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Abstract

in relationship to dietary patterns.

Introduction Most of the studies on PKU have focused on the neurological development of patients. Studies regard-
ing the physical development usually cover a short period of time, do not include dietary information, and results are
contradictory. The aim of this study is to determine whether the patients with PKU have a normal growth, the inci-
dence of obesity and the relationship of these parameters with diet and nutritional intake.

Material and methods This is a retrospective, multicenter, multinational study including patients with PKU

from 8 centers from different countries. Data of growth parameters and dietary regimes were collected from birth
until the age of 18 years. Anthropometric tools of the WHO (Anthro version 3.2.2 and Anthro plus) were used to calcu-
late z-score for weight-for-age, height-for-age and body mass index (BMI).

Results Data from 182 patients with classical PKU were included. The median height z-scores for both male

and female patients showed a normal growth pattern according to the WHO charts. Significant positive correlation
was observed between height z-score and the Phe (mg/day) and natural protein (g/day) intakes in all ages, especially
in children younger than 11 years. The amount of Phe-free amino acid mixture did not affect the height, but lower
intakes were negative correlated with the BMI. Also, we detected a positive correlation between the median Phe
levels and BMI, meaning that the poorer metabolic control was correlated with higher BMI.

Conclusions An objective of PKU is that patients have satisfactory final physical development; the height prognosis
seems to be associated with Phe and natural protein intake and therefore should be optimized. It is important to col-
lect longitudinal growth data throughout childhood and adolescence in PKU that considers any change in growth
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Introduction

PKU is a rare, autosomal recessive inborn of phenylala-
nine (Phe) metabolism characterized by the deficiency of
phenylalanine hydroxylase (PAH) that converts the Phe
into tyrosine. The PAH deficiency causes high plasma
Phe level and if untreated leads to permanent neurologi-
cal damage [1]. It is detected by newborn screening and
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the treatment for most patients is mainly dietetic, con-
sisting in a low Phe intake in combination with Phe-free
L-amino acid supplements and ingestion of special low
protein foods [2, 3]. The residual enzyme activity deter-
mines the amount of Phe that a patient can tolerate to
maintain the plasma levels within an acceptable range
according to guidelines [3]; the tolerated Phe in the diet
together with the Phe levels in the neonatal screening
define the patient phenotype.

The main goal of dietary phenylalanine restriction
is to achieve normal neurological development. Die-
tary treatment is successful at preventing neurological
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impairment, but the physical development of patients is
given less attention. Some studies detect normal growth
[4-10], while other report suboptimal outcomes [11-14].
Also, it has been proposed that in patients with PKU, low
physical activity [15] and a higher energy content of the
low-protein foods [16] are contributing factors of posi-
tive energy balance and obesity, especially in those with
poor metabolic control [15]. It is however unclear which
fraction of the diet has the strongest influence on the
physical development [17].

Our study aimed to determine if a Phe restrictive diet
affects the long-term growth in patients with PKU com-
pared to the normal population and to investigate the
impact of the diet on different variables of the physical
development.

Material and methods
This is a retrospective, multicenter, multinational study
that includes data from patients with a classical PKU
phenotype being monitored since diagnosis in the new-
born period from 8 centers in different countries (Bel-
gium, Denmark, Germany, Nederland, Portugal, Turkey,
Spain, UK). Patients with milder forms of the disease or
having any kind of pharmacological treatment and those
that did not complete the follow-up until the 18 years
old were excluded. Data of growth parameters and die-
tary regimes were collected annually from birth until
the age of 18 years. When possible, their parents’ height
was obtained in order to calculate their expected genetic
height.

Weight, height and BMI were determined at diagno-
sis and annually thereafter. Anthropometric tools from
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the World Health Organization (WHO) (Anthro version
3.2.2 and Anthro Plus) were used to calculate weight-for-
age, height-for-age and body mass index (BMI) z-scores.
We defined overweight as a BMI z-score of >+1 and
obesity as a z-score of >+2 for patients between 5 and
18 years old; for children younger than 5, BMI between 2
and 3 was indicated overweight and BMI > 3 obesity. The
normal height was defined as a z-score between —2 and
+2SD [18].

Follow-up and dietary interventions were retrospec-
tively collected from medical records and the local
patient’s registry. Median Phe (mg/day), natural protein
(g/day), total protein (g/kg/day) and amino acids mixture
(g/kg/day) intakes data were calculated annually. All the
anthropometric and nutritional data were collected clos-
est to the patients” birthday.

Continuous variables are presented as mean and stand-
ard deviation, while categorical variables are shown using
absolute and relative frequencies. To analyze the associa-
tion between variables, a Generalized Estimating Equa-
tions (GEE) model with an autoregressive structure of
order 1 (AR-1) was employed, as multiple measurements
were taken from the same patient. All analyses were per-
formed using Stata version 18.

Results
Data from 182 patients with a classical PKU phenotype
(100 female and 82 male) from different European coun-
tries and Turkey centers were collected and findings are
presented as a group (see Supplementary Table 1).

