
Developmental and Cognitive Outcomes in 342 Patients 
With Different Types of Hyperphenylalaninemia

Objectives: The aim of this study is to evaluate neurodevelopmental and cognitive outcomes in patients diagnosed with different 
types of hyperphenylalaninemia (HPA), identify the factors influencing these outcomes, and contribute to the debate regarding 
the thresold for initiating dietary treatment based on plasma phenylalanine (Phe) levels.
Methods: Patients with hyperphenylalaninemia (HPA) who were followed up and had developmental and/or cognitive evalua-
tions at the Division of Pediatric Metabolism and Nutrition, Department of Pediatrics, between 1984 and 2018, were retrospectively 
assessed. The study included patients with mild (Phe:360-600 μmol/L), moderate (Phe:600-1200 μmol/L), or classic Phenylketon-
uria (PKU) (Phe ≥1200 μmol/L) treated with diet and/or tetrahydrobiopterin (BH4), along with untreated HPA patients (Phe:240-360 
μmol/L). This classification was based on plasma Phe levels measured at the time of diagnosis. Denver Developmental Screening 
Test (DDST), Stanford-Binet test, and Wechsler Intelligence Scale for Children (WISC-R) adapted for Turkish children were applied 
for developmental and cognitive evaluation. Intellectual disability or developmental delay (ID/DD) was defined as a full-scale intel-
ligence quotient (IQ) <70 on the Stanford-Binet or WISC-R, or as delay in two or more developmental domains on the DDST, with 
children meeting any of these criteria classified as having ID/DD. The relationships between ID/DD, age at diagnosis, diagnostic 
methods, plasma Phe levels, and brain MRI findings were analyzed.
Results: A total of 342 patients were included in the study, comprising 182 (53.2%) females and 160 (46.8%) males. Of these, 53 
(15.5%) had mild PKU, 97 (28.4%) had moderate PKU, 102 (29.8%) had classic PKU, and 90 (26.3%) were diagnosed with HPA. A sig-
nificant association was found between ID/DD and both the age at diagnosis and diagnostic method in patients treated with diet 
and/or BH4 (p < 0.001 and p < 0.01, respectively). In patients with ID/DD, the median plasma Phe levels at the first, third, and last 
years of follow-up were significantly higher compared to patients without ID/DD (p < 0.024). White matter abnormalities observed 
on brain MRI were significantly associated with PKU severity, the presence of ID/DD, and the median plasma Phe levels in the last 
year of follow-up (p = 0.01, p < 0.001, and p < 0.001, respectively). Notably, 9 (10% ) of untreated HPA patients exhibited ID/DD, de-
spite regular follow-up and the absence of known risk factors.
Conclusion: In addition to early diagnosis and treatment, lifelong adherence and regular follow-up are essential for achieving 
normal neurodevelopmental and cognitive outcomes in individuals with PKU. However, clinical management remains heteroge-
neous across centers. The presence of developmental delay in 10% of untreated HPA patients underscores the need to urgently 
re-evaluate current plasma Phe thresholds for treatment initiation and follow-up.
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Phenylketonuria (PKU) is a rare autosomal recessive in-
herited disorder of phenylalanine (Phe) metabolism 

caused by mutations in the PAH gene (12.q22-24.1), which 
encodes the enzyme phenylalanine hydroxylase (PAH).
[1] The PAH enzyme converts Phe to tyrosine using BH4 as 
a cofactor, along with molecular oxygen, and iron.[2] Defi-
ciency of either the PAH enzyme or BH4 results in the ac-
cumulation of Phe in the blood and brain.
Untreated PKU is associated with irreversible intellectual 
disability, microcephaly, motor dysfunction, eczema like 
rash, seizures, developmental delay, abnormal behavioral 
patterns, autism spectrum features, and psychiatric symp-
toms.[3] Although the precise mechanisms through which 
elevated Phe causes neurotoxicity remain unclear, sev-
eral potential mechanism have been proposed.[4] These 
include reduced glutamatergic synaptic activity and de-
creased function of enzymes such as pyruvate kinase and 
HMG-CoA reductase, contributing to myelin disruption 
and white matter abnormalities. Elevated Phe levels also 
inhibit tyrosine hydroxylase and tryptophan hydroxylase 
key enzymes involved in neurotransmitter synthesis. In ad-
dition, competitive inhibition of the large neutral amino 
acid transporter reduces the availability of neurotransmit-
ter precursors in the brain, impairing neurotransmission.[4-6]

