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Abstract

Extensiveevidence supports the claim that the serum neurofilament light chain (sNfL) can be used as a biomarker to moni-
tor disease severity in patients with spinocerebellar ataxia type 3 (SCA3). However, little is known about the associations
between sNfL levels and neurochemical alterations in SCA3 patients. In this study, we performed a cross-sectional study to
analyze the association between sNfL and brain metabolic changes in SCA3 patients. The severity of ataxia was assessed
by using the Scale for the Assessment and Rating of Ataxia (SARA) and the International Cooperative Ataxia Rating
Scale (ICARS). The sNfL levels and brain metabolic changes, represented by N-acetyl aspartate (NAA)/creatine (Cr) and
choline complex (Cho)/Cr ratios, were measured by a single-molecule array and proton magnetic resonance spectroscopy,
respectively. In this cohort, we observed consistently elevated sNfL levels and reduced brain metabolites in the cerebellar
hemispheres, dentate nucleus, and cerebellar vermis. However, this correlation was further validated in the cerebellar cortex
after analysis using pairwise comparisons and a Bonferroni correction. Taken together, our results further confirmed that
sNfL levels were increased in SCA3 patients and were negatively correlated with metabolic changes in the cerebellar cortex.
Our data also support the idea that SNfL levels are a promising potential complementary biomarker for patients with SCA3.
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Introduction

Spinocerebellar ataxia type 3 (SCA3) is the most common
autosomal dominant ataxia worldwide and is caused by an
Hao Yu and Zhongming Gao shared last authorship. abnormal CAG expansion at exon 10 of the ATXN3 gene
[1]. The number of CAG trinucleotide repeats in ATXN3
ranges from 12 to 44 in the normal population, whereas at
least one expanded allele ranging between 52 and 87 CAG
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The expansion of CAG repeats in the ATXN3 gene pro-
duces an abnormally folded protein, which leads to selec-
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resonance spectroscopy (MRS) [4-6]. NAA is one of the
most important brain metabolites determined by proton
MRS and has also been used as a biomarker of neuronal
integrity and viability [7, 8]. MRS can reveal early meta-
bolic/cellular changes in various spinocerebellar ataxia
types (SCAs) that are likely to occur before cerebellar signs
become obvious; in some cases, they even occur before brain
atrophy. This observation indicates that the measurement
of neurochemical changes in brain tissue by MRS might be
superior to clinical observation in specific circumstances [4].

Preclinical studies of promising drugs to treat ATXN3
expansion have emerged. These studies include disease-
modifying therapies, for instance, using antisense oligo-
nucleotides (ASOs) against ATXN3 mRNA to reduce the
expression of abnormal proteins in SCA3 animal models
and patient-derived cell models [9-11]. The use of the
CRISPR/Cas9 system to remove the expanded ATXN3 allele
has been achieved in induced pluripotent stem cells (iPSCs)
of SCA3 patients [12]. However, biomarkers used to evalu-
ate the efficacy of gene therapy in humans have not been
adequately assessed. In parallel with the rapid development
of these potential therapeutics, biomarkers that can be used
to measure target engagement, disease onset, and disease
progression need to be established to evaluate the treatment
effect of clinical trials. Previous studies have suggested that
the serum neurofilament light chain (sNfL) is a promising
marker of target engagement in SCA3, as sNfL is detect-
able in the presymptomatic and symptomatic SCA3 cohort
[13-16]. sNfL levels and cerebellar metabolites of NAA/
creatine (Cr) ratios have also been found to be biomarkers of
neuro-axonal damage in SCA3 patients, but the relationship
between them is still unclear. Therefore, this study assessed
whether there is a significant association between cerebel-
lar NAA/Cr values and indicators of neurodegeneration, as
reflected by sNfL levels.

