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Abstract

Purpose Grey matter (GM) atrophy due to neuronal loss is a striking feature of patients with CLN3 disease. A precise and
quantitative description of disease progression is needed in order to establish an evaluation tool for current and future experi-
mental treatments. In order to develop a quantitative marker to measure brain volume outcome, we analysed the longitudinal
volumetric development of GM, white matter (WM) and lateral ventricles and correlated those with the clinical course.
Methods One hundred twenty-two MRI scans of 35 patients (21 females; 14 males; age 15.3 +4.8 years) with genetically
confirmed CLN3 disease were performed. A three-dimensional T1-weighted sequence was acquired with whole brain cov-
erage. Volumetric segmentation of the brain was performed with the FreeSurfer image analysis suite. The clinical severity
was assessed by the Hamburg jNCL score, a disease-specific scoring system.

Results The volumes of supratentorial cortical GM and supratentorial WM, cerebellar GM, basal ganglia/thalamus and hip-
pocampus significantly (r= —0.86 to—0.69, p <0.0001) decreased with age, while the lateral ventricle volume increased
(r=0.68, p<0.0001). Supratentorial WM volume correlated poorer with age (r= —0.56, p=0.0001). Supratentorial cortical
GM volume showed the steepest (4.6% (+0.2%)) and most uniform decrease with strongest correlation with age (r= —0.86,
p<0.0001). In addition, a strong correlation with disease specific clinical scoring existed for the supratentorial cortical GM
volume (r=0.85, p= <0.0001).

Conclusion Supratentorial cortical GM volume is a sensitive parameter for assessment of disease progression even in early
and late disease stages and represents a potential reliable outcome measure for evaluation of experimental therapies.
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Introduction

Neuronal ceroid lipofuscinoses (NCLs) are the most com-
mon inherited degenerative brain disorders of childhood
[1-3]. NCLs are incurable lysosomal storage disorders, and
lysosomal accumulation of auto-fluorescent storage material,
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blindness. After several years, dementia, epilepsy and loss
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of motor function ensue [10, 11]. The diagnostic hallmark
of this NCL type is conspicuous vacuoles in the cytoplasm
of lymphocytes.

CLN3 encodes a polytopic membrane protein of 438
amino acids [3, 4, 7, 12]. To date, more than 40 different
mutations in the CLN3 gene have been described and are
summarized in a mutation database [4-6, 13]. CLN3 dis-
ease is inherited autosomal-recessively, and 85% of CLN3
patients are homozygous for a 1-kb deletion that causes the
loss of exons 7 and 8 [3, 12, 14]. Although the CLN3 pro-
tein is well conserved from yeast to humans, its function
is still not fully understood. There are reports that CLN3
is involved in lysosomal acidification, arginine import,
autophagy and apoptosis [3, 12, 14].

Even though pathomechanism and protein function in
CLN3 are still needed to be further investigated, first, experi-
mental treatments are being developed. Currently, an open-
label phase I/II trial in patients with CLN3 disease (clini-
caltrials.gov identifier NCT03770572) to assess intrathecal
administration of AAV9-mediated gene therapy is ongoing.
In addition, multiple pharmacological approaches such as
gene editing, immunomodulation or improving lysosomal
biogenesis by targeting transcription factor EB (TFEB) are
tested in preclinical models, and clinical trials are in prepara-
tion [15]. The advent of new therapeutic strategies and their
evaluation in clinical studies requires quantitative markers to
describe the natural disease course [16]. Longitudinal natu-
ral history studies in CLN3 disease are challenging as the
disease progression may extend over two decades with vari-
ability in phenotypes independent from the underlying geno-
type [15]. Disease-specific clinical rating scales such as the
Hamburg JNCL score, which can be applied prospectively
and retrospectively, are important to describe the long dis-
ease course. However, they are limited to significant loss of
function (e.g., ambulation, language skills) [11]. Therefore,
additional, more sensitive outcome measures are needed in
order to assess treatment efficacy over a shorter period of
time for potential future experimental therapies.

MRI allows quantitative assessment of the overall brain
volume or individual brain structures using high-resolution
T1-weighted imaging and post-processing. This has previ-
ously been used for CLN2 disease [17, 18]. Grey matter
(GM) structures in particular show consistent loss of volume
across the patient cohort with increasing age and can there-
fore be used as a sensitive biomarker for the natural course
of the disease [17]. The decline of supratentorial cortical
GM has previously been used as an outcome parameter for
the first enzyme replacement therapy (cerliponase alfa, FDA-
approved therapy) [19].

