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Abstract

The goal of this work was to study white matter integrity in children with cystinosis, a rare
lysosomal storage disorder resulting in cystine accumulation in peripheral and central nervous
system tissue. Based on previous reports of cystine crystal formation in myelin precursors as well
as evidence for specific cognitive deficits in visuospatial functioning, diffusion tensor imaging
(DTI) was applied to 24 children with cystinosis (age 3-7 years) and to 24 typically developing
age-matched controls. Scalar diffusion indices, fractional anisotropy (FA) and mean diffusivity
(MD), were examined in manually-defined regions of interest within the parietal and inferior
temporal lobes. Diffusion indices were correlated with performance on measures of visuospatial
cognition and with white blood cell cystine levels. Bilaterally decreased FA and increased MD
were evident in the inferior and superior parietal lobules in children with cystinosis, with
comparable FA and MD to controls in inferior temporal white matter, and implicate a dissociation
of the dorsal and ventral visual pathways. In older cystinosis children (age > 5), diminutions in
visuospatial performance were associated with reduced FA in the right inferior parietal lobule. In
addition, increased MD was found in the presence of high cystine levels in all children with
cystinosis. This study provides new information that the average diffusion properties in children
with cystinosis deviate from typically developing children. Findings suggest the presence of early
microstructural white matter changes in addition to a secondary effect of cystine accumulation.
These alterations may impact the development of efficient fiber networks important for
visuospatial cognition.
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1. Introduction

Infantile nephropathic cystinosis is a lysosomal storage disorder that is autosomal recessive
in inheritance (Gahl et al., 2002). The genetic defect is one of cystine transport, wherein the
accumulation of cystine within lysosomes results in the formation of crystals in multiple
organs including the brain (Gahl, 1986). Although the mechanism of tissue damage is
unclear, renal tubular dysfunction, growth retardation, hypothyroidism, progressive
myopathy and central nervous system deterioration are among the resultant chronic effects
(Charnas et al., 1994; Ehrich et al., 1979; Fink et al., 1989; Gahl et al., 1988).

Despite newer cystine-depleting treatments, subtle neurological deficits remain and are
apparent early in development (Cochat et al., 1986; Ross et al., 1982; Trauner et al., 2007).
Among these, neurocognitive weaknesses are a prevalent concern and are predominant in
the visuospatial domain, accompanied by impairments in arithmetic and tactile recognition
(Ballantyne et al., 1997; Colah and Trauner, 1997; Trauner et al., 1988). Deficits in the
visual domain are isolated to the spatial component of visual function, as visual-perceptual
functions are largely intact (Ballantyne and Trauner, 2000). The development of visuospatial
functions appears to be impacted early in life, with deficits observed in children at least as
young as 3 years of age (Trauner et al., 2007).

Although the neuropathology underlying this cognitive profile is unknown, postmortem
studies show alterations throughout the brain parenchyma in cystinosis. Most distinctive and
specific to this condition is that of cystine crystal deposition (Jonas et al., 1987; Levine and
Paparo, 1982), which is found in several cell types, but most commonly within pericytes,
parenchymal cells of white matter (WM) and oligodendrocytes (\VVogel et al., 1990).
Ventricular dilatation consistent with cortical and WM atrophy is evident in adults (Cochat
et al., 1986; Fink et al., 1989; Nichols et al., 1990), though the onset and pathogenesis of
these processes is unclear.

To examine the early effects of this genetic disorder on WM development, we employed
diffusion tensor imaging (DTI) to assess the integrity of component regions within the visual
processing streams. DTI is sensitive to the random motions, or diffusion, of water molecules
in neural tissue. Through manipulation of diffusion sensitizing gradients along different
directions, one can reconstruct the directional dependence of diffusion and, from this, infer
the structural characteristics of the local tissue environment (Stejskal and Tanner, 1965).
Two standard diffusion-sensitive scalar measures can be derived from DTI that provide
information on underlying WM structure: the mean diffusivity (MD), a measurement of the
overall magnitude of diffusional motion within a given voxel, and the fractional anisotropy
(FA), a measurement of the directional variance of diffusional motion (Basser and Pierpaoli,
1998; Moritani et al., 2004).

