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ABSTRACT ARTICLE HISTORY
Background: Neurofilament light chain (NfL) has emerged as a sensitive biomarker in hereditary Received 8 November 2023
transthyretin amyloid polyneuropathy (ATTRv-PN). We hypothesise that NfL can identify conversion of Revised 3 January 2024
gene carriers to symptomatic disease, and guide treatment approaches. Accepted 27 January 2024
Methods: Serum NfL concentration was measured longitudinally (2015-2022) in 59 presymptomatic and KEYWORDS
symptomatic ATTR variant carriers. Correlations between NfL and demographics, biochemistry and ATTRv amyloidosis;

staging scores were performed as well as longitudinal changes pre- and post-treatment, and in longitudinal; neurofilament
asymptomatic and symptomatic cohorts. Receiver-operating analyses were performed to determine light chain; polyneuropathy;
cut-off values. transthyretin

Results: NfL levels correlated with examination scores (CMTNS, NIS and MRC; all p<.01) and increased
with disease severity (PND and FAP; all p<.05). NfL was higher in symptomatic and sensorimotor
converters, than asymptomatic or sensory converters irrespective of time (all p<.001). Symptomatic or
sensorimotor converters were discriminated from asymptomatic patients by NfL concentrations >64.5 pg/
ml (sensitivity= 91.9%, specificity = 88.5%), whereas asymptomatic patients could only be discriminated
from sensory or sensorimotor converters or symptomatic individuals by a NfL concentration >88.9 pg/
ml (sensitivity = 62.9%, specificity = 96.2%) However, an NfL increment of 17% over 6 months could
discriminate asymptomatic from sensory or sensorimotor converters (sensitivity = 88.9%, specificity =
80.0%). NfL reduced with treatment by 36%/year and correlated with TTR suppression (r=0.64, p=.008).
Conclusions: This data validates the use of serum NfL to identify conversion to symptomatic disease in
ATTRv-PN. NfL levels can guide assessment of disease progression and response to therapies.

Abbreviations: A: asymptomatic; ATTRv-PN: Hereditary transthyretin amyloidosis polyneuropathy; AUC:
Area under the curve; CIDP: chronic inflammatory demyelinating polyradiculoneuropathy; CMT:
Charcot-Marie-Tooth disease; CMT1A: Charcot-Marie-Tooth type 1A; CMTSS: Charcot-Marie-Tooth
symptom subscore; CMTES: Charcot-Marie-Tooth symptom and examination subscore; CMTNS:
Charcot-Marie-Tooth Neuropathy Score version 2; eGFR: estimated glomerular filtration rate; FAP: Familial
amyloidosis Polyneuropathy stage; HSN1: Hereditary sensory neuropathy type 1; MC: Sensorimotor
converter; MRC: Medical research council power score; NIS: Neuropathy impairment score; NIS-LL:
Neuropathy impairment score — lower limb subset; Norfolk-QOL-DN: Norfolk quality of life questionnaire
- diabetic neuropathy; PND: polyneuropathy disability score; ROC: receiver operating characteristics; S:
Symptomatic; SC: sensory converter; TTR: transthyretin or prealbumin.

Introduction the transthyretin protein to dissociate, misfold and deposit
in multiple organs and tissues, leading to organ dysfunction

Hereditary transthyretin amyloidosis (ATTRv) represents a
[1,3]. ATTRv is present worldwide, with endemic pockets,

life-threatening multisystem disorder with varying cardiac
and neurological manifestations [1,2]. ATTRv is caused by and is inherited in an autosomal dominant manner. However,
pathogenic variants in the transthyretin (TTR) gene causing incomplete penetrance, varying age of onset and organ
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manifestations, both within and between families, makes
prediction of the age of disease onset challenging [1]. This
is particularly important due to advances in disease modify-
ing therapies over the last 5years, which have the capacity
to dramatically suppress TTR production, thereby slowing
or halting progression, and improving outcomes and quality
of life of affected individuals [4-6]. Recent studies have
identified that early commencement of targeted treatments
can significantly limit the development of more severe dis-
ease stages [1,4,7,8]. However, patients with early disease
may either have no neuropathy symptoms or signs, or clin-
ical features which cannot be easily quantified by current
tools [9,10]. As a result, sensitive biomarkers, particularly
those which might indicate early disease, are required to
identify neuropathy disease onset and progression.

Neurofilament light chain (NfL) has emerged as a poten-
tial biomarker of neuropathy both in hereditary transthyre-
tin amyloidosis and other neurological conditions [11-16].
The neurofilaments are constituent scaffolding proteins of
the axonal cytoskeleton [11,17] and are released into the
blood in response to axonal damage or degeneration [11,18].
NfL can be reliably quantified at extremely low concentra-
tions in the blood using highly sensitive methods, such as
digital immunoassay on the Single molecule array (Simoa)
platform (Quanterix, Billerica, USA) [11,18].

An ideal biomarker should have the capacity to
non-invasively and reliably detect early disease with both
sensitivity and specificity, alter with disease progression and
respond to treatment [19]. To date, studies have indicated
that NfL may be useful to monitor disease progression,
severity, and treatment response in ATTRv. Specifically, NfL
is increased in individuals with symptomatic neuropathy
when compared to healthy controls [12-16] and asymptom-
atic carriers [14,15,20]. In addition, NfL correlates with clin-
ical [13-16,20] and electrophysiological [16,20] measures of
disease severity. Furthermore, treatment trials, have demon-
strated a reduction in NfL with gene silencing treatment
compared to those on placebo [12,21]. However, longitudi-
nal assessments of NfL in asymptomatic and symptomatic
cohorts and appropriate cut-off values for transition to
symptomatic disease have yet to be established.

