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ABSTRACT

Introduction: Transthyretin-related amyloidosis (ATTRv) is a progressive multisystem disorder, predom-
inantly involving the peripheral nerve system (PNS) and heart. Quantification of small fiber damage
may help guide treatment decisions, as amyloid deposits frequently affect those fibers early in disease
course. Corneal confocal microscopy (CCM) is a promising method to monitor patients with ATTRv, due
to similarities between corneal nerves and PNS, as the cornea is innervated by Ad and C fibers.
Methods: We compared CCM measures from ATTRv patients to a group of healthy individuals, matched
by age and gender. We then investigated the correlations between small fiber tests (SFT): CCM, LDI-Flare
and CDT, COMPASS-31 and disability scales (RODS and ONLS) in patients.
Results: Of 20 patients (6 with V30M), mean age 50.3 + 15.3Y, 7 female (35%), six (30%) had polyneuropa-
thy and 10 (50%) carpal tunnel syndrome. CDT was abnormal in 9 and LDI-flare in 6 patients. CCM was
abnormalin 19 tested patients and significantly reduced when compared to controls (CNFL: 6.31 4 0.31 vs.
15.214 1.02 mm/mm?, p <0.001). Mean COMPASS-31-scores were 22.27 +22.84; RODS and ONLS were
38.15+12.33 and 2.05 + 2.3, with no significant differences between sub-group scores. Disease duration
was significantly correlated with ONLS (0.43, p=0.05) and RODS (0.46, p =0.03). There were no significant
correlations between measures of disability and SFT.
Conclusions: In a diverse cohort of ATTRv patients, CCM was the most frequent abnormal measurement.
CCM can be a useful test to triage patients in the early disease stages and with few or equivocal symptoms.
© 2024 The Authors. Published by Elsevier Espaiia, S.L.U. This is an open access article under the CC
BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Valor de las evaluaciones multimodales de fibras pequeiias en una cohorte
genotipicamente diversa de amiloidosis por transtiretina en el comienzo de la
enfermedad

RESUMEN

Introduccion: La amiloidosis por transtiretina (ATTRv) es un trastorno multisistémico progresivo que
afecta predominantemente el sistema nervioso periférico (SNP) y el corazén. La cuantificacién del dafio
de las fibras pequefias puede guiar las decisiones de tratamiento, ya que los depésitos de amiloide fre-
cuentemente afectan esas fibras en el comienzo de la enfermedad. La microscopia confocal corneal (MCC)
es un método prometedor para monitorear la ATTRv, debido a las similitudes entre la estructura del nervio
corneal y el SNP, ya que la cérnea esté inervada por fibras Ad y C.

Métodos: Comparamos medidas de MCC de pacientes con ATTRv con un grupo de individuos sanos,
emparejados por edad y sexo. Luego investigamos las correlaciones entre pruebas de fibras pequefias
(PFP): MCC, laser Doppler imager flare (LDI-flare) y cold detection threshold (CDT), asi como Composite
Autonomic Symptom Score-31 (COMPASS-31) y escalas de discapacidad (RODS y ONLS) en pacientes.
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Resultados: De 20 pacientes (seis con V30M) con una edad media de 50,34+ 15,3 afios, y de los cuales
siete eran mujeres (35%), seis (30%) tenian polineuropatia y 10 (50%) sindrome del ttnel carpiano. La CDT
fue anormal en nueve y la LDI-flare en seis pacientes. La MCC fue anormal en los 19 pacientes evaluados
y se redujo significativamente en comparacién con los controles (longitud de la fibra nerviosa corneal
[CNFL]: 6,31 +£0,31vs.15,21 + 1,02 mm/mm?, p <0,001). Las puntuaciones medias de COMPASS-31 fueron
22,27 £22,84. Las escalas RODS y ONLS fueron 38,15+ 12,33 y 2,05 £ 2,3, sin diferencias significativas
entre V30M y no-V30M. La duracién de la enfermedad se correlacioné significativamente, ONLS (0,43;
p=0,05)y RODS (-0,46, p=0,03). No hubo correlaciones significativas entre las medidas de discapacidad

y las PFP.

Conclusiones: En una cohorte diversa de pacientes con ATTRv, las medidas de MCC fueron las anormal-
idades mas frecuentes. La MCC puede ser una prueba ttil para clasificar a los pacientes en las primeras
etapas de la enfermedad y con sintomas pocos o equivocos.

© 2024 Los Autores. Publicado por Elsevier Espafia, S.L.U. Este es un articulo Open Access bajo la licencia

CC BY-NC (http://creativecommons.org/licenses/by-nc/4.0/).

