 C5-OH, C5:1 HIVA, HMGA, HMBA
5 C5-OH, C5:1 short-chain acy}carnitines,
acylglycines
6 C5 short-chain acylcarnitines
7 citrulline argininosuccinic acid

For FI-MS/MS or LC-MS/MS analysis of acylcarnitines and amino acids, one punch-
out (1/8 inch diameter) of a DBS was extracted using 100 puL methanol solution of the
NeoSMAAT internal standard kit for routine methods for newborn screening, which con-
tains leucine (5 uM), propionylcarnitine-d3 (0.075 uM), isovalerylcarnitine-dg (0.075 uM),
and 3-hydroxyisovalerylcarnitine-dg (0.075 uM). After FI-MS/MS analysis, positive sam-
ples were analyzed by LC-MS/MS with addition of 2% formic acid water/methanol (1:1)
to the plate well.

For analysis of acylcarnitines and acylglycins, one punch-out of a DBS was extracted
using 100 pL methanol solution from the NeoSMAAT kit spiked with labeled acylglycines
as internal standards: propionylglycine-d, (1.53 uM), tiglylglycine-d, (1.27 uM), and
3-methylcrotonylglycine-d; (1.27 uM).

Total homocysteine and related organic acids were measured according to reported
methods [11] with some modifications. The mixture from one punch-out of a DBS and
150 uL reaction solution (acetonitrile/distilled water/formic acid = 59:41:0.42) containing
di-thio-threitol (0.77 mg), methylmalonic acid-d3 (1.19 uM), homocysteine-dy (0.90 M),
and methylcitric acid-ds (0.69 uM) in a test tube was shaken slowly (120 rpm) at 25 °C
for 60 min, and the supernatant was collected after centrifugation. The supernatant was
dried under a nitrogen stream and was redissolved in a 2% formic acid water/methanol
solution (1:1). For measurement of derivatized samples, the dried extract was derivatized
with butanol-HCI at 65 °C for 25 min, dried again, and redissolved in 2% formic acid
water/methanol solution (1:1).
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For analysis of GA and 3HGA, one punch-out of a DBS was extracted using 100 uL
98% methanol solution containing glutaric acid-d4 (0.38 M) and 3-hydroxyglutaric acid-dy
(0.33 uM) as internal standards. For analysis of HIVA, HMGA and HMBA, one punch-out
of a DBS was extracted using 100 pL 98% methanol solution containing 3-hydroxy-3-
methylglutaric acid-dz (0.30 uM). For analysis of argininosuccinic acid, one punch-out of a
DBS was extracted using 100 pL of 90% methanol solution containing argininosuccinic acid-
13C¢-15Ny (1.67 uM). For analysis of succinylacetone, the mixture of one punch-out of a DBS
and 110 uL of 80% aceto-nitril solution containing succmylacetone-13C4 (0.20 uM), 0.1%
hydrazine H,O, and 0.1% formic acid was stirred slowly for 45 min, and the supernatant
was collected after centrifugation. The extract was dried under a nitrogen stream and
redissolved in 2% formic acid water/methanol solution (1:1).

The samples (10 uL) were introduced into the LC mobile phase flow (flow rate:
0.4 mL/min) using a 150 mm x 3.0 mm Scherzo SS-C18 column (Imtakt, Portland, OR,
USA). Gradient elution of the analytes was achieved using a program with mobile phase
A (aqueous 0.5% formic acid) and mobile phase B ((0.5 M ammonium formate/0.5 M
NH4OH = 9:1)/methanol = 1:9), as detailed in the legends for the corresponding Figures.

For measurements using electrospray-ionization LC-MS/MS, a model API 4000 triple-
stage mass spectrometer (AB Sciex, Tokyo, Japan) equipped with a model LC10Avp HPLC
system and a model SIL-20AC auto-injector (Shimadzu, Kyoto, Japan) was used [21]. The
MS/MS analyses were performed in multiple reaction monitoring (MRM) mode using the
transitions detailed in the Figures. Underivatized organic acids were analyzed in negative
ion mode. Suitable measurement conditions for the designated transitions were identified
with the automatic tune function in Analyst software. For quantification, the recorded peak
area of the designated MRM ion set was used.

Allo-Ile was quantified using leucine-d; as an internal standard instead of stable
isotope-labeled allo-Ile. The aqueous calibrator for the calibration curve contained 16.7,
83.3, 166.6, or 333.3 uM allo-Ile. Based on the assumption that one punch-out (1/8 inch
diameter) of a DBS contains 3 uL whole blood, the mixture of 3 uL of the calibrator and
100 nL internal standard solution from the NeoSMAAT internal standard kit was analyzed
to determine the linearity. In the mixture, the concentration of allo-Ile was 0.1x, 0.5x, 1x,
or 2x that of leucine-ds,

Similarly, pivaloylcarnitine was quantified using isovalerylcarnitine-dg as an internal
standard instead of stable isotope-labeled pivaloylcarnitine. The calibrator for the calibra-
tion curve contained 0.25, 1.25, 2.5, or 5.0 uM pivaloylcarnitine, and the mixture of 3 uL the
calibrator and 100 pL the internal standard solution from the NeoSMAAT internal standard
kit was analyzed.

HIVA and HMBA were quantified using 3-hydroxy-3-methylglutaric acid-d3 as an
internal standard. The calibrator for calibration curve contained 1.0, 5.0, 10.0, or 20.0 uM
HMGA, HIVA, and HMBA, and the mixture of 3 uL calibrator and 100 uL internal standard
solution was analyzed.

To determine the linearity of analyses other than allo-Ile, pivaloylcarnitine, HIVA and
HMBA, we also analyzed the mixture of calibrator and internal standard, in which the
target metabolite level was 0.1x, 0.5x, 1x, or 2x that of the internal standard. Intra- and
inter-assay imprecisions were tested by analysis of patient DBSs.

3. Results

In analyses using the stable isotope dilution method with the stable isotope-labeled
compound as an internal standard, the calibration curves were linear in the test concen-
tration range. Intra- and inter-assay CV values in analyses of patient DBSs were less than
10%, except for those of HIVA and HMBA assays.

An LC-MS/MS chromatogram of the allo-Ile measurement using a DBS from a new-
born with MSUD is shown in Figure 1. Allo-Ile concentrations in DBSs were calculated
based on a calibration curve using the aqueous solutions of allo-Ile and leucine-dz, which
was linear (R? = 0.9994) up to an allo-Ile concentration corresponding to 333.3 uM in DBS.
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Those of patients with MSUD are listed in Table 2, together with those in false-positive
cases. Intra-assay CV (n = 5) and inter-assay CV (n = 5) were 5.4% and 8.1%, respectively,
at an allo-Ile concentration of 38.3 uM in DBS.

Leucine
Leucine-d; (m/z 132 > 86)
1sxioq  (m/z135>89)
N
: N\
Isoleucine

(m/z 132 > 86)

1.0X10¢ \

Intensity (cps)

allo-1soleucine
(m/z 132 > 86)

.
L

7 8 9 10 11
retention time (min)

0.5x10°

Figure 1. LC-MS/MS analysis of allo-Ile was performed using the following gradient elution program:
20% B (0.1 min), 20% to 30% B (3 min), 30% to 51% B (7 min), 51% to 100% B (0.1 min), 100% B
(7.9 min), 100% to 20% B (0.1 min), and 20% B (5 min), with a flow rate of 0.3 mL/min.

Table 2. Allo-lle, related amino acid, and acetylcarnitine levels (uM) in patients with maple syrup
urine disease, as measured by LC-MS/MS.

FI-MS/MS LC-MS/MS
MSUD Patient #
Acetylcarnitine Valine Leu+Ile Allo-Ile
1 40.7 368 767 38.3
2 20.5 427 554 82.1
3 15.0 386 2199 362.6
4 17.9 508 813 131.0
false positive cases 15.0-38.2 211-420 304-420 0.5-5.9

n=12)

LC-MS/MS chromatograms for analyses of MMA, MCA, and tHcy in DBSs from a
newborn with cobalamin deficiency type C (cblC), using an underivatized sample (A) and
a derivatized sample (B), are shown in Figure 2. In our analysis of underivatized samples,
the peaks of MCA did not show good quality, although this was obtained for the analysis
of derivatized samples. In the analysis of derivatized samples, 3HPA concentrations could
not be measured well, likely owing to the low ionization efficiency of 3HPA-butylester and
sample loss during preparation.

In derivatized sample measurements from control newborns (n = 13), the concentra-
tions of MMA, MCA, and tHcy ranged from 0.20 to 0.99 uM, 0.20 (below the detection
limit) to 0.75 uM, and 1.1 to 4.9 uM, respectively. In patients with MMAE, including cblA
and cblD (n = 8), MMA concentrations ranged from 15.0 to 863.9 uM. MCA concentrations
obtained from derivatized sample measurements in patients with PAE (n = 13) ranged
from 0.92 to 3.50 uM, whereas 3HPA concentrations obtained from underivatized sample
measurements in patients with PAE (n = 13) and control newborns ranged from 9.6 to
32.8 uM and 1.7 to 8.8 uM, respectively.
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Figure 2. LC-MS/MS analysis of underivatized organic acids, including methylmalonic acid (MMA) using negative ion
mode and homocysteine (Hcy) by positive ion mode (a), and that for derivatized organic acids, including methylcitric acid
butyl-ester (MCA-Bu) and Hcy butyl-ester (Hcy-Bu) by positive ion mode (b). The gradient elution program in (a) was as
follows: 13% B (0.5 min), 13% to 30% B (6 min), 30% to 100% B (0.1 min), 100% B (7.9 min), 100% to 10% B (0.1 min), and 13%
B (5 min); that in (b) was as follows: 0% B (0.2 min), 0% to 80% B (1 min), 80% to 100% B (9 min), 100% B (3 min), 100% to 0%
B (0.1 min), and 0% B (3 min).

In underivatized sample measurements, MMA and tHcy concentrations in patients
with cbIC, maternal cobalamin-deficiency, MFHFRD, and CBSD are shown in Table 3.
These patients were characterized by elevated tHcy concentrations.

Table 3. Methylmalonic acid (MMA) and total homocysteine (tHcy) in DBSs of patients with positive results in screening
markers of C3 (propionylcarnitine), C3/C2, C3/Met, and Met (methionine).

. . FI-MS/MS LC-MS/MS
Pt# Diagnosis
C3 (uM) C3/C2 C3/Met Met (uM) MMA (uM)  tHcy (uM)

1 cblC 10.30 1.10 1.60 6.40 59.7 34.8
2 cblC 15.01 1.10 0.46 325 444 17.0
3 cobalamin deficiency ! 3.59 0.21 0.34 10.65 6.7 5.5
4 cobalamin deficiency 1 2.14 0.45 0.35 6.12 55 11.8
5 MTHEFRD 0.62 0.13 0.13 4.98 0.5 49.2
6 MTHEFRD 0.45 0.05 0.07 6.63 0.8 10.6
7 MTHEFRD 0.77 0.09 0.17 4.61 1.3 10.4
8 MTHEFRD 0.53 0.09 0.08 6.70 0.8 28.7
9 CBSD 2 1.00 0.02 0.00 911 0.1 84.7

upper cut-off 35 0.25 0.25 80 1.0 5.0

lower cut-off - - - 9.27 - -

1 The infants with cobalamin-deficiency were born to mothers with ileum-resection and chronic atrophic gastritis, and were exclusively
breast-fed for several months and developed symptoms. The values were obtained using their DBSs for newborn screening which were
stored in refrigerators. 2 cystathionine beta-synthase deficiency.

