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1. Introduction
1.1.  History and prevalence of PKU

Phenylketonuria (PKU, OMIM 261600) was first described by Asbjorn Folling in 1934,
who identified patients by abnormal excretion of phenylpyruvic acid in their urine (1,2).
The term phenylketonuria was coined by Penrose in 1937 (3). Mentally retarded children
in institutions all over the world were assessed by urinary ferric chloride test globally,
and tests turned out to be positive in 1% to 2% of seriously retarded patients in most
western countries. For years, PKU was considered an unfortunate disorder of mental

retardation for which nothing could be done (4) .

Jervis identified the enzyme defect of PKU, which obstructed the normal metabolism of
phenylalanine to tyrosine in 1947 (5). In 1953, however, Bickel developed a special low
phenylalanine (Phe) diet, which has been the gold standard therapy of PKU to date, and
the levels of phenylalanine in plasma and urine fell dramatically (6). Newborn screening
for PKU is based on the landmark discovery by Robert Guthrie (7) and has been widely
used in clinical practice since the early 1960s. This bacterial inhibition test had been
introduced in 32 US states and throughout Europe by the late 1970s (8). Over time the
Guthrie test has been replaced by modern methods, such as chromatography, fluorometry
and more recently tandem mass spectrometry. The introduction of multiplex methods-
detection of several metabolites in one test- lead to the expansion of screening

programmes for metabolic disorder in newborns (8,9).

The prevalence of phenylketonuria varies widely around the world (9). In Europe, the
prevalence is about 1 per 10,000 livebirths (10). Northern Ireland, Spain and Turkey have
a particularly high prevalence of mild hyperphenylalaninaemia (HPA) (11-13).

In Hungary, the prevalence is 1 per 8,500 births (14). The children with PKU are screened
and treated by two metabolic centers: Pediatric Center of Semmelweis University,
Budapest and Department of Pediatrics and Pedriatic Health Center of Albert Szent-
Gyorgyi Centre, Szeged. About two-thirds of the patients are referred to the Budapest

center, where about 180 PKU patients are cared for.

10
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1.2.  Pathophysiology of PKU

Phe is an essential amino acid, used for protein synthesis, as well as for the production of
tyrosine (Tyr) and its derivatives, such as dopamine, norepinephrine, and melanin. Phe is
hydroxylated to Tyr by the phenylalanine-hydroxylase enzyme (PAH) (15,16). The PAH
enzyme requires the tetrahydrobiopterine (BH4) cofactor, molecular oxygen and iron.
Numerous mutations of PAH gene have been described (17). Patients with PKU have
high Phe levels due to an inborn error of PAH, leading to alternative metabolic pathway
activations (15,16,18,19). High Phe and the alternative metabolites are toxic to

oligodendrocytes (20). Phe metabolism is summarized in Figure 1.

11
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Figure 1. Phe metabolism. Normal Phe metabolism (black pathway). Phenylketonuric

Hoeksma et al. found a negative relationship between plasma Phe concentration and the
cerebral protein synthesis. High Phe levels may cause abnormal cerebral protein
metabolism, which may affect both myelin and dopamine synthesis pathways (21).
Reduced myelination associated with PKU leads to aberrant brain neurosignaling (20)

and neurocognitive deficits including decreased speed of information processing (22).
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According to another hypothesis, depletion of neurotransmitters in the brain, especially
dopamine deficiency in the prefrontal cortex, is thought to be responsible for abnormal
executive functions, which may explain some of the neurocognitive deficits observed in

PKU (23).
1.3.  Clinical presentation
1.3.1. Classic symptoms

Before the era of diet therapy, patients with PKU had very severe symptoms, such as
microcephaly, severe mental retardation, hyperactivity, attention and perceptual-motor
problems, aggressiveness, negative mood and motor disturbance (24). Epilepsy and
quadriparesis have been reported, if the treatment was delayed (25-28). Patients with
untreated PKU lack melanin formation due to reduced tyrosine metabolism. This is
manifested in the majority of the patients with fair skin, blond hair, and blue eyes (29).
Dermatitis occurs in 20 to 40% of untreated PKU patients (29).

1.3.2. Cognitive and psychiatric symptoms

Children with treated PKU show overall intellectual functioning within the normal range,
but lower than the general population and their siblings (30,31). A meta-analysis
involving 43 studies showed a 1.8 to 3.8 point reduction in 1Q predicted by each 100
umol/l increase in lifetime blood Phe level (32). Cognitive impairment is well described
in more domains: slowed information processing speed (33), motor planning (24),
strategy (23,34), working memory (35), motor control and sustained attention (36,37).
Executive dysfunctions have also been described in working memory, inhibitory control,

conceptual reasoning, mental flexibility and organizational strategy (22,38,39).

Patients with PKU can demonstrate decreased social competence, autonomy, and self-

esteem, they can also present phobias, depressed mood, and anxiety (40).

1.3.3. Growth and nutritional outcomes

Growth retardation including height and weight was reported in children and adolescents
following Phe-restricted diet (41,42). However, numerous retrospective studies have
reported a higher body mass index (BMI) and a higher prevalence of overweight in
patients with PKU compared to the normal population, especially in females (43—46),

13
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presumably caused by higher energy, fat and carbohydrate content of special low-protein

foods (47).

These patients also demonstrate a lack of intake of various nutrients with low blood levels
of preformed long-chain polyunsaturated fatty acids (48,49). These essential fatty acids
are vital for normal brain and retinal development and their deficiencies can result in
visual and cognitive impairment (49). Micronutrient deficiencies including coenzyme
Q10, catalase and selenium have been documented by Gassio et al., who have revealed

that selenium deficiency and neuropsychological deficits are associated with PKU (50).

Bone formation and resorption markers have been found to be significantly reduced in
children on PKU diet compared to healthy controls (51). Osteopenia and osteoporosis
have been reported in the adult PKU population (52,53). Possible outcomes are
summarized in Figure 2, published by Enns (23).

14
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1.3.4. MRI findings in PKU

White matter abnormalities (WMASs) are presented on magnetic resonance imaging
(MRI) in both early and late treated patients (54—56). The pattern of WM involvement in
early-treated PKU (ETPKU) is characterized by patchy or diffuse symmetrical lesions of
deep and periventricular WM (occipito-parietal, frontal, temporal) appearing as signal
hyper-intensity on T2-weighted and fluid-attenuated inversion recovery (FLAIR)
sequences and in a minority of subjects, as signal hypo-intensity in TIl-weighted
sequences. Several studies have shown that the extent and severity of WMASs appear to
be moderated by patient age and/or blood Phe levels, with older age and/or higher Phe

levels associated with increased white matter involvement (54,55).

In subjects with blood Phe levels <300-600 umol/l, no WMAs have been reported
(57,58). However, other factors are involved as suggested by the occurrence of WM
variation (improvement or worsening) in patients with constant Phe values, and the wide

variability of WM involvement under similar values of blood and brain Phe (59,60).

WMAs are reported to be reversible. Two controlled studies (61,62) showed an
improvement of WMAs (3 to 6 months) after reduction of blood Phe levels. With
functional MRI technique, atypical prefrontal cortex neural activity was shown in PKU
patients during N-back working memory tasks. Decreased connectivity within and
between the prefrontal cortex (PFC) and other brain regions was also described in PKU
patients(63). Abbgotspon et al. showed a lower PFC activation compared to normal

controls (64).

1.4. Subtypes of PKU

Since there is no consensus on phenotype classification (65), a simplified classification
scheme is proposed, derived from Blau (66). Elevated Phe levels can result from either a
deficient PAH activity, or from defects of enzymes involved in the pterin cycle. About
2% of all Phe level elevations detected by the newborn screening program are due to
disorders in BH4 metabolism, highlighting the importance of considering differential
diagnosis in all cases of even slightly elevated blood Phe level. After a repeated positive
newborn screening results, an outpatient evaluation is required with a special attention to
neurological symptoms. In order to discriminate among different subtypes neonatal BHa-

loading test, analysis of urine pterin profile and measurement of dihydropteridine

16
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reductase (DHPR) activity in DBS are essential. A precise diagnosis should be obtained
for the initiation of the optimal therapy as early as possible (66).

PAH-dependent PKU forms (classic PKU and the milder form, HPA) can be
distinguished by Phe tolerance. Phe tolerance is determined by the amount of daily Phe

intake that a patient can tolerate without exceeding the upper target range of blood Phe.

1.4.1. Classic PKU

Pterins and DHPR activity are normal and neonatal BH4 loading does not lead to any
significant decrease in Phe. Lifelong Phe-restricted diet is needed to avoid or minimalize

the classic symptoms mentioned above (chapter 1.3.).

1.4.2. HPA

Mild hyperphenylalaninemia is considered when there is no need of a Phe-restricted diet

in order to achieve Phe levels below 360 uM.

1.4.3. BHa-deficient PKU

In these forms of PKU, the PAH gene is normal, and it is based on a defect in enzymes
involved in metabolism of cofactor BH4. Four subtypes can be differentiated by pterin
levels and DHPR activity (Fig. 3). BHa4 deficiency also affects the synthesis of
catecholamines, and serotonine in the central nervous system (CNS), leading to multiple
and usually more severe neurological symptoms than in classic PKU (67). Symptoms
contain abnormal muscle tone, poor head control, seizures, and delayed motor
development. In the treatment of BHas-deficiencies, the replacement of BH4 and/ or

neurotransmitters are essential (67).