As such, the present series aimed to evaluate the use of
serum NfL using the Simoa platform in a cohort of asymp-
tomatic and symptomatic ATTRv gene carriers. In addition
to validation of studies using a real-life cohort, NfL was
assessed longitudinally to quantitate change over time, to
propose appropriate NfL cut-off values for conversion to
symptomatic disease and to evaluate change in NfL with
treatment in a real-life cohort.

Materials and methods
Participants

Patients with suspected or diagnosed neuropathy due to
ATTRv amyloidosis, or asymptomatic carriers of a neuro-
pathic variant, reviewed at both the National Hospital of
Neurology and Neurosurgery (NHNN), Queen Square and
the National Amyloidosis Centre (NAC), Royal Free Hospital,

between 2015 and 2022, who had a stored serum sample at
the time of clinical review were included in the study.
Patients were excluded if neuropathy was due to an alternate
cause. Local ethics committees at each site approved the
study and all participants provided written informed consent
(sample storage at NAC under BioAmyloid IRAS 256590;
data is published under the ethics INC REC: 09/H0716/61).

Clinical characteristics

Patient characteristics and clinical scores were recorded at
NHNN clinical visits as part of routine care. Age, gender,
ATTRv mutation and clinical phenotypic characteristics
were documented. Rating scales including the validated
polyneuropathy disability scale (PND 0-4, higher score
more affected), Coutinho/Familial Amyloid Polyneuropathy
(FAP) stage (0-3, higher score more affected), neuropathy
impairment score (NIS; range 0-244, higher score more
affected), and lower limb subset (NIS-LL, range 0- 88,
higher score more affected), Medical Research Council score
(MRC; range 0-70, higher score less affected) and
Rasch-modified CMT symptom score (SS, range 0-12),
symptoms and examination score (ES, range:0-28) and the
composite score of symptoms, signs and neurophysiology
(NS, range 0-36, higher score more affected) scores and
Norfolk quality of life diabetic neuropathy score
(Norfolk-QOL-DN; —4-136; higher more affected) were
recorded [22-30].

Prior to 2018, MRC scores and CMT scores were rou-
tinely performed and after MRC scores, CMT scores, NIS,
NIS-LL and Norfolk QOL-DN assessments were performed.
If comprehensive documentation was available NIS and
NIS-LL scores were recalculated for patients between 2015
and 2018 by a single author (A.S.C). These retrospective cal-
culations likely underestimate the neuropathy, with the
default of reduced sensation or reflexes being utilised, unless
clearly stipulated as absent in clinical documentation.

Retrospective blood samples

Serum blood samples were serially stored at the time of
review at the NAC. Samples were spun within 4h, before
storage in —30°C freezers where they were kept until trans-
portation to UCL for testing. Routine biochemistry, includ-
ing tests of renal function (creatinine and eGFR) was
undertaken on blood obtained at the same draw as that for
storage of serum. On occasion concurrent transthyretin
(TTR; prealbumin) was undertaken on the same
blood sample.

Neurofilament testing

NfL concentration was measured according to manufactur-
er’s instructions on blinded samples using the Simoa™ plat-
form and HD-X Analyser (Quanterix, Billerica, MA) as
previously described (Supplementary appendix) [31]. Samples
were duplicated, to ensure internal reliability, and NfL con-
centrations (pg/ml) were defined using a standard curve
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fitted using a 4-parameter logistic algorithm. All samples
were tested concurrently in one batch using the same
reagents. Coefficients of variation, both intra- and inter-assay,
were demonstrated to be <20%.

Statistics

The duration of follow-up was defined as the time between
the first and last available serum sample, with a data cut-off
of 15" September 2022. For descriptive analyses the earliest
pre-treatment time point was used with a complete data set.
Age, NfL, NIS, NIS-LL, MRC, CMTSS, CMTES and CMTNS
were not normally distributed, as such these variables are
presented as medians and interquartile ranges, and differ-
ence between mutation groups (T60A, V30M and “Other”)
were assessed by independent-samples Kruskal-Wallis tests.
Differences between PND and FAP stages, gender and muta-
tion status was assessed via a Chi-squared test. Creatinine
and eGFR were normally distributed, after 2 outlier values
were excluded (1 T60A, 1 V30M), and differences between
the means was assessed by ANOVA.

For cross-sectional analyses the earliest pre-treatment
time point was used with a complete data set. NfL was nor-
mally distributed after log-transformation, and hence
log-transformed NfL was used for subsequent analyses. A
student’s t-test was used to compare log(NfL) and gender
and further correlations between log(NfL), age, blood
parameters and examination scores were performed by
Pearson’s correlations. As no baseline variables (age, gender,
Creatinine, eGFR) were found to affect NfL levels, ANOVA
with Tukey’s post-hoc tests were performed to assess for dif-
ferences between log(NfL) across the PND and FAP scores.
The cross-sectional diagnostic performance of NfL was eval-
uated by the area under the curve (AUC) derived from
receiver operating characteristics (ROC) with calculation of
the Youden index to determine the optimal cut off value to
discriminate PND 0 from PND 1 and above, and PND 0
and 1 from PND 2 and above.

For longitudinal analyses, we identified four groups:
Asymptomatic (A), Symptomatic (S), Sensory converters
(SC) and Sensorimotor converters (MC). Individuals were
characterised as asymptomatic (A) if they remained asymp-
tomatic throughout the follow-up period with PND 0, MRC
70 and NIS 0. Symptomatic individuals (S) had evidence of
a symptomatic neuropathy at baseline, with NIS > 5 or
MRC score < 70 and PND score of 1 or above. An individ-
ual was categorised as a sensory converter (SC), if they were
asymptomatic at initial review and during follow-up transi-
tioned from PND or FAP scores of 0 to 1, NIS 0 to > 0 and
maintained an MRC score of 70. Sensorimotor converters
(MC) were individuals who were asymptomatic at baseline
and converted from a PND score of 0 or 1 to a score of >
2 and developed muscle weakness (MRC score < 70).