LC-MS/MS chromatogram for analysis of GA and 3HGA in the DBS from a newborn
with GA1 is shown in Figure 3. 3HGA was quantified based on a transition that was
different from that of 2-hydroxyglutaric acid. The concentrations of 3HGA in newborn
DBSs from three patients ranged from 1.08 to 1.44 uM (mean =+ standard deviation in
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controls: 0.35 £ 0.10), and those of glutaric acid (GA) ranged from 12.1 to 25.8 uM (in
controls: 6.67 £ 2.95).

5.0x10 GA
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3HGA-d, ~
/z—151 >-88
aoxiof| ™ ¥ )
GA-d,
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2
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0.0
4 6 8 10

Retention time (min)

Figure 3. LC-MS/MS analysis for underivatized glutaric acid (GA), 3-hydroxyglutaric acid (3HGA),
and 2-hydroxyglutaric acid (2HGA) using negative ion mode. The gradient elution program was as
follows: 0% B (5 min), 0% to 30% B (6 min), 30% to 100% B (0.1 min), 100% B (7.9 min), 100% to 10% B

(0.1 min), and 13% B (5 min).

LC-MS/MS chromatograms for analyses of HMG, HIVA, and HMBA in the DBS of a
newborn with KTD are shown in Figure 4. The concentrations of HIVA and HMBA were
calculated based on the calibration curves using the aqueous solutions of HIVA, HMBA
and HMGA-d3. The calibration curves were linear, and intra- and inter-assay CV values in
analyses of patient DBSs are given in Table 4.
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Figure 4. LC-MS/MS analysis for underivatized 3-hydroxy-3-methylglutaric acid (HMGA) and
3-hydroxyisovaleric acid (HIVA) using negative ion mode. The gradient elution program was as
follows: 0% B (5 min), 0% to 38% B (6 min), 38% to 100% B (0.1 min), 100% B (5.9 min), 100% to 0% B

(0.1 min), and 0% B (5 min).
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Table 4. Assay validation for HMGA, HIVA, and HMBA analysis.

Imprecision
Analyte Linearity (R?) Analyte Level in CV (%) Intraassay CV (%)
DBS (uM) (n=5) Inter-assay (n = 5)
HMGA 0.9994 5.1 5.1 7.9
HIVA 0.9982 14.7 7.6 12.2
HMBA 0.9974 39.1 8.9 14.4

LC-MS/MS chromatograms for analyses of acylcarnitines and acylglycines in DBSs
from a newborn with KTD (a) and a newborn with 3SMCCD (b) are shown in Figure 5. In
KTD, increased tiglylcarnitine, tiglylglycine, and 3-hydroxy-2-methylbutyrylcarnitine levels
were observed, whereas increased 3-methylcrotonylglycine and 3-hydroxyisovalerylcarnitine
(HIVC) levels were characteristic in 3MCCD. The MRM transition of m/z 262 > 145, in
addition to that of 262 > 85, was used for measurement of 3-hydroxyisovalerylcarnitine,
since complete chromatographic separation between 3-hydroxyisovalerylcarnitine and
3-hydroxy-2-methylbutyrylcarnitine (HMBC) was not achieved [21].
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Figure 5. LC-MS/MS analyses for propionylglycine, tiglylglycine, and 3-methylcrotonylglycine, together with acylcarnitines,
including tiglylcarnitine, using positive ion mode for a newborn with KTD (a) and a newborn with 3MCCD (b). The
gradient elution program was as follows: 10% B (1 min), 10% to 40% B (4 min), 40% to 59% B (9 min), 55% to 100% B (0.1
min), 100% B (6.9 min), 100% to 10% B (0.1 min), and 10% B (5 min).

Metabolites in patients with diseases characterized by high C5-OH-acylcarnitine con-
centrations are listed in Table 5. 3-Ketothiolase deficiency was characterized by elevated
3-hydroxy-2-methylbutyric acid (HMBA), 3-hydroxy-2-methylbutyrylcarnitine (HMBC),
and tiglylglycine; HMGLD was characterized by elevated HMGA; holo-carboxylase defi-
ciency was characterized by elevated HIVA, HIVC, and propionylglycine; and 3MCCD
was characterized by elevated HIVA, HIVC, and 3-methylcrotonylglycine. In babies born
to mothers with 3MCCD, the ratios of HIVA to HIVC (0.2-2.9) were markedly lower than
those (23.8, 79.9) in patients with 3MCCD.
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Table 5. Organic acids, acylcarnitines, and acylglycines in DBSs from newborns with high C5-OH levels.

FI-MS/MS LC-MS/MS
Diagnosis cson Organic Acid (1M) Acylcarnitine (M) Acylglycine (M)
(M) HMGA HIVA 3HMBA Propionyl HIVC HMBC Tiglyl mccl Propionyl Tiglyl MCG 2
31 0.37 22 1303 0.67 012 484 049 <001 0.02 267 0.01
deficiency 28 0.10 13 39.1 1.62 013 3.61 062 <0.01 0.09 410 <001
HMGLD 31 5.19 253 0.66 0.19 278 0.01 0.01 <001 0.04 0.01 0.07
Holow 22 1.04 6245 0.44 178 144 0.02 0.03 <001 149 026 2.10
deficiency 34 0.19 1875 053 412 33 0.01 <001 0.01 073 0.02 091
mild biotin deficiency 11 0.04 58 on 081 1.09 0.01 <001 <001 0.01 0.01 0.04
119 023 2385 0.60 0.13 1001 0.01 <001 <001 0.01 0.01 3.66
meen 34 045 3266 047 085 409 0.01 <001 0.01 0.03 0.01 108
68 o1 147 039 041 510 0.01 <001 <001 0.02 0.03 043
Baby born to mother 39 024 117 055 0386 569 001 <001 <001 0.02 002 0.01
48 0.06 10 020 0.39 454 0.06 <001 <001 001 0.01 0.01
controls (mean + SD) <05 053 +0.20 21406 060011 1174045 009003 <001 <001 <001 0024001 0014001 <001

! 3-methylcrotonylcarnitine, 2 3-methylcrotonylglycine.

LC-MS/MS chromatogram for analysis of short-chain acylcarnitines in the DBS from
a newborn treated with antibiotics is shown in Figure 6. The peaks of 3 isomers appeared
separately, and the condition was characterized by increased pivaloylcarnitine concentrations,
which were calculated based on a calibration curve using aqueous solutions of pivaloylcar-
nitine and isovalerylcarnitine-dg. The calibration curve was linear (R? = 0.9995) up to the
pivaloylcarnitine concentration corresponding to 5.5 uM in DBS. Intra-assay CV (n = 5) and
inter-assay CV (n = 5) for pivaloylcarnitine were 4.2% and 9.2%, respectively, at a pivaloylcar-
nitine concentration of 3.7 uM in DBS. Concentrations of pivaloylcarnitine and IVC in control
newborns (n = 13) were below the detection limit (0.01 uM) and 0.17 = 0.10 uM, respectively.
Those of pivaloylcarnitine in newborns treated with antibiotics ranged 1.2 to 9.7 uM, and
those of IVC in patients with isovaleric acidemia ranged from 1.5 to 17.2 uM.
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Figure 6. LC-MS/MS analysis for pivaloylcarnitine, 2-methylbutyrylcarnitine, isovalerylcarnitine,
n-butyrylcarnitine, and isobutyrylcarnitine. The gradient elution program was as follows: 10% B
(1 min), 10% to 40% B (4 min), 40% to 70% B (8 min), 70% to 100% B (0.1 min), 100% B (6.9 min), and
100% to 10% B (0.1 min).
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LC-MS/MS chromatograms for analyses of argininosuccinic acid in DBSs of a newborn
with argininesuccinate lyase deficiency and a control newborn are shown in Figure 7. The
limit of quantification was 0.05 nmol/mL in DBSs.

ASA-BCy+ 5N, ASA-13C,+ 15N,
(m/z 301 > 75) ASA (m/z 301 > 75)
1.5x10% (m/z 291 >70)
2.0x10
[
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2 3 4 (min) 2 3 4 (min)
(a) (b)

Figure 7. LC-MS/MS analysis for argininosuccinic acid (ASA) using positive ion mode for a control
newborn (a) and a newborn with argininesuccinate lyase deficiency (b). The gradient elution program
was as follows: 0% B (1 min), 0% to 30% B (4 min), 30% to 100% B (0.5 min), 100% B (5.5 min), 100%
to 10% B (0.5 min), and 10% B (5 min).

LC-MS/MS chromatogram for analysis of succinylacetone in the DBS from a patient
with tyrosinemia type 1 is shown in Figure 8, together with the clinical course and succiny-
lacetone concentrations for the patient. The succinylacetone concentration in the newborn
DBS stored in a refrigerator for 5 months was 28.7 nmol/mL, whereas that in control
newborn DBSs was 0.21 4= 0.10 nmol/mL.
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Figure 8. LC-MS/MS analysis for succinylacetone (SA) using positive ion mode (a) and clinical course of a patient with
tyrosinemia type 1 (b). Gradient elution program: 20% B (0.1 min), 20% to 100% B (5 min), 100% B (5 min), 100% to 20% B
(0.5 min), and 20% B (4 min).
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4. Discussion

To manage positive cases with screening markers such as C3, C5, C5-OH, C5-DC,
Leu+Ile, Met, and citrulline, we developed practical second-tier tests using a single LC
column and a single set of mobile phases together with different gradient elution programs
specific for the designated LC-MS/MS measurements. We used a multimode ODS Scherzo
SS-C18 column with anion and cation exchange and showed excellent chromatographic
ability for amino acids, short- to medium-chain acylcarnitines, and acylglycines. In ad-
dition, our methods for acylcarnitines and allo-Ile analysis were convenient because the
positive samples could be measured in wells of a plate following addition of 2% formic
acid /methanol for our second-tier LC-MS/MS.

Despite these advancements, LC-MS/MS measurements of organic acids are still
challenging. Organic acids with multiple carboxyl groups are difficult to analyze using
underivatized samples [13], and analytical methods for derivatized samples have been
adopted in several laboratories [11,14]. However, analysis of butylated organic acids may
still be difficult owing to the relatively poor ionization efficiency in electrospray-ionization
or the high volatility of small molecule organic acids. Because MS/MS measurements of
organic acids are performed in negative mode, whereas those of amino acids are performed
in positive mode, MS/MS instruments with the ability to switch quickly between the
two modes are needed for measurement of both organic acids and amino acids when
using underivatized samples. Moreover, some stable isotope-labeled organic acids are not
available from reagent manufacturers.

In the current study, using underivatized samples, MCA could not be quantified, and
3HPA was measured using methylmalonic acid-d3 as an internal standard because stable
isotope-labeled 3HPA was not available. Nevertheless, 3HPA levels in our underivatized
sample measurements were found to be useful for practical detection of mild PAE. Next,
we used methods for sample preparation and derivatization for analyses of MMA, MCA,
and tHcy [11], which enabled us to achieve practical LC-MS/MS analysis using our mobile
phases for the SS-C18 column. MCA levels obtained with this measurement approach were
useful for detection of PAE.

