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Abstract

Background: Cystinosis is a rare autosomal recessive disorder caused by intracellular cystine accumulation. Proximal
tubulopathy (Fanconi syndrome) is one of the first signs, leading to end-stage renal disease between the age of 12
and 16. Other symptoms occur later and encompass endocrinopathies, distal myopathy and deterioration of the
central nervous system. Treatment with cysteamine if started early can delay the progression of the disease. Little is
known about the neurological impairment which occurs later. The goal of the present study was to find a possible
neuroanatomical dysmorphic pattern that could help to explain the cognitive profile of cystinosis patients. We also
performed a detailed review of the literature on neurocognitive complications associated with cystinosis.

Methods: 17 patients (mean age = 17.6 years, [5.4-33.3]) with cystinosis were included in the study.
Neuropsychological assessment was performed including intelligence (Intelligence Quotient (IQ) with Wechsler's
scale), memory (Children Memory Scale and Wechsler Memory Scale), visuo-spatial (Rey's figure test) and visuo-
perceptual skills assessments. Structural brain MRI (3 T) was also performed in 16 out of 17 patients, with high
resolution 3D T1-weighted, 3D FLAIR and spectroscopy sequences.

Results: Intellectual efficiency was normal in patients with cystinosis (mean Total IQ = 93). However the Perceptual
Reasoning Index (mean =87, [63—-109]) was significantly lower than the Verbal Comprehension Index (mean = 100,
[59-138], p = 0.003). Memory assessment showed no difference between visual and verbal memory. But the
working memory was significantly impaired in comparison with the general memory skills (p = 0.003). Visuospatial
skills assessment revealed copy and reproduction scores below the 50th percentile rank in more than 70% of the
patients. Brain MRI showed cortical and sub-cortical cerebral atrophy, especially in the parieto-occipital region and
FLAIR hypersignals in parietal, occipital and brain stem/cerebellum. Patients with atrophic brain had lower Total 1Q
scores compared to non-atrophic cystinosis patients.

Conclusions: Patients with cystinosis have a specific neuropsychological and neuroanatomical profile. We suggest
performing a systematic neuropsychological assessment in such children aiming at considering adequate
management.
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Introduction

Cystinosis is a generalized lysosomal storage disease
caused by intralysosomal cystine accumulation, leading
to cellular dysfunction of many organs. It is a rare auto-
somal recessive disorder related to mutations in the
CNTS gene located on 17p13 and encoding for a protein
(cystinosin), which is a transport carrier for cystine
across the lysosomal membrane. Once in the cytoplasm,
cystine (the disulfide amino acid cysteine) is reduced to
cysteine. In cystinosis, this transport out of lysosomes is
defective and leads to intralysosomal cystine accumula-
tion and progressive tissue damage [1]. It is interesting
to note that cystine accumulation may begin very early,
likely during fetal life [2].

The first symptoms result of a severe proximal tubulo-
pathy (renal Fanconi syndrome) and begin between 6
months and 1 year including anorexia, vomiting, polyuria
and failure to thrive [2, 3]. Renal injury leads to end-stage
renal disease (ESRD) between the age of 12 and 16 [4]. Ini-
tiating cysteamine therapy before 5 years of age was shown
to decrease the incidence and delay the onset of ESRD [4].
Corneal cystine crystals are usually visible (using slit lamp
examination) after the first year of life, and photophobia
appears around 2years of age. Other symptoms occur
later and encompass endocrinopathies (diabetes and
hypothyroidism), distal myopathy and encephalopathy.

Thanks to renal transplantation and cysteamine therapy,
cystinosis patients now live well into adult life. It is thus
very important to better understand long-term complica-
tions such as neurocognitive ones, which impact their qual-
ity of life. Several neurological complications may occur in
NC patients including: (i) distal progressive myopathy (25
to 50% in adult large series [4, 5]), (ii) swallowing dysfunc-
tion in more than half of the adult patients (with an abnor-
mal oral, pharyngeal and esophageal phases of swallowing
in 24, 51 and 73% of patients respectively [6]), (iii) cerebral
atrophy [7-9), (iv) cystinosis encephalopathy with mental
deterioration, cerebellar and pyramidal signs [7], (v) seizures
(8], (vi) stroke [7, 10, 11], (vii) idiopathic intracranial hyper-
tension [12-14] and (viii) Chiari malformation [15]. Fur-
thermore, cystinosis patients have an overall intelligence
within the normal range, but impairments in visual process-
ing, visual memory and visual motor coordination, poor
executive functions and arithmetic skills [16—21].

A few neuropathological descriptions have been per-
formed in cystinosis patients [11, 22—24]. Cerebral atrophy,
small cerebellum with decreased cerebellar cellularity, multi-
focal cystic necrosis, focal dystrophic calcification, multifocal
patchy demyelination of the white matter, spongiform
change and vacuolization of both the cerebral cortex and
white matter [22-24]. The analysis of cystine content per
tissue revealed high cystine levels in the basal ganglia,
medulla, pons, dura and choroid plexus [22, 24]. Cystine
cristals were observed within the cytoplasm of pericytes and
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parenchymal brain cells (probably oligodendrocytes)
[24]. Neutel et al. reported a patient with recurrent
ischemic strokes caused by intracranial stenosis [11].
Interestingly, Berger et al. reported a cystinosis patient with
a cervical myelopathy. A stereotactic biopsy revealed cystine
crystal deposition and an intense vasculopathy affecting
small and medium sized blood vessels [25]. Moreover, a
Ctns”'~ mice model of cystinosis study suggested that
cystinosis-associated central nervous system complications
are likely due to progressive cystine accumulation [26].

