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Abstract
Objective
To determine whether blood biomarkers of neuronal damage (neurofilament light chain
[NfL]), muscle damage (creatine kinase [CK]), and muscle mass (creatinine) are altered in
spinal and bulbar muscular atrophy (SBMA) and can be used as biomarkers for disease severity.

Methods
In this multicenter longitudinal prospective study, plasma and serum were collected from 2
cohorts of patients with SBMA in London, United Kingdom (n = 50), and Padova, Italy (n =
43), along with disease (amyotrophic lateral sclerosis [ALS]) and healthy controls, and levels of
plasma and serumNfL, CK, and creatinine were measured. Disease severity was assessed by the
SBMA Functional Rating Scale and the Adult Myopathy Assessment Tool at baseline and 12
and 24 months.

Results
Blood NfL concentrations were increased in ALS samples, but were unchanged in both SBMA
cohorts, were stable after 12 and 24 months, and were not correlated with clinical severity.
Normal NfL levels were also found in a well-established mouse model of SBMA. Conversely,
CK concentrations were significantly raised in SBMA compared with ALS samples, and were
not correlated to the clinical measures. Creatinine concentrations were significantly reduced in
SBMA, and strongly and significantly correlated with disease severity.

Conclusions
While muscle damage and muscle mass biomarkers are abnormal in SBMA, axonal damage
markers are unchanged, highlighting the relevant primary role of skeletal muscle in disease
pathogenesis. Creatinine, but not CK, correlated with disease severity, confirming its role as
a valuable biomarker in SBMA.
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Spinal and bulbar muscular atrophy (SBMA), also known as
Kennedy disease (KD), is a disabling adult onset neuromus-
cular disorder that affects men and is primarily characterized
by slowly progressive weakness and wasting of bulbar and
limb muscles.1,2 SBMA is caused by the expansion of a CAG
repeat in the androgen receptor (AR) gene and is character-
ized by muscle denervation and loss of lower motor neurons
in the spinal cord and the brainstem. Signs of primary skeletal
muscle damage, such as muscle fiber splitting, fiber de-
generation, and centralized nuclei, are also present in SBMA,
and recent work showing that silencing of the mutation in
muscle is able to rescue the disease phenotype in disease
models has further highlighted the relevance of a primary
myopathic component in this disorder.3–9

No therapy is currently available for SBMA and an important
limitation to trials for promising therapeutic strategies has
been the lack of effective outcome measures. Biomarkers to
measure disease progression and therapeutic responses are
therefore strongly needed.

Neurofilament light chain (NfL) has been found to be in-
creased in serum and plasma of numerous neurologic con-
ditions, including amyotrophic lateral sclerosis (ALS) and
inherited peripheral neuropathies, and to be a promising tool
to monitor disease progression.10,11 We here use the cur-
rently most sensitivemethodology tomeasure NfL in patients
with SBMA and in a rodent model of disease,12 and com-
pare this marker of neuronal damage with measures of muscle
damage and loss.

Methods
Standard protocol approvals, registrations,
and patient consents
Plasma and serum were prospectively collected with informed
consent from 2 cohorts of patients with a genetically con-
firmed diagnosis of SBMA attending the KD clinic at the
National Hospital for Neurology in London, United Kingdom
(n = 50), and at the University Hospital in Padova, Italy (n =
43). Samples from patients with ALS (n = 53) and healthy
relatives of patients (n = 73) were collected in neuromuscular
clinics in the same centers.

Approvals were obtained from the East London and the
City Research Ethics Committee (09/H0703/27). Written
informed consent was obtained from all participants in the
study.

Patient evaluation
All patients were recruited in neuromuscular clinics at the
National Hospital for Neurology in London, United Kingdom,
and at the University Hospital in Padova, Italy. All participants
with SBMA carried a pathogenic expansion of the CAG tri-
nucleotide repeat (>38 repeats) in the AR gene. ALS cases all
were recruited according to El Escorial probable and definite
ALS criteria. Controls were recruited in both centers in order to
reduce sources of bias. Healthy controls were excluded if they
had coexistent neurologic disease as determined by a symptom
and medical history–based questionnaire.