Table 1 summarizes the mean dietary prescriptions,
and the blood Phe control of the patients included. The

Table 1 Mean nutritional prescriptions and the blood phenylalanine control

Age (years) 1 2 3 4 5 6 7 8

10 11 12 13 14 15 16 17 18

Prescribed Phe intake (mg/day)

N 167 172 169 173 175 174 178 174
Mean 314 360 387 402 410 433 445 457
Std. Dev 123 150 157 159 165 177 178 189
Prescribed natural protein intake (g/day)

N 172 176 171 175 176 176 178 174
Mean 6 7 7 7 8 8 8 9

Std. Dev 26 3.1 32 32 33 3.6 35 3.8
Prescribed Phe- Free formula intake (g/kg/day)

N 135 139 137 137 138 140 142 139
Mean 204 207 120 182 177 163 155 149
Std. Dev 065 068 063 063 065 059 057 058
Median blood Phe levels (umol/L)

N 175 177 178 177 180 181 82 181
Mean 295 345 371 406 410 408 449 436
Std. Dev 1514 1700 203 2455 2280 2282 3988 2643

176 178 172 174 171 169 167 158 155 151
474 495 517 528 567 612 615
186 224 224 250 215 319 252 353 324 473

665 685 781

176 177 173 176 173 170 100 158 155 156
9.5 10 10 10 1 1 12 13 13 14
3.7 44 5.0 4.0 44 49 5.2 6.9 6.5 9.7

140 140 136 140 138 132 136 130 133 129
145 138 128 120 115 108 1.03
054 054 051 047 045 043 043 040 038 038

101 099 096

181 181 181 180 180 180 178 175 173 167
454 483 511 545 583 610 667 683 672 710
237.7

2526 2666 2614 2812 2850 2989 2786 2995 3228
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mean total protein intake, defined as the addition of
natural protein and the amino acid mixture, was higher
than the WHO safe level of protein intake, considering
the contribution of the special amino acids mixture [3].
Mean dried-blood spot Phe levels were generally slightly
higher than the age-specific currently recommended
range [3], although at the time of the recollection sample,
they met local guidelines.

The median height z-scores for both male and female
patients showed a normal growth pattern according to
the WHO charts (see Fig. 1). Genetic height data was
obtained for 96 patients and 76/90 (84,4%) of the patients
reached their final genetic height. BMI z-score was in the
upper normal range, especially in females, since early
infancy. At 18 years of age, BMI was available for 130
patients (n=74 female; n=56 male). Overweight was
reported in 19/74 female patients (25.6%) and in 12/56
male patients (21.4%) at the age of 18 years old. Obesity
was reported in 8/74 female patients (10.8%) and 2/56
male patients (3.5%).

A significant positive correlation was found between
height z-score and the Phe (mg/day) and natural pro-
tein intake (g/day) in all ages. This was especially sig-
nificant in smaller children (<11 years old) and women.
The amount of Phe-free mixture recommended did not
affect the height in our study. However, we detected a
significant negative correlation on the BMI at all ages,
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suggesting that the patients with a lower recommended
intake of special formula had a higher BMI. Similarly,
we found that there is a positive correlation between
the median blood Phe levels and BMI, meaning that the
poorer metabolic control was correlated with higher BMI
(see Table 2).

Discussion
This study highlights the impact of dietary management
on the physical development of the children and adoles-
cents with PKU. The growth in PKU patients is expected
to be normal according to the WHO, but more impor-
tantly, we demonstrate how the different components of
the nutritional treatment may influence various aspects
of the somatic development of patients: the natural pro-
tein and Phe intakes strongly correlate with height, while
the Phe-free amino acids and the poor metabolic con-
trol appear to have a stronger impact on the BML. It is
one of the largest studies conducted so far studying the
interplay between dietary restrictions and physical devel-
opment in patients with PKU. It is also one of the few
studies that is multicentric and multinational and there-
fore includes patients that have received different dietetic
recommendations.

Treatment in PKU is mainly centered on the neuro-
cognitive outcomes. Historically, the goal in infants and
children was to lower plasma Phe levels to ‘physiological

L R B
. . L bl
o 217 : ‘e s
5]
?
= o1
b=
R
)
= i
c -2 - . L
[) e o o M
1S o o o
2 *
R T T O T (O (O TR T BN B B
012345678 9101112131415161718
. D
4 — . .
o .
3
g 2
= L
23]
g 0
=
<2~ .

[ A A |

| | |
7 8 91011121314151617 18
Age (years)

Fig. 1 represents the height and BMI evolution over the 18 years of life of the patients included
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Table 2 Contains the correlations between anthropometric measures and dietary parameters. Phe, phenylalanine; NP, natural protein;