The present study is part of a longitudinal French
study entitled « A cohort of patients with cystinosis:
compliance to cysteamine and neurological complica-
tions » (Hospital Clinical Research Program CrYSTobs).
We present here the developmental trajectory, neuro-
psychological and neuroanatomical phenotype of 17
cystinosis French patients, using for the first time a 3T
MRI scanner (which increases the signal/noise ratio), as
well as their renal status. The goal of the present study
was to find a possible neuroanatomical dysmorphic pat-
tern that could help to explain the cognitive profile of
cystinosis patients. We also performed for the first time
a detailed and exhaustive review of all the studies de-
scribing cognitive profile or brain MRI in cystinosis
patients.

Patients and methods

Participants

Recruitment procedures

Recruitment was accomplished through the French Net-
work of pediatric nephrologists (Société de Néphrologie
Pédiatrique) and within the 3 reference centres for rare
renal diseases that participated in the study (Paris,
Montpellier and Lyon). This study was approved by the
Ethical Committee of our institution (Comité de Protec-
tion des Personnes Lyon-Sud Est II, 2010-030-2, 09/08/
2010). After being informed about the aims of the study,
all patients and their parents gave written informed con-
sent before the study procedure started.

Age-matched child and adult healthy controls were
recruited through local advertisements. Adult healthy
control participants and the parents of each child in-
cluded in the study signed an informed consent before
the study procedure started.

Patients with nephropathic cystinosis

Seventeen patients with confirmed diagnosis of cystino-
sis (defined by clinical signs and leukocyte cystine level
or genetic mutation (n = 15)) were included in the study
(10 females and 7 males). 53% of the patients with an
identified genotype were homozygous for the 57 kb
CTNS deletion (8/15). Two patients were from consan-
guineous families. The patients mean age was 17.6 years
(age range: 5.4 to 33.3years). Seven were adults. All of
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them performed the neuropsychological assessment. Six-
teen of them also performed the MRI assessment (mean
age: 18.3 years, [7-33.6]).

Age-matched healthy controls

Sixteen age-and sex-matched healthy controls were
included in the brain MRI study. Their mean age was
18.4 years (age range: 7.3 to 33.7 years). None of them
met exclusion criteria: history of neurological or psychi-
atric disorder, repetition of a grade, learning disability
requiring rehabilitation (speech therapy, psychomotor or
oculomotor therapy). The exclusion criteria were chosen
to be sure to include only typically developing children
and none with a neurodevelopmental disorder. Healthy
controls were recruited by posted flyers at the hospital
sites and electronic postings (emails ...) to subjects who
participated to previous research studies as healthy
controls.

Clinical data

Clinical data were collected from the patients, their
parents, as well as from the patient’s medical records, in-
cluding: birth parameters, early development, language,
school curriculum, age at diagnosis, age at start of cyste-
amine treatment, performance of a neuropsychological
assessment prior to the inclusion in the present study,
renal events (kidney transplantation, dialysis) and extra-
renal complications. The following parameters were also
recorded: body weight, height, head circumference,
systolic and diastolic blood pressure, maximum walking
distance, maximum walking time, and maximum num-
ber of floors they could climb. In addition to clinical
data from the pediatric nephrology database, a detailed
neurological assessment was performed in eight cystino-
sis patients, including handgrip strength assessment
using an hydraulic hand dynamometer (JAMA).

Neuropsychological assessment

Intellectual functioning assessment was performed using
age-appropriate Wechsler scales: WPPSI-III (Wechsler
Preschool and Primary Scale of Intelligence) for children
aged 2 years and 6 months to 6 years, WISC-IV (Wechsler
Intelligence Scale for Children) for children aged from 6
to 16years, and WAIS-IV (Wechsler Adult Intelligence
Scale) for children above 16 years and adults. These scales
are a standardized method to test the Intelligence Quo-
tient (IQ) in both children and adults. In addition to the
Total 1Q, the four main indices were also analysed: Verbal
Comprehension Index (a measure of verbal concept for-
mation), Perceptual Reasoning Index (a measure of non-
verbal and fluid reasoning), Working Memory Index, and
Processing Speed Index. A WPPSI-III scale was used in
only one child. As the WPPSI-III scale provides a Verbal
and Performance Intelligence Quotient score, these two
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scores were substituted for Verbal Comprehension Index
and Perceptual Reasoning Index respectively [21].

Memory assessment was performed using the Children
Memory Scale (CMS) for children aged from 5 to 16 years,
and using the Wechsler Memory Scale (WMS-III) for chil-
dren above 16years and adults. This scale assesses both
visual and verbal memory, immediate and delayed, and
gives a score for general memory and a score for working
memory.