SBMA and ALS disease severity and progression were eval-
uated using functional rating scale scores (Spinal and Bulbar
Muscular Atrophy Functional Rating Scale [SBMAFRS],
Amyotrophic Lateral Sclerosis Functional Rating Scale
[ALSFRS]), and patients with SBMA were further evaluated
with the Adult Myopathy Assessment Tool (AMAT).13–15

Progression rate in patients with ALS was calculated as pro-
gression rate to last visit (PRL). This was the ALSFRS–revised
(range 1–48, with lower scores corresponding to higher level
of neurologic impairment) approximated to 48 at onset minus
the score at last visit divided per disease duration expressed in
month (ALS-Fast = PRL >1; ALS-Slow = PRL <0.5).

Sample collection and processing
Samples were processed, stored, and analyzed as previously
described.10,11 Blood samples from all participants were col-
lected into EDTA-containing tubes and centrifuged at 20°C at
3,500 rpm for 10 minutes within 1 hour. Repeat samples were
taken after 1 and 2 years, when available. Plasma and serum
were aliquoted and stored at −80°C.

Mouse samples
All experimental procedures were carried out under license
from the UK Home Office (Scientific Procedures Act 1986),
and following approval by the Ethical Review Panel of UCL
Institute of Neurology. Yeast artificial chromosome (YAC)
AR100 mice, which express at endogenous levels the human
androgen receptor with an expanded CAG repeat,12 were
bred andmaintained at UCL Institute of Neurology Biological
Services. Heterozygote males carrying the androgen receptor
with 100 polyglutamine repeats (pathogenic AR100 mice)
were mated with wild-type C57BL/6J females. Only male
mice were used in this study and male age-matched wild-type
littermates were used as controls. Mouse plasma was obtained
from male AR100 mice and controls at 18 months of age, as
previously described.12,16

Glossary
ALS = amyotrophic lateral sclerosis; ALSFRS = Amyotrophic Lateral Sclerosis Functional Rating Scale; AMAT = Adult
Myopathy Assessment Tool; AR = androgen receptor; CK = creatine kinase; KD = Kennedy disease; LMN = lower motor
neuron; NfL = neurofilament light chain; PRL = progression rate to last visit; SBG = streptavidin-β-galactosidase; SBMA =
spinal and bulbar muscular atrophy; SBMAFRS = Spinal and Bulbar Muscular Atrophy Functional Rating Scale.
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NfL, creatine kinase (CK), and
creatinine measurements
The quantitative determination of NfL in human plasma (UK
cohort) and serum (Italian cohort) was undertaken by single
molecule array (Simoa) technology using a digital immuno-
assay Simoa HD-1 Analyzer (Quanterix; Lexington, MA)
using a commercially available NfL kit from the same vendor.
Plasma samples from KD, ALS-Fast, ALS-Slow, and healthy
patients, along with KD/WT mice, were equally distributed
on each plate and measured in duplicate. Each plate contained
a target-specific calibrator (500–0.686 pg/mL) and 2 quality
controls (10 and 200 pg/mL).

In the first step, anti-NfL-antibody–coated paramagnetic cap-
ture beads, sample, and biotinylated detector antibody are
combined. NfL molecules present in the sample are cap-
tured by the anti-NfL-antibody–coated capture beads and
labeled with biotinylated detector antibodies. After washing,
a conjugate of streptavidin-β-galactosidase (SBG) ismixed with
the capture beads. SBG binds to the biotinylated detector
antibodies, resulting in enzyme labeling of captured NfL. CK
and creatinine were measured as part of routine clinical testing.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0
(GraphPad; La Jolla, CA). Patient NfL, CK, and creatinine
concentrations were compared using analysis of variance and
Bonferroni correction for multiple testing. Mouse NfL levels
were compared using Mann-Whitney test. Correlations of CK
and creatinine levels with SBMAFRS and AMAT scores were
assessed using Spearman correlation coefficients. We included
all available samples for this study, given the rarity of the disease
and the unknown variability and changes of NfL in SBMA prior
to this work. Missing data were omitted from analysis—all
numbers for each analysis are reported in the table.

Data availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Cohorts
The study included 93 patients with SBMA, 53 patients with
ALS, and 73 healthy controls. Participant characteristics are
summarized in the table.