Preferably, LC-MS/MS analysis should be performed using underivatized samples
because time-consuming sample preparation processes may result in damage to analytes. In
addition, derivatization can be challenging because of the need for a fume hood and drying
apparatus in screening laboratories. LC-MS/MS measurement of tHcy together with MMA
is useful for screening of a series of homo-cystinurias [11]. In our system, measurement of
tHcy and MMA could be performed using both derivatized and underivatized samples.
Indeed, our results for tHcy and MMA levels provided additional useful information in
the screening of cblC, cobalamin deficiency, MTHFRD, and CBSD. In Japan, a pilot study
of homocystinuria screening with modified cut-offs for C3 and C3/C2 and an additional
marker of C3/Met is currently underway, combined with a second-tier test for MMA and
tHcy measurement using underivatized samples.

Our LC-MS/MS measurements were based mostly on the stable isotope dilution
technique. However, suitable stable isotope-labeled internal standards were not available
for the quantification of some acylcarnitines, including tiglylcarnitine, pivaloylcarnitine,
2-methylbutyrylcarnitine, and 3-hydroxy-2-methylbutyrylcarnitine, although the values
for these acylcarnitines, calculated using isovalerylcarnitine-dg as an internal standard, are
practically precise in newborn screening. In contrast, measurements of organic acids, such
as HIVA and 3HMBA, using 3-hydroxy-3-methylglutaric acid-ds as an internal standard,
should be performed with careful conditioning of the column in order to obtain precise
values. Notably, the ratio of HIVA to HIVC may be useful for identifying babies born to
mothers with BMCCD because the practice of identifying mothers with mild 3MCCD using
elevated C5-OH in DBSs of newborns may be controversial.

Regarding LC-MS/MS measurement of organic acids, 3HGA appears to have an
important role when screening for GA1. Although DBS levels of glutarylcarnitine and GA
apparently overlap between patients with GA1 and control newborns, those of 3HGA in
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patients with GA1 were significantly higher than those in control newborns. The wide
distribution of glutarylcarnitine and GA levels may be affected by catabolic conditions in
control newborns.

For practical application of newborn screening projects, identification of patients as
early as possible is thought to be essential for initiation of appropriate treatment based
on the laboratory data specific to the disease. Thus, data measured by LC-MS/MS for the
follow-up of patients have been obtained from several screening laboratories [3,8,17,22].
Our methods can be applied to serum sample measurements, and serum and DBS con-
centrations of metabolites, such as MMA, tHcy, 3HGA, allo-Ile, argininosuccinic acid, and
succinylacetone, by LC-MS/MS have been provided to hospitals for patient follow-up
from our laboratories. Argininosuccinic acid measurement was sufficiently sensitive in
our measurements compared with previously reported methods [5] and was useful to dis-
criminate argininesuccinate lyase deficiency from argininesuccinate synthetase deficiency
and citrin deficiency, while the screening kits that allow us to discriminate these disorders
are not used, since argininesuccinate lyase deficiency is quite rare in Japan. Moreover,
argininosuccinic acid data are used for evaluating the effects of long-term treatment. Ty-
rosinemia type I is extremely rare and is not included in the list of target disorders for
newborn screening in Japan, and succinylacetone data obtained using LC-MS/MS may be
used for the follow-up of patients, as shown in Figure 8.

Unfortunately, our second-tier tests have not yet been used in most of the screening
laboratories in Japan. In Japan, 872,683 babies were born in 2020, and samples from
newborns were tested in 37 screening laboratories. In the majority of these laboratories,
fewer than 10,000 newborns are tested annually using a single LC-MS/MS instrument, and
LC-MS/MS measurements as second-tier tests seemed to be a significant burden to a limited
number of staff, mainly because of the additional work required to maintain equipment
performance, despite our simple measurement approach. Consolidation of screening work
in a reduced number of laboratories and an additional LC-MS/MS instrument for second-
tier tests, with some type of kit for quality assurance, including sufficient labeled internal
standards, may facilitate the use of these tests in screening laboratories.
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Abstract: Propionic acidemia (PA) is a disorder of organic acid metabolism which typically presents
with acute encephalopathy-like symptoms associated with metabolic acidosis and hyperammonemia
during the neonatal period. The estimated incidence of symptomatic PA in Japan is 1/400,000. The
introduction of neonatal screening using tandem mass spectrometry has revealed a far higher disease
frequency of approximately 1/45,000 live births due to a prevalent variant of ¢.1304T>C (p.Y435C) in
PCCB, which codes p-subunit of propionyl-CoA carboxylase. Our questionnaire-based follow-up
study reveals that most of these patients remain asymptomatic. However, reports on symptomatic
patients exhibiting cardiac complications such as cardiomyopathy and QT prolongation have been
increasing. Moreover, there were even cases in which these cardiac complications were the only
symptoms related to PA. A currently ongoing study is investigating the risk of cardiac complications
in patients with neonatal screening-detected PA caused by this common variant.

Keywords: propionic acidemia; tandem mass spectrometry; propionylcarnitine; cardiomyopathy;
QT prolongation

1. Introduction

Propionic acidemia (PA) is a disorder of organic acid metabolism that results from a
congenital deficiency of propionyl-CoA carboxylase (PCC), which is composed of «- and
[-subunits, which are coded by PCCA (MIM *232000, 13g32.3) and PCCB (MIM *232050,
3q22.3), respectively. PCC is located on the catabolic pathway of valine and isoleucine and
catalyzes the conversion of propionyl-CoA to methylmalonyl-CoA in the mitochondrial
matrix (Figure 1). Deficient PCC activity leads to the accumulation of toxic organic acids
such as 3-hydroxypropionate and 2-methylcitrate. Typically, affected patients suffer from
an acute acidotic crisis during the neonatal period and present with encephalopathy-like
symptoms associated with metabolic acidosis and hyperammonemia immediately after
the initiation of lactation, which often leaves neurological sequelae. Similarly, patients
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with milder phenotypes can show an acute disease onset in infancy or later. Various docu-
mented complications of PA include growth and psychomotor retardation, extrapyramidal
disorder, cardiac disease, pancreatitis, hearing loss, and optic nerve atrophy. Preven-
tion of disease progression in patients with PA requires a dietary restriction of precursor
amino acids (i.e., valine, isoleucine, methionine, threonine, and glycine) accompanied with
L-carnitine supplementation. Liver transplantation is considered in patients with poor
disease control [1,2].
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Figure 1. Metabolic pathways related to propionic acidemia. Dashed arrows are alternative pathways
leading to disease-specific abnormal metabolites.

Aiming at improving the prognosis, several countries list PA as one of the target
diseases for neonatal screening, but its utility is not established [1,3]. This review outlines
the current perspectives on neonatal screening for PA in Japan.

2. Epidemiology in Japan

Before the introduction of neonatal screening using tandem mass spectrometry (MS/MS),
the estimated incidence of patients with symptomatic PA was 1/400,000 in Japan. A study
previously reported that ¢.923dupT, c.1196G>A (p.R399Q), and IVS18—6C>G in PCCA
and ¢.1228C>T (p.R410W), ¢.1283C>T (p.T428I), and ¢.457>C (p.A153P) in PCCB were
predominant genotypes in symptomatic Japanese patients with PA [4].

A pilot study on MS/MS-based neonatal screening was initiated in 1997 in several
areas of the country, and 1,950,000 newborns, corresponding to approximately twice as
many live births per year in Japan, were screened throughout the study period. Based
on the results, the frequency of PA was 1/45,000, and the unexpectedly high detection
rate was due to the presence of ¢.1304T>C (p.Y435C), a common variant of PCCB, with
the estimated frequency of heterozygous carriers being 1/86.5 [5]. Homozygotes of the
p-Y435C variant were proposed to be classified as those with mildest-type PA as it had not
been detected in symptomatic patients.

3. Neonatal Screening for PA in Japan: Issues to Be Addressed

After the conclusion of the 15-year pilot study, MS/MS-based neonatal screening was
adopted as an official public health service in 2013. The practice of neonatal screening
is managed by 60 local public bodies, and the screening tests are assigned to 35 regional
laboratories. Propionic acidemia has been included as one of the primary target diseases.
Dried blood specimens are usually collected on the fourth or fifth day after birth, as has
been done since the introduction of neonatal screening by the Guthrie method in 1977.
Though earlier sample collection is thought to be more desirable for MS/MS-based neonatal
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screening and actually adopted in many countries [6], it has not been approved by the
regulatory authority in Japan.

Under this condition, PA and methylmalonic acidemia (MMA) are screened using
propionylcarnitine (C3) and the ratio of C3 to acetylcarnitine (C2) as indices. Cutoffs are
generally set at 3.6 nmol/mL for C3 and 0.24 for C3/C2. Second-tier tests for C3 and C3/C2-
positive dried blood specimens, measuring specific organic acids (3-hidroxypropionate,
2-methylcitrate, methylalonate) and total homocysteine by liquid chromatography-mass
spectrometry, can be useful to improve sensitivity and specificity, but they are not available
in most laboratories for the lack of official financial support, except in a few laboratories
which have the budget for research purpose.

As confirmatory tests for positive subjects, the following biochemical analyses are
recommended in the domestic guidelines edited by the Japanese Society for Inherited
Metabolic Diseases (JSIMD): organic acids in urine, acylcarnitines, and vitamin By, in
serum, amino acids, and total homocysteine in plasma. Results of these biochemical tests
are further confirmed by gene panel analysis including PCCA, PCCB, MUT, and genes in
the pathway of adenosylcobalamin and methylcobalamin synthesis. Enzymatic assay of
neither PCC nor methylmalonyl-CoA mutase (MCM) is supported by the national health
insurance system, and they are offered by a few researchers.

Due to strict regulation by the Act on the Protection of Personal Information, it is
quite difficult to collect data from each local public body and evaluate them centrally.
Japanese Society for Neonatal Screening (JSNS) has collected statistical data on results of
neonatal screening tests from each regional laboratory. During the period from 2015 to
2019, 4,715,965 newborns were screened, and the rates of dried blood specimen recollection
and close examination for “C3 and C3/C2” were 0.059% and 0.006%, respectively. Though
the data did not include detailed information on diagnostic findings of individual patients,
positive predictive values for PA and MMA were 30.53% and 9.47%, respectively (partly
available at https:/ /www.jsms.gr.jp/contents03-05.html, written in Japanese, accessed on
18 June 2021).

The discrepancy between the frequency of symptomatic patients and that of patients
detected by neonatal screening has illustrated that it is unclear what percentage of PA cases
detected by neonatal screening is associated with the actual risk of clinical presentation.
At the beginning of the pilot study on MS/MS-based neonatal screening, we expected to
detect PA patients who were at the risk of presenting with acute metabolic decompensation
and/or developing damage in central nervous system. The pilot study and the following
official screening program revealed an unexpectedly high frequency of PA due to a common
variant PCCB p.Y435C. However, it has been difficult to conclude them as false positive
subjects, for PCC activities in their lymphocytes were reported to be as low as 3-8% of
normal control value [5,7]. Therefore, it is important to determine newborns who will
need medical management, which will also reduce the burden of unnecessary anxiety and
treatment for patients who will remain asymptomatic throughout life [8]. Further scientific
evidence is required to optimize neonatal screening for PA in Japan.