Brain atrophy has long been known to be a feature in
CLN3 patients [20, 21]. However, studies on longitudinal
brain volumetry in CLN3 patients are scarce. One study
describes six genetically confirmed CLN3 patients at two
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time points [22], the other eight CLN3 patients at two time
points, focusing mainly on hippocampal volume [23]. Cor-
relation of the patient’s clinical disease course with the brain
volumes is not available. Therefore, the purpose of this study
was to describe the natural history of the disease course and
develop a quantitative MRI volumetry-based biomarker
for the evaluation of potential therapies for CLN3 patients.
Since CLN3 disease causes neuronal loss [3, 12, 14], we
expect GM volumes to be better suited as biomarker com-
pared to white matter (WM) regions and CSF volumes which
are only indirectly affected.

Materials and methods
Study design and participants

This is a prospective study approved in 2005. Quantitative
volumetric MRI scans were acquired in addition to clinical
routine consultation at our hospital. These data were col-
lected for patients with genetically confirmed CLN3 disease.

The study protocol of this observational study was
approved by the local ethical committee of the Arztekammer
Hamburg (PV7215), and informed consent was obtained for
all patients prior to enrolment. The principles of the Declara-
tion of Helsinki were followed.

Patients included in this cohort received at least one brain
MRI scan between 2006 and 2016. Further on in the process,
five patients were excluded (one family withdrew consent
to use their data in studies, three patients did not have the
sequences needed for volumetric analysis, and MRI quality
was too low for one patient). From the patients enrolled,
another 12 MRIs had to be excluded because of insufficient
quality (n=7) or missing imaging sequences (n=>5).

Imaging

Imaging was performed on a 1.5 Tesla MRI (n=116), but a
3 Tesla scanner was occasionally used when 1.5 T was una-
vailable (n=6). One hundred eight scans were done at our
hospital (96 on the same Siemens Avanto MRI, 12 on a Sie-
mens Sonata MRI). The remaining 14 scans were performed
on variable scanners in different hospitals so that families
did not have to travel across the country for their imaging.
For volumetric analysis, a three-dimensional (3D)
T1-weighted sequence was used. Imaging parameters var-
ied slightly between the different scanners and changed
on the Avanto scanner in 2012. A total of 55 MRIs were
performed with the following imaging parameters: repeti-
tion time: 2280 ms, inversion time: 1000 ms, echo time:
3.64 ms, flip angle: 8°, acquisition matrix: 256 X 256,
image voxel size: 0.5x0.5x 1 mm?, whole-brain cover-
age on the sagittal plane. Before 2012, these parameters
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were different for 47 MRIs: repetition time: 1900 ms,
inversion time: 1100 ms, echo time: 2.97 ms, flip angle:
15°, acquisition matrix: 256 X 176, image voxel size:
0.5x0.5x 1 mm?, whole-brain coverage on axial plane.
For additional information on follow-up times, imaging
parameters and scanner variability, please see Table S1
of the supplement.

Clinical scoring

Patients who had MR imaging performed at our hospi-
tal were also assessed clinically using clinical scoring
for CLN3 disease [11]. Originally, the scale adds up to
a total of 15 points in 5 categories: motor, vision, lan-
guage, intellect and epilepsy. Each category ranks from O
to 3 with 3 points representing a healthy, age-appropriate
score and O points referring to no residual function. Since
the epilepsy score is strongly influenced by each patient’s
anticonvulsive medication, we excluded it from the total
clinical score which therefore resulted in a maximum
score of 12. All clinical scores used for correlation with
MRI volumes were recorded in our NCL clinic by col-
leagues with significant experience in clinical assessment
of NCL patients.

Fig. 1 Segmentation of brain
structures. A Midline sagit-

tal image of the TI MPRAGE
sequence used for volumetric
analysis. B-D Segmentation
results using FreeSurfer in sag-
ittal, coronal and axial planes

Volumetric analysis

Brain segmentation was done using the FreeSurfer Image
analysis suite Version 5.3.0 for each 3D T1 MRI data set [24,
25]. The FreeSurfer software extracts the brain tissue from
surrounding extracranial tissue, performs a Talairach trans-
formation, corrects deformations, determines the GM-WM
interface and finally segments the brain into regions of inter-
est (Fig. 1). All segments were visually reviewed. Prior to
the final analysis, various different segmentation settings
were used to determine the best parameters (e.g. perform-
ing the skull stripping with FSL brain extraction tool, using
different segmentation settings or tools of the FreeSurfer
program). Based on visual assessment, we found that the
default FreeSurfer options gave the most consistent results
compared to other options for segmentation. From all the
segmented brain regions in the FreeSurfer output, we first
decided to closer analyse the supratentorial cortical GM
(consisting of supratentorial cortex, but excluding deep GM
structures) since for CLN2 disease, it proved to be the best
suitable biomarker [17]. We also included basal ganglia/
thalamus (sum of putamen, pallidum, caudate nucleus and
thalamus), cerebellar cortex and supratentorial WM volume;
however, small or no changes have previously been reported
for WM regions [17, 22]. For comparison with previous
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studies, hippocampal and ventricular volumes were seg-
mented [17, 26].