Considering that the profile of impaired spatial and spared perceptual processing in children
with cystinosis parallels the well known dissociation between the dorsal and ventral
processing streams (Ungerleider and Mishkin, 1982), we predicted that children with
cystinosis would demonstrate lower FA in dorsal pathway regions, but similar FA to
controls in ventral regions. This would suggest attenuated white matter quality in spatial
analytic and action-relevant visuospatial processing regions in the context of preserved
white matter integrity in perceptual processing regions specialized for object identification
and discrimination (DeYoe and Van Essen, 1988; Ungerleider and Haxby, 1994). Secondly,
we hypothesized that the severity of the visuospatial deficit in children with cystinosis
would be negatively correlated with FA in dorsal pathway regions, as consistent with recent
findings linking increased anisotropic diffusion to efficient cognitive performance, (Fryer et
al., 2008; Schmithorst et al., 2005). Although largely unexplored as a marker of disease
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load, we predicted that white blood cell cystine level near the time of testing would be
negatively correlated with visuospatial function and FA in parietal regions.

2. Methods

2.1 Participants

Forty-eight children ranging in age from 3 through 7 years (mean age, 5.5 + 1.3 years)
participated in the current study. Twenty-four of these children (10 male, 14 female) were
diagnosed with infantile nephropathic cystinosis. A control group consisting of 24 typically
developing children (12 male, 12 female) were individually matched to the cystinosis
children on the basis of age (+ 6 months) and socioeconomic status. The diagnosis of
cystinosis was confirmed based on genetic testing or elevated leukocyte cystine levels
(Smith et al., 1987; Smolin et al., 1987) in addition to clinical history. All cystinosis
participants were screened to ensure that they were not experiencing renal failure at the time
of testing, that they were euthyroid, had adequate vision for testing, and were free from
other neurological and psychiatric conditions. In addition, we verified that no cystinosis
children in our study had a history of pulmonary dysfunction or diabetes mellitus, due to the
potential impact of these conditions on neurobehavioral functioning. Cystinosis children
were recruited through the National Cystinosis Foundation, the Cystinosis Research
Network, and the Cystinosis Research Foundation, all of which maintain close contact with
many cystinosis families. Control participants were screened with a comprehensive family
and medical history questionnaire and the age-appropriate Wechsler Intelligence Scale
(Wechsler, 1991; Wechsler, 1989). Exclusionary criteria were: history of
neurodevelopmental or medical disorder including brain damage from closed head trauma,
hypoxic-ischemic encephalopathy, meningitis or encephalitis, or acute systemic illness that
might adversely affect cognitive function; significant alcohol or illicit drug exposure in
utero; learning disability; intellectual (Wechsler Intelligence Quotient (1Q) < 85),
behavioral, or psychiatric problems; and clinically abnormal brain anatomy based on
neuroradiological review of structural MRIs collected as part of this study. Informed consent
was obtained from participants' parents/legal guardians in accordance with University of
California, San Diego Institutional Review Board procedures.

2.2 MR acquisition

Prior to imaging, participants were administered diphenhydramine or clonidine orally to
facilitate relaxing and/or falling asleep during scanning. A physician or nurse practitioner
presided over medication administration. After lying in the scanner, foam pads were placed
around the head to minimize head motion. Participants were imaged in a 1.5T General
Electric Clinical MRI magnet (EXCITE HD). Diffusion weighted imaging consisted of a
single-shot dual spin echo excitation with b-values of 0 and 2,000 s/mm?2 (TR = 105 ms, TE
=82.2 ms, field of view (FOV) = 24 cm, flip angle = 90°, matrix = 128 x 128 interpolated to
256 x 256, 3.8 mm contiguous slices). The diffusion sampling scheme is the simple model
method of Basser and Peripaoli (1998). It assumes Gaussian diffusion and can be described
by a symmetric 3x3 diffusion tensor. Therefore, it requires six different diffusion weighting
directions and a seventh normalizing image with a b-value of 0 s/mm? and a gradient
coordinate system (x,y,2): (0,1,1); (0,1,-1); (1,0,1); (1,0,-1); (1,1,0); and (1,-1,0). Two
series were collected to increase signal-to-noise ratio and were externally averaged. High
resolution T1-weighted sagittal images acquired using a spoiled gradient echo (SPGR)
sequence (TR =20 ms, TE =4 ms, FOV = 25 cm, flip angle = 90°, matrix = 128 x 128
interpolated to 256 x 256, 1.3 mm contiguous slices), covering the entire cerebral volume,
provided an anatomical reference for manual definition of regions of interest (ROIs). All
MRI scans received a clinical reading by a neuroradiologist (JRH) blinded to subject status.
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2.3 Image processing and DTI Quantification