Methods
Subjects

This study was approved by the Ethics Committee of
the Affiliated Hospital of Hangzhou Normal University.
Informed consent was obtained from all subjects before
they were recruited for the study. In our study, 20 unrelated
patients with genetically confirmed ATXN3 repeat expan-
sion and 14 healthy controls were recruited consecutively
between March 2020 and May 2022 from the Department
of Neurology at the Affiliated Hospital of Hangzhou Nor-
mal University. These normal participants were matched
for age and sex at the group level. Serum samples were
obtained from 20 patients with ataxia features caused by
ATXN3 repeat expansion and 14 normal individuals. The

Scale for the Assessment and Rating of Ataxia (SARA) and
the International Cooperative Ataxia Rating Scale ICARS)
were used to measure the severity of ataxia symptoms at the
time of serum collection.

Proton Magnetic Resonance Spectroscopy (‘H-MRS)

All participants underwent identical MR procedures using a
Siemens 1.5-T magnetic resonance imaging (MRI) scanner.
'"H-MRS measurements were then performed to determine
NAA/Cr and choline complex (Cho)/Cr ratio in local cer-
ebellar metabolites [17]. The multivoxel '"H-MRS sequence
was acquired using the following parameters: repetition
time (TR)=4280 ms, echo time (TE)=135 ms, and voxel
size=6.3 mmXx 6.3 mmX 15 mm. We selected three target
region of interest (ROI) placements in the cerebellum—the
bilateral cerebellar hemispheres, the dentate nucleus, and the
cerebellar vermis—in sequence by one voxel. The localizations
of the three ROI placements are presented in Supplemental
Fig. 1. Each ROI was examined bilaterally for the presence of
lateralization. The local cerebellar metabolites demonstrating
NAA/Cr and Cho/Cr ratio were detected via a proton MR wave.

sNfL Levels

Serum samples were taken from all participants and col-
lected according to standardized local procedures. The
serum samples were aliquoted and immediately stored
at— 80 °C. sNfL concentrations were detected using a
single-molecule array (Simoa) method and then quantified
on the Simoa HD-1 Analyzer platform (GBIO, Hangzhou,
China) using a Simoa NF-light Advantage Kit (Quanterix,
Massachusetts, USA) [18]. All sNfL concentrations were
within the linear ranges of this assay.

Statistical Analysis

Statistical analyses were performed using SPSS 25.0 for Mac
(Armonk, NY), and graphs were drafted using GraphPad Prism
7 (La Jolla, CA). Test statistics were considered significant at
p <0.05 (two-tailed). The normality of variables was deter-
mined using the Shapiro—Wilk test, and we tested the homoge-
neity of variances using Levene’s. For variables in line with the
assumptions of normality and homogeneity of variances, the
groups were compared using Student’s ¢ test with a Bonferroni
correction for multiple comparisons, if applicable. For variables
not in line with the assumptions of normality, the groups were
compared using the nonparametric Mann—Whitney U test with
a Bonferroni correction for multiple comparisons, if applicable.

Correlation analyses were performed to investigate the
relationships between sNfL levels and metabolite changes
in the dentate nucleus, cerebellar vermis, and cerebellar
hemisphere. Specifically, cerebellar metabolite changes
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were fitted with the individual sNfL level as a covariate
while adjusting for the effects of age. Then, correction for
multiple comparisons at the cluster level at p <0.05 was
used to perform the correlation analyses between the sNfLL
and cerebellar metabolite changes. Finally, the modera-
tion/mediation model was used to test whether the cer-
ebellar metabolite levels would moderate the relationship
between sNfL levels and ataxia severity by using Hayes’s
algorithm with bootstrapping [19].

Results
Demographic and Clinical Data

In total, 20 SCA3 patients and 14 healthy controls were
recruited in this study. The sociodemographic, clinical,
and biomarker characteristics of all participants are sum-
marized in Table 1. No significant differences in age or sex
were observed between the SCA3 patients and the controls
(p>0.05). The mean age for serum collection in patients
with SCA3 was 39.2 years; the mean age at disease onset
was 32.5 years, but this age varied widely (23-64 years).
The mean CAG repeat length of the SCA3 patients was
74.6. The mean SARA and ICARS scores of all SCA3
carriers were 12.54 and 34.35, respectively.

