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Abstract

Background: Despite dietary intervention, individuals with early treated phenylketonuria (ETPKU) could present
neurocognitive deficits and white matter (WM) abnormalities. The aim of the present study was to evaluate the
microstructural integrity of WM pathways across the whole brain in a cohort of paediatric ETPKU patients compared
with healthy controls (HCs), by collecting DTI-MRI (diffusion tensor magnetic resonance imaging) data and diffusion
values (mean diffusivity (MD), radial diffusivity (RD) and fractional anisotropy (FA)).

Methods: DTI-MRI data and diffusion values (MD, RD, FA) from WM tracts across the whole brain were analized
using Tract Based Spatial Statistics (TBSS), in 15 paediatrics TPKU patients (median age: 12 years) and compared
with 11 HCs. Areas showing abnormal values in the patient group were correlated (Pearson) with age, lifetime Phe
values, last year median and mean Phe, concurrent Phe values in plasma, urine neurotransmitters status biomarkers,
and with a processing speed task.

Results: ETPKU showed bilaterally decreased MD values compared with HCs in the body and splenium of the
corpus callosum, superior longitudinal fasciculus, corona radiata and in the posterior limb of the internal capsule.
RD values followed a similar pattern, although decreased RD values in PKU patients were also found in the anterior
limb of the internal capsule and in the cerebral peduncle. Decreased MD and RD values within the aforementioned
regions had significant negative correlations with age, last year median and mean Phe and concurrent Phe values.
No correlations were found with monoamines in urine or processing speed task.

Conclusions: ETPKU patients showed MD and RD values significantly decreased across the whole brain when compared
with HCs, and this damage was associated with high Phe values and the age of patients. Despite this microstructural
damage, no affectation in processing speed was observed in patients with good metabolic control. DTI-MRI sequences
could be used as a technique to quantify WM damage that is difficult to be detect in T1 or T2-weighted images, but also
to quantify damage of WM through the follow up of patients with poor metabolic control in prospective studies.
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Background
Despite early and continuous dietary intervention, indi-
viduals with early treated phenylketonuria (ETPKU)
could have neurocognitive deficits and white matter
(WM) abnormalities [1]. The aetiology of this process is
not entirely understood.
In the last years, diffusion tensor magnetic resonance

imaging (DTI-MRI) has emerged as a crucial
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neuroimaging technique that allows non-invasive assess-
ment of axonal structure and myelin status [2–4]. In
particular, by measuring the diffusion of water molecules
in the brain, different diffusion indexes can be calcu-
lated. Among them, fractional anisotropy (FA), quantifies
the preference for diffusion of water molecules in one
direction and correlates with axonal diameter, density,
and fibre orientation; while mean diffusivity (MD) is re-
lated to cellularity, oedema, and necrosis and measures
mean water molecular motion [5]. Radial diffusivity (RD)
is also very sensitive for the detection of microstructural
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changes and is usually associated with myelination and
axonal diameter [6].
Recent studies have reported abnormal diffusion

values (as measured by MD) in the WM of individuals
with ETPKU as compared with healthy controls (HCs)
[7–15]. Strikingly, the differences in diffusivity extend to
regions that showed normal signal intensity when visua-
lised on regular T2-weighted images [7, 15]. Findings re-
garding the direction of diffusion (as reflected by FA
measures) are controversial, with some studies reporting
decreased values of diffusion anisotropy in ETPKU [7]
while others not finding such differences when com-
pared with control groups [10, 16].
Hallmark neuropathological biomarkers in the brain of

both treated and untreated PKU patients are hypomyelina-
tion, demyelination or both. Cognitive deficits are present
in both treated and untreated PKU individuals, although
the link between the neuropathological findings and cogni-
tive deficits is poorly understood. Dyer et al. [17] postulate
in this sense two interesting hypothesis. The first is based
on the fact that cognitive deficits in individuals with PKU
result from a deficiency of the dopamine neurotransmitter
(NT). Decreased levels of tyrosine in the PKU brain are
thought to be the cause of the low dopamine levels. The
second is that elevated phenylalanine (Phe) values inhibit
biosynthesis and myelin stability in oligodendrocytes. Mye-
lin influences the maturity of axons, suggesting that axonal
maturation may be involved in NT production. Also,
abnormalities in the WM matter could be involved in the
slower processing speed observed in PKU patients [18].
It has been hypothesized also that the