Prior to data analysis, images were assessed for sufficient quality. Those data deemed
invalid due to technical problems or artifacts were excluded from the study. Four
participants (2 cystinosis, 2 controls) were excluded due to severe motion artifacts. Two
participants (1 cystinosis, 1 control) were excluded due to susceptibility artifacts.

Following data inspection, each diffusion-weighted dataset was aligned to the first volume
to correct for motion occurring between the two image sets in AMIRA 3.1 (Mercury
Computer Systems Inc., Chelmsford, MS, USA) using a rigid body only registration with no
rotations. Once completed, the two image sets were averaged to improve signal-to-noise
ratio and registered using a similar rigid body transformation to the BO image to minimize
eddy current distortions. Pre-processed images were then subjected to tensor decomposition
to derive scalar diffusion indices, FA and MD (Le Bihan et al., 2001). This computation was
performed in native coordinate space using Analysis of Functional Neurolmages' (Cox,
1996) diffusion plugin routine, 3dDW/toDT (Cox and Glen, 2006), which provides a non-
linear positive definite estimation of the diffusion tensor. Values of FA and MD were then
calculated on a voxel-by-voxel basis.

The following procedures were implemented in SPM2 (Statistical Parametric Mapping,
Welcome Department of Imaging Neuroscience, University College London). To ensure
inter-individual anatomical alignment, the T1-weighted anatomical images of all subjects
were aligned to the anterior and posterior commissure (ACPC). FA and MD maps were then
coregistered to the anatomical images using a mutual information method (Ashburner et al.,
1997). Segmentation of the anatomical images into three separate tissue classes representing
gray matter (GM), WM, and cerebrospinal fluid (CSF) was performed using a combined
anatomical a priori knowledge and pixel intensity approach, resulting in tissue probability
maps (Ashburner and Friston, 1997). The segmented WM images served as masks from
which FA and MD values were extracted (Barnea-Goraly et al., 2005; Schmithorst et al.,
2002) using AMIRA.

2.4 Region of Interest Analysis

Regions were defined in AMIRA by manually tracing on each ACPC-aligned high
resolution anatomical image. Manual definition was implemented to minimize the confound
of including adjacent structures (Schneider et al., 2004; Snook et al., 2005). This method
confers an advantage over faster but more simplistic techniques of placing geometric shapes
over a certain area or interpolating over the brain volume. Based on previous findings of the
probable anatomical correlates of visuospatial function (Just et al., 2001; Klingberg et al.,
2002; Oliver and Thompson-Schill, 2003; Rao et al., 2003; Thomas et al., 1999), selected
ROIs including the left and right inferior parietal lobule (LIPL; RIPL), the left and right
superior parietal lobule (LSPL; RSPL), and for purposes of demonstrating a dissociation, the
left and right inferior temporal gyrus (LITG; RITG) were examined (Pins et al., 2004;
Schmithorst et al., 2007b; Shen et al., 1999).

Each region's limiting sulci, gyri and anatomical landmarks were located by viewing the
anatomical images in three orthogonal planes. Use of a surface rendering algorithm
(AMIRA Voltex) provided a three-dimensional view of the relevant structures, allowing
rotation around X, y, and z axes to achieve the best possible visualization of each region.
Outlines were drawn around relevant brain regions and filled in using AMIRA routines and
manual editing.