Introduction

Transthyretin-related amyloidosis (ATTRv)is a progressive mul-
tisystem disorder, predominantly involving the peripheral nerve
system (PNS) and heart. Symptoms of neuropathy and/or car-
diomyopathy present either in young adults or later in life, but
are relentlessly progressive, devastating and usually fatal, and car-
diac involvement is frequently the most common cause of death.!
Small caliber fibers conveying sensory and autonomic information
are commonly affected early in the disease course, being a classic
presentation of the most common ATTRV30M variant, especially in
endemic countries.?

To the present date, it is unclear whether the degree of small or
large fiber involvement may predict disease progression in ATTRv,
and several scales and electrophysiologic parameters have been
proposed to quantify neuropathy. In a longitudinal analysis of the
THAOS cohort, the amplitude and velocity of lower limb nerves
were found to be a possible marker for disease progression.> A
comprehensive and updated scale, the modified NIS+7, designed
to assess polyneuropathy impairment in ATTRv, was also the pri-
mary endpoint in phase III studies that led to approval of disease
modifying therapies.* Also, evidence from a systematic review and
meta-analysis showed that the neuropathy progression in patients
with ATTRv is faster than in other neuropathies, and an increase
of 12 or more points in the neuropathy impairment scale per year
is highly suggestive of ATTRv.> While these comprehensive mea-
surements may capture the different dimensions of the motor,
sensory and autonomic domains, the required special equipment,
and extensive training limit its utilization in clinical practice.

Corneal confocal microscopy (CCM) is a promising method to
detect and to possibly monitor patients with diverse neuropathies,
due to similarities between corneal nerve structure and periph-
eral nerve structures, as the cornea is innervated by Ad and C
fibers.® CCM measurements, especially corneal nerve fiber length
(CNFL) was proven useful to quantify the degree of nerve fiber loss
in a large multicenter study of diabetes mellitus (DM) patients,
with both manual and automated methods.” Also, in a longitudi-
nal study, rapid corneal fiber loss was demonstrated in a subset of
patients with DM, which could potentially help to identify those
with a higher risk of neuropathy progression.® CCM abnormali-
ties have also been detected in hereditary neuropathies such as
Charcot-Marie-Tooth disease Type 1A, Friedreich’s ataxia, and in
Neurofibromatosis type 1, where CNFL was the most common
abnormal parameter.”'?

Few studies aimed to investigate the usefulness of CCM mea-
surements in ATTRv. In a pivotal cross-sectional study, CNFL was
reduced in 15 patients with ATTRv when compared to controls and
correlated with the severity of neuropathy and with the fiber loss
detected in skin biopsies.!! In another recent cross-sectional study,
corneal nerve fiber density and length were significantly lower in

ATTRv patients with both cardiac and neuropathy phenotypes, and
also in carriers, when compared to controls.'? In another study,
an additional measurement obtained by CCM methods, the inferior
whorl length, was helpful to detect preclinical small fiber changes
in ATTRv and to differentiate patients from controls.!>

Quantification of small fiber damage may help guide treatment
decisions in subclinical or in early disease stages, when symptoms
are scarce and non-specific, however there is limited availability of
non-invasive and reproducible diagnostic methods. We aimed to
investigate the value of CCM parameters in diagnosing small fiber
neuropathy (SFN) in a genotypically and phenotypically diverse
cohort of patients with ATTRv and to correlate those measures
with autonomic symptoms, additional small fiber tests (SFT) and
disability scales early in the disease course.

Methods
Patients

A retrospective chart review of patients with a confirmed
TTR variant with cardiac and/or isolated neuropathic pheno-
types (including small fiber, focal neuropathies, large fiber, and
autonomic symptoms) presenting for the first time to the Prosser-
man Family Neuromuscular clinic, Toronto General Hospital-UHN,
between June 2014 and May 2023, was done and those with base-
line SFT were included. Common causes of neuropathy such as
diabetes, thyroid disease, alcohol exposure, paraproteinemia, vita-
min deficiencies and chemotherapy associated neuropathy were
excluded. Cardiac involvement was confirmed with a full assess-
ment by a specialist when symptoms and signs that could suggest
amyloid cardiomyopathy were present, according to local protocols
and international guidelines.'41>

All patients underwent neurologic examination, nerve con-
duction studies (NCS) and SFT including laser doppler imaging
(LDI flare), cooling detection thresholds (CDT) and CCM measure-
ments. Information about disability scales (RODS and ONLS) and
COMPASS-31'6 was extracted from disability scales and patient
charts. NCS and SFT were done either in the same clinical visit or in
separate visits in proximity (within less than 2 months). A historical
control group of 20 age-and sex-matched healthy individuals was
used for CCM measurement comparison. The control group con-
sisted of individuals without the diagnosis of neuropathy, selected
from a local population. The study protocol was approved by the
Research Ethics Board of the University Health Network.