Using mixed-effect models, we explored longitudinal NfL
changes prior and in response to treatment. For pre-treatment
models, time 0 was defined as the time of first available
sample, and all samples were included up until treatment
commencement. We analysed NfL changes prior to
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treatment using linear mixed-effects models to account for
the correlation between repeated measurements in each par-
ticipant. The specified fixed-effects, interaction terms and
random factors, as well as the formula for the statistical
model is shown in the supplementary appendix. The longi-
tudinal diagnostic performance of NfL was evaluated by
AUC, ROC and Youden Indices to define NfL cut-off values
to discriminate A from SC, MC and S; A and SC from MC
and S; and A from MC and S.

For post-treatment analyses, time 0 was defined as the
date of treatment commencement. Individuals were included
if they had at least one sample within 6 months prior to
treatment commencement, and at least one NfL sample
6months after treatment commencement. Pearsons correla-
tions were performed to evaluate if the change in NfL after
treatment was correlated with the change in TTR levels
(most recent post-treatment/baseline pre-treatment value for
both NfL and TTR) over the same time interval. Differences
between change in NfL (most recent post-treatment/baseline
pre-treatment NfL) and TTR suppression was performed by
Kruskal-Wallis and Mann-Whitney U tests, after dividing
groups into <50%, 50-80% and >80% TTR suppression.
Pearsons correlations were performed to assess for a rela-
tionship between change in NfL and NIS, NIS-LL, MRC,
CMTSS, CMTES, CMTNS.

In order to assess whether NfL is responsive to treatment,
longitudinal analyses were conducted; only individuals with
greater than 50% TTR suppression over time, with at least
two time points separated by at least 6 months were included.
We analysed NfL changes post-treatment using linear
mixed-effects models to account for the correlation between
repeated measurements in each participant. The fixed-effects
and random factors, as well as the formula for the statistical
model is shown in the supplementary appendix.

Statistical analyses were performed in R or SPSS (version 25).
For all analyses statistical significance was defined as a p<.05.

Results
Clinical demographics

We identified 59 patients with neuropathy associated with
ATTRv-PN or carriers of a ATTRv gene variant seen at
both NHNN and NAC between 2015 and 2022. One patient
(TTRT60A) was excluded from the initial cross-sectional
analysis, as all samples were post-treatment.

Varying ATTRv mutations were seen in the 59 included
patients, including 26 patients with TTRT60A, 12 with
TTRV30M and 22 with “Other” variants including: 4 with
TTRG47V, 3 with TTRVI122I, 3 with TTRS77Y, 2 with
TTRA97S and 1 individual with each of TTRS23N,
TTRE42D, TTRH90D, TTRA120S, TTRE54G, TTRR34G,
TTRE89K, TTRI107V and TTRF33l. The mean age was
62.2years (range 33.2—-79.5). Baseline characteristics for the
complete cohort, and according to mutation, are shown in
Table 1. Across the ATTR variant groups, T60A, V30M and
“Other”, there were no differences in age, gender, creatinine,
eGFR, PND, FAP, NIS, NIS-LL, MRC, CMTSS, CMTES or
CMTNS scores (Table 1).
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Table 1. Baseline characteristics.