Standardized rules were generated for delineating each ROI. The parietal lobe was traced
first (Figure 1a) before parcellation into superior and inferior lobules (Crespo-Facorro et al.,
2000; Kates et al., 1999). The parietal lobe was traced primarily in the sagittal plane,
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beginning off center from the midline and progressing laterally. The fronto-parietal border
of the parietal lobe was delineated by the central sulcus and the parieto-occipital fissure
marked the posterior border. As the corpus callosum disappears, the lobe was traced as all
matter above the lateral ventricle extending to the superior aspect of the hippocampus.
Following definition of the parietal lobe, the postcentral gyrus was extracted and the
remaining region was subdivided into the IPL and SPL. The anatomical boundaries of the
IPL consisted of the post-central sulcus as the anterior border, the intraparietal sulcus as the
superior border, and the lateral fissure as the anterior inferior border. The SPL, which
emerges medial to the supramarginal and angular gyrus is bounded anteriorly by the post-
central sulcus and posteriorly by the parieto-occipital fissure. The ITG was located and
drawn on both the lateral and ventral surfaces of the hemisphere using the inferior temporal
sulcus and occipito-temporal sulcus as boundaries (Kim et al., 2000). Tracing of the ITG
terminated medially as the insula fused with the superior temporal gyrus. Region definition
was performed in the right and left hemisphere.

The interrater reliability of the ROI-defining procedures was obtained for each region
between two trained staff members. Reliability for each ROI was evaluated in three
randomly selected cases assessed by the two raters. Intraclass correlation coefficients were
0.95 for the LSPL, 0.96 for the RSPL, 0.95 for the LIPL, 0.97 for the RIPL, 0.96 for the
LITG, and 0.96 for the RITG. Following ROI definition, ROI and segmented WM masks
were applied to FA and MD maps (Figure 1a—d depicts this process) for statistical
comparison using AMIRA.

2.5 Visuospatial Assessment

Two measures of visuospatial cognition, the Spatial Relations test of the Woodcock-Johnson
Psycho-Educational Battery Third Edition (WJ-I11)(McGrew and Woodcock, 1985) and the
Copy and Coordination component of the Beery-Buktenica Developmental Test of Visual
Motor Integration, 5th Edition (VMI) (Beery et al., 2004), were administered to each
participant to examine the relationship between diffusion parameters and behavioral
performance. These measures have demonstrated sensitivity to the visuospatial deficits in
young children with cystinosis (Trauner et al., 2007) and were chosen accordingly. The
Spatial Relations test requires participants to visually select from a series of shapes, the
component parts required to make a whole. Mental rotation of each element is required to
form a correct whole and shapes become increasingly more abstract and complex as the test
progresses. The VMI assesses the integration of visual and motor abilities. The Copy and
Coordination measure consists of 27 geometric forms presented in developmental sequence.
Participants are asked to copy each form in successive order. All protocols are scored by two
independent raters to ensure interrater reliability equivalent to at least 95% overall
agreement. Raw scores from both measures are standardized for age with a mean of 100 (SD
=15).

Participants were also administered either the Wechsler Preschool and Primary Scale of
Intelligence-Revised (WPPSI-R) (Wechsler, 1989) or the Wechsler Intelligence Scale for
Children-111 (WISC-111) (Wechsler, 1991), depending on age, in order to covary for
differences in intellectual functioning.

2.6 Cystine Levels

Cystinosis participants' white blood cell cystine levels were obtained from medical records.
The appropriate Health Insurance Portability and Accountability Act (HIPAA) research
authorization was obtained from the parent or legal guardian prior to accessing cystine lab
panels. White blood cell cystine levels were analyzed in traditional units (nmol of half-
cystine per milligram of protein). Correlation analysis of white blood cystine level with
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diffusion maps and visuospatial functioning was performed if cystine measurements
occurred within two months of participation in the study. Lifetime cystine levels were
analyzed if two measurements at minimum were collected during each year of life. This
criterion was adopted to account for possible fluctuations in cystine levels that can occur
within a given year of life. Requiring that at least two measurements occurred during each
year of life, provided an estimate of cystine level that could account for variance across
timepoints.

2.7 Statistical Analysis

3. Results

Prior to analysis, independent and dependent variables were examined for normality using a
test for skewness and kurtosis. Although cognitive measures were normally distributed, FA,
MD and cystine level were found to deviate from normality. Results of Levene's test for
homogeneity of error variances were satisfactory (p > .05). Statistical comparisons were
performed in a parametric framework when modeling multiple covariates, but univariate
analyses were replicated using nonparametric methods, where appropriate, to ensure
robustness of our findings.