The prevalence of PKU varies globally, with higher inci-
dence in countries such as Ireland (1:2,700) and Turkey 
(1:4,500), compared to much lower rates in Finland and Ja-
pan (<1:100,000).[7, 8] Since 2006, Turkey's national newborn 
screening program has achieved >95% coverage.[9] Despite 
early detection, long term neurocognitive outcomes largely 
depend on consistent lifelong adherence to treatment. Cur-
rent guidelines recommend treatment initiation at plasma 
Phe levels >360 µmol/L, while levels between 120-360 
µmol/L are considered safe.[4, 10] Nevertheless, the threshold 
for initiating treatment remains controversial. Some studies 
have indicated that patients with Phe levels between 240 
and 360 µmol/L may still experience cognitive and atten-
tion-related difficulties. Maintaining Phe levels at or below 
240 µmol/L has been associated with better neuropsycho-
logical outcomes, including improved cognitive flexibility 
and inhibitory control.[11, 12] At our center, treatment is initi-
ated when plasma Phe levels exceed 360 µmol/L.
This study aims to evaluate patients with different types of 
HPA from a neurodevelopmental and cognitive perspec-
tive, identify factors influencing these outcomes, and con-
tribute to the literature regarding the plasma Phe threshold 
for initiating phenylalanine restricted dietary treatment.

Methods
This study was approved by the Çukurova University Ethics 
Boards and Commisions (Approval date: December 2, 2016; 
Meeting number: 59; Decision number: 13) and conducted 
in accordance with the Declaration of Helsinki.

Study Population
This study evaluated 342 patients with HPA who were fol-
lowed up at the Department of Pediatrics, Division of Pe-
diatric Metabolism and Nutrition, between 1984 and 2018 
and had formal neurocognitive and developmental assess-
ments. Data were retrospectively collected from hospital 
records. The cohort included patients diagnosed with mild 
(Phe: 360-600 μmol/L), moderate (Phe: 600-1200 μmol/L), 
classic PKU (Phe ≥1200 μmol/L) who were managed with 
a phenylalanine restricted diet and/or BH4 therapy, along 
with untreated HPA patients with Phe levels between 240-
360 μmol/L. Patients were classified into mild, moderate, 
classic PKU, or untreated HPA groups based on their plasma 
Phe concentrations measured at the time of diagnosis.

Neurocognitive and Laboratory Evaluation
Neurodevelopmental and cognitive outcomes were as-
sessed using age appropriate standardized tests. The Denver 
Developmental Screening Test (DDST) was applied for chil-
dren aged ≤2 years, the Stanford-Binet Intelligence Scale for 
those aged 2-6 years, and the Wechsler Intelligence Scale for 
Children-Revised (WISC-R) for children aged ≥7 years. Intel-
lectual disability was defined as a full-scale intelligence quo-
tient (IQ) score <70 on either the Stanford-Binet or WISC-R. 
For children assessed with the DDST, a delay in two or more 
developmental domains (gross motor, fine motor-adaptive, 
language, and personal-social) was considered indicative 
of developmental delay. Clinical judgment including care-
giver reports, observed functional abilities, and overall clini-
cal evaluations was used to support test findings. Based on 
these criteria, children were classified as having intellectual 
disability or developmental delay (ID/DD).[13] Since age at 
diagnosis and initiation of treatment are directly related to 
neurodevelopmental outcomes, treated patients were cat-
egorized into seven groups according to age at diagnosis (in 
days): group I (3-14), group II (15-29), group III (30-59), group 
IV (60-89), group V (90-179), group VI (180-360), and group 
VII (>360). In the treated group, the relationship between 
age at diagnosis and the outcomes of the DDST, Stanford-
Binet, and WISC-R tests was analyzed. Neurodevelopmental 
and cognitive test results were compared between patients 
diagnosed through the newborn screening program and 
those diagnosed outside the newborn screening program. 
In addititon, the relationship between age of diagnosis, di-
agnostic method, PKU type, median plasma Phe levels dur-
ing the first, second, third, and last years of follow-up, brain 
MRI findings, and the presence of ID/DD was investigated. 
Plasma Phe levels were measured using high performance 
liquid chromatography (HPLC) in the Pediatric Metabolism 
Laboratory of the Department of Pediatric Metabolism and 
Nutrition. Blood samples were collected in EDTA tubes, 
centrifuged to separate plasma, and stored under appro-
priate conditions until analysis. Phe concentrations were 
determined by comparing the sample values with internal 
calibrators and validated quality control standards.
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Statistical Analysis
All statistical analyses were conducted using SPSS soft-
ware, version 23 (IBM Corp., Armonk, NY, USA). A p-value 
of <0.05 was considered statistically significant. Categori-
cal variables were summarized as frequencies and percent-
ages, while continuous variables were reported as medians 
with minimum and maximum values (median; min-max). 
Associations between categorical variables were analyzed 
using the Pearson chi-square test. Differences in plasma 
Phe levels, presence of ID/DD, and brain MRI findings were 
evaluated using the Mann-Whitney U test.