Statistical analysis

MRI volumes were correlated with patient age and clini-
cal scores using Pearson’s correlation coefficient. In addi-
tion, linear models (Im-function) with age and clinical
scores were fitted in R 3.6.2 (The R project for statisti-
cal computing) [24, 25] after calculating the logarithm of
brain volumes. Patient’s sex, genetic mutation (1 =[c.462-
677del,c.462-677del]; 2=[c.1054C > T,c.462-677del];
3=[c.883G>4,c.883G>4]; 4=[c.105G>A,c.222+5>C
and 5=¢.1054C > T, deletion (1,2 kb) Intron 13) and scan
groups (1 =UKE pre 2012; 2=UKE after 2012; 3 =all other
scans) were used as covariates. Results were considered sig-
nificant after Bonferroni correction with p <0.008 to account
for multiple testing of the six brain regions. Patient no. 03
was excluded from all statistical analyses due to an atypical
phenotype and is discussed separately.

Results
Patients

Our final cohort included 35 genetically confirmed CLN3
patients (21 females, 14 males; mean age: 15.3 years; young-
est patient: 7 years, oldest patient: 29 years). Twenty-seven
patients were homozygous for the most common CLN3
mutation (c.462-677del/c.462-677del), 3 patients were
compound heterozygous (c.1054C > T / ¢.462-677del), one
patient was homozygous for ¢.883G >4 and two patients
compound heterozygous for different mutations (c.105G > A
/¢.2224+5G>C and ¢.1054C > T/deletion (1,2 kb) Intron
13). In two patients, diagnosis was based on detection of
characteristic lysosomal storage material by electron micros-
copy in a skin biopsy and classic clinical presentation.
Genetic analysis had only been performed for detection of
the frequent 1.2 kb deletion which could not be confirmed.
Please see Supplement Table S1 for more details on patient
demographics and genetics.

Clinical scoring

The total clinical score at the time of each MRI examination
is displayed in Supplement Table S2. None of the patient had
visual scores of 3; therefore, the highest total score achieved
was 11. Overall, the score showed a constant decline over
the study period of 8 years, but with great variability: for
example, one 11-year-old patient (#17) has a total score of
5, while another 11-year-old (#4) has a clinical score of 10).
In addition, some patients maintained a stable score over a
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long period of time (e.g., no. 34 from age 17 to 21, score 6;
no. 33 from age 21 to 24, score 3; no. 01 from age 12 to 15,
score 6; no. 22 from age 15 to 18, score 4). Both, patient no.
11 and patient no. 26, reach a score of 0. Of note, patient
no. 11 had four follow-up scans demonstrating a constant
decline in supratentorial cortical GM volume at correspond-
ing clinical scores of 0.

Correlation of MRI volumetry with patient age
and covariates

The Im model showed no significant effect of covari-
ates (i.e., genetics, scan group) for the investigated brain
regions (e.g., for the correlation with supratentorial corti-
cal GM with genetic mutation, p =0.205; for the correla-
tion with scan group, p =0.946; see Supplement Table S3).
Therefore, the linear model was fitted between the inves-
tigated brain region volumes and patient age with patient
sex as the only covariate.

A strong decline in brain volume with age was identified
for all regions (supratentorial cortical GM, cerebellar GM,
hippocampus, basal ganglia/thalamus, supratentorial WM),
while the size of the lateral ventricles increased (Table 1;
Fig. 2). The most uniform decline visually — but also sta-
tistically — was observed for the supratentorial cortical GM
volumes with sex as cofactor (r=0.86, p <0.001). Weaker,
but still statistically significant correlations were seen for
supratentorial WM volumes (r=0.56, p <0.001).

For supratentorial cortical GM volume, the annual loss
was 4.6% per year (95%-prediction interval: 4.4-4.8%).
This was similar, but slightly less prominent for all other
GM regions (hippocampus: 3.8%, cerebellar cortex: 4.0%,
basal ganglia/thalamus: 3.9%). Supratentorial WM volumes
remained relatively stable over the observed time interval
with an annual decline of 1.0% (95%-prediction interval:
0.74%, 1.2%). The lateral ventricles showed an annual
increase in size of 12% (prediction interval: 11.0-13.1%).
The effect of sex was between 15.1% for supratentorial WM
and 3.51% for the lateral ventricles.

