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Abstract

Lesch—Nyhan disease is a rare, sex-linked, genetic neurodevelopmental disorder that is
characterized by hyperuricemia, dystonia, cognitive impairment and recurrent self-injury. We
previously found reduced brain white matter volume in patients with Lesch—Nyhan disease
compared with healthy adults using voxel-based morphometry. Here, we address the structural
integrity of white matter via diffusion tensor imaging. We hypothesized that white matter integrity
would be decreased in men with Lesch—Nyhan disease and to a lesser extent in men with a

milder variant of the disease (Lesch—Nyhan variant) relative to healthy men. After acquiring
diffusion-weighted brain images from Lesch—Nyhan disease (/7= 5), Lesch—Nyhan variant (7=

6) and healthy participants (n7= 10), we used both tract-based spatial statistics and a regions of
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interest approach to analyse between-group fractional anisotropy differences. We first replicated
earlier findings of reduced intracranial, grey matter and white matter volumes in patients. We
then discovered marked reductions of fractional anisotropy relative to the healthy control group.
The Lesch—Nyhan disease group showed more pronounced reductions in white matter integrity
than the Lesch—-Nyhan variant group. In addition to whole brain fractional anisotropy group
differences, reductions in white matter integrity were observed in the corpus callosum, corona
radiata, cingulum, internal capsule and superior longitudinal fasciculus. Moreover, the variant
group had attenuated dystonia severity symptoms and cognitive deficits. These findings high-light
the need to better understand the role of white matter in Lesch—Nyhan disease.

Keywords

cognition; diffusion tensor imaging; Lesch—-Nyhan disease; Lesch—Nyhan variant; magnetic
resonance imaging; white matter

1| INTRODUCTION

Lesch—-Nyhan disease (LND) is a rare, sex-linked, genetic disorder of purine metabolism
that leads to a characteristic neurodevelopmental phenotype (Harris, 2018; Torres & Puig,
2007). It occurs almost exclusively in males, and the phenotype consists of hyperuricemia,
severe dystonia, cognitive impairment and recurrent self-injury (Anderson & Ernst, 1994;
Jinnah et al., 2006, 2010; Nyhan, 1976). LND is caused by mutations of the HPRT1 gene
found on the X chromosome long-arm (q26—g27) (Fu et al., 2013), which encodes the purine
salvage enzyme, hypoxanthine-guanine phosphoribosyltransferase (HPRT) (Fu et al., 2013;
Nguyen et al., 2017). Residual HPRT of less than 1.5% typically produces classic LND.
Partial HPRT deficiencies between 1.5% and 20% produce an attenuated phenotype variant
(Lesch—Nyhan variant [LNV]) (Fu et al., 2013, 2014). Persons with LNV typically show less
severe abnormalities than those with LND, and they do not self-injure (Jinnah et al., 2010).

Research has primarily focused on the basal ganglia and dopaminergic dysfunction in LND
(Ceballos-Picot et al., 2009; Gottle et al., 2014; Jinnah et al., 1999; Lloyd et al., 1981;
Nyhan, 2000; Saito & Takashima, 2000; Wong et al., 1996), with aberrant metabolic uptake
on positron emission tomography (PET) imaging in the basal ganglia, frontal cortex and
midbrain (Ernst et al., 1996). Patients have reduced basal ganglia volumes (Schretlen et

al., 2013), as well as PET evidence for abnormal dopamine fibres in the basal ganglia
(Ernst et al., 1996). Compared with the relatively extensive research into contributions of the
basal ganglia and dopaminergic pathways to LND, much less is known about the possible
contribution of brain white matter (WM) abnormalities. Using voxel-based morphometry
(VBM), we previously found that adults with LND showed a 17% reduction in brain

grey matter (GM) and 26% reduction of WM volumes relative to healthy controls (HC)
(Schretlen et al., 2015). WM matter volume reductions were prominent in the inferior
frontal and medial inferior regions of the brain. Moreover, evidence from mouse models
suggest that axon and dendrite are impoverished in LND and that along with myelin,