hyperphenylalaninaemia-related neurotoxicity could be
caused by a deficiency of large neutral amino acids
(LNAA), mainly tyrosine and tryptophan, due to
transport competition through the blood-brain barrier
(BBB) [19]. Tyrosine and tryptophan are precursors of
dopamine and serotonin, respectively; and its relative brain
deficit may contribute to a reduced synthesis of these NT
but also a disruption in protein synthesis [20–22]. More-
over, high brain Phe values may produce an inhibition of
tyrosine and tryptophan hydroxylase activity, causing a fur-
ther reduction of dopamine and serotonin biosynthesis [23,
24]. Dopamine is essential for proper functioning of the
prefrontal cortex (PFC), which governs executive functions.
In addition, serotonin is involved both in the cognitive pro-
cesses mediated by the orbitofrontal cortex and in the regu-
lation of mood, emotions, and behaviour [25].
The aim of the present study was to evaluate the micro-

structural integrity of WM pathways in a cohort of paedi-
atric ETPKU patients, by collecting DTI-MRI data and
extracting FA, RD and MD diffusion values from WM
tracts across the whole brain. We first compared ETPKU
patient data with a group of HCs and then we correlated
the areas showing abnormal values in the patient group
with age, last year median and mean Phe, and concurrent
Phe values in plasma, lifetime Phe values, urine NT status
biomarkers and processing speed task.
Methods
Participants
Children with ETPKU (n = 15, median age 12 years,
range 8–18 years) were recruited through the PKU-
Follow-up Unit of Sant Joan de Deu Hospital in
Barcelona. All patients were diagnosed by the new-
born screening program and were treated continuously
from the first weeks of life. Treatment was as follows:
eleven with classic dietary control (Phe restriction), five
classified with good metabolic control (last year median of
Phe values or index dietary control (IDC) [26], was < 360
μmol/L for patients under 12 years old or < 600 μmol/ L
after 12 years old), and six with poor metabolic control
(IDC was > 360 μmol/L for patients under 12 years old or
> 600 μmol/L after 12 years old), according to the Euro-
pean Guidelines [27]. and six with poor metabolic con-
trol, IDC was > 360 μmol/L for patients under 12 years
old or > 600 μmol/L after 12 years old, according to the
European Guidelines [27]. The remaining four patients
were treated with tetrahydrobiopterin (BH4) and all had
good metabolic control. No patients had a history or clin-
ical evidence of neurological deterioration.
Control group
The control group formed by 11 healthy participants
(mean age 11 years old, range 9–18 years; 5 males and
6 females) that were referred for MRI (magnetic reson-
ance imaging) examination for headache. None of the
controls had a history of intellectual disability, learning
or psychiatric disorders or major medical disorders un-
related to PKU. They had similar age, sex and sociocul-
tural class when compared with the ETPKU group.
Controls were included in a consecutive fashion after
the consent for the acquisition of the DTI-MRI data
was signed.
Metabolic profile
Concurrent blood Phe (taken the day of the scanning ses-
sion), lifetime Phe values (calculated as the mean of each
median year Phe value across the lifetime), last year median
and mean Phe values were measured by ion-exchange
chromatography with ninhydrin detection using a
Biochrom 30 analyser (Pharmacia-Biotech). Urine
excretion of biogenic amine metabolites (homovanillic
acid (HVA) for dopamine and 5 hydroxyindoleacetic
acid (5HIAA) for serotonin) was analyzed using gas
chromatography mass spectrometry detection (Agilent
Technologies).
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Neuroimaging
Scanning parameters:
A diffusion-weighted MRI (DW-MRI) scanning session
was run on a 1.5 T scanner (General Electric Signa HD).
Images were acquired with a spin-echo EPI sequence (53
axial slices, TR: 15000 ms, TE: 104 ms, acquisition matrix:
256 × 256, voxel size: 0.94 × 0.94 × 2.5 mm3). A run with
one non-diffusion weighted volume (using a spin-echo
EPI sequence coverage of the whole head) and 25
diffusion-weighted volumes (non-collinear diffusion gradi-
ent directions, b-values of 1500 s/mm2) was acquired.