The correlation of patient age with GM volumes
is highly significant for both, girls and boys (female
r=0.93, male »=0.77) and is displayed in Fig. 3. The
annual decline in volume was 4.7% (prediction interval:
4.6-4.8%) and 4.5% (prediction interval: 4.3-4.7%) for
girls and boys, respectively.

Correlation MRI volumetry with clinical scoring

The total clinical score at the time of each MRI examina-
tion in correlation to supratentorial cortical GM volumes
is depicted in Fig. 4. The correlation is highly significant
(r=0.85, p<0.0001). The correlation for other GM regions
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Table 1 Results. Percentage

Region of interest
of volume loss per year for all

Volume change (per year) Correlation (r-values)

brain regions and results of % Standard deviation With age  With
correlation with patient age and — — Hamburg
clinical scores (with covariate Upper limit  Lower limit JNCL
sex) Total score
Supratentorial cortical GM —4.60 —-4.40 —4.78 0.862%* 0.850%*
Female supratentorial cortical GM —4.68 —4.46 -4.90 0.932% 0.887*
Male supratentorial cortical GM —4.47 —-4.12 —-4.83 0.768%* 0.801*
Supratentorial WM -0.97 -0.74 -1.21 0.561* 0.563*
Cerebellar cortex -3.95 -3.61 —4.28 0.692* 0.750*
Basal ganglia/thalamus -3.87 —-3.55 —-4.20 0.691%* 0.805%*
Hippocampus -3.83 -3.60 —-4.07 0.802* 0.787*
Lateral Ventricles +12.06  +13.13 +11.02 0.683* 0.606*
"All  p-values <0.00001, except supratentorial WM: p-values: with age=0.0001, with clinical
score =0.00012
a Supratentorial Cortical Grey Matter b Supratentorial White Matter
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Fig.2 Age-related development of brain volumes. A decrease in grey and white matter volumes with age is noted (A-E) which is most promi-
nent in supratentorial cortical grey matter (A). The size of the lateral ventricles significantly decreases with age (F)
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Fig.3 Sex-related differences in

brain volumes. Female patients 13.5°
are depicted in red, male
patients in blue colour
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Fig.4 Relationship of supratentorial cortical grey matter volume with clinical scoring. The supratentorial cortical GM volume (y-axis) is plotted
against A the Hamburg JNCL total score as well as the individual scores for B vision, C intellect, D language, E motor function and F epilepsy
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and the lateral ventricles similar, but slightly less significant
(Table 1, last column).

The correlation of brain volumes with the total clinical
score shows a marginally stronger correlation compared to
the correlation of brain volumes with patient age in some
regions while in others, the correlation with age is slightly
stronger (e.g., for supratentorial cortical GM, correlation
with age is slightly better; for cerebellum cortex, correla-
tion with clinical scores is marginally stronger).

Similar to the total clinical score, the single scores for
motor, visual, language, intellect and epilepsy were plotted
against the supratentorial cortical GM volume (Fig. 4). Gen-
erally, lower single clinical scores were observed in patients
with lower brain volumes.

Of all single scores, the epilepsy score showed the high-
est variability with respect to supratentorial cortical GM,
although higher epilepsy scores were still associated with
higher brain volumes.

Discussion

In this prospective MRI study of 35 genetically confirmed
CLN3 patients, we found that volumes of all examined GM
and WM structures significantly decreased with age. There
was also a strong correlation with the clinical disease course
described by the Hamburg JNCL score. Of all the regions
studied, supratentorial cortical GM volumes showed the
strongest, most uniform decline (4.6% per year) and strong-
est correlation with clinical score and patient age. Specific
reasons for this finding have not been clearly identified, but
is likely multifactorial and related to selective vulnerability
[27]. The slower decline in supratentorial WM volumes is
believed to be related to secondary white matter involve-
ment, a finding that matches histopathological data and has
been reported previously [17, 22].