3.1. Correlation between Genotypes and Clinical/Biochemical Phenotypes

In 2015, we started a countrywide investigation by sending a preliminary question-
naire to 155 hospitals that were responsible for the management of neonatal screening-
positive cases in Japan. Responses were collected from 130 hospitals (84%), and 87 pa-
tients with PA detected by neonatal screening, and 27 patients with symptomatic PA
were identified. The summary of medical information of all 87 patients with neonatal
screening-detected PA as well as 15 patients with symptomatic PA is shown in Table 1. Their
diagnoses were confirmed by urinary organic acid analysis, using 3-hydroxypropionate,
2-methylcitrate, and propionylglycine as index metabolites. Some of the patients with
neonatal screening-detected PA were as old as 20 years of age, and mental retardation was
documented in one patient lacking any other PA-associated symptoms. The remaining
patients were apparently healthy with no symptoms related to PA. Concerning biochem-
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ical examinations, a previous report suggested ketone bodies to be more useful for the
evaluation of metabolic stability than the diagnostic metabolites [9]. In our study, mild
elevation of total ketone bodies without symptoms was observed in regular examination
of 7 neonatal screening-detected patients. Genetic analysis was performed in 72 patients,
and the PCCB p.Y435C variant was detected in 61 patients, including 41 homozygotes,
16 compound heterozygotes with other PCCB variants, and 4 heterozygotes who were not
checked for other variants. Six patients who were also checked only for the PCCB p.Y435C
variant did not harbor it. Biallelic variants of PCCA were detected in 5 patients. There were
no significant differences in the distributions of C3 and C3/C2 among these genotypes
(Figure 2).
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Figure 2. Distributions of propionylcarnitine (C3) and the ratio of C3 to acetylcarnitine (C2) in dried
blood specimens of patients detected by neonatal screening. There are no significant differences
among the genotypes.

Clinical disease onset manifested as acute acidotic crisis during the neonatal and
infantile periods in 12 of the 15 patients with symptomatic PA. The remaining three patients
had no history of acute metabolic failure, and clues to the diagnosis of PA were mental
retardation in 2 patients and syncope in one patient who was subsequently diagnosed with
QT prolongation. Genotypes were confirmed in 9 symptomatic patients. Biallelic PCCB
variants were detected in 4 patients, none of whom harbored the p.Y435C variant. The
remaining 5 patients had disease-causing PCCA variants.
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Table 1. Clinical symptoms and genotypes of patients with propionic acidemia in Japan.

Propionic Acidemia Detected by

Neonatal Screening (1 = 87) Symptomatic Patients (1 = 15)

Clinical phenotypes (1)

Acute acidotic crisis,

neonatal onset ?
None 86 Acute acidotic crisis,
. . 3
infantile onset

Mental retardation 2

Mental retardation 1
Syncope 1

Genetic variants (1)

p-Y435C homozygote 41 p-T4281 homozygote 1
p-Y435C + p.T4281 5 p-T428I + frameshift variant 1
PCCB p-Y435C + another variant 11 Other biallelic variants 2
p-Y435C heterozygote ! 4 p-Y435C detected 0

p-Y435C not detected ! 6
PCCA Biallelic variants detected 5 Biallelic variants detected 5
No information of genotypes 15 No information of genotypes 6

1 Variants other than PCCB p-Y435C were not analyzed.

Among the PCCB variants, ¢.1283C>T (p.T428I) was detected both in patients with
neonatal screening-detected PA and in those with symptomatic PA. One patient with symp-
tomatic PA who presented with an acute acidotic crisis during the neonatal period was
confirmed to be homozygous for p.T428]I, indicating that this variant caused a severe defi-
ciency in PCC enzymatic activity. Five patients with neonatal screening-detected PA were
compound heterozygotes for p.T428I and p.Y435C; all of them remained asymptomatic
despite minimal medical management consisting of regular physical and biochemical
examinations with or without L-carnitine supplementation. These findings suggest that
patients with one p.Y435C allele should be expected to be free from the symptoms of PA.

In addition to the abovementioned questionnaire-based study, we have been prospec-
tively collecting the genotypic information of neonatal screening target diseases, including
PA, on a larger scale since 2014, based on gene panel analysis using next-generation se-
quencing with the MiSeq Sequencing System (Illumina, San Diego, CA, USA) performed at
the Kazusa DNA Research Institute (Chiba, Japan). The details of the data on PCCA and
PCCB variants are summarized in Table 2. In that cohort, among 58 patients with neonatal
screening-detected PA, 31 (53%) were homozygous for p.Y435C, and 17 (29%) were com-
pound heterozygotes for p.Y435C with another variant. In total, 48 of the 58 patients with
neonatal screening-detected PA (83%) harbored p.Y435C in at least one allele. None of the
6 symptomatic patients harbored the p.Y435C variant.

Table 2. Frequencies of major variants in the larger-scale prospective study.

Patients Gene and Variant Allele Frequency
PCCB p.Y435C 79/116 (68.1%)
Patients detected by PCCB p.T4281 7/116 (6.0%)
neonatal screening
(1 = 58) PCCB p.1430L 3/116 (2.6%)
PCCB p.S510del 2/116 (1.7%)
Symptomatic patients PCCA p.L308fs 2/11 (18.2%)
(n=06) PCCA p.W559L 2/11 (18.2%)
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3.2. Potential Risk of Cardiac Complications in Asymptomatic Patients Detected by
Neonatal Screening

Guidelines for the diagnosis and management of PA based on the clinical features
of patients studied in large scales were published in 2014 [10] and revised in 2021 [1]. It
has become clear that cardiac complications, mainly cardiomyopathy and QT prolonga-
tion, are quite specific to PA compared with other similar organic acid disorders and that
these complications are primary causes of death during the chronic phase of PA [1,11-14].
Though precise pathophysiology has not been fully understood, mitochondrial impair-
ment is suggested for the development of cardiomyopathy [2,15], and acute reduction of
the repolarizing potassium currents in cardiomyocytes due to toxic metabolites for the
prolonged QTc interval [2,16].

In the present study, cardiomyopathy and/or QT prolongation was observed in 6 out
of the 15 symptomatic patients (Table 3). Four of these patients with cardiac complications
suffered an acute acidotic crisis, whereas the remaining 2 patients did not have a history
of acute metabolic failure, indicating that cardiac lesions could develop regardless of the
severity of metabolic derangement, as was suggested in previous reports [12,14,17,18].

Table 3. Cardiac complications observed in symptomatic patients.

Number of Cardiac

Clinical Phenotype Patients Complication Cardiac Findings
Cardiomyopathy
+ ventricular tachycardia
Acute acidotic crisis, 9 3 Left ventricular dilatation
neonatal onset .
+ QT prolongation
Mild tricuspid regurgitation
Left ventricular dilatation
Acute acidotic crisis, 3 > + mild mitral regurgitation
infantile onset .
QT prolongation
Chronic symptoms 3 ) QT prolongation
only QT prolongation with syncope
Total 15 7

These findings raise the question of whether apparently healthy patients with neona-
tal screening-detected PA in Japan can also develop similar cardiac complications. As
an additional study started in 2017, we collected data on cardiac ultrasonography and
electrocardiography from 45 and 50 patients, respectively, within the cohort of 87 patients
with neonatal screening-detected PA. We did not observe abnormalities except cardiomy-
opathic changes in one patient, whose genotype has not yet been determined. Thus far,
cardiac complications have not been reported in any of the patients who are homozygous
for p.Y435C. However, it may require the observation of one generation to clarify whether
these patients with mildest-type PA may also develop cardiac lesions in a prospective
cohort follow-up study.

To address this uncertainty in a shorter time period, we have planned to search for
patients with occult PA by measuring 3-hydroxypropionate and 2-methylcitrate levels in
urine and C3 levels in serum in patients with cardiomyopathy and/or QT prolongation.
Those with abnormal results will be further analyzed for genotyping. Patients with PA
detected in this study may benefit from nutritional therapy and L-carnitine supplemen-
tation to reduce the accumulation of abnormal metabolites, though the effects of these
therapies on the cardiac complications are not proven [1]. Romano et al. reported that liver
transplantation improved not only acidotic symptoms but also cardiomyopathy in patients
with PA [12]. In the latest guidelines, however, the recommendation of liver transplantation
for PA-based cardiomyopathy is still withheld because there have been unfavorable reports
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on cases that developed cardiomyopathy after liver transplantation as well as reports on
successful cases [1].

4. Conclusions

Currently implemented neonatal screening for PA in Japan unexpectedly has led to
the detection of a high frequency of patients with PA. Most of these patients detected
by neonatal screening harbor at least one PCCB p.Y435C allele, which appears to retain
sufficient enzymatic function to prevent clinical disease onset. Neonatal screening should
not burden newborns and their parents with unnecessary anxiety by overdiagnosis or
unnecessary treatment; therefore, the clinical significance of this genotype must be clarified.
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Abstract: Neonatal screening (NS) for methylmalonic acidemia uses propionylcarnitine (C3) as a
primary index, which is insufficiently sensitive at detecting methylmalonic acidemia caused by
defects in the adenosylcobalamin synthesis pathway. Moreover, homocystinuria from cystathionine
-synthase deficiency is screened by detecting hypermethioninemia, but methionine levels decrease
in homocystinuria caused by defects in homocysteine remethylation. To establish NS detection of
methylmalonic acidemia and homocystinuria of these subtypes, we evaluated the utility of indices (1)
C3 > 3.6 umol/L and C3/acetylcarnitine (C2) > 0.23, (2) C3/methionine > 0.25, and (3) methionine
<10 umol/L, by retrospectively applying them to NS data of 59,207 newborns. We found positive
results in 116 subjects for index (1), 37 for (2), and 15 for (3). Second-tier tests revealed that for index
1, methylmalonate (MMA) was elevated in two cases, and MMA and total homocysteine (tHcy) were
elevated in two cases; for index 2 that MMA was elevated in one case; and for index 3 that tHcy
was elevated in one case. Though data were anonymized, two cases identified by index 1 had been
diagnosed with maternal vitamin By, deficiency during NS. Methylene tetrahydrofolate reductase
deficiency was confirmed for the case identified by index 3, which was examined because an elder
sibling was affected by the same disease. Based on these data, a prospective NS study is underway.

Keywords: neonatal screening; homocystinuria; methylmalonic acidemia; disorders of cobalamin
metabolism; hypomethioninemia

1. Introduction

Current neonatal screening (NS) in Japan identifies methylmalonic acidemia and
propionic acidemia by elevated levels of propionylcarnitine (C3), and homocystinuria
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caused from cystathionine -synthase (CBS) deficiency by elevated levels of methionine
(Met). However, C3 is not always sufficiently sensitive to detect methylmalonic acidemia
caused by defects in the adenosylcobalamin synthesis pathway, as we show below in a
case of cobalamin D disease (cblD) variant 2 missed in NS. Moreover, Met levels actually
decrease in homocystinuria resulting from defects in homocysteine remethylation. The
prognosis of these diseases can be greatly improved by starting specific medication in the
early neonatal period [1-7], as observed through the management of two siblings affected
by methylenetetrahydrofolate reductase (MTHEFR) deficiency, which is described below.