WM is mostly comprised of these neurites with HPRT deficiency resulting in aberrant
arborization (Mikolaenko et al., 2005) and growth during the cell differentiation process
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(Guibinga et al., 2010). Neurites require purines for energy, and it is more economical to
recycle purines via HPRT than it is to produce de novo purines (Mikolaenko et al., 2005).
The altered development of neurites has also been observed in models of autism, Fragile

X syndrome, Down syndrome, and movement disorders, such as Huntington’s disease
(Fiala et al., 2002; Gilbert & Man, 2017; Guidetti et al., 2001; Jagadha & Becker, 1989).
Therefore, these findings raise the question of whether reduced WM volume and integrity
contributes to the LND phenotype. Diffusion tensor imaging (DTI) enables one to measure
the microstructural integrity of WM fibre tracts (Le Bihan et al., 2001), unlike the VBM
methodology previously used by our group (Schretlen et al., 2015). Because volume and
integrity reflect different anatomical properties, it is possible that WM abnormalities in LND
extend beyond the loss of volume to include a more fundamental disruption of the structural
integrity of affected brain pathways, such as altered and impoverished arborization due to
impaired HPRT functioning. Based on prior findings (Mikolaenko et al., 2005; Schretlen et
al., 2015), we hypothesized that patients with LND and LNV would show decreased WM
integrity compared with HC and that this would be greater in LND than LNV.

2| MATERIALS AND METHODS

2.1| Participants and procedure

Twenty-four participants had T1-weighted and diffusion-weighted brain MRI scans. They
included 7 men with LND, 7 men with LNV, and 10 healthy men as control participants
(HC). One person with LND was excluded from the volumetric analysis because his
T1-weighted images could not be segmented due to motion artefact, although his diffusion-
weighted scan was viable and included in the DTI analysis.

Classic LND was diagnosed based on a history of hyperuricemia, self-injurious behaviour,
cognitive impairment and motor neurological abnormalities. Fibroblast assays confirmed
the diagnosis by showing residual HPRT enzyme activity less than 1.6% of normal or

a mutation in the HPRT1 gene that predicted null enzyme activity. Participants with

LNV were diagnosed if they had overproduction of uric acid but not self-injury. The
diagnosis was confirmed by evidence of residual HPRT enzyme greater than 1.5% of
normal, an HPRT1 gene mutation, or both. Data collection took place between 2009 and
2013. All patients were recruited through our clinics, other physicians, the Lesch—-Nyhan
Disease Patient Registry, and the Matheny School and Hospital in Peapack, New Jersey,
USA. When possible, all participants gave written informed consent to participate in the
study. Otherwise, written informed consent was obtained from a legal guardian of the
patient, and the patient gave oral assent to participate. Healthy participants were recruited
from the local community and were part of the Bipolar and Schizophrenia Network for
Intermediate Phenotypes (BSNIP) consortium study. Exclusion criteria for the HC group
included a history of neurological disorders, substance abuse or dependence, or psychiatric
illness. This study was approved by the Johns Hopkins Medicine and Emory University
institutional review boards and was conducted in accordance with the Declaration of
Helsinki. Data are available online https://github.com/JeffCrawford/Microstructural-White-
Matter-Abnormalities-in-Lesch-Nyhan-Disease_article
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Image acquisition and processing

T1-weighted and diffusion-weighted brain scans were acquired for all the participants using
a Siemens Magnetom TrioTim (3 T). T1-weighted image parameters were TR = 2300 ms;
TE = 2.9 ms; FOV = 256 mm; flip angle = 9°; voxel size = 1.0 x 1.0 x 1.2 mm. Diffusion-
weighted images were obtained using a single-shot spin-echo planar imaging (EPI) with

a twice-refocused balance echo sequence. Image parameters for most of the participants
were TR = 6700 ms; TE = 92 ms; FOV = 1610 x 1610 mm; voxel size = 1.8 x 1.8 x

3.0 mm; bvalue = 1000 s/mm?; 48 slices. Thirty diffusion directions were acquired for all
the participants. However, two HC had a different TR (6900 and 7100 ms), FOV (1840 x
1840 mm) and number of slices (50 and 51). The difference was due to a change in the
BSNIP protocol in the early stages. These two participants were retained to match for age.