Results
Demographics 
A total of 342 patients were included in the study, comprising 
182 (53.2%) females and 160 (46.8%) males. Among these, 
53 (15.5%) patients had mild PKU, 97 (28.4%) had moderate 
PKU, 102 (29.8%) had classic PKU, and 90 (26.3%) were di-
agnosed with HPA. Demographic and clinical characteristics 
including PKU subtype, gender distribution, consanguinity, 
family history, age and method of diagnosis, need for special 
education, duration of follow-up, and age and clinical status 
at the last follow-up are summarized in Table 1.

Table 1. Demographic characteristics and comorbidities of patients with Phenylketonuria and Hyperphenylalaninemia

Hyperphenylalaninemia (HPA) classification		  Phenylketonuria (PKU)		  Hyperphenylalaninemia 
					     (240 < Phe < 360 μmol/L)
		  Mild PKU	 Moderate PKU	 Classic PKU

Number of patients, n (%)	 53 (15.5)	 97 (28.4)	 102 (29.8)	 90 (26.3)
Sex (F), n (%)	 31 (58.5)	 50 (51.5)	 57 (55.9)	 44 (48.9)
Consangunity	 16 (30.2)	 65 (67)	 75 (73.5)	 44 (48.9)
Family History, n (%)	 15 (28.3)	 27 (27.8)	 31 (30.4)	 16 (17.8)
Age at diagnosis*	 0.66 (0.17-13.2)	 0.66 (0.13-268.5)	 1.01 (0.17-93.3)	 1 (0.33-74.1)
Diagnosis methods, n (%)
	 Newborn screening	 46 (86.8)	 79 (81.4)	 78 (76.5)	 85 (94.4)
	 Outside newborn screening	 7 (13.2)	 18 (18.6)	 24 (23.5)	 5 (5.6)
Reason for admission (diagnosis outside of 
newborn screening), n (%)
	 Psychomotor retardation 	 1 (14.2)	 8 (44.4)	 17 (70.8)	 1 (20)
	 Family history	 6 (85.7)	 10 (55.5)	 6 (25)	 4 (80)
	 Epilepsy	 0	 0	 1 (4.1)	 0
Treatment, n (%)
	 Phenylalanine restricted formula	 10 (18.9)	 79 (81.4)	 101 (99)	 No treatment
	 Sapropterin dihydrochloride +	 5 (9.4)	 8 (8.2)	 1 (1) 
	 phenylalanine restricted formula
	 Sapropterin dihydrochloride +	 38 (71.7)	 10 (10.3)	 0 
	 unrestricted diet	
Comorbidities, n (%)
	 Psychomotor retardation	 1 (1.8)	 14 (14.4)	 25 (25.4)	 2 (2.2)
	 Epilepsy	 2 (3.7)	 4 (4.1)	 10 (9.8)	 0
	 Malnutrition	 0	 12 (12.3)	 7 (6.8)	 1 (1.1)
	 Osteoporosis	 0	 2 (2)	 3 (2.9)	 0
	 Obesity	 0	 0	 4 (3.9)	 0
Follow-up duration*	 38 (1-181)	 75 (9-342)	 110 (3-403)	 16 (1-227)
Age at last follow-up*	 39 (1-188)	 76 (13-356)	 112 (3-414)	 17.5 (2-241)
Requires special education/Unable to	 2 (4.5)	 10 (22.7)	 30 (68.1)	 2 (4.5) 
attend school n (%)
Median plasma Phe levels last year of 
follow-up, n (%)
	 Normal (<120 μmol/L)	 1 (1.9)	 3 (3.1)	 2 (2.0)	 3 (3.3)
	 Follow-up (120-360 μmol/L)	 30 (56.6)	 28 (28.9)	 22 (21.6)	 83 (92.2)
	 Poor control (>360 μmol/L)	 22 (41.5)	 66 (68)	 78 (76.5)	 4 (4.4)
Patient follow-up status, n (%)
	 Actively followed	 52 (98.1)	 95 (97.9)	 100 (98)	 88 (97.8)
	 Lost to follow-up	 1 (1.9)	 2 (2.1)	 2 (2)	 2 (2.2)