All N=1
Pre-treatment* T60A V30M Other" G47V V112l S77Y A97S variants*
n 58 25 11 22 p value 4 4 3 2 9
Age 62.2 64.0 62.2 61.6 0.75 55.9 75.8 69.5 63.0 54.8
(Range; IQR) (33.2-79.5; (42.6-79.5; (42.2-75.0; (33.2-78.4; (54.6-61.8; (69.5-78.4; (64.2-74.1; (61.4-64.7; (33.2-73.2;
55.2-70.2) 55.8—70.5) 50.1-66.7) 55.1-70.0) 55.5-57.4) 73.7-75.9) 67.2-72.1) 62.2-63.9) 51.0-60.7)
Gender M 39 (67%) 19 (76%) 7 (64%) 13 (59%) 0.45~ 3 (75%) 2 (50%) 2 (67%) 2 (100%) 4 (44%)
F 19 (33%) 6 (24%) 4 (36%) 9 (41%) 1 (35%) 2 (5-%) 1 (33%) 0 (0%) 5 (56%)
Creatinine 101.0 84.6 81.2 88.6 0.63 103.5 (39.2) 97.3 77.0 71.0 85.9
(20.9; 55) (18.4; 22) (20.7; 9) (23.8) (25.5) (21.2) (24.0) (13.9)
eGFR 76.2 78.2 72.3 (25.1;10) 76.1 0.65 68.3 68.0 85.0 84.5 783
(16.3;55) (13.0; 23) (15.2) (22.4) (16.7) (13.5) (7.78) (12.0)
PND (n) 0.89~
0 19 7 6 6 1 1 - 2 2
1 17 8 2 7 1 1 1 - 4
2 11 4 2 5 1 - 2 - 2
3A 8 5 - 3 1 1 - - 1
3B 3 1 1 1 - 1 - - -
FAP (n) 0.50~
0 15 6 5 4 1 0 - 2 1
1 31 13 5 13 2 2 2 - 7
2 12 6 1 5 1 2 1 - 1
NIS 8 10 1 18.0 0.10 27 16.0 29.3 0.0 26.5
(0-25.9; 52) (2-20.3; 24) (0-4.5; 10) (1.5-28.5; 18) (13.5-28.5; (11.0-18.0; (22.1-36.4; (0.0-0.0) (6.0-29.5;
3) 3) 2) 8)
NIS-LL 8 8 1 14.0 0.15 17.0 14.0 233 0.0 17.0
(0-19; (2-17.25; 24) (0-4.5; (3.0-22.7; 19) (8.5-21.5; (10-14; (18.1-28.4;  (0.0-0.0) (8.0-23.5)
53) 10) 3) 3) 2)
MRC 70 70 70 68.5 0.06 68.0 69.5 66.5 70 68.0
(68-70; (68-70; (70-70) (66-70; (67.5-69.0; (65-70) (65.8-67.3; (70-70) (66.0-70.0)
55) 24) 20) 3) 2)
CMTSS 1 1 0.5 1.0 0.94 3.0 20 5.0 0 1.0
(0-5.75; 36) (0-5.5; 15) (0.0-4.5; 8) (0.0-5.0; 13) (1.5-4.5; 2) (1.0-3.0; 2) (5.0-5.0;2) (0.0-0.0) (0.0-6.0; 5)
CMTES 5 5.5 2.5 5.0 0.21 7.5 5.5 11.5 3.0 5.0
(2.0-12.0; 35) (2.3-12.8; 14) (0.8-9.5; 8) (3.0-12.0; 13) (3.8-11.3; (43-6.8;2) (11.3-11.8; (3.0-3.0) (5.0-12.0;
2) 2) 5)
CMTNS 5 55 2 9.0 0.79 9.5 6.5 17 4 9.0
(0.3-14.0; 29) (0.5-12.5, 10) (0.5-11.5; 8) (4.0-15.5; (4.8-14.3; (5.3-7.8; (17.0-17.0; (4.0-4.0; (5.0-14.0;
11) 2) 2) 1) 1) 5)
NfL (pg/ml) 925 104 64.3 105 0.18 218 78.5 70.2 157.9 105
(29.9-163) (32.0-154) (12.5-109) (59.6-194) (151-245) (43.8-78.5) (67.2-72.1) (129-187) (72.8-155)

TTR gene variants are reported according to the ISA amyloid nomenclature recommendations 2022 [43]. Normally distributed variables are reported as mean (+
standard deviation; n, if n differs from the total number in the cohort). Differences in means between groups are evaluated by ANOVA and post-hoc Student’s
t-test. Non-normally distributed variables are reported as median (IQR25%-75%; n, if n differs from the total number in the cohort) with differences in medians
between groups evaluated by Kruskal-Wallis and post hoc Mann-Whitney U tests. ~ Differences in gender, PND and FAP across the groups were evaluated by
the Chi-squared statistic. Significance level defined as p <0.05.

“Indicates cohort used for cross-sectional pre-treatment analyses.

"Indicates “Other” group cohort used for mutation analysis comprising of G47V, V112I, S77Y, A97S, S23N, E42D, H90D, A120S, E54G, R34G, E89K, 1107V and F33l.

*n=1 variants include 1 individual each of ATTRv mutations: S23N, E42D, H90D, A120S, E54G, R34G, E89K, 1107V and F33l.

Abbreviations: Peripheral neuropathy disability score (PND), Familial Amyloid Polyneuropathy stage (FAP), Neuropathy impairment score (NIS), Neuropathy impair-
ment score lower limb subset (NIS-LL), Medical Research Council score (MRC); Rasch-modified Charcot-Marie-Tooth Neuropathy score version 2, symptom score

(CMTSS), symptom and examination score (CMTES), and total score (CMTNS), Norfolk Quality of life — Diabetic Neuropathy score (Norfolk QOL-DN).

Functional assessment

Cross-sectional analyses identified no correlation between
log(NfL) and age (r=0.08, p=.54), eGFR (r=0.04, p=.79) or
creatinine (r = -0.09, p=.52); Supplementary figure 1A-C).
Of note, there were two outliers with Creatinine levels > 400
(1 patient with TTRV30M and another with TTRT60A)
when these outliers were removed, no correlation between
creatinine and NfL was identified (r -0.01, p=.94);
Supplementary figure 1D). NfL did not significantly differ
between sexes (p=.49), or by genetic variant (p=.1;
Supplementary figure 2A-B). As such, these variables were
excluded as covariates in subsequent analyses.

Baseline NfL levels correlated with NIS (r=0.5, p=.001),
NIS-LL (r=051, p<.001), CMTSS (r=0.47, p=.004), CMTES
(r=0.51, p=.002), CMTNS (r=0.56, p=.002) and MRC scores
(r=-0.57, p<.001; Figure 1A-E respectively), but not with

Norfolk QOL-DN (r=0.22, p=.45; Supplementary figure 3). In
keeping with correlations that baseline NfL levels increased
with disease severity, statistically significant differences were
observed in NfL levels between PNDO and PND2 (p=.002),
PND3A (p=.002) and PND3B (p=.003), and PNDI and
PND3B (p=.047; Figure 2A) cohorts. Similarly, significant dif-
ferences in NfL were seen between FAP2 and FAPO (p=.001)
and FAP1 (p=.03; Figure 2B). Receiver operating characteristic
analysis disclosed that NfL levels > 52.2pg/ml discriminated
patients with PND2 or above, from PNDO and 1 (AUC = 0.83;
95% CI 0.71-0.95) with a sensitivity of 100% and specificity of
55.5% (Table 3, Supplementary figure 4).

