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Abstract

Aims The prevalence of autonomic neuropathy (AN) is high in patients with hereditary transthyretin amyloidosis but remains
unknown in transthyretin wild-type cardiac amyloidosis (ATTRwt-CA). This study aimed to determine the prevalence of AN in
patients with ATTRwt-CA using Sudoscan®, a non-invasive method used to provide evidence of AN in clinical practice and
based on measurement of electrochemical skin conductance at the hands and feet (fESC).

Methods and results A series of 62 non-diabetic patients with ATTRwt-CA was prospectively included over 2 years and
compared with healthy elderly subjects, matched by age, gender, and body mass index. The presence of AN was defined as
electrochemical skin conductance at the hands <60 pS and/or fESC <70 uS, and conductances were analysed according to
clinical, biological, and echocardiographic data. Mean fESC was significantly lower in patients with ATTRwt-CA compared with
elderly controls: 68.3 (64.1-72.5) vs. 76.9 (75.6—-78.1) uS (P < 0.0001), respectively. Prevalence of fESC <70 uS was higher in
ATTRwt-CA patients than in controls: 48.4% vs. 19.9%, P < 0.05. Univariate analysis showed that fESC, N-terminal pro-B-type
natriuretic peptide, creatinine plasma levels, and echocardiographic global longitudinal strain were associated with
decompensated cardiac failure and death. Multivariate analysis revealed that fESC was an independent prognostic factor,
and Kaplan—Meier estimator evidenced a greater occurrence of cardiac decompensation and death in patients with fESC
<70 S, P = 0.046.

Conclusions Reduced fESC was observed in almost 50% of patients with ATTRwt-CA and was associated with a worse
prognosis. Sudoscan® could easily be used to screen ATTRwt-CA patients for the presence of AN and identify patients at higher
risk for a poor outcome.

Keywords Aging; Cardiac amyloidosis; Heart failure; Neuropathy; Prognosis; Sudoscan

Received: 21 June 2020; Revised: 18 October 2020; Accepted: 15 November 2020

*Correspondence to: Mounira Kharoubi, Cardiology Department, AP-HP (Assistance Publique-Hépitaux de Paris), Henri Mondor University Hospital, 51 Avenue du Marechal
ge Lattre de Tassigny, F-94010 Créteil, France. Tel: +33(0)1.49.81.22.53; Fax: +33(0)1.49.81.22.53. Email: mounira.kharoubi@aphp.fr

These authors have the same contribution to the study.

Introduction insoluble fibril proteins in the extracellular matrix of various

organs including the heart and peripheral nerves.™? There
Transthyretin amyloidosis (ATTR) is a severe, progressive, and  are two main types of ATTR: a hereditary or mutated variant
fatal systemic disease, characterized by an accumulation of (ATTRv) and a wild-type (ATTRwt-CA), also named senile
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systemic amyloidosis, age-related amyloidosis, or senile
cardiac amyloidosis. ATTRwt-CA predominantly affects the
heart with a very strong predominance for patients over
60 years of age.?® The ATTRwt-CA clinical phenotype includes
concentric left ventricular hypertrophy, preserved left
ventricular ejection fraction,>** and normal or low QRS
voltages on electrocardiogram.>* Patients affected by
ATTRwt-CA can suffer from heart failure, arrhythmias, and
other common, cardiac manifestations.>*  Although
ATTRwt-CA mainly involves the heart, focal neurological man-
ifestations have been reported, including carpal tunnel syn-
drome or lumbar spinal canal stenosis.** However, the
occurrence of more diffuse involvement of peripheral nerves
in the context of ATTRwt-CA is not known.

Among the different types of nerve fibres, amyloid
disorders preferentially affect fibres of small diameter, that
is, thinly myelinated A fibres and unmyelinated C fibres,
which convey either thermalgesic sensory or autonomic
information. This leads to a diffuse, symmetrical,
length-dependent small fibre neuropathy, involving in par-
ticular the unmyelinated C fibres of the autonomic nervous
system. There are several methods to assess autonomic fi-
bres, including cardiovascular and sudomotor tests.> Most
of these methods are time-consuming and require highly
specialized and expensive equipment. Conversely, the
Sudoscan® device allows rapid and objective evaluation of
sweat gland innervation at the extremities by measuring
electrochemical skin conductance (ESC)®’ according to a
chronoamperometric method. Briefly, a direct current of
low voltage (<4 V) is incrementally applied to the skin
through a pair of electrodes; the skin then generates a
current whose intensity (around 0.2 mA) is proportional to
the density of chloride ions drawn from the sweat glands
(reverse iontophoresis). The ratio between the current
generated by the reaction of the chloride ions with the
electrodes and the voltage of the direct current delivered
by the electrodes (Ohm’s law) is defined as the ESC and
measured in microSiemens (uS). The ESC represents the
ease with which the electric current passes through an
axonal reflex involving autonomic C fibres and depends on
the production of chloride ions by sweat glands. Therefore,
a reduced ESC principally reflects a reduced innervation of
the sweat glands by unmyelinated C fibres. For this reason,
ESC assessment is now considered a useful method for the
diagnosis of autonomic neuropathy (AN) in clinical practice,
as evidenced by its use in AN of various origins, including
diabetes®® and ATTRv.°™*! In particular, a correlation has
been found between ESC measures and the severity of
ATTRv,™® and it has been suggested that a decrease in ESC
could be an early marker of the disease.'? Little is known
about the occurrence and clinical consequences of AN in
ATTRwt-CA. Therefore, the aim of this study was to evaluate
the presence of AN in patients with ATTRwt-CA through ESC
measurement.