*Months, median (min-max); Sapropterin dihydrochloride (synthetic tetrahydrobiopterin, BH4).
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Developmental/Cognitive Evaluation 
Neurodevelopmental and cognitive outcomes were as-
sessed using age appropriate standardized tests: 106 
(30.9%) patients were evaluated with the WISC-R, 165 
(48.2%) with the Stanford-Binet test, and 71 (20.9%) with 
the DDST. Among the 252 patients receiving a phenylala-
nine restricted diet and/or BH4 therapy, a significant as-
sociation was observed between age at diagnosis and the 
presence of ID/DD (p<0.001). Notably, ID/DD was identified 
in 62.5% of patients diagnosed after 90 days of age (Fig. 1). 
Of these 252 patients, 203 (80.6%) were diagnosed through 
the newborn screening program, while 49 (19.4%) were di-
agnosed outside the newborn screening program. In pa-
tients diagnosed through newborn screening, 23 (11.3%) 
had ID/DD, whereas 23 (46.9%) of those diagnosed out of 
the screening program had ID/DD, and this relationship 
was statistically significant (p<0.001) (Table 2).

A significant relationship was found between the type of 
HPA and the presence of ID/DD (p<0.001) (Table 2). As the 
phenotype progressed from HPA to classic PKU, the in-
cidence of ID/DD increased. Among patients with ID/DD, 
plasma Phe levels at the first, third, and last year of follow-
up were significantly higher compared to those without ID/
DD (p=0.007, p=0.035, and p<0.001, respectively) (Table 3).

In the present study, the most important result was the 
presence of ID/DD in 9 (10%) of untreated HPA patients with 
plasma Phe levels between 240 μmol/L and 360 μmol/L, 
despite regular follow-up and the absence of other risk fac-
tors such as prematurity, hypoxic-ischemic encephalopa-

thy, hypothyroidism, vitamin deficiencies, and epilepsy.

Brain MRI was performed in 116 patients as part of the neu-
rological evaluation, revealing white matter involvement in 
74 (63.8%) cases, including 2 (1.7%) with HPA, 2 (1.7%) with 
mild PKU, 23 (19.8%) with moderate PKU, and 47 (40.5%) 
with classic PKU. MRI findings from selected patients in our 
cohort are shown in Figure 2, which illustrates mild gliotic 
changes in the bilateral periventricular peritrigonal regions 
in a patient with moderate PKU, and in Figure 3, which de-
picts more extensive bilateral periventricular white matter 
hyperintensities and ventricular enlargement due to ce-
rebral atrophy in a patient with classic PKU. A significant 
relationship was found between white matter abnormali-
ties and both PKU type and the presence of ID/DD (p=0.01, 
p<0.001, respectively). In addition, plasma Phe levels dur-
ing the last year of follow-up were significantly higher in 
patients with white matter involvement (p<0.001). Of the 
44 patients who required special education, 34 (77.2%) had 
white matter abnormalities on brain MRI. Among these 44 
patients, 19 (43.2%) were diagnosed through the newborn 
screening program.

Figure 1. Intellectual disability or developmental delay results based 
on age of diagnosis in patients followed with treatment (p <0.001).

Table 2. Intellectual disability and developmental delay according 
to PKU subtypes and diagnostic method

			  Intellectual disability/	 p 
			   developmental delay

		  Yes, n (%)		  No, n (%)	

Hyperphenylalaninemia 
classification
	 Hyperphenylalaninemia	 9 (10)		  81 (90)	 <0.001
	 Mild PKU 	 3 (5.6)		  50 (94.3)	
	 Moderate PKU 	 14 (14.4)		  83 (85.5)	
	 Classic PKU 	 29 (28.4)		  73 (71.5)	
Diagnostic methods
	 Newborn screening	 23 (11.3)		  180 (88.7)	 <0.001
	 Outside of newborn	 23 (46.9)		  26 (53.1) 
	 screening

Table 3. Comparison of median plasma phenylalanine levels by 
presence of Intellectual disabilityand developmental delay

Post diagnosis		 Intellectual disability/	 p 
follow-up period		  developmental delay

		  Yes		  No

1st year *	 318 (162-600)		  264 (78-858)	 0.007
2nd year *	 300 (90-612)		  294 (84-942)	 0.290
3rd year *	 372 (66-816)		  306 (78-1200)	 0.035
Last year at follow-up*	 690 (168-1860)		  330 (66-1410)	 <0.001