1.4.4. BHa-responsive PKU

In cases where BH4 loading test is positive and analysis of pterin profile and DHPR
activity is normal BHa-responsive PKU is considered. In BHas-responsive patients,
therapy with BH4 increases residual PAH activity, which results in a decrease in blood
Phe concentrations and/or an increase in natural protein tolerance (68). As not all PKU
patients respond to BH4 supplementation, it is important to appropriately select patients
with PKU who benefit from long-term BHa4 treatment. Eligibility for treatment with

BHa is typically assessed by performing a BH4 test period or treatment trial to assess its

17
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effects. All identified PAH-mutations associated with BHs-responsiveness are tabulated

in the BIOPKU database (http://www.biopku.org) and compared with existing

information.

1.5.  Screening and follow-up
1.5.1. Newborn screening

The newborn screening for PKU in Hungary started in 1975, preceded by regional pilot
studies (69). The Hungarian NBS panel contains 27 inherited disorders, the recommended
sampling age is 48-72 hours. DBS aminoacid and acylcarnitine profile is determined by
TANDEM mass spectrometry (MS/MS). Phe levels above 179.64 umol/l (>99.98 pc) are

considered abnormal.

1.5.2. BHa4loading and therapy start

After a positive screening result, patients are carried out in a metabolic centre. After
medical evaluation through several consultations with a physician and a dietitian the
family is informed and educated. The newborn will also undergo a BH4 loading test to
differentiate between subtypes of PKU. In most cases, after the confirmatory and
diagnostic testing, breast milk and Phe-free formula are titrated according to the Phe

levels to determine the maximum phenylalanine tolerance (70).

1.5.3. Follow-up and treatment goals

Patients with PKU need lifelong follow-up and treatment. Metabolic control is achieved
by monitoring Phe levels (dried blood spot, DBS self-sampling). The target range for Phe
is 120-360 umol/l under 12 years of age, and 120-600 umol/l above this age (65). The
patient is also need systematic outpatient follow up to monitor long-term complications
at any age. The minimum DBS samplings and outpatient visits recommended by the

European PKU guidelines are summarised in Table 1.

18
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Table 1. Minimum frequency of DBS sampling and outpatients visits recommended by

the complete European guidelines on phenylketonuria (65).

Age Frequency of DBS Frequency of visits
0-1 year Weekly Every 2 months
1-12 years Fortnightly Twice per year
12-18 years Monthly Twice per year
>18 years Monthly Once per year
Pregnancy Weekly before conception, | Once per trimester

twice per week during

pregnancy

Increased frequency depending on indication: treatment changes, social circumstances,

clinical ground, and adherence issues

A medical and dietary history, an assessment of anthropometry including body mass
index estimation, and a physical and neurological examination, with particular attention
to clinical signs of Phe toxicity and nutrient (including Phe) deficiency (65,71,72) should
be performed at each outpatient visit. Clinic reviews should always include a discussion
on treatment issues and mental and physical health. Guidelines recommend annual testing
for biochemical nutrients such as homocysteine, methylmalonic acid, haemoglobin, MCV
and ferritin. All other micronutrients and hormones should be tested during childhood if
clinically indicated. Bone densitometry and neurocognitive functions should be measured
firstly in adolescence. Psychological problems should be screened clinically.
Psychosocial functioning and quality of life (QoL) should be assessed once in childhood
and once in adolescence. MRI should be performed in case of unexpected clinical course

(65).
1.6. Therapeutic approaches
1.6.1. Diet therapy

Diet therapy is the first described therapy and is still the gold standard management option
for PKU. The optimal diet for PKU should provide the target Phe ranges, be nutritionally
complete and help normal growth. It should be also palatable, flexible and easy to follow.

The diet has changed very little since the 1950s. It is based on natural protein restriction,
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protein supplementation, calorie supplementation and a free-food system (73). Restricted
foods are for example chicken, fish, eggs, cheese, nuts, seeds, quinoa, oats, soya, lentils,
gelatine and aspartame (sweetener). The amount of dietary Phe tolerated will vary
between individuals, depending on the severity of PKU. Adequate energy intake from
very low protein sources is essential to meet energy requirements. There are a number of
traditional foods that are naturally very low in protein and can be eaten without
measurement. They include vegan cheese, butter, margarine, vegetable oils, sugar, jams,
honey, and most fruits and vegetables. Although there is a wide range of specially
produced ‘starch based’ low protein foods such as bread, flour, pasta and biscuits, access
to these varies across Europe. These products are generally expensive if not funded by
government/insurance or supplied by hospitals. They can provide up to 50% of energy
intake (70). Providing adequate doses of protein, usually based on phenylalanine-free
amino acids supplements, is essential to promote normal growth, prevent protein
deficiency, provide a source of tyrosine, and help optimise blood phenylalanine control
(65,70). In classic PKU group, protein supplements are likely to provide at least 75% of
daily nitrogen requirements. When the dose of protein replacement is determined, body
weight, age, growth and the prescribed amount of phenylalanine/natural protein are
considered. Protein supplements are available in the form of amino acid powders,
capsules, tablets, bars and liquids and may contain added carbohydrate, fat, vitamins and
minerals (70). Problems may arise with the taste of the supplements (74) and the dietary

compliance (65,73). Diet becomes difficult in adolescence with its social aspects (73).

Glycomacropeptide (GMP) is a low Phe protein and can be used for protein
supplementation in PKU. It is a by-product of cheese whey, and although theoretically
Phe-free, some residual phenylalanine remains in the product due to the extraction
process (70). Studies showed safe GMP usage above 12 years of age, reduction in Phe

levels and good acceptance of the product (75-77).

A relatively new treatment option is the use of large neutral amino acids (LNAA), such
as Tyr, valine, tryptophan, leucine, isoleucine, arginine, histidine, methionine and
threonine. In 1953, Christensen et al. reported on the role of LNAA and their transport to
the brain in patients with PKU, describing that high Phe levels could block the transport
of other LNAAs to the brain on the blood-brain carrier (78). Two studies found a
significant short-term reduction in blood Phe levels(79,80), but other authors did not
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suggest this effect (81,82). Schindeler et al. found LNAA had a specific impact on verbal
generativity and flexibility (83). Burlina reported high levels of adherence to medication
in adults after 12 months of LNAA treatment, with 96% reporting complete adherence.
Phe levels remained unchanged, whereas Tyr levels increased in most patients. All
patients experienced significant improvement in the QoL. LNAAs may provide patients
with further opportunities to improve medication adherence and, consequently, their QoL

(84).
1.6.2. Tetrahydrobiopterin

Blood Phe concentrations are reduced by tetrahydrobiopterin (BH4) treatment, a cofactor
and natural chaperone for PAH, in some patients with PKU (85). The United States Food
and Drug Administration (US FDA) and the European Medicines Agency (EMA)
approved the medical form of BH4 (Kuvan®) for the treatment of PKU in responders
(86,87). The addition of BH4 is well tolerated, and leads to reduced and stabile Phe levels
in responsive patients (88,89). However, more than a half of patients with classic PKU

do not respond to BH4 (65,90).

1.6.3. PAL

Enzyme substitution therapy has recently become a treatment option for PKU. Pegvaliase
contains phenylalanine ammonia lyase (PAL), which converts Phe to harmless
metabolites, trans-cinnamate and ammonia. Pegvaliase reduces Phe concentrations
independently of PAH activity. However, the majority of the patients experienced mild
to moderate side effects. Due to the risks of anaphylaxis, Pegvaliase is only available
through the Risk Evaluation and Mitigation Strategies (REMS) program, which includes
requirements for prescriber and pharmacy certification and patient educational enrolment

(91,92).

Pegvaliase (Palynziq®) was approved by the US FDA in 2018 and by the EMA in 2019
only for the therapy of adult patients with uncontrolled blood Phe administered as a
subcutaneous injection (93,94). Most patients were motivated to continue treatment

despite the adverse effects and achieved efficacy long-term (95-97).

Further studies should be conducted to examine the efficacy and safety profile in children.
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1.6.4. Synthetic bionic

In 2018, a synthetic biotic strain of E. coli Nissle 1917, called SYNB1618 was
introduced. SYNB1618 consumed Phe in the human gastrointestinal tract by two different
mechanisms (98). One mechanism is based on the PAL enzyme, and the other is the
enzyme L-amino acid deaminase (LAAD), which converts Phe to phenylpyruvic acid. A
recent first-in-human study in healthy volunteers and PKU patients demonstrated that
SYNB1618 was generally well tolerated. All participants cleared the bacteria within 4
days of the last dose. Adverse events were mostly mild to moderate in severity and

gastrointestinal (98).

1.6.5. Liver transplantation and cell-based therapy

About 95% of PAH protein is expressed in the liver. Successful liver transplantation can
restore somatic PAH activity and plasma Phe levels to essentially normal (99). Liver
transplantation in a child with PKU was first described in the 1990s. The 10-year-old boy
had unrelated end-stage chronic liver disease. His blood phenylalanine levels dropped

dramatically with a normal diet after the transplantation (99).