Utility as a longitudinal disease marker

A total of 173 longitudinal samples, prior to and after treat-
ment, were available for 50 individuals, with varying sample
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Figure 1. Correlations between logged neurofilament light chain concentrations (log(NfL), pg/ml) and examination scores (A-F). A: Neuropathy impairment score (NIS), B:
Neuropathy impairment score, lower limb subset (NIS-LL), C: Rasch-modified Charcot-Marie-Tooth symptom score CMTSS), D: Rasch-modified Charcot-Marie-Tooth symptom
and examination score (CMTES), E: Rasch-modified Charcot-Marie-Tooth neuropathy composite score (CMTNS) and F: Medical Research Council score (MRC).

Figure 2. Serum neurofilament light chain (NfL) increases with disease severity (A-B) and with transition to symptomatic disease (C-D). A-B: Baseline logged neurofilament
light chain (log(NfL), pg/ml) increases with increasing peripheral neuropathy disability (PND) scores (A) and familial amyloid polyneuropathy (FAP) stage (B). Black circles
indicate raw data values. C-D: Longitudinal evaluation of logged neurofilament light chain (log(NfL), pg/ml) levels according to clinical group as assessed by generalised
linear mixed model. C: Differences in log(NfL) over time can be distinguished by group status demonstrating significant increases in symptomatic and sensorimotor convert-
ers irrespective of time, when compared to asymptomatic and sensory converting patients, D: Longitudinal changes (years) in log(NfL) according to group status, where A:
Asymptomatic (yellow), SC: Sensory converters (red), MC: Sensorimotor converters (aqua) and S: Symptomatic (green) groups.

Individuals were characterised as asymptomatic (A) if they remained asymptomatic throughout the follow-up period with PND 0, MRC 70 and NIS 0. Symptomatic individuals (S) had
evidence of a symptomatic neuropathy at baseline and throughout the follow-up period, with NIS > 5 or MRC score < 70 and PND score of 1 or above at baseline. An individual was
categorised as a sensory converter (SC), if they were asymptomatic at initial review and during follow-up they transitioned from PND or FAP scores of 0 to 1, NIS 0 to > 0 and maintained
an MRC score of 70. Sensorimotor converters (MC) were individuals who were asymptomatic at baseline and converted from a PND score of 0 or 1 to a score of > 2 and developed
muscle weakness (MRC score < 70).
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Table 2. Baseline characteristics of longitudinal groups.

Asymptomatic Sensory Sensorimotor

(A) converters (SC)  Converters (MC) Symptomatic (S)
Avs SC vs MC vs
n 1 11 5 16 p-value SC A vs MC AvsS MC SCvs S S
Age 56.19 (42.2-76.5;  61.38 (49.96— 58.45 65.95 (42.64- 31 NS NS NS NS NS NS
(Range; IQR) 50.6-67.1) 76.59; (53.17-64.80; 79.47;
55.57-65.13) 55.16-64.67) 60.31-43.67)
Gender 7/4 7/4 3/2 10/6 1#
M/F
ATTR T60A — 5 T60A — 6 T60A — 2 T60A — 7 N/A
Variant V3OM - 4 V3OM - 2 V30M- 2 G47V - 2
A120S/V122] — 1 A97S/G47V/ A97S — 1 V30M/1107V/
S23N -1 R34G/E54G/
S77Y/E42D/
V1221 - 1
Creatinine 85 (21.16) 87 (19.15)A 82 (11.48) 85 (22.51) .98/ NS NS NS NS NS NS
164 (172.35)*
eGFR 78 (15.28) 71 (10.61)A 79 (10.06) 80 (14.40) 45 NS NS NS NS NS NS
67 (21.56)*
PND (n) N/A
0 11 11 5 -
1 - - - 4
2 - - - 4
3A - - - 8
3B - - - -
FAP (n) N/A
0 11 11 5 -
1 - - - 8
2 - - - 8
NIS 0 (0-1.5) 0 (0-1.5) 0 (0-4; 3) 28.88 (19.25- <.0001 0.80 1 <0.0001 0.84 <0.0001 0.01
30.00; 14)
NIS-LL 0 (0-1.5) 0 (0-1.5) 0 (0-3; 3) 16.50 (14.25- <.0001 0.74 1 <0.0001 0.76 <0.0001 0.01
23.5; 14)
MRC 70 (70-70) 70 (70-70) 70 (70-70; 4) 68 (66-68.75; <.0001 NA NA 0.0001 NA 0.0001 0.01
14)
CMTSS 0 (0-0; 1 0 (0-0; 6) 0 (0-0; 2) 6.00 (4.5-6.0; 7) .0003 0.87 0.62 <0.001 0.77 0.002 0.05
CMTES 2 (0-3; 10) 1.5 (0-3; 5) 4 (3.5-4.5;2) 12.00 (8.5-12.5; .001 079 015 <0.001 0.22 0.005 0.06
7)
CMTNS 2 (0-3;7) 0 (0-4; 5) 5(5-5 1) 11.5 (9-14;6) .005 1 0.26 0.003 0.53 0.007 0.20
NfL (pg/ml) 14.3 (11.3-65) 36.0 (18.9-76.1) 106 (104-136) 134 (114-259) <.0001 0.08 0.002 <0.0001 0.07 0.0001 0.24
NfLx increase 1 2.5 74 9.3 N/A

Normally distributed variables are reported as mean (+ standard deviation; n, if n differs from the total number in the cohort). Differences in means between
groups are evaluated by ANOVA. Non-normally distributed variables are reported as median (IQR25%-75%; n, if n differs from the total number in the cohort)

with differences in medians between groups evaluated by Kruskal-Wallis.