DTI-MRI preprocessing and statistical analysis:
Diffusion data processing started by correcting for eddy
current distortions and head motion using FMRIB’s
(functional MRI of the brain) Diffusion Toolbox (FDT),
which is part of the FMRIB Software Library [28]. Subse-
quently, the gradient matrix was rotated to provide a
more accurate estimate of diffusion tensor orientations,
Table 1 Neuroimaging studies with revision samples only ETPKU

Authors Studied population Studied regions

Vermathen
et al. 2007
[7]

ETPKU adult patients (mean age
32.5 years) (n = 9). Control group
(mean age 29.4 years) (n = 7).

Grey and white ma
Include corpus call

White et al.
2010 [8]

ETPKU paediatric patients (mean age
12.2 years) (n = 34). Control group
(mean age 12.4 years) (n = 61).

6 ROI (region of in
(genu, rostral body
midbody, posterior
isthmus and spleni

White et al.
2013 [9]

ETPKU adults and paediatric patients
BH4 responders (mean age 18.2 years)
(n = 12). Control group (mean age
17.8 years) (n = 9).

10 ROI. Include CC
and splenium)

Atenor-Dorsey
et al. 2013
[10]

ETPKU adults and paediatric patients
(mean age 18 years) (n = 29). Control
group (mean age 17.8 years) (n = 12)

10 ROI. Include CC
and splenium)

Peng et al.
2014 [11]

ETPKU adult and paediatric patients
(mean age 23.3 years) (n = 10). Control
group (mean age 23.5 years) (n = 12).

12 ROI. Include CC
and splenium)

Wesonga
et al. 2016
[12]

ETPKU paediatric patients (mean age
12.2 years) (n = 31). Control group
(mean age = 12 years) (n = 51).

10 ROI. Include CC
and splenium)

Hood et al.
2015 [13]

ETPKU paediatric patients (mean age
12.2 years) (n= 36). Control group (n= 24).

Over 10 ROI. Includ
body and splenium

Hood et al.
2016 [14]

ETPKU paediatric patients (mean age
12.2 years) (n= 36). Control group (n= 62).

2 ROI: PPO (posteri
occipital) CSO (cen
semiovale).

Ding et al.
2008 [15]

Adult patients (range 17–32 years):
ETPKU (n = 4). Control group (n = 4).

22 ROI. Include CC
splenium).
using FSL’s (FMRIB Software Library) FDT rotating
bvecs [29]. Following this, brain extraction was per-
formed using the Brain Extraction Tool [30], which is
also part of the FSL distribution. Analysis continued
with the reconstruction of the diffusion tensors using
the linear least-squares algorithm included in Diffusion
Toolkit 0.6.2.2 [31]. Finally, FA, RD and MD maps for
each patient and control were calculated using the ei-
genvalues extracted from the diffusion tensors. Voxel
based analyses of FA, RD and MD maps were performed
using Tract Based Spatial Statistics (TBSS) [32]. Briefly,
FA maps from all individuals were registered to the
FMRIB58_FA template (MNI152 space and 1 × 1 ×
1 mm3) using the nonlinear registration tool (FNIRT)
[33]. These registered FA maps were first averaged to
create a mean FA volume. Then a mean FA skeleton was
derived, which represents the centers of all tracts com-
mon to all participants in the study. Each participant’s
aligned FA data were then projected onto this skeleton
Parameters of DTI Conclusions

tter tracts.
osum (CC)

MD, FA Decreased MD and FA values in lesions
and CC. Decreased MD and FA values
correlated negatively with Phe values.

terest) of CC
, anterior
midbody,
um)

MD,
RA = FA

Decreased MD values in anterior part
of CC. Non significant differences in FA
compared to control group. Age related
decrement of anterior WM of CC. Non-
significant correlations with MD and
Phe values.

(genu, body MD Basal MD values improve after 6 months
with BH4 treatment. MD values correlate
negatively with Phe levels.

(genu, body MD, FA Decreased MD values correlated with
poor executive functions. Decreased
MD values compared to control group.
Non significant differences in FA values
compared to control group.

(genu, body MD, RD,
AD, FA

Decreased MD, RD and AD values in
WM tracts and CC compared to control
group. Decreased MD, RD and AD values
correlated with older ETPKU. Non-
significant differences in FA compared
to control group.