AA Mix, amino acid mixture

All patients

BMI z-score p value Height z-score p value
Phe intake (mg/day) 0.00002(-0.00014; 0.00018) 0811 Phe intake 0.00022(0.00008; 0.00036) 0.002
NP intake (g/day) —0.00045(-0.00833;0.00743) 0911 NP intake 0.01150(0.00461; 0.01839) 0.001
AA Mix (g/kg/day) —0.17380(-0.25212; —0.09548)  0.000 AA Mix —0.04409(-0.11239; 0.02422)  0.206
Median blood Phe level (umol/L)  0.00035(0.00022; 0.00047) 0.000 Median blood Phe level  —0.00009(—0.00020; 0.00003)  0.130
<=11years
Phe intake —0.00006(—0.00022; 0.00011) 0.502 Phe intake 0.00026(0.00010; 0.00043) 0.001
NP intake —0.00614(-0.01407;0.00179) 0.129 NP intake 0.01345(0.00581; 0.02109) 0.001
AA Mix —0.37163(-0.53143; -0.21183)  0.000 AA Mix —0.02446(-0.18005; 0.13113)  0.758
Median blood Phe level 0.00032(0.00013; 0.00051) 0.001 Median blood Phe level ~ —0.00004(—0.00021;0.00014)  0.683
> 11 years
Phe intake 0.00054(0.00015; 0.00093) 0.007 Phe intake 0.00005(—0.00029; 0.00038) 0.782
NP intake 0.02673(0.00752; 0.04594) 0.006 NP intake 0.00161(—0.01493;0.01815) 0.849
AA Mix —0.21665(-0.31390; —0.11939)  0.000 AA Mix —0.03011(=0.11500; 0.05478)  0.487
Median blood Phe level 0.00027(0.00009; 0.00045) 0.004 Median blood Phe level  0.00003(-0.00013; 0.00019) 0.701
Females
Phe intake 0.00005(—0.00018; 0.00029) 0.665 Phe intake 0.00034(0.00014; 0.00054) 0.001
NP intake 0.00180(—0.00961; 0.01321) 0.757 NP intake 0.01663(0.00701; 0.02626) 0.001
AA Mix —0.23611(-0.33928; —0.13294)  0.000 AA Mix —0.07618(—0.16654; 0.01418)  0.098
Median Phe level 0.00028(0.00013; 0.00043) 0.000 Median blood Phe level ~ —0.00008(—0.00021;0.00005)  0.223
Males
Phe intake 0.00002(—0.00021; 0.00024) 0.881 Phe intake 0.00008(—0.00013; 0.00029) 0.465
NP intake —0.00124(-0.01232; 0.00984) 0.826 NP intake 0.00518(—0.00497; 0.01533) 0317
AA Mix —0.08652(—0.20752; 0.03448) 0.161 AA Mix —0.01722(-0.12036; 0.08592)  0.744
Median blood Phe levels 0.00050(0.00027; 0.00074) 0.000 Median blood Phe level ~ —0.00011(-0.00032;0.00011)  0.329

Phe phenylalanine; NP natural protein; AA Mix amino acid mixture

concentrations’ but this led to severe restriction of natu-
ral protein [19, 20]. Together with the inadequate com-
position of the Phe-free amino acid supplements, this
very restrictive diet led to reported malnutrition, ano-
rexia, and impaired growth [21, 22]. Since the early days
of treatment, there has been important progress made in
understanding the Phe requirements and improvement
in the composition of the free Phe amino acid supple-
ments in PKU [23].

Optimal dietary management is essential in produc-
ing normal growth during childhood. Chronic disease or
malnutrition have a deep impact on the physical devel-
opment. In this regard, patients with inborn errors of
metabolism, like organic acidemia or urea cycle disease
together with other aminoacidopathies such as PKU,
treated with protein restriction and synthetic formulas,
have a significant risk for growth retardation [24, 25].
In other words, the mismatch between patient’s nutri-
tional needs and nutrient prescribed/delivered at critical
moments throughout pediatric age, may have contrib-
uted to these suboptimal outcomes.

The reasons for impaired growth in PKU are unclear
and there are important uncertainties regarding the
impact of the different dietary components on physical
development [14, 26]. Fear of neurological symptoms and
the desire for optimal blood Phe control may lead physi-
cians and families to follow a very strict diet during the
first years of life. It has been proposed that poor growth
is associated with a severe Phe restriction [22] and that
a higher natural protein intake is associated with better
outcome [12]. It is important to note that patients with
mild forms of hyperphenylalaninemia who receive a less
restrictive diet do not have growth impairment [4, 11];
this may indirectly suggest that natural protein intake is
a major player in the physical development of children
with PKU. Our results indicate a clear positive impact
of the Phe/natural protein intake on height z-score.
This correlation appears stronger in younger patients
(<11 years old), suggesting the important effect of the
natural protein in the somatic development especially in
the first years of life and the importance of challenging
with natural protein intake until maximum Phe tolerance
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is achieved in this group of age. In this regard, it has
been proposed that Phe tolerance might increase in PKU
patients during certain developmental periods such as
pubertal growth [27].

The Phe-free amino acids supplements are another
important pilar in successful dietary management and
are essential to prevent protein or nutrient deficiency and
optimize metabolic control. Total protein insufficiency,
rather than only natural, could also be an important rea-
son for an impaired growth [9, 28—30], and some authors
suggest more emphasis on optimizing the intake of Phe-
free amino acids supplements to ensure an adequate
nutritional status and to achieve normal physical devel-
opment. The 2017 European guidelines recommend pro-
viding an additional 40% of L-amino acids to compensate
for losses due to digestibility and to help optimize blood
Phe control [3]. Still there is no uniformity in prescrib-
ing the amount of special formulas [31] and the studies
that investigate the adequate intake of protein intake in
PKU are limited [32]. The high amino acid mixture intake
helps to promote better PKU control due its functional
effect [9, 29, 33], but there are doubts regarding the bio-
availability of the special formulas [34, 35]. Although
there has been a huge advance in the last decades, the
nutrient composition of Phe-free protein substitute raises
concerns. It is documented that children who received
casein hydrolysate during childhood had a significantly
lower height [11]; therefor it was hypothesized that the
composition of the Phe-free protein substitute has an
important impact on the physical development [7]. Still,
the studies that correlate the Phe-free amino acid supple-
ments with height are few and inconsistent [29]. Our data
do not suggest a significant impact of the Phe-free amino
acids mixture on height. This may be related to the fact
the administration of the amino acid mixture induces a
rapid increase in plasma amino acid levels that exceeds
the capacity of anabolic processes to incorporate them
into nascent proteins [36].