* Values are expressed as median (min–max), in μmol/L.
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Discussion
Phenylketonuria is an inherited metabolic disorder in which 
normal cognitive and neuromotor development can be 
achieved through early diagnosis via newborn screening 
and timely initiation and maintenance of appropriate treat-
ment.[4] In our study, normal neurocognitive outcomes were 
more frequently observed in individuals diagnosed via new-
born screening. Among 203 PKU patients diagnosed by 
newborn screening programme and followed up with treat-
ment, ID/DD was identified in 4.3% (n=2) of mild, 7.6% (n=6) 
of moderate, and 19.2% (n=15) of classic PKU cases. These 
results highlight the importance of early diagnosis and time-
ly intervention in achieving favorable neurodevelopmental 
outcomes in PKU. The timing of diagnosis and initiation of 
treatment plays a pivotal role in neurological development, 
as several studies have demonstrated an inverse correlation 
between the timing of treatment initiation and cognitive 
performance, particularly IQ, in treated patients.[14, 15] One 
study reported that patients who began treatment within 
three weeks had significantly higher IQ scores compared to 
those who started between three and six weeks.[15] Smith et 
al.; found that each four week delay in initiating a phenylala-
nine restricted diet was associated with a 4-point decrease 

in IQ.[16] In our study, a significant relationship was observed 
between age at diagnosis and developmental/cognitive 
outcomes among 252 treated patients. Intellectual disability 
and/or developmental delay was found in 62.5% of patients 
diagnosed after 90 days of age, and the frequency of ID/DD 
increased with later diagnosis.

In the study by Yalaz et al.,[17] mental retardation was report-
ed in 67% of patients who received early treatment and in 
100% of those who remained untreated, among a cohort of 
146 individuals with PKU. 

The authors noted that none of the patients who initiated 
treatment after 12 months of age achieved normal neuro-
developmental outcomes, and a statistically significant dif-
ference in IQ scores was observed between those who be-
gan treatment within the first two months of life and those 
who started later. Similarly, a study evaluating neurological 
outcomes in 38 late diagnosed patients with classical PKU 
found intellectual disability in 37 cases.[18] Although early 
diagnosis and dietary treatment significantly reduce the 
risk of severe neurocognitive impairment, executive func-
tion deficits, particularly in planning and organizational 

Figure 2. Axial T2-FLAIR brain MRI of a patient with moderate PKU, 
showing mild gliotic white matter changes in the bilateral periven-
tricular peritrigonal regions, more prominent posteriorly. Figure 3. Axial T2-FLAIR brain MRI of a patient with classic PKU, 

demonstrating bilateral symmetric hyperintensities in the periven-
tricular white matter, consistent with gliotic changes. The lateral ven-
tricles appear enlarged, secondary to atrophy.
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skills, have been reported even among patients treated 
early.[19, 20] Furthermore, within the phenotypic spectrum of 
PKU, cases of neurocognitive impairment have also been 
described in patients maintaining blood Phe levels con-
sistently below 6 mg/dL (360 μmol/L) during follow-up.
[21-23] Parra et al.[24] reported that children with mild HPA 
(Phe 2-6 mg/dL), diagnosed early, demonstrated average 
range cognitive performance, significantly higher than 
peers with PKU (Phe >6 mg/dL) who were also diagnosed 
and treated early. However, both groups showed similar 
difficulties in working memory and attention. In the pres-
ent study, neurodevelopmental and cognitive evaluations 
were performed in 90 untreated patients with plasma Phe 
levels between 240–360 μmol/L. Notably, 9(10%) of these 
patients were identified as having ID/DD.

Evinc et al.[23] evaluated cognitive and behavioral profiles in 
41 untreated children with HPA aged 6-16 years, with life-
time median plasma Phe levels between 240–600 μmol/L. 
Both the 240–360 μmol/L and 360–600 μmol/L subgroups 
demonstrated significantly lower full-scale IQ and verbal 
comprehension scores compared to healthy controls. More-
over, children in the higher Phe range exhibited more pro-
nounced attention deficits and difficulties in inhibitory con-
trol. Based on these findings, the authors concluded that 
even plasma Phe levels between 240–360 μmol/L may pose 
a risk for neurocognitive impairment and recommended re-
evaluating the current treatment initiation threshold. 