Generally, clinical progression in CLN3 disease is slower
compared to other NCL forms, spanning over more than two
decades. Clinical scores may therefore remain unchanged
over a significant period of time despite progressive atrophy
on MRI [11, 28]. Specifically, clinical scoring may be lim-
ited in early and late stages of the disease. In early stages,
vision loss is the predominant symptom, but scoring also
includes other categories such as cognition, motor and lan-
guage which may not yet be affected. In late stages, once
a score of zero has been reached, further disease progres-
sion cannot be assessed. In contrast, MRI showed continu-
ous decrease in brain volume across the entire observation
period despite stable clinical scores (e.g. patient no. 04 and
no. 13 showed decreasing brain volumes with stable clini-
cal scores of 10; patient no. 11 showed a constant decline in
volume with corresponding clinical scores of 0). Therefore,
automated brain volumetry provided an objective assessment

of disease progression in NCL patients. In contrast to clini-
cal scoring, which should ideally be done in the same centre
by experienced clinicians, we were able to include a small
number of MRI datasets from different centres using similar
imaging parameters and the same segmentation software.
Statistical analysis showed no effect of scanner types on
volumetric results.

Interestingly, patient no. 03 showed a very distinct clini-
cal disease course albeit having the most commonly seen
genetic mutation (homozygous 1-kb deletion). Based on
the atypical clinical phenotype, the diagnosis could only be
made at the age of 27 years. Reasons for this atypical phe-
notype have been studied by Lebrun et al. where this patient
represents patient no. 04 in the assessments, but potential
modifier genes are still under investigation [15].

We evaluated whether the different genetic mutations
have an impact on the brain volumes. Patients with five dif-
ferent genetic mutations in the CLN3 gene leading to CLN3
disease were included in this study. The different mutations
do not seem to have an impact on the rate of volume decline.
However, the number of patients in individual groups is too
small to obtain significant results.

We also analysed sex as a covariate influencing the uni-
formity of the volume loss. Similar to findings for healthy
children [29], we saw a 12.6% smaller supratentorial corti-
cal GM volume in girls compared to boys. However, brain
volumes declined at a similar rate, decreasing at an annual
rate of 4.7% and 4.5% for girls and for boys, respectively
(Fig. 3). In contrast, Cialone et al. suggest that girls might
experience a more severe disease course [30].

Even in the healthy population, brain volumes change
during childhood and adolescence [31-33]. GM structures
show a small relative decrease in volume while WM vol-
umes increase during adolescence [31-33]. Brain volume
loss in CLN3 patients was much more rapid compared to
the healthy population.

Previous studies in smaller CLN3 cohorts reported an
annual volume loss of 3.3% (SD 1.9) and 2.4% for bilateral
hippocampal volume and overall GM, respectively [22, 23].
In our study, the volume loss exceeds these findings, but for
the hippocampal volume, it is within the standard deviation.
Discrepant findings are likely due to longer study periods
in our cohort, different regions of interest (global GM vs
supratentorial cortical GM) and different segmentation soft-
ware used [5].

Some limitations of the study need to be addressed. All
GM regions of CLN3 patients studied declined in volume.
However, artefacts caused by the segmentation software
can influence the volumetric results. These issues are better
counterbalanced in a large GM region than in small brain
regions leading to a more uniform decline and a stronger
correlation. Additionally, segmentation of deep GM and cer-
ebellum is more challenging than the supratentorial cortical
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GM regions [34]. Therefore, we believe that the supratento-
rial cortical GM volume is better suited as biomarker com-
pared to small GM regions such as hippocampus or basal
ganglia/thalamus.

Although our patient cohort is relatively large, further
studies are needed to assess very early disease stages (i.e.
before development of clinical symptoms) and very late
stages where our data was limited. Sequence parameters
used for our MRI scans differed little from those recom-
mended for FreeSurfer; however, differences in flip angles
(suggested angle of 7° vs. 8-15° used) and repetition times
(suggested 2700 ms vs. 1900-2280 ms used) were noted.
Although our results showed strong correlations with patient
age and clinical scoring, our data may have improved even
further using the recommended imaging parameters. In addi-
tion, imaging parameters and scanners varied over time, and
the consistent use of a single study protocol and MR scanner
might further improve the data. However, we believe that the
amount of volume loss studied is much larger than effects
from using different scanners or slight variations in sequence
parameters as statistical analysis did not show an influence
of these factors on our results.

Conclusion

In conclusion, automated longitudinal MRI volumetry is an
objective and sensitive tool to observe progression in CLN3
disease. Progressive brain atrophy was seen in all analysed
GM structures with a strong correlation to clinical scor-
ing. Supratentorial cortical GM showed the most uniform
decline and the strongest correlation with patient age and
clinical disease course and would be the most useful region
to objectively monitor natural disease progression. The data
provided is important for the assessment of future therapies
in patients with CLN3, especially since MRI volumetry is
able to describe disease progression at early and late stages
where clinical disease monitoring by scoring systems alone
may not be sensitive enough.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00234-022-02988-9.
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