Electrophysiologic studies
NCS were performed using the Sierra Wave instrument (Cad-

well Laboratories Inc., Kennewick, WA). Age and height-adjusted
reference values were used, according to the standards of our local
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Table 1
Clinical characteristics and phenotypes.
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Clinical characteristics and measures of disability by group

V30M Non V30M p-Value
N (female) 6(1) 14 (6) 0.35
Age of onset (y, mean 4 SD) 42.5+16.28 47.78 £12.09 0.42
Duration of disease (y, mean & SD) 5.07 +£5.12 24+2.09 0.17
PND score N (%) 1(4)11(2) 11 (0) IV (0) 1(11)11(2) (1) IV (0) 0.69
FAP stage N (%) 1(6)2(0)3(0) 1(12)2(2)3(0) 0.48
RODS (mean + SD) 36.83+12.65 38.71+12.63 0.76
ONLS (mean + SD) 2.16£2.13 2.0+2.44 0.88
Clinical phenotypes by variant
Polyneuropathy Cardiomyopathy Small fiber sensory symptoms? Autonomic symptoms® CTS Other

Variant (N of patients)

T80A (2) 2 1 2 2 2 1 (spinal stenosis)

1127V (1) 1 - 1 - 1 -

V30M (6) 3 1 4 3 2 0

1127M (1) - - 1 1 - Cataracts

184S (1) 1 1 1 - 1 -

A120S (1) - - 1 - 1 -

V30L (1) - - 1 - 1 _

P64S (2) 0 0 2 0 0 0

G62A (1) 1 - - - 1 -

A117S (1) = = = = 1 =

P84L (3) 1 0 1 2 0 0

2 Includes pain, abnormal thermal sensations.

b Includes any gastrointestinal, orthostatic intolerance, bladder, vasomotor, pupillomotor, secretomotor issues. (-) absent manifestation.

electrophysiology laboratory. A minimal set of sensory and motor
nerve conductions from upper and lower limb motor and sensory
nerves were performed at the clinician discretion, according to
symptoms and objective neurologic signs, to investigate the possi-
bility of large fiber neuropathy or entrapments. All NCS included in
this study were done prior to TTR stabilizers, small interfering RNAs
or antisense oligonucleotide therapies, except for 2 patients who
had been on patisiran (less than a year), one patient on inotersen
(around 6 m) and one on diflunisal (3 m).

LDI flare imaging and CDT testing

LDI flare measurement was conducted with the MoorLDI2 Laser
Doppler blood perfusion imager (Moor Instruments, UK) in the
skin between the 1st and 2nd metatarsal heads on the dorsum of
the foot, after the skin was heated with the probe for 20 min. The
heated area was scanned with the LDI instrument and the area of
the hyperemic flare in response to heating was measured and pro-
cessed offline. The area of the flare was calculated with the Moor LDI
version 3.11 software. CDT were performed with the Medoc TSA-II
Neurosensory Analyzer (Ramat-Yishai, Israel) using the method of
limits as described elsewhere.!”

CCM testing

Study participants underwent examination of small nerve fibers
adjacent to Bowman'’s layer of the cornea in both eyes using the
Rostock Cornea Module of the Heidelberg Tomograph III (Heidel-
berg Engineering, Smithfield RI, USA), after application of a topical
anesthetic and a viscous gel medium. In our laboratory, 40 images,
taken over a depth of 50 um in 1.3 wm incremental steps are
obtained in a 6-s automated protocol. Several sets of 40 images
are captured, and the best images from these sets are analyzed,
including 3 per each eye. From each individual, corneal nerve fiber
length (CNFL measured in mm/mm?), corneal nerve fiber density
(CNFD in fibers/mm?) and corneal nerve branch density (CNBD in
branches/mm?2) were calculated following semi-automated image
analysis using the ACCMetrics Image Analysis Software v1.1 (Uni-

versity of Manchester, UK). Our main surrogate measure was the
CNFL, which corresponds to the total length of all nerve fibers and
branches visualized in a CCM image and was the most reproducible
measure in our laboratory.”