Table 1 Demographic, clinical, and biochemical characteristics of
controls and SCA3 patients

Characteristic Health control SCA3 p value
(mean +SD) (mean +SD)
Number 14 20 n/a
Sex: male, female 10: 4 14: 6 0.928*
Age at serum collection 34.64+7.70 39.20+11.22 0.198°
(years)
Age at onset (years) n/a 32.5+10.46 n/a

6.7+2.11 n/a
74.6+498 n/a

Duration of disease (years) n/a
CAG repeat length n/a

SARA total score 0 12.54+4.64 <0.001
ICARS total score 0 34.35+12.31 <0.001
Posture and gait 0 14.15+6.69 <0.001
Limb kinetic function 0 14.90+6.265 <0.001
Speech disorders 0 2.75+£1.25 <0.001
Oculomotor disorders 0 2.55+1.36 <0.001
Serum NfL, pg/mL 7.43+2.79 35.33+£9.01 <0.001
MRS available, n 14 20 n/a

SARA, the Scale for the Assessment and Rating of Ataxia; ICARS, the
International Cooperative Ataxia Rating Scale; NfL, neurofilament
light chain; MRS, magnetic resonance spectroscopy; n/a, not avail-
able. *Chi-squared test; ®Dependent samples ¢ test
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Brain Metabolite Levels

MRS was performed to measure the NAA/Cr ratios, and
we found that both ratios were significantly reduced in the
cerebellar cortex, cerebellar vermis, and dentate nucleus of
the SCA3 patients compared to the normal controls (cer-
ebellar cortex: p=0.001, cerebellar vermis: p =0.005;
dentate nucleus: p <0.001). The NAA/Cho ratios signifi-
cantly reduced in the cerebellar vermis (p =0.003) and den-
tate nucleus (p <0.001), and no significant difference was
identified in the cerebellar cortex. The Cho/Cr ratios in the
three regions of interest (ROIs) did not differ between SCA3
patients and normal controls (p > 0.05; Fig. 1; Supplemental
Table 1). In addition, no significant differences in the NAA/
Cr, Cho/Cr, or NAA/Cho ratios were observed in the three
ROIs of the left and right cerebellum (p > 0.05).

In all SCA3 carriers, the total SARA scores were nega-
tively correlated with the NAA/Cr ratios (dentate nucleus:
r=—0.689, p=0.001; cerebellar vermis: r= —0.553,
p=0.011; cerebellar hemisphere: r= —0.493, p=0.027),
but they were not correlated with the NAA/Cho ratios in the
three ROIs. Similar negative correlations between the total
ICARS scores and the NAA/Cr ratios in the three ROIs were
observed (dentate nucleus: r= —0.691, p=0.001; cerebel-
lar vermis: r= —0.537, p=0.015; cerebellar hemisphere:
r=—0.486, p=0.03), and the ICARS scores did not correlate
with the NAA/Cho ratios in the three ROIs. In addition, the
Cho/Cr ratios in the cerebellar hemisphere and cerebellar ver-
mis did not correlate with the total SARA and ICARS scores;
however, they did negatively correlate with these scores in
the dentate nucleus (SARA: r=—0.576, p=0.008, ICARS:
r=—0.506, p=0.023). To confirm the robustness of the
primary findings, the Bonferroni correction was applied to
calculate an adjusted p value threshold (p <0.016); the NAA/
Cr values in the dentate nucleus and cerebellar vermis were
still negatively correlated with the SARA and ICARS scores
by this standard, whereas the NAA/Cr values in the cerebellar
hemisphere were not correlated with the SARA or ICARS
scores. The Cho/Cr ratios in the cerebellar hemisphere were
also still negatively correlated with the SARA and ICARS
scores after the Bonferroni test. No significant associations
were found between the values of the NAA/Cr and NAA/
Cho ratios and age at disease onset, disease duration, or CAG
repeats in patients with SCA3 (p > 0.05).