After almost thirteen years, a woman with classic PKU who was unable to maintain a diet
and was unresponsive to pharmacological therapies underwent a domino liver
transplantation from a donor with classical branched chain ketoacid dehydrogenase
deficiency. Phe levels normalized two days after the surgery. Her mood, symptoms and
quality of life improved. Liver transplantation is obviously not a realistic therapy strategy
for the majority of patients with PKU because of its risks and the limited number of
donors. Women with classic PKU of childbearing age may be potential recipients in some
well-selected cases, because of the danger of maternal PKU syndrome. The use of domino
allografts from patients with maple syrup urine disease offers the potential for liver
transplantation without losing the traditional donor allograft liver from the population

(100).

After PAH-positive hepatocyte transplantation into PAH-deficient Pah mice, a
significant reduction in Phe levels was described when liver repopulation exceeded 5%
(101). Stéphenne et al. reported liver cell transplantation in a 6-year-old boy with severe
tetrahydrobiopterin nonresponsive phenylketonuria after failing to comply with dietary

restrictions. Transplanted hepatocytes were partially obtained from an explanted
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glycogen storage type 1b liver. After two infusions, Phe levels dropped to the therapeutic
range. Liver function tests showed a transitional increase, but normalized within 2-3 days,
showing the safety of the procedure. Cell-based therapy seemed to be a promising
therapeutic option for PKU, and the domino concept may solve the issue of cell sources
for hepatocyte transplantation (102). Further research is needed on long-term effects and

safety.

1.6.6. Gene therapy

PAH is a monogenetic disorder, and blood Phe level is easily measured biomarkers,
making PKU a prime candidate for gene therapy (103). A gene therapy model of PKU
was demonstrated in a mouse model in 1994 (104). Developments in the design of viral
vectors for gene therapy have contributed to translating gene therapy into clinical research
(103,105-107), as adeno-associated and lentiviral vectors do not cause strong immune

reactions. In July 2023, three human studies are listed on Clinicaltrials.gov (108—110).

1.7.  Quality of life of patients with PKU

The subjectively perceived impact of PKU on daily lives of patients is receiving
increasing attention. The Health-related quality of life (HRQoL) questionnaire is an easy-
to-use strategy to measure QoL of patients with PKU. The HRQoL has been described as
a multidimensional, self-reported questionnaire that provides subjective perceptions of
physical, psychological, social functioning, and overall well-being (111). Although most
studies have found normal QoL in adult PKU patients (112—115), but Demirdas et al.
reported a significantly lower HRQoL for cognitive functioning (116). Landolt et al.
found fewer positive emotions in children with PKU (117). No differences were observed
for age, type, and sex, but lower scores were reported for adolescents on family cohesion
and time of parental impact (118). Poor dietary adherence tended to worsen with age. No

significant differences were observed in HRQoL scores for dietary adherence (119).

Regnault et al. first developed and validated PKU-specific HRQoL questionnaires for
patients with PKU and their parents in 2018 (120). An increasing trend was observed in
the overall impact of diet and guilt when diet was not followed according to disease
severity. Patients with severe PKU enjoyed their meals less than patients with mild to

moderate PKU. Similar observations were made by parents of patients (121).
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The emotional effects of PKU were most pronounced in the age group of 9-11-year-olds.
Slow thinking was the most common symptom, but the majority of the domains studied
reached moderate/high frequency in children. Problems with their general health,
emotional effects of PKU, adherence to supplements, and dietary protein restriction were

reported by adolescents. All age groups found the taste of supplements unsavoury (122).

Eighteen mothers of children with PKU reported the greatest impact of PKU on the
anxiety of their children during blood tests on their own HRQoL, as well as guilt
associated with poor adherence to dietary restrictions and supplementation regimens.

Higher scores were also found for the emotional, social and overall impact of PKU (123).

Hungarian adults had better HRQoL scores after ten years of good metabolic control. The
highest scores (indicating larger burden) were mostly related to the emotional impact of
PKU and disease management. Weak to fair positive correlations were found in several
domains, either short or long term, after performing correlation analysis between Phe

levels and QoL scores for all patients (74).
In Hungary, there has been no systematic analysis of the QoL in the paediatric population.

1.8. COVID-19 pandemic and PKU

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) caused a new
pandemic, many countries had to implement quarantine measures (“lockdown”, LD) to
reduce the number of new COVID-19 cases (124,125). A health emergency was declared
in Hungary on March 11, 2020, after which a strict closure was introduced (126,127).
Restrictions were lifted on June 16, 2020. Rules on partial closure were reintroduced on
September 1 of the same year, as the spread decreased (partly due to the vaccination

programme), restrictions were lifted on April 19, 2021.

Measures implemented during the two lockdown periods differed. Initially, there was a
total ban on leaving home and attending school. During the second closure, upper
secondary education was conducted online, and community programmes were suspended.
The COVID-19 pandemic emerged as a new healthcare challenge in the routine follow-
up care of patients with chronic disorders (128-130) and also with PKU (131-
133). Patients were asked to opt for telemedicine visits instead of regular visits, when

possible. This new context brought about a number of changes that can have both positive
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and negative implications for the effectiveness of newborn screening and metabolic

control of individuals treated.
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2. Objectives

In the research projects constituting the basis for the doctoral dissertation, quality of life
indicators of Hungarian children with PKU were assessed in terms of severity, frequency,
and metabolic control. The impact of the COVID-19 pandemic on the metabolic status of
Hungarian children with PKU was also investigated, including the comparison of age at

diagnosis and metabolic control in different lockdown periods.
The principal questions of the research were:
1. Severity/ frequency of HRQoL domains in our patients

2. Which indicators had the highest and the lowest impacts on QoL among Hungarian
children and adolescents in each module (symptoms module, general module, supplement

registration module, dietary protein restriction module)?
3. The most severe/frequent impacted domains according to the adherence

4. Was there an observable difference in QoL between patients with good and poor

metabolic control?

5. Was there an observable difference in QoL between patients with HPA vs. classic

PKU?

6. Neonatal study: Was there any delay in the diagnosis and early initiation of treatment

in neonates with PKU who were born in the COVID-19 era (CE)?
7. Did home blood sampling frequency change during the pandemic?
8. Were there any changes in blood Phe levels during CE vs NCE?

9. Assessment of metabolic control in both lockdown periods (LD1: 25/03/2020—
16/06/2020 and LD2: 01/09/2020-19/04/2021) vs. unrestricted period (URP,
17/06/2020-31/08/2020).

10. Correlations between DBS sampling frequencies and median Phe levels
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3. Methods
3.1. Patient selection
3.1.1. Quality of life in Hungarian children with PKU

In our 1% observational study, adolescents with HPA and classic PKU aged between 12
and 18 years as well as parents of the 0—18-year-old children were included. From the
patient pool, we excluded children with BHa-treatment (n = 6) prior to statistical analysis.

The PKU-QoL questionnaire was completed anonymously.

After exclusions, answers of 59 parents about their children with PKU/HPA were
analysed. Our study also included 11 self-reported responses of adolescents. Details of

the included patients are shown in Table 2.

Good or poor compliance were defined on the basis of regularly sent Phe levels. For each
patient, all Phe levels were considered from their birth and annual mean Phe levels were
calculated. Adherence was deemed poor if more than 50% of the annual Phe levels were

above the target range.
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the QoL study. HPA: hyperphenylalaninaemia, IQR:

Data of patients Number | Age (median | Lifetime Phe (median IQR) | On | Supplement

IQR) diet | users (%)
(%)

a) adolescents

HPA 1 15 294.18 0 0

Classic PKU with | 9 16.5 327.64 100 | 100

good adherence (15-17) (250.9-429.8)

Classic PKU with | 1 14 516.54 100 | 100

poor adherence

b) children whose parental questionnaire was about

HPA 20 9(2.5-11) |207.9(148.3-261.1) 0 0

Classic PKU with | 30 9 242.3 100 | 100

good adherence (6-14) (201.1-272.71)

classic PKU with | 9 8 378 100 | 100

poor adherence (5-14) (338.4-508.7)

3.1.2. A comparison of metabolic control in the COVID-19 era vs. NCE and an

assessment of metabolic control in both lockdown periods (LD1 and LLD2)

vs. unrestricted period (URP)

The following exclusion criteria were used: switch in therapy (n = 3), death (n = 1) and

expatriation (n = 7). The selection of children is presented in Figure 3. Given the different

recommended target Phe ranges for children and adolescents, patients were divided into

two age subgroups: 2—12 years (51 patients) and 13 to 18 years (21 patients). Children

younger than two years of age were excluded as a comparison of NCE and CE could not

be performed in these cases.
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83 patients with
classic PKU
Ongoing treatment
changes (3)
Death (1)
Moved abroad (7)
\ 4

72 enrolled patients
(51 2-12 years old,
21 adolescents)

Figure 3. Patient selection in the metabolic study. Exclusion criteria were treatment

changes, death and expatriation.
3.1.3. Neonatal study

Patients were included with pathological Phe levels and completed the neonatal BH4
loading test during the CE (6 patients) vs. the NCE (8 patients). No patients had to be

excluded because of unknown neonatal Phe levels.

3.2. Metabolic control- DBS

DBS Phe levels were determined by mass spectrometry (API12000; Perkin-Elmer Sciex,
Toronto, ON, Canada) at the 1st Department of Paediatrics, Semmelweis University,

Budapest.