NfL levels are unchanged in 2 cohorts of
patients with SBMA
We measured the plasma levels of NfL, using the highly
sensitive Simoa assay, in samples from the UK SBMA cohort,
and compared them with healthy controls and with slow and
fast progressor ALS cases, as positive controls. While fast and
slow ALS progressors showed the previously described11 in-
crease in NfL levels (p < 0.0001 and p = 0.0008, respectively),
we detected no significant increase in the SBMA cases (p =
0.99). This finding was replicated in the Italian SBMA cohort Ta
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(p > 0.99) (figure 1A). We further examined whether levels
changed longitudinally at 12 (n = 28) and 24 (n = 8) months,
and showed NfL levels to be stable across this time, with the
exception of 3/28 cases where levels increased to >58 pg/mL,
the 95th percentile of controls (figure 1B).

NfL levels are unchanged in a mouse model
of disease
We assessed NfL levels in a well-established SBMA mouse
model: AR100mice. These mice express a 100-CAG expansion
in the human AR and develop a late-onset progressive neuro-
muscular phenotype characterized by muscle atrophy and
motor neuron degeneration, with no motor neuron loss at 6
months, and a 40% loss of motor neurons at 18 months of age
(B. Malik and L. Greensmith, personal written communication,
July 30, 2018, and references 12 and 17). NfL measurements
performed on the same platform as for the human samples did
not show a significant increase in AR100 mice at 18 months vs
littermate controls (n = 9; p = 0.45) (figure 1C).

NfL levels are not increased in blood-derived biofluids from 2
independent SBMA cohorts and a well-established mouse
model of disease.

Muscle damage and muscle mass markers are
significantly altered in SBMA
We investigated the levels of markers of muscle damage
(CK) and muscle mass (creatinine) in our patient cohorts
using standard clinical diagnostic assays. CK levels showed
remarkably similar values in both the UK and Italian cohorts
(mean 951 and 940 U/L, respectively), and were signifi-
cantly increased compared to both healthy controls (mean
122 U/L, p < 0.0001 for both UK and Italian cohorts) and
ALS (p < 0.0001 for both UK and Italian cohorts vs slow and
fast progressing ALS). Interestingly, CK levels, differently from
NfL, did not differ between slow and fast progressing ALS
(mean 699 and 701 U/L, respectively, p > 0.99) (figure 2A).

Creatinine levels were very similar in UK and Italian cohorts
and significantly decreased compared to controls and ALS
(figure 2C).

Creatinine levels correlate with SBMA severity
To evaluate disease severity, we used the SBMAFRS, a function
rating scale developed for SBMA, and the AMAT score, which
detects deficits in functional muscle performance and endur-
ance and has been used as an outcome measure for SBMA
clinical trials.13–15 While no significant correlation was present
between clinical measures and CK (figure 2B), creatinine levels
strongly inversely correlated with both SBMAFRS and AMAT
in both SBMA cohorts (figure 2D).

Discussion
We show that NfL concentration in blood is unchanged in
patients with SBMA compared with controls, and concen-
trations do not change over time and are not related to disease
severity. The result was confirmed in a well-established mouse
model of SBMA. This is surprising given that NfL has been
described to be increased in numerous neurodegenerative
conditions and mouse models, and cannot simply be imputed
solely to the slowly progressive nature of SBMA, as a recent
study using the same technique has detected an NfL increase
in Charcot-Marie-Tooth disease, another very slowly pro-
gressive neuromuscular condition.10,11,16,18,19

Conversely, markers of muscle damage (CK) and muscle mass
(creatinine) are aberrant in SBMA. CK is elevated compared to
both controls and ALS cases, and does not correlate to clinical
measures, possibly due to its reflection of more acute muscle
damage, whereas creatinine is reduced and significantly corre-
lates with disease severity. A decrease in creatinine has also
been shown in a Japanese SBMA cohort to correlate with grip
strength and 6-minute walk distance and has also been shown

Figure 1 Neurofilament light chain (NfL) levels are unchanged in spinal and bulbar muscular atrophy (SBMA)