Methods

Study populations

Patients with ATTRwt-CA were compared with a control
group of healthy elderly subjects. Between 2018 and 2019,
we screened 74 patients with confirmed ATTRwt-CA,
referred for hospitalization or consultation to the French re-
ferral centre for Cardiac Amyloidosis at the Henri Mondor Uni-
versity Hospital, Créteil, France. Among these 74 ATTRwt-CA
patients, 12 patients with diabetes (treated with oral drugs
or insulin) were excluded from the study to avoid potential
bias due to the presence of diabetic peripheral neuropathy.
The remaining 62 patients were included in the study. Data
were recorded electronically according to the French CNIL
(Commission Nationale de I'Informatique et des Libertés),
and written informed consent for participation in the Amy-
loidosis Network registry was obtained from each patient.
The study was approved by the local ethics committee (autho-
rization number 1431858).

Healthy elderly subjects serving as controls were issued
from the PROgnostic indicator OF cardiovascular and
cerebrovascular events (PROOF) study, which was a
prospective longitudinal cohort study recruiting inhabitants
of the city of Saint Etienne, France, who were over 65 years
of age. Subjects with prior cardiac events such as myocar-
dial infarction and congestive heart disease, diabetes,
dependent people or people living in institutions, were
excluded from this study. All subjects signed an informed
consent form before being included in the PROOF study,
which was approved by the local ethics committee (CCPRB
Rhéne-Alpes Loire).

Diagnosis of wild-type cardiac amyloidosis

Transthyretin amyloidosis diagnosis was based on TTR
typical Congo red staining, and positive staining with TTR
antibodies on endomyocardial or extra-myocardiac biopsy,*3
and/or on bisphosphonate scintigraphy. Genetic sequencing
of ATTR was performed to differentiate ATTRwt-CA from
ATTRv. A diagnosis of cardiac amyloidosis was
considered in patients with amyloidosis when there was
an increase in wall thickness (>12 mm) measured at echo-
cardiography in the absence of another known cause of car-
diac hypertrophy and increased plasma levels of N-terminal
pro-B-type natriuretic peptide (NT-proBNP) above 332 ng/L
(in the absence of renal failure or atrial fibrillation). The se-
verity of cardiac amyloidosis was assessed using two biolog-
ical markers, that is, plasma levels of high-sensitivity
troponin T and NT-proBNP.
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Data collection

Data collected for ATTRwt-CA patients included demographic
information (age and gender), body mass index (BMI), cardio-
vascular risk factors (diabetes, dyslipidaemia, or high blood
pressure), average heart rate, average systolic and diastolic
blood pressures, New York Heart Association functional
classification of heart failure, and presence of cardiac arrhyth-
mia, pacemaker, or implantable cardioverter—defibrillator. All
patients also had an evaluation of cardiac and renal
biomarkers (plasma levels of high-sensitivity troponin T,
NT-proBNP, and creatinine), an electrocardiogram, a trans-
thoracic echocardiography (with measurement of left ventric-
ular ejection fraction, interventricular septal thickness, and
global longitudinal strain), and cardiac magnetic resonance
imaging. Extra-cardiac amyloid symptoms were sought for
all patients by a senior specialist in amyloidosis. Neurological
involvement was also investigated, including the presence of
symptoms, signs, or medical history of diffuse neuropathy (e.
g. paresthesia and urinary bladder disturbances), carpal tun-
nel syndrome, nerve root lesion (spinal stenosis), severe
hypoacusis or deafness, or dysautonomia (e.g. orthostatic hy-
potension or gastrointestinal symptoms, such as vomiting
and diarrhoea). Finally, the presence of Dupuytren’s contrac-
ture was recorded.

For the healthy elderly controls, only age, gender, and BMI
were recorded. As mentioned earlier, subjects with history of
cardiac events or diabetes were excluded.