Another interesting result in our study is the effect
of the metabolic control on the BMI. In this regard, we
observed a positive correlation between the BMI and the
median blood Phe levels especially in the female cohort.
There was also negative correlation of the Phe-free amino
acid supplement intake on the BMI. Apart from the func-
tional effect on the metabolic control as discussed before,
the medical food intake might also have an important
input in acquiring satiety and therefore reducing the
need for special low protein food rich in carbohydrates.
Our results are similar to previous studies, proposing
that low physical activity and a higher energy content
of the low-protein foods [16] are contributing factors of
positive energy balance and obesity in PKU, especially in
those with poor metabolic control [15, 37-39].
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We acknowledge that our study has some important
limitations. Being a retrospective study, not all data could
be recovered or standardised. Also, as we wanted to fol-
low patients throughout their entire childhood develop-
ment, dietary recommendations and the special formula
compositions have changed over time and findings, espe-
cially regarding small children, might be similar but not
the same to present ones. We also used the data recorded,
which mainly included dietary recommendations but not
real-life intake evaluations. In young children, parents
usually ensure that treatment is followed, and recom-
mendations are similar to dietary inventories. In ado-
lescents they might differ greatly, and our study cannot
detect those cases; these individuals face a range of PKU-
specific challenges, many of which can significantly com-
promise metabolic control [40]. However, the large group
of cases and the inclusion of patients from different cent-
ers with different recommendations we believe compen-
sates for these limitations.

A further limitation of this study is the lack of a control
group, as well as the use of WHO growth charts, which
are based on the general population. Somatic develop-
ment is significantly influenced by genetic factors, which
vary across populations. Additionally, the worldwide dis-
tribution of pathogenic PKU variants suggests that racial
and ethnic differences may hold clinical relevance [41].
Nevertheless, a detailed exploration of genetic variability
falls beyond the scope of the present analysis.

In conclusion, our study emphasizes that children and
adolescents with PKU can and should have a normal
growth. Notably, different components of the diet have a
distinct impact on the somatic development. The natural
protein intake has a deep impact on height, especially in
younger children, while Phe-free amino acid supplements
intake has significant correlation with the BMI. These
factors should be considered during the diet planification
in PKU patients, and the natural protein intake should
be optimized according to the individual Phe tolerance.
Additionally, a higher Phe-free amino acid supplements
together with a better metabolic control are associated
with lower BMI.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513023-025-03946-3.

[ Additional file1 (XLSX 42 KB) }

Acknowledgements
Not applicable.

Author contributions

SS and ABQ had a significant contribution to the conception and design of
the study.MA performed the statistical analysis. SS, ABQ, AM, JCR contrib-
uted to the acquisition and interpretation of the data. MFA, AK, AML, DK,


https://doi.org/10.1186/s13023-025-03946-3
https://doi.org/10.1186/s13023-025-03946-3

Stanescu et al. Orphanet Journal of Rare Diseases (2025) 20:400

vDE contributed to the acquisition of the data. All the authors revised and
approved the manuscript. The authors did not use Al tools during the prepara-
tions of the manuscript.

Funding
No funding has been received for the present study.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This is a retrospective historical study, therefor the verbal consent was
obtained from the patients to access their data.

Consent for publication
Not applicable.

Competing interests

SS has no conflict of interest in relation to the content of this study. She has
received speaker and travel honoraria from Nutricia, Vitaflo and Sanofi. ABQ
has no conflict of interest in relation to the content of this study. She is partici-
pating in several clinical essays relating to PKU and has been part of advisory
boards for PTC Therapeutics, BioMarin and Nutricia regarding this disease. She
has received speaker honoraria, travel, investigation or meeting funds from
these companies, as well as from Danone, Recordati Rare Diseases, Grand
Fontaine and other industries not related to PKU. JCR was a member of the
European Nutritionist Expert Panel (Biomarin), the Advisory Board for Applied
Pharma Research, Vitaflo, Synlogic, Biomarin, PTC and Nutricia, and received
honoraria as speaker from APR, Merck Serono, Biomarin, Nutricia, Vitaflo, Cam-
brooke, PIAM and Lifediet. The rest of the authors have no conflict of interest
to declare in relation to this study.

Author details

'U. Enf. Metabolicas, Paediatric Department, MetabERN, Hospital Universitario
Ramon y Cajal, Madrid, Spain. 2Nutrition & Metabolism, NOVA Medical School,
Faculdade de Ciéncias Médicas, NMS, FCM, Universidade NOVA de Lisboa,
Lisbon, Portugal. *CINTESIS@RISE, Nutrition and Metabolism, NOVA Medical
School, Faculdade de Ciéncias Médicas, NMS, FCM, Universidade NOVA de
Lisboa, Lisbon, Portugal. *CHRC, NOVA Medical School, Faculdade de Ciéncias
Médicas, NMS, FCM, Universidade NOVA de Lisboa, Lisbon, Portugal. °Centro
de Referéncia Para As Doencas Hereditdrias Do Metabolismo, Unidade Local
de Satide de Santo Antdnio, Porto, Portugal. °Centro de Genética Médica
Jacinto Magalhées, Unidade Local de Satde de Santo Anténio, Porto, Portugal.
’Unidade Multidisciplinar de Investigagdo Em Biomedicina, Instituto de
Ciéncias Biomédicas Abel Salazar, Universidade Do Porto, Porto, Portugal.
8Laboratdrio Para a Investigaco Integrativa E Translacional Em Satide Popula-
cional (ITR), Universidade Do Porto, Porto, Portugal. °Center for PKU, Kennedy
Institute, Glostrup, Denmark. '°Dp Metab Nutr, Dr Hauner Child Hosp, Munich,
Germany. ''Dp Pediatric, San Paolo Hosp, Univ Milan, Milan, Italy. '2S. Metab
Dis, Univ Med Centre Groningen, Groningen, Netherlands. '*U. Bioestadistica
Clinica, Instituto Ramoén y Cajal de Investigacion Sanitaria, Hospital Univer-
sitario Ramon y Cajal, Madrid, Spain. "“Dietetic Department, Birmingham
Children’s Hospital, Birmingham, UK. >Center for PKU, Copenhagen University
Hospital, Copenhagen, Denmark.

