European Journal of Pediatrics (2019) 178:903-911
https://doi.org/10.1007/500431-019-03365-0

ORIGINAL ARTICLE m

. . . . . . Check for
Asymmetric dimethylarginine as a potential biomarker updates

for management and follow-up of phenylketonuria

Fernando Andrade’ - Olatz Villate' - Maria L. Couce? - Maria A. Bueno? - Carlos Alcalde” - Javier de las Heras "> -
Leticia Ceberio " - Sergio Nuiiez-Marcos ' - Pablo Suarez Nambo' - Luis Aldamiz-Echevarria'*®

Received: 21 December 2018 /Revised: 7 March 2019 /Accepted: 13 March 2019 /Published online: 2 April 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Phenylketonuria’s (PKU) treatment based on low-protein diet may affect other metabolic pathways, such as that of asymmetric
dimethylarginine (ADMA). The aim of this study was to evaluate the reliability of ADMA as a biomarker of adequate metabolic
control and possible nutritional risk in a long-term PKU patient population. One hundred and six dietary-treated PKU patients from four
hospitals in Spain were enrolled in this cross-sectional study. Their lipid profile, total homocysteine, ADMA, and symmetric
dimethylarginine (SDMA) concentrations were analyzed and compared with a control group. Sensitivity, specificity, and likelihood
ratios of the proposed biomarker were calculated. PKU patients had statistically significant lower plasmatic ADMA, SDMA, and
arginine concentrations as compared with the control group (p <0.001). Significant correlations were found between ADMA, phe-
nylalanine, and total homocysteine levels. The ADMA/creatinine ratio correlated with phenylalanine levels as metabolic control and
nutritional risk in PKU patients. Its reliability as a management biomarker was studied with positive results. The ADMA/creatinine
ratio might serve as an independent biomarker in the management of PKU patients, different from blood phenylalanine levels. It could
be of particular usefulness to detect those who are following an unbalanced diet that could have long-term negative effects.
Conclusion: In this study, we have evaluated the reliability of ADMA as a potential biomarker of adequate metabolic control
and possible nutritional risk in a long-term PKU patient population.

What is Known:

* Although PKU individuals have lower values of ADMA even with blood Phe levels in the recommended range, little attention is payed to other
metabolic pathways.

What is New:

* ADMA could be used as new biomarker for PKU management and follow-up of the diet, after evaluating their reliability in a long-term PKU patient
population.
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Abbreviations

ADMA  Asymmetric dimethylarginine

Arg Arginine

Crn Creatinine

DDAH Dimethylarginine dimethylamino hydrolase
HPA Hyperphenylalaninaemia

LR Likelihood ratios

NO Nitric oxide

NOS Nitric oxide synthase

Phe Phenylalanine

PKU Phenylketonuria

PV Predictive values

SDMA  Symmetric dimethylarginine
tHeys Total homocysteine
Introduction

The deficiency of the enzyme phenylalanine-4-hydroxylase
(PAH), which catalyzes the conversion of the essential amino
acid phenylalanine (Phe) to tyrosine [11], results in phenylke-
tonuria (PKU, MIM #261600). This disease is the most com-
mon inborn error of amino acid metabolism. Since PKU is
included in the newborn screening programs, dietary treat-
ment, which consists of a low-Phe diet, is usually initiated
soon after birth to avoid neurological damage and develop-
mental delay. This diet consists of a marked reduction in nat-
ural protein and requires supplementation with Phe-free pro-
tein substitutes and specially manufactured low-protein foods
[12, 24, 29] without specific medications.

Arginine (Arg), as essential amino acid, follows a specific
methylation pathway because Arg residues within proteins
can be methylated by means of protein-arginine-
methyltransferases (PRMTs). This methylation results in three
different derivates: N-monomethyl-L-arginine (NMMA),
asymmetric dimethylarginine (ADMA), and symmetric
dimethylarginine (SDMA). ADMA levels depend on
dimethylarginine dimethyaminohydrolase (DDAH) activity
which metabolizes ADMA. Arg can be oxidated to citrulline
(Citr) and nitric oxide (NO) by nitric oxide synthase (NOS)
[17,28]. ADMA is an inhibitor of NOS, and healthy, normally
functioning endothelial cells depend on the bioactivity of NO
as an important physiological mediator of vascular tone and
vascular structure [3, 4]. Altered ADMA levels, and subse-
quently disturbed NO synthesis, are the result of reduced
DDAH activity, which is expressed in the liver and kidneys
[18] and degrades ADMA, but not SDMA, to Citr and
dimethylamine (Fig. 1). This metabolic pathway is related to
methylation capacity and the necessity of some molecules to
be methylated for being active, such as guanidinoacetate to
produce creatine, or DNA, neurotransmitters, hormones, and
immune cells, competing with homocysteine remethylation to
methionine (Met) which also consumes methyl groups. So,