Electrochemical skin conductance

In all ATTRwt-CA patients and healthy elderly controls, ESC
was measured at the hands (hESC) and feet (fESC) using
Sudoscan® (Impeto Medical, Paris, France). During a 3 min
scan, subjects were asked to stand and place the palms and
soles on large stainless-steel electrodes. Then hESC and fESC
were recorded bilaterally and compared with normal values
published in the literature, with a lower limit of normal of
60 1S for hESC and 70 pS for fESC.™

Statistical analysis

Statistical tests were performed using SAS software (Statisti-
cal Analysis System 9.4 Institute Inc., Cary, NC, USA). Quanti-
tative continuous variables were expressed as mean (95%
confidential interval) and qualitative categorical variables as
percentages. Comparisons were made using Student’s t-test
for quantitative values and )(2 test for qualitative values.
Pearson’s correlation was used to study right/left correlations
of ESC values. A survival analysis was performed using
Kaplan—Meier method and the log-rank test. In univariate
and multivariate analyses, the Cox proportional risk

regression model (backward selection) was used to evaluate
the independent risk factors for cardiac decompensation
and for death. All statistical tests were two-sided, and a
P-value < 0.05 was considered significant.

Results
Characteristics of the populations

In our cohort of 62 patients with ATTRwt-CA (Table 1),
there were mainly men (n = 58, 93.5%), with a mean age
of 78.6 years (76.7-80.6) and a mean BMI of 25.3 kg/m?
(24.4-26.2). In this population, 30.7% of patients had
symptoms compatible with peripheral neuropathy (mostly
pain, numbness, and weakness), 80.3% had symptoms or a
history of carpal tunnel syndrome (unilateral or bilateral),
18.3% had symptomatic lumbar spinal stenosis, 22.6% had
dysautonomic symptoms (mainly orthostatic hypotension),
and 28.2% had Dupuytren’s contracture. A cohort of 186
healthy elderly controls was matched by gender (94.2% of
men), age [mean 74.8 years (74.6-75.0)], and BMI [mean
25.0 kg/m? (24.2-26.8)].

Electrochemical skin conductance

The mean hESC and fESC were significantly lower in patients
with ATTRwt-CA than in elderly controls (Table 2). In addition,
the percentages of subjects with hESC <60 uS and/or fESC
<70 uS were significantly higher in patients with
ATTRwt-CA than in elderly controls: 33.9% vs. 16.7% for hESC
and 48.4% vs. 19.9% for fESC, respectively (P < 0.05)
(Figure 1). In patients with ATTRwt-CA compared with
healthy elderly controls, reduced hESC and fESC (<60 uS
and <70 pS, respectively) were more frequently observed ei-
ther concomitantly (24.2% vs. 8.1%, P < 0.0001) or indepen-
dently (only reduced hESC: 9.7% vs. 8.6%, P < 0.0001; only
reduced fESC: 24.2% vs. 11.8%, P < 0.0001). In the subgroup
of controls or patients with hESC <60 uS or fESC <70 puS,
mean values were also significantly lower in patients with
ATTRwt-CA than in controls (Table 2).

In both healthy elderly controls and patients with
ATTRwt-CA, right and left ESC values were symmetrical and
highly correlated (Figure 2). A similar correlation between
right and left hESC or fESC values was observed regardless
of the presence of carpal tunnel syndrome, symptomatic
neuropathy (including paresthesia and urinary bladder
disturbances), or lumbar spinal stenosis (Figure 3). No signif-
icant difference was observed in hESC in ATTRwt-CA patients
whether symptoms or history of carpal tunnel syndrome was
present (n = 54) or absent (n = 8) [mean (95% confidence in-
terval): 61.0 uS (55.8-66.2) vs. 62.4 uS (51.3-73.4), P = 0.81].

ESC Heart Failure 2021; 8: 1656-1665
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Table 1 Clinical characteristics of patients with transthyretin wild-type cardiac amyloidosis

ATTRwt-CA
N 62
Clinical characteristics
Age, years 78.6 (76.7; 80.6)

Male, n (%) 58 (93.6)
BMI, kg/m” 25.3 (24.4; 26.2)
CV characteristics

NYHA class -1V vs. I-1, n (%) 20 (32.3)
Heart rate, b.p.m. 77.1(73.9; 80.3)
Systolic blood pressure, mmHg 130.6 (126.5; 134.7)
Diastolic blood pressure, mmHg 75.7 (73.3; 78.2)
Atrial fibrillation, n (%) 8(14.0)
Pacemaker, n (%) 29 (46.8)
ICD, n (%) 11 (17.7)
CV risk factors
Dyslipidaemia, n (%) 28 (45.2)
Hypertension, n (%) 38 (61.3)
History and reported symptoms
Carpal tunnel surgery or symptoms, n (%) 49 (80.3)

Bilateral carpal tunnel 38 (61.3)

Left carpal tunnel alone 4 (6.5)

Right carpal tunnel alone 4 (6.5)
Carpal tunnel surgery (alone, bilateral, or right or left), n (%) 35 (57.4)
Lumbar spinal stenosis surgery, n (%) 11 (18.3)
Dupuytren’s syndrome, n (%) 11 (28.2)
Deafness, n (%) 41 (66.1)
Symptomatic neuropathy, n (%) 19 (30.7)
Symptomatic dysautonomia (orthostatic hypotension), n (%) 14 (22.6)
Symptomatic gastrointestinal dysautonomia, n (%) 16 (25.8)