Visuo-spatial assessment was performed using the Rey—
Osterrieth complex figure test (copy and reproduction from
memory). Both scores (copy and reproduction from mem-
ory) were analyzed. The strategy used to perform the task
was also assessed.

Visuo-perceptual assessment was performed using the
NEPSY scale for children aged between 3 and 12 years
old.

Brain MRI image acquisition

All structural brain MRI acquisitions were performed on
3 Tesla scanners. Three different scanners were used for
the patients: a Philips scanner (3 T Achieva MR System,
Philips Medical Systems, Best, Netherlands) in Lyon
(m=9), a General Electrics (GE Healthcare, Milwaukee,
Wisconsin, USA) in Paris (7 = 6) and a Siemens scanner
(Siemens Medical Solutions, Erlangen, Germany) in
Montpellier (n =1). All the MRI images in aged-matched
healthy controls were acquired in Lyon on two different
scanners: a 3T MR Philips scanner (3T Achieva MR
System, Philips Medical Systems, Best, Netherlands) for
healthy controls who were age-matched to the patients
included in Lyon; and a 3T MR Siemens scanner for the
other healthy controls. High resolution (0.9*0.9%*0.9 mm)
structural imaging with a 3D T1-weighted TFE (Turbo
Field Echo) sequence (TR 6600, TE 2.9 ms, FOV 240%240)
was obtained for each patient and sex and age-matched
healthy control. In addition, a 3D FLAIR sequence was
performed (FOV 250%*250*180, voxel size: 1.1*1.1*0.6, TR
8000, TE 362, TI 2400).

Brain MRI image analysis

MRI images were clinically reviewed by a neuroradiologist
with 20 years of experience (FC) and a pediatric neurologist
(AC). The following items were scored for each of the brain
MRI for both patients and age- and sex-matched healthy
controls: Evans’ Index (ratio of maximum width of the
frontal horns of the lateral ventricles and maximal internal
diameter of skull at the same level on axial MRI slice), brain
atrophy (frontal, parietal, temporal, occipital, corpus callo-
sum, cerebellum), FLAIR hypersignal (frontal, parietal, tem-
poral, occipital, brain stem). Brain atrophy and FLAIR
hypersignals for each brain region were rated as normal, or
showing mild, moderate or severe abnormalities.
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Measurement of leukocyte cystine level

The leucocyte cystine level was determined for all the
patients around the date of the MRI. White blood cells
(WBC) were isolated from whole blood collected into a
citric acid-citrate-dextrose (Bawden et al.) tube [27].
After lysis and deproteinization, cystine was measured
using liquid chromatography-tandem mass spectrometry
(LC-MS/MS, Api3200 — Applied Biosystems, Concord,
Canada) [28]. Protein were measured using BiCinchoni-
nic acid Assay (BCA) (commercial kit BC Assay Protein
Quantitation kit Interchim, Montlugon, France) on an
ABX Pentra 400 (HORIBA, Kyoto, Japan) analyser. Re-
sults are expressed in nmol hemicystine/mg of protein.
Furthermore, as a single leucocyte cystine level does not
provide enough information relative to average control
of cystinosis, we also computed the mean of leucocyte
cysteine level performed every 3 months during the year
when the MRI and neuropsychological assessment were
performed.

Assessment of renal function

Glomerular filtration rate (GFR) was estimated using the
Schwartz equation [29] for all the patients around the
date of the MRI and/or neuropsychological assessment
[30]. showed that the Schwartz equation was more reli-
able than the CKD-EPI equation for estimating GFR in
children and adolescents and in adults with mild to
moderate kidney impairment up to the age of 40 [30].
KDIGO stage was determined for each cystinosis patient
according to the Clinical Practice Guideline for the
Evaluation and Management of Chronic Kidney Disease
(2012).

Statistical analysis
Statistical analysis was performed using R software (http://
WWW.r-project.org).

Natural history, developmental trajectory, and biological data
For continuous variables, results were expressed as mean
within the cystinosis patient group and the range for this
variable was given into brackets. Discrete variables were
expressed as numbers of cases and percentages. Correl-
ation between age at diagnosis and year of birth was ana-
lyzed using the Pearson test. Significance was considered
at p <0.05.

Neuropsychological data

Regarding 1Q data, the normality of the data distribution
was first checked using the Shapiro and Wilk normality
test. The mean and standard deviation (SD) of the Total
IQ were computed. As intellectual deficiency is considered
for an 1Q below 70, we also computed the number of
patients having an IQ below 70. To further characterize
the IQ distribution in cystinosis patients, we also reported
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the number of patients with low average 1Q (70 < IQ < 90).
To test for the effect of age at treatment on TIQ, we per-
formed a linear regression analysis on TIQ scores with age
at start of cysteamine. Significance was considered at p <
0.05. In an exploratory analysis, we analysed the IQ profile
using paired t-tests Bonferroni corrected for the number
of variables analysed. Significance was considered at p <
0.05.

