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Abstract

Objective: Late-onset hereditary transthyretin amyloidosis with polyneuropathy

(ATTRv-PN) is often associated with heart involvement. Recent advances in car-

diac imaging allow the detection of cardiac amyloidosis. This study aimed to

explore cardiomyopathy by cardiac imaging and its clinical correlates with

polyneuropathy in late-onset ATTRv-PN. Methods: Polyneuropathy was assessed

by intraepidermal nerve fiber (IENF) density, nerve conduction study (NCS),

autonomic function tests, quantitative sensory testing, and clinical questionnaires.

Cardiomyopathy was evaluated by echocardiography, 99mTc-pyrophosphate

(PYP) single-photon emission computed tomography (SPECT) imaging, cardiac

magnetic resonance imaging (CMR), and serum Pro-B-type natriuretic peptide.

Healthy controls and patients with Brugada syndrome were enrolled for compar-

ison of CMR. Results: Fifty late-onset ATTRv-PN patients (38 men, 46 with p.

A117S mutation), aged 63.7 � 5.5 years, of polyneuropathy disability stage 1–4
were enrolled. All patients presented polyneuropathy in NCS, and 74.5% of

patients had reduced IENF density in distal legs. All patients showed significant

radiotracer uptake in the heart on 99mTc-PYP SPECT imaging, and 87.8% of

patients had abnormally increased left ventricular (LV) septum thickness on

echocardiography. CMR showed longer myocardial native T1, larger extracellular

volume, greater LV mass index, and higher LV mass to end-diastolic volume ratio

in ATTRv-PN patients than healthy controls and patients with Brugada syn-

drome. These CMR parameters were associated with skin denervation, absent

sympathetic skin responses, elevated thermal thresholds, worsened NCS profiles,

and functional deficits of polyneuropathy. Interpretation: Late-onset ATTRv-PN

coexisted with cardiomyopathy regardless of the clinical severity of polyneuro-

pathy. The cardiac amyloid burden revealed by CMR was correlated with patho-

physiology and clinical disability of nerve degeneration.
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Introduction

Hereditary transthyretin (TTRv) amyloidosis (ATTRv) is

a systemic disease caused by TTR gene mutation. The

amino acid changes of TTR lead to protein misfolding

and formation and extracellular deposition of amyloid in

various tissues throughout the body.1 Patients with

ATTRv exhibit variable clinical phenotypes depending on

the sites of amyloid deposition, and the peripheral ner-

vous system is the most commonly involved organ, fol-

lowed by the heart.2 The cardinal feature of ATTRv with

polyneuropathy (ATTRv-PN) is adult-onset, length-

dependent neuropathy presenting with motor weakness,

sensory impairment and paraesthesia, and pandysautono-

mia affecting sympathetic, parasympathetic, and enteric

functions. All patients follow a progressive course, and

most patients become disabled within years.3 Although

neuropathy progresses relentlessly and is the dominant

manifestation in ATTRv-PN, the presence of cardiomy-

opathy is the main prognostic determinant, and survival

is shorter in ATTRv-PN patients with cardiac involve-

ment than in those presenting with only polyneuropa-

thy.4,5 These observations indicated that integrated care

for both polyneuropathy and cardiomyopathy and tight

cooperation between neurologists and cardiologists are

critical for a better prognosis of ATTRv-PN.6 However,

the relationship between polyneuropathy and cardiomy-

opathy in ATTRv-PN has not been elucidated, and there

is a lack of neuropathic parameters that can reflect or

predict the progression of cardiomyopathy.

Previous literature has shown that cardiomyopathy in

ATTRv-PN is usually underdiagnosed,7 and the clinical

manifestation of cardiomyopathy, such as fatigue, exer-

tional dyspnea, exercise intolerance, or peripheral edema,

could be masked by concomitant polyneuropathy. Recent

developments in imaging technology, including repurposed

bone scintigraphy and cardiac magnetic resonance (CMR)