sNfL Levels

At the time of serum collection, the ATXN3 expansion car-
riers had higher sNfL levels (mean: 35.33 pg/mL) than the
healthy controls (mean: 7.43 pg/mL, p=0.001; Table 1).
This observation was still statistically significant after cor-
rection for age (post hoc Bonferroni-corrected p=0.04). In
participants with SCA3, sNfL levels were not associated
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Fig. 1 Brain metabolite levels
of the MRS images in the
controls and patient group.
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with age at serum collection, age at onset, disease dura-
tion, or CAG repeats. The sNfL levels were correlated with
the SARA and ICARS scores (SARA: r=0.472, p=0.036;
ICARS: r=0.465, p=0.039). sNfL did not correlate with
posture and gait, limb kinetic function, or oculomotor
disorders in any subgroup of ICARS scores, but it was
significantly correlated with speech disorders (r=0.620,
p=0.004). We also used age as a covariate because of
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its general association with sNfL levels. Statistical val-
ues demonstrated the significant correlation between the
sNfL concentration and the SARA and ICARS scores in
the SCA3 patients (SARA: r=0.520, p=0.023; ICARS:
r=0.525, p=0.021). The sNfL concentration was also
positively correlated with the ICARS subgroup, includ-
ing speech disorders (r=0.674, p=0.002) and limb kinetic
function (r=0.526, p=0.021).
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Associations of sNFL Levels and Brain Metabolite
Levels

In all SCA3 patients, increased sNfL levels were associated
with decreased cerebellar hemisphere, cerebellar vermis,
and dentate nucleus NAA/Cr and NAA/Cho levels when
age was included as a covariate. Higher sNfL levels were
correlated with lower NAA/Cr ratios in the dentate nucleus
(r=-0.482, p=0.036), cerebellar vermis (r= —0.521,
p=0.022), and cerebellar hemisphere (r= — 582,
p=0.009). Higher sNfL values did not correlate with the
levels of NAA/Cho in the dentate nucleus (r= —0.361,
p=0.129) but were negatively correlated with the NAA/
Cho levels in the cerebellar vermis (r= —0.599, p=0.007)
and cerebellar hemisphere (r= —0.677, p=0.001) (Fig. 2).
No significant correlations between the Cho/Cr ratios in
the three ROIs and sNfLL emerged. By Bonferroni's adjust-
ment (p <0.016), higher sNfL levels were still significantly

Cerebellar Cortex

Cerebellar Vermis

associated with lower NAA/Cho levels in the cerebellar
hemisphere and cerebellar vermis. Moreover, sNfL lev-
els correlated with lower NAA/Cr levels in the cerebellar
hemisphere, whereas they showed no significant correla-
tion in the dentate nucleus and cerebellar vermis region. No
significant association was found between sNfL levels and
brain metabolite levels (NAA/Cr, Cho/Cr, and NAA/Cho
ratios) of three ROIs in the normal controls by either the
Bonferroni-corrected threshold of p <0.016 or the uncor-
rected threshold (Table 2).

Mediation Model of the Effect of MRS Metabolite
Values/Changes on Ataxia Severity

We evaluated whether cerebellar metabolite levels in SCA3
patients were a moderator of the mediation of the relationship
between sNfL levels and ataxia symptoms. We used two sepa-
rate models with either the NAA/Cr ratio or NAA/Cho ratio
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Fig.2 Associations of sNfL levels with brain metabolite levels. (A—
C) Higher sNfL levels were correlated with lower NAA/Cr ratios in
the cerebellar cortex, dentate nucleus, and cerebellar vermis. (D-F)
No significant correlations between the Cho/Cr ratios in the three
ROIs and sNfL emerged. (G-H) Higher sNfL levels were correlated
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sNfL (pg/ml)
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with lower NAA/Cho ratios in the cerebellar cortex and cerebellar
vermis. (I) Higher sNfL values did not correlate with the levels of
NAA/Cho in the dentate nucleus. NAA, N-acetyl aspartate; Cr, cre-
atine; Cho, choline complex; sNfL, serum neurofilament light chain;
NC, normal controls; SCA3, Spinocerebellar ataxia type 3 patients
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Table2 Associations between neurochemistry of the 'H-MRS scan
and Serum NfL in the SCA3 patients