@ Springer

the methylation capacity has a key influence in DNA/RNA
synthesis, brain chemical production of dopamine and seroto-
nin, hormonal breakdown, creation of immune cells (NK cells
and T cells), myelin formation, or detoxification.

Early diagnosis by newborn screening and Phe restriction
has been successful in preventing disturbances in the majority
of patients. However, several current studies described that
PKU individuals have lower ADMA values and a higher prev-
alence of oxidative stress status due to restricted diets and
accumulation of toxic metabolites even with blood Phe levels
in the recommended range [15, 16, 19]. Oxidative stress pa-
rameters are measured by nitrates/nitrites, cytokines [3], thio-
barbituric acid-reactive species (TBA-RS), total antioxidant
reactivity (TAR), antioxidant enzymes catalase (CAT), super-
oxide dismutase (SOD), or glutathione peroxidase (GSH-Px)
[25]. Nevertheless, the management of PKU has been solely
based on blood Phe levels with little attention to long-term
markers related to other metabolic pathways. Until now, there
was no valuable test to optimize dietary treatment based on
ADMA pathway, taking into account the fact that ADMA is a
methylated and stable molecule which does not change during
a period of time without any modification of the diet. These
methyl groups come from Met that is another essential amino
acid coming from diet. Low-protein diet of PKU patients
could reduce the amount of methyl groups available to com-
plete this methylation cycle [13]. Once Met loses its methyl
group, it is converted to homocysteine by transmethylation
[27]. Due to this methylation process, ADMA itself gives us
a non-punctual value for PKU management in contrast to Phe
in blood, because the methylation reactions produce a more
stable compound which remains constant during a short peri-
od of time, although the diet followed by the patient could
slightly change.

‘We hypothesize that levels of cardiovascular markers, such
as dimethylated arginines, could be used as new biomarker for
PKU management and follow-up of the diet. The aim of this
study was to evaluate the reliability of ADMA as a biomarker
in a long-term PKU patient population. For this purpose, sen-
sitivity, specificity, and likelihood ratios (LR, both positive
and negative) of the proposed biomarker were calculated.

Materials and methods
Patients

In this cross-sectional study, 106 patients with PKU from
Cruces University Hospital, Santiago de Compostela Clinic
University Hospital, Virgen del Rocio University Hospital,
and Rio Hortega University Hospital were enrolled. The pa-
tients enrolled in the study including 69 treated exclusively
with Phe-restricted diet, and 37 patients receiving (6R)-L-
erythro-5,6,7,8-tetrahydrobiopterin (6R-BHy4, sapropterin
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dihydrochloride [KUVAN®, Merck, Madrid, Spain]) with a
less restrictive diet, were diagnosed through newborn screen-
ing programs. A definitive diagnosis was obtained by muta-
tion analysis of the PAH gene. Taking into account the
European guidelines and the classification [30] depending
on plasma Phe levels at the time of diagnosis and the Phe
tolerance and median blood Phe levels in the previous year,
patients were classified into one of three phenotypic catego-
ries [6]: mild hyperphenylalaninaemia (mild HPA) (360—
600 uM), mild-moderate PKU (600-1200 uM), and classic
PKU (> 1200 uM). The inclusion criteria for the study were
(a) early diagnosis of PKU; (b) early and continuous treatment
with Phe-restricted diet, supplemented with Phe-free substi-
tutes and specially manufactured low-protein foods; (c) ab-
sence of any other diseases known to affect physical develop-
ment; and (d) regular attendance to their scheduled clinical
checkups. Adherence to treatment in patients with PKU was
established according to their metabolic control by annual
median blood Phe levels and the pre-established “safe” thresh-
olds for each age [29].