2. Materials and Methods
2.1. Preliminary Retrospective Study

In Japan, dried blood spot (DBS) testing for NS generally takes place on the fourth
or fifth day after birth. In the Hiroshima area, there are approximately 20,000 births each
year, and all NS samples are analyzed in the Hiroshima City Medical Association Clinical
Laboratory. To improve the sensitivity of current NS for methylmalonic acidemia caused by
defects in the adenosylcobalamin synthesis pathway and to establish NS for homocystinuria
caused by defects in homocysteine remethylation, we planned a preliminary retrospective
study to apply the following indices to NS data from April 2015 to September 2017: (1) C3
and C3/acetylcarnitine (C2) (current NS indices for methylmalonic acidemia and propionic
acidemia), (2) C3/Met, and (3) Met (the lower cutoff).

2.2. Prospective Pilot Study

After evaluating positive rates for each index, we enrolled newborns from 10 major
hospitals in the Hiroshima area into a pilot study on prospective NS. Parents provided their
written informed consent for participation. Samples were anonymized by the removal of
personal information. Samples that met one or more of the three indices were transported
to the National Center for Child Health and Development for the second-tier measure-
ment of methylmalonate (MMA) and total homocysteine (tHcy). Patients with elevated
MMA and/or tHcy were further examined in the Department of Pediatrics, Hiroshima
University Hospital.

2.3. Biochemical Analysis

Analysis of amino acids and acylcarnitines in the NS DBS was performed using the
flow injection method with an LCMS-8030 tandem mass spectrometer (Shimadzu, Kyoto,
Japan). The second-tier measurement of MMA and tHcy in DBS was performed using
liquid chromatography—mass spectrometry with an LCMS-8040 tandem mass spectrometer
(Shimadzu). Cutoff values for MMA and tHcy were 1 pmol/L and 5 pmol/L, respectively.

2.4. Statistical Analysis

Statistical analyses of NS test results were performed using a Tandem Internal Quality
Control System (System Kay, Kyoto, Japan) and Histogram Creation Sheet (Technical
Subcommittee, Japanese Society for Neonatal Screening, Tokyo, Japan).

3. Case Report
3.1. Case 1

A baby boy born as the first child of healthy nonconsanguineous parents at 37 weeks’
gestation weighed 2864 g at birth. His NS DBS showed that C3 level was elevated to
4.79 nmol/mL (cutoff, 3.6 nmol/mL), but C3/C2 was considered normal at 0.231 (cutoff,
0.25). He showed normal growth and psychomotor development. At 1 year of age, he had
norovirus gastroenteritis, presenting with vomiting, groaning, and impaired conscious-
ness, and was taken to an emergency hospital. Blood tests revealed marked acidosis,
and plasma ammonia was elevated to 251 pg/dL (normal range, 30-80 ug/dL). Fur-
ther diagnostic analysis revealed plasma MMA levels of 132.7 nmol/mL (normal range,
0.23-0.45 nmol/mL), suggestive of MMA. Lymphocyte methylmalonyl-CoA mutase ac-
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tivity was normal in the presence of adenosylcobalamin (56.2 pmol succinyl-CoA /min/
106 cells, control 61.6 + 22.2). His serum tHcy and vitamin By, levels were normal. Based
on these results, he was diagnosed with suspected vitamin Bj,-responsive methylmalonic
acidemia. A vitamin By, challenge test was performed by daily infusion of 1 mg cyanocobal-
amin for 5 days. Post-challenge, his MMA levels decreased. Genetic analysis revealed
compound heterozygous variants in MMADHC; ¢.18T > A (p.C6X) and ¢.702insT. Based
on a diagnosis of CblD (variant 2), cobalamin and carnitine therapy was started. This case
was reported previously [8].

3.2. Case 2

A baby girl born as the first child of healthy nonconsanguineous parents at 40 weeks’
gestation weighed 2810 g at birth, and NS results were normal. However, her sucking
was weak and her weight gain was poor. From 2.5 months of age, she presented with
hypertonia and the setting-sun eye phenomenon. Although ultrasonography of her brain
at 13 days old showed no abnormal findings (Figure 1), head magnetic resonance imaging
(MRI) at 2.5 months revealed marked ventricular enlargement, suggesting hydrocephalus
or brain atrophy (Figure 2). She underwent ventricular drainage, but respiratory failure
became evident at 4 months of age when there was no improvement in head MRI findings.
Further diagnostic analysis revealed plasma tHcy levels of 170 umol/L (normal range,
3.7-13.5 umol/L) and urinary Hcy levels of 510 umol/mg-cre (reference value, “unde-
tectable”), suggestive of homocystinuria. As plasma Met level was as low as 3.4 umol/L
(normal range, 18.9-40.5 umol /L), defects in homocysteine remethylation were indicated.
A Met decrease in the NS DBS was also ascertained retrospectively (6.6 pmol/L).

The administration of betaine monohydrate (100 mg/kg/day) was started at 4 months
of age, and her respiratory status and vitality improved rapidly. Sanger sequencing of
the methylenetetrahydrofolate reductase gene (MTHFR) detected a homozygous variant,
c.466_467GC > TT, and both parents were found to be heterozygous carriers of this variant.
Based on the diagnosis of homocystinuria type III caused by MTHEFR deficiency, betaine
therapy was continued at the dosage of 300 mg/kg/day, which raised plasma Met levels to
1440 umol/L, and reduced plasma tHcy concentrations to 50-110 umol/L. Head MRI at
the age of 12 months revealed the almost complete resolution of ventricular enlargement
and atrophic changes (Figure 3). However, severe psychomotor retardation became evident,
with a development quotient of 36 at the age of 1 year and 4 months. Epileptic seizures
also appeared at the age of 3 years, so the administration of sodium valproate was added.
This case was reported previously [9].

(b)

Figure 1. Brain ultrasonography of Case 2 at 13 days of age. (a) Coronal plane; (b) sagittal plane.
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Figure 2. Brain MRI of Case 2. (a) At 2.5 months of age (T1); (b) 4 months of age (T1) showing no
effect on the ventricular size after ventricular drainage.

Figure 3. Brain CT of Case 2 at 12 months of age, 7 months after starting betaine treatment.

3.3. Case 3

A baby boy born as the second child of the same parents as Case 2 at the gestational
age of 38 weeks and 5 days, with a birth weight of 2936 g, had a normal perinatal course.
Due to the medical history of his sister (Case 2), blood samples were collected within 24 h
of birth. Concentrations of Met in his DBS and plasma were 8.7 umol/L and 5.4 umol/L,
respectively. Plasma tHcy levels were elevated to 97.4 umol/L, which was associated
with increased urinary Hcy levels (3437.1 umol/mg-cre). These data suggested MTHFR
deficiency, so the administration of betaine at 300 mg/day (approximately 100 mg/kg/day)
was started at the age of 7 days. Thereafter, plasma Met and tHcy were controlled within
the range of 12-15 umol /L and 80-120 umol/L, respectively. He has maintained normal
growth and psychomotor development up to the age of 12 months, and no abnormalities
were found on head MRI. This case was reported previously [9].

4. Results
4.1. Preliminary Retrospective Study

Prior to the preliminary retrospective study, we evaluated statistical data for C3,
C3/C2, Met, and C3/Met in the DBS of 23,467 newborns in the Hiroshima area from April
2016 to March 2017 (Tables 1 and 2). The C3 cutoff has remained at 3.6 pmol /L since the
start of tandem mass spectrometry (MS/MS)-based NS in 2013. This value corresponds to
the 98.1st percentile of the enrolled data, resulting in a positive rate of 1.82%. The C3/C2
cutoff needs adjusting every few years, so was set at 0.22. The combination of cutoffs for
C3 and C3/C2 yielded a positive rate of 0.09%. The 99.9th percentile and 99.5th percentile
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of C3/Met were 0.25 and 0.20, respectively. Setting the C3/Met cutoff at 0.25 (the 99.9th
percentile) gave a positive rate of 0.13%, which was appropriate for the first screening
test. However, a lower Met cutoff was required to detect MTHFR deficiency. Cutoffs of
9.0 umol/L and 10.0 umol/L achieved positive rates of 0.05% and 0.12%, respectively.
Based on these data, we established the following cutoffs for the preliminary study: (1)
C3 > 3.6 umol/L and C3/C2 > 0.22, (2) C3/Met > 0.25, and (3) Met < 10.0 umol /L.

Table 1. Index distributions of dried blood spots from newborns in the Hiroshima area from April
2016 to March 2017 (n = 23,467).

Mean 99th Centile 99.5th Centile 99.9th Centile
C3 (umol/L) 1.83 3.96 4.36 5.8
C3/C2 0.09 0.18 0.19 0.24
C3/Met 0.08 0.18 0.20 0.25
Met (umol/L) 22.10 34.71 36.60 41.75

Table 2. Newborns meeting different cutoff levels in the Hiroshima area from April 2016 to March
2017 (n = 23,437).

Index Cutoff Level
35 3.6 3.7
C3 (umol/L) n % n Y% n %
513 2.19 423 1.82 350 1.49
0.22 0.23 0.24
Cc3/C2! n % n % n %
30 0.12 23 0.09 15 0.06
C3/C2 and . 0.22 » . 0.23 » . 0.24 .
l () () ()
3 2 3.6 pmol /L 2 0.09 16 0.08 13 0.05
0.24 0.25 0.26
C3/Met 2 n % n % n %
12 0.13 10 0.13 8 0.10
9 10 11
Met (umol/L) n % n % n %
11 0.05 28 0.12 56 0.24

1 Data of 23,390 newborns; 2 data of 7714 newborns.

For the preliminary study, NS data of 59,207 newborns were evaluated, and a total of
116, 37, and 15 newborns were selected for second-tier tests using indices 1-3, respectively.
For index 1, we observed a MMA increase in two cases, and increased MMA and tHcy in
two cases. For index 2, we observed a MMA increase in one case. For index 3, we observed
a tHcy increase in one case (Table 3). Though further examination was not included in
this study, three out of the four cases assessed using index 1 were shown to be positive
for screening with C3 and C3/C2 indicators in the current NS, and maternal vitamin By
deficiency was confirmed in two of them. One case with increased MMA had no apparent
cause. The case with increased tHcy measured using index 3 was Case 3 described above.
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Table 3. Retrospective screening for disorders of cobalamin metabolism in 59,207 newborns in the Hiroshima area from
April 2015 to September 2017.

Second-Tier Test (n)

Index First Test (1)
Elevated MMA Elevated MMA and tHcy Elevated tHcy Total
(1) C3 > 3.6 umol/L and
C3/C2> 022 116 2 2 0 4
(2) C3/Met > 0.25
and Met < 10 umol/L 37 1 0 0 1
(3) Met < 10 pmol/L 15 0 0 1 1
Total 168 (0.35%) 3 2 1 6 (3.67%)

Reference range: methylmalonate (MMA

< 1 umol/L; total homocysteine (tHcy) < 5 pmol /L.