Received: 10 April 2025 Accepted: 22 July 2025
Published online: 04 August 2025

References

1. 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):586-9. https://doi.org/
10.1016/jymgme.2009.10.016.

Page 6 of 7

MacDonald A, van Wegberg AMJ, Ahring K, Beblo S, Bélanger-Quintana
A, Burlina A, Campistol J, Coskun T, Feillet F, Gizewska M, Huijbregts SC,
Leuzzi V, Maillot F, Muntau AC, Rocha JC, Romani C, Trefz F, van Spronsen
FJ. PKU dietary handbook to accompany PKU guidelines. Orphanet J Rare
Dis. 2020;15(1):171. https://doi.org/10.1186/513023-020-01391-y.

van Wegberg AMJ, MacDonald A, Ahring K, Bélanger-Quintana A, Blau

N, Bosch AM, Burlina A, Campistol J, Feillet F, Gizewska M, Huijbregts SC,
Kearney S, Leuzzi V, Maillot F, Muntau AC, van Rijn M, Trefz F, Walter JH,
van Spronsen FJ. The complete European guidelines on phenylketonuria:
diagnosis and treatment. Orphanet J Rare Dis. 2017;12(1):162. https://doi.
0rg/10.1186/513023-017-0685-2.

Couce ML, Guler I, Anca-Couce A, Lojo M, Mirds A, Leis R, Pérez-Mufu-
zuri A, Fraga JM, Gude F. New insights in growth of phenylketonuric
patients. Eur J Pediatr. 2015;174(5):651-9. https://doi.org/10.1007/
s00431-014-2446-8.

Belanger-Quintana A, Martinez-Pardo M. Physical development in
patients with phenylketonuria on dietary treatment: a retrospective
study. Mol Genet Metab. 2011;104(4):480-4. https://doi.org/10.1016/].
ymgme.2011.08.002.

Evans M, Truby H, Boneh A. The relationship between dietary intake,
growth and body composition in phenylketonuria. Mol Genet Metab.
2017;122(1-2):36-42. https://doi.org/10.1016/jymgme.2017.07.007.
Rocha JC, van Spronsen FJ, Aimeida MF, Ramos E, Guimaraes JT, Borges N.
Early dietary treated patients with phenylketonuria can achieve normal
growth and body composition. Mol Genet Metab. 2013;110(Suppl):540-3.
https://doi.org/10.1016/j.ymgme.2013.10.009.

Matic J, Zeltner NA, Haberle J. Normal growth in PKU patients under
low-protein diet in a single-center cross-sectional study. JIMD Rep.
2019;43:1-6. https://doi.org/10.1007/8904_2018_92.

Acosta PB, Yannicelli S, Singh R, Mofidi S, Steiner R, DeVincentis E, Jurecki
E, Bernstein L, Gleason S, Chetty M, Rouse B. Nutrient intakes and physical
growth of children with phenylketonuria undergoing nutrition therapy.

J Am Diet Assoc. 2003;103(9):1167-73. https://doi.org/10.1016/S0002-
8223(03)00983-0.

. Huemer M, Huemer C, Méslinger D, Huter D, Stéckler-Ipsiroglu S. Growth

and body composition in children with classical phenylketonuria:
results in 34 patients and review of the literature. J Inherit Metab Dis.
2007;30(5):694-9. https://doi.org/10.1007/510545-007-0549-3.

. Thiele AG, Gausche R, Lindenberg C, Beger C, Arelin M, Rohde C, Mitze

U, Weigel JF, Mohnike K, Baerwald C, Scholz M, Kiess W, Pfiffle R, Beblo S.
Growth and final height among children with phenylketonuria. Pediatrics.
2017;140(5):e20170015. https://doi.org/10.1542/peds.2017-0015.

. Alddmiz-Echevarria L, Bueno MA, Couce ML, Lage S, Dalmau J, Vitoria |,

Andrade F, Blasco J, Alcalde C, Gil D, Garcia MC, Gonzélez-Lamuio D, Ruiz
M, Pefa-Quintana L, Ruiz MA, Gonzalez D, Sdnchez-Valverde F. Anthropo-
metric characteristics and nutrition in a cohort of PAH-deficient patients.
Clin Nutr. 2014;33(4):702-17. https://doi.org/10.1016/j.cInu.2013.09.011.