Collected data for each patient were age, gender, pheno-
type, protein tolerance, Phe tolerance, lipid profile, total ho-
mocysteine (tHcys), ADMA, SDMA, and Arg. Control values
for amino acids, ADMA, SDMA, and tHcy levels in plasma
were determined in 40 healthy volunteers matched by age and
gender. For the other variables, the reference ranges used in
Biochemistry Laboratory at Cruces University Hospital
(Spain) were taken.

The study protocol was approved by Clinical Research
Ethics Committees at the hospitals involved and performed
in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments.
Written informed consent was obtained from patients and
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parents or legal guardians of all the children included as pa-
tients or controls.

Analytical methods

Biological samples were taken in the morning, after an over-
night fasting, at one time during regular follow-up hospital
visits. Blood samples using EDTA as anticoagulant were im-
mediately centrifuged at 1000xg for 5 min at 4 °C. The
platelet-poor plasmas were aliquoted and stored at — 80 °C
until the assay was performed, usually within a few days.
Cholesterol, triglycerides, tHcys, and creatinine (Crn) were
measured using standard laboratory techniques in
Biochemistry Laboratories at four hospitals. Protein intake
and Phe tolerance were calculated according to the 3-day food
records completed by adult patients or parents/legal guardians.

Arg levels and its derivatives (ADMA and SDMA) were
determined by a 1100 high-performance liquid chromatogra-
phy (HPLC) system coupled to a 6410 triple quadrupole mass
spectrometer (both from Agilent Technologies, Madrid,
Spain), as previously described [2]. Briefly, sample prepara-
tion plasma proteins were removed by ultrafiltration using
centrifugal filters, avoiding derivatization, solid-phase extrac-
tion, and organic solvents or acids. Reverse phase chromatog-
raphy was performed for ADMA-SDMA separation in order
to use the most sensitive mass transition (m/z 203.2-70.1).
Positive electrospray ionization was performed, and analytes
were detected by multiple reaction monitoring.

Statistical analysis

Statistical analysis was performed using SPSS® 23.0 for
Windows (IBM, Chicago, IL). Descriptive statistics are

@ Springer



906

Eur J Pediatr (2019) 178:903-911

presented as median and 3rd—97th percentile range. Initially,
all data were analyzed using the Kolmogorov-Smirnov test to
check the normal distribution of the data. Differences between
groups were assessed using the Student’s ¢ test. With the pur-
pose of determining correlations, logarithmic function was
applied to non-normal variables to convert them into normal
variables. Pearson correlation coefficients () were used to
assess bivariate relationships. Statistical significance was set
at the p <0.05 level.

Results

Our study included 106 dietary-treated PKU patients (52
males, 54 females): 59 classic PKU, 34 moderate PKU, and
13 mild HPA. Median age was 10.7 years; P3 and Py; were 1.2
and 42.1 years, respectively. Supplementary Table 1 shows
patient classification by genetic mutations and BH, sensitivity,
showing missense mutations in 79.7% of the cases, splicing in
9.0%, nonsense in 3.3%, and frameshift in 2.8%. Two patients
below 12 years of age had Phe values above 360 1M which is
the maximum value for this age. Eight patients above 12 years
of age displayed Phe values above 600 puM, which is the
cutoff value for this age. Supplementary Table 2 shows the
nutritional and lipid profile for PKU population.

Patients with PKU had statistically significant lower plas-
matic ADMA and SDMA (p <0.001) levels (Supplementary
Table 3), as well as Arg levels (p <0.001) than the control
group (Fig. 2).

We performed statistical analyses between males and fe-
males for ADMA (0.2-0.6 uM for males, 0.2-0.6 uM for
females) and SDMA (0.3-0.6 uM for males, 0.3—-0.6 uM for
females) among PKU patients, but there was not statistically
significance (p not significant) between ranges for both gender
groups. There was significant difference between males and
females for Crn (0.16—1.02 uM for males, 0.20-0.77 uM for
females, p =0.034).