4.2. Prospective Pilot Study

Between April 2019 and December 2020, 6080 of 40,595 newborns in the Hiroshima
area were enrolled in the pilot study. The C3/C2 cutoff is reviewed every few years, and
was set at 0.23 from April 2019 (data not shown). Therefore, we set the C3/C2 cutoff to
0.23 in the prospective pilot study. The number of cases shown to be positive was two
using index 1 alone, one using both indices 1 and 2, seven using index 2 alone, eight using
indices 2 and 3, and 54 using index 3 alone (Table 4). Only one subject out of a total of 72
with a positive finding had increased MMA levels in the second-tier tests, but no increase
in serum MMA or plasma tHcy was observed on detailed examination (data not shown).
Additionally, no obvious pathological variants were detected in genes associated with
cobalamin metabolism (MMAA, MMAB, MMACHC, MMADHC), MUT, PCCA, or PCCB
(data not shown).

Table 4. Prospective pilot screening in the Hiroshima area from April 2019 to March 2021.

Newborns Enrolled All Newborns
in This Study (n = 6080) in the Area (n = 40,595)
Index First Test, n (%)
® C3C§ /3é62**2m§12€L and 3(0.05) 21+1(0.05)
(2) C3/Met > 0.25 15* 2 (0.24) 54 *3(0.13)
(3) Met < 10 umol/L 54 (0.89) 271 (0.05)
Total 72 (1.18) 346 (0.85)
Second test, n
Elevated MMA 1 ND
Elevated tHcy 0 ND

Reference range: methylmalonate (MMA) < 1 umol/L; total homocysteine (tHcy) <5 pmol /L. * Tq using indices
(1) and (2); * 2 8 using indices (2) and (3); * ® 10 using indices (2) and (3).

To investigate the low Met levels of low birth weight infants, each index was examined
in the NS carried out from April to October 2019 for infants with a birth weight of <2000 g
who were part of the pilot study. No association with low birth weight infants was found
for index 1, but the frequency of low birth weight infants increased for indices 2 and 3
(Table 5).
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Table 5. Correlation between low birth weight and hypomethioninemia.

Birth Weight > 2000  Birth Weight < 2000

g (%) g (%) p-Value
1 (%) 12,191 (98.32) 209 (1.68)
(1) C3 > 3.6 umol/L vl 3
and C3/C2 > 023 577004 ©
(2) C3/Met > 025 3(0.02) 3(143) <0.001
(3) Met < 10 pumol /L 74 (0.61) 26 (12.44) <0.001

*1 1 using indices (1) and (2).

5. Discussion

Fifteen years after the pilot study in 1997, MS/MS-based NS was adopted as an official
Japanese public health care service in 2013 [11]. Its target diseases include methylmalonic
acidemia and homocystinuria caused by CBS deficiency. In clinical practice, however,
we encountered two symptomatic infants with biochemical profiles identical to those of
methylmalonic acidemia who were diagnosed with cblD variant 2 (Case 1) and maternal
vitamin By, deficiency (data not shown), respectively, and their NS results were within
normal range. Retrospective evaluation of NS data from the cblD patient revealed mild
elevation of C3 with a C3/C2 value slightly below the cutoff. The first NS test for both
C3 and C3/C2 had been positive in the patient with maternal vitamin By, deficiency, but
their second NS test was normal. Additionally, several previous studies reported that
methylmalonic acidemia caused by defects in the adenosylcobalamin synthesis pathway
tend to show only a slight increase in C3, if any, in neonatal DBS [1,2,11-13]. As the
symptoms of some of these patients can easily be prevented by the specific administration
of vitamin By, more sensitive NS tests are required to enable medication to be administered
before the clinical onset of disease [1-3,11-14].

In the present study, we document our experience of two siblings with MTHFR defi-
ciency who followed contrasting clinical courses. The differences in their prognoses appear
to be dependent upon the timing when betaine therapy was started. Betaine (N,N,N-
trimethylglycine) is the substrate for betaine-homocysteine methyltransferase (BHMT)
and thus serves as a methyl donor instead of methylcobalamin. Though the physiological
function of BHMT cannot compensate for methionine synthase which requires methylcobal-
amin, the pharmacological dosage of betaine is effective in reducing tHcy and increasing
Met levels in the blood. Met is converted into S-adenosylmethionine (SAM), which is
an important methyl donor for various methylation reactions. Therefore, maintaining
normal levels of plasma Met is essential in preventing SAM deficiency, which causes severe
damage to the central nervous system, especially during infancy and childhood. As it has
been shown that the early introduction of betaine therapy can suppress the symptoms of
homocystinuria caused by remethylation defects [1-7], a highly preventive effect of NS
is expected. In our preliminary retrospective study, the Met cutoffs of 9.0 umol/L and
10.0 umol/L achieved positive rates of 0.05% and 0.12%, respectively, and none of the new-
borns had Met levels below 8.0 umol/L. Referring to the cases of MTHFR deficiency that
we experienced (Case 2) and previously reported cases, we set the Met cutoff at 10 pmol/L
to perform more sensitive NS.

Several studies have been conducted on primary indices and second-tier tests to
determine if they have sufficient sensitivity and specificity for screening for cobalamin
metabolic disorders [2,10,12,13,15-17]. MMA and tHcy in DBS are recommended as promis-
ing metabolites for the second-tier measurement [1,2], but current NS practice for these
diseases varies between countries [2]. In Japan, our pilot study is the first known trial of
prospective screening. In the prospective pilot study, using indices C3, C3/C2, C3/Met,
and Met with a lower cutoff increased the number of newborn babies targeted for the
second-tier test to 1.18% (72 out of 6080 newborns). By combining the measurement of
MMA and tHcy as a second-tier test, only one newborn was found to have an elevated
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MMA level. Measuring MMA and tHcy as a second-tier is apparently useful in reducing
false positives.

Our prospective pilot study raises the question of why the number of newborns with
C3/Met levels above the cutoff and below the Met level were higher in the Hiroshima area
during the study period. Taking into consideration the fact that newborns enrolled in this
study were limited to those born in 10 major hospitals, of which many have a neonatal
intensive care unit, and that the ratio of newborns enrolled in this study was as low as 15%,
we speculate that the study group has a higher frequency of low birth weight infants than
the surrounding area. Low birth weight and preterm infants were previously reported to
have low levels of Met concentration in their blood [2], and our NS data suggest similar
tendencies (Table 5).

6. Conclusions

Although no affected patients has been detected in our prospective pilot study so far,
the use of indices C3, C3/C2, C3/Met, and Met with a lower cutoff in combination with
second-tier measurements of MMA and tHcy seem to be promising in the establishment
of NS for methylmalonic acidemia caused by defects in the adenosylcobalamin synthesis
pathway and homocystinuria caused by defects in homocysteine remethylation. We should
discuss in this study whether newborns with the real target disease can be detected, and if
there are any undetected cases. The progress of future research will be clarified.
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Abstract: Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder that causes degenera-
tion of anterior horn cells in the human spinal cord and subsequent loss of motor neurons. The severe
form of SMA is among the genetic diseases with the highest infant mortality. Although SMA has
been considered incurable, newly developed drugs—nusinersen and onasemnogene abeparvovec—
improve the life prognoses and motor functions of affected infants. To maximize the efficacy of these
drugs, treatments should be started at the pre-symptomatic stage of SMA. Thus, newborn screening
for SMA is now strongly recommended. Herein, we provide some data based on our experience
of SMA diagnosis by genetic testing in Japan. A total of 515 patients suspected of having SMA
or another lower motor neuron disease were tested. Among these patients, 228 were diagnosed
as having SMA with survival motor neuron 1 (SMNT1) deletion. We analyzed the distribution of
clinical subtypes and ages at genetic testing in the SMN1-deleted patients, and estimated the SMA
incidence based on data from Osaka and Hyogo prefectures, Japan. Our data showed that confirmed
diagnosis by genetic testing was notably delayed, and the estimated incidence was 1 in 30,000-40,000
live births, which seemed notably lower than in other countries. These findings suggest that many
diagnosis-delayed or undiagnosed cases may be present in Japan. To prevent this, newborn screening
programs for SMA (SMA-NBS) need to be implemented in all Japanese prefectures. In this article,
we also introduce our pilot study for SMA-NBS in Osaka Prefecture.
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1. Introduction

Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder that causes
degeneration of anterior horn cells in the human spinal cord and subsequent loss of motor
neurons [1]. According to a previous report, it has a prevalence of approximately 1-2 per
100,000 individuals and an incidence of around 1 in 10,000 live births [2]. Two SMA-related
genes mapped to chromosome 5q13, survival motor neuron 1 (SMN1) and survival motor
neuron 2 (SMN?2) [3], which are highly homologous, were reported in 1995. SMIN1 is now
considered as a gene causative of SMA. More than 90% of SMA patients are homozygous
for SMN1 deletion, while the rest are compound heterozygous for a deleted SMNT allele
and a mutated SMNT1 allele [3]. In contrast, SMN?2 is considered to be a modifying factor of
the SMA phenotype because a higher copy number of SMN2 may be related to a milder
SMA phenotype [4].

SMA is clinically divided into five subtypes [5]: Type 0 (the most severe form with onset
in the prenatal period; severe respiratory problems after birth, and, typically, death within
weeks of birth), Type I (Werdnig-Hoffmann disease; a severe form with onset before 6 months
of age; the inability to sit unsupported), Type II (Dubowitz disease; an intermediate form with
onset before 18 months of age; the ability to sit unaided but not to stand or walk), Type III
(Kugelberg—Welander disease; a mild form with onset after 18 months of age; the ability to
stand and walk unaided), and Type IV (the mildest form with onset after 30 years of age).
SMA type Iis a genetic disease with high infant mortality [6]. Many patients with SMA type I
die of respiratory insufficiency by 2 years of age, when respiratory support is not available [7].
Meanwhile, patients with types II, IIl and IV are also forced to lead lives with limited motor
function, showing various levels of severity.

Until recently, SMA was considered to be incurable. However, treatments for this
disease are emerging. In 2016, the United States Food and Drug Administration (FDA)
approved nusinersen (Spinraza®, Biogen, Cambridge, MA), the first drug designated to
treat SMA. Nusinersen is an SMN2-directed antisense oligonucleotide drug, which alters
SMN?2's pre-mRNA splicing pattern to produce more SMN protein in the motor neuron cells
in SMA [8]. In 2019, the FDA approved onasemnogene abeparvovec (Zolgensma®, AveXis
Inc, Bannockburn, IL) as the second drug for treating SMA. Onasemnogene abeparvovec is
an adeno-associated viral vector-based gene therapy designed to deliver a functional copy
of the human SMN gene to the motor neuron cells of SMA patients [9]. The Japanese Min-
istry of Health, Labour and Welfare approved nusinersen in 2017 and approved onasemno-
gene abeparvovec in 2020. These new drugs improve the life prognoses and motor functions
of infants affected by SMA.

According to early reports of clinical trials, nusinersen and onasemnogene abepar-
vovec helped patients to reach milestones in their motor function development and in-
creased their likelihood of survival [10,11]. The most recent report of the clinical trials with
these drugs showed that early treatment, especially at the pre-symptomatic stage, resulted
in better outcomes in SMA patients; even SMA type I patients became able to stand and
walk [12,13].