(genu, body MD Age correlated with decreased MD
values in 4 out of 10 ROI.

e CC (genu,
)

MD Decreased MD values were correlated
with high exposure of Phe levels.

or parietal-
trum

MD, RD,
FA

Decreased MD and RD values compared
to control group. Non significant
differences in FA compared to control
group.

(corpus and MD, FA Decreased MD values in WM and GM
(grey matter) than control group. FA
non significant differences than control
group.
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by searching for the highest FA value within a search
space perpendicular to each voxel of the mean skeleton.
This process was repeated for the RD and MD maps by
applying the transformations previously calculated with
the FA maps. Finally, in order to assess WM differences
between controls and PKU patients, independent sample
t-tests were calculated for the RD, MD and FA skeletons,
with age and gender as covariates of nuisance. Results
were reported with an FWE corrected p < 0.05 value
using threshold-free cluster enhancement [34] and a
nonparametric permutation test with 5000 permutations
[35]. Significant voxels within the skeleton were filled to
make the presentation of results easier to follow. WM
tracts were identified using the JHU-ICBM DTI-81
white matter atlas [36, 37]. RD describes microscopic
water movements perpendicular to the axon [38]. It has
been proposed to reflect myelin quality along the axon
with demyelination being associated with increased RD
[39, 40], while MD is more related to tissue density [41].
Finally, for each patient, diffusivity values within the
voxels showing significance between group effects were
averaged and a mean value was obtained. Pearson’s
correlations were computed between these values (which
represented individual WM damage) and age, concurrent
Phe, last year median, lifetime and mean Phe values,
and with HVA and 5HIIA concentrations. Pearson’s
correlations were also computed between the diffusivity
values and the scores of the neuropsychological tests.
Correlations were computed with MATLAB version

R2012a (The MathWorks, Natick, MA, USA). A correl-
ation was considered significant if it survived a p < 0.05
false discovery rate (FDR) corrected threshold.
Table 2 Neuroimaging studies with early (ETPKU) and late treated P

Authors Studied population Studied

Leuzzi et al. 2007 [16] Adult and paediatric patients (n = 32):
ETPKU (n = 21) (mean age 17.1 years),
LTPKU (n = 11) (mean age 22.4 years.
Control group (n= 30) (mean age 32.9
years) (range: 12–58 years).

4 ROI: P
Occipit
Frontal
Tempo

Kono et al. 2005 [50] Adult and paediatric patients (n = 21)
(mean age 19.4 years) (age range 3–44
years): ETPKU (n= 14), LTPKU (n= 7).
Control group (n= 21) (mean age
20.6 years) (age range 3–33 years).

6–10 RO
(anterio
posterio
WM).

Scarabino et al. 2009 [51] Adult and paediatric patients (n = 32)
(mean age 18.9 years): ETPKU (n = 21),
LTPKU (n = 11). Control group (n = 30)
(mean age 32.9 years).

4 ROI: (
Given that the 15 ETPKU patients can be subdivided
into 2 different groups (good metabolic control and poor
metabolic control) we completed one last analysis.
Again, using the average RD/MD (no significant results
were obtained for FA, see next section) values from all
voxels showing differences between patients and
controls (same values used for the correlational analyses
described above), we tested whether the different
ETPKU subgroups showed different percentages of
reduction in diffusivity values (i.e., WM damage). Taking
into account the reduced number of patients per group,
we used nonparametric tests under SPSS (version 18.0.0)
to perform these calculations.

Neuropsychological evaluation
The Wechsler Intellectual Scale of Children (WISC-IV)
[43] and Wechsler Adults Intelligence Scale (WAIS-III)
[44] were administered to assessment general intellectual
ability (intellectual quotient (IQ)). Given that WM abnor-
malities have been associated with a slower performance
in processing speed, the following neuropsychological
battery was used to evaluate it: Processing Speed Index of
Wechsler Scales, time required to copy the Rey Complex
Figure Task [45], motor and visual search speed with Trail
Making Test Part A [46], speed naming with Speeded
Naming NEPSY (NEuroPSYchological Assessment) II
subtest [47], response speed with hit reaction time of
Conners’ Continuous Performance Test-II (CPT-II) [48]
and Total initiation time (sum of time taken to begin each
item) in execution of Tower of London test [49].
The reference typical punctuation for IQ, processing

speed in Index Scales Wechsler, time required to copy
KU (LTPKU)

regions Parameters of DTI Conclusions

arietal (P),
al (O),
(F),
ral (T).

