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Abstract
Background  Altered white matter (WM) is consistently reported in patients with phenylketonuria (PKU). However, 
the knowledge about WM microstructural integrity in early-treated adults with classical PKU and its relationship with 
cognition and metabolic parameters is inconclusive. This study aims to explore the cerebral WM microstructural 
alterations in adult patients with early-treated classical PKU and their association with blood phenylalanine (Phe) 
levels and neuropsychological performance using whole-brain diffusion tensor imaging (DTI).

Methods  Twenty-nine patients with early-treated classical PKU (mean age = 30.86, SD = 7.74) and 31 healthy controls 
(mean age = 32.45, SD = 9.40) underwent neuropsychological assessment and MRI. Phe dry blood spot (DBS-Phe) 
samples, along with venous Phe levels, were collected from the PKU sample to calculate the index of dietary control 
(IDC). Tract-based spatial statistics (TBSS) of the mean diffusivity (MD), and fractional anisotropy (FA), were carried out 
with FSL v6.0.4 to assess between-group differences and to explore associations with both cognitive and clinical data.

Results  Patients exhibited a widespread white matter tract involvement, with lower MD and higher FA values 
compared to controls. The most affected tracts were the inferior longitudinal fasciculus and inferior fronto-occipital 
fasciculus for MD, and the anterior corona radiata, uncinate fasciculus and forceps minor for FA. MD negatively 
correlated with IDC and venous Phe levels, whereas FA negatively correlated with full-scale intelligence quotient 
(FSIQ) (p-value ≤0.05 FWE-corrected).

Conclusions  Microstructural WM alterations were present in adults with early-treated classical PKU, and these 
abnormalities were related to global intelligence and metabolic control markers. Although our results suggest the 
importance of proper disease management, further studies are needed to determine its long-term relevance.

Keywords  Phenylketonuria, Neuropsychological performance, Diffusion tensor imaging, Cerebral white matter, 
Dietary control
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Synopsis
The article demonstrates that diffusion tensor imag-
ing (DTI) reveals significant white matter (WM) micro-
structural alterations in adults with early-treated classical 
phenylketonuria. These alterations are associated with 
cognitive performance and phenylalanine levels, sug-
gesting the importance of ongoing effective metabolic 
control.

Introduction
Phenylketonuria (PKU) (OMIM #261600) is an inborn 
error of amino acid (AA) metabolism. This condition 
results from homozygous or compound heterozygous 
mutations in the phenylalanine hydroxylase gene (OMIM 
#612349), which encodes an enzyme responsible for 
converting phenylalanine (Phe) into tyrosine (Tyr). This 
induces various neuropathological outcomes, such as 
white matter (WM) abnormalities and neurotransmitter 
imbalances [1–4].

The accumulation of Phe in the brain can have toxic 
effects, potentially inhibiting blood-brain barrier trans-
porters for large neutral amino acids, reducing gluta-
matergic synaptic transmission, decreasing cholesterol 
synthesis and myelin production, increasing oxidative 
stress, and disrupting calcium homeostasis [5]. Long-
standing research has suggested a potential impairment 
of WM integrity in patients with PKU [6, 7]. The detri-
mental effects on WM arise through a complex relation 
between several mechanisms: initially, it is hypothesised 
that elevated Phe levels in the bloodstream could cross 
the blood-brain barrier, affecting the brain. Subsequently, 
this condition might significantly decrease Tyr and its 
derivative neurotransmitters, such as dopamine and nor-
epinephrine, while promoting the accumulation of alter-
native Phe metabolites. Additionally, it may adversely 
affect oligodendroglia, impairing the synthesis of myelin 
[2–5].

Neuropathological examinations of untreated individu-
als revealed disrupted myelination patterns [3]. These 
alterations in WM are consistently observed as the most 
significant brain abnormalities of patients with PKU, 
even though many patients with early-treated PKU often 
perform well in daily life. The primary areas affected, 
which are more vulnerable to high Phe levels, include 
the optic tract, corpus callosum, subcortical and peri-
ventricular WM, cortico-hippocampal relay circuits, and 
axonal connections to the prefrontal cortex [5]. Clinical 
magnetic resonance imaging (MRI) techniques, such as 
T2-weighted and FLAIR images, specifically detect these 
myelination anomalies, showcasing high-signal inten-
sity areas, mainly in the periventricular WM. In a review 
including 312 individuals with PKU aged between 0.9 
and 49 years, Anderson and Leuzzi [3] reported abnor-
mal WM in 93% of cases viewed on the T2 sequence.

There is substantial evidence indicating that the extent 
of WM abnormalities, particularly WM diffusivity, is 
sensitive to the metabolic management of patients [8]. 
In this sense, it has been reported that the severity of 
these abnormalities can vary according to several factors, 
among them dietary compliance and clinical progression 
[3, 9].

Diffusion tensor imaging (DTI) is considered an effec-
tive method for detecting and measuring microstructural 
abnormalities in WM integrity because of its ability to 
track diffusion [10]. It may be used to characterise the 
magnitude, the degree of anisotropy, and the orientation 
of directional diffusion. The most common DTI indices 
able to characterise WM integrity are the mean diffusiv-
ity (MD) and apparent diffusion coefficient (ADC), which 
reflect the water diffusion rate, and fractional anisotropy 
(FA) and radial diffusivity (RD), which reflect the asym-
metry of water diffusion [11].