(A) NfL concentrations (pg/mL) from the UK cohort (plasma, UK control [CTR], UK SBMA, slow amyotrophic lateral sclerosis [ALS], and fast ALS) and the Italian
cohort (IT CTR and IT SBMA). Assays were conducted together, but statistical analysis (analysis of variance, Bonferroni multiple comparison correction) is
represented only between samples from the same cohort. (B) NfL concentrations in the longitudinal study in the UK cohort. Twelve-month (n = 28) and 24-
month (n = 8) timepoints represent 12 ± 2 and 24 ± 2 months. (C) NfL levels from AR100 (SBMA) and littermate control (WT) mice are shown (Mann-Whitney
test). Columns indicate mean, error bars indicate SD; ***p < 0.001; ****p < 0.0001; ns p > 0.05.
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to be lower in patients with SBMA than in patients with ALS
who have comparable wasting of muscle mass.20,21

Traditionally SBMA has been considered a lower motor neu-
ron (LMN) disease. Indeed, denervation is a crucial neuro-
physiology finding, and loss of LMN in postmortem tissue has
been well-documented.2,22Muscle abnormalities and CK levels
elevated beyond those found in ALS have been described in
early case series of this disease.23 Nonetheless, only recently,
analysis of SBMA muscle biopsies, and functional work spe-
cifically exploring the role of muscle in mouse models, have led
to acknowledging a primary muscle component to be relevant
for disease progression and pathogenesis alongside the neu-
rogenic component,3–9 and our findings support this.

Finally, SBMA and ALS are in differential diagnosis, and
a substantial proportion of patients with SBMA initially re-
ceive a diagnosis of ALS, causing distress.24 Although genetic
clinical testing is the gold standard for SBMA diagnosis, the
finding of normal levels of NfL in SBMA could be used in
a diagnostic panel of biochemical markers to help differentiate
patients presenting with motor neuron deficits.

NfL concentrations in blood were unchanged in 2 cohorts of
patients with SBMA and in a mouse model of disease, while
markers of muscle damage and mass were altered, the latter
showing correlation with clinical measures of disease, sug-
gesting that biomarkers of muscle damage and mass, rather
than neuronal damage, should be used to monitor disease pro-
gression and outcome. This is consistent with previous obser-
vations that a primary myopathic component plays a primary
role in the disorder3–9 and supports the development of novel
disease-modifying agents towards the muscle target and the in-
corporation ofmuscle biomarkers to objectively assess outcomes
in therapeutic trials in SBMA.
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Disputes & Debates: Editors’ Choice
Steven Galetta, MD, FAAN, Section Editor

Reader response: Carotid plaques and detection of atrial fibrillation
in embolic stroke of undetermined source
James E. Siegler (Philadelphia), Jesse Thon (Philadelphia), and Brett L. Cucchiara (Philadelphia)

Neurology® 2020;94:849–850. doi:10.1212/WNL.0000000000009428

We read with much interest the multicenter observational experience of Ntaios et al.1 regarding
the incidence of atrial fibrillation among patients with embolic stroke of undetermined source
(ESUS). The article added considerably to the increasing evidence regarding the heterogeneity
of ESUS and the clinical relevance of nonstenotic carotid artery plaque.2,3 It may also assist in
decision making regarding outpatient cardiac event monitoring.

We were curious to know whether the investigators could expand on their variable definitions.
For the primary independent variable of nonstenotic ipsilateral carotid plaque, the various
imaging modalities used could lead to inaccurate prevalence estimates. It would be helpful to
know which modalities were used in patients with plaque vs those without. Furthermore, were
the methods used for detecting paroxysmal atrial fibrillation (pAF) similar between these
groups? At our center, we routinely monitor for pAF for a minimum of 14 days in patients with
ESUS older than 50 years—irrespective of the presence of nonstenotic plaque. But we confess to
our own selection bias that longer monitoring may be pursued in patients who have minimal or
no plaque and in older patients. As has been described previously,4 the device and duration of