For newborn screening, population-based cut-off values were calculated in different

percentages. The entire data sets (approx. 650,000 newborn samples between 2011 and
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2021) were systematically reviewed, and statistical parameters calculated. All DBS
samples that met pre-analytical and analytical requirements (i.e., sample collection,
storage, transportation, and quality control) were included. Phe levels above 179.64 uM
(>99.98 pc) were considered abnormal. In order to reach the therapeutic target range, the

third day of Phe measurement was taken within the target limit (120-360 umol/l).

Groups with good and poor adherence were defined on the basis of regularly sent Phe
levels. For each patient, all Phe levels were considered from their birth and annual mean
Phe levels were calculated. Adherence was deemed poor if more than 50% of the annual

Phe levels were above the target range.

3.3. The PKU-QoL questionnaire

PKU-QoL questionnaires are freely available for use in non-funded academic research

from their website: https://eprovide.mapi-trust.org/instruments/phenylketonuria-impact-

and-treatment-quality-of-life-questionnaire. Adolescent and parent versions were

translated following the steps recommended by Jurecki (134) with the permission of the
owner. The adolescent version features 58 questions, whereas the parental version is

composed of 54 questions. Both versions contain four modules, detailed in Table 3.

Table 3. The structure of the PKU-HRQoL questionnaire. DPR: dietary protein restriction

Modules Domains

Symptoms self-health rated status, headaches, stomach aches, tiredness, lack of
concentration, slow thinking, irritability, aggressiveness,

moodiness, sadness, anxiety

PKU in General | emotional impact, practical impact, social impact, anxiety about

Phe levels and blood test

Supplement adherence to supplements, practical impact of supplements, social

administration impact of supplements, taste, guilt if poor adherence to supplements

Dietary Protein | guilt if the diet is not followed, management of dietary protein
Restriction restriction (DPR), food temptation, adherence to DPR, practical
module impact of DPR, the social impact of DPR, the overall impact of
DPR, overall difficulty following DPR, taste, food enjoyment
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The recall period focused on the last one week for all sections except for ‘patient's general
feeling” where the recall period was ‘in general’. The following interpretation rules were

applied for all domain scores in a range from 0 to 100:
» for symptom scores, a higher score is associated with more frequent symptoms,
o for adherence scores, a higher score is associated with lower adherence,
o for other scores, a higher score is associated with a more significant impact (120).

Once items were scored, a domain score was calculated for each domain, with more than

70% of the items scored using the formula below:

Domain score= Sum of item scores within the domain/Number of non-missing item

scores within the domain * 25

According to the developers, the severity of domain scores can be interpreted as follows:
a score between 0 and 25 indicates little/no impact or symptoms; between 26 and 50
moderate impact or symptoms; between 51 and 75 major impact or symptoms, and scores

over 75 indicate very severe impact or severe/frequent symptoms (121).

3.4. Periods examined in the COVID-19 metabolic study

We compared metabolic control during the CE (11.03.2020 to 19.04.2021) and a similar
period of one-year prior (01.02.2019 to 10.03.2020 (non-COVID-19 era, NCE). Our
study also assessed metabolic control in both lockdown periods (LD1: 25.03.2020 —
16.06.2020 and LD2: 01.09.2020 — 19.04.2021.04) vs. unrestricted period (URP,
17.06.2020 — 31.08.2020). The periods examined were defined following the Hungarian
lockdown regimens. Given possible seasonal changes, metabolic control was also
analysed in similar periods of NCE: 1) control period to LD1 (CLDI 15.03.2019 —
16.06.2019), 2) control period to LD2 (CLD2, 17.06.2019 — 31.08.2019) and 3) control
period to URP (CURP, 01.09.2019 —10.03.2020). The periods are presented in Figure 4.
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Figure 4. The examined periods. NCE: CE COVID-19 era, NCE: non-COVID-19 era,

LD: lockdown period, URP: unrestricted period

3.5. Statistics

Data were tabulated using Microsoft Excel 2016 and analysed with the IBM® SPSS® 23
statistical software package. Normality of the data was tested using the Kolmogorov-
Smirnov and Shapiro—Wilk tests, with p > 0.05 accepted as normal distribution. Non-
normally distributed data are reported as the median and interquartile range (IQR).
Parameters, which followed normal distribution, were expressed as mean and standard
variation levels. Wilcoxon signed-rank tests were performed to assess related groups
according to different time point. A Mann-Whitney test was performed to analyse

unrelated groups. The level of significance was set at p< 0.05.

3.6. Ethical consideration

The studies followed the guidelines of the World Medical Association Declaration of
Helsinki of 1975. Both studies were approved by the institutional Ethics Committee. All
participants in our observational study on the quality of life signed the informed consent

form.
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4. Results
4.1. Severity/ frequency of HRQoL domains among patients with PKU

Seventy-eight percent of the domains (25/32) had little/no impact. Moderate severity was
reached for irritability (adolescent median 50, IQR 25-75), emotional impact of PKU
(adolescent median 35, IQR 30-45), parental median 31.3 (IQR 14.1-43.8), guilt if poor
adherence to supplements (adolescent median 37.5, IQR 25-62.5), adherence to dietary
protein restriction in adolescents (median 28.1, IQR 18.8—46.9) and practical impact of
dietary protein restriction (adolescent median 32.1, IQR 14.3—42.9). Only food enjoyment
of adolescents reached a major impact on QoL (median 62.5, IQR 25-75).

4.1.1. Symptoms module

Ten out of 11 (90.9%) domains had little or no frequency (median score < 25).

Irritability was the most frequent symptom among adolescents (median 50, IQR 25-75),
stomach aches and anxiety reported as rarest (medians 0, IQRs 0-25). Among parental
answers, the most frequent symptom was lack of concentration and irritability (medians
25, IQRs 0-50), the rarest was headache (median 0, IQR 0-0). The impact of all symptom

domains is detailed in Table 4.
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Table 4. Impact of symptoms module. IQR: interquartile range. Significant results are

underlined. The * sign indicates border of significance. (135)

ado. parent | Ado. PKU PKU- | PKU- | PKU HPA HPA
Med. al Vs. media | good poor good Vs.
(IQR) | med. Paren- | n adh. adh. Vs. good
(IQR) | tal (IQR) | Med. Med. poor adh. of
(p) (IQR) | (IQR) | adh. PKU
() ()
Symptoms module
General 25 12.5 0.295 |25 0 25 0.715 |25 0.927
health (0-50) | (0-25) (0-25) | (0-25) | (0-25) (0-25)
Headache 25 0 0.063 |0 0 0 0.2 0 0.986
(0-25) | (0-0) (0-0) (0-0) (0-25) (0-0)
Stomach- 0 0 0513 |0 0 25 0.176 |0 0.87
aches (0-25) | (0-25) (0-25) | (0-25) | (0-25) (0-25)
Tiredness 25 25 0.285 25 25 25 0.030 25 0.053*
(25- (0-25) (0-25) | (0-25) | (25- (0-50)
25) 50)
Lack of | 25 25 0.769 | 25 25 50 0.125 |25 0.859
concentra- (0-50) | (0-50) (0-25) | (0-25) | (25- (0-50)
tion 50)
Slow 25 0 0.127 |0 0 0 0.018 |0 0.205
thinking (0-25) | (0-25) (0- (0-0) (0-25) (0-25)
25)
Irritability 50 25 0.059 | 25 25 50 0.226 |25 0.235
(25- (0-50) (0-50) | (0- (25- (0-50)
75) 31.25) | 79)
Aggressive- | 0 0 0.689 0 0 0 0.355 0 0.08
ness (0-25) | (0-25) (0-0) (0-0) (0-25) (0-
18.75)
Moodiness 25 25 0.964 |25 25 25 0.125 |25 0.399
(0-25) | (0-25) (0-25) | (0-25) | (25- (0-50)
50)
Sadness 25 0 0.176 |0 0 25 0.109 |0 0.798
(0-25) | (0-25) (0-25) | (0-25) | (0-25) (0-25)
Anxiety 0 0 0.631 0 0 25 0.015 |0 0.181
(0-25) | (0-25) (0-25) | (0-0) (0-50) (0-25)
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PKU in general module