Regarding the memory assessment, the normality of
the data distribution was first checked using the Shapiro
and Wilk normality test. The mean and standard devi-
ation (SD) of the general memory score were computed.
In an exploratory analysis, we analysed the memory pro-
file using paired t-tests Bonferroni corrected for the
number of variables analysed. Significance was consid-
ered at p < 0.05.

Regarding the visuo-spatial skills assessment, we com-
puted the percentage of patients scoring below the 50th
percentile in the copy and in the recall conditions. We
also computed the number of patients having a patho-
logical visuo-motor precision index.

Furthermore, as another exploratory analysis, we com-
pared the IQ scores and the general and working mem-
ory between the adult group (defined as older than 14
years) and the children group (supplementary data).

Brain MRI study

Regarding the Evans’ index, the normality of the data
distribution was first checked using the Shapiro and
Wilk normality test. A between-group analysis was then
performed between cystinosis and age-matched healthy
control group using an ANOVA. A significance level of
p <0.05 was chosen.

The number of patients atrophic and with FLAIR hyper-
signals was computed in each group (cystinosis patients
and age-matched healthy controls). A between group ana-
lysis was performed using a Fisher’s exact test.

Moreover, based on neuroimaging data, we defined two
groups of cystinosis patients: an atrophic group (when the
severity of the brain abnormalities were rated as moderate
or severe) and a non-atrophic group (when the severity of
the brain abnormalities were rated as normal or mild). An
ANOVA was applied in the cystinosis group with one
within group factors (atrophic / non atrophic) on the TIQ
score. Significance was considered at p < 0.05.

Review of the literature

We performed a systematic review of the literature, search-
ing Medline/PubMed. We used the following search terms
‘nephropathic cystinosis’ AND ‘MRI, ‘nephropathic cysti-
nosis’ AND ‘neuroimaging’, ‘nephropathic cystinosis’ AND
‘cognition’. All studies published before November 2016
were considered for inclusion.
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Results

Natural history of cystinosis patients

Pregnancy was uneventful for all patients. All patients
but three were born full term; two of the three were
born at 36 weeks of gestation and one at 33. Birth
weight, height and head circumference were within the
normal range. Neonatal history was normal for all patients.

The mean age at diagnosis was 2.0 years [0.3—6.5]. The
mean age at start of cysteamine treatment was 2.9 years
[1.3-9.7]. Three patients had reported extended periods
without cysteamine therapy. The mean leukocyte cystine
level was 1.05nmol hemicystine/mg of protein [0.1-3.3]
around the date of the MRI. The mean leukocyte cystine
level during the year when the MRI was performed, was
1.1 nmol hemicystine/mg of protein [0.3-2.7]. All patients
received cysteamine therapy, either immediate (7 =2) or
delayed (7 = 15) release form, with a mean dose of 1194
mg per day [550-1950], i.e. 31.2 mg/kg/day [15.1-58] or
948.5 mg/m?*/day [522.4-1470.9]. The mean measure of
the auto-assessment of observance over the last 3 months
rated by cystinosis patients was 9.7/10 [8—-10].

Cystinosis patient mean height was — 1.5 SD for their
age [from - 3.8 to + 0.3]. Five out of 17 (29%) cystinosis
patients had growth retardation and received growth
hormone therapy. Their Body Mass Index (BMI) and
their Head Circumference (HC) were within the normal
range (mean BMI: - 0.2 SD [from - 1.5 to + 1.7]; mean
HC: - 0.2 SD [from - 2.5 SD to + 2.2SD]). Out of the 17
patients, 4 (24%) had hypothyroidism, 3 (18%) had a gas-
trostomy,3 (18%) had diabetes mellitus, 4 (24%) had
headaches, one (6%) had seizures, and 3 (18%) had de-
pression. All patients were photophobic and one of them
had corneal graft. All patients had ophtalmologic assess-
ment, either before the neuropsychological assessment
(n=16) or a few months later (n = 1). Slit lamp examin-
ation revealed corneal cystin crystals only in 6.7% of the
patients. No papillory oedema was noted in cystinosis
patients. Visual acuity was performed in all cystinosis
patients but two, either before the neuropsychological
assessment or in the following months. Most patients
had normal values (10/10th visual acuity in 13 patients,
9/10th in one). Two were visually impaired leading to
the unability to perform the visuospatial tests (one had
5/10th visual acuity, the other one could not perform
the assessment. She had marked photophobia too).

Renal status

Renal transplantation had been performed in 65% of the
patients, with the first kidney transplant done at a mean
age of 13.5years [8.4—18]. At inclusion, the mean graft
survival was 10.6 years [0.3-28.8]. Eleven patients had
one renal transplantation, two received two, and one
patient three. 41% of the cystinosis patients received
steroids when brain MRI was performed.
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Their mean systolic and diastolic blood pressure was +
0.5 SD [from - 1.4 to + 3 SD, with only one patient above
+2 SD] and + 0.3 SD [from - 1.9 to +2.9 SD, with 3 pa-
tients above +2 SDJ, respectively. The mean estimated
GER in cystinosis patients was: 48.7 mL/min per 1.73 m?
[6.7-86.1]. The repartition of the estimated GFR regarding
KDIGO staging was as follows: stage 1: 0%; stage 2: 35%;
stage 3: 41%; stage 4: 12%; stage 5: 12%. More precisely,
the mean creatinine clearance rate amongst native kidney
cystinosis patient was 52.4 mL/min per 1.73m> [30.5—
75.2], whereas it was 59.3 mL/min per 1.73m? [19.9-86.1]
in transplanted kidney cystinosis patients and 13 mL/min
per 1.73m” [6.7—21.1] in hemodialysis cystinosis patients.