“Differences in gender across the groups were evaluated by the Chi-squared statistic. Significance level defined as p <0.05.

“Including outliers.
“without outliers.

Abbreviations: Peripheral neuropathy disability sc (PND), Familial Amyloid Polyneuropathy stage (FAP), Neuropathy impairment score (NIS), Neuropathy impairment
score lower limb subset (NIS-LL), Medical Research Council score (MRC); Rasch-modified Charcot-Marie-Tooth Neuropathy score version 2, symptom score
(CMTSS), symptom and examination score (CMTES), and total score (CMTNS), Norfolk Quality of life — Diabetic Neuropathy score (Norfolk QOL-DN).

numbers from 2 to 9, over a maximal follow-up of 4.75years.
Prior to treatment, a total of 121 samples were available,
including 2-5 samples per person (Mean 2.8 (1.9-3.7)), in
43 individuals over an average of 2.0years (SD 0.8-3.1years).
At baseline 27 individuals were asymptomatic and 16 were
symptomatic. During the follow-up period 11 remained
asymptomatic (A), 5 converted to a sensorimotor neuropa-
thy (MC), 11 converted to sensory neuropathy (SC) and 16
remained symptomatic (S).

Baseline characteristics according to disease progression
groups are presented in Table 2. There were no significant
differences in age, gender, creatinine or eGFR between
groups. At baseline the NIS (p<.0001), NIS-LL (p<.0001),
MRC (p<.0001), CMTSS (p=.003), CMTES (p=.001),
CMTNS (p=.005) and NfL (p<.0001) significantly differed
between the groups (Table 2). Specifically, the asymptomatic
and sensory converters had significantly lower NIS, NIS-LL,
MRC, CMTSS, CMTES, CMTNS and NfL levels (all p<.01)
than the symptomatic group (Table 2). The sensorimotor

converters had significantly lower NIS (p=.01), NIS-LL
(p=.01), MRC (p=.01) and CMTSS (p=.05) than the symp-
tomatic group, but not CMTES, CMTNS or NfL levels (Table
2). Sensory converters did not differ from the asymptomatic
group or sensorimotor converters across any parameter. The
asymptomatic group had significantly lower NfL levels at
baseline than the sensorimotor converters (p=.002) but did
not differ in any other clinical parameter. Compared to the
asymptomatic cohort, baseline NfL levels were 2.5-fold higher
in sensory converters, 7.4-fold higher in sensorimotor con-
verters and 9.3-fold higher in the symptomatic cohort.

The mixed-effects model of NfL change over time
demonstrated that, irrespective of time, NfL was higher in
the symptomatic cohort and sensorimotor converters, than
in the asymptomatic cohort or sensory converters (all
p<.001; Figure 2C-D, Supplementary table S1-2). The NfL
was observed to rise over time most rapidly in the senso-
rimotor converter group, more so than the sensory con-
verter group, although this did not reach significance
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Figure 3. Post-treatment alterations in neurofilament light chain (NfL). A: Change in NfL correlates with change in transthyretin (TTR). Change in NfL and TTR are
both calculated as recent post-treatment concentration divided by baseline pre-treatment concentration; B: Greater reduction in NfL (<1: reduction, >1: increase)
is found with increasing TTR suppression (%). C: Longitudinal evaluation (years) of logged neurofilament light chain (log(NfL), pg/ml) concentration after effective
treatment (>50% TTR suppression) as assessed by generalised linear mixed model. Black circles indicate raw data values.

Table 3. NfL cut-off values: sensitivity and specificity.

Groups NfL cut-off AUC 95% Cl Sensitivity Specificity
Absolute NfL cut-off values

PND 0 and 1 vs PND > 2 52.2 0.83 0.71-0.95 100 555

A and SC vs MC and S 64.5 0.87 0.81-0.94 91.9 78.7
Avs MCand S 64.5 0.95 0.90-0.99 92.0 88.5

A vs SC, MC and S 88.9 0.84 0.77-0.91 62.9 96.2
Relative NfL cut-off values

A vs SC and MC 117 x 0.89 0.71-1.00 88.9 80.0

Abbreviations: Polyneuropathy disability score (PND), A: asymptomatic, SC: sensory converters, S: Symptomatic and MC: Sensorimotor converter cohorts. Individuals
were characterised as asymptomatic (A) if they remained asymptomatic throughout the follow-up period with PND 0, MRC 70 and NIS 0. Symptomatic individ-
uals (S) had evidence of a symptomatic neuropathy at baseline and throughout the follow-up period, with NIS > 5 or MRC score < 70 and PND score of 1 or
above at baseline. An individual was categorised as a sensory converter (SC), if they were asymptomatic at initial review and during follow-up they transitioned
from PND or FAP scores of 0 to 1, NIS 0 to > 0 and maintained an MRC score of 70. Sensorimotor converters (MC) were individuals who were asymptomatic
at baseline and converted from a PND score of 0 or 1 to a score of > 2 and developed muscle weakness (MRC score < 70).

(p=.08; Figure 2D, Supplementary table S1-2). NfL increased
by an average of 7.14% each year in sensorimotor convert-
ers, and by 0.95% in sensory converters. NfL levels remained
relatively stable in the asymptomatic and symptomatic
groups over time (Figure 2D). Individual NfL trajectories
are displayed in Supplementary figure S5.