Almost all domains (8/9, 88.9%) had little/no impact on QoL. The emotional impact of
PKU was the most affected domain in terms of answers from adolescents (median: 35,
IQR 30-45) and parental questionnaires (median: 31.3, IQR 14.1-43.8). The least
affected areas were practical and social impacts among parental data (medians 0, IQRs
0-10) and anxiety about blood tests among adolescents (median 12.5, IQR 0-25). The

results are detailed in Table 5.
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Table 5. Impact of general domains. IQR: interquartile rage, NA: not asked. Significant

results are underlined. (135)

ado. Paren- | Ado. | PKU PKU- PKU- PKU | HPA HPA
Med. tal Vs. median | good poor good Vs.
(IQR) med. Paren | (IQR) adh. adh. Vs. good
(IQR) | tal Med. Med. poor adh.
(p) (IQR) (IQR) adh. of
(p) PKU
(p)
Emotional 35 31.3 0.40 | 282 28.13 25 0.14 |25 0.32
impact  of | (30-45) | (141- (18.8- | (18.8- | (12.5- (6.3-
PKU 43.8) 37.5) 39) 31.3) 53.1)
Practical 16.7 0 0.084 | 4.2 42 42 0894 |0 0.20
impact  of | (0- (0-10) (0- (0- 3.1- (0-5)
PKU 33.3) 12.5) 15.6) 8.8)
Social 16.6 0 0.05 10 10 10 0.5 10 0.83
impact  of | (10.4- | (0-10) (5- (5- (5-20) (0-15)
PKU 33.3) 20) 19.1)
Financial NA. 10 25 25 0 0.286 | 0 0.02
impact  of (3.75- (0-25) | (0-25) | (0-25) (0-0)
PKU 20)
Overall 20.5 11.7 0.10 12.5 13.8 8.6 0.164 | 16.7 0.88
impact  of | (159- | (7.2- (8.9- (10.7- | (7.9- (8.3-
PKU 31.8) 22.4) 21.7) 21.7) 13.8) 27.7)
Child 12.5 25 0.12 12.5 12.5 37.5 0.165 | 43.8 0.02
anxiety  — | (0-25) | (6.25- (0- (0- (12.5- (25-75)
Blood test 50) 37.5) 37.5) 50)
Impact  of | NA 25 25 12.5(0- | 25 0.207 | 43.8 0.068
blood test (12.5- (9.4- 37.5) (18.8- (12.5-
50) 37.5) 62.5) 82)
Child 25 25 0.730 | 25 25 25 0.715 | 25 0.303
anxiety on | (25-50) | (25- (25- (25- (0-75) (18.8-
Phe levels 68.8) 75) 56.3) 50)
Inform. NA 25 25 25 25 0.613 | 50 0.045
about PKU (25- (25- (25-50) | (0-50) (31.5-
50) 50) 50)
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4.1.2. Supplement registration module

Four out of six domains (66.66%) had little or no effect on QoL. The guilt of poor
adherence to supplements domain reached a moderate impact on QoL in 12—17-year-old
children (median 37.5, IQR 25-62.5) and the highest impact in parental data (median 25,
IQR 0-75). The less affected domain was impact of supplements on family among
adolescents (medians 0, IQR 0-12.5 and 0-25) and adherence to supplements from
parental data (0, IQR 0-0).
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Table 6. Impact of supplements module on QoL. IQR: interquartile range, NA: not asked,

n.r.: not relevant. Significant results are underlined. Suppl.: supplements (135)

ado. parental | Ado. PKU PKU- PKU- PKU
Med. med. Vs. median | good poor adh. | good  vs.
(IQR) (IQR) Paren- | (IQR) adh. Med. poor adh.
tal Med. (IQR) (p)
®) (IQR)
Guilt  if  poor | 37.5 25 0.335 25 25 25 0.853
adherence to suppl. | (25- (0- (0- (0-75) (0-56.3)
62.5) 75) 75)
Adherence to suppl. | 12.5 0 0.052 0 0 0 0.684
(0- (0-0) (0-0) (0-0) (0-0)
18.75)
Impact of suppl. on | 0 0 0.58 0 0 25 0.047
family (0- (0-25) (0-25) | (0-25) | (18.8-
12.5) 56.3)
Manage-ment  of | NA 0 0 0 25 0.073
suppl. (0-25) (0-25) | (0-0) (0-75)
The practical impact | 15.6 0 0.025 0 0 0 0.641
of suppl. (6.3- (0-8.3) (0-8.3) | (0-8.3) | (0-8.3)
23.4)
Taste-suppl. 37.5 NA NA NA NA
(12.5-
50)
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Dietary protein restriction module

Seven out of 10 domains (70%) reached little or no impact on QoL. Dietary protein
restriction seems to have the most severe impact on QoL among Hungarian children. Food
enjoyment showed the highest impact in both adolescent (median 62.5, IQR 25-75) and
parental (median 25, IQR 0—43.75) groups. The least impacted domain was adherence to
dietary protein restriction in parental answers (median 0, IQR 0-0) and the social impact
of dietary protein restriction in adolescents (median 10, IQR 3.75-25). Results in the

dietary protein restriction (DPR) module are shown in Table 7.
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Table 7. Results of the QoL questionnaire in adolescents and in children according to
their parents. Ado: adolescents, DPR: dietary protein restriction, g. vs. p. adh: good vs.
poor adherence. IQR: interquartile range, med: median, NA: not asked, n.r.: not relevant.

ado. Med. | paren | Ado. | PKU PKU- | PKU- | PK | HPA | HPA
(IQR) tal Vs. median | good | poor | U Vs.
med. | Paren | (IQR) adh. adh. g. good
-tal Med. | Med. | vs. adh.
(IQR) | (p) (IQR) | (IQR) | p. of
adh. PKU
() (p)
Guilt if DPR was | 25 25 0.805 | 25 25 125 | 0.17 | 625 | 0.314
not followed (25-25) (0- (0-50) | (25- (0- 6 (25-
68.8) 50) 25) 100)
Management of | NA. 12.5 12.5 12.5 16.7 | 036 | 12 0.856
DPR (8.3- (6.3- (5.2- | (12.5- (0-
25) 22.9) 20.6) | 25) 21)
Food temptation 25 NA NA NA NA NA
(12.5-56.2)
Adherence to | 28.1 0 <0.00 | 0 0 0 0.59 1 0 (0-| 0.576
DPR (18.8-46.9) | (0-0) | 1 (0-0) (0-0) | (0- 0)
25)
Practical impact | 32.1 25 0.921 | 25 25 214 | 028 | 42.8 | 0.056
of DPR (14.3- (20.5- (21.4- | (21.4- | 21.4- | 2 (42.8-
42.9) 39.3) 39.3) 39.3) | 32.1) 51.8)
Social impact of | 10 12.5 | 0468 | 12.5 0 125 | 041|625 | 0.942
DPR (3.75-25) (0- (0- (0- (0- 2 (0-
18.8) 21.9) 12.5) | 37.5) 12.5)
Overall impact of | 21.88 NA NA NA NA NA
DPR (11.9-
31.3)
Overall difficulty | 25 NA NA NA NA NA
following DPR (0-25)
Taste- low protein | 25 NA NA NA NA NA
food (18.75- 50)
Child food | 62.5 25 0.016 | 25 25 0 0.02 | 50 0.328
enjoyment (25-75) (0- (0-25) (25- (0- 3 (37.5-
43.8) 43.8) | 6.3) 50)
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4.2.  The severity of domains according to metabolic adherence

In adolescents with good compliance, emotional impact and taste of supplements were
moderate, whereas food enjoyment had a severe impact. Only one patient completed the
questionnaire in the adolescent group with poor compliance; several domains were
marked as moderately/very impacted. Answers of parents indicated that the emotional
impact was moderate in children with good compliance. Three moderately prominent
domains were found in families with poor adherence according to parental responses:

anxiety about blood test, lack of concentration, and irritability (Table 8).
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Table 8. Most severe/frequent impacted domains of patients according to clinical
compliance. DPR: dietary protein restriction (135)

Adolescents Adolescents with poor | Parents of | Parents of
with good | adherence (n=1) children with | children  with
adherence good poor—adherence
(n=11) adherence (n=9)
(n=55)
Severe/frequent | 1: food | 6: lack of | - -
impact enjoyment | concentration,
(score > 75) (75) irritability,  sadness,
moodiness, impact of
supplements on
family, guilt if poor
adherence to
Supplements
Major impact | - 7: social imp. of DPR, | - -
(score 51-74) practical imp. of DPR,
the overall impact of
DRP, practical imp. of
PKU, adherence to
diet, pract. imp. of
supplements, the
emotional impact of
PKU
Moderate 2: the 1: the | 3: anxiety of
impact emotional emotional | blood  test,
(score 26-50) impact  of impact of | lack of
PKU, the PKU concentration,
taste of irritability
supplements
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4.3. QoL in groups with “good” vs. “poor” adherence

In a subgroup analysis of 30 parents of children with classic PKU children with good
adherence and nine parents of children with poor adherence, significant differences were
found in the domains: tiredness, slow thinking, anxiety, food enjoyment, management of

supplements, and impact on family supplements (Table 3).

Tiredness (median 25, IRQ 0-25 vs. median 25, IQR 25-50, p = 0.03), slow thinking
(median 0, IQR 0-0 vs. median 0, IQR 0-25, p = 0.018) and anxiety (median 0, IQR 0-0
vs. median 25, IQR 0-50, p = 0.015) were less frequent symptoms with good adherence.

Children with good adherence enjoyed their food less (median 25 vs. 0, p = 0.025).
Supplements generated more arguments in families of children with poorer adherence

(median 25 vs. 0, p = 0.047).

A noteworthy result is that the two groups do not differ in general health status (p =0.72)
and had similar information on PKU (p = 0.61).

4.4. QoL results in HPA vs. classic PKU

The two groups did not differ in the frequencies of symptoms. Analysing data only for
children with good adherence and the HPA group, we found that only tiredness showed
a nearly significant difference (p = 0.053), and interestingly, the latter group was more
affected. The financial effect of PKU had a greater impact on patients with good
compliance than those in the HPA group (p = 0,002). Patients with HPA had greater
anxiety before the blood test than children with good compliance the (p = 0.002).

Typically, as in the current study, patients with HPA do not need to take protein
supplements. Seven patients in the HPA group needed a protein-restricted diet, but not as

strict as in the classic PKU (135).