Delayed diagnosis leads to delayed treatment, resulting in limited effects on the clinical
phenotype [10,11]. Thus, newborn screening (NBS) for SMA is now strongly recommended.
As more than 90% of SMA patients are homozygous for SMN1 deletion, as mentioned
above, the presence or absence of SMNT1 can be a good marker for SMA screening. In Japan,
NBS programs for SMA have just started in some areas, including Osaka, Hyogo, Chiba,
Aichi, and Kumamoto prefectures. However, at present, the number of infants tested
in the screening programs is insufficient to obtain an estimate of the incidence of SMA
in Japan.
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According to a global overview of the current situation of NBS for SMA (SMA-
NBS) [14], nine SMA-NBS programs performed in various countries have so far detected
288 newborns with SMA out of 3,674,277 newborns screened. The annual proportion of
newborns to be screened for SMA in the coming years is expected to increase steadily [14].
Our SMA-NBS programs will cover all newborns throughout Japan in the near future.

In this article, we first report our experience of genetic diagnosis based on testing for
SMNT1 deletion. Second, we present the estimated incidence of SMA based on data from
Osaka and Hyogo prefectures, Japan. Third, we describe a pilot study for SMA-NBS in Osaka
Prefecture and discuss the need to implement SMA-NBS programs throughout Japan.

2. Patients and Methods
2.1. Diagnosis of SMA

A total of 515 patients from 36 out of 47 prefectures in Japan were referred to the De-
partment of Community Medicine and Social Healthcare Science, Kobe University Graduate
School of Medicine, in the period from 1996 to 2019. These patients were suspected of having
SMA or another lower motor neuron disease (LMND). Their ages varied from several days
after birth to 63 years. Infants, toddlers, and children presented with such indications as
delayed developmental milestones, respiratory problems, and muscle weakness. Meanwhile,
adult patients showed symptoms including walking disability and muscle weakness.

Prior to genetic analysis, written informed consent was obtained from the patients or
their parents/guardians. All procedures were reviewed and approved by the Ethics Com-
mittee of Kobe University Graduate School of Medicine, and were performed in accordance
with the ethical standards laid down in the Declaration of Helsinki.

Genetic testing was performed according to PCR-enzyme digestion [15] and /or multi-
plex ligation-dependent probe amplification analysis (MLPA) methods [16]. Copy numbers
of SMNT1 and SMN2 were determined in accordance with the methods of Harada et al. [17]
and Tran et al. [18], and the MLPA method.

2.2. Implementation of SMA-NBS

In Osaka Prefecture, a pilot study for SMA-NBS was initiated in February 2021.
This pilot study was approved by the Institutional Review Board of Osaka Women’s and
Children’s Hospital. After obtaining written informed consent from the parents, DBS
samples were collected from their offspring within 4-6 days after birth at the maternity
hospital. Then, they were sent to Osaka Women’s and Children’s Hospital, and SMA-
NBS was performed there using 5'-3’ exonuclease-based real-time PCR with fluorescent
probes [19].

2.3. Statistical Analysis

To compare the SMN2 copy numbers among SMA subtypes, Welch's t-test was used,
and to compare the proportions of confirmed diagnosis at the proper timing between SMA
type I and type II, the chi-squared test was used. For these analyses, we used Microsoft
Excel with the add-in software Statcel 4 (The Publisher OMS Ltd., Tokyo, Japan). A p-value
less than 0.05 was considered to indicate statistical significance.

The incidence of SMA was defined as the number of newborn infants with the disease
in a year in the population, and was expressed as the number of affected infants per
100,000 live births. The 95% confidence intervals of the incidence were calculated based
on the Poisson distribution using Microsoft Excel. Population data were provided by
the Statistics Bureau, Ministry of Internal Affairs and Communications of Japan.

3. Results
3.1. Genetic Analysis of Patients Suspected of Having SMA
3.1.1. SMN1 Deletion Test

Among 515 patients who were referred to our laboratory in the period from 1996 to
2019, we confirmed 228 cases as having SMA with homozygous SMNT1 deletion [15]. The re-
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maining 287 cases retained at least one SMN1 copy. Subsequently, 33 out of the 287 patients
with SMA- or LMND-like symptoms were shown to carry only one SMN1 copy, while 13
out of these 33 carried a deleterious SMN1 mutation causing SMA. Our data demonstrated
44.3% of the 515 patients (228/515) carried a homozygous SMN1 deletion, 2.5% (13/515)
carried an intragenic mutation (or a subtle mutation) and an SMN1 deletion, whereas
53.2% (274/515) remained undiagnosed at the genetic level. Thus, SMN1-related SMA
may account for half of the patients with SMA-like or LMND-like symptoms. To clarify
the causative gene abnormalities in the patients with non-SMN1-related SMA, targeted re-
sequencing analysis using next-generation sequencing technology may be essential [20,21].

3.1.2. Distribution of SMA Subtype and SMN2 Copy Number

We determined the subtype distribution in the patients tested in our laboratory. Here,
we used the data of 221 SMA patients with homozygous SMN1 deletion for whom clinical
information was available. Among these 221 patients tested in our laboratory, 42.1%
(93/221) were diagnosed with SMA type I, 32.1% (71/221) with type I, 20.8% (46/221)
with type III, and 5.0% (11/221) with type IV. Three families with affected siblings were
included in our database. Each family had two affected siblings with subtype concordance
(type Il or type III).

Next, we determined the SMN2 copy number in 204 out of 221 SMA patients with
homozygous SMN1 deletion (83 out of 93 patients with SMA type I, 70 out of 71 patients
with SMA type II, 40 out of 46 patients with SMA type III, and 11 out of 11 patients with
SMA type IV). A high SMN2 copy number modifies the phenotype of SMA patients with
homozygous deletion of SMNT1 [5]. Our database of SMA patients with homozygous SMN1
deletion supported the conventional observation of a low SMN2 copy number resulting
in a severe phenotype and a high copy number potentially being related to a milder one
(Table 1). Patients with SMA type I usually carry only two copies of SMN2, while SMA
type Il is usually associated with three copies. SMA type III patients have three to four
copies, and SMA type IV patients usually have four or more copies. A high SMN2 copy
number may improve the survival outcomes and motor function.

Table 1. SMA types and copy number of SMN2 in SMN1-deleted patients.

Copy Number 1 2 3 4 Mean + SD
Typel (n =83) 1 66 16 0 2.18 £0.64
Type II (n = 70) 0 3 67 0 2.96 4+ 0.09
Type III (n = 40) 0 2 25 13 3.28 £0.15
TypelV (n=11) 0 0 1 10 3.91 £0.58
Total (n = 204) 1 71 109 23

Welch’s t-test was used to determine differences between groups. All of the differences between groups were
significant with p < 0.01.

3.2. Age of Genetic Testing among SMA Patients

Since SMN1 was identified as an SMA-causing gene in 1995, genetic testing, especially
testing for the SMN1 deletion, has been widely used to confirm the diagnosis of SMA [5].
The age at genetic testing of the patients referred to our laboratory is shown in Table 2.
In this analysis, we used the data of 142 SMA patients with homozygous SMN1 deletion
(84 type I, 43 type 11, and 15 type III). The remaining SMA patients were excluded because
the onset age information was missing. These patients were born between January 1996
and September 2018. The mean ages at genetic testing were 11.0 months old (standard
deviation (SD) £ 23.7) for type I, 77.3 months old (SD = 79.9) for type II, and 85.1 months
old (SD =+ 79.1) for type IIL
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Table 2. Age and timing of confirmed diagnosis by genetic testing.

(A) Age at Genetic Testing (Months)

Mean Age (SD) Median (Range) Interquartile Range
Typel (n=84) 11.0(23.7) 5(0to 182) 7
TypeIl (n = 43) 77.3(79.9) 29 (13 to 262) 122
Type III (n = 15) 85.1(79.1) 45 (22 to 239) 79
(B) Timing at Genetic Diagnosis (Months)
Proper Timing Sllght!y I?elayed Notab¥y ]?elayed
Timing Timing
Type I (n=84) <6m 6to12m >12m
55 (65.5%) 15 (17.9%) 14 (16.7%)
Type I (n = 43) <18 m 18 to 30 m >30 m
9 (20.9%) 13 (30.2%) 21 (48.8%)

The exact ages of onset of many patients were not available in this study. Thus,
we could not determine the exact duration between onset and genetic testing. Instead,
we calculated the proportions of cases with a “proper,” “slightly delayed,” or “notably
delayed” timing of genetic testing for the confirmed diagnosis of SMA type I and type
IT, as shown in Table 2. As for SMA type III, we excluded it from the “timing of genetic
testing” analysis because it is a late-onset and slowly progressive disease.

The definitions of “proper”, “slightly delayed,” and “notably delayed” timing were as
follows: (1) for SMA type I, “proper” timing of diagnosis is within 6 months after birth,
“slightly delayed” timing is between 6 and 12 months, and “notably delayed” timing is
more than 12 months; (2) for SMA type II, “proper” timing of diagnosis is earlier than
18 months, “slightly delayed” timing is between 18 and 24 months, and “notably delayed”
timing is more than 24 months.

Overall, confirmed diagnosis of SMA was slightly delayed or notably delayed in 63 out
of 127 (50.0%) patients (29 out of 84 type I patients, and 34 out of 43 type II patients). Only
20.9% of type II patients were diagnosed at the proper timing, which was a markedly lower
rate than that of type I patients (65.5%). There was a significant difference in the number of
confirmed diagnoses at the proper timing between type I and type II patients (p < 0.01).

3.3. Epidemiological Analysis of SMA in Osaka and Hyogo Prefectures

We estimated the incidence of SMA using the number of SMA-affected infants who
were born or SMA-affected fetuses who were aborted in Osaka and Hyogo prefectures
from 2007 to 2016 and diagnosed as having SMA by genetic testing within this period
(Table 3).

Table 3. Incidence of SMA in Osaka and Hyogo Prefectures.

Live Birth Affected Individuals
(n =1,197,156) Infants Fetuses Total
No. of types I, Il and III 28 9 37
Incidence * 2.34 3.09
(95%CI: —0.66, 4.53) (95%CI: —0.36, 5.20)
No. of type I 14 7 21
Incid " 1.08 1.32
neidence (95%Cl: —0.95, 3.20) (95%Cl: —0.84, 3.92)

* Incidence in 100,000 of population (study period, 2007 to 2016).
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The number of newborn infants with SMA (including types I, II, and III) was 28 out of
1,197,156 live births. We thus estimated that the incidence of SMA was 2.34 per 100,000
live births (95% CI: —0.66, 4.53)—that is, ~1 in 40,000. We also had information on aborted
fetuses with a prenatal diagnosis of SMA. When this number was added to the number of
newborns with SMA, the estimated incidence of SMA was 3.09 per 100,000 live births (95%
CI: —0.36, 5.20)—that is, ~1 in 30,000.

The number of newborn infants with SMA type I was 14 out of 1,197,156 live births.
We thus calculated that the estimated incidence of SMA type I was 1.08 per 100,000 live
births (95% CI: —0.95, 3.20)—that is, ~1 in 100,000. When the number of aborted infants
with a prenatal diagnosis of SMA type I was added to the number of newborn infants with
SMA, the estimated incidence of SMA type I was 1.32 per 100,000 live births (95% CI: —0.84,
3.92)—that is, ~1 in 80,000. Here, the diagnosis of SMA type I in the aborted fetuses was
based on the clinical subtype of the patients in the same family. We analyzed all cases of
SMA-affected fetuses and their affected sibling in our laboratory.