A multivariate analysis of variance (MANOVA) tested for group differences in FA and MD,
each separately, over four regions of the parietal lobe and two regions of the temporal lobe.
As brain structure and diffusion properties change with age and differ between males and
females (Schmithorst et al., 2007a), we examined the effect of potential covariates including
age and sex on FA and MD. Spearman correlations assessed the relationship between
visuospatial performance, cystine level, and FA and MD in parietal regions.

Analyses across multiple regions employed Hochberg correction for multiple comparisons
(maintaining apy = .05), with FA and MD analyses constituting separate families of
comparisons. P-values reported are adjusted for the Hochberg correction. Cook's distance
statistic was used to identify potentially influential observations and Levene's test assessed
the homogeneity of error variance between groups.

A concern in the design and analytic approach of this study was the issue of power. Due to
the rare nature of cystinosis the sample size was necessarily small, thus limiting the power
of the study. Secondly, to ensure Type | error control, adjustments were made for multiple
comparisons on a family-wise basis. As a result, the current study had limited power to
detect very small or medium effects. It is important to consider that statistically significant
findings (p< .05) reported here, represent notably large and clinically meaningful effect
sizes.

Examination of our data distribution revealed one outlier in the cystinosis group with
extremely low FA in parietal regions. Influence statistics including Cook's distance (critical
value = 13.79, maximum sample value = 9.31) did not identify this case or any others as
multivariate outliers in their respective groups. Moreover, analyses were repeated while
omitting this participant and findings remained unchanged.

3.1 Behavioral Performance

A multivariate analysis of covariance was performed on two measures of visuospatial
functioning and two measures of intellectual functioning (WJ-111 Spatial Relations Subtest,
Beery VMI, Wechsler Verbal 1Q, and Wechsler Performance 1Q) to compare performance
between the cystinosis and control groups, with age as a covariate. There was a significant
main effect of group (F(1 46) = 36.87, p < .0001), such that the cystinosis group performed
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worse than controls overall (see Table 1). Comparison of overall profiles did not indicate
significant deviations from parallelism.

3.2 Clinical MRI Readings

Three cystinosis children showed evidence of mild cortical atrophy, one showed mild central
atrophy (ventriculomegaly), and four demonstrated mild to moderate cortical and central
atrophy. No gray or white matter lesions were noted by the neuroradiologist.

3.3 Fractional Anisotropy and Mean Diffusivity

Potential covariates including age and sex were examined in relation to diffusion
parameters. Following correction for multiple comparisons, Spearman correlations indicated
a positive relationship between age and FA in the LIPL (r= .45, p=.03), LSPL (r= .46, p
=.02), RIPL (r=.43, p=.03), and RSPL (r= .56, p=.005) for the cystinosis group only
(see Figure 2). Significant negative correlations between age and MD were evident in the
LIPL (r=-.49, p=.01), RIPL (r=-.61, p=.001), and RSPL (r=-.46, p=.02) in the
cystinosis group and in the LIPL (r=-.41, p=.04) for controls. Given the interaction
between age and group, age was included as an independent variable in further ROI
analyses. No sex differences in FA or MD were apparent.

Within-group comparisons revealed symmetrical values of FA and MD across parietal
regions in control children. In the cystinosis group, FA was significantly lower in the RIPL
as compared to the homologous region in the left hemisphere (4,3) = 2.60, p=.02).
Consistent with our hypothesis, between-group comparisons using MANOVA indicated
significantly decreased FA in the bilateral SPL and RIPL of cystinosis children relative to
controls (see Table 2). This finding occurred in the context of non-significant differences in
FA in temporal regions. Interestingly, alterations in FA were more pronounced for younger
cystinosis children (age < 5.50, 7= 11) in all four parietal regions (LIPL: p =.01; LSPL: p
=.004; RIPL: p =.02; RSPL: p =.002), whereas older children with cystinosis (age > 5.50,
n=13) demonstrated mean FA values approximating those of controls (p=.54 to .98) (see
Figure 2).