Regions of interest Metabolic ratios Serum NfL

Controls SCA3 patients

Dentate nucleus NAA/Cr r 0.286 —0.482
p 0.344  0.036
Cho/Cr r 0.411 —0.203
p 0.163  0.405"
NAA/Cho r —0243 —0.361
p 0423 0.129"
Cerebellar vermis NAA/Cr r 0.320 -0.521
p 0.286 0.022°
Cho/Cr r 0.294 0.021
p 0.329 0.933"
NAA/Cho r 0.087 —0.599
p 0.779  0.007"*
Cerebellar cortex NAA/Cr r -0.325 -0.582
p 0.278  0.009"*
Cho/Cr r =0092 —0.023
p 0.764  0.926"
NAA/Cho r —0093 —0.677
p 0.762  0.001%*

Associations between Serum NfL concentrations and neurochemis-
try of the IHMRS images in controls and SCA3 patients, by means
of the partial correlation coefficient. NfL, neurofilament light chain;
NAA, N-acetyl-aspartate; Cho, choline-containing compounds; Cr,
creatine and phosphocreatine. *Spearman tests; “Pearson test. *Sig-
nificant after correction for multiple testing (Bonferroni corrected p
value: p <0.016, three tests)

as the mediator. The analysis revealed a significant NAA/Cr
ratios-moderated effect of sSNfL levels predicting ataxia severity
(Model 1a predicted sNfL levels; Model 1b predicted ICARS
scores). While the direct effect (SNfL levels —> ICARS
scores) was not significant, the indirect effect (sNfL levels —>
NAA/Cr ratios —> ICARS scores) was statistically signifi-
cant for the cerebellar cortex of SCA3 participants (Table 3).
The pathways summarize the relationships found between the
variables (Fig. 3). We also tested whether the NAA/Cho ratios
in the cerebellar cortex were mediators, and no significance
was identified (Supplemental Table 2; Supplemental Fig. 2).
Additionally, the metabolite levels, including the NAA/Cr and
NAA/Cho ratios, in the dentate nucleus and cerebellar vermis
were also tested, and no significant differences were found in
our cohort (Supplemental Tables 3, 4, 5 and 6).

Discussion

In the current study, the sNfL and brain metabolite levels
of a cohort of 20 SCA3 patients were evaluated to examine
the associations between the two measurements. Compared

Table3 Summary of model coefficients: effect of serum sNfL on
clinical severity mediated by NAA/Cr ratios in cerebellar cortex mod-
erated

Model 1a NAA/Cr ratios

F(2)=4.9733, p=0.0199*, R?=0.3691

coef SE t P
sNfL a —0.0155 0.0053 —2.9471 0.009
Age f —0.0045 0.0042 -1.0620 0.3031
Constant 1.6538 0.2501  6.6126 <0.001
Model 1b ICARS scores