Biological variables
NT-proBNP, pg/mL
NT-proBNP and eGFR staging®, n (%)

Stage 1 23 (37.1)

Stage 2 30 (48.4)

Stage 3 9 (14.5)
hs-TnT, ng/mL 5.0 (55.6; 114.3)
Haemoglobin, g/dL 3.5(12.6; 14.5)
Creatinine, umol/L 121 .4 (109.7; 133.1)
eGFR, mL/min/1.73 m? 9.8 (54.2; 65.3)
Echocardiography characteristics
LVEF, % 46.8 (43.7; 50.0)
IVST, mm 18.6 (17.7; 19.5)
GLS, % 9.1 (8.2; 10.0)

ATTRwt-CA, transthyretin wild-type cardiac amyloidosis; BMI, body mass index; CV, cardiovascular; eGFR, estimated glomerular filtration
rate; GLS, global longitudinal strain; hs-TnT, high-sensitivity troponin T; ICD, implantable cardioverter—defibrillator; IVST, interventricular
septum thickness; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart
Association.

Values are mean (95% confidence interval) except for NT-proBNP and hs-TnT (median and interquartile range).

*Following Gillmore, Damy, et al. EHJ 2017, >* Stage 1 was defined as NT-proBNP <3000 ng/L and eGFR >45 mL/min, Stage 3 was defined
as NT-proBNP >3000 ng/L and eGFR <45 mL/min, and the remainder were Stage 2.

Table 2 Feet and hands electrochemical skin conductance (fESC and hESC) values in elderly healthy controls (matched by age, gender,
and body mass index) and patients with transthyretin wild-type cardiac amyloidosis

Elderly healthy control ATTRwt-CA
Variables N N P-value
Mean fESC in all (uS) 186 76.9 (75.6-78.1) 62 68.3 (64.1-72.5) <0.0001
Mean hESC in all (uS) 186 70.0 (68.5-71.5) 62 61.5 (57.0-66.0) 0.0006
Mean fESC in <70 uS group (uS) 37 64.3 (62.6-66.0) 30 54.5 (49.9-59.1) 0.0002
Mean hESC in <60 uS group (uS) 31 53.5 (51.3-55.7) 17 40.4 (35.1-45.8) <0.0001

ATTRwt-CA, transthyretin wild-type cardiac amyloidosis.

ESC Heart Failure 2021; 8: 1656-1665
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Figure 1 Percentage of healthy elderly controls and transthyretin wild-type cardiac amyloidosis (ATTRwt-CA) patients with reduced electrochemical
skin conductance at the hands (hESC) (<60 uS) or feet (fESC) (<70 pS).
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Figure 2 Correlation between right and left electrochemical skin conductance at the hands (hESC) or feet (fESC) in healthy elderly controls and
transthyretin wild-type cardiac amyloidosis (ATTRwt-CA) patients.

Regression between Left hESC and Right hESC Regression between Left fESC and Right fESC

Lef hESC

Left EESC

Right hESC Right (ESC

© Healthy elderly controls @ ATTRwH-CA © Healthy elderly controls @ ATTRw-CA

Figure 3 Correlation between right and left electrochemical skin conductance at the hands (hESC) or feet (fESC) in transthyretin wild-type cardiac am-
yloidosis (ATTRwt-CA) patients with or without carpal tunnel syndrome, diffuse neuropathy, or lumbar spinal stenosis.
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Table 4 Clinical characteristics of patients with transthyretin wild-type cardiac amyloidosis according to the presence or absence of au-

tonomic neuropathy at the feet

ATTRwt-CA ATTRwt-CA

N fESC >70 uS fESC <70 puS P-value
Clinical characteristics
Age, years 78.3 (75.9; 80.8) 78.9 (75.7; 82.3) 0.7564
NYHA class -V vs. |11, n (%) 10 (31.3) 10 (33.3) 0.5379
Heart rate, b.p.m. 8.4 (73.6; 83.2) 5.6 (71.2; 80.0) 0.3813
Systolic blood pressure, mmHg 133 4 (126.8; 139.9) 127 7 (122.8; 132.6) 0.1627
Atrial fibrillation, n (%) 3(9.7) 5(16.0) 0.1192
Pacemaker, n (%) 14 (43.8) 15 (50.0) 0.5470
ICD, n (%) 2 (6.3) 9 (30.0) 0.0298
History and reported symptoms
Carpal tunnel surgery or symptoms, n (%) 26 (81.3) 23 (76.7) 0.4559
Lumbar spinal stenosis surgery, n (%) 6 (19.4) 5(17.2) 0.8981
Symptomatic neuropathy, n (%) 11 (34.4) 8 (26.7) 0.3323
Biological variables
NT-proBNP, pg/mL 3367.3 (2107.4; 4627.2) 5813.8 (4100.0; 7527.5) 0.0204
NT-proBNP and eGFR staging**, n (%) 0.0116

Stage 1 16 (50) 7 (23.3)