Analyzing the correlations among variables, we found that
there was a statistically significant inverse correlation between
ADMA levels and tHcys levels (r =—0.279, p=0.020).
Positive correlations were observed between the median Phe
plasma levels obtained from the measurements performed
during 1 year and total cholesterol (»=0.204, p =0.044) and
triglycerides (r=0.210, p =0.037). Median Phe plasma con-
centrations significantly correlated with age (r=0.562,
p<0.001) and Crn (r=0.575, p<0.001), but inversely with
ADMA (r=-10.310, p=10.002) (Fig. 3) and Arg (r=—0.261,
p=0.009). As it is reported, ADMA levels are higher for
children and adolescents [1]. In this study, ADMA levels have
an inverse correlation with age (r=—0.547, p<0.001). Crn
plasmatic concentrations significantly correlated with tHcys
(r=0.490, p<0.001), but inversely with ADMA (r=—
0.451, p<0.001), and there was no correlation with SDMA
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for our population (r=0.033, p=0.747). SDMA was only
positively correlated with ADMA (r=0.543, p<0.001) as
expected, but not with any other variable. ADMA/SDMA
ratio is shown in Table 2.

Taking into account the correlation of ADMA with median
Phe levels and Crn, the values of ADMA were normalized by
Crn. This ratio ADMA/Crn has a correlation with median Phe
recorded during the previous year (»=—0.463, p <0.001), so
this variable was used in a linear regression representation
(Fig. 4).

This ratio was tested as a new cutoff biomarker for PKU
management, because when this ratio increases, the Phe level
decreases. So, it could be used to predict the good adherence
to the diet and the quality of the follow-up. Taking into ac-
count several cutoffs for this ratio, the best results for sensi-
tivity and specificity were obtained with 0.7 (Table 1).

Therefore, the reliability of the ADMA/Crn as a new bio-
marker for PKU management and follow-up was analyzed
through its specificity, sensitivity, predictive values (PVs),
and LR (positive and negative) (Table 1). Trying to define
the ambiguous categories for these calculations, ADMA/Crn
ratio < 0.7 was considered a positive result because in most
cases, the patients have the risk of a poor metabolic control
(Phe > 360 uM). Its counterpart, ADMA/Crn ratio > 0.7 was a
negative result as Phe levels are supposed to be lower than
360 uM or suitable control for the patient (Table 1). It has
been suggested that a new biomarker is clinically useful when
its lowest LR and highest PV reach an equilibrium giving
sense to our casuistic and empirical results [5].

Considering PKU population as two separate groups de-
pending on being under BH, treatment or not, levels of
ADMA, SDMA, Arg, ADMA/Arg, and ADMA/Crn ratios
did not show any statistical difference between both groups.
However, ADMA/Crn ratio has a negative correlation with
median Phe values (r=—0.502, p<0.001 for exclusively
protein-restricted diet group, and »=-0.432, p=0.011 for
BH, group) in the same way as the whole PKU group.
Moreover, if the exclusively protein-restricted diet group not
under BHy is taken, the statistical results for ADMA/Crn ratio
as biomarker are improved (Table 2), increasing the specific-
ity, positive PV, and positive LR.

If the PKU population is divided into two groups depend-
ing on age, above or below 12 years, there are no significant
results for ADMA levels and ADMA/Crn ratio.

Discussion

Novel aspects of NO metabolism related to the pathway of
ADMA as an inhibitor of NOS and higher cardiovascular risk
as arterial stiffness are investigated in PKU patients with low-
protein diets. This work aimed to analyze the reliability of
ADMA as a new cardiovascular biomarker for management
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Fig. 2 Plasma levels of asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA), arginine (Arg), and Arg/ADMA ratio in patients

with PKU in comparison with the control group

and follow-up in PKU patients in order to establish a relation-
ship between cardiovascular risk and nutritional status.
Nowadays, the Phe measured at one point in time is used as
a biomarker for patients’ follow-up. Due to the variability of
this determination and the lack of information about adher-
ence, the median of blood Phe levels is commonly used to

Fig. 3 Correlation between Phe
(uM) and ADMA (uM) by linear
regression (r=—0.310, p=
0.002)

ADMA plasma (uM)

give information about the status for a period of time, usually
for 1 year [7].

It should be pointed out that hypocholesterolemia has been
related to patients with PKU who had good adherence to the
diet [9, 22]. In our study, there was significant correlation
between Phe levels and triglycerides and total cholesterol.
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Fig. 4 Correlation between Phe
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This result suggests that low cholesterol intake due to low-
protein diet may be the cause of hypocholesterolemia, rather
than a role of Phe in the inhibition of cholesterol biosynthesis
[8]. However, cholesterol fractions should not be used as
follow-up biomarkers because of low sensitivity.