. Dobbelaere D, Michaud L, Debrabander A, Vanderbecken S, Gottrand F,

Turck D, Farriaux JP. Evaluation of nutritional status and pathophysiology
of growth retardation in patients with phenylketonuria. J Inherit Metab
Dis. 2003;26(1):1-11. https://doi.org/10.1023/a:1024063726046.

. van Spronsen FJ, Verkerk PH, van Houten M, Smit GP, van der Meer SB,

Bakker HD, Sengers RC. Does impaired growth of PKU patients correlate
with the strictness of dietary treatment? National Dutch PKU Steering
Committee. Acta Paediatr. 1997;86(8):816-8. https://doi.org/10.1111/].
1651-2227.1997 tb08603 x.

. Alghamdi N, Alfheeaid H, Cochrane B, Adam S, Galloway P, Cozens A,

Preston T, Malkova D, Gerasimidis K. Mechanisms of obesity in children
and adults with phenylketonuria on contemporary treatment. Clin Nutr
ESPEN. 2021;46:539-43. https://doi.org/10.1016/j.cInesp.2021.10.012.

. Pena MJ, Aimeida MF, van Dam E, Ahring K, Bélanger-Quintana A, Dok-

oupil K, Gokmen-Ozel H, Lammardo AM, MacDonald A, Robert M, Rocha
JC. Special low protein foods for phenylketonuria: availability in Europe
and an examination of their nutritional profile. Orphanet J Rare Dis.
2015;10:162. https://doi.org/10.1186/513023-015-0378-7.

. Rodrigues C, Sousa Barbosa C, de AlImeida MF, Bandeira A, Martins

E, Rocha S, Guimas A, Ribeiro R, Soares A, Moreira-Rosério A, Dias CC,
MacDonald A, Borges N, Rocha JC. Protein intake and prevalence of over-
weight in patients with phenylketonuria: a 10-year longitudinal study.
Mol Genet Metab. 2025;144(4):109068. https://doi.org/10.1016/j.ymgme.
2025.109068.


https://doi.org/10.1016/j.ymgme.2009.10.016
https://doi.org/10.1016/j.ymgme.2009.10.016
https://doi.org/10.1186/s13023-020-01391-y
https://doi.org/10.1186/s13023-017-0685-2
https://doi.org/10.1186/s13023-017-0685-2
https://doi.org/10.1007/s00431-014-2446-8
https://doi.org/10.1007/s00431-014-2446-8
https://doi.org/10.1016/j.ymgme.2011.08.002
https://doi.org/10.1016/j.ymgme.2011.08.002
https://doi.org/10.1016/j.ymgme.2017.07.007
https://doi.org/10.1016/j.ymgme.2013.10.009
https://doi.org/10.1007/8904_2018_92
https://doi.org/10.1016/S0002-8223(03)00983-0
https://doi.org/10.1016/S0002-8223(03)00983-0
https://doi.org/10.1007/s10545-007-0549-3
https://doi.org/10.1542/peds.2017-0015
https://doi.org/10.1016/j.clnu.2013.09.011
https://doi.org/10.1023/a:1024063726046
https://doi.org/10.1111/j.1651-2227.1997.tb08603.x
https://doi.org/10.1111/j.1651-2227.1997.tb08603.x
https://doi.org/10.1016/j.clnesp.2021.10.012
https://doi.org/10.1186/s13023-015-0378-7
https://doi.org/10.1016/j.ymgme.2025.109068
https://doi.org/10.1016/j.ymgme.2025.109068

Stanescu et al. Orphanet Journal of Rare Diseases

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2025) 20:400

de Onis M, Onyango AW, Borghi E, Siyam A, Nishida C, Siekmann J.
Development of a WHO growth reference for school-aged children and
adolescents. Bull World Health Organ. 2007;85(9):660-7. https://doi.org/
10.2471/blt.07.043497.

MacDonald A, Rocha JC, van Rijn M, Feillet . Nutrition in phenylketonu-
ria. Mol Genet Metab. 2011;104(Suppl):S10-8. https://doi.org/10.1016/j.
ymgme.2011.08.023.

ligaz F, Pinto A, Gokmen-Ozel H, Rocha JC, van Dam E, Ahring K, Bélanger-
Quintana A, Dokoupil K, Karabulut E, MacDonald A. Long-term growth

in phenylketonuria: a systematic review and meta-analysis. Nutrients.
2019;11(9):2070. https://doi.org/10.3390/nu11092070.

Kennedy JL Jr, Wertelecki W, Gates L, Sperry BP, Cass VM. The early treat-
ment of phenylketonuria. Am J Dis Child. 1967;113(1):16-21. https://doi.
0rg/10.1001/archpedi.1967.02090160066004.

Hanley WB, Linsao L, Davidson W, Moes CA. Malnutrition with early treat-
ment of phenylketonuria. Pediatr Res. 1970;4(4):318-27. https://doi.org/
10.1203/00006450-197007000-00002.

Daly A, Evans S, Pinto A, Ashmore C, MacDonald A. Protein substitutes in
PKU; their historical evolution. Nutrients. 2021;13(2):484. https://doi.org/
10.3390/nu13020484.

Busiah K, Roda C, Crosnier AS, Brassier A, Servais A, Wicker C, Dubois

S, Assoun M, Belloche C, Ottolenghi C, Pontoizeau C, Souberbielle JC,
Piketty ML, Perin L, Le Bouc Y, Arnoux JB, Netchine |, Imbard A, de Lonlay
P. Pubertal origin of growth retardation in inborn errors of protein metab-
olism: a longitudinal cohort study. Mol Genet Metab. 2024;141(3):108123.
https://doi.org/10.1016/j.ymgme.2023.108123.