Stage 2 15 (46.9) 15 (50)

Stage 3 1(3.1) 8 (26.7)
hs-TnT, ng/mL 1.8 (46.5; 77.14) 109.0 (50.6; 167.5) 0.1064
eGFR, mL/min/1.73 m? 7.8 (60.3; 75.2) 50.6 (43.3; 57.9) 0.0014
Echocardiography characteristics
LVEF, % 49.0 (43.9; 54.1) 44.4 (40.8;48.0) 0.1361
IVST, mm 17.8 (16.6; 19.1) 19.4 (18.2; 20.6) 0.0669
GLS, % 9.6 (8.2; 11.1) 8.6 (7.4;9.7) 0.2431

ATTRwt-CA, transthyretin wild-type cardiac amyloidosis; eGFR, estimated glomerular filtration rate; fESC, electrochemical skin conduc-
tance at the feet; GLS, global longitudinal strain; hs-TnT, high-sensitivity troponin T; ICD, implantable cardioverter—defibrillator; IVST, in-
terventricular septum thickness; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New

York Heart Association.

and prognosis (higher NT-pro-BNP plasma level and higher
occurrence of cardiac decompensation or death).

Prevalence of autonomic neuropathy in
transthyretin wild-type cardiac amyloidosis
patients

According to hESC and fESC measurements, almost half of pa-
tients with ATTRwt-CA (48.4%) presented AN. There is no
previous publication assessing the prevalence of AN in
ATTRwt-CA, as evaluated using an objective and quantitative
test. A few studies reported neurologic symptoms in cohorts
of ATTRwt-CA patients.*®*” In a cohort of 166 ATTRwt-CA pa-
tients with a mean age of 76 years, Maurer et al.*® first showed
a prevalence of 12% of neuropathic pain, 22% of numbness,
and 13% of tingling, symptoms that suggest the presence of
sensory neuropathy. These percentages were lower compared
with patients with ATTRv and V122 mutation.'® In the first
Japanese nationwide cohort including 51 patients with a mean
age of 72 years, Sekijima et al.? reported sensory disturbance
at the upper and/or lower limbs in 14%, weakness in 12%, and
orthostatic hypotension in 6%. In our cohort of 62 patients
with a mean age of 79 years, 31% of patients reported symp-
toms or signs of neuropathy (mostly pain, numbness, and
weakness) and 23% symptoms or signs of dysautonomia

(mainly orthostatic hypotension). Thus, the presence of
sensory neuropathy is frequent in patients with ATTRwt-CA.
Our study has the advantage of comparing ESC measures in
patients with ATTRwt-CA with those of an elderly control
population matched by age, gender, and BMI. It confirms that
the prevalence of distal neuropathy, specifically involving
autonomic nerve fibres, is significantly increased in the context
of ATTRwt-CA. Indeed, reduced ESC values are a reliable
marker of AN, although not associated with the presence of
sensory symptoms in our cohort. The difference in prevalence
of symptoms and abnormal ESC could be explained by the fact
that ESC measurement is objective, contrary to symptoms re-
ported by the patient. Moreover, the results observed in this
study in ATTRwt-CA patients are comparable with results pre-
viously observed in patients with ATTRv. In a study of 21
patients with ATTRv, Zouari et al.?* showed that 14% of
asymptomatic patients, 86% of patients with moderate
neuropathy, and 100% of patients with advanced neuropathy
had altered fESC (using 67 uS as lower limit of normal). In a
series of 54 patients with either ATTRv-associated
polyneuropathy or chronic inflammatory demyelinating
polyneuropathy, Fortanier et al*? showed that 90% of
patients with ATTRv had altered fESC, with an optimal thresh-
old of fESC <64 uS to differentiate ATTRv from chronic inflam-
matory demyelinating polyneuropathy. Finally, Montcuquet
et al3* reported that in a series of 49 patients with
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Amyloidosis light-chain (AL) amyloidosis, 74% of patients had
fESC <70 uS, while only 29% had symptoms or signs of neu-
ropathy, and 18% had clinical dysautonomia (orthostatic hypo-
tension). Thus, ESC measurement, particularly at the feet, can
be useful to highlight a distal AN in the context of amyloidosis,
whatever its type, because small autonomic nerve fibres are
involved early by the amyloidotic neuropathic process. How-
ever, it must be underlined that large fibre neuropathies are
the most commonly observed neuropathies in amyloidosis
and particularly in hereditary ATTR.%*°

Functional correlates and prognostic value of
autonomic neuropathy in the context of cardiac
amyloidosis

In the course of ATTRv, up to 75% of patients develop symp-
toms of AN, affecting the cardiovascular, gastrointestinal, and
genitourinary systems. Amyloid AN can be very disabling with
a high morbidity and mortality rate and an increased risk of
sudden death.*™2° The assessment of sudomotor dysfunc-
tion using ESC measurement could help in the follow-up of
cardiac AN as evidenced in previous studies.?*?® Our study
revealed that ESC measurement, a rapid and simple test,
may be of important clinical value in the context of cardiac
amyloidosis by predicting a functional deterioration (cardiac
decompensation) when fESC decreases. The association of
AN and adverse cardiac events underlines the need to not ne-
glect autonomic evaluation in cardiac amyloidosis, although it
is usually underestimated in clinical cardiologic practice.