MD, FA. Abnormal signal T2-W and FLAIR
scans: Parietal periventricular WM
abnormalities > O > F > T. WM
severity score correlated with age
patient at time of the study. MD
values and WM scores were closely
and inversely correlated (p < .001).
Blood and brain Phe levels were
closely correlated (p < .001). Brain
Phe levels was unrelated with FA values.

I
r and
r deep

MD MD values in posterior deep WM
significantly lower than in frontal
deep WM (P < .001). MD values in the
posterior WM tended to be lower with
increased concurrent serum Phe levels
(p < .005) and average serum Phe last
year of examination (p < .001).

P, O, F, T). MD, FA Supratentorial (periventricular and
subcortical) abnormal T2: P > O > F > T.
Decreased 30–50% of MD compared
to control group. FA non correlated
with Phe values.



Table 3 Clinical characteristics of patients

Patient
code

Sex Age Mutation IDC Concurrent
Phe μmol/L

Last year median
Phe umol/L

Last year mean
Phe umol/L

Lifetime mean
Phe umol/L

P1 Female 8 years R158G/L48S Good 258 256.5 263 268

P2 Female 8.9 years Y206X/L348 V Good 435 330.5 298 434

P3 Male 13.6 years R261Q-R176X Good 503 558.5 597.7 319

P11 Female 8 years I65T/IVS12 + 1A > G Good 126 134 186.8 151

P12 Female 8 years R261Q-I65T Good 443 285 288.5 297

P6 Male 12 years delF39/F55 L Good (BH4) 667 434 398 316

P7 Female 13.1 years R241Q- Not found Good (BH4) 330 369.5 383 309

P8 Female 13.7 years Y414C/K396 M Good (BH4) 376 384 407 334

P9 Female 17.1 years V388 M-P362T Good (BH4) 585 410.5 522 322

P4 Male 14.6 years IVS8nt-7a > g-/IVS8nt + 1g > a Poor 1162 801.5 789 560

P5 Male 17.8 years I65T-R261X Poor 1016 852 837.4 406

P10 Female 8 years IVS4 + 5G > T / IVS4 + 5G> Poor 417 442.5 436 351

P13 Male 9.1years IVS10-IVS10 Poor 567 372 440.5 320

P14 Male 9.3 years IVS4 + 5G > T/ IVS10 Poor 102 426 366.5 285

P15 Male 10.7 years R158Q/P281S Poor 198 427 390.7 367
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the Rey Complex Figure Task (RCFT), speed naming in
NEPSY II, Trail Making Test A and total initiation time
in Tower of London, were 100 ± 15. The reference typ-
ical punctuation in the evaluation of hit reaction time in
CPT-II: Conners’ Continuous Performance Test-II, was
50 ± 10, as it was considered faster execution less than
40 and slower execution more than 60.
Table 4 Results of neuropsychological evaluation

Patient
code

Index dietary
control (IDC)

IQa Processing
speed Indexa

RCFTa (Time
required to copy)

P1 Good 105 110 92

P2 Good 95 88 96

P3 Good 114 93 94

P11 Good 114 115 100

P12 Good 113 117 106

P6 Good (BH4) 109 99 69

P7 Good (BH4) 115 112 90

P8 Good (BH4) 115 121 90

P9 Good (BH4) 97 102 102

P4 Poor 95 85 58

P5 Poor 116 107 81

P10 Poor 101 115 126

P13 Poor 102 99 106

P14 Poor 114 91 119

P15 Poor 113 91 73

IQ intellectual quotient, RCFT The Rey Complex Figure Task, CPT-II Conners’ Continu
aTypical Punctuation (TP): 100 ± 15
bTP: 50 ± 10. Fast: < 40; Slow: > 60
Systematic review
The literature published from 2001 to 2016 were system-
atically searched: in PubMed: http://www.ncbi.nlm.nih.
gov/pubmed. To avoid any risk of bias, general search
terms were chosen: clinical studies, PKU/phenylketonuria,
DTI/diffusion tensor imaging, magnetic resonance
imaging, early treated, late treated, paediatric and adults.
CPT-IIb (Hit
reaction time)