The prealbumin was also said to be a biomarker of protein
nutritional status [20]. However, the prealbumin could suffer
from a turnover of 2448 h and does not represent an effective
evaluation of diet follow-up for a long period of time. In this
sense, if the patients take care of their diets before the sample
extraction and clinical control, the prealbumin levels could be
affected and non-representative. Other biomarkers should be
used as a long-term biomarker for diet management, not af-
fected by the turnover.

In our study, there were no differences for ADMA or
SDMA between males and females, probably due to low-
protein diet altering competition for methyl groups between
ADMA, creatine, or homocyesteine remethylation. So, low-
protein diet affects equally the creatine levels for males and
females. However, there is significant difference for Crn
which is higher for male patients because this metabolite is
more gender-related than age-related.

I I !
0 500 1000 1500
Phe plasma (uM)

It is widely accepted that dietary management and guid-
ance of PKU individuals should be lifelong; otherwise, the
PKU patients non-compliant with diet and consequently with
high Phe levels could suffer from neurocognitive dysfunction.
For PKU children compliant with diet, normal neurocognitive
development is the main goal; however, higher cardiovascular
risk than the healthy population is a possible effect of low-
protein diet [21, 31] and higher Phe levels [14]. Among the
cardiovascular problems, the PKU patients could suffer from
increased aortic stiffness, lower blood pressure, higher preva-
lence of obesity, lower total cholesterol, and LDL cholesterol
[23]. High blood Phe is known to inhibit protein and peptide
synthesis, and consequently, compounds as ADMA that
comes from residues within proteins. This may explain why
PKU infants and children are more susceptible to intellectual
disability and microcephaly, and PKU adults tend to develop
neuropsychological disturbances, such as anxiety or depres-
sive disorders, which are probably due to secondary chronic
neurotransmitter deficiencies [10]. PKU individuals who are
under poor dietary control are reported to have ADMA defi-
ciencies, as evidenced by Ozcan et al. [19]. The results of this
study also show low levels of tHcys and ADMA in PKU
patients indicating the possible influence of ADMA/Crn ratio

Table 1  Reliability of ADMA/Crn as PKU management biomarker
Table2 Reliability of ADMA/Crm as PKU management biomarker for
Median Phe <360 uM  Median Phe >360 uM protein-restricted diet group not under BH,
ADMA/Cm < 0.7 15% (FP) 29% (TP) Median Phe <360 uM Median Phe > 360 uM
ADMA/Crm > 0.7 43% (TN) 13% (FN)
ADMA/Cm < 0.7 14% (FP) 33% (TP)
Sensitivity = TP / (TP + FN) = 69%. Specificity = TN / (FP + TN)=74%. ~ ADMA/Cm>0.7  45% (TN) 8% (FN)

Positive predictive value=TP / (TP + FP) = 66%. Negative predictive
value=TN / (TN + FN) =77%. Positive likelihood ratio = sensitivity /
(1 — specificity) = 2.7. Negative likelihood ratio = (1 — sensitivity) / spec-
ificity = 0.4
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Sensitivity = 57%. Specificity = 85%. Positive predictive value = 80%.
Negative predictive value = 65%. Positive likelihood ratio =3.7.
Negative likelihood ratio=0.5
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in PKU management, and being useful evaluating the adher-
ence and the alteration of secondary metabolic pathways.

As far as the metabolic pathways are concerned, it should
be noted that tHcys synthesis is partially ensured due to
polyvitamin status provided in the amino acid supplements,
which are enriched in vitamin B, and folic acid, cofactors of
remethylation and transsulfuration. To the best of our knowl-
edge, there is no evidence of an impaired methylation cycle
for PKU patients. However, as it has been previously de-
scribed [13, 15, 16, 19], we have observed decreased
ADMA levels and tHcys levels at the lower limit of the normal
range in our PKU population with amino acid supplementa-
tion. This fact could alter the NO formation by higher NOS
activity and the methylation cycle. However, previous study
measuring nitrate and nitrite levels stated that NO metabolism
was almost unaltered in PKU patients [16]. In spite of this,
neuronal NOS should be studied in future studies on PKU
relating neurocognitive function and cardiovascular risk.