Early dysautonomia is a red flag in the diagnosis and
therapeutic management of familial amyloid polyneuropathy
associated with ATTRv?®, and Sudoscan® is a first-line diag-
nostic test in this clinical condition. Our results suggest that
the use and value of ESC measurement should be extended
to ATTRwt-CA as well. In addition, ESC measurement can
serve to follow the course of distal AN and its treatment, as
previously shown in neuropathy associated with ATTRv,%3°
chemotherapy,?®?” or bariatric surgery.?® The present study
is the first to demonstrate an association between fESC re-
duction and a poor functional prognosis (cardiac decompen-
sation and death).

The diagnosis of autonomic neuropathy in clinical
practice

The diagnosis of AN is usually based on different types of
tests, such as skin biopsy and neurophysiological methods
(e.g. Quantitative Sudomotor Axon Reflex Test). The
diagnostic sensitivity of ESC has been shown as better than
Quantitative Sudomotor Axon Reflex Test®**3°; in addition,
this latter technique is time-consuming and requires very

specialized skills. Conversely, ESC assessment is easy and very

rapid to perform, possibly during the time of a cardiology
consultation. ESC measurement is useful to complement
clinical questionnaires such as the Composite Autonomic
Symptom Score (COMPASS-31). Indeed, D’Amato et al.*®
showed that the sensitivity of COMPASS-31 to detect AN
increased from 59% to 85% when combined with fESC. In
addition, ESC measures were found to correlate with the
intraepidermal density of small nerve fibres on skin
biopsy.2%3%3233 Thus, ESC assessment in ATTRwt-CA patients
should improve the management of these patients to prevent
the deleterious impact of dysautonomia on cardiomyopathic
morbidity and mortality.®

The strengths of the study are as follows: (i) this is the first
study on a relatively large population of patients with
ATTRwt-CA to objectively assess AN, (ii) there is a 1 year
follow-up with cardiac assessment for prognostic value, and
(iii) the method used to assess AN is feasible in daily cardiol-
ogy practice.

The limitations of the study are as follows: (i) ESC assess-
ment was the only neurological test for dysautonomia used
in this study along. It must be underscored that the perfor-
mance of the method for AN assessment has been previously
explored in a large number of studies compared with refer-
ence methods and was not the aim of this study, (ii) patients
did not have an examination by neurologist; however, this
was not the objective of the study, which was to assess the
prevalence of AN by Sudoscan®, and (iii) patients did not un-
dergo measurement of heart rate variability measurement, a
validated marker of cardiac autonomic involvement.

Conclusions

Despite not including structured questionnaires for the as-
sessment of dysautonomia (such as COMPASS-31) or periph-
eral neuropathy, this study has the merit of being the first
to show that AN occurs in a large proportion of patients
with ATTRwt-CA on the basis of ESC assessment, a reliable
and validated test. Moreover, in this relatively large popula-
tion of ATTRwt-CA patients, fESC reduction was associated
with poor cardiac prognosis, highlighting the functional in-
terest of this measure in daily cardiology practice. Sudoscan
testing could be completed by the cardiologists and would
allow patients with ATTRwt-CA and poor ESC to be triaged
for consultation with a neurologist for further investigation,
thus optimizing the management and monitoring of these
patients.

Acknowledgements

The authors thank Pr Violaine Plante Bordeneuve for his
valuable advice and critical comments of the manuscript.

ESC Heart Failure 2021; 8: 1656-1665
DOI: 10.1002/ehf2.13131



1664

M. Kharoubi et al.

The authors thank Impeto Medical, France, for providing

the Sudoscan device as a loan for the study, A. Moutairou

for help in statistical analysis, and J.H. Calvet for critical
comments of the manuscript. The authors state that their
study complies with the Declaration of Helsinki, that the
locally appointed ethics committee has approved the
research protocol, and that informed consent has been
obtained from the subjects (or their legally authorized

representative).

References

10.

. Garcia-Pavia

. Damy T, Maurer MS, Rapezzi C, Planté-

Bordeneuve V, Karayal ON, Mundayat
R, Suhr OB, Kristen AV. Clinical, ECG
and echocardiographic clues to the diag-
nosis of TTR-related cardiomyopathy.
Open Heart 2016; 3: e000289.

. Connors LH, Sam F, Skinner M, Salinaro

F, Sun F, Ruberg FL, Berk JL, Seldin DC.
Heart failure due to age-related cardiac
amyloid disease associated  with
wild-type transthyretin: a prospective,
observational cohort study. Circulation
2016; 133: 282-290.

P, Tomé-Esteban MT,
Rapezzi C. Amyloidosis. Also a Heart Dis-
ease Rev Esp Cardiol 2011; 64: 797-808.