As shown in Table 2, analysis of MD revealed significantly increased diffusivity in bilateral
SPL in the cystinosis group as compared to controls. In concordance with FA findings,
group differences in MD were not evident in temporal regions. Nonparametric statistics
using the Mann-Whitney U Test replicated all between-group findings, though significantly
increased MD in the cystinosis group was additionally evident in the LIPL (z = -2.17, p=.
03) and RIPL (z=-2.0, p=.05).

Subsidiary analyses were performed on a subgroup of cystinosis participants with normal
radiological brain MRI scans (/7= 12) to address the potential confound of cortical and/or
central atrophy as contributing to differences between groups. The results of these analyses
replicated those previously described. In particular, even after selecting cystinosis
participants without evidence of brain abnormality on MRI, they continued to show reduced
FA in parietal regions as compared to age-matched controls.

3.4 Correlation with Visuospatial Performance and Cystine Levels

Correlation of FA and MD in parietal regions with visuospatial functioning did not reveal
significant findings for either group. Considering the significant relationship between age
and diffusion parameters found only in the cystinosis group, we examined whether age
moderated correlations between FA or MD and visuospatial functioning. Analysis of school-
age cystinosis participants (age > 5.50, 7= 13) revealed a positive relationship between FA
in the RIPL and performance on the Beery VMI (r=.74; p=.004) (see Figure 3), with no
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such relationships evident in temporal ROIs. No significant correlations emerged between
diffusion parameters and the Spatial Relations subtest or between MD and Beery VMI
performance.

Examination of cystine levels and diffusion parameters (7= 17) indicated a positive
relationship between white blood cell cystine level at the time of testing and RSPL MD (r=.
50, p=.04), and a similar trend in relation to RIPL MD (r= .46, p=.05). Analysis of
school-age cystinosis participants (age > 5.50, /7= 10), extended findings from the total
group. Specifically, positive correlations between cystine level at the time of testing and
LIPL MD (r=.93, p=.001), LSPL MD (r= .91, p=.002), and RIPL MD (r= .86, p=.007)
were evident. A trend toward a negative relationship between cystine level and RSPL FA
was also noted (r=-.69, p=.06). Additionally, greater variance of cystine levels over one's
lifetime was associated with decreased PIQ (r=-.72, p=.04). Results of analyses repeated
to evaluate such relationships in temporal regions, revealed no significant findings.

4. Discussion

This is the first study to investigate WM microstructure in children with a disorder of
lysosomal storage. Consistent with our hypothesis, children with cystinosis evidenced
diminutions in mean FA and corresponding elevation in MD in component areas of the
dorsal visual pathway. These changes occurred in the absence of alterations in the inferior
temporal area, a predominant region constituting the ventral visual pathway. Bilateral
decrements in FA in children with cystinosis appear consistent with the finding that young
children require both hemispheres to process visuospatial tasks (Stiles, 2000). Together,
these findings suggest that selective changes in cerebral WM are evident in cystinosis and
are present early on in development. In addition to early changes, a secondary effect of
cystine accumulation on WM maturation and visuospatial functioning is implicated.

4.1 Age-related differences in diffusion anisotropy

A central question in characterizing the observed neurological deficits in cystinosis is
whether the genetic deletion causes early structural alterations or whether progressive
disease processes result in compromise of structure over time. Though this is best
investigated with a longitudinal design, the present findings provide some insight regarding
neurodevelopmental processes in this condition. Our study demonstrated significant positive
correlations between age and diffusion parameters in children with cystinosis, whereas
control children exhibited a relatively flat profile across the 3—7 year age range studied. The
latter finding is consistent with previous work describing MD and FA over the
developmental period. Diffusion indices measured in multiple cerebral regions including the
caudate, thalamus, corpus callosum, internal capsule, and frontal and periventricular WM
show a rapid increase in FA and decrease in MD during the first 2 years of life. Following
this steep pattern, is a slower process of change on through adolescence (Mukherjee et al.,
2001; Mukherjee et al., 2002). The slope of FA from 2 to 18 years of age is modest in
magnitude particularly for regions subserving higher cognitive functions such as fronto-
parietal WM, in which neurodevelopment is relatively more protracted (Schmithorst et al.,
2002).