NEPSY IIa

(Naming speed)
Trail Making
Test Aa

Tower of Londona

(Initiation time)

40 95 106 98

58 75 88 116

45 95 103 130

65 80 83 104

61 84 108 120

59 95 93 98

40 100 113 106

51 95 96 122

57 – 103 94

68 84 115 96

52 – 94 100

55 95 97 112

62 84 104 102

69 75 96 112

46 80 73 102

ous Performance Test- II

http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
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Inclusion criteria: studies in humans with control
group, neuroimaging studies of DTI done in paediatric
or adult PKU patients, early or late treated. Exclusion
criteria: isolated case reports, studies in animal/cellular
models, and patients with other metabolic disease such
as BH4 deficiencies, articles not published in English. A
total of 12 articles met criteria, 9 of them studied only
early treated PKU (described in Table 1) [7–15], while
the other articles described late and early treated PKU
patients compared with a healthy control group (de-
scribed in Table 2) [16, 50, 51].

Results
The 15 ETPKU evaluated patients had a concurrent Phe
mean value of 426 μmol/L (range: 102–1162), lifetime
Phe values of 319.5 μmol/L (range: 151–560), a last year
Phe median value of 397 μmol/L (range: 134–852), a last
year mean value of 440 μmol/L (range: 186–837). The
scores for the intellectual quotient (IQ; WISC-IV and
WAIS-III) ranged from 95 to 116 (mean: 111). The
Fig. 1 Decreased Mean Diffusivity values of WM tracts across the whole br
mean group skeleton (in green), which represents the centers of all WM tra
Methods). In red-yellow, the WM regions showing decreased MD in patien
Neurological convention is used with MNI (Montreal Neurological Institute)
individual clinical, biochemical and molecular features of
the PKU patients were described in Table 3. The results
of neuropsychological evaluation were described in
Table 4. Only 3 patients had a slower processing speed
(more than one altered task), and all were patients with
poor metabolic control.
Parameters of DTI: RD, MD and FA
In spite of the diffusion data coming from normal appear-
ing white matter, eleven patients had subtle periventricular
abnormalities in a T2 sequence, with only one being more
evident and extended. However, only three had normal T2
sequences in MRI. Accordingly, the whole ETPKU group
showed decreased MD values when compared with con-
trols bilaterally in the body and splenium of the corpus cal-
losum (CC), superior longitudinal fasciculus, corona radiata
and in the posterior limb of the internal capsule (Fig. 1).
RD values followed a very similar pattern, although de-
creased RD values in ETPKU patients were also found
ain in PKU as compared with controls. a-i: Results are shown over the
cts common to all participants in the study (see Materials and
ts as compared with controls are shown (p < 0.05 FWE corrected).
coordinates at the left bottom of each slice
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in the anterior limb of the internal capsule and in the
cerebral peduncle (Fig. 2). FA values showed no sig-
nificant differences between groups.

Associations among age, full scale IQ, processing speed
task, blood Phe values and urinary neurotransmitter
biomarkers
Average MD values for all voxels showing WM dam-
age, significantly and negatively correlated with age (r
= − 0.80, p < 0.001), last year median Phe, last year
mean Phe and concurrent Phe values (r = − 0.65, p <
0.008, r = − 0.72, p < 0.003 and r = − 0.71, p < 0.004, re-
spectively; all correlations survived a p < 0.05 FDR
corrected threshold; Fig. 3). RD values followed the
same pattern as MD values, also significantly and
negatively correlating with age (r = − 0.82, p < 0.001),
last year median Phe, last year mean Phe and concur-
rent Phe values (r = − 0.60, p < 0.02, r = − 0.68, p <
0.005, r = − 0.65, p < 0.008, respectively; all correlations
survived a p < 0.05 FDR corrected threshold; Fig. 4).
Fig. 2 Decreased Radial Diffusivity values of WM tracts acress the whole br
mean group skeleton (in green), which represents the centers of all WM tra
Methods). In blue, the WM regions showing decreased RD in patients as co
Neurological convention is used with MNI (Montreal Neurological Institute)
Thus, the greater the age or the higher the median,
mean and concurrent Phe values, the greater the reduc-
tion in MD and RD values. This suggests that increased
WM damage (reduced MD and RD values) is related to
higher concentrations of Phe and that this damage in-
creases with age.
All patients had lifetime Phe values in normal range in