Previous studies with paediatric patients with PKU 
reported lower levels of MD [11–15]. The same results 
were reported in mixed-age groups of participants [7, 
16, 17] and in adult samples [10, 18]. Higher ADC val-
ues were seen mostly in mixed-age samples [6, 19, 20] but 
also in adults [8]. In contrast, FA did not differ from con-
trols in either paediatric samples [13] nor in mixed-age 
samples [6, 16, 17, 20, 21]. Positive FA findings are incon-
gruent, as both decreases [18] and increases [7] have 
been observed.

Moreover, there is also a high concordance of the age-
ing effects of WM impairment. Mastrangelo et al. [22] 
conducted a longitudinal study on a large sample of age-
mixed patients with PKU, utilising MRI clinical data. 
They found that the WM alterations showed increased 
severity from the second decade of life. Using quanti-
fied parameters, White et al. [11] reported that age was 
associated with significant differences in MD across all 
regions of the corpus callosum, with a significant interac-
tion between age and group in the more anterior regions 
(genu, rostral body). This indicates that within the PKU 
group, MD became more restricted with increasing 
age in a group of children, unlike in the control group. 
Wesonga et al. [12] examined MD in relation to age 
across 10 brain regions of interest (ROI) in school-aged 
children with early- and continuously-treated PKU and 
found that several regions showed significant MD incre-
ments with age in PKU but not in controls. Significant 
group-by-age effects were seen in four regions (splenium 
and genu of corpus callosum, optic radiation and hip-
pocampus) [12]. Gonzalez et al. [13], using a tract-based 
spatial statistics (TBSS) analysis approach in a sample of 
children, also found MD correlations with age. Therefore, 
this background underscores the necessity of investigat-
ing DTI abnormalities in adult samples while avoiding 
the confounding effects of maturation.
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In the current study, we included a large sample of 
early-treated adults with classical PKU to explore the 
microstructural cerebral WM alterations in comparison 
to healthy controls and their association with cognitive 
performance and metabolic control indicators.

Methods
Participants
Participants in this study were recruited from the Mus-
cular and Inherited Metabolic Disorders Unit, at the 
Hospital Clínic, located in Barcelona (Catalonia, Spain). 
The total sample comprised 60 participants, 29 of whom 
were patients with early-treated classical PKU whereas 
the remaining 31 participants were age and sex compa-
rable healthy controls (HC).

The inclusion criteria for PKU patients included: (1) 
age above 18 years and (2) genetic diagnosis of classical 
PKU. The inclusion criteria for HC were age above 18 
years. The exclusion criteria for patients and HC were: 
(1) intelligence quotient estimation below 70 according to 
Wechsler Adult Intelligence Scale – 4th edition (WAIS-
IV) tests, (2) pregnancy or planning a pregnancy during 
the study period, (3) active cancer, (4) severe chronic 
hepatic disease, (5) acute cardiovascular event occurring 
within the 6 months prior to study inclusion, (6) common 
MRI contraindications, (7) claustrophobia, (8) pathologi-
cal MRI findings other than mild WM hyperintensities in 
long repetition time sequences, and (9) MRI artefacts.

This study was approved by the Bioethics Committee of 
the University of Barcelona (IRB00003099) and Hospital 
Clínic of Barcelona (HCB/2020/0552). It was conducted 
in accordance with the basic principles of the Declaration 
of Helsinki, among other relevant regulations and guide-
lines. Signed written informed consent was provided by 
all the participants of this study, after a complete expla-
nation of the procedures involved.

Clinical data
Participants’ sociodemographic information, along with 
clinical data, was obtained during a clinical interview. 
This information included PKU date of diagnosis, pre-
vious and current pharmacological treatment (i.e. sap-
ropterin), use of protein substitutes and supplements, 
Phe dry blood spot (DBS-Phe) and venous Phe levels, 
body mass index (BMI), subjective cognitive complaints 
through clinical assessment, years of education and par-
ents’ years of education, with other medical diagnoses.

The DBS-Phe levels were measured using tandem 
mass spectrometry (MS/MS) using the NeoBase™ 2 Non-
derivatized kit (Revvity, Inc; Waltham, Massachusetts, 
U.S.). Briefly, to extract the Phe from 3.2 mm of DBS, an 
organic compound solution that includes the deuterated 
Phe-d3 (internal standard) was added. Subsequently, 10 
µL of this solution was directly injected into the MS/MS 

(Xevo-TQD; Waters Corp; Milford, Massachusetts, U.S.). 
The acquisition was performed in positive ionization and 
Multiple Reaction Monitoring modes using Masslynx 
software (Waters Corp). The run time was 2.5 minutes. 
The concentration of Phe was calculated based on the 
area relative to its internal standard, which had a known 
concentration, using Neolynx software (Waters Corp). 
The results were expressed in µmol/L.

Median Phe values obtained from DBS were used to 
determine the index of dietary control (IDC). This index 
was approximated using the DBS-Phe levels recorded in 
the year preceding the study’s inclusion, with approxi-
mately 6 to 12 measurements per year for each patient 
[23, 24].