. Gertz MA, Benson MD, Dyck PJ, Grogan

M, Coelho T, Cruz M, Berk JL,
Plante-Bordeneuve V, Schmidt HHJ,
Merlini G. Diagnosis, prognosis, and
therapy of transthyretin amyloidosis. J
Am Coll Cardiol 2015; 66: 2451-2466.

. Chao C-C, Huang C-M, Chiang H-H, Luo

K-R, Kan H-W, Yang NC-C, Chiang H,
Lin W-M, Lai S-M, Lee M-J, Shun C-T,
Hsieh S-T. Sudomotor innervation in
transthyretin amyloid neuropathy: pa-
thology and functional correlates. Ann
Neurol 2015; 78: 272-283.

. Mayaudon H, Miloche P-O, Bauduceau

B. A new simple method for assessing
sudomotor function: relevance in type
2 diabetes. Diabetes Metab 2010; 36:
450-454.

. Novak P. Electrochemical skin conduc-

tance: a systematic review. Clin Auton
Res 2019; 29: 17-29.

. Yajnik CS, Kantikar VV, Pande AJ,

Deslypere JP. Quick and simple evalua-
tion of sudomotor function for screening
of diabetic neuropathy. ISRN Endocrinol
2012; 2012.

. Castro J, Miranda B, Castro I, de

Carvalho M, Conceicéo I. The diagnostic
accuracy of Sudoscan in transthyretin

familial  amyloid  polyneuropathy.
Clin Neurophysiol 2016; 127:
2222-2227.

Lefaucheur J-P, Zouari HG, Gorram F,
Nordine T, Damy T, Planté-Bordeneuve
V. The value of electrochemical skin
conductance measurement  using
Sudoscan® in the assessment of

11.

12.

13.

14.

15.

16.

17.

18.

Conflict of interest

M.K., M.B., S.S., C.C., A.Z, A.G., S.F., F.C.P., L.H., and J.P.L.
have no conflict of interest to declare for this study. T.D.
has received research grant and honorarium from Pfizer,
Akcea, and Novartis and honorarium from Alnylam and
Prothena. F.R. has no conflict of interest to declare for this
study. The PROOF study was supported by two national PHRC

(1998 and 2001; DGOS, URCIP CHU Saint Etienne).

patients ~ with  familial
polyneuropathy.  Clin
2018; 129: 1565-1569.
Said G, Planté-Bordeneuve V. TTR-famil-
ial amyloid polyneuropathy—neurologi-
cal aspects. Amyloid 2012; 19: 25-27.
Fortanier E, Delmont E, Verschueren A,
Attarian S. Quantitative sudomotor test
helps differentiate transthyretin familial
amyloid polyneuropathy from chronicin-
flammatory demyelinating polyneu-
ropathy. Clin Neurophysiol 2020; 131:
1129-1133.

Béquignon E, Guellich A, Bartier S,
Raynal M, Pruliere-Escabasse V,
Canoui-Poitrine F, Coste A, Damy T.
How your ears can tell what is hidden
in your heart: wild-type transthyretin
amyloidosis as potential cause of
sensorineural hearing loss
inelderly-AmyloDEAFNESS pilot study.
Amyloid 2017; 24: 96-100.

Vinik AI, Smith AG, Singleton JR,
Callaghan B, Freedman BI, Tuomilehto
J, Bordier L, Bauduceau B, Roche F.
Normative values for electrochemical
skin conductances and impact of
ethnicity on quantitative assessment of
sudomotor function. Diabetes Technol
Ther 2016; 18: 391-398.

Sekijima Y, Yazaki M, Ueda M, Koike H,
Yamada M, Ando Y. First nationwide
survey on systemic wild-type ATTR
amyloidosis in Japan. Amyloid 2018;
25: 8-10.

Maurer MS, Hanna M, Grogan M,
Dispenzieri A, Witteles R, Drachman B,
Judge DP, Lenihan DJ, Gottlieb SS, Shah
SJ, Steidley DE, Ventura H, Murali S,
Silver MA, Jacoby D, Fedson S, Hummel
SL, Kristen AV, Damy T, Planté-
Bordeneuve V, Coelho T, Mundayat R,
Suhr OB, Waddington Cruz M, Rapezzi
C. Genotype and phenotype of
transthyretin cardiac amyloidosis. J Am
Coll Cardiol 2016; 68: 161-172.

Zouari HG, Tin SNW, Wahab A, Damy T,
Lefaucheur J-P. Assessment of auto-
nomic innervation of the foot in familial
amyloid polyneuropathy. Eur J Neurol
2019; 26: 94-e10.

D’Amato C, Greco C, Lombardo G,
Frattina V, Campo M, Cefalo CMA, Izzo

amyloid
Neurophysiol

19.

20.

21.

22.

23.

24.

25.