Developmental trajectory of nephropathic cystinosis
patients
Cystinosis patients hold their head at a mean age of 3.8
months [1.1-5.7], and sat alone without support at 7.3
months [5.5-9.5]. They walked alone at 17.8 months
[12.4-22.4]. Six of them walked after 18 months (motor
delay). The mean age at which utterance of the first
words occurred was 13.9 months [8.4—22.4]. First words
utterance was delayed in two patients (occurring re-
spectively at 21.6 and 22.4 months). The mean age at
producing sentences was 23.1 months [17.4—40.5].

Regarding school curriculum, they entered kindergar-
ten at 3.1 years [3—4], elementary school at 6.1 years [6—
7], and secondary school at 11.1years [10-12]. 27% of
the patients had to repeat grades (between once and four
times). Only one patient out of 17 had to follow special-
ized education. Amongst the adult patients, 57% went to
college.

Only 24% of the patients had benefitted from a neuro-
psychological assessment prior to the study. Each patient
had an average of 1.9 siblings [0—4].

Neuromuscular assessment
Six out of 17 cystinosis patients (35%) had myopathy
with distal amyotrophy (hands amyotrophy). This might
be underestimated as only half of the cystinosis patients
were clinically assessed by a neurologist. Interestingly,
we performed an objective muscular handgrip strength
assessment using an hydraulic hand dynamometer
(JAMA) on a subgroup of cystinosis patients. Dominant
hand grip strength was 16.01 kg [4.7-29.7] in cystinosis
patients as compared to 40.75 in controls [33.2-55.25].
Even two patients who were evaluated clinically as hav-
ing normal muscular strength had decreased hand grip
strength as measured with JAMA. 4/17 patients had
weak voice with nasal intonation. 2/17 (11.8%) had swal-
lowing impairment.

Half of cystinosis patients had no limitation regard-
ing the maximum distance they could walk. The
mean maximum distance the rest of them could walk
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was 3400 m [2000-4000]. Similarly, 50% of the pa-
tients had no limitation regarding the maximum time
they could walk, whereas for the others the maximum
walking time was 1.4h [1-2]. The maximum number
of floors they could climb was without limit for 50%
of the patients, and a mean of 3 for the others [2-4].

Neuropsychological assessment
Fifteen out of 17 cystinosis patients (88%) were right-
handed.

Intelligence assessment

Age-appropriate Wechsler scale was performed in all pa-
tients. However two patients could not perform the vis-
ual sub-test given their visual impairment. The mean
total Intelligence Quotient (IQ) was 93 [59-124], SD =
18.1. Total IQ was not computed in the two patients
who were visually impaired as they were unable to
complete all the visual sub-tests. One of them had high
average Verbal Comprehension Index (VCI), whereas
the other one had pre-dementia. Two other patients
scored below 70. Nevertheless, none of them was diag-
nosed as having ID, but with multiple specific learning
disorder syndrome associated with lower socioeconomic
status. According to DSM V criteria, a strong argument
against ID was their good adaptive skills in both cases,
including daily-life autonomy. Three other patients had
a total IQ within the low average range (between 70 and
89). A significant correlation was found between Total
IQ and the age at start of cysteamine (r2 =0.5, p <0.005,
Fig. 1). More precisely, the sooner cysteamine was
started, the higher the IQ was. It is interesting to note
that all cystinosis patients who started cysteamine before
2 years of age had an IQ within the normal range (n =
11). There was no correlation between TIQ and patient
age (r* = 0.09, p = 0.75).

Figure 2 shows the results for each of the four indices.
The Perceptual Reasoning Index (PRI) was significantly
more impaired than the Verbal Comprehension Index
(VCI) and the Processing Speed Index (PSI) (p =0.003
and p = 0.03 respectively). The Working Memory Index
(WMI) was significantly more impaired than the VCI
(p = 0.04). None of the patients had a significantly higher
PRI compared to VCI.

Memory assessment

The general memory score was within the normal range
(mean = 102.2, SD = 16.9). There was no dissociation be-
tween visual and verbal memory. Working memory was
significantly more impaired than the general memory
(p=0.003, Additional file 1: Figure S1). The immediate
memory scored within the normal range.
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Visuo-spatial skills assessment
Using the ReyOsterrieth complex figure test, we showed
that 67% of cystinosis patients scored below the 50th
percentile in the copy condition, and 80% in the recall
condition. It is interesting to note that 50% of the pa-
tients used a parcellar strategy to perform the task: more
precisely they used a juxtaposition of specific design
elements rather than the overall figure.