We analyzed the relationship between median plasma Phe 
levels at the first, second, and third years following diagnosis, 
as well as during the last year of follow-up, and developmen-
tal or cognitive assessment outcomes. Consistent with previ-
ous studies, our findings revealed a negative association be-
tween higher plasma Phe levels and the presence of ID/DD.[12, 

25] In patients with ID/DD, plasma Phe levels at the first, third, 
and last years of follow-up were significantly higher than in 
those without ID/DD. According to the study by Parra et al., 
patients diagnosed through newborn screening with initial 
Phe levels exceeding 15 mg/dL who maintained median Phe 
concentrations below 240 μmol/L during the first year of life 
demonstrated significantly higher IQ scores compared to 
those with levels between 240–360 μmol/L and above 360 
μmol/L. The authors concluded that maintaining Phe levels 
above 360 μmol/L during the first year is consistently associ-
ated with impaired cognitive development.[26]

In our study, brain MRI was performed in 116 patients, and 
white matter abnormalities were identified in 74 (63.8%) 
cases, most frequently among children with classic PKU. 
White matter involvement has generally been associated 
with elevated plasma Phe levels and patient age in the lit-
erature.[27, 28] We observed a significant association between 

plasma Phe levels during the last year of follow-up and the 
presence of white matter abnormalities on MRI. Moreover, 
patients with white matter involvement had a significantly 
higher rate of ID/DD compared to those with normal MRI 
results. One study found no association between white 
matter abnormalities and neurocognitive impairment,[29] 
while another reported a significant relationship between 
brain MRI abnormalities and plasma Phe levels during the 
last five years of follow-up, though no significant correla-
tion was observed with IQ scores.[30]

As demonstrated in our study, the neurocognitive and de-
velopmental outcomes observed in HPA patients, whether 
diagnosed through newborn screening or following symp-
tomatic presentation, may represent only the tip of the ice-
berg, underscoring the need for further research to opti-
mize long term neurological outcomes.

This study has several limitations, primarily its retrospective 
design. Developmental and cognitive assessments were 
not conducted uniformly at diagnosis or at standardized 
intervals but instead occurred at various points during rou-
tine follow-up. Despite these limitations, the study has no-
table strengths: it includes a large cohort representing all 
subtypes of HPA and provides formal neurodevelopmental 
evaluations for all participants. Importantly, it contributes 
to the ongoing debate regarding treatment thresholds by 
identifying that 10% of patients with plasma Phe levels be-
tween 240–360 μmol/L had intellectual disability or devel-
opmental delay.

Conclusion
As shown in our study although early diagnosis with new-
born screening program is essential for normal mental and 
motor development and cognitive functions in PKU pa-
tients, but also ensuring the lifelong treatment compliance 
and follow-up are the other important determinants play-
ing role for satisfactory outcomes. The most striking finding 
of our study is the 10% rate of ID/DD among patients with 
plasma Phe levels between 240-360 μmol/L. This concern-
ing result underscores the unmet need for clearer guidance 
on the appropriate threshold for initiating treatment.

Disclosures

Ethics Committee Approval: The study was approved by Çuku-
rova University Ethics Boards and Commissions (Approval date: 
December 2, 2016, and meeting number: 59, decision number: 13).

Informed Consent: Informed consent was obtained.

Peer-review: Externally peer-reviewed.

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

Funding: The authors declared that this work received no special 
funding.



386 The Medical Bulletin of Sisli Etfal Hospital

Authorship Contributions: Concept – S.O.Y., H.N.O.M.; Design – 
S.O.Y., H.N.O.M.; Supervision – H.N.O.M.; Materials – S.O.Y., H.N.O.M., 
D.K., F.D.B., B.S.Y., S.K.; Data Collection and/or Processing – S.O.Y., 
H.N.O.M., D.K., F.D.B., B.S.Y., S.K.; Analysis and/or Interpretation – 
D.K., G.S.; Literature Review – S.O.Y., B.S.Y..; Writing – S.O.Y., H.N.O.M.; 
Critical Review – H.N.O.M.

Use of AI for Writing Assistance: The authors declared that no 
artificial intelligence was used to generate content in this article.

References
1.	 PAHvdb: Phenylalanine Hydroxylase Gene Locus-Specific Data-

base [cited 2024 Nov 24]. Available at: http://www.biopk.org/
home/pah.asp. Accesed on 29 August, 2025.