In addition, a software update took place during theacquisition period. Therefore, acquisition
sequence was included as a covariate in DT analyses. At least two exact repetitions of the
diffusion-weighted sequence were acquired due to expected movement artefacts. All patients
with classic LND and some with LNV were given alprazolam (.5-1.0 mg per 23 kg) to limit
movement artefact.

Total intracranial, cortical GM, subcortical GM and WM volumes were obtained using
automated volumetric measurement with FreeSurfer. The cortical GM volume consists of
volumes obtained specifically from the cortex and the subcortical GM volume consists of the
following bilateral volumes: thalamus, caudate, putamen, pallidum, hippocampus, amygdala,
nucleus accumbens and ventral diencephalon. The segmentation was done using FREESURFER
v6 (https://surfer.nmr.mgh.harvard.edu/) on a Windows 7 computer with a VMware virtual
machine using a CentOS 6 Linux operating system. All FreeSurfer derived volumes were
imported into spss 24 software for statistical analyses.

Diffusion images were processed using FSL version 6 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki).
FSL’s Brain Extraction Tool (BET) (Smith, 2002) was used to remove non-brain tissue.
Eddy was used to correct for distortions and movement. We also used the eddy FSL function
to identify volumes with excessive absolute or relative motion. Using the Kruskal-Wallis
Htest, no significant differences were found between groups when assessing mean mation
values (p=.327). However, FSL’s Quality Assessment for DMRI (QUAD) and Study-wise
Quality Assessment for DMRI (SQUAD) (Bastiani et al., 2019) identified three participants
(LND =2, LNV = 1) with excessive movement. Removing these participants from the DTI
analysis yielded a final sample of five LND participants, six LNV participants, and ten HC.
Fractional anisotropy (FA) maps were generated using DTIFIT tool, implemented in the
FMRIB’s diffusion toolbox (Behrens et al., 2003).

Statistical analyses

Individual data for clinical and cognitive scores, brain MRI volumes and whole brain FA
values are provided in Tables 1 and 2. Clinical and cognitive scales include the Burke—Fahn-
Marsden Dystonia Rating Scale (BFM) (Fahn et al., 1998), Kaufman Brief Intelligence
Test—Second Edition (KBIT2) (Kaufman, 2004), Hopkins Verbal Learning Test—Revised
(HVLT-R) (Brandt, 1991), Brief Test of Attention (BTA) (Schretlen et al., 1996) and Benton
Facial Recognition Test (BFRT) (Benton et al., 1994). Except for the 1Q measure (KBIT2,
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standard score, M= 100, SD = 15), only raw scores for clinical and cognitive measures

(i.e., not demographically adjusted) are presented in Table 1. Pairwise comparisons for
clinical and cognitive data and structural brain MRI volumes (total intracranial volume,
cortical and subcortical volumes, and WM volume) were completed by calculating Hedges’
g (Table 3), rather than using inferential statistics and relying on p values, which has

the potential for misinterpretation (Wetzels et al., 2011), particularly in a small sample.
Additional subcortical volumes are also reported in Table 2. MRI volumes and the FA values
for regions of interest are also depicted as scatter plots (MatLab R2019b) to more clearly
visualize the data (Rousselet et al., 2016).

FSL’s tract-based spatial statistics (TBSS) was used to analyse FA group differences. All
participant FA maps were first aligned to one another with the ‘most representative’ map
identified and used as the target image. Then, the target image was affine-aligned to a
common MNI152 space (tbss_2_reg -n) using a non-linear transformation, and every other
participant’s FA map were then transformed to 1 x 1 x 1 mm MNI152 standard space
(tbss_3_postreg -S). This approach was selected, rather than the standard approach of using
the FMRIB58_FA standard space, because the brains of people with LND are smaller in
volume on average. Next, all FA maps were merged into a single 4D image file. The mean
FA skeleton was created using a threshold of .2, with the skeleton representing the centres of
all tracts common to the group.