Children with cystinosis show a departure from this developmental pattern. Examination of
age-related changes in FA revealed a notable developmental lag at young ages in cystinosis
children as compared to typically developing controls. While cystinosis children appear to
catch-up by the age of 5.5 years, as reflected in comparable FA to control children, they
continue to demonstrate cognitive deficits. This finding is particularly striking as it suggests
that the structure of the fiber networks may be inefficiently laid down early in development.
Aberrations in the core framework may result in persistent cognitive deficits that cannot be

Cortex. Author manuscript; available in PMC 2012 May 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

overcome with maturation. Moreover, initial changes in myelin precursors or cellular
components may result in consistently altered WM maturation.

4.2 Clinical correlates of FA and MD

The functional implications of WM changes in cystinosis appear to be prominent for school-
aged children with cystinosis (>5.5 years), where FA was found to correlate with
performance on a task of visual-motor integration. Although mean FA in school-age
children with cystinosis begins to approximate that of controls, the nature of fiber
organization and connectivity may be qualitatively different, and thus lead to disparate
visuospatial cognitive abilities. Given that brain regions involved in spatial analytic
processing become more specialized over the course of development, particularly from 6-12
years of age (Akshoomoff and Stiles, 1995), the relationship between FA and performance
on visuospatial tasks may not be entirely discernable in younger children with cystinosis (<
5 years).

To explore potential mechanisms of WM pathogenesis in the visual processing streams, a
tertiary component of our study focused on white blood cell cystine, a biological marker in
cystinosis. High white blood cell cystine levels reflect increased cystine accumulation,
which interferes with cellular structure and function (Feksa et al., 2004; Gahl, 1986). The
relationship between white blood cell cystine and brain cystine levels is unclear; however,
the present findings suggest a potentially important link. Regardless of age, white blood cell
cystine level was associated with increased MD in the right SPL with a similar trend evident
in the IPL. Although cystine accumulation and resultant crystal formation would be
expected to hinder diffusion, it appears that degradation of existing WM tracts or delayed
WM development may be a consequence instead. The latter possibility is congruent with the
developmental lag in FA observed at very young ages and suggests an early impact of
cystine on CNS structure.

Older cystinosis children (> 5 years) demonstrated stronger associations between cystine
level and MD in bilateral parietal regions, suggesting that in addition to an initial disruption
in WM maturation early in development, there may be a secondary progressive effect of
cystine accumulation on WM organization and connectivity. Of note, we begin to see the
effect of increased cystine on FA in the older cystinosis group, where we observed a trend
toward a negative relationship between cystine level and FA in the RIPL. Although only
speculative, this trend may presage regressive processes in the adolescent period. Indeed, in
their study of visuomotor integration in children with cystinosis (4 — 16 years of age),
(Scarvie et al., 1996) showed that with advancing age, children with cystinosis fell further
behind their typically developing peers. Animal models also implicate a progression in
cognitive impairment with age that corresponds to an elevation in cystine levels (Maurice et
al., 2007).

Although cystine level was not systematically related to visuospatial performance, increased
variation in cystine levels over time corresponded to decrements in PIQ (in children > 5
years of age). As alluded to above, structural networks which may be inefficiently laid down
at the onset, may also be increasingly vulnerable to fluctuations in cystine. The current
findings suggest that white blood cell cystine levels over the course of development may be
an important factor in the neuropathogenesis of cystinosis.

4.3 Diffusion indices and implications for neuropathogenesis

Alterations in both FA and MD in children with cystinosis could reflect a number of
aberrant neurodevelopmental processes. It is possible that anisotropic changes are present
early in development, emerging from aberrations in cellular components and membranous
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organelles that are directly related to the causative nephropathic cystinosis gene, CTNS
(Kleta and Gahl, 2004). It is also possible that intracellular cystine crystal formation may
simulate cytotoxic edema, as occurs in glial cells, axons, and myelin sheaths. As a result, the
accumulation of cystine in the oligodendroglial lysosomes could lead to cell degeneration
(Gieselmann et al., 1994; Kessler et al., 2007; van der Knaap et al., 1999). An additional
consideration is that an interaction of these processes is at work. Initial cellular and
membrane damage set in place at an early point in development may instigate a cascade of
events eventually resulting in loss of fiber integrity and hypofunctional cortical networks.