For additional information on the metabolic control 
of the patients, historical plasma and DBS-Phe levels 
throughout their lifetime were collected from medical 
records. The median of all plasma and DBS-Phe levels 
recorded each year was calculated for each patient up 
to the day of the baseline measurement, resulting in an 
annual median. These annual medians were then aver-
aged according to four age categories (childhood: 0–12 
years, adolescence: 13–17 years, adulthood: ≥18 years, 
and lifetime), excluding age categories with fewer than 
10 available measurements per patient [23, 24]. The pro-
portion of Phe values falling within the desired range for 
the patient [1], categorized accordingly, was also docu-
mented. This information is detailed in Supplementary 
Table 1.

Neuropsychological assessment
Participants from both groups, the HC and PKU groups, 
underwent a comprehensive neuropsychological assess-
ment. This cognitive evaluation was designed based on 
domains typically affected in PKU, as identified in prior 
studies [25]. The assessment comprised several WAIS-IV 
subtests, including (1) the Vocabulary, (2) Similarities, (3) 
Arithmetic, (4) Digit Span including Forward, Backwards, 
and Sequencing tasks, (5) Letter-Number Sequencing, (6) 
Block Design, (7) Matrix Reasoning, (8) Digit-Symbol 
Coding, and (9) Symbol Search. Scaled scores based on 
normative data were obtained. From these subtests, we 
calculated the verbal comprehension (VCI), perceptual 
reasoning (PRI), working memory (WMI), and process-
ing speed (PSI) indices (VCI and PRI, prorated) and the 
prorated full-Scale intelligence quotient (FSIQ) of the 
WAIS-IV.

MRI acquisition
MRI were acquired with a 3 T scanner (MAGNETOM 
Prisma, Siemens, Germany), located at the Centre de 
Diagnòstic per la Imatge de l’Hospital Clínic de Barce-
lona (Catalonia, Spain). The scanning protocol of this 
study included two diffusion-weighted images acquired 
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using identical parameters (TR= 3230 ms, TE= 89.20 
ms, voxel size= 1.5 mm3, 99 diffusion directions at b= 0, 
1500 and 3000 s/mm2, flip angle 78°, 92 slices, FOV= 210 
mm; slice thickness 1.5 mm), but reversed phase-encod-
ing direction (anterior-posterior (A-P) and posterior-
anterior (P-A)), obtained for each subject. Subsequent 
preprocessing and analyses were performed at the Neu-
roimaging Laboratory of the Medical Psychology Unit, 
Department of Medicine, University of Barcelona, Spain.

Tract-based spatial statistics analyses
The DTI technique was implemented to investigate local 
diffusion properties of white matter tracts. Specifically, 
FA was calculated, indicating the principal directionality 
of water diffusion, while MD provides information about 
the overall magnitude of water diffusion, both markers of 
WM tracts’ integrity [26]. DTI data was processed using 
the FSL (FMRIB Software Library, version 6.0.5) (​h​t​t​p​​s​:​
/​​/​f​s​l​​.​f​​m​r​i​​b​.​o​​x​.​a​c​​.​u​​k​/​f​s​l​/​f​s​l​w​i​k​i) [27] toolbox, developed 
by the Oxford Centre for Functional MRI of the Brain 
(FMRIB).

The preprocessing of DTI images included the applica-
tion of TOPUP and EDDY correction algorithms to rec-
tify distortions caused by eddy currents and movements, 
as well as to adjust for field inhomogeneities.

Following the preprocessing, we employed the DTIFIT 
function within FSL to fit the diffusion tensor model to 
each voxel. Our analysis utilised a b-value of 1500 s/mm2, 
with the imaging protocol including 14 non-diffusion-
weighted volumes and 94 volumes at b= 1500 s/mm2, in 
an AP-PA acquisition.

For a group comparison and correlations with DTI 
metrics, our study utilised TBSS [26, 27]. TBSS performs 
nonlinear registration (using Nonlinear Image Registra-
tion Tool [FMRIB]) of FA images from DTIFIT to the 
MNI standard space and generates a mean FA skeleton 
that represents the centre of all WM tracts common to 
the whole group. Each subject’s FA image was projected 
onto the skeleton and the resulting FA skeleton images 
were fed into a general linear model (GLM) modelling 
the two groups (HC, PKU) to find voxel-wise differences 
in FA skeleton maps. The same steps were used to obtain 
and study the MD maps.

The Johns Hopkins University (JHU) ICBM-DTI-81 
and the XTRACT HCP Probabilistic Tract atlases, both 
incorporated in FSLView (v3.2.0), were used to extract 
the anatomical labels from the FA and the MD maps. 
The JHU ICBM-DTI-81 atlas includes 50 white matter 
tract labels manually segmented from diffusion data of 
81 subjects from the International Consortium of Brain 
Mapping. The XTRACT HCP Probabilistic Tract atlas 
comprises 42 white matter tracts derived from diffu-
sion data of 178 subjects from the Human Connectome 
Project.

Statistical analyses
Statistical analyses of sociodemographic, clinical, and 
neuropsychological data were conducted using IBM SPSS 
Statistics 27.0.1.0 (2020; Armonk, NY: IBM Corp) and 
R Statistical Software, version 4.3.1 (R Core Team 2023, 
https://www.r-project.org/). The Shapiro-Wilk test was 
employed to assess the normality of data distributions, 
and Levene’s test was used to evaluate the homogeneity 
of variances. We performed between-group compari-
sons for continuous variables using Student’s t-tests or 
Mann-Whitney U tests (for variables that did not meet 
the assumption of normality), depending on the data 
distribution. Categorical or dichotomous variables were 
examined using Pearson’s chi-squared test. Correlation 
between variables was performed with Spearman’s or 
Pearson’s tests when required. Results were corrected for 
false discovery rate (FDR) using MATLAB (v.R2020b). 
We set the threshold for statistical significance at p≤0.05.