2.	 Flydal MI, Alcorlo-Pagés M, Johannessen FG, Martínez-Caballero 
S, Skjærven L, Fernandez-Leiro R, et al. Structure of full-length hu-
man phenylalanine hydroxylase in complex with tetrahydrobiop-
terin. Proc Natl Acad Sci U S A 2019;116:11229–34. [Crossref ]

3.	 Waisbren SE, Noel K, Fahrbach K, Cella C, Frame D, Dorenbaum A, 
et al. Phenylalanine blood levels and clinical outcomes in phenyl-
ketonuria: a systematic literature review and meta-analysis. Mol 
Genet Metab 2007;92:63–70. [Crossref ]

4.	 van Wegberg AMJ, MacDonald A, Ahring K, Bélanger-Quintana A, 
Blau N, Bosch AM, et al. The complete European guidelines on 
phenylketonuria: diagnosis and treatment. Orphanet J Rare Dis 
2017;12:162. [Crossref ]

5.	 de Groot MJ, Hoeksma M, Blau N, Reijngoud DJ, van Spronsen FJ. 
Pathogenesis of cognitive dysfunction in phenylketonuria: review 
of hypotheses. Mol Genet Metab 2010;99 (Suppl 1):S86–9. [Crossref]

6.	 Rovelli V, Longo N. Phenylketonuria and the brain. Mol Genet 
Metab 2023;139:107583. [Crossref ]

7.	 van Spronsen FJ, Blau N, Harding C, Burlina A, Longo N, Bosch AM. 
Phenylketonuria. Nat Rev Dis Primers 2021;7:36. [Crossref ]

8.	 Özalp I, Coşkun T, Tokatli A, Tokol S, Özgüç M, Köksal G, et al. Neo-
natal PKU screening in Turkey: 7 years experience in a developing 
country. Screening 1995;4:139–47. [Crossref ]

9.	 Tezel B, Dilli D, Bolat H, Sahman H, Ozbaş S, Acıcan D, et al. The 
development and organization of newborn screening programs 
in Turkey. J Clin Lab Anal 2014;28:63–9. [Crossref ]

10.	 Rostampour N, Chegini R, Hovsepian S, Zamaneh F, Hashemipour M. 
Cognitive function in untreated subjects with mild hyperphenylal-
aninemia: a systematic review. Neurol Sci 2022;43:5593–603. [Crossref]

11.	 Jahja R, Huijbregts SC, de Sonneville LM, van der Meere JJ, van 
Spronsen FJ. Neurocognitive evidence for revision of treat-
ment targets and guidelines for phenylketonuria. J Pediatr 
2014;164:895–9.e2. [Crossref ]

12.	 González García MB, Conde-Guzon P, Alcalde Martín C, Conde-
Guzon MJ, Velasco Zúñiga R. Neuropsychological assessment 
among children and adolescents with phenylketonuria and hy-
perphenylalaninemia and its relationship with plasma phenylala-
nine levels. Arch Argent Pediatr 2017;115:267–73. [Crossref ]

13.	 Boat TF, Wu J. Committee to evaluate the supplemental security in-
come disability program for children with mental disorders. 2015.

14.	 van Spronsen FJ, Huijbregts SC, Bosch AM, Leuzzi V. Cognitive, neuro-
physiological, neurological and psychosocial outcomes in early-treated 
PKU-patients: a start toward standardized outcome measurement 

across development. Mol Genet Metab 2011;104 Suppl:S45–51. [Crossref]

15.	 Burgard P, Rey F, Rupp A, Abadie V, Rey J. Neuropsychologic func-
tions of early treated patients with phenylketonuria, on and off 
diet: results of a cross-national and cross-sectional study. Pediatr 
Res 1997;41:368–74. [Crossref ]

16.	 Smith I, Beasley MG, Ades AE. Intelligence and quality of dietary treat-
ment in phenylketonuria. Arch Dis Child 1990;65(5):472–8. [Crossref]

17.	 Yalaz K, Vanli L, Yilmaz E, Tokatli A, Anlar B. Phenylketonuria in pe-
diatric neurology practice: a series of 146 cases. J Child Neurol 
2006;21:987–90. [Crossref ]

18.	 Haytoğlu Z, Hergüner Ö, Soyupak S, Topaloglu A, Yüksel B, Özer G, et 
al. Neurological assessment of 38 late-diagnosed children with classic 
phenylketonuria. Cukurova Medical Journal. 2016;41:21–7. [Crossref]

19.	 Christ SE, Huijbregts SC, de Sonneville LM, White DA. Executive 
function in early-treated phenylketonuria: profile and underlying 
mechanisms. Mol Genet Metab. 2010;99 (Suppl 1):S22–32. [Crossref]

20.	 Clocksin HE, Abbene EE, Christ S. A comprehensive assessment of neu-
rocognitive and psychological functioning in adults with early-treated 
phenylketonuria. J Int Neuropsychol Soc 2023;29:641–50. [Crossref]