4.5. Time needed to reach the therapeutic Phe range (neonatal study)

Six children were born with classic PKU during the CE. Data of eight patients born with

classic PKU during the NCE were analysed for the time required to reach the therapeutic
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Phe target range. Neonates born during CE needed time to reach the therapeutic Phe range
(median 25 days, IQR: 23.25-26) similar to that of patients born during NCE (median
23.5 days, IQR 22.5-24, p = 0.59).

There was no clear trend between initial Phe level and days to reach the target metabolic
range, although earlier confirmation of the diagnoses had some positive effect on reaching

the target Phe range (Table 9).

Table 9. Detailed values of the first DBS sample in newborns (studied). CE: COVID-19
era, DBS: dried blood spot, NCE: non-COVID-19 era. (136)

Patient list | Diagnosis confirmed | Therapeutic Phe range reached | Phe level of the first
(age in days) (age in days) DBS (umol/l)

Patients who were born in the CE (n = 6)

P1 4 12 606.28

P2 16 23 615.83

P3 11 24 473.29

P4 13 26 544.85

P5 10 26 359.91

P6 20 33 260.77

Patients who were born in the NCE (n = 8)

P1 5 19 606.28

P2 11 21 579.61

P3 19 23 699.48

P4 9 23 884.27

P5 13 24 600.11

P6 16 24 615.88

P7 10 24 359.91

P8 11 29 890.06
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4.6. Frequency of sampling in CE vs. NCE

Sampling frequency of 51 children aged 2—12 years and 21 adolescents aged (13—18 years
old were analysed over a 13-month normal (NCE) and COVID-19 pandemic period (CE).
The younger age group showed an increasing trend in their cumulative and median DBS
sampling frequency (9% and 17%) during the CE. Four percent of patients sent fewer
samples, 35.2% sent the same number of samples, whereas 60.8% of the children sent

more samples than in a similar unaffected period (Table 10).

Table 10. DBS monitoring frequencies in children with classical PKU
DBS: dried blood spot, NCE: non-COVID-19 era, IQR: interquartile range, CE: COVID-
19 era (136)

Parameter 2-12 years old >13 years old
Median DBS NCE [IQR] 17 [12.5-26.5] 11.5[7-16.3]
Median DBS CE [IQR] 20 [11-28] 11.5[8.8-14.5]
p value 0.158 0.917
Patients, with increased frequency (%) 31 (60.8%) 8 (36.4%)
Patients, with stable frequency (%) 18 (35.2%) 9 (40.9%)
Patients, with decreased frequency (%) 2 (4%) 5(22.7%)
Cumulative frequency NCE 1131 266
Cumulative frequency CE 1243 266

In the older age group, cumulative frequencies were similar in the two study periods. The
incidence of DBS sampling remained relatively unchanged in most patients (40.9%),
although two presented no samples at all. Eight (36.4%) adolescents sent more samples
compared to the previous year and 5 (22.7%) decreased their frequency (Table 10) during

CE. Neither difference was significant.

As the examination of children under two years of age was affected by certain distorting
factors, such as potentially changing examination duration and fluctuating Phe levels
during therapy adjustment, their group was treated separately (Table 11). DBS frequency

was increased, but not significantly.
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Table 11. DBS frequencies in the youngest children. All patients increased their DBS
frequency. (136)

Parameter < 2 years old
median DBS 2019/20 (IQR) 39 (33.25-44)
median DBS 2020/21 (IQR) 42 (32.75-48.25)
p value 0.144

patients, with increased frequency (%) 4 (100%)
patients, with stable freq. (%) 0

patients, decreased freq. (%) 0

cumulative freq. 2019/20 153

cumulative freq. 2020/21 384

4.7. Assessing Phe levels during NCE vs. CE

Median Phe level significantly increased in both age groups (Table 12). The younger age
group had a 5.3% higher Phe level during CE, and it was even higher (7.5%) in the
adolescent group. Of the 51 younger patients, 30 had Phe levels within the recommended
range, whereas 20 results were outside the range. One patient who did not complete Phe
tests during NCE submitted 14 samples during CE, all of which were within the reference
range. Of 21 adolescents, 12 submitted samples in the recommended range during NCE,
whereas 7 had Phe values outside the range. In both periods studied, two patients did not

submit DBS samples for the Phe test.
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Table 12. DBS Phe levels (umol/l) of the patients studied according to age groups. Phe:
phenylalanine, IQR: interquartile range, NCE: non-COVID-19 era, CE: COVID-19 era,

rec.: recommended (136)

Parameters 2-12 years old >13 years old
Median Phe [IQR] in NCE (umol/l) | 321.3 [237.5-461.7] | 505.8 [377.2-659.7]
Median Phe [IQR] in CE (umol/l) | 338.6 [247-453.1] | 544.0 [438.5-724.8]

p value (NCE vs. CE) 0.036 0.009
Patients in rec. Phe range in NCE 30 (58.8%) 12 (57.1%)
Patients in rec. Phe range in CE 26 (51.0%) 11 (52.3%)

There was a decreasing trend in the number of patients within the target Phe range in both

age groups during CE.

The results of the youngest patients are detailed in Table 13. The median Phe decreased

significantly in CE.

Table 13. Median Phe parameters and number of patients in recommended Phe range in

children younger than two years.

Parameters <2 years

median Phe (IQR) in 2019/20 240.06
(198.33-344.12)

median Phe (IQR) in 2020/21 200.45
(169.57-235.66)
p value 0.273

patients in rec. Phe range in |3

2019/20

patients in rec. Phe range in | 10
2020/21

patients out of the rec. Phe range | 1

in 2019/20

patients out of the rec. Phe range | 0

in 2020/21
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4.8. Changes in Phe levels during CE (LDP vs. URP)

Phe levels in the two age groups during CE are presented in Figure 5.

Median Phe levels varied differently in the two subgroups when separated according to
the two lockdown periods due to government restrictions. Children aged 2-12 years had
the highest median Phe (386.5 pmol/l) in the second lockdown (LD2) period with the
strictest lockdown rules. Phe in LD2 was significantly higher than in the unrestricted
period (URP) Phe level (312.2 umol/l) in the younger group (p=0.001), although it did
not differ from Phe in LD1 (345.3 umol/l, p= 0.196). Phe levels in LD1 and URP were
also similar (p=0.414).

The highest median Phe level in adolescents (553.3 pumol/l) was measured in URP,
without any lockdown regulations. It was significantly higher than the median Phe level
in LD1 (529.0, p=0.049), but not significantly higher than Phe level in LD2 (525.1,
p=0.8). Phe values were also examined in the corresponding NCE periods, although

differences were not significant (136).
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Figure 5. Phe levels of patients with PKU during CE and NCE. CE: COVID-19 era
(2020/21), NCE: Non-COVID-19 era (2019/20). CLD1: control to lockdown period 1,
CLD2: control to lockdown period 2, CURP: control to unrestricted period, LDI:
lockdown period one, UPR: unrestricted period, LDZ2: lockdown period two. Blue
horizontal lines indicate the recommended Phe ranges in PKU. n.s.: not significant.

Single dots represent median Phe levels for each patient. (136)

Children younger than 2 years had the highest median Phe in LD2. There was no
significant difference in any periods between CE and the periods of one year before

(Table 14).
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Table 14. Median Phe levels of children <2 years in different periods of CE and NCE.
LD: lockdown period, URP: unrestricted period

Parameters <2 years
Median Phe LD1 151.32 (56.9-237.64)
Median Phe Periodl 393.41 (299.46-487.4)
P 0.665

median Phe URP 150.45 (89.48-254.97)
Median Phe Period2 411 (249.25-626.09)

P 0.068

Median Phe LD2 245.34 (174.46-276.02)
Median Phe Period 3 267.53 (237.62-341.54)
P 0.456

4.9. Correlations of DBS sampling frequencies and median Phe levels

Correlations between DBS sampling frequencies and Phe levels were also analysed.
There were significant negative correlations between the DBS frequencies and Phe levels
in both age groups during NCE (children r=-0.43, p= 0.002; adolescents r=-0.37,
p=0.012), and in the adolescent group during CE (r=-0.6, p= 0.006), but it was not
significant in the children group during CE (1=0,214 p=0,144).

Detailed results can be seen in Table 15.
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Table 15. Correlations between frequency and Phe levels

Age group Examined period Correlation Significance
Children 2019/20, P1 -0.15 0.325
Children 2019/20, P2 -0.11 0.45
Children 2019/20, P3 -0.15 0.293
Adolescents | 2019/20, P1 -0.4 0.088
Adolescents | 2019/20, P2 -0.48 0.046
Adolescents | 2019/20, P3 -0.25 0.283
Children COVID-19 era, LD1 -0.15 0.317
Children COVID-19 era, RP -0.36 0.011
Children COVID-19 era LD2 -0.26 0.066
Adolescents | COVID-19 era, LD1 -0.37 0.134
Adolescents | COVID-19 era, RP -0.62 0.008
Adolescents | COVID-19 era, LD2 -0.28 0.239
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5. Discussion
5.1.  Severity of domains among age and metabolic compliance

Our study found that PKU had a significant impact on the lives of adolescents; the median
score of food enjoyment reached major severity (median score: 62.5, IQR: 25-75). The
only adolescent patient with poor adherence reported six severe/frequent and seven
significant domains. However, further data are ultimately needed to draw accurate
conclusions.