Effect size measures were calculated to quantify 
the magnitude of differences between groups and the 
strength of relationships within our dataset.

Neuroimaging statistical analyses consisted of a voxel-
wise GLM with non-parametric permutation tests (5000 
permutations), besides threshold-free cluster enhance-
ment (TFCE) for statistical inference. Voxel-wise inter-
group comparisons, as well as multiple regression 
analyses between imaging measures, WAIS-IV indices, 
FSIQ, and metabolic control indicators, were computed. 
Only clusters >40 voxels were reported. For multiple 
testing corrections, the family-wise error rate (FWE) 
correction was applied, with a reporting criterion of 
FWE-corrected p-value ≤0.05 for all the analyses.

All the analyses were controlled for age, with the age of 
the participants included as a covariate.

Results
Sociodemographic and clinical data
No significant intergroup differences were found in age 
(rangeHC=19–56, rangePKU=18–50), sex, BMI or paren-
tal education. However, there was a significant difference 
in years of education despite early treatment and similar 
educational contexts. Detailed sociodemographic and 
clinical information is presented in Table 1.

Regarding current Phe levels extracted from the venous 
blood sample (median=700.10µmol/L, IQR=446.70), 18 
of 29 participants (62.07%) had concurrent Phe levels 
below the limit suggested by the standards of the Euro-
pean guidelines for adults (600µmol/L) [1]. Moreover, 
attending the IDC extracted from DBS-Phe data obtained 
in the previous year (mean=720.57µmol/L, SD=323.85), 
11 of 29 participants (37.93%) presented Phe levels below 
the standards. Fourteen (48.28%) participants were con-
sidered to be under good metabolic control defined as 
Phe levels remained below 600 µmol/L consistently for at 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://www.r-project.org/
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least two of the past three years. This classification con-
siders the long-term management patterns, to ensure 
accurate assessment of their Phe control status.

Historical plasma and DBS-Phe levels, categorised into 
different developmental stages, indicated the adjustment 
of the patients in metabolic control. During childhood, 7 
of 17 participants (41.18%) had Phe levels above the rec-
ommended 360 µmol/L according to European guide-
lines. During adolescence, 5 of 24 participants (20.83%) 
had Phe levels above the recommended 600 µmol/L 
according to European guidelines. During adulthood, 
12 of 26 participants (46.15%) had Phe levels above the 
recommended 600 µmol/L according to European guide-
lines. Considering the entire lifespan and including only 
those patients with available measurements at all devel-
opmental stages, 12 of 15 participants (80.00%) generally 
maintained well-adjusted Phe levels, remaining below 
the recommended standards of 600 µmol/L according 
to European guidelines for most of their lives, up to the 
baseline measurements of the current study.

Neuropsychological performance
Patients with PKU had significantly lower scores than HC 
in Vocabulary, Matrix reasoning, and Digit-symbol cod-
ing subtests of the WAIS-IV, in the VCI and PSI indices, 
and in the FSIQ (Table 2 and Fig. 1).

The performance in the Similarities and Symbol-search 
subtests of the WAIS-IV, as well as in the PRI, was poorer 
in patients with PKU compared to HC. However, these 
differences did not survive FDR correction.

The correlation between neuropsychological variables 
and metabolic control markers in PKU was investigated, 
but no significant associations were found.

DTI whole-brain comparison between groups
Compared to the HC group, patients with PKU showed 
lower levels of MD, with the highest significance in the 
inferior longitudinal fasciculus and the inferior fronto-
occipital fasciculus (Table 3, Fig. 2A). Significant results 
were extended to other tracts listed in Supplementary 
Table 2.

Higher levels of FA were found in PKU compared to 
the HC group (Table 3, Fig. 2B), with the highest signifi-
cance located in the anterior corona radiata, uncinate fas-
ciculus and forceps minor tracts. Significant results were 
extended to other tracts listed in Supplementary Table 3.

Correlations between DTI whole-brain maps and 
neuropsychological performance
Correlation analyses were performed between MD and 
FA maps and WAIS-IV indices that remained signifi-
cant in the group comparison (VCI, PSI) and FSIQ. In 
the PKU group, there was a negative correlation between 
whole-brain FA and FSIQ, primarily in the forceps minor, 
longitudinal fasciculus, corticospinal tract, corpus cal-
losum, thalamic radiation, internal capsule, cerebral 
peduncle, and inferior fronto-occipital fasciculus (Table 
4). This correlation extended through the uncinate fascic-
ulus, frontal aslant tract, corona radiata, fornix, anterior 
commissure, cingulum, sagittal stratum, external capsule, 
arcuate fasciculus, acoustic radiation, tapetum, forceps 