Molema F, Gleich F, Burgard P, van der Ploeg AT, Summar ML, Chapman
KA, Lund AM, Rizopoulos D, Kélker S, Williams M, Additional individual
contributors from E-IMD. Decreased plasma I-arginine levels in organic
acidurias (MMA and PA) and decreased plasma branched-chain amino
acid levels in urea cycle disorders as a potential cause of growth retarda-
tion: options for treatment. Mol Genet Metab. 2019;126(4):397-405.
https://doi.org/10.1016/j.ymgme.2019.02.003.

Hoeksma M, Van Rijn M, Verkerk PH, Bosch AM, Mulder MF, de Klerk JB,
de Koning TJ, Rubio-Gozalbo E, de Vries M, Sauer PJ, van Spronsen FJ. The
intake of total protein, natural protein and protein substitute and growth
of height and head circumference in Dutch infants with phenylketonu-
ria. J Inherit Metab Dis. 2005,;28(6):845-54. https://doi.org/10.1007/
510545-005-0122-x.

Pinto A, Almeida MF, MacDonald A, Ramos PC, Rocha S, Guimas A, Ribeiro
R, Martins E, Bandeira A, Jackson R, van Spronsen F, Payne A, Rocha JC.
Over restriction of dietary protein allowance: the importance of ongoing
reassessment of natural protein tolerance in phenylketonuria. Nutrients.
2019;11(30):995. https://doi.org/10.3390/nu11050995.

Rocha JC, Almeida MF, Carmona C, Cardoso ML, Borges N, Soares |,
Salcedo G, Lima MR, Azevedo |, van Spronsen FJ. The use of prealbumin
concentration as a biomarker of nutritional status in treated phenylke-
tonuric patients. Ann Nutr Metab. 2010;56(3):207-11. https://doi.org/10.
1159/000276641.

Acosta PB, Yannicelli S. Protein intake affects phenylalanine require-
ments and growth of infants with phenylketonuria. Acta Paediatr Suppl.
1994;407:66-7. https://doi.org/10.1111/j.1651-2227.1994.tb 13454 x.
Arnold GL, Vladutiu CJ, Kirby RS, Blakely EM, Deluca JM. Protein insuf-
ficiency and linear growth restriction in phenylketonuria. J Pediatr.
2002;141(2):243-6. https://doi.org/10.1067/mpd.2002.126455.

Aguiar A, Ahring K, Almeida MF, Assoun M, Belanger Quintana A, Bigot

S, Bihet G, Blom Malmberg K, Burlina A, Bushueva T, Caris A, Chan H,
Clark A, Clark S, Cochrane B, Corthouts K, Dalmau J, Dassy M, De Meyer
A, Didycz B, Diels M, Dokupil K, Dubois S, Eftring K, Ekengren J, Ellerton
C, Evans S, Faria A, Fischer A, Ford S, Freisinger P, Gizewska M, Gokmen-
Ozel H, Gribben J, Gunden F, Heddrich-Ellerbrok M, Heiber S, Heidenborg
C, Jankowski C, Janssen-Regelink R, Jones |, Jonkers C, Joerg-Streller M,
Kaalund-Hansen K, Kiss E, Lammardo AM, Lang K, Lier D, Lilje R, Lowry S,
Luyten K, MacDonald A, Meyer U, Moor D, Pal A, Robert M, Robertson L,
Rocha JC, Rohde C, Ross K, Saruhan S, Sjoqvist E, Skeath R, Stoelen L, Ter
Horst NM, Terry A, Timmer C, Tuncer N, Vande Kerckhove K, van der Ploeg
L, van Rijn M, van Spronsen FJ, van Teeffelen-Heithoff A, van Wegberg

A, van Wyk K, Vasconcelos C, Vitoria |, Wildgoose J, Webster D, White FJ,
Zweers H. Practices in prescribing protein substitutes for PKU in Europe:
no uniformity of approach. Mol Genet Metab. 2015;115(1):17-22. https://
doi.org/10.1016/jymgme.2015.03.006.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 7 of 7

Turki A, Ueda K, Cheng B, Giezen A, Salvarinova R, Stockler-Ipsiroglu S,
Elango R. The indicator amino acid oxidation method with the use of
I-[1-13C]leucine suggests a higher than currently recommended protein
requirement in children with phenylketonuria. J Nutr. 2017;147(2):211-7.
https://doi.org/10.3945/jn.116.240218.

MacDonald A, Chakrapani A, Hendriksz C, Daly A, Davies P, Asplin D, Hall
K, Booth IW. Protein substitute dosage in PKU: how much do young
patients need? Arch Dis Child. 2006;,91(7):588-93. https://doi.org/10.
1136/adc.2005.084285.

Enns GM, Koch R, Brumm'V, Blakely E, Suter R, Jurecki E. Suboptimal
outcomes in patients with PKU treated early with diet alone: revisiting
the evidence. Mol Genet Metab. 2010;101(2-3):99-109. https://doi.org/
10.1016/jymgme.2010.05.017.

Gropper SS, Acosta PB. Effect of simultaneous ingestion of L-amino acids
and whole protein on plasma amino acid and urea nitrogen concentra-
tions in humans. JPEN J Parenter Enteral Nutr. 1991;15(1):48-53. https://
doi.org/10.1177/014860719101500148.