FA comparisons were performed between (a) 11 patients (5 LND plus 6 LNV) vs. 10

HC, (b) 5 LND patients vs. 10 HC and (c) 5 LND patients vs. 6 LNV patients. These
comparisons were tested using Randomise (5000 permutations) (Winkler et al., 2014), a
non-parametric permutation analysis tool. Total intracranial volume, age and acquisition
sequence were included as covariates in all DTI analyses. Significant clusters were identified
using the threshold free cluster enhancement (TFCE) (Smith & Nichols, 2009), and all
TBSS analyses were corrected for family-wise error (FWE-corrected). For visualization
purposes, only unthresholded FA images are presented (Allen et al., 2012), whereas
significant clusters in the tables were thresholded with significance levels and cluster size
provided to help organize the WM tracts where group differences were observed. Significant
regions were located and labelled anatomically with the MR/ Atlas of Human White Matter
(Oishi et al., 2010). Following TBSS analysis, we extracted each participant’s whole brain
FA value, and then used the JHU DTI-based white-matter atlas (Mori et al., 2005) to

isolate bilateral regions of interest in the cingulum, genu, body, and splenium of the corpus
callosum (CC), internal capsule, including anterior and posterior portions of the internal
capsule, and the superior longitudinal fasciculus. This was done to further explore and
characterize possible WM integrity differences between the groups given the small sample
size of our study.

3| RESULTS

3.1| Clinical and cognitive variables

Regarding clinical variables (Table 1), both LND and LNV groups had substantially lower
IQ estimates (KBIT2), as well as notable deficits on tests of attention (BTA), facial
recognition (BFRT), and both auditory-verbal learning (HVLT-R L) and delayed memory
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recall (HVLT-R D). Cognitive deficits were most notable in the LND group with the level of
impairment attenuated in the LNV group. Similarly, LND participants had a greater dystonia
severity and the LNV participants had milder dystonia symptom severity.

3.2| MRIvolumes

Broadly, both LND and LNV participants have reduced total intracranial, cortical,
subcortical and WM volumes relative to the HC group (Tables 2 and 3, Figure 1). When
comparing LND and LNV groups, WM volume was notably reduced in the LND group
(Tables 2 and 3). Additional subcortical brain region volumes are also presented in Table 2.

3.3| Whole brain differences in WM integrity

With respect to the TBSS Randomise analysis, compared with HC, the combined patient
group (LND + LNV) did not differ in terms of WM integrity. However, compared with
HC, the patients with LND showed reduced WM integrity in the genu and body of the CC,
as well as the bilateral anterior corona radiata (Table 4; Figure 2). No group differences
were observed when contrasting LNV and HC participants. In addition, patients with LND
showed reduced WM integrity compared with those with LNV in the CC, cingulum and
superior corona radiata of the left hemisphere, although corresponding reductions in the
right hemisphere did not reach statistical significance (Table 5; Figure 3).

With respect to group region of interest differences, FA comparisons and Hedges’ g values
are presented in Table 6 and shown in Figures 4 and 5. Although the TBSS analysis

did not reveal WM integrity differences between HC and the combined LND and LNV
participants, the region of interest analyses revealed that the combined clinical group had
reduced WM integrity in multiple regions, including the whole brain, cingulum, anterior
limb of the internal capsule, superior longitudinal fasciculus, and the genu and body of

the CC. Comparing LND with healthy participants, the largest differences in WM integrity
involve whole brain FA, cingulum, internal capsule, anterior limb of the internal capsule,
superior longitudinal fasciculus, and the genu, body, and splenium of the CC. The LNV
participants showed reduced WM integrity relative to HC participants in the cingulum, with
marginal differences at the whole brain level, anterior limb of the internal capsule, and in
the body of the CC, although the direction was reversed in the internal capsule and posterior
limb of the internal capsule. There were large FA differences in the whole brain, cingulum,
internal capsule, anterior limb of the internal capsule, superior longitudinal fasciculus, and
the CC between the LNV and LND group, with the latter consistently showing reduced WM
integrity. Finally, the LND and LNV groups showed greater WM integrity than HC in the
posterior limb of the internal capsule.