4.4 Limitations

Several limitations to the current study must be addressed in future research. Our sample
size, while substantial given the rare nature of cystinosis, precluded more extensive analysis
of relationships between demographic, neurobiological, and cognitive variables including
statistical evaluation of an age by group interaction. The conservative approach of adjusting
for multiple comparisons further reduces the statistical power.

Our methods were also limited with regard to our diffusion protocol and processing
techniques. In particular, we utilized a 6 direction diffusion model primarily to provide an
acceptable scan time for our young participants. This model is insufficient for voxels
containing multiple-fiber orientations and can lead to error in estimating diffusion
parameters (Frank, 2001; Pierpaoli et al., 1996). High angular resolution techniques should
be considered in future work to more accurately model regions of complex fiber
distributions and characterize local diffusion.

4.5 Future Directions and Conclusion

Longitudinal examination of children in the current study would permit a more
comprehensive assessment of the relationship between early changes in brain parenchyma
and progressive processes in cystinosis. Brain systems that mediate visuospatial function
undergo critical change, particularly in early adolescence, when patterns of functional
activation begin to resemble that of adults. Examination of this period of development may
provide insight into the progression of WM compromise and related cognitive changes in
cystinosis.

Although our study addresses important hypotheses for understanding the
neuropathophysiology of cystinosis, the relationship between DTI measures and specific
changes to the WM structure are still unclear. Changes in FA may be caused by any
combination of factors related to myelination, axonal diameter, fiber density, and coherence.
Histological studies may be necessary to identify specific changes to tissue architecture and
integrity in cystinosis.

In conclusion, this study provides new evidence that the average DTI properties in children
with cystinosis deviate from typically developing children. These differences are evident in
parietal regions and appear to vary over the early developmental period, where a
developmental lag in WM maturation is implicated. Our findings further suggest that early
microstructural changes may impact the development of efficient fiber networks within the
dorsal processing stream and result in cognitive skill deficits. In addition, ongoing
neurobiological processes in cystinosis may constitute a secondary factor impacting overall
behavioral outcome. The present findings are also of clinical significance as they
demonstrate early alterations in WM maturation that may result in subtle, but persistent
cognitive deficits. Given the critical role of experience in cognitive development and skill
acquisition, early intervention in the form of visuospatial skill training may result in greater
adjustment to initial disruptions in this system.
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Figure 1.

(A) Representative examples of region of interest (ROI) definition of the parietal lobe with
its subdivisions on a T1-weighted anatomical image in a control participant; (B) Overlay of
the fractional anisotropy map on anatomical image; (C) Illustration of segmented white
matter mask used for extracting mean diffusion parameters from ROIs; (D) Product of white
matter segment and parietal ROI.

Note. Age of control participant is 5.5 years. Anterior-posterior outline of regions is:
postcentral gyrus (purple-orange); superior parietal lobule (orange-green); inferior parietal
lobule (green-blue).
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Figure 2.

Bivariate scatterplots depicting the relationship between age and fractional anisotropy in
cystinosis and control participants.

*p<.05

**p<.01

Abbreviations. LIPL = left inferior parietal lobule; LSPL = left superior parietal lobule;
RIPL = right inferior parietal lobule; RSPL = right superior parietal lobule.
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Figure 3.
Bivariate relationship between fractional anisotropy in the right inferior parietal lobule

(RIPL) and Beery Visual-Motor Integration (VMI) performance in school-age cystinosis
participants.
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Table 1

Behavioral performance in cystinosis children and controls

Cystinosis Mean £ SD (n=24) ControlsMean+SD(n=24) T P
Spatial Relations Test 103 +£10.8 116 +8.5 46  008%
Visual-Motor Integration Test 89+12.0 107 +15.9 40  o01%
Performance 1Q 90 £12.0 112 +12.0 6.0 <001”
Verbal 1Q 95+12.2 113+14.38 46 <001”

*
Significant at p < .05, reported p-values are adjusted using the Hochberg correction for multiple comparisons
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