V, Lauro D, Spallone V. The diagnostic
usefulness of the combined COMPASS
31 questionnaire and electrochemical
skin conductance for diabetic cardiovas-
cular autonomic neuropathy and dia-
betic polyneuropathy. J Peripher Nerv
Syst 2020b; 25: 44-53.

Jin J, Wang W, Gu T, Chen W, Lu J, Bi Y,
Zhu D. The application of SUDOSCAN
for screening diabetic peripheral
neuropathy in Chinese population. Exp
Clin Endocrinol Diabetes 2018; 126:
472-477.

Wang C, Zuo A, Liu P, Zhao R, Li W,
Chen L, Hou X. Electrochemical skin
conductance may be used to screen for
diabetic cardiac autonomic neuropathy
in a Chinese population with diabetes.
J Diabetes Res 2017: 2017. https://doi.
org/10.1155/2017/8289740

Castro J, Costa J, de Castro I, Conceicdo
I. Electrochemical skin conductance in
hereditary amyloidosis related to
transthyretin V30M—a promising tool
to assess treatment efficacy? Amyloid
2018; 25: 267-268.

Saad M, Psimaras D, Tafani C,
Sallansonnet-Froment M, Calvet J-H,
Vilier A, Tigaud J-M, Bompaire F,
Lebouteux M, de Greslan T, Ceccaldi B,
Poirier J-M, Ferrand F-R, Le Moulec S,
Huillard O, Goldwasser F, Taillia H,
Maisonobe T, Ricard D. Quick,
non-invasive and quantitative assess-
ment of small fiber neuropathy in pa-
tients receiving chemotherapy. J
Neurooncol 2016; 127: 373-380.
Delmotte J-B, Tutakhail A, Abdallah K,
Reach P, D'Ussel M, Deplanque G,
Beaussier H, Coudoré F. Electrochemical
skin conductance as a marker painful -
oxaliplatin-induced peripheral neuropa-
thy. Neurol Res Int 2018; 2018.

Casellini CM, Parson HK, Hodges K,
Edwards JF, Lieb DC, Wohlgemuth SD,
Vinik Al Bariatric surgery restores car-
diac and sudomotor autonomic C-fiber
dysfunction towards normal in obese
subjects with type 2 diabetes. PLoS
ONE 2016; 11, e0154211.

Fabry V, Gerdelat A, Acket B, Cintas P,
Rousseau V, Uro-Coste E, Evrard SM,
Pavy-Le Traon A. Which method for

ESC Heart Failure 2021; 8: 1656-1665
DOI: 10.1002/ehf2.13131



Autonomic neuropathy in ATTRwt cardiac amyloidosis

1665

26.

27.

28.

29.

diagnosing small fiber neuropathy?
Front Neurol 2020; 11, 342.

Novak P. Electrochemical skin conduc-
tance correlates with skin nerve fiber
density. Front Aging Neurosci 2016; 8,
199.

Hoitsma E, Reulen JPH, de Baets M,
Drent M, Spaans F, Faber CG. Small fiber
neuropathy: a common and important
clinical disorder. J Neurol Sci 2004;
227: 119-130.

Sene D. Small fiber neuropathy: diagno-
sis, causes, and treatment. Joint Bone
Spine 2018; 85: 553-559.
Planté-Bordeneuve V, Suhr OB, Maurer
MS, White B, Grogan DR, Coelho T.
The Transthyretin Amyloidosis Out-
comes Survey (THAOS) registry: design

30.

31.

32.

33.

34.

and methodology. Curr Med Res Opin
2013; 29: 77-84.

Trouvin A-P, Perrot S. Functional and his-
tological improvements of small nerve
neuropathy after high-concentration
capsaicin patch application: a case study.
Pain Rep 2019; 4, e761.

Zaslansky R, Yarnitsky D. Clinical appli-
cations of quantitative sensory testing
(QST). J Neurol Sci 1998; 153: 215-238.
Arunodaya GR, Taly AB. Sympathetic
skin response: a decade later. J Neurol
Sci 1995; 129: 81-89.

Gutrecht JA. Sympathetic skin response.
J Clin Neurophysiol 1994; 11: 519-524.
Montcuquet A, Duchesne M, Roussellet
O, Jaccard A, Magy L. Electrochemical
skin  conductance values suggest

35.

frequent subclinical autonomic involve-
ment in patients with AL amyloidosis.
Amyloid. 2020;27: 3:215-216. https://
doi.org/10.1080/13506129.2020.1757
423

Gillmore JD, Damy T, Fontana M,
Hutchinson M, Lachmann HJ, Marti-
nez-Naharro A, Quarta CC, Rezk T,
Whelan CJ, Gonzalez-Lopez E, Lane T,
Gilbertson JA, Rowczenio D, Petrie A,
Hawkins PN. A new staging system for
cardiac transthyretin amyloidosis. Euro-
pean Heart  Journal. 2018;39:
30:2799-2806. https://doi.org/
10.1093/eurheartj/ehx589

ESC Heart Failure 2021; 8: 1656-1665
DOI: 10.1002/ehf2.13131




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