imaging, have improved the detection of cardiomyopathy

in the absence of tissue biopsy.8 CMR can provide accurate

and detailed information about the changes in cardiac tis-

sue and morphology by demonstrating late gadolinium

enhancement and measuring the myocardial T1 time,

extracellular volume (ECV), and left ventricular mass index

(LVMi).9 Bone-avid radiotracers, such as technetium-99m

(99mTc)-pyrophosphate (PYP), have been recognized as

semiquantitative tools in diagnosing cardiac amyloidosis in

ATTRv.10,11 After excluding light-chain amyloidosis, the
99mTc PYP scan can identify TTR-related cardiomyopathy

with high sensitivity and specificity and can be a potential

prognostic factor.12 These advances in diagnostic imaging

have allowed early detection of cardiac involvement and

might alter the therapeutic strategy in ATTRv-PN. How-

ever, their performance in late-onset ATTRv-PN with

cardiomyopathy and their associations with the progres-

sion of polyneuropathy have not been clarified.

In contrast to the most common TTR p. V50M muta-

tion in western countries and Japan,13 p. A117S mutation

constitutes the majority of late-onset ATTRv-PN with car-

diomyopathy in Taiwan and has also been reported in

China and Southeast Asia.14–17 Our recent report compar-

ing the manifestations in patients with p. A117S and late-

onset p. V50M showed comparable clinical phenotypes and

disease progression, and heart failure or sudden death due

to cardiac amyloidosis was the predominant cause of death

in both groups of patients.18 In the present study, we com-

bined echocardiography, CMR, and 99mTc PYP scans to

explore cardiac involvement in late-onset ATTRv-PN with

predominant p. A117S genotype, which is invariantly asso-

ciated with cardiomyopathy during the disease course.18,19

We aimed to explore the phenotypes of cardiac amyloidosis

and their correlates with the clinical manifestation of

polyneuropathy in late-onset ATTRv-PN.

Materials and Methods

Subjects

The study enrolled patients with ATTRv-PN. The inclu-

sion criteria included (1) transthyretin pathogenic muta-

tion, (2) clinical evidence of sensorimotor or autonomic

neuropathic symptoms and neuropathological evidence of

axonal polyneuropathy on skin biopsy or nerve conduc-

tion studies, and (3) no monoclonal paraprotein in the

serum by immunoelectrophoresis. Patients with alterna-

tive causes of polyneuropathy, including diabetes mellitus,

renal insufficiency, autoimmune disorders, infections,

toxin exposure, nutrition insufficiency, or malignancy,

were excluded. This study was approved by the Ethics

Committee of the National Taiwan University Hospital.

Written informed consent was obtained from all partici-

pants before all procedures in the study.

All participants received clinical evaluations, including

the assessment of clinical symptoms, neurological examina-

tions, and questionnaires. Disability was evaluated accord-

ing to the polyneuropathy disability (PND) staging system,

including stage 1, sensory symptoms without motor distur-

bances; stage 2, minor motor disturbances and ability to

walk without aids; grade 3, major motor disturbances and

requiring unilateral (3a) or bilateral (3b) support to walk;

and grade 4, confinement to a bed or a wheelchair. The

questionnaires included World Health Organization Qual-

ity of Life Instruments (WHOQOL-BREF) to assess life

quality, the Rasch-built Overall Disability Scale (R-ODS)

to capture activity and social participation limitations, and

a survey of autonomic symptoms (SAS) to evaluate auto-

nomic dysfunction. Laboratory tests included nerve
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conduction studies (NCS), quantitative sensory testing,

autonomic function tests, and skin biopsies with quantita-

tion of epidermal innervation for evaluation of neuropathy

and cardiac echo, 99mTc-PYP single-photon emission com-

puted tomography (SPECT) imaging, cardiac magnetic res-

onance imaging, and serologic pro-B-type natriuretic

peptide (pro-BNP) for evaluation of cardiomyopathy. All

the above examinations were performed in the National

Taiwan University Hospital.