NfL concentration at baseline of greater than 64.5pg/ml
discriminated symptomatic and sensorimotor converters
from asymptomatic or sensory converter groups with a sen-
sitivity of 91.9% and specificity of 78.7% (AUC = 0.87; 95%
CI 0.81-0.94; Table 3, Supplementary figure S6A). Similarly,
NfL levels greater than 64.5pg/ml discriminated asymptom-
atic individuals from sensorimotor converters or symptom-
atic individuals with a sensitivity of 92.0% and specificity of
88.5% (AUC 0.95 95% CI: 0.90-0.99; Table 3, Supplementary
Figure S6B). Asymptomatic individuals could be discrimi-
nated from sensory converters, sensorimotor converters or
symptomatic individuals using a cut off of 88.9pg/ml with
sensitivity of 62.9% and specificity of 96.2% (AUCO0.84, 95%
CI: 0.77-0.91; Table 3, Supplementary Figure S6C).

In individuals with two samples separated by 6months
(n=14), relative change in NfL was explored in asymptom-
atic individuals and those converting to either a sensory or
sensorimotor neuropathy (SC and MC). An increase in NfL
by a factor of 1.17, or by 17%, could discriminate asymp-
tomatic individuals from sensory or sensorimotor converters
with a sensitivity of 88.9% and specificity of 80% (AUC
0.89, 95% CI 0.71-1.00, Table 3, Supplementary Figure S6D).

After treatment with a gene silencer, a total of 58 samples
were available, including a range of 2—10 samples per per-
son (mean 4.5, SD 2.1-6.9), from 13 individuals over an
average of 1.63years (SD 0.62-2.64). Four individuals did
not respond clinically to the initial treatment and as such
their treatment was altered. In these individuals the NfL
level increased during the treatment period (e.g.
Supplementary Figure S7A-B) with concordant stability or
increases in TTR levels. As such, where both TTR and NfL
levels were available, the change in NfL after treatment
(post-treatment/last value pre-treatment) was correlated with
the change in TTR levels over the same time interval. This
demonstrated a significant positive correlation (r=0.64,
p=.008) with greater TTR suppression correlating with a
reduction in NfL levels (<1) and reduced TTR suppression
or/an increase in TTR levels resulting in a rise in NfL (>1)
(Figure 3A). Despite the small number of patients, a greater
reduction in NfL was associated with greater TTR suppres-
sion (p=.03, Figure 3B). Specifically, a significantly greater
reduction in NfL was found in patients with >80% TTR
suppression than those with <50% TTR suppression. No sig-
nificant differences in the change in NfL were found between
individuals with <50% or 50-80% TTR suppression (p=.86).

In order to evaluate if NfL reduced with effective treat-
ment, we conservatively included only those with greater
than 50% TTR suppression over time with at least two time
points separated by at least 6months. Eight individuals
remained with a total of 37 samples. NfL levels reduced on
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average by 3.11 times (range 1.81-7.59). The change in NfL
did not correlate with baseline NIS (r=-0.2, p-.66), NIS-LL
(r=-0.3, p=.47), MRC (r=0.25, p=.55) CMTSS (r=0.04,
p-.93), CMTES (r=0.09, p=.84) or CMTNS (R=0.04, p=.92;
Supplementary figures S8A-F). The mixed-effects model
revealed that in individuals with greater than 50% TTR sup-
pression, the log(NfL) level reduced significantly over time
(p=.048, log(coefticient) =-0.45, Figure 3C, Supplementary
Table 2). This equates to the NfL decreasing each year, by a
factor of 0.64, or 36%. Individual NfL trajectories
post-treatment are displayed in Supplementary figure S9.

Discussion

This study validates the use of serum NfL in a genetically
heterogeneous, real-life ATTRv population to monitor dis-
ease onset, progression, and response to treatment, and sug-
gests absolute and relative cut-off values to predict transition
from asymptomatic to symptomatic disease. Our findings
corroborate previous studies describing the utility of NfL as
a marker of severity of neuropathy, finding consistent
increases in NfL with both increasing PND and FAP scores
[12,14,15]. Furthermore, this data confirms the external
validity of NfL as a biomarker, correlating well with neurop-
athy examination scores [13,16,20].

NfL is widely reported to increase with age in patients
and controls [14,32-34], with age-adjusted reference values
of NfL levels developed [33,35]. However, similar to some
previous studies in ATTRv [12,15], this present study did
not identify a correlation between NfL and age. It has been
suggested that disease stage and the corresponding axonal
degeneration, in ATTRv have a much larger effect on NfL
than age, and hence may mask the more moderate age-related
increase [14,15]. In this study the mean NfL was 92.5pg/ml,
which is both higher than described in other neuropathies
(CIDP 26-42pg/ml, CMT 26 pg/ml) [34,36-38] and seen in
other studies of ATTRv (81.8pg/ml [16] 69.4pg/ml [12],
66.4pg/ml [15], 58.1pg/ml [13]). While the severity of neu-
ropathy in our cohort is difficult to directly compare to pre-
vious studies, the higher NfL may suggest a greater overall
severity of disease, which may further mask the effect of age
in this population.

The present study extends our knowledge of NfL dynam-
ics in ATTRv by evaluating longitudinal changes in NfL.
Interestingly, in individuals indistinguishable on clinical
grounds who would remain asymptomatic or convert to a
sensory or sensorimotor neuropathy during follow up, the
baseline NfL was significantly higher in sensorimotor con-
verters, suggesting that NfL can be used as an early bio-
marker of disease onset and progression. At baseline the
NfL levels in these sensorimotor converters were similar to
those who were symptomatic, and the elevation in NfL was
persistent irrespective of time. Furthermore, the rate of NfL
increase was increased in sensorimotor converters, com-
pared to sensory converters, and was relatively static in
those who were asymptomatic or symptomatic during
follow-up. Taken together these findings suggest that not
only can NfL be used as an early biomarker of disease onset

and progression, but also that there is likely a continuum of
NfL elevation with relatively stable levels seen in asymptom-
atic individuals, with lower rates of increase in sensory con-
verters, and then more rapid rate of NfL increase in
sensorimotor converters which then plateaus in symptomatic
individuals; this parallels the progression of disease observed
clinically, with greater axonal loss observed progressively as
an individual transitions through the PND stages, clinically
from asymptomatic, to small and then large fibre sensory
neuropathy to sensorimotor neuropathy [39]. The plateau in
NfL concentrations observed in symptomatic individuals
may reflect reaching a steady state of axonal loss, as has
been observed in other longitudinal studies of inherited
neuropathies such as CMT1A and HSN1 [40].