F(3)=8.8199, p=0.0011%*, R*=0.632

coef SE t P
sNfL ¢ 02232 0.2578  0.8656 0.3995
NAA/Cr b —25.7773 9.6889  —2.6605 0.0171
Age g 0.422 0.1738  2.4273 0.0274
Constant 33.9433 18.8833 1.7975 0.0911
Direct effect sNfL-ICARS

coef SE t P

0.2232 0.2578  0.8656 0.3995
Indirect effect sNfL-NAA/Cr-ICARS

coef BootSE  BootLLCI BootULCI

0.3989 0.2538  0.0291 0.9927

NAA, N-acetyl-aspartate; Cr, creatine; ICARS, International Coop-
erative Ataxia Rating Scale; sNfL, serum neurofilament light chain;
Coef, coefficient; SE, standard error; BootSE, bootstrap standard
error; BootLLCI, bootstrap lower level for 95% confidence inter-
val; BootULCI, bootstrap lower level for 95% confidence interval.
*p<0.05. **p<0.01

to the control individuals, we found higher sNfL levels and
lower cerebellar metabolite levels, including NAA/Cr and
NAA/Cho ratios, in the SCA3 patients. Both measures, cer-
ebellar metabolite and sNfL levels, are correlated with the
disease severity of SCA3 patients. In addition, elevated sNfLL
levels were associated with lower cerebellar metabolite lev-
els; in particular, low NAA/Cr values are known to indicate
cerebellar degeneration in ATXN3 repeat expansion carriers.
As the correlations of sNfL levels and cerebellar metabolites
capture abnormalities in SCA3 patients, they may serve as
complementary biomarkers for disease detection and future
treatment monitoring.

In SCA3, polyQ-expanded ATXN3 protein leads to neuro-
toxicity and causes selective neuronal cell death along with
metabolic/cellular changes detectable by MRS, including
decreases in acetylcholine and NAA [5]. The NAA/Cr ratio
has been found to be a good neuroimaging biomarker and
can be used to monitor the clinical progression of SCA3
[4, 20]. Our findings demonstrated decreased NAA/Cr and
NAA/Cho ratios in the dentate nucleus, cerebellar vermis,
and cerebellar hemisphere, suggesting that the degree of
neuronal dysfunction in SCA3 patients would be consist-
ent with previous findings [5, 21]. Associations between
the severity of ataxia and metabolic/cellular changes have
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Fig. 3 Mediation model of

the effect of NAA/Cr rations

in cerebellum on the ICARS
scores, with age as a covari-
ate. (a—f) Unstandardized
regression coefficients for each
path; statistically significant
pathways are shown in bold and
marked with solid lines. NAA/
Cr, N-acetyl aspartate/creatine;
sNfL, neurofilament light chain;
ICARS, International Coopera-
tive Ataxia Rating Scale

been described as reflected by NAA/Cr ratios. Our findings
also showed that ICARS scores were negatively correlated
with NAA/Cr ratios in the three ROIs of the dentate nucleus,
cerebellar vermis, and cerebellar hemisphere in 20 SCA3
patients, which is in line with previous results [5, 22]. Fur-
thermore, we found that SARA scores had an inverse rela-
tionship with NAA/Cr ratios in these ROIs. These results
further confirmed that the metabolic alterations in the cer-
ebellum were correlated with the predominant clinical fea-
tures in SCA3 patients and suggested that NAA is a good
marker for SCA3 [4, 5].

Neurofilament light protein can be released in significant
quantities following neuro-axonal damage or neurodegen-
eration. Elevated sNfL levels are considered a biomarker
of clinical disease severity in SCA3 [13, 23, 24]. Higher
sNfL levels not only correlate with ataxic symptoms and
non-ataxic signs in SCA3 patients with clinically observable
ataxia but also show similar correlations in preclinical SCA3
individuals [14, 24]. Our findings were consistent with a
previously published study on SCA3, which also found that
sNfL was elevated in patients with SCA3 and that sNfL lev-
els correlated with ataxia symptoms [14]. This correlation
between elevated sNfL levels and clinical severity persisted
after accounting for the potential confounder of age.