Furthermore, sensory-motor skills assessment (from
the NEPSY scale) was performed in children. 100% of
patients had a pathological visuo-motor precision index.

Brain MRI study

Table 1 and Fig. 3 show the results in both cystinosis
patients and age- and sex-matched healthy controls. No
healthy control and two cystinosis patients had a develop-
mental venous anomaly (one in the frontal, the other one
in the cerebellar region respectively). None of the cystinosis
patients nor healthy control had Chiari I malformation. We
did not observe any sign of active intracranial hypertension
in cystinosis patient. A pineal gland cyst was observed in 4
cystinosis patients and in one healthy control. A vertebral
malformation was observed in one cystinosis patient (C1-
C2 malformation). We also noted one mild hippocampus
atrophy in one cystinosis patient. A significant group effect
was found on Evans’ index. More precisely, cystinosis
patients had a higher Evans’ index compared to age- and
sex-matched healthy controls. Cystinosis patients were sig-
nificantly more atrophic than age- and sex-matched healthy
controls on frontal, parietal, temporal, occipital, corpus
callosum and cerebellum. All patients had some degree of
parietal atrophy (Fig. 3a), and more than two third of the
patients had corpus callosum (Fig. 3b) and cerebellar atro-
phy (Fig. 3c). Cystinosis patients had significantly more
FLAIR hypersignals than age- and sex-matched healthy
controls on parietal, occipital, and brain stem/cerebellum
(Figs. 3d-h). All patients but one had occipital and medulla
oblongata FLAIR hypersignals. Moreover, 8/16 (50%) pa-
tients had meningeal FLAIR hypersignals.

Comparison between atrophic and non-atrophic brain
cystinosis patients on the TIQ score showed a significant
effect (Fig. 4). More precisely non-atrophic patients had
a significantly higher TIQ score (p <0.01). It is interest-
ing to note that the atrophic group mean age was 21.8
years, whereas it was 15 years in the non-atrophic group.
Age at cysteamine start was 3.9 years and 2.1 years in the
atrophic and non-atrophic group, respectively.

Discussion

We report here one of the rare series on cystinosis
patients including both high resolution neuroimaging
and neuropsychological data, as well as their renal status
and developmental trajectories. We also perform for the
first time a detailed review of literature for both
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Fig. 1 Correlation between Total IQ and age at cysteamine start (* = 0.5, p < 0.005)

6 8 10 12

neuroimaging and neuropsychological data in cystinosis
patients including all studies published before November
2016 (Table 2—4). Out of the 26 studies we included in
the analysis, six (23%) were case-reports and eight series
(31%) reported less than 15 cystinosis patients. Among the
largest series, it was not specified if cystinosis patients
from one study participated also in another one. Fifteen of
the studies (58%) did not report the renal condition of the
cystinosis patients who were included. Furthermore, 77%
did not mention the age of cystinosis patients at cyste-
amine initiation. Only six studies reported both neuroim-
aging and neuropsychological data [9, 17, 21, 31-33].
None of them described the age at cysteamine initiation
(Table 2). Only three of them had a control group.

Wechsler scale

105

100 k%

95
920
85

80

vcl PRI WMI PSI

Fig. 2 Wechsler scale in cystinosis patients (VCl: Verbal Comprehension
Index; PRI: Perceptual Reasoning Index; WMI: Working Memory Index;
PSI: Processing Speed Index). *: < 0.05; *** < 0.005

In our series, cystinosis patients have a specific neuroana-
tomical profile, which might help to explain their cognitive
profile. Their neuropsychological profile associates visuo-
spatial, sensori-motor, and executive functions (including
attention) impairment. This is in accordance with previous
neuropsychological studies (Table 4). Visuo-spatial process-
ing was shown to be impaired in cystinosis patients in
several studies [31, 32, 34—36]. Motor processing, especially
fine motor coordination skills [21, 33, 35, 36] and executive
functions (including attention deficit, speed of processing,
simultaneous processing, cognitive flexibility) were found
to be impaired in cystinosis patients [17, 18, 37].

In our series, the neuroanatomical dysmorphic pattern
shows cortical and sub-cortical atrophy (especially in
parieto-occipital cortex) and FLAIR hypersignals, and is
consistent with the neuropsychological difficulties of
cystinosis patients (especially parietal atrophy and visuo-
spatial impairment) [38]. Moreover, it is unlikely that the
brain atrophy could be related to corticosteroids treatment
as only a minority of patients received such treatment when
the MRI was performed and as it has been shown to affect
more specifically the volume of hippocampus [39].