3.4. Implementation of SMA-NBS in Osaka Prefecture

More than 10,000 new DBS samples from neonates born in Osaka Prefecture were
tested in the pilot study for an SMA-NBS program as of 17 May 2021. The assay tested for
the presence/absence of SMIN1. All DBS samples tested negative for SMA.

4. Discussion
4.1. SMA Subtype and SMIN2 Copy Number in Japanese SMA Patients

Almost all data reported from groups around the world, including ours, show sim-
ilar tendencies (Table 4). Specifically, type I patients predominate (40%—-60% of all SMA
patients), while type IV patients are very rare (less than 5% of all SMA patients) in all
populations. Roughly speaking, half of SMA patients are type I, while the other half are
types Il and III.

A high SMN2 copy number modifies the phenotype of SMA patients with homozygous
deletion of SMNT1 [5]. Our database of SMA patients with homozygous SMN1 deletion
supported the conventional observation that a low SMN2 copy number results in a severe
phenotype and a high copy number may be related to milder SMA phenotypes (Table 1).
However, we did not observe such a tendency in all SMA patients with an intragenic SMN1
mutation in our previous studies [22,23].

Among the SMA patients with an intragenic mutation, some with a milder phenotype
carried only a single SMN2 copy, while others with a severe phenotype carried three SMN2
copies. For patients with an intragenic SMN1 mutation, we cannot conclude that clinical
severity is inversely correlated with the SMN2 copy number. The locations and types
of intragenic SMNI1 mutations may make more significant contributions to the clinical
phenotype than the SMN2 copy number.

Table 4. Subtype distribution in countries.

Total Patient

Country Type I Type I1 Type III Type IV Unknown

Number
Germany 270 124 131 . "
(1999) [24] 525 (@) (51.4%) (23.6%) (25.0%)
Saudi Arabia 121 (a) 60 26 35 . "
(2003) [25] (49.6%) (21.5%) (28.9%)
24 (a) 15 4 (type II & III) . 5
South Africa (White) (62.5%) (16.6%) (20.9%)
(2007) [26] 92 (a) 48 39 (types II & III) . 5
(Black) (52.2%) (42.4%) (5.4%)
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Table 4. Cont.

Total Patient

Country Number Type I Type I1 Type III Type IV Unknown
Malaysia 24 (a) 10 11 3 . "
(2007) [27] (41.7%) (45.8%) (12.5%)
Vietnam 34 (a) 13 11 10 " .
(2008) [18] a (38.2%) (32.4%) (29.4%)
Spain 272 186 167 . M
(2018) [4] 625 (a) (43.5%) (29.7%) (26.7%)
Cure SMA 1966 (b) 1021 635 310 . "
(2018) [28] (Worldwide) (51.9%) (32.3%) (15.8%)
Japan 486 (a) 164 210 99 7 6
(2019) [29] (33.7%) (43.2%) (20.4%) (1.4%) (1.0%)
China 419 (a) 177 126 100 16 "
(2020) [30] (45.6%) (27.4%) (23.2%) (3.8%)

Greece 361 (a) 156 93 107 5 "
(2020) [31] (43.2%) (25.8%) (29.6%) (1.4%)

Japan 21 (a) 93 71 46 11 .

(This study) (42.1%) (32.1%) (20.8%) (5.0%)

(a) Patients confirmed diagnosis by genetic testing. (b) Self-identified patients registered in the Cure SMA
database, one of the largest patient-reported data repositories on SMA patients worldwide. About 59.0% of
affected individuals in the U.S.A. are registered in the Cure SMA database. * There is no description in the original
article.

4.2. Age at Genetic Testing among Japanese SMA Patients

Upon comparison with the findings in previous reports from other countries, we con-
clude that SMA diagnosis may still be delayed in Japan. According to a review of 21 studies
reported in the literature by Lin et al. [32] in 2015, the weighted mean ages of genetic
diagnosis were 6.3 months old (SD =+ 2.2), 20.7 months old (SD = 2.6), and 50.3 months old
(SD =£ 12.9), for types L, II, and III, respectively. Pera et al. also reported a study on the age
of genetic diagnosis of SMA in Italy [33]. The cohort included 480 patients (191 type I,
210 type II, and 79 type III). The mean ages of genetic diagnosis were 4.70 months old
(SD = 2.82) for type I, 15.6 months old (SD = 5.88) for type II, and 4.34 years old (SD =+ 4.01)
for type III.

In our study in Japan, a confirmed diagnosis of SMA type II was often delayed. Only
20.9% of type II patients were diagnosed at the proper timing, while 65.5% of type I patients
were diagnosed at the proper timing. This may reflect the respiratory-stable condition
of infants or toddlers with type II SMA, which does not require an urgent diagnosis.
Specifically, SMA type II infants are usually respiratory-stable and do not need respiratory
support. In contrast, infants with type I SMA often suffer from respiratory insufficiency.

4.3. Incidence of SMA in Hyogo and Osaka Prefectures

Few studies on the incidence of SMA in Japan have been performed. According to
a survey by Imaizumi based on death certificate records [34], the incidence of SMA type I
between 1979 and 1996 was estimated to be 1.2 per 100,000 live births in Japan. This report
used only clinically diagnosed cases, and some cases with SMA type I were not included
because other disease names were likely used on the death certificate.

According to a report based on a survey by Okamoto et al. [29], the incidence of
infantile SMA (type I) was estimated to be 2.70 per 100,000 live births (95% CI: 0.1-5.4) on
Shikoku Island, Japan, between 2011 and 2015.

We also estimated the incidence of SMA using the number of SMA-affected infants
who were born or SMA-affected fetuses who were aborted in Hyogo and Osaka prefectures
from 2007 to 2016 (Table 3). Based on our data in this study, the incidences of SMA (total)
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and SMA type I were estimated to be 3.09 per 100,000 live births (95% CI: —0.36, 5.20) and
1.32 per 100,000 live births (95% CI: —0.84, 3.92), respectively.

The incidence of SMA among Asian populations is lower than that in Western coun-
tries. Belter et al., who analyzed the Cure SMA membership database, described in their
report [28] that, “Hispanics and Asians have a lower projected SMA incidence than the gen-
eral population, and it follows that states with a higher proportion of Hispanics and Asians
would have a lower overall incidence of SMA than the general population.”

Even so, our estimate of the incidence of SMA in Japan was notably lower than the data
reported from another Asian country, Taiwan [39] (Table 5). We are thus concerned that
many SMA patients may be overlooked or misdiagnosed in Japan.

Table 5. Incidence of SMA in various countries.

(A) Incidences of SMA Based on Survey Research
SMA Types I, 1I & ITI

Study Cases Incidence

Country Period Detected Live Births (In 100,000) Reference
Sweden 1980-2006 45 531,746 8.5 (a) (2009) [35]
Poland 1998-2005 304 2,963,783 10.3 (2010) [36]
Europe 2011-2015 3776 22,325,221 11.9 (b) (2017) [2]
Japan (c) 2007-2016 37(d) 1,197,178 31 This study
SMA Type I
Country set:‘li}é DS:e scetse d Live Births (Ec]igoe, 1(‘)1;8) Reference
Sweden 1980-2006 19 531,746 3.6 (2009) [35]
Estonia 1994-2003 9 129,832 6.9 (2006) [37]
Poland 1998-2005 209 2,963,783 7.1 (2010) [36]
Japan (e) 2011-2015 4 147,950 2.7 (2019) [29]
Japan (c) 2007-2016 21(d) 1,197,178 1.3 This study

(B) Incidences of SMA Based on Newborn Screening Programs

SMA Types I, 11 & III

Country I?:Ei}é Cases Live Births (Ecligoe, I(;(C)g) Reference

U.S. (Ohio) —2009 4 40,103 10.0 (2010) [38]
Taiwan 2014-2016 7 120,267 5.8 (2017) [39]

U.S. (New York City) ~ 2016-2017 1 3826 26.1 (f) (2018) [40]
Japan 2018-2019 0 4157 0.0 (f) (2019) [41]
Germany 2018-2020 43 297,163 14.5 (2021) [42]
Australia 2018-2020 18 202,388 8.9 (2021) [43]

U.S. (North Carolina) ~ 2018-2020 1 12,065 8.3 (2021) [44]

(a) All patients were younger than 16 years old. (b) Median incidence of several countries in Europe. (c) Hyogo
and Osaka Prefectures in Japan. (d) Case number included affected infants and fetuses. (e) Ehime, Kagawa,
Tokushima and Kochi Prefectures in Japan (f) The number of newborns tested in the SMA-NBS program was too
small to obtain precise incidence of SMA patients.

4.4. Initiation of NBS for SMA in Japan

In Japan, a mandatory NBS program for inherited disorders is conducted using DBS
samples from infants. All municipalities have mandatory with defined opt-out policies
for parents. At the initiation of nationwide implementation of this program in 1977,
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only five diseases (phenylketonuria, galactosemia, maple syrup urine, homocystinuria,
and histidinemia) were screened.

Since tandem mass spectrometry analysis was introduced into the NBS program
as a first-line screening methodology in the early 2000s, many inborn errors of metabolism
have been added to the list of target diseases for primary screening. Twenty diseases are
now included among the screening targets.

Recently, many families of patients suffering from inherited disorders such as SMA,
severe combined immunodeficiency disease (SCID) and lysosomal storage disease have
demanded for the inclusion of such diseases in the NBS program. At the time of writing this,
such expanded screening programs are about to start as optional programs in prefectures
including Osaka, Hyogo, Chiba, Aichi, and Kumamoto.

We have also been engaged in developing new SMA screening technologies using
DBS since 2010 [41,45-47]. The most sophisticated technology that we have developed to
date is an allele-specific real-time PCR with short primers (10-12 mers), which we named
“modified competitive oligonucleotide priming (mCOP)-PCR” [41,47]. We applied this
mCOP-PCR technology to a prospective SMA screening study using DBS samples from
4157 Japanese newborns [41]. All DBS samples tested were negative, but there were
no screening failures or false positives [41]. These results indicated that our system is
applicable to SMA-NBS programs in any region or country. Nonetheless, we still think
that our system should be investigated and reported on further because we are aiming for
implementation in all prefectures in Japan and other countries.

Note: during the submission of this manuscript, it was reported that an infant with
SMA had been detected by a pilot study for the NBS program in Kumamoto Prefecture [48].
The infant was reported to be treated with onasemnogene abeparvovec.

5. Conclusions

In this paper, we have described our experience of SMA diagnosis and the estimated
the incidence of SMA based on data from Osaka and Hyogo prefectures, Japan. Upon
comparing our data to findings previously reported from other countries, the diagnosis of
SMA as confirmed by genetic testing was delayed in many Japanese patients. In addition,
the estimated incidence of SMA was notably lower than that reported in other countries.
These results suggested that many SMA patients in Japan may be overlooked or misdiag-
nosed. SMA-NBS would allow SMA patients to undergo early treatment with the potential
for the maximal therapeutic benefit. Thus, there is an urgent need to implement a diagnos-
tic system incorporating SMA-NBS in Japan. In addition, if an SMA screening system such
as SMA-NBS becomes available to current Japanese patients with SMA-like or LMND-like
symptoms, a large proportion of such patients may be diagnosed as having SMA and
could access the new therapies. Finally, we hope that SMA-NBS programs will soon be
implemented in all prefectures in Japan.
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