In our patients with SCA3, both higher sNfL levels and
decreased metabolites in the cerebellum were significantly
correlated with clinical severity, as reflected by the ICARS
scores. Therefore, we hypothesized that the elevation of
sNfL values might be correlated with a lower cerebellar
NAA/Cr ratios. Our study also explored the association
between sNfL and MRI features in a subgroup of ataxic
SCA3 patients. First, the ROI analysis showed that certain
cerebellar regions with a lower NAA/Cr ratio tended to
be significantly associated with higher sNfL levels. These
included regions in the dentate nucleus, cerebellar vermis,
and cerebellar hemisphere. Furthermore, higher sNfL lev-
els were also associated with a reduced NAA/Cho ratio in
the cerebellar vermis and cerebellar hemisphere, but a simi-
lar association was not found in the dentate nucleus in our
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analyses. Third, we unexpectedly failed to find a significant
relationship between increased sNfL and the Cho/Cr ratio in
the cerebellum. One potential explanation for this is that the
Cho/Cr ratio was not observed to decrease in our patients.
This finding suggests that the elevation of SNfLL was mainly
associated with neuronal dysfunction rather than cell mem-
brane or neurotransmitter metabolism impairment in our
SCA3 patients, likely indicating the subtle impairment of
neurofilaments in the cerebellum. Regarding these findings,
further studies are needed to explore the association between
the NAA/Cr ratio and sNfL levels in SCA3.

Both higher sNfL levels and decreased cerebellar metab-
olites have been suggested to reflect neuronal dysfunction
not only in SCA3 but also in other degenerative diseases
[25-28]. In our study, we found both measures, NAA/Cr
ratio and sNfL levels, to be significant predictors of clinical
severity, which was reflected by ICARS scores. However, it
is difficult to estimate the relevance of sNfL levels because
changes in these levels may result from shifts in the NAA/
Cr or NAA/Cho ratios or from both metabolites simultane-
ously. In this study, a mediation model based on a multi-
ple regression approach helped clarify how prominent the
contribution of each component was. Our results indicated
that the prediction of clinical severity according to sNfL
levels is more likely to be driven by changes in the NAA/
Cr ratio but not by changes in the NAA/Cho ratio. sNfL
levels and cerebellar metabolites of the NAA/Cr ratio are
both biomarkers of neuro-axonal damage in patients with
SCA3. Serum sNfL levels often reflect neuronal damage in
the whole brain, while the NAA/Cr ratio reflects damage in
part of the cerebellum in SCA3, which may explain why the
NAA/Cr ratio acts as a mediator.

Several potential limitations restrict the interpretability of
our findings. First, the limited sample size was not sufficient
to draw an affirmative conclusion; thus, the findings need
to be further validated using a larger cohort. Second, infor-
mation on asymptomatic SCA3 patients was not available,
making it difficult to analyze the correlation between cer-
ebellar metabolites and sNfL levels. Third, not only should
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the neurochemical values of NAA, Cho, and Cr be included,
but glutamine (Gln), glutamate (Glu), and Tau should also
be determined, as this could help to further explore their
correlation with sNfL in future research. Finally, while the
mediated moderation analysis in our present study provides
evidence of an associated effect, we need to acknowledge
that the effects were only significant for ICARS (but not
SARA) scores and need to be replicated in future research.

In summary, we used a multimodal approach combining
serum biomarker and cerebellar metabolite levels to inves-
tigate the association between sNfL levels and indicators
of neurodegeneration in 20 SCA3 patients. To the best of
our knowledge, this is the first study to examine whether
sNfL concentrations correlate with cerebellar metabolites
as reflected by the NAA/Cr ratios in ATXN3 mutation car-
riers. Our results confirmed that sNfL levels are increased
in SCA3 patients and that they are correlated with clinical
disease severity, reflected as ICARS and SARA scores, and
brain metabolic changes. We demonstrated that sNfLL and
cerebellar metabolites are promising complementary bio-
markers that can capture the effects of the expansion of the
ATXN3 mutation. In addition, our multiple regression mod-
els revealed that a decrease in the NAA/Cr ratio mediated
this predictive relationship. Additional longitudinal studies
are strongly warranted to build on these results in the future.
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