recomended levels for age: Lifetime Phe values were less
than 600 μmol/l in patients older than 12 years old and less
than 360 umol/L in the younger group (< 12 years old).
These values fall within the recomended normal ranges for
each age reported in the European PKU guidelines [42]. No
significant correlations were observed between lifetime Phe
values and MD or RD variables.
While correlations were not significant between diffu-

sion values and HVA (MD: r = 0.28, p = 0.30; RD: r =
0.30, p = 0.27), the relationship between 5HIAA and MD
(r = 0.47, p = 0.073), and also RD (r = 0.49, p = 0.068),
approached significance. There were no significant cor-
relations between IQ, and processing speed scores and
ain in PKU as compared with controls. a-i: Results are shown over the
cts common to all participants in the study (see Materials and
mpared with controls are shown (p < 0.05 FWE corrected).
coordinates at the left bottom of each slice



Fig. 3 Correlations between the average Mean Diffusivity value of the WM pathways showing between-group differences and biochemical
parameters and age. The scatter plots display: a The correlation between the mean MD value of the voxels and concurrent Phe. b The correlation
between the mean MD value of the voxels and last year median. c The correlation between the mean MD value of the voxels and age. d The
correlation between the mean MD value of the voxels and last year mean. The scatter plots display the correlation between the mean MD value
of the voxels showing significant differences and concurrent Phe, last year median and mean Phe values and age (the greater the age/
phenylalanine values the greater the reduction in MD)
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DTI-MRI variables. No significant differences were
found between the PKU-sub-groups regarding the diffu-
sivity values.
Discussion
This work evaluated the microstructural integrity of
WM pathways across the whole brain in a sample of
paediatric ETPKU patients. By means of DTI-MRI pa-
rameters such as FA, MD and RD and using TBSS,
we compared WM tracts across the whole brain of
ETPKU patients as compared to controls. We found
that ETPKU patients showed bilaterally decreased MD
values compared with HCs in the body and splenium
of the CC, superior longitudinal fasciculus, corona
radiata and in the posterior limb of the internal cap-
sule. These findings were consistent with previous ob-
servations [7–15]. RD values also followed a similar
pattern as previous studies [11, 14].
The most frequent findings in neuroimaging studies in

these patients are the presence of WM abnormalities, evi-
denced as an increased signal intensity in T2-weighted
sequences [52–54], with the periventricular WM being
the most commonly affected region [55–58]. Only 3
(20%) patients showed normal T2 in our sample. The
extent and severity of the WM abnormalities appears
to be modulated by patient age, dietary adherence
and metabolic control profile of Phe levels [54, 57,
59]. More recent studies demonstrate that DTI-MRI
can provide additional insight into the microstructure
of WM integrity of ETPKU patients. Indeed, previous
findings have shown decreased MD values in ETPKU
patients [8–11, 50].
Reviewing previous studies, only two of them studied

MD, RD and FA in a paediatric population in more than
one brain region. Peng and colleagues [11] studied a
smaller series of patients than the present work (but
mixed both paediatric and adult patients), and its results
agree with those of this study. Hood and colleagues [14]
studied a larger series, comparable to our study, which
also showed a decrease in MD and RD values in paediat-
ric ETPKU patients, but their analyses were restricted
only to the posterior parietal occipital (PPO) and
centrum semiovale (CSO; i.e., they did not study WM



Fig. 4 Correlations between the average Radial Diffusivity value of the WM pathways showing between-group differences and biochemical
parameters and age. The scatter plots display: a The correlation between the mean RD value of the voxels and concurrent Phe. b The correlation
between the mean RD value of the voxels and last year median. c The correlation between the mean RD value of the voxels and age. d The
correlation between the mean RD value of the voxels and last year mean. The scatter plots display the correlation between the mean RD value of
the voxels showing significant differences and concurrent Phe, last year median and mean Phe values and age (the greater the age/
phenylalanine values the greater the reduction in RD)
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tracts across the whole brain). Both studies showed
non-significant differences in FA values when compared
with the control group. A brief revision among the
different PKU neuroimaging studies is summarized in
Table 1 [7–15] and Table 2 [16, 50, 51].
Associations between decreased MD and Phe values

have previously been reported [7, 11–13]. In our study,
we demonstrate that last year median and mean Phe and
concurrent Phe values were significantly correlated with
decreased MD and RD values.
In addition, decreased MD within the CC has also

been shown to be related to Phe levels [11, 13] . White
et al. [8] showed MD restriction values in the anterior
part of the CC (genu and rostral body). Wesonga et al.
[12] demonstrated significant abnormal diffusion values
in the genu and splenium of the CC. In contrast, we
found decreased of MD values but also RD decreased
values in the body and splenium of the CC.
Finally, decreased MD values have been previously

shown to correlate with increased age [8, 11, 12] in PKU
children, which further supports the results shown in this
work. MD and RD are thought to be a good marker of
myelin structure and, in healthy populations, decreased
RD and MD values are usually associated to a better
WM microstructure [2, 40, 60, 61]. Moreover, re-
search shows that in healthy populations MD values
decrease with age during childhood (increased myelin-
ation) while WM is still maturating [62], whereas
during adulthood, MD increases with age (decreased
myelination) as WM degenerates [63, 64]. However,
PKU populations including the one studied in this
work usually display reduced MD and RD values that
are related to increased Phe levels [11, 13]. That is,
in PKU patients reduced RD and MD values, rather
than reflecting improved WM structure, are a proxy
of WM damage (note that elevated Phe values inhibit
biosynthesis and myelin stability in oligodendrocytes).
Thus, it could be that in healthy populations the
negative association between MD and RD values and
age reflects increased myelination [62], while in PKU,
the same relationship could suggest quite the oppos-
ite: we hypothesize that high levels of Phe produce an
accumulative damage in the microstructure of WM.
For future prospective studies, it is important to note

that to identify the damaged white matter pathways af-
fected in PKU patients, it is paramount to create and use
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age specific DTI templates from healthy participants.
While these templates could be obtained from existing at-
lases, we suggest that, to avoid inter-scanner effects, it
would be useful to have a specific template made for each
scanner and center. In addition, these templates could be
used to compare the microstructural white matter lesions
of each individual patient against the control group of the
hospital, by means of, for example, Crawford-Howell
t-tests [65, 66]; for an example of this test in single-patient
DTI data, see Tuomiranta et al. [67].
While we did not find a significant correlation between

diffusivity values and HVA, the relationship between
5HIAA and WM damage approached significance.
Although it is known that dopamine and serotonin status
may be affected in PKU patients, urinary HVA and 5-HIAA
are, apparently, not good biomarkers for evaluation. Our
results further support that blood Phe level is still the most
reliable biomarker in the follow-up of these patients.
In addition, previous studies suggest that slower process-

ing speed is related to the WM damage usually found in
PKU, as a result of disruptions in the speed with which
neural signals are transmitted [18, 68]. Nevertheless, despite
the microstructural damage, not affectation in processing
speed was observed in this group of patients. An explan-
ation could be that the PKU population recruited for this
study had in general a good metabolic control. Possibly
higher Phe values would have led to more extensive WM
abnormalities than the ones showed by this group of
ETPKU patients, and this, in turn, could have been mani-
fested in a slower performance in processing speed.

Conclusions
When we evaluated the WM tracts across the whole
brain using TBSS in paediatric ETPKU patients, we
found MD and RD values significantly decreased com-
pared with HCs, and this damage was associated with
high Phe values and with the age of patients. No correla-
tions were found with processing speed scores.
Given current and previous research, we recommend

the use of DTI-MRI sequences for the neuroimaging study
of PKU patients. This technique could be used not only to
quantify WM damage that is difficult to detect in T1 or
T2-weighted images (MRI sequences routinely used), but
also to quantify damage of WM through the follow up of
poor metabolic control patients in prospective studies.
In addition, we suggest that neuropsychological evalu-

ation should be performed routinely in patients with
good metabolic control after 7 years old, in particular in
individuals with WM abnormalities.
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