Table 1  Sociodemographic and clinical data
N HC PKUa Statistics p-value pFDR

Age, years 31/29 32.45±9.4 30.86±7.74 0.710t 0.480 0.640
Sex, female (%) 31/29 17 (54.83) 14 (48.28) 0.258x2 0.611 0.698
Education, years 31/29 18.00±3.15 15.00±3.72 3.377t 0.001 0.004
Parental education, years 31/29 11.74±3.84 10.35±4.00 1.381t 0.172 0.275
Subjective cognitive complaints, yes (%) 31/29 16 (51.61) 21 (72.41) 2.742x2 0.098 0.261
Psychiatric comorbidities 31/29 4 (12.90) 8 (27.59) 2.019x2 0.155 0.275
BMI (Kg/m2) 31/29 23.75±2.73 23.57±3.17 0.237t 0.814 0.814
Venous Phe levels (µmol/L) 31/29 56.20 (15.10)* 700.10 (446.70)* 0.000U <0.001 <0.001
IDC – DBS Phe levels -/29 - 720.57±323.85 - - -
Good control by DBS, yes (%)b -/29 - 18 (62.07) - - -
Good control by clinic outcome, yes (%)c -/29 - 14 (48.28) - - -
Sapropterin, yes (%)d -/29 - 8 (27.59) - - -
Values denote mean ± SD, median (IQR)*, or numbers (frequencies)

Abbreviations: BMI Body mass index, DBS dried bloodspot, dx diagnosed, HC healthy controls, IDC Index dietary control, Phe Phenylalanine, PKU patients with 
phenylketonuria

Statistical tests (p<0.05):X2Chi-Squared, UMann-Whitney, tt-test
aThe classical PKU group is formed by ‘early diagnosed’ patients (at <3 months of age) [28], 28 of them at newborn screening and one at 2 months of age
bAccording to European guidelines standards (<360µmol/L for childhood and <600µmol/L for adolescence and adulthood)1

cPhe levels remained below 600 µmol/L consistently for at least two of the past three years
dSapropterin dihydrochloride (Kuvan®, BioMarin Pharmaceutical Inc.; Novato, California, U.S.), a synthetic form of the tetrahydrobiopterin (BH4), a cofactor for 
phenylalanine hydroxylase
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major, optic radiation, and vertical occipital fasciculus 
(Fig. 3).

No correlation was found between MD and FSIQ.

Correlations between DTI whole-brain maps and metabolic 
control markers
IDC negatively correlated with MD, primarily in the cor-
pus callosum and longitudinal fasciculus (Table 5). This 
correlation extended through the uncinate fasciculus, 

forceps minor and major, frontal aslant tract, inferior 
fronto-occipital fasciculus, corona radiata, arcuate fas-
ciculus, thalamic radiation, corticospinal tract, acoustic 
radiation, sagittal stratum, external capsule, tapetum, 
optic radiation, and vertical occipital fasciculus (Fig. 4A).

Similarly, venous Phe levels negatively correlated with 
MD values, primarily in the corpus callosum, longitudinal 
fasciculus, sagittal stratum, and inferior fronto-occipital 
fasciculus (Table 5). This correlation extended through 

Table 2  Neuropsychological performance based on scaled scores and indices of the WAIS-IV
N HC PKU Statistics p-value pFDR Effect size

Vocabulary 31/26 14.00 (2.00)* 9.50 (4.00)* 628.500U <0.001 0.002 1.126
Similarities 31/26 12.71±2.67 11.15±2.54 2.248t 0.029 0.059 0.595
VCI 31/26 122.00 (17.50)* 106.00 (27.00)* 602.500U 0.001 0.006 0.962
Block design 31/29 10.07±2.07 9.59±2.31 0.844t 0.402 0.488 0.219
Matrix reasoning 31/29 11.45±2.52 9.69±2.39 2.782t 0.007 0.021 0.717
PRI 31/29 104.77±11.09 97.90±12.84 2.214t 0.031 0.059 0.575
Digits 31/29 10.00 (2.50)* 9.00 (3.00)* 473.500U 0.725 0.725 0.064
Forward 31/29 8.48±2.84 8.93±2.39 −0.662t 0.511 0.579 0.170
Backwards 31/29 10.39±3.06 10.03±2.13 0.521t 0.605 0.643 0.133
Sequencing 31/29 9.10±2.40 8.55±2.47 0.866t 0.390 0.488 0.224
Arithmetic 31/26 9.61±2.67 8.23±2.73 1.923t 0.060 0.102 0.513
Letter-number sequencing 31/29 9.26±2.82 8.24±2.49 1.484t 0.143 0.221 0.382
WMI 31/29 96.23±12.20 91.79±12.75 1.374t 0.175 0.248 0.356
Symbol search 31/29 10.52±1.79 9.21±2.46 2.349t 0.023 0.055 0.613
Digit-symbol coding 31/29 12.10±2.82 9.76±2.67 3.300t 0.002 0.006 0.851
PSI 31/29 107.13±10.92 96.97±11.55 3.496t 0.001 0.005 0.905
FSIQ 31/26 108.55±10.41 96.88±11.64 3.953t <0.001 0.002 1.062
Values denote the mean ± SD, or median (IQR)* of scaled scores of the subtests and corrected indices of WAIS-IV

Visual information of the data can be found in Fig. 1

Abbreviations: FSIQ Full Scale IQ, HC healthy controls, PKU patients with phenylketonuria, PRI Perceptual Reasoning Index, PSI Processing Speed Index, VCI Verbal 
Comprehension Index, WAIS-IV Wechsler Adult Intelligence Scale IV, WMI Working Memory Index

Statistical tests used: UMann-Whitney, tt-test(p<0.05)