No median score reached significant or severe impact/frequent symptoms (>50) based on
parental answers. In the group with good adherence, the emotional impact of PKU
reached a moderate impact on QoL. In the low adherence group, three modules reached
a moderate impact on QoL: anxiety about blood test, lack of concentration, and irritability

(135).

Moderate emotional impact was observed in both adolescent and parental questionnaires,
compared with previous studies that described emotional impact in children (123),
adults (74) and in all age groups (121). The age group 9-11 years was found to be most
affected by emotional impact in the study by Alptekin et al. (122). Emotional effects
appear to be a typical, moderate/severe impacted PKU symptom, in which further support
should be considered.

Our data were also compared with the results of a study of patients from seven European
countries. Tiredness as the highest observed median symptom score for all self-reported
age groups (median score 50, IQR 25-50 in adolescents) was below the moderate
symptom score (median 25, IQR 0.0-50.0) as judged by parents according to Bosch et al.
Our patients reported that tiredness had little or no impact on QoL and scored the highest
in the group with poor compliance, although it failed to reach moderate severity (median
25, IQR 25-50). The emotional impact of PKU (adolescent median 30.0 IQR 20.0—40.0,
parental 37.5 (25.0-62.5), and the acceptance of supplement taste (adolescent median
50.0 IQR 25.0-50.0) had similarly strong impacts on the Bosch’s cohort and current
study. Adolescents in the study by Bosch et al. rated their low-protein diets higher than
our participants (121).
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For patients with PKU and their relatives, low Phe diets and nutritional supplements
pose a huge challenge, especially with regard to maintaining lifelong adherence, as
mentioned before by other authors (137-140). Glycomacropeptide (GMP) containing low
Phe provides new management options for PKU, with improved support for
psychological well-being and organic function (141). Subjects reported that GMP-
supplemented regimens were superior in sensory qualities to their usual amino acid

formulas (77,142).

5.2. QoL in children with PKU with good vs. poor adherence.

If more than 50% of phenylalanine concentrations fall outside the target range over a
period of 6 months, European guidelines recommend increasing the frequency of blood
phenylalanine monitoring and outpatient visits, and re-education, and it is considered
poor metabolic compliance (65). Barta et al. separated “good” and ‘“‘suboptimal”
adherence groups based on individual mean Phe levels over the examined period (last
10 years) (74). In our QoL study, metabolic compliance refers to lifetime Phe levels in
children.

In Hungarian adults, better HRQoL was found in <case of good
compliance (74). Conversely, our study investigated the differences in QoL between
good and suboptimal dietary adherence in the paediatric population. It is very important
to clarify: our study did not include children who did not follow the necessary diet at all.
Although children in the poor metabolic compliance group had Phe values outside the
target range, they nonetheless maintained at least partial dietary adherence and regularly

attended metabolic care.

Our findings showed that children with poorer adherence were more likely to be tired,
anxious, and slow-minded. The only adolescents in our study group with poor adherence
reported symptoms more frequently than the adolescent group with good adherence;

however, these domains differed (135).

Children with poor compliance were more likely to enjoy their food because of a relaxed

diet.

53



DOI:10.14753/SE.2025.3088

Correlations between PKU severity and tiredness (123), and the financial impact of

PKU (121,123) were also reported by children in earlier studies.

5.3. QoL in our HPA group vs. classic PKU

Bosch et al. compared classical vs. mild-to-moderate PKU. Scores of parents were higher
in the classic PKU group for general health status, emotional, financial, overall, and
practical impacts of PKU, practical impact of supplements, and food enjoyment by
children (121). For these domains, we found a difference only in economic effects. It
should to be noted that our HPA patients did not require taking a strict special diet and
did not consume any supplements.

In our cohort, HPA patients showed more anxiety before blood tests, which may be due
to their lower occurrence and thus patients were not accustomed to the sampling
procedure. Patients with classic PKU had more information about PKU. This finding can
be explained by regular clinical and dietary visits and involvement in the social life of
PKU community. Our HPA patients were relatively significantly more tired, although

none of them correlated the domain with their disease (135).

54. COVID-19 pandemic and PKU

The COVID-19 pandemic has emerged as a new healthcare challenge in the routine
follow-up care of patients with chronic illnesses (128—130) and PKU (131-133). Patients
were asked not to travel for regular outpatient visits and/or to opt for telemedicine visits
instead. This new context led to a number of changes that can have both positive and
negative implications for the effectiveness of newborn screening and the metabolic

stability of patients treated.

5.4.1. No delay in treatment

Our metabolic screening centre operated without interruption during the COVID-19
pandemic. Postal delivery of DBS samples may have been an external limiting factor,
although neither the postal service nor patients reported any delays. Our results show that
infants with PKU born during COVID-19 reached their therapeutic Phe range in the same
time frame as neonates born before the pandemic. This is consistent with reports from

other countries (133). However, no previous studies reported the necessary period to
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reach the therapeutic Phe range in neonates born during the COVID-19 era. To the best
of our knowledge, the current study is the first to compare the effectiveness of PKU
screening in neonates born during the COVID era vs. infants born before it. It is also
important to note that there was no clear trend between the initial Phe level and the
required days to reach the therapeutic range. This may also be due to the fact that the Phe
target range for neonates is adjusted by titrating breast milk and Phe-free formula, tailored
to the individual. Thus, for very high Phe, e.g., infants initially fed by formula only, a
marked decrease in Phe levels was observed in such instances. Earlier diagnosis appeared

to have some positive effect on the achievement of the therapeutic levels (136).

5.4.2. Frequencies of DBS sampling

Rovelli et al. reported an overall decrease (5.9%) in monitoring frequency during CE,
although 39% of their patients sent more DBS samples during CE. Of those who increased
their sampling frequency, 85% were older than 12 years. Their study included data on
adults; however our study focused exclusively on patients aged 2—18 years old (131).
Herle et al. also reported that more school-aged patients sent fewer samples during CE,

and patients aged 16 years and older sent significantly fewer DBS samples in 2020 (132).

During CE, our patients forwarded 1,397 DBS samples, i.e. numerically 8% more than
the previous year, although the increase was not significant. This indicates that our
patients were well-prepared for home blood sampling, and that the vast majority (70 out
of 72) did not neglect metabolic monitoring during the pandemic. Furthermore, we
registered one child who started sending DBS samples after three years during CE without

any Phe monitoring (136).

5.4.3. Changes in Phe levels during NCE vs. CE

In a study by Rovelli et al., Phe levels in a group of 4-12-year-olds were similar in the
COVID-19 era (median: 278.8 umol/l) compared to the previous year (median
315.4 umol/l, p = 0.771). However, in the older age group, including adolescents and
adults, median Phe levels decreased by 22.5% during the pandemic (p < 0.0001) (131).

In the present study, the median Phe level increased significantly (5.4% and 7.5%) from

NCE to CE in both age groups; however, the median remained within the recommended

55



DOI:10.14753/SE.2025.3088

range, and the number of patients outside the target range did not change significantly

(136).
5.4.4. Changes in Phe levels during lockdown and non-lockdown periods

Walkoviak et al. found that, median Phe levels during the lockdown and non-lockdown
periods did not differ between the different age groups, which were divided into three
age subgroups (0—6 years, 7—12 years and 13—18 years) (133). In our patients, the group
of 2—12-year olds had significantly higher median Phe levels in LD2 (with the strictest
regulatory measures) than in the unrestricted period (URP) (368.8 umol/l vs. 281.8
umol/l, p = 0,001). In contrast, the group of 13—18 years old had the highest median Phe
levels in URP.

Metabolic control can be impacted by a number of factors, such as reduction in physical
activity (143-146) or changes in eating habits. Increased consumption of junk food and
sweets, continuous snacking and a reduced consumption of fresh foods have also been
highlighted (147,148). Lopez-Moreno et al. reported an increase in emotional eating
(desire to consume a certain type of food) and eating to compensate for boredom in adults
during the pandemic (143). Similar changes may also occur in childhood. Isolation at
home may further impact daily routines, such as shifts in bedtime (145), with a possible
effect on blood sampling and Phe levels (daily blood Phe levels typically vary by <50%
in healthy subjects, although the variation can be much higher in patients with PKU
(149)). Symptoms of anxiety, depression or ADHD exacerbation as well as other mental
problems have also been reported by other authors (149). The pandemic situation may
also negatively impact the economic status of families affected (150,151). Metabolic
formulas (Phe-free protein substitutions) are supplied free of charge in Hungary on the
one hand, low-Phe dietary products, on the other hand, are typically non-reimbursable,
expensive, and not readily available. Some stores also had to change their opening hours
and experienced delays in supply. All these factors presumably played different roles in
the two age-groups observed. Further studies are needed to assess the leading factor
underpinning the changes in metabolic compliance in each age group. As stated in the
European guidelines, more frequent blood Phe testing and/or visits may be necessary in
case of therapeutic or social changes. Should another COVID-19 closure occur, a higher

level of DBS sampling may be recommended.
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Similar periods of the NCE years were also analysed herein, namely CLDI: control to
lockdown periods 1 and 2 (CLD1, CLD2) and control to the unrestricted period (CURP).
In contrast to CE, no significant changes were observed during these periods. As no
significant changes were observed in NCE, the differences between URP and LD periods
during the pandemic period are likely to have been independent of seasonal fluctuations

and confirm the effect of the pandemic situation (136).