It is known that increased levels of tHcys may cause accu-
mulation of ADMA due to the homocysteine effect on the en-
zymatic activity of DDAH, which degrades ADMA to citrulline
and dimethylamine. In particular, the union to homocysteine
modifies DDAH spatial configuration and inhibits its activity
[26]. Nevertheless, we found that tHcys levels were at the lower
limit of normality (Table 2) and inversely correlated with
ADMA levels in this PKU population. This result shows that
there is a strong competition for methyl group between Arg
methylation to produce ADMA and homocysteine
remethylation because several compounds as Arg,
guanidinoacetate, or hormones demand methyl groups to be
methylated in ADMA, SDMA, creatine, or methylated hor-
mones, respectively, as stable metabolites. In fact, low-protein
diet for PKU diets means a low intake of Met, so this fact could
restrict the source of methyl groups to methylate the described
demethylated compounds. This theory could be an issue to be
studied in further research. Our study also shows direct evidence
that ADMA metabolism is disturbed in PKU population under
low-protein diet with significant effect and relation with blood
Phe levels. The ADMA levels did not reach control levels; thus,
it may be necessary to analyze the status of this pathway by
checking ADMA/Crn ratio to achieve further improvement by
means of supplementation.

Several therapeutic possibilities could be suggested in order
to improve PKU diet and treatment. Nevertheless, we firstly
consider the ADMA/Crm ratio as a long-term marker for PKU
due to its direct relation with Phe levels. The reliability of the
ADMA/Crm ratio as a new biomarker for follow-up of PKU
patients was not previously tested. The sensitivity and specificity
of the ADMA/Crn ratio were 69% and 74%, respectively, when
this ratio was below 0.7, predicting Phe levels above 360 uM
which means a poor analytical control. In our study, the
ADMA/Cm analysis can produce false-negative results in
PKU patients with very low ADMA levels, which is more likely

to happen in poor-controlled patients with higher Phe levels. As
far as the LR are concerned (PLR and NLR), the values provid-
ed by the ADMA/Cmn ratio (PLR =2.7; NLR = 0.4) are near to
those which have been proposed as clinically useful. The
ADMA/Crm ratio is clearly able to distinguish between patients
with poor diet management and appropriate control by means of
even PV. Concerning LR, from our point of view, analyzing
more PKU patients, higher PLR and lower NLR would be ob-
tained. For this reason, it has been used in several centers with
PKU population of some collaborating hospitals in Spain to
detect poor-controlled PKU patients with nutritional issues. So,
we tested the reliability of the ADMA/Crn ratio as progress
evaluation test, because the patients were under long-term low-
protein diet. Therefore, this ratio could be used as a method to
follow up the evolution of patients, in addition to its possible use
as a tool for poor methylation capacity.

Moreover, considering that BH, as a treatment could have
apleiotropic effect on ADMA metabolism, we have taken into
account the exclusively protein-restricted diet group not re-
ceiving BH, as a group, improving specificity, PPV, and
PLR for ADMA/Crn ratio (Table 2).

The present study has demonstrated the potential usefulness
of the ADMA compound and its ADMA/Crn ratio as a tool for
detecting PKU patients with poor long-term dietary control
suffering from PKU. We have therefore developed a simple
and mass spectrometric test based on the ADMA levels which
has shown very good results, as far as sensitivity and specific-
ity values are concerned. The test was designed for the evalu-
ation of PKU management, given that ADMA/Crn ratio might
produce false-negative results, due to their low ADMA levels
for properly controlled patients. Further PKU samples would
be necessary to ensure the tendency of statistical parameters.

In conclusion, our study suggests that ADMA analysis
would be useful for an analysis of problematic follow-up
among PKU patients under suspicion of suffering from adher-
ence problems, as well as poor long-term nutritional manage-
ment. The test would be able to make a follow-up evaluation
and reduce the number of individuals with nutritional risk.
ADMA and Crn may serve as independent long-term bio-
markers, different from blood Phe, reflecting NO metabolism
in the patients. Monitoring these biomarkers would optimize
dietary therapy with medical food products which may pre-
vent long-term cardiovascular disturbances, assuring normal
neurocognitive development.
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