Editors’ note: Carotid plaques and detection of atrial fibrillation in
embolic stroke of undetermined source
In “Carotid plaques and detection of atrial fibrillation in embolic stroke of undetermined
source,” Ntaios et al. studied 777 patients with embolic stroke of undetermined source
(ESUS) and found that the presence of ipsilateral nonstenotic carotid plaquewas associated
with a significantly lower likelihood for atrial fibrillation. Siegler et al. questioned the
modality used to identify nonstenotic carotid plaque and paroxysmal atrial fibrillation, given
that this affects incidence rates. Furthermore, they noted that although the authors
commented on the frequency of conditions during which atrial fibrillation was detected
(such as routine ECG, stroke recurrence, and myocardial infarction), it would have been
useful to compare the incidence rates for patients with and without plaque. Ntaios
responded that unfortunately, they did not have access to information about the technique
used to diagnose carotid plaque or atrial fibrillation and that they did not think it was
appropriate to compare the incidence of conditions during which atrial fibrillation was
detected without this information. Lattanzi et al. commented that it would be useful to
assess the relationship between plaques and atrial fibrillation and other variables, such as
atrial cardiopathy, which has been shown to be inversely related to artery-to-artery strokes.
Ntaios responded that they have performed additional analysis and hope to have their
results published soon. It is clear that further research into workup and management of
ESUS is needed.

Ariane Lewis, MD, and Steven Galetta, MD

Neurology® 2020;94:849. doi:10.1212/WNL.0000000000009426
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event monitoring can dramatically affect the probability of detecting pAF in patients with
cryptogenic stroke. The investigators presented data on conditions for which pAF was identified
(table 2),1 but it would be more important to compare the incidence rates for these conditions
between patients with plaque and those without.

1. Ntaios G, Perlepe K, Sirimarco G, et al. Carotid plaques and detection of atrial fibrillation in embolic stroke of undetermined source.
Neurology 2019;92:e2644–e2652.

2. Freilinger TM, Schindler A, Schmidt C, et al. Prevalence of nonstenosing, complicated atherosclerotic plaques in cryptogenic stroke.
JACC Cardiovasc Imaging 2012;5:397–405.

3. Coutinho JM, Derkatch S, Potvin AR, et al. Nonstenotic carotid plaque on CT angiography in patients with cryptogenic stroke.
Neurology 2016;87:665–672.

4. Choe WC, Passman RS, Brachmann J, et al. A comparison of atrial fibrillation monitoring strategies after cryptogenic stroke (from the
cryptogenic stroke and underlying AF trial). Am J Cardiol 2015;116:889–893.

Author response: Carotid plaques and detection of atrial fibrillation
in embolic stroke of undetermined source
George Ntaios (Larissa, Greece)

Neurology® 2020;94:850. doi:10.1212/WNL.0000000000009427

I would like to thank Dr. Siegler and colleagues for their kind words and for their thoughtful
comments on our article.1 I agree that it would be useful to know which imaging modalities
were used to assess carotid plaques; however, we did not register this information. Furthermore,
we did not assess the type of modalities of heart rhythmmonitoring that applied to our patients
and therefore cannot provide information on whether they were used similarly between
patients with or without carotid stenosis. I agree that it may be possible that these modalities
were applied differently between these 2 groups. In this context, any comparison between these
2 groups about the incidence rates of the conditions during which atrial fibrillation was detected
could lead to erroneous conclusions, which is why we refrained from providing these results in
the article.1

1. Ntaios G, Perlepe K, Sirimarco G, et al. Carotid plaques and detection of atrial fibrillation in embolic stroke of undetermined source.
Neurology 2019;92:e2644–e2652.

Copyright © 2020 American Academy of Neurology

Reader response: Carotid plaques and detection of atrial fibrillation
in embolic stroke of undetermined source
Simona Lattanzi (Ancona, Italy) and Mauro Silvestrini (Ancona, Italy)

Neurology® 2020;94:850–851. doi:10.1212/WNL.0000000000009430

We read with great interest the article by Ntaios et al.,1 which demonstrated a lower cumulative
probability of atrial fibrillation (AF) detection in patients with embolic strokes of undetermined
source (ESUS) with ipsilateral nonstenotic carotid plaques compared with those without.

Far from being a single entity, ESUS constitute a heterogeneous group with high variability in
clinical presentation and etiology. Remarkably, left atriopathy has been inversely associated
with paradoxical and artery-to-artery embolic sources, including patent foramen ovale (PFO)
and vulnerable substenotic atherosclerotic disease of aortic arch and neck arteries.2 Carotid
plaques with increased thickness, mobility, and ulceration were more common when ipsilateral
than contralateral to the stroke site.3 Young patients presented lower rates of vascular risk
factors and left atrial enlargement, higher incidence of PFO, and no atherosclerosis.4
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Accordingly, it would be interesting to provide a more comprehensive analysis of data by
exploring the relationships between nonstenotic carotid plaques and AF detection with addi-
tional parameters, including demographics, stroke severity and location, indicators of plaque
vulnerability, presence of atrial cardiopathy, and paradoxical embolic sources. Optimal man-
agement for ESUS is to be elucidated. Efforts to identify distinct phenotypes based on the
underlying pathogenesis could inform tailored strategies and improve prevention.5

1. Ntaios G, Perlepe K, Sirimarco G, et al. Carotid plaques and detection of atrial fibrillation in embolic stroke of undetermined source.
Neurology 2019;92:e2644–e2652.