4| DISCUSSION

The results of the current study revealed widespread GM and WM abnormalities in LND
and LNV. First, using a different volumetric segmentation methodology from our prior study
in a subset of participants who were all scanned on a single 3 Tesla machine, we replicated
our previous findings of reduced total intracranial, cortical and subcortical GM, and WM
volumes in patients with LND and LNV (Schretlen et al., 2013). We then, for the first
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time, demonstrated atypical WM integrity in LND patients using both TBSS and region of
interest approaches. We further found that patients with LNV and LNV differ in their WM
integrity. Past research that reported widespread WM volume reductions in LND patients
led to speculation that there also might be underlying abnormal WM integrity (Schretlen
et al., 2015). As hypothesized, we found WM integrity reductions in classic LND patients
relative to healthy adults. These reductions affect multiple major intra-hemispheric and
interhemispheric WM fibres tracts. These findings suggest that persons with LND, and to
a lesser extent LNV, have reduced WM integrity between cortical and subcortical regions,
which contributes to the phenotype.

This study provides the first evidence of reduced WM integrity in LND and extends our
knowledge of the disorder, by providing further evidence that WM volume and integrity
should be considered in LND and LNV models. Because no degenerative changes are
apparent in autopsy studies (Gottle et al., 2014), the reductions of WM volumes and
integrity likely result from altered neural development, such as disrupted development of
neurites that partially comprise WM (Mikolaenko et al., 2005). Although LND is not
typically considered a WM disorder, it seems likely that WM abnormalities contribute to
the neurological and behavioural phenotype, with further research needed to confirm our
findings.

The relationship between spasticity and the corticospinal tract is well documented (Brown,
1994; Mukherjee & Chakravarty, 2010). In a study of 44 LND patients, the most prominent
motor sign was dystonia, but 23% of LND patients also demonstrated spasticity, along with
other corticospinal tract signs such as clonus, extensor toe reflex and pathological brisk
muscle stretch reflexes (Jinnah et al., 2006). Spasticity in this population may result from
diminished connectivity from the motor cortex, and we therefore anticipated that the WM
integrity of the posterior limb of the internal capsule would be reduced in the LND group.
However, the observed pattern was in the opposite direction. Given the small sample size of
our three groups, it is difficult to know if this is a region where LND and LNV participants
truly do not have reduced WM integrity, or if reductions would have been observed in a
larger sample that better approximates a normal distribution. Further investigation with a
larger sample size is warranted as this finding is not consistent with the clinical phenotype.

The regions of WM where integrity is reduced could relate to the phenotype characteristics
that distinguish LND and LNV. Abnormalities of the CC are associated with intellectual
abilities (Luders et al., 2007). In addition, individuals with agenesis of the CC show deficits
in reasoning, problem solving and social cognition (Brown & Paul, 2000). Reduced WM
integrity of the cingulum is associated with deficits in attention (Kim et al., 2006) and
obsessive—compulsive behaviours (Milad & Rauch, 2012). The cingulum is also associated
with pain (Fuchs et al., 1996) and cognitive control and responds to environmental demands
(Metzler-Baddeley et al., 2012). Self-injury is a cardinal feature of LND, and electrically
stimulating the cingulum can induce rats to engage in self-injurious behaviours (Pellicer

et al., 1999; Vaccarino & Melzack, 1991). Dysfunction of the pathways responsible for
motivation has been proposed as an explanation for the recurrent self-harm seen in LND
(Visser et al., 2000). Increasing our understanding of self-harm in LND patients could
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illuminate shared neural mechanisms of self-injury in other patient populations and perhaps
offer clues to effective intervention for such behaviours.