Statistical analysis

All analysis were performed with STATA 16.1 version or
later. Clinical and demographic data were described with
means/standard deviation or counts and proportions whenever
appropriate. Unpaired t-tests or Mann-Whitney tests were used
to compare groups according to variant (V30M vs non-V30M) for
the continuous variables: measures of disability, neurophysiologic
parameters, and small fiber tests and for CCM parameters between
patients and controls. Fisher exact test was used to assess differ-
ences in proportions between variant groups. Correlations between
disability scales, duration of disease and CNFL were calculated using
Spearman’s rank correlation coefficient or Kendall’s tau accord-
ingly. p values <0.05 were considered statistically significant.

Results

Of 20 patients from 17 families, 7 were female (35%) and
mean age was 50.3 +15.3 years. The most frequent variant was
early-onset V30M (6 patients). Twelve patients presented with a
predominantly neuropathic phenotype (small and/or large-fiber
symptoms or signs), and 6 with a predominantly cardiomyopathy
phenotype. Family history was positive in 4 (66%) patients with the
V30M variant and in 11 (68%) patients with non-V30M variants.
Most patients had low levels of disability, with 15 (75%) present-
ing with Polyneuropathy Disability Score system (PNDs) stage I,
and only one patient needed bilateral support for walking (stage
IIIb) at the time of presentation. There was no difference in age of
onset, positive family history, duration of disease or measures of
disability between groups of V30M and non-V30M variants. Clini-
cal characteristics and manifestations by variant type are detailed
in Table 1.
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Table 2
Large and small fiber tests by group.
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Nerve conduction studies

V30M Non V30M p-Value
Polyneuropathy N (%) 2(33) 6(42) 0.56
Demyelinating features N (%) 2(33) 1(6) 0.28
CTS N (%) 3(50) 7(43) 0.68
Sural nerve amplitude (V, mean 4 SD) 13.70£12.89 11.01+11.71 0.65
Small fiber tests®
V30M Non V30M p-Value

Cooling detection thresholds

N abnormal (%) 3(100) 6(42) Upper limbs (0.55)

Mean + SD (upper limb/lower limb) 30.76 £1.37/31.86 £1.12 29.28 +2.34/24.86 +9.76 Lower limbs (0.28)
LDI flare 0(0) 6(42)

N abnormal (%), mean & SD 296 +£0.72 2.34+0.77 0.22
CCM

N abnormal (%) 5(100) 14(100)

CCM parameters®
V30M Non V30M p-Value

Patients

CNFL (mm/mm?) (mean =+ SD) 7.23 + 0.95 6.79 + 1.50 0.55

CNFD (fibers/mm?) (mean + SD) 11.27 £ 5.82 12.64 + 3.81 0.53

CNBD (branches/mm?) (mean 4 SD) 1332 £ 7.15 9.99 + 6.60 0.70

2 17 patients had Cooling detection thresholds and LDI flare, 19 patients had CCM measurements performed.

Eight patients had polyneuropathy (4 with non-recordable sural
nerves), 3 had demyelinating features and about half of them pre-
sented with carpal tunnel syndrome. Large and small fiber tests
are shown in Table 2. CCM parameters were the most common
abnormal tests, showing reduced values in all 19 patients who
had those tests (one patient declined). CNFL in the whole group
was significantly reduced when compared to controls (6.31+1.36
vs. 15.21 +4.56 mm/mm?, p<0.001) and to our reference values.’
There were no differences in CNFL, CNFD and CNBD between
patients with V30M and non-V30M patients. CDT was abnormal
in about half of our sample and LDI flare in less than half, and also
did not differ between V30M and non-V30M patients (Table 2).

Mean COMPASS-31-scores were 22.27 +£22.84 in the whole
group and values for the different domains according to subgroups
are displayed in Fig. 1. There was no difference in mean scores
between V30M and non-V30M groups (p = 0.64). The most common
autonomic symptoms were orthostatic intolerance, gastrointesti-
nal symptoms and pupillomotor symptoms (mainly sensitivity to
bright lights). Measures of disability were significantly correlated
with duration of disease (ONLS: 0.43, p-value 0.05; RODS: —0.46,
p-value 0.03). On the other hand, there were no significant corre-
lations between CNFL, duration of disease, measures of disability
and SFT parameters (Supplementary table 1).