2. Lattanzi S, Cagnetti C, Pulcini A, et al. The P-wave terminal force in embolic strokes of undetermined source. J Neurol Sci 2017;375:
175–178.

3. Komatsu T, Iguchi Y, Arai A, et al. Large but nonstenotic carotid artery plaque in patients with a history of embolic stroke of
undetermined source. Stroke 2018;49:3054–3056.

4. Piffer S, Bignamini V, Rozzanigo U, et al. Different clinical phenotypes of embolic stroke of undetermined source: a subgroup analysis of
patients. J Stroke Cerebrovasc Dis 2018;27:3578–3586.

5. Lattanzi S, Brigo F, Cagnetti C, et al. Patent foramen ovale and cryptogenic stroke or transient ischemic attack: to close or not to close? A
systematic review and meta-analysis. Cerebrovasc Dis 2018;45:193–203.
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Author response: Carotid plaques and detection of atrial fibrillation
in embolic stroke of undetermined source
George Ntaios (Larissa, Greece)

Neurology® 2020;94:851. doi:10.1212/WNL.0000000000009429

I thank Dr. Lattanzi and Dr. Silvestrini for their interest in our work1 and their constructive
suggestions. Several of the proposed analyses were already conducted and are currently under
review in peer-reviewed journals. Hopefully, the results of these analyses will be publicly
available soon.

1. Ntaios G, Perlepe K, Sirimarco G, et al. Carotid plaques and detection of atrial fibrillation in embolic stroke of undetermined source.
Neurology 2019;92:e2644–e2652.
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CORRECTIONS

Muscle and not neuronal biomarkers correlate with severity in spinal
and bulbar muscular atrophy
Neurology® 2020;94:852. doi:10.1212/WNL.0000000000009392

In the article “Muscle and not neuronal biomarkers correlate with severity in spinal and bulbar
muscular atrophy” by Lombardi et al.,1 the y-axis label for figure 2c should be “Creatinine
(umol/L).” The editorial office regrets the error.

Reference
1. Lombardi V, Querin G, ZiffOJ, et al. Muscle and not neuronal biomarkers correlate with severity in spinal and bulbar muscular atrophy.

Neurology 2019;92:e1205–e1211.

Finding a common path to the assessment of persons with
intellectual development disorders
Neurology® 2020;94:852. doi:10.1212/WNL.0000000000009541

In the editorial “Finding a common path to the assessment of persons with intellectual de-
velopment disorders” by Coffman and Borgatti,1 Dr. Borgatti’s affiliation should read: “Child
Neurology and Psychiatry Unit, IRCCS Mondino Foundation (Pavia, Italy).” The authors regret
the error.

Reference
1. Coffman KA, Borgatti R. Finding a common path to the assessment of persons with intellectual development disorders. Neurology

2020;94:507–508.

Visual field deficits following laser ablation of the hippocampus
Neurology® 2020;94:852. doi:10.1212/WNL.0000000000009543

In the article “Visual field deficits following laser ablation of the hippocampus” by Donos et al.,1

first published online February 26, 2020, the figures should appear in the correct numbered order
and should correctly match the numbered figure legends. The image under figure 1 should have
appeared with figure 3. The image under figure 2 should have appeared under figure 4. The image
for figure 3 should have corresponded with figure 5. The image under figure 4 should have
appeared with figure 6. The image under figure 5 should have appeared under figure 1. The image
under figure 6 should have appeared under figure 2. The figures and legends are correctly
matched in the March 24, 2020, issue. The publisher regrets the error.

Reference
1. Donos C, Rollo P, Tombridge K, Johnson JA, Tandon N. Visual field deficits following laser ablation of the hippocampus. Neurology

2020;94:e1303–e1313.
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