One limitation of the study is our small sample size. This mainly reflects the rarity of

LND, although several participants had a DTI scanner-related artefact (Gallichan et al.,
2010) that was not discovered until after we began data collection and rendered their
diffusion-weighted scans unusable, and another three were excluded due to excessive head
movements. This limited our ability to use inferential statistics and our statistical power

to identify WM tract abnormalities using TBSS while correcting for multiple comparisons.
Finally, had we acquired data with more directions and a second higher b value, we could
have potentially modelled our data with greater sophistication, although the parameters used
were consistent with the acquisition parameters commonly used at the time of study design.
Because LND/LNYV is an ultra-rare disease and the study is complete, it is unfortunately

not feasible to obtain more data at this point. Nonetheless, this study represents the largest
(and only) sample of LND/LNV patients in which WM integrity has been investigated using
DTI. Future research will be needed to elucidate the relationship of the integrity of these
WM tracts with behaviour, cognition and affect, perhaps via tractography of projections
emanating from the basal ganglia or histopathological studies.

5| CONCLUSION

Relative to the HC group, LND participants showed reduced WM integrity, and both clinical
groups have reduced WM volume, cortical and subcortical GM volumes. Moreover, both
clinical groups had elevated symptoms of dystonia and notable cognitive deficits. Whether
on cognitive and clinical measures, or observed on various neuroimaging metrics, the
LND group had the greatest disease burden and more pronounced volumetric and WM
differences, whereas the LNV sample had more attenuated declines. This is the first DTI
study of people with LND/LNV. The results demonstrated reductions of WM integrity,
including whole brain FA, the CC, corona radiata, cingulum, internal capsule and superior
longitudinal fasciculus. These findings highlight the importance of further studying WM
in LND and LNV to better understand the relationship of WM with the cognitive, motor
and behavioural phenotype. Additionally, it might be possible to glean information about
self-harm through studying WM in LND (e.qg., cingulum) and how this may overlap with
other neurological and psychiatric disorders where self-harm is a clinical symptom.
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Median brain volumes by group. Median brain MRI volumes for total intracranial volume
(ICV), cortical grey matter volume (CV), subcortical grey matter volume (SGMV) and white
matter volume (WMV) are plotted. HC, healthy control; LND, Lesch—-Nyhan disease; LNV,

Lesch—Nyhan variant
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LND < HC

FIGURE 2.
Reduced fractional anisotropy (FA) in LND patients, (LND) < HC. Unthresholded tract-

based spatial statistics (TBSS) results for (LND) < HC. Green is the skeleton, with shades
of red and orange representing areas of white matter tracts of FA differences. HC, healthy
control; LND, Lesch—Nyhan disease
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LND < LNV

FIGURE 3.
Reduced fractional anisotropy (FA) in LND patients relative to LNV, LND < LNV.

Unthresholded tract-based spatial statistics (TBSS) results for LND < LNV. Green is the
skeleton, with shades of orange and red representing areas of white matter tracts of FA
differences. HC, healthy control; LND, Lesch—-Nyhan disease; LNV, Lesch-Nyhan variant
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FIGURE 4.
Region of interests for fractional anisotropy (FA) maps. Map of the JHU DTI-based white-

matter atlas that was used to extract regions of interest
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FIGURE 5.

Median fractional anisotropy (FA) values by group. Median FA values JHU DTI-based
white-matter atlas for the following bilateral regions of interest: whole brain, cingulum,
internal capsule (IC), anterior limb of the internal capsule (ALIC), posterior limb of the
internal capsule (PLIC), genu of the corpus callosum (GCC), body of the corpus callosum
(BCC), splenium of the corpus callosum (SCC) and the superior longitudinal fasciculus
(SLF). HC, healthy control; LND, Lesch—-Nyhan disease; LNV, Lesch—-Nyhan variant
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