Skin biopsy and quantitation of skin
epidermal innervation

A 3-mm-diameter skin punch was taken from the distal lat-

eral leg 10 cm proximal to the lateral malleolus under local

anesthesia with 2% lidocaine. Fifty micrometers perpendicu-

lar to the dermis were immunostained with antiserum to

protein gene product 9.5 (PGP 9.5, 1: 1000; UltraClone, Isle

of Wight, UK), and the reaction product was demonstrated

using chromogen SG (Vector Laboratories). PGP 9.5-

immunoreactive epidermal nerve fibers were quantified

through the depth of the entire section by examiners blinded

to the clinical information following an established proto-

col.20 The length of the epidermis along the upper margin of

the stratum corneum in each skin section was measured with

NIH ImageJ vers. 1.43 (http://rsbweb.nih.gov/ij/download.

html, Bethesda, MD). Intraepidermal nerve fiber (IENF) den-

sity was expressed as the number of fibers/mm of epidermal

length. In the distal leg, normative values from our laboratory

(mean � SD, 5th percentile) of IENF were 11.16 � 3.70 and

5.88 fibers/mm for subjects aged <60 years and 7.64 � 3.08

and 2.50 fibers/mm for subjects aged ≥60 years.

Nerve conduction study

A nerve conduction study (NCS, Nicolet Viking, Madi-

son, WI) was performed following established methods in

a temperature-controlled room.21,22 The median and

ulnar nerves of the upper limbs and the peroneal, tibial,

and sural nerves of the lower limbs were studied. A sen-

sory nerve conduction study was performed antidromi-

cally. Abnormal results in NCS were defined as having

reduced amplitude of compound muscle action potential

(CMAP) or sensory nerve action potential (SNAP), pro-

longed distal latency, or slowing of the nerve conduction

velocity according to the normative data of our labora-

tory.22 For the NCS sum score, we calculated the number

of standard deviations from the mean (Z score) based on

the reference values in our laboratory in five NCS param-

eters, including distal ulnar CMAP, distal peroneal

CMAP, distal tibial CMAP, ulnar SNAP, and sural

SNAP.23 The NCS sum score was the summation of the Z

scores from these five NCS parameters.

Quantitative sensory testing

Sensory thresholds were assessed using a Thermal and

Vibratory Sensory Analyzer (Medoc Advanced Medical

System, Minneapolis, MN) as described previously.24 Ther-

mal thresholds were recorded at the thenar eminence and

foot dorsum according to the algorithm of levels and were

expressed as the warm and cold threshold temperatures.

Vibratory thresholds were measured at the lateral malleolar

process with similar algorithms and were expressed in

micrometers. These values were compared with the norma-

tive values for age according to our previous report.24

Autonomic function tests

Sympathetic skin response (SSR) for sudomotor function

and R–R interval variability (RRIV) for cardiac-vagal

function were performed using established protocols on

the Nicolet Viking IV Electromyographer (Madison,

WI).25 The SSR was recorded from the palm and sole,

and the results were interpreted as the presence or the

absence without quantitation of latencies and amplitude

because of their significant variations. The RRIV was

obtained at rest and during deep breathing. Each test was

repeated three times, and the mean value was compared

with that of the age-matched controls in our laboratory.

Cardiac magnetic resonance imaging and
image analysis

Cardiac magnetic resonance imaging (CMR) was performed

on a 1.5-T Magnetom Aera (Siemens Healthcare, Erlangen,

Germany) with a 30-channel cardiac coil array. Myocardial

T1 mapping was performed with electrocardiography

(ECG)-triggered modified Look-Locker inversion recovery

(MOLLI) pulse sequence before and 10 min after

0.15 mmol/kg intravenous administration of the

gadolinium-based contrast agent (Dotarem, Guerbet,

France). The scan parameters were as follows: TE/TR 1.14/

2.7 msec, flip angle 35°, bandwidth 977 Hz/Px, minimum TI

125–150 msec, TI increment 80 msec, pixel spacing

1.36 9 1.36 mm2, and slice thickness 8 mm. Cine MRI was

performed using a segmented balanced steady-state gradient-

echo pulse sequence with a retrospective ECG R-wave trigger.