Whilst the utility of NfL as a biomarker has become clear,
cut-off values to predict transition to symptomatic disease are
yet to be established. Maia et al. proposed a cut-off value in
a young cohort of V30M patients of 10.6pg/ml (sensitivity
96.2% and specificity of 93.8%) to distinguish between PNDO
and PNDI1 patients [14]. However, as observed in this
(14.3pg/ml), and many previous studies in ATTRv, the pro-
posed NfL cut-off value is frequently lower than the NfL
observed in control or asymptomatic cohorts (15.5-22.9pg/
ml) [12,13,16,41]. The lower values in this early onset V30M
cohort may reflect both the direct effect of age and the lower
likelihood of comorbidities increasing NfL in a younger
cohort. In distinguishing those with PNDI1 from PND2
cut-off values of 66.9pg/ml (sensitivity 61.5% and specificity
92.3%) or 75.7pg/ml (sensitivity 84.6% specificity 80%), were
suggested in both early- and later-onset V30M cohorts,
respectively [14]. These findings more closely align with our
data suggesting a cut off of 52.2pg/ml could be used to dis-
tinguish PND 0-1 from PND >2 (sensitivity 100%, specificity
55.5%). Ticau et al. proposed a slightly lower cut off of 37pg/
ml (sensitivity of 84.9%, specificity 96.4%), however, it should
be noted that this distinguished those with ATTRv-PN from
healthy controls, rather than from asymptomatic carriers [12].
Altogether, however, these values are limited due to the
cross-sectional nature of the data.

As such, in attempts to overcome this limitation, we
investigated cut off values in our longitudinal dataset. At
baseline when indistinguishable clinically on the basis of
PND, FAP, NIS, or MRC scores, an absolute cut off value
of 64.5pg/ml could distinguish both asymptomatic, or
asymptomatic and sensory converters, from sensorimotor
converters or symptomatic individuals with sensitivities of
91.9% and 92% and specificities of 78.7% and 88.5%,
respectively. Whereas a cut off value of 88.9 pg/ml was able
to distinguish asymptomatic individuals from sensory or
sensorimotor converters and symptomatic individuals,
albeit, with a lower sensitivity of 62.9% and specificity of
96.2%. However, a relative increase of 17% was able to dis-
tinguish individuals who were asymptomatic from those
converting to a sensory or sensorimotor neuropathy with
sensitivity of 88.9% and specificity of 80%. Thus, taken
together, our data suggests that a single NfL value of greater
than 64.5pg/ml, or an increase in NfL concentration of
17% or more over 6months could reflect transition to
symptomatic disease.


https://doi.org/10.1080/13506129.2024.2313218
https://doi.org/10.1080/13506129.2024.2313218
https://doi.org/10.1080/13506129.2024.2313218
https://doi.org/10.1080/13506129.2024.2313218

A wide variety of ATTR variants were included in the
population studied, reflecting the heterogeneity of ATTRv
observed in the UK. It remains unclear if NfL levels may
differ across ATTRv variants when confounding factors such
as age of onset and comorbidities are removed.

The present study also demonstrates that in individuals
receiving effective treatment, NfL reduces, validating the use
of NfL to monitor treatment response. This finding was
observed regardless of the disease severity at baseline,
demonstrating that gene silencing therapies are efficacious
across the spectrum of disease severity in ATTRv. Our data
also indicates the importance of monitoring TTR suppres-
sion in practice, in individuals on gene silencers, and estab-
lishes that changes in TTR levels positively correlates with
the change in NfL. Furthermore, despite the small patient
numbers, the present study demonstrates that with greater
TTR suppression, there is a greater reduction in NfL con-
centrations. This data provides validity to the recommenda-
tions suggested by Adams et al. suggesting that serum TTR
(prealbumin) should be monitored at baseline and every
6months in those commenced on gene silencers [42].

Our study is limited by its retrospective design and the
non-uniformity of follow-up time points. Furthermore, due
to the stringency of our prescribed required time points, for
follow-up periods post-treatment for example, the number
of included samples was reduced, thus reducing the power
of our analyses. Despite this we have identified coherent
findings, which validate previous reports of the utility of
NfL as an early biomarker of disease onset, progression and
treatment response. Large, prospective longitudinal assess-
ments of NfL are required to further validate the cut-off
values proposed in this study.

Conclusions

In the present study, we have validated the use of NfL in a
real-life cohort to monitor disease activity, finding that NfL cor-
relates well with disease severity and examination scores. NfL
was observed to increase longitudinally with progression from
asymptomatic to symptomatic disease, with the most rapid rates
of increase observed in those converting from asymptomatic to
a sensorimotor neuropathy. We provide distinct, longitudinally
derived cut-off values for conversion to symptomatic disease
and demonstrate the utility of NfL as a treatment-responsive
biomarker, while indicating the importance of monitoring TTR
levels in patients on gene silencers to assess for adequate TTR
suppression. While prospective longitudinal studies confirming
our findings are required, the evidence for the utility of NfL as
a useful disease biomarker is accumulating.
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