Fig. 1  Graphic shows mean scaled scores of the subtests and indices of the WAIS-IV, per group. A Neuropsychological performance based on the 
subtests of the WAIS-IV, per group. B Neuropsychological performance based on the indices of the WAIS-IV, per group. Abbreviations: FSIQ, Full Scale 
Intelligence Quotient; HC, healthy controls; PKU, patients with phenylketonuria; PRI, Perceptual Reasoning Index; PSI, Processing Speed Index; VCI, Verbal 
Comprehension Index; WMI, Working Memory Index. *highlights significative results (p<0.05, FDR-corrected). Specific data regarding means and SD can 
be found in Table 2
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Table 3  Significant clusters showing MD and FA differences between groups (PKU vs HC), age-controlled
Cluster Voxels p-value

(maximum)
x, y, z coordinates H Anatomical labels (maximum)

MD PKU group < HC group
  1 78863 <0.001 −41 −12 −20 Left Inferior longitudinal fasciculusb/Inferior fronto-occipital fasciculusb

FA PKU group > HC group
  1 39014 <0.001 12 29 −10 Right Anterior corona radiataa/Uncinate fasciculusb/Forceps minorb

  2 269 0.047 47 −45 −1 Right Arcuate fasciculusb/Inferior longitudinal fasciculusb

  3 209 0.049 −19 17 41 Left Frontal aslant tractb/Superior longitudinal fasciculusb

  4 103 0.049 −27 −61 32 Left Superior longitudinal fasciculusa,b

Coordinates of the maximum intensity voxel, given as x, y, z in standard space coordinates (mm)

Table shows significant clusters (p≤ 0.05, TFCE-corrected)

Abbreviations: FA fractional anisotropy, H Hemisphere, HC healthy controls, MD mean diffusivity, PKU patients with phenylketonuria

Anatomical labels were extracted from the aJohns Hopkins University (JHU) ICBM-DTI-81 and the bXTRACT HCP Probabilistic Tract atlases incorporated in the 
FSLView (3.2.0)

Table 4  Significant clusters showing correlation between FA and FSIQ age-controlled, in the PKU group
Cluster Voxels p-value

(maximum)
x, y, z coordinates H Anatomical labels (maximum)

Negative correlation between FA and FSIQ (WAIS-IV)
  1 8863 0.028 −10 32 5 Left Genu of corpus callosuma/Forceps minorb

  2 1109 0.039 −7 −31 21 Left Splenium of corpus callosuma

  3 630 0.042 13 −25 −18 Right Cerebral pedunclea/Corticospinal tractb

  4 223 0.045 18 11 6 Right Anterior limb of internal capsulea/Anterior thalamic radiationb

  5 182 0.048 −17 −23 35 Left Body of corpus callosuma/Superior longitudinal fasciculusb

  6 82 0.050 9 −22 −26 Right Corticospinal tracta,b

  7 56 0.050 18 −7 5 Right Posterior limb of internal capsulea/Superior thalamic radiationb

Coordinates of the maximum intensity voxel, given as x, y, z in standard space coordinates (mm). Table shows significant clusters >40 voxels (p≤ 0.05, TFCE-corrected)

Visual detailed information at Fig. 3

Abbreviations: FA fractional anisotropy, FSIQ Full Scale IQ, H Hemisphere, WAIS-IV Wechsler Adult Intelligence Scale IV

Anatomical labels were extracted from the aJohns Hopkins University (JHU) ICBM-DTI-81 and the bXTRACT HCP Probabilistic Tract atlases incorporated in the 
FSLView (3.2.0)

Fig. 2  Group differences in whole-brain MD and FA. A Lower MD values at whole-brain in the PKU group vs the HC group with age as a covariate. B 
Higher FA values at whole-brain in the PKU group vs the HC group with age as a covariate. Differences between groups are calculated through tract-based 
spatial statistics (TBSS). Results are overlaid on the WM skeleton (green) and displayed over the sagittal and axial sections of the MNI 152 standard brain, 
at p<0.001 TFCE-corrected. Specific data regarding highest statistically significant voxel, clusters and tracts can be found in Table 3, and other MD and 
FA significant tracts in Supplementary Table 2 and Supplementary Table 3, respectively. Abbreviations: A, anterior; L, left; P, posterior; PKU, patients with 
phenylketonuria; R, right
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the uncinate fasciculus, forceps minor and major, frontal 
aslant tract, corona radiata, cingulum, arcuate fasciculus, 
thalamic radiation, corticospinal tract, acoustic radiation, 
external capsule, tapetum, and optic radiation (Fig. 4B).

There was no correlation between the FA map and IDC 
or venous Phe levels.

Discussion
In our study, adult patients with early-treated classical 
PKU differed from HC in DTI parameters across various 
WM tracts. These DTI differences were related to Phe 
levels and cognitive functions of the patients with clas-
sical PKU.

We observed reduced MD values across multiple brain 
regions, aligning with findings from previous studies of 
paediatric, mixed [7, 11–17] and adult samples [10, 18]. 
This consistency reinforces the validity of our results.