21.	 Weglage J, Wiedermann D, Denecke J, Feldmann R, Koch HG, Ull-
rich K, et al. Individual blood-brain barrier phenylalanine trans-
port determines clinical outcome in phenylketonuria. Ann Neurol 
2001;50:463–7. [Crossref ]

22.	 van Vliet D, van Wegberg AMJ, Ahring K, Bik-Multanowski M, 
Blau N, Bulut FD, et al. Can untreated PKU patients escape from 
intellectual disability? A systematic review. Orphanet J Rare Dis 
2018;13:149. [Crossref ]

23.	 Evinç SG, Pektaş E, Foto-Özdemir D, Yıldız Y, Karaboncuk Y, Bilgin-
er-Gürbüz B, et al. Cognitive and behavioral impairment in mild 
hyperphenylalaninemia. Turk J Pediatr 2018;60:617–24. [Crossref ]

24.	 de la Parra A, García MI, Waisbren SE, Cornejo V, Raimann E. Cog-
nitive functioning in mild hyperphenylalaninemia. Mol Genet 
Metab Rep 2015;5:72–5. [Crossref ]

25.	 Hood A, Grange DK, Christ SE, Steiner R, White DA. Variability in phe-
nylalanine control predicts IQ and executive abilities in children with 
phenylketonuria. Mol Genet Metab 2014;111:445–51. [Crossref]

26.	 de la Parra A, García MI, Hamilton V, Arias C, Cabello JF, Cornejo V. 
First-year metabolic control guidelines and their impact on future 
metabolic control and neurocognitive functioning in children 
with PKU. Mol Genet Metab Rep 2017;13:90–4. [Crossref ]

27.	 Antenor-Dorsey JA, Hershey T, Rutlin J, Shimony JS, McKin-
stry RC, Grange DK, et al. White matter integrity and executive 
abilities in individuals with phenylketonuria. Mol Genet Metab 
2013;109:125–31. [Crossref ]

28.	 White DA, Connor LT, Nardos B, Shimony JS, Archer R, Snyder AZ, 
et al. Age-related decline in the microstructural integrity of white 
matter in children with early- and continuously-treated PKU: 
a DTI study of the corpus callosum. Mol Genet Metab 2010;99 
(Suppl 1):S41–6. [Crossref ]

29.	 Nardecchia F, Manti F, Chiarotti F, Carducci C, Carducci C, Leuzzi 
V. Neurocognitive and neuroimaging outcome of early treated 
young adult PKU patients: A longitudinal study. Mol Genet Metab 
2015;115:84–90. [Crossref ]

30.	 Cleary MA, Walter JH, Wraith JE, Jenkins JP, Alani SM, Tyler K, et 
al. Magnetic resonance imaging of the brain in phenylketonuria. 
Lancet. 1994;344:87–90. [Crossref ]

http://www.biopk.org/home/pah.asp
http://www.biopk.org/home/pah.asp
https://doi.org/10.1073/pnas.1902639116
https://doi.org/10.1016/j.ymgme.2007.05.006
https://doi.org/10.1186/s13023-017-0685-2
https://doi.org/10.1016/j.ymgme.2009.10.016
https://doi.org/10.1016/j.ymgme.2023.107583
https://doi.org/10.1038/s41572-021-00267-0
https://doi.org/10.1016/0925-6164(95)00125-5
https://doi.org/10.1002/jcla.21645
https://doi.org/10.1007/s10072-022-06194-6
https://doi.org/10.1016/j.jpeds.2013.12.015
https://doi.org/10.5546/aap.2017.eng.267
https://doi.org/10.1016/j.ymgme.2011.09.036
https://doi.org/10.1203/00006450-199703000-00011
https://doi.org/10.1136/adc.65.5.472
https://doi.org/10.1177/08830738060210111401
https://doi.org/10.17826/cutf.156292
https://doi.org/10.1016/j.ymgme.2009.10.007
https://doi.org/10.1017/S1355617722000686
https://doi.org/10.1002/ana.1226
https://doi.org/10.1186/s13023-018-0890-7
https://doi.org/10.24953/turkjped.2018.06.001
https://doi.org/10.1016/j.ymgmr.2015.10.009
https://doi.org/10.1016/j.ymgme.2014.01.012
https://doi.org/10.1016/j.ymgmr.2017.09.003
https://doi.org/10.1016/j.ymgme.2013.03.020
https://doi.org/10.1016/j.ymgme.2009.09.016
https://doi.org/10.1016/j.ymgme.2015.04.003
https://doi.org/10.1016/S0140-6736(94)91281-5