Regarding the neuroimaging studies from the litera-
ture, only four studies (22%) included a healthy control
group (Table 3). An additional study included a control
patient group with another primary renal disease. All
MRI studies used a 1.5 T scanner. Some degree of brain
atrophy was reported in 72% of the studies [7-10, 12,
13, 17, 21, 22, 31-33, 40]. Two studies tried to score the
degree of atrophy [9, 21]. No study reported the atrophy
localization in term of brain area. Only one study reported
two MRI in the same patient [40]. It is interesting to note
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Table 1 Brain morphometric profile in cystinosis and age- and sex-matched healthy controls

Brain structure

Cystinosis patients

Age and sex-matched Group comparison

(n=16) healthy controls (n=16)
Evans' Index p < 0.0001
Atrophy
Frontal 7/16 0/16 p <001
Parietal 16/16 1/16 p < 0.0001
Temporal 6/16 0/16 p <005
Occipital 5/16 0/16 p <0.05
Corpus callosum 11/16 0/16 p < 0.0001
Cerebellum 10/16 1/16 p <0.001
FLAIR hypersignals
Frontal 5/16 1/16 NS
Parietal 5/16 0/16 p <005
Temporal 2/16 0/16 NS
Occipital 15/16 3/16 p < 0.0001
Brain stem
Mesencephalon 1/16 0/16 NS
Pons 9/16 1716 p <0.005
Medulla oblongata 15/16 0/16 p <0.0001
Around the 4th  ventricule including cerebellar pedoncles 12/16 2/16 p <0.001

that the second one performed eleven years later did not
show any progression of the atrophy. White matter anomal-
ies were reported in five studies [7, 25, 31, 32, 41]. Ischemic
strokes [7, 10, 11], Chiari malformations [13, 15, 17, 21] and
intracranial hypertension [13, 14] were reported in three,
four and two studies, respectively.

In our series, the mean total IQ is within the normal
range, as it has also been previously reported [9, 16, 18, 20,
22, 31, 33, 34, 36, 37]. Two of our patients have multiple
specific learning disorder syndrome, and one has pre-
dementia. In the literature, intelligence assessment was per-
formed using Stanford Binet scale [9, 16, 20, 31, 34] or
Wechsler scale [18, 21, 22, 32, 33, 35-37], Table 4. Mean
IQ in cystinosis patient groups was reported in 10 out of
these 13 studies and was within the normal range in the 10
studies. It is nevertheless interesting to note that the mean
IQ distribution was as follows: in six studies it was within
the average range (between 90 and 109), in 3 within the
low average range (between 80 and 89) and in one it was
borderline (between 70 and 79), Table 4. In the latter study,
cystinosis patients had also lower socioeconomic status,
which might have contributed to this result [31]. Another
study included a very interesting control group despite its
small size, with unaffected siblings of the cystinosis patients,
and did not show any difference on composite IQ (Stanford
Binet scale) between the two groups [20]. Several studies re-
ported discrepancies between performance (being lower)
and verbal 1Q [18, 21, 31, 33, 36, 37]. Further studies are
needed to investigate if verbal IQ, despite being within the

normal range and higher than performance IQ, is lower
than in controls as suggested in some studies [31, 32, 35].

Interestingly, in our series, we found a significant
correlation between the degree of brain atrophy and the
Total IQ score. Non-atrophic cystinosis patients had
significantly higher IQ compared to atrophic cystinosis
patients. This finding is in accordance with other studies
which found poorest performance in cystinosis patients
with the greatest degree of atrophy but did not reach
significance, likely due to the small number of patients
included [9]. Furthermore, in our series, the memory
assessment reveals impaired working memory, but does
not show any dissociation between visual and verbal
memory. Two other studies suggested that visual memory
was more impaired than auditory memory in cystinosis
patients [9, 20]. But the tests we used were different (they
used two sub-tests from the Standford-Binet test (bead
memory and memory for sentences subtests), whereas we
chose to use a battery focused on assessing memory skills).
One study suggested that cystinosis patients performed
significantly more poorly on arithmetic sub-score com-
pared to controls [16]. Some studies reported more
psychosocial adjustment issues in cystinosis patients
[31, 33, 42], whereas another did not find any emo-
tional nor behavioural dysfunction [37].

The developmental trajectories of cystinosis patients
reveal that they may present with motor delay (walk
after 18 months), and/or first words utterance delay.
Their renal pathology (proximal tubulopathy) might also
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Fig. 3 Brain MRI in cystinosis patients (a: parietal atrophy with meningeal hypersignal surrounding the precuneus; b: corpus callosum atrophy; c:
vermis atrophy; d: occipital FLAIR hypersignals; e: ponto-mesencephalic FLAIR hypersignals; f: FLAIR hypersignals located around the 4th ventricle
including cerebellar peduncles; g-h: more diffuse FLAIR hypersignals)
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Fig. 4 Comparison between atrophic and non-atrophic brain
cystinosis patients on the TIQ score

interfere with the milestones of psychomotor develop-
ment in cystinosis patients. Almost one third of the
cystinosis patients had to repeat a grade, but only one
patient went to specialized education.

We found a significant correlation between the age at
start of cysteamine and Total IQ: the sooner cysteamine
was started, the higher the IQ was. This underscores the
need of early diagnosis and appropriate treatment. Given
the limited number of children older than 4 years, this
result will need to be confirmed on a larger cohort.
However, this is in accordance with another study show-
ing that cystinosis patients treated before the age of 2
years had better outcome compared to cystinosis pa-
tients treated after the age of 2 [36]. Furthermore, in our
study cysteamine treatment was started significantly later
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in the atrophic group compared to the non-atrophic
cystinosis patient group.