Moreover, whole-brain analysis revealed higher FA 
values, corroborating the findings from Hawks et al. [7]. 
Thus, this suggests that the integrity of fibres is not com-
promised. In patients with evident WM damage of fibres, 
such as those with multiple sclerosis [29] or traumatic 
brain injury [30], there are clear reductions in FA accom-
panied by increases in MD, which is the inverse pattern 
observed in patients with PKU. Probably, lower MD and 
higher FA values may be attributed to water accumula-
tion within myelin sheaths, indicating intramyelinic 
swelling without significant myelin loss, as suggested 
by Anderson and Leuzzi [3]. These authors supported 
their hypotheses in a previous histopathological study, 
which suggests the impairment of previously assembled 
myelin in treated patients [9]. The reversal of white mat-
ter abnormalities in early-treated patients with PKU [31, 
32] may indicate the previous existence of intramyelinic 
edema, characterized by the swelling of myelin sheaths 

Table 5  Correlations between MD with IDC and venous Phe levels age-controlled, in the PKU group
Cluster Voxels p-value (maximum) x, y, z 

coordinates
H Anatomical labels (maximum)

Negative correlation between MD and IDC Phe levels
  1 8370 0.018 17 −28 30 Right Body of corpus callosuma

  2 161 0.047 −33 −31 37 Left Superior longitudinal fasciculusa,b

Negative correlation between MD and venous Phe levels
  1 7298 0.026 14 −23 29 Right Body of corpus callosuma

  2 431 0.048 42 −22 −11 Right Sagittal stratuma/Inferior fronto-occipital fasciculusb/Inferior longitudinal fasciculusb

Coordinates of the maximum intensity voxel, given as x, y, z in standard space coordinates (mm). The table shows significant clusters >40 voxels (p≤ 0.05, 
TFCE-corrected)

Abbreviations: H Hemisphere, IDC Index of Dietary control, MD mean diffusivity, Phe Phenylalanine, PKU patients with phenylketonuria

Anatomical labels were extracted from the aJohns Hopkins University (JHU) ICBM-DTI-81 and the bXTRACT HCP Probabilistic Tract atlases incorporated in the 
FSLView (3.2.0)

Fig. 3  Whole-brain tract-based correlation between FA and FSIQ, in the PKU group. The image shows a negative correlation between whole-brain FA 
and the PKU group’s FSIQ performance with age as a covariate. Results are overlaid in white matter skeleton tracts (green), through tract-based spatial 
statistics (TBSS) and displayed over the axial, coronal, and sagittal sections of the MNI 152 standard brain (p<0.05, TFCE-corrected). Significant negative 
correlations are marked in cold colours. Specific data is detailed in Table 4. Abbreviations: A, anterior; FA, fractional anisotropy; FSIQ, Full Scale IQ; L, left; P, 
posterior; PKU, patients with phenylketonuria; R, right
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[8]. This separation could reduce MD and increase FA 
due to water restrictions. However, to the best of our 
knowledge, no previous studies have confirmed the asso-
ciation between diffusivity changes and the histopatho-
logical abnormalities reported in PKU.

Contrary to our results, Muri et al. [18] studied DTI 
metrics in adult patients with early-treated classical PKU 
and found lower FA compared to HC. While the sociode-
mographic data and analyses are comparable between 
their study and ours, their patient cohort has a slightly 
higher level of education compared to HC, and their 
HC sample size is somewhat larger than ours. Addition-
ally, there are differences in the MRI acquisition proto-
cols used in both studies. Since findings regarding FA are 
still controversial, further multicentre studies with larger 
samples are needed.

The clinical significance of WM alterations observed 
with DTI has been a subject of debate. DTI is an excel-
lent technique for observing subtle abnormalities in WM 
integrity; however, these abnormalities can sometimes 
be clinically insignificant. In this sense, it is important to 
correlate DTI parameters with clinical data. In contrast 
to previous studies [11–13, 17, 33], we did not find cor-
relations with age in patients with PKU. The reason could 
lie in the fact that the age effect observed in previous 
studies may be attributed to the maturation of WM dur-
ing childhood and early adulthood.

Importantly, our whole-brain analysis identified that 
MD values correlated with both Phe levels measurements 
(IDC and venous Phe) in key regions, including the 
superior longitudinal fasciculus, anterior, superior and 

posterior corona radiata, sagittal stratum, genu, body and 
splenium of corpus callosum, consistent with the findings 
of Peng et al. [21]. These correlations highlight the det-
rimental effects of Phe on WM, reinforcing the need for 
effective Phe level management. The influence of Phe lev-
els on WM structure is well-documented [8]. It has been 
suggested that high Phe concentrations impair dendritic 
pruning and synaptic remodelling, thereby reducing neu-
rocognitive performance [5]. Nevertheless, a recent study 
suggested that, despite the adverse effects of high Phe 
levels on WM structure, these changes could be revers-
ible with an appropriate Phe level management following 
short-term high Phe exposure [32].

Neuropsychological assessment showed significantly 
lower performance in the PKU group compared to HC 
in several WAIS-IV subtests and indices. The most com-
promised cognitive functions in between-group compari-
sons were word knowledge and verbal concept formation, 
and processing speed, assessed using the Vocabulary 
and Symbol-digit coding subtests, respectively, as well 
as the global intelligence quotient, assessed using the 
FSIQ, all of which showed high effect sizes. Although 
the neuropsychological performance was lower in the 
PKU group than in HC, the scores remained within the 
normative range, highlighting the success of PKU treat-
ment compared to other rare metabolic disorders. Of 
note, all patients in the PKU group had classical PKU 
and received early and continuous treatment. Differ-
ences in years of education between groups could have 
influenced IQ performance, particularly in the Vocabu-
lary subtest and VCI, but are likely to have less impact on 