Scan parameters were as follows: TE/TR 1.6/3.0 msec, flip

angle 50–70°, bandwidth 975 Hz/Px, pixel spacing

1.25 9 1.25 mm2, slice thickness 8 mm, and gap 2 mm. A

total of 10–12 short axis slices were obtained, depending on

cardiac size. Thirty cardiac phases were acquired for each

level. After postcontrast T1 acquisition, LGE images were

acquired using an ECG-triggered phase-sensitive inversion

recovery prepared segmented fast gradient-echo pulse

sequence to identify focal fibrosis or scarring.
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Commercial postprocessing software (cvi42, Circle Car-

diovascular Imaging, Calgary, AB, Canada) was used to

measure the myocardial native T1, extracellular volume

fraction (ECV), LVMi, and mass-to-volume ratio (MVR)

offline. The myocardial native T1 and ECV were calculated

from pre- and postcontrast T1 maps using a region-based

method.26 The ROIs in the blood and myocardium of the

left ventricle were drawn in the central area of the LV cavity

and the septal myocardium on the T1-mapping image at

the middle slice. If the septal myocardium showed regional

hyperenhancement on the LGE images, the regions of inter-

est of the myocardium were redrawn in other unenhanced

myocardial regions. The average T1 values of the segmented

regions of interest were then computed. After subtracting

the precontrast values from the postcontrast values, the

changes in the relaxation rate (1/T1) in the blood and the

myocardium were obtained. Myocardial ECV values were

calculated by using the ratio of the change in relaxation rate

in the myocardium to that in the blood and multiplied by

(1-hematocrit). Imaging analysis for LVMi was performed

in accordance with the guidelines from the society for car-

diovascular magnetic resonance.27–29 After obtaining the

end-diastolic volume (EDV) and end-systolic volume

(ESV) of the LV, the LV mass was computed by the differ-

ence in LV epicardial volume between EDV and ESV, mul-

tiplied by the density of the myocardium, 1.05 g/mL. LVMi

was calculated from LV mass divided by body surface area.

The LV geometric remodeling was determined from the

mass-to-volume ratio (MVR) by calculating the ratio of LV

mass with respect to LV EDV.

99mTc-PYP SPECT imaging

Planar and SPECT imaging of the chest was performed at

3 h after intravenous injection of 20 mCi of technetium

pyrophosphate (99mTc-PYP).30 The image acquisition

parameters and protocol followed the joint guidelines

established by the Taiwan Society of Cardiology and the

Society of Nuclear Medicine of the Republic of China11

and the multisocietal expert consensus recommenda-

tion.27,31 The images were analyzed visually and semiquan-

titatively by visual score and the heart-to-lung contralateral

ratio (H/CL ratio), respectively. A visual score of tracer

uptake in the left ventricular (LV) myocardium is given as

follows: grade 0: no uptake, grade 1: uptake less than a rib,

grade 2: uptake equal to that of rib, and grade 3: uptake

greater than rib.11 A positive scan was defined as a visual

score ≥grade 2, which is strongly suggestive of ATTR-CM.

Echocardiography

An echocardiographic ultrasound system (IE33, Philips;

Andover, MA) was applied to perform echocardiography.

Echocardiographic studies, including two-dimensional,

M-mode and Doppler ultrasound recordings, were per-

formed. Interventricular septum thickness in diastole

(IVSd), LV posterior wall thickness in diastole, and LVEF

were measured according to the procedures of the Ameri-

can Society of Echocardiography.32 The normal references

of the echocardiographic parameters were based on a pre-

vious report from the same populations.33

Data analysis

Numerical variables were expressed as the mean � SD and

were compared with t tests if the data followed a Gaussian

distribution or nonparametric tests if not. Fisher’s exact test

was used to compare categorical data. Correlations between

variables were analyzed by simple linear regression and

multiple linear regression models with the covariance of

Model R2 and standardized correlation coefficients. Age

and sex were corrected in all analyses. Multiple compar-

isons across the regression tests were corrected using the

false discovery rate (FDR) method with the FDR of the

regression tests controlled at 5%.34 All analyses were per-

formed using Stata software (StataCorp LP, College Station,

TX) and GraphPad Prism (GraphPad Software, San Diego,

CA). The results were considered significant at p < 0.05.

Results

Clinical manifestations

We recruited 50 patients (38 men) with ATTRv-PN aged

63.7 � 5.5 years (53–77 years). The duration from the onset

of neuropathic symptoms was 3.7 � 2.2 years (0.3–9 years).

Based on neurological deficits, 6 patients were in PND stage 1

with only sensory or autonomic symptoms, 13 patients were

in PND stage 2, 15 patients were in PