
Prolonged exposure to high and variable phenylalanine levels over the
lifetime predicts brain white matter integrity in children
with phenylketonuria

Anna Hood a, Jo Ann V. Antenor-Dorsey b, Jerrel Rutlin b, Tamara Hershey b,c,d, Joshua S. Shimony c,
Robert C. McKinstry c,e, Dorothy K. Grange e, Shawn E. Christ f, Robert Steiner g,h,1, Desiree A. White a,⁎
a Department of Psychology, Washington University, Campus Box 1125, St. Louis, MO 63130, USA
b Department of Psychiatry, Washington University School of Medicine, Campus Box 8134, St. Louis, MO 63110, USA
c Mallinckrodt Institute of Radiology, Washington University School of Medicine, Campus Box 8131, St. Louis, MO 63110, USA
d Department of Neurology, Washington University School of Medicine, Campus Box 8111, St. Louis, MO 63110, USA
e Department of Pediatrics, Washington University School of Medicine, Campus Box 8116, St. Louis, MO 63110, USA
f Department of Psychological Sciences, University of Missouri, 210 McAlester Hall, Columbia, MO 65211, USA
g Department of Pediatrics, Institute on Development and Disability, Oregon Health & Science University, 3181 SW Sam Jackson Park Rd., Portland, OR, 97239 USA
h Department of Molecular & Medical Genetics, Institute on Development and Disability, Oregon Health & Science University, 3181 SW Sam Jackson Park Rd., Portland, OR 97239, USA

a b s t r a c ta r t i c l e i n f o

Article history:
Received 10 September 2014
Received in revised form 4 November 2014
Accepted 6 November 2014
Available online xxxx

Keywords:
Phenylketonuria
Phenylalanine
Exposure
Brain
White matter
Diffusion tensor imaging

In this study, we retrospectively examined themicrostructural white matter integrity of childrenwith early- and
continuously-treated PKU (N = 36) in relation to multiple indices of phenylalanine (Phe) control over the
lifetime. White matter integrity was assessed using mean diffusivity (MD) from diffusion tensor imaging (DTI).
Eight lifetime indices of Phe control were computed to reflect average Phe (mean, index of dietary control), var-
iability in Phe (standard deviation, standard error of estimate, % spikes), change in Phe with age (slope), and
prolonged exposure to Phe (mean exposure, standard deviation exposure). Of these indices, mean Phe, mean ex-
posure, and standard deviation exposure were the most powerful predictors of widespread microstructural
white matter integrity compromise. Findings from the two previously unexamined exposure indices reflected
the accumulative effects of elevations and variability in Phe. Given that prolonged exposure to elevated and
variable Phe was particularly detrimental to white matter integrity, Phe should be carefully monitored and
controlled throughout childhood, without liberalization of Phe control as children with PKU age.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Phenylketonuria (PKU) is an autosomal recessive disorder charac-
terized bydisruption in themetabolismof the amino acid phenylalanine
(Phe) due to a deficiency in or an absence of the phenylalanine hydrox-
ylase (PAH) enzyme; as a result, Phe levels are elevated in individuals
with PKU [1]. If untreated, PKU typically results in significant neurologic
compromise and intellectual disability [2]. These severe sequelae are
avoided through early detection and dietary restrictions to limit Phe
intake. Nonetheless, individuals with early- and continuously-treated
PKU are at risk for compromised functional outcomes such as neuropsy-
chological impairments [3,4] psychosocial difficulties [5,6], and
psychiatric disorders [7].

The brainmechanismsunderlying diminution of functional outcomes
are not fully understood. Previous research has largely focused on dis-
ruptions in dopamine synthesis [8,9]. However, there are also reports
of increased oxidative stress [10], disrupted protein synthesis [11], and
disrupted glucose metabolism [12] in individuals with PKU.

Of particular relevance to the current research, neuroimaging studies
have revealed that PKU is associatedwithwidespread compromise of the
white matter of the brain. Most research has focused on white matter
abnormalities that were detectable via visual inspection of structural
brain images [9,13–20]. Categorical labels were then typically assigned
to indicate the severity of the identified abnormalities. Although useful,
this qualitative approach provides little information regarding subtle
compromise in thewhitematter that is not obvious via visual inspection.

Recently, diffusion tensor imaging (DTI) has been used to examine
the microstructural white matter integrity of individuals with PKU.
This refined neuroimaging approach is sensitive to subtle white matter
compromise and provides quantitative data that offer insight into the
nature of white matter pathology. DTI studies have consistently
shown that mean diffusivity (MD) is significantly lower across a range
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of brain regions in individuals with PKU in comparison with healthy
controls [21–27], suggesting that the average diffusivity of water along
all directions is restricted.

In terms of relationships with Phe, a number of studies have shown
that greater white matter compromise (whether visible abnormalities
or lowerMD) is associatedwith higher Phe at the time of neuroimaging
(i.e., concurrent Phe) or average Phe over a period of time preceding
neuroimaging. It could be equally or more informative to investigate
other indices of Phe control in relation to white matter compromise.
However, in the only study to do so, the severity of visible white matter
abnormalities was not associatedwith variability in Phe asmeasured by
the standard error of estimate of Phe in relation to age (i.e., index of
dietary control fluctuation) [18].

Although the studies described thus far are clearly of interest, many
have been limited by the qualitative approach used to define white
matter compromise. With few exceptions, white matter compromise
was examined in relation to a single measurement of Phe or a single
index of average Phe that was calculated over a brief period rather
than over the lifetime. Some studies also suffered from small sample
size or included a mixed group of individuals with PKU who were and
were not on dietary Phe restriction. Finally, to our knowledge, no stud-
ies have been conducted using DTI to examinewhitematter integrity in
relation to indices of Phe control other than concurrent Phe or average
Phe over a period of time.

To address the aforementioned issues, the current study examined
eight indices of Phe control over the lifetime to determine which best
predicted microstructural white matter integrity in a relatively large
sample of school-age children with early- and continuously-treated
PKU. Two indices reflected average Phe, three indices reflected variabil-
ity in Phe, and one index reflected change in Phe with age. In addition,
two previously unstudied indices reflected accumulative exposure to
Phe over the lifetime.

2. Material and methods

2.1. Participants

Children with PKU (n = 36; 17 male, 19 female) were recruited
through metabolic clinics at Washington University in St. Louis
(n = 11), Oregon Health & Science University (n= 19), the University
of Missouri (n = 3), New York Medical College (n = 1), the University
of Florida (n= 1), and the University of Nebraska (n= 1). All children
were diagnosed with PKU soon after birth and received early treatment
through dietary management to limit Phe intake. Lifetime Phe levels,
with gaps of no more than 2 years prior to neuroimaging, were retro-
spectively available for all children. At the time of neuroimaging, age
ranged from 6 to 18 years (M = 12.2, SD = 3.8), education ranged
from 0 to 13 years (M= 6.4, SD = 3.8), and IQ ranged from 75 to 122
(M= 102.1, SD= 10.9). No child had a reported history of major med-
ical, psychiatric, or learning disorder unrelated to PKU, and no child was
treated with sapropterin dihydrochloride at the time of study.

2.2. Procedures

We obtained approval to conduct this study from institutional
review boards for the protection of human subjects at Washington
University in St. Louis, Oregon Health & Science University, and the
University of Missouri, which were the sites at which DTI data were
collected. All participants and/or their guardians provided written in-
formed consent prior to engagement in study procedures. Neuroimag-
ing data were collected as components of larger studies that included
measures of cognition. Administration of all cognitive and neuroimag-
ing procedures occurred during a single session lasting approximately
4 h. The metabolic clinics from which children were referred provided
blood Phe levels over the lifetime based on available medical records.
Some of the Phe and neuroimaging data reported here have been

published previously [21,28], but not in terms of relationships between
various indices of Phe control and DTI findings.

2.3. Measures

2.3.1. Indices of Phe control
With the exception of mean exposure and SD exposure, the indices

of blood Phe control are described in detail elsewhere [28]. Briefly, we
computed 8 indices over the lifetime. Average Phe was represented by
mean Phe and the IDC; mean Phe was the mean of all available Phe
levels, whereas the IDC was the mean of all yearly median Phe levels.
Variability in Phe was reflected by the SD Phe, SEE Phe, and % spikes;
SD Phe was the degree of variation in Phe around the mean; SEE Phe
was the degree of variation in Phe around a regression function; and %
spikes was the proportion of Phe levels that were at least 600 μmol/L
greater than either the preceding or succeeding Phe level in relation to
the total number of Phe levels available. Change in Phe with age was
represented by the slope of a regression function in which Phe was
plotted in relation to age.

Finally, two previously unexamined indices of Phe control, mean ex-
posure and SD exposure, were computed to take into account the dura-
tion (i.e., years) and accumulative effects of exposure to elevations and
variability in Phe. The rationale for examining these two indices was
that older children with PKU have experienced more prolonged
exposure to elevations and variability in Phe than younger children.
The approach used to compute the exposure indices was comparable
to that used by Perantie et al. 2007 [29] to examine exposure to hyper-
glycemia andhypoglycemia in childrenwithdiabetes. As thefirst step in
calculating mean exposure, we obtained the mean and standard devia-
tion for bothmeanPhe and age across the entire sample of childrenwith
PKU. Z scores for mean Phe and age were then computed for each child
based on themeans and standard deviations of the sample. Mean expo-
sure for each child was then calculated by summing the z scores [30] for
mean Phe and age. SD exposure was similarly computed based on the
mean and standard deviation for SD Phe and age across the entire
sample of children with PKU. This method of calculation results in
scores that approximate a normal distribution, with higher scores indi-
cating greater exposure to Phe or variability in Phe.

2.3.2. Diffusion tensor imaging
Neuroimaging procedures are described in detail elsewhere [21].

Briefly, DTI data were acquired using a diffusion weighted echo planar
imaging sequence along 6 (24 children) and 25 (12 children) non-
collinear diffusion gradients (maximal b value of 1000 s/mm2 and
voxel size 2.0 mm3) on a Siemens Tim Trio 3.0 T imaging system
(Erlangen, Germany). Diffusion weighted images were registered to
an in-house atlas at Washington University, and parametric maps
were generated for MD. Fractional anisotropy was not examined,
because previous studies have consistently found few differences
between individuals with PKU and healthy controls on this DTI variable
[21,22,24–27].

MD was examined using two approaches: region of interest (ROI)
analyses and tract based spatial statistics (TBSS) analyses. ROI analyses
focused on 10 brain regions: prefrontal cortex, centrum semiovale,
posterior parietal–occipital cortex, optic radiation, hippocampus, corpus
callosum (genu, body, splenium), thalamus, and putamen; data for left
and right homologous brain regions were averaged. TBSS analyses
were used to examine microstructural white matter integrity without
regard for strict anatomical boundaries.

2.3.3. Data analyses
For ROI analyses, z scores for MD in the 10 noted brain regions were

generated for each childwith PKU based on ROI data (i.e., mean and SD)
previously collected in our laboratory from 62 typically-developing
healthy children with an age range comparable to that of our PKU sam-
ple (details regarding the healthy sample are reported elsewhere [26]).
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