Fig. 4  Correlations between MD and Phe levels in the PKU group. A Significant negative correlation between MD and IDC Phe levels in PKU with age 
as a covariate. B Significant negative correlation between MD and venous Phe levels in PKU with age as a covariate. Results are overlaid in white matter 
skeleton tracts (green), through tract-based spatial statistics (TBSS), and displayed over the sagittal, coronal, and axial sections of the MNI 152 standard 
brain (p<0.05, TFCE-corrected). Significant negative correlations are marked in cold colours. Abbreviations: A, anterior; IDC, index dietary control; L, left; 
MD, mean diffusivity; P, posterior; Phe, Phenylalanine; PKU, patients with phenylketonuria; R, right. Specific data is detailed in Table 5
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subtests like Digit-Symbol Coding. The differences in IQ 
scores between patients with PKU and HC are a consis-
tent finding. Although the IQ scores of adults with PKU 
were within normal range, they were consistently lower 
compared to HC [34]. In a meta-analysis comparing 407 
patients with PKU with 439 HC, an effect size of 0.60 
for IQ was reported [25], whereas we obtained a higher 
effect size. Differences in IQ between patients with PKU 
and HC could also be attributed to the recruitment of 
the HC group. Despite both groups having similar socio-
cultural backgrounds, it is possible that individuals with 
higher IQs were more likely to volunteer, thus influencing 
the results.

Few previous DTI studies have correlated WM differ-
ences with cognitive performance, and the reported evi-
dence showed controversial results. Muri et al. [18] found 
correlations between decreased DTI metrics (FA and 
MD) and lower performance in attention and cognitive 
flexibility tasks in adult early-treated patients with PKU 
using a ROIs approach. However, no whole-brain corre-
lation analyses were reported. Regarding previous stud-
ies with pediatric [11, 13] or mixed samples [21, 33], only 
one study found lower MD in the corpus callosum associ-
ated with poorer verbal fluency [33]. This study included 
individuals aged 6 to 35 and accounted for age in the ROI 
analyses. Additionally, there were other studies focused 
on the relationship between WM structure and cognition 
that did not use DTI techniques. Anderson et al. [35], 
reported that children with extensive WM alterations, 
as assessed using MRI clinical data, had decreased per-
formance in attention and executive functions. In adults, 
Nardecchia et al. [36] did not find correlations between 
intelligence quotient or executive functions and white 
matter alterations. Weglage et al. [37], in a five-year fol-
low-up, claimed that despite the persistence of neuro-
psychological impairment, cognitive performance was 
unrelated to MRI findings.

Notably, our findings revealed a significant correla-
tion between the FA map and FSIQ. This correlation is 
particularly relevant in long fascicles linking associative 
cortical regions involved in complex cognitive functions 
such as the longitudinal and inferior fronto-occipital fas-
ciculus, corticospinal tract, optic and thalamic radiation, 
corona radiata, sagittal stratum, forceps minor, as well 
as the corpus callosum. The relevance of these tracts in 
PKU patients is reinforced by the findings arising from 
group comparisons and also with the results obtained 
in the correlations between MRI and Phe levels. Higher 
cerebral Phe levels have been associated with poorer cog-
nitive functioning in early-treated adults [38]. Neverthe-
less, our results did not confirm the association between 
metabolic control and cognitive performance.

The strengths of our study lie in the inclusion of a rela-
tively large sample of adults with early-treated classical 

PKU and comparable HC, along with detailed clinical, 
neuropsychological, and neuroimaging evaluations. We 
performed whole-brain analyses, and all the results were 
corrected for multiple comparisons. This method enabled 
us to identify widespread alterations in WM tracts, criti-
cal for efficient neural communication and overall cogni-
tive function.

However, limitations should also be acknowledged. 
First, although our cohort was more homogeneous com-
pared to the samples of previous studies in the field, 28 
individuals were diagnosed with newborn screening, 
and one of them was diagnosed at 2 months of age, so 
dietary treatment was initiated later for this one. How-
ever, as patients with an estimated intelligence quotient 
<70 (WAIS-IV) were excluded, it is unlikely that our 
results were subjected to significant bias due to sample 
inclusion criteria. Second, while classically the IDC is 
calculated as the median of Phe levels and the mean of 
all medians throughout the period of interest (childhood, 
adolescence, adulthood) [24], we focused on the median 
of DBS-Phe levels in the first year before the inclusion. 
This limitation arose because while paediatric history 
records were accessible for 17 participants, data were not 
available for all participants. As the calculated first-year 
IDC allows the standardization of the same measure for 
the whole group and corrects for sporadic decompensa-
tions (e.g., illness, dietary abandonment), the selected 
approach offers a good picture of adults’ metabolic con-
trol. Third, some of our patients were receiving saprop-
terin treatment, which could potentially influence our 
results. However, the sample size of patients under sap-
ropterin treatment was insufficient to conduct a more 
detailed investigation into this effect. Finally, educational 
differences between groups could have influenced FSIQ 
scores.

In conclusion, despite early treatment, adult patients 
with classical PKU exhibit WM microstructural abnor-
malities and poorer cognitive performance in compari-
son to HC. The observed pattern of lower MD and higher 
FA contrasts with that seen in patients suffering from 
WM damage, such as in multiple sclerosis and traumatic 
brain injury. Crucially, lower MD values correlate with 
Phe levels, while higher FA values correlate with global 
cognition scores. This intricate relationship suggests the 
importance of metabolic control in maintaining normal 
WM structure and highlights the impact of PKU on cog-
nitive performance.
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