5.4.5. Correlations of DBS sampling with Phe levels

In both years examined, DBS sampling frequencies correlated negatively with Phe levels
(more DBS samples resulted in better compliance). Thus, if a child or adolescent sends
fewer DBS samples than before, closer monitoring and an outpatient visit may be

recommended.

5.5. Limitations
5.5.1. Quality of life

The strength of the study is that, to the best of our knowledge, this is the first study to
compare subjective HRQoL in adherent and poorly adherent children using the MAPI
PKU-specific QoL questionnaire.

However, the study has certain significant limitations. We did not use any alternative QoL
measurements, such as reports from close family members or teachers, structured
interviews by experts, or patient-generated indexes of QoL (152) to further explore QoL

in this patient group.

The questionnaires were completed anonymously; thus, correlations with Phe levels
could not be assessed, although good vs. poor/suboptimal compliance analyses were

examined.

Patients who abandoned the diet completely and regularly skipped their outpatients visit

could not be investigated.

Our study did not include healthy control patients. As developers of the PKU-QOL have
emphasised, the questionnaire only addresses issues relevant to patients with PKU , so

comparisons with a control group from the general population are not possible (121).
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Finally, the number of enrolled adolescents is relatively low, although we were able to
recruit one third of our adolescents with PKU. Corresponding subgroup analyses could
not be performed due to the low enrolment , despite the fact that our centre provides care
for children and adolescents with inborn errors of metabolism in the northern half of

Hungary (135).
5.5.2. Metabolic control in children with PKU in the COVID-19 era

Despite the fact that we are a national screening centre, where more than half of
Hungarian children with PKU are in our care, the number of current cases is still relatively

low due to the low prevalence. The relatively small sample size may bias results obtained.

The current study focused only on the effect of the pandemic on newborn screening and
metabolic control of patients with PKU. Therefore, the prevalence, effect and long-term
consequences of COVID-19 disease with its psychological, physical and potential quality

of life changes were not assessed.

Although our patients did not report COVID-19 disease or long-COVID symptoms, the

prevalence of COVID-19 disease was not formally assessed.

Our centre only monitors Phe from DBS on a regular basis, as this is much less of a burden
for the child. In reviewing the international literature, this can be considered routine.
Plasma amino acid measurements are performed annually as recommended by current
European guidelines (65). During the COVID-19 era, in order to minimise human contact,
outpatient visits were postponed if our patients with PKU had no complaints and their
Phe levels were in the recommended range. Under these circumstances, comparison of

plasma Phe levels during CE and NCE was not possible.

The type and exact amount of low-protein diet products consumed were not recorded

during the study (136).
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6. Conclusion
6.1. QoL

Overall, our patients showed good HRQoL; most of the domains investigated (29/36)
were marked with little/no impact. On the basis of parental answers, no median score
reached significant or severe impact/frequent symptoms (>50). The most common
symptom was irritability in adolescents, lack of concentration and irritability in children.
Moderately impacted domains were the emotional impact of PKU and food enjoyment.
Dietary protein restriction seems to have the most severe impact on QoL of Hungarian
children. HPA patients have better QoL than patients with classic PKU patients, which
was also the case when we compared only children with PKU with good metabolic
controls. Increased (worse) HRQoL was found in patients with suboptimal metabolic
control, indicating that regular clinical visits, dietary consultations, and regular
monitoring of Phe levels are essential. Special attention should also be paid to improving
the emotional health of patients with PKU. The finding that parents of children with poor
adherence did not report difficulties with dietary protein restriction rules may suggest a
lack of, or unrealistic perception of the severity of PKU and the need for a lifelong Phe-
restricted diet. A noteworthy result is that the groups with good and poor adherence did

not differ in their general health and have similar information on PKU.

6.2. Metabolic control in children with PKU in the COVID-19 era

Our neonates born with PKU during the COVID-19 pandemic were effectively screened
and there was no delay in the initiation and efficiency of dietary management. DBS
frequency did not increase significantly in CE in the children or in the adolescents.
Median Phe levels increased significantly in 2-12-year-old’s and >13 year-old’s over the
COVID-19 period, although they still remained in the recommended range, and the
number of patients outside the range did not change significantly. In the COVID-19 era,
Phe levels changed differentially in the two age groups. The 2—12-year-old children had
the highest median Phe (386.5 pmol/l) in the second lockdown (LD2) period with the
strictest lockdown rules. The highest median Phe level in adolescents (553.3 umol/l) was
measured in URP, without any lockdown regulations. Further studies are needed to
analyse the role of age-specific factors influencing compliance. There was no difference

between the groups in 2019/2020 (NCE). Significant negative correlations were found
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between the frequency of sent DBS samples and Phe levels in the two years studied,

underlining the importance of special attention in the presence of reduced DBS frequency.
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7. Summary

Assessing the quality of life of patients is receiving an increasing attention. We were the
first to assess the quality of life of Hungarian children with PKU and, to our knowledge,
we were the first in the world to use the MAPI PKU-specific questionnaire to compare

the quality of life of children with good and poor adherence.

We establish that our patients enjoyed a good quality of life, as 80% of the domains
assessed had little or no or impact on their quality of life. The most important factor in
the of quality-of-life domains examined was consumption of diet food. Moderate effects
were achieved by emotional impact and food enjoyment. Patients with classic PKU had
a poorer quality of life than those with HPA, and poor metabolic compliance was
associated with a poorer QoL. The most commonly reported symptom was irritability.
Based on the recognised effects, special attention should be paid to the emotional life of

people with PKU.

We were also among the first to examine the impact of restrictions caused by the COVID-

19 pandemic on the metabolic status of PKU patients.

We observed that the pandemic caused by COVID-19 did not delay the diagnosis and
initiation of treatment of babies born with PKU during this period in Hungary.

Our study showed that the median Phe levels of children and adolescents with PKU
increased during the first year of the COVID-19 pandemic, but overall remained within
the reference range. In the year of the pandemic, eight per cent more dried blood drop
samples were sent compared to the previous year. During the period of the pandemic, Phe
levels in children and adolescents under 12 years of age shifted in different directions:
children had the highest levels during the restrictive period, whereas adolescents had the
highest levels during the summer period without restrictions. Factors influencing
metabolic status (e.g. financial situation, exercise, change in eating habits, snacking,
eating out of boredom, changes in daily rhythm) may have played a different role in the

two age groups.

We observed a significant negative relationship between the number of samples sent and
the median Phe level, supporting the knowledge that a decreasing number of samples

should be given special attention.
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8. Osszefoglalas

A betegek életmindségét egyre nagyobb figyelem Ovezi. Mi voltunk az elsék, akik
felmérték a magyar PKU-s gyermekek életmindségét, és tudomdsunk szerint a vilagon
elsoként hasznaltuk a MAPI PKU-specifikus kérdoivet, hogy 0sszehasonlitsuk a jo és

rossz adherencidju gyermekek életmindségét.

Eredményeink azt mutatjak, hogy betegeink altaldban jo életmindségben élnek, mivel az
értékelt teriiletek 80%-a kevés vagy semmilyen hatissal nem volt ¢életmindségiikre. Az
¢letmindségi teriiletek koziil a legjelentdsebb tényezd a diétas ételek fogyasztasa volt.
Meérsékelt hatasokat észleltiink az érzelmi hatasok és az ételek élvezete terén. A
klasszikus PKU-s betegek rosszabb életmindséggel rendelkeztek, mint azok, akiknek
HPA-ja volt, és a rossz anyagcsere statusz rosszabb ¢letmindséggel tarsult. A
leggyakrabban jelzett panasz az ingerlékenység volt. Ezen megallapitisok alapjan

kiilonos figyelmet kell forditani a PKU-val ¢l6k érzelmi jolétére.

Els6k kozott vizsgaltuk a COVID-19 vildgjarvany okozta korlatozasok hatdsat is a PKU-
s betegek anyagcsere statuszara. Tanulmanyunk megallapitotta, hogy a vilagjarvany nem
késleltette a PKU-val sziiletett csecsemOk diagnozisat és kezelésének megkezdését

Magyarorszagon ebben az iddszakban.

Megallapitottuk, hogy a PKU-s gyermekek ¢és serdiilok medidn Phe-szintje nétt a
COVID-19 vilagjarvany elsd évében, de Osszességében a referencia tartomanyon beliil
maradt. A vilagjarvany évében nyolc szazalékkal tobb szaritott vércsepp mintat kiildtek
be az el6z6 évhez képest. A pandémia idején a 12 év alatti gyermekek és serdiilék Phe-
szintje kiilonb6zo irdnyokba mozdult el: a gyermekek a legmagasabb szinteket a
korlatozasok iddszakaban érték el, mig a serdiildk a korlatozasok nélkiili nyari
iddszakban. Az anyagcsere allapotat befolyasold tényezdk (pl. pénziigyi helyzet,
testmozgas, étkezési szokasok valtozasa, nassolds, unalombol valod evés, napi ritmus

valtozésa) eltérd szerepet jatszhattak a két korcsoportban.

Szignifikans negativ dsszefliggést figyeltiink meg a bekiildott mintdk szadma és a median
Phe-szint kozott, ami aldtdmasztja azt a tudést, hogy a mintak szaménak csokkenésére

kiilonds figyelmet kell forditani.
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