MacDonald A, Singh RH, Rocha JC, van Spronsen FJ. Optimising amino
acid absorption: essential to improve nitrogen balance and metabolic
control in phenylketonuria. Nutr Res Rev. 2019;32(1):70-8. https://doi.org/
10.1017/50954422418000173.

Gokmen Ozel H, Ahring K, Bélanger-Quintana A, Dokoupil K, Lam-
mardo AM, Robert M, Rocha JC, Almeida MF, van Rijn M, MacDonald A.
Overweight and obesity in PKU: the results from 8 centres in Europe

and Turkey. Mol Genet Metab Rep. 2014;16(1):483-6. https://doi.org/10.
1016/jymgmr.2014.11.003.

Robertson LV, McStravick N, Ripley S, Weetch E, Donald S, Adam S, Mic-
ciche A, Boocock S, MacDonald A. Body mass index in adult patients with
diet-treated phenylketonuria. J Hum Nutr Diet. 2013;26(Suppl 1):1-6.
https://doi.org/10.1111/jhn.12054.

Tankeu AT, Pavlidou DC, Superti-Furga A, Gariani K, Tran C. Overweight
and obesity in adult patients with phenylketonuria: a systematic

review. Orphanet J Rare Dis. 2023;18(1):37. https://doi.org/10.1186/
$13023-023-02636-2.

Burton BK, Hermida A, Bélanger-Quintana A, Bell H, Bjoraker KJ, Christ

SE, Grant ML, Harding CO, Huijbregts SCJ, Nicola Longo N, McNutt MC

Il, Nguyen-Driver MD, Santos Pessoa AL, César Rocha JC, Sacharow S,
Sanchez-Valle A, Sivri HS, Vockley J, Walterfang M, Whittle S, Muntau AC.
Management of early treated adolescents and young adults with phe-
nylketonuria: Development of international consensus recommendations
using a modified Delphi approach. Mol Genet Metab. 2022;137:114-26.
https://doi.org/10.1016/j.ymgme.2022.07.012.

Hillert A, Anikster Y, Belanger-Quintana A, Burlina A, Burton BK, Carducci
C, Chiesa AE, Christodoulou J, Bordevi¢ M, Desviat L, Eliyahu A, Evers RAF,
Fajkusova L, Feillet F, Bonfim-Freitas PE, Gizewska M, Gundorova P, Karall
D, Kneller K, Kutsev SI, Leuzzi V, Levy HL, Lichter-Konecki U, Muntau AC,
Namour F, Oltarzewski M, Paras A, Perez B, Polak E, Polyakov AV, Porta F,
Rohrbach M, Scholl-Blirgi S, Spécola N, Stojiljkovi¢ M, Shen N, Silva S-d,
Skouma A, Spronsen F, Stoppioni V, Thény B, Trefz FK, Vockley J, Yu'Y,
Zschocke J, Hoffmann GF, Garbade SF, Blau N. The genetic landscape and
epidemiology of phenylketonuria. Am J Hum Genet. 2020;107(2):234-50.
https://doi.org/10.1016/j.ajhg.2020.06.006.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.2471/blt.07.043497
https://doi.org/10.2471/blt.07.043497
https://doi.org/10.1016/j.ymgme.2011.08.023
https://doi.org/10.1016/j.ymgme.2011.08.023
https://doi.org/10.3390/nu11092070
https://doi.org/10.1001/archpedi.1967.02090160066004
https://doi.org/10.1001/archpedi.1967.02090160066004
https://doi.org/10.1203/00006450-197007000-00002
https://doi.org/10.1203/00006450-197007000-00002
https://doi.org/10.3390/nu13020484
https://doi.org/10.3390/nu13020484
https://doi.org/10.1016/j.ymgme.2023.108123
https://doi.org/10.1016/j.ymgme.2019.02.003
https://doi.org/10.1007/s10545-005-0122-x
https://doi.org/10.1007/s10545-005-0122-x
https://doi.org/10.3390/nu11050995
https://doi.org/10.1159/000276641
https://doi.org/10.1159/000276641
https://doi.org/10.1111/j.1651-2227.1994.tb13454.x
https://doi.org/10.1067/mpd.2002.126455
https://doi.org/10.1016/j.ymgme.2015.03.006
https://doi.org/10.1016/j.ymgme.2015.03.006
https://doi.org/10.3945/jn.116.240218
https://doi.org/10.1136/adc.2005.084285
https://doi.org/10.1136/adc.2005.084285
https://doi.org/10.1016/j.ymgme.2010.05.017
https://doi.org/10.1016/j.ymgme.2010.05.017
https://doi.org/10.1177/014860719101500148
https://doi.org/10.1177/014860719101500148
https://doi.org/10.1017/S0954422418000173
https://doi.org/10.1017/S0954422418000173
https://doi.org/10.1016/j.ymgmr.2014.11.003
https://doi.org/10.1016/j.ymgmr.2014.11.003
https://doi.org/10.1111/jhn.12054
https://doi.org/10.1186/s13023-023-02636-2
https://doi.org/10.1186/s13023-023-02636-2
https://doi.org/10.1016/j.ymgme.2022.07.012
https://doi.org/10.1016/j.ajhg.2020.06.006

	Multicenter study on long-term growth in patients with phenylketonuria
	Abstract 
	Introduction 
	Material and methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Results
	Discussion
	Acknowledgements
	References