3DT1 and FLAIR sequences seem to be sensitive to
detect brain anomalies in cystinosis patients. It is inter-
esting to note that all cystinosis patients had some de-
gree of cerebral atrophy in parietal region. This is
concordance with a study showing DTI abnormalities in
cystinosis patients with bilateral decrease in FA in the
inferior and superior parietal lobules [32]. Based on
neuropathological studies, we might assume that the
brain anomalies we detected in cystinosis patients are
likely related to both cystine accumulation, with cystine
crystals occurring in oligodendrocytes and leading to
inflammation, and vasculopathy affecting small and
medium sized blood vessels [11, 22, 24, 25]. We also re-
port in this study for the first time FLAIR hypersignals
located on medulla oblongata and around the 4th ventri-
cule including cerebellar pedoncles. The longitudinal
follow-up of these patients will help to understand the
significance of these images. Moreover, we observed
FLAIR meningeal hypersignal in 50% of the patients.
This is interesting as Jonas et al. reported thickened dura
and leptomeninges on autopsy examination [22].

Our study has some limitations. We did not include
another control group, such as chronic kidney disease
(CKD), to be sure that the differences we observed were
not related to renal disease. In the literature, earlier
studies in CKD young children reported up to 65% of
developmental delay and 49% of “encephalopathy” in
young children with CKD [43, 44]. However, advances
such as avoidance of aluminium (which led to
aluminium-induced neurotoxicity secondary to CKD
treatment), improved nutrition, improved anemia con-
trol (with erythropoietin), have significantly decrease the
prevalence of developmental delay in CKD. Articles that
are more recent showed that children with CKD had
median scores for almost all cognitive measures within
the normal range [45—48]. More precisely, a mean differ-
ence of —10.5 was noticed between CKD children and
the general population [45, 47, 49, 50]. A significant
negative correlation was found between CKD stages and
Wechsler I1Q test [51]. Longer CKD duration has been
associated with poorer performance on attention regula-
tion and inhibitory control [52]. However, no effect of
eGFR was observed on attention test performance [52]
(Mendley et al., 2014). Executive functions seemed al-
tered in CKD patients, especially initiation and sustain-
ing executive function domains [47, 49]. 21 to 41% of
CKD patients scored at least one SD below the mean on
measures of academic achievement [47], with the great-
est deficit in mathematics [45, 53] and were at higher
risk for grade retention and absenteeism [54]. However,
no major neurocognitive deficits was observed in mild to
moderate CKD patients, with eGFR of 30 to 90 ml/mn/
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1.73 m* [47, 48]. Predialysis patients and dialysis patients
are likely to exhibit cognitive impairment [55, 56]. Ver-
bal, Performance and Full Score IQs of patients with
ESRD (eGFR< 18 ml/mn/1.73m? were significantly
lower than the IQs of sibling controls [57].

Interestingly, as 76% of our cohort had eGFR above
30 ml/mn/1.73m? we could expect mild cognitive im-
pairment, consistent with the IQ scores we observed,
and executive dysfunction (including attention) to be re-
lated to CKD. The visuo-spatial impairment we found
seem to be more likely specific to cystinosis patients. No
such dissociation between Verbal and Performance 1Q
was observed in other large (n=368 children) CKD
series [47], with the exception of small series including
cystinosis patients [46].

Brain atrophy has been reported in 12 to 23% of children
with ESDR [58]. It is interesting to note that research
focused on diseases at greater risk for cerebral dysfunction,
including cystinosis, Lowe syndrome and congenital
nephrotic syndrome [43, 58]. More white matter disease
(using diffusion tensor imaging) has been described in the
anterior than posterior parts of the brain in adult
hemodialysis patients compared to controls, leading to
suggest that CKD may result in a phenotype consistent
with accelerated aging [59, 60]. Kidney function biomarkers
(eGFR and urine albumin to creatinine ratio) were associated
with MRI brain changes, even after accounting for vascular
risk factor, in adults (>45years) with oversampling of
moderate to severe CKD [61]. Lower eGFR was associated
with greater white matter hyperintensities burden
increased odds of cortical infarction, and worsening
diffusion changes throughout the brain [61]. The impact
on grey matter is minimal in mild to moderate stages of
CKD, and becomes significant in ESRD [61-63].

If CKD might have contributed to cerebral atrophy we
observed in our cohort, it is more likely that cystinosis
has a direct impact on the brain atrophy. Furthermore,
in cystinosis patients, the parieto-occipital atrophy was
consistent with the visuo-spatial specific impairment.

Conclusion

Long-lasting longitudinal studies with repeated brain
MR, repeated neuropsychological testing, and objective
hand grip strength assessment (JAMAR) in cystinosis
patients are necessary to further understand how long-
term neurological complication may occur. It would be
very interesting to compare cystinosis patients and CKD
patients in such longitudinal studies. Given that cystino-
sis patients are at risk of developing stroke, primary
prevention of stroke could also been discussed in these
patients. We suggest that a systematic neuropsychological
assessment might be helpful in cystinosis children, in
order to help them with appropriate academic accommo-
dation and rehabilitation as soon as possible.
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