Discussion

Inadiverse cohort of patients with ATTRv, with common (V30M)
and less common variants, we found that CNFL was abnormal in all
patients, including those with either a predominantly neuropathy
or a predominantly cardiomyopathy phenotype. CNFL was the most
sensitive parameter of all SFT in our patients, who were recently
diagnosed and had low levels of disability, which suggests that
this surrogate measure has significant utility in the early symp-
tomatic or pre-symptomatic stages. In comparison with a previous
report, our group was assessed in an earlier phase of disease, before
starting or within less than one year of being treated with specific
medications, and also had lower disability levels.!!

Our findings corroborate the results of another recent study
that investigated patients with low levels of disability, diverse gene
variants and similar levels of autonomic symptoms, showing sig-
nificantly reduced CNFL values in comparison to controls.!? In their
group, CNFL values were higher than in our patient cohort, which
could be explained by other factors such as a different popula-
tion and method of image selection. Additionally, most patients
in their group were being treated with stabilizers, small interfer-
ing RNAs or antisense oligonucleotide therapies, which could have
partially impacted their results. This prior work also showed that
while CNFD and CNFL were significantly lower, CNBD did not differ
significantly between patients and controls. Considering the high
reproducibility of CNFL measurements and well-defined norma-
tive values in our laboratory, we did not include additional CCM
parameters, which could limit the generalizability of our results.

The utility of CCM measurements in the investigation of sus-
pected incipient neuropathy, when other tests are normal, cannot
be underestimated, as it may help select patients for both inter-
ventional studies and for potentially disease modifying approved
therapies. However, given that there is an independent produc-
tion of TTR by the retinal pigment and ciliary pigment epithelial
cells, follow-up studies may be necessary to assess the relationship
between the neuropathy progression and this surrogate measure
in patients undergoing treatment.!81

Furthermore, current gene silencing therapies do not cross the
blood-brain, but there is some evidence that tafamidis, a TTR stabi-
lizer, can cross the CSF-blood and eye-blood barriers and, therefore,
potentially affect those measurements.!8

The inclusion of pre-symptomatic carriers in future ATTRv stud-
ies, as done in a prior study including 5 such carriers may lead
to more insights concerning subclinical changes.!? Furthermore,
exploring additional measures such as the sub-basal whorl-like
nerve plexus may add precision in the staging and prognosis of
ATTRv patients, although limited literature exists.!>

Our findings suggest that CNFL measurements do not reflect the
level of disability in the early phases of disease in ATTRv patients
and may not be related to changes in other parameters such as LDI-
flare and thermal thresholds, which may show abnormalities only
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Fig. 1. COMPASS score and domains by variant.

in a more advanced phase. Also, where SFT are not available, NCS
are usually the most used surrogate measurement, but may suffer
from floor effects, as was the case in our group, where 4 individuals
had absent sural nerve sensory potentials.?® Although some expert
groups suggest following patients clinically on an annual basis sev-
eral years prior to the predicted age of disease onset (PADO), the
arbitrary 10-year mark may not be applicable to all variants and to
non-endemic countries.?!%2

Early small fiber function impairments may be very disabling
and misinterpreted at the same time, due to the non-specific nature
of the symptoms. Additionally, broad genotypic diversity, noted
in different studies (with V30M being reported in the majority of
patients from endemic countries), may impact the diagnostic yield
in non-endemic areas, as most patients may harbor different and
rare variants, as was the case in our series.?> Furthermore, the lack
of family history and incomplete penetrance impose an additional

complexity in the diagnosis of ATTRv in patients from non-endemic
countries. An important aspect of our study was the demonstration
of the usefulness of CCM tests in all patients, regardless of vari-
ant type, and the lack of differences between V30M and non-V30M
patients. The ability to detect small fiber damage may help promote
increased awareness of the disease in non-endemic countries, thus
contributing to a higher likelihood of requesting genetic tests for
at-risk individuals and potentially reducing disease burden.?*

Some limitations of our study are the small sample and the
retrospective design. As ATTRv is a rare disease, recruitment for
prospective observational studies is limited, which makes data
from interventional studies frequently more valuable and informa-
tive. Furthermore, our patients come from a single tertiary center,
specialized in neuromuscular diseases, which could potentially
bring some degree of referral bias, further limiting its generaliz-
ability.
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Conclusions

In a diverse cohort of ATTRv patients with low levels of disabil-
ity, CNFL was the most frequent abnormal measurement. CCM can
be a useful test to triage patients in the early stages of disease, espe-
cially those with few or equivocal symptoms. The heterogeneity of
our population, as in other non-endemic countries, is a pressing
argument for the introduction of non-invasive SFT as a first tier in
the diagnostic algorithm of suspected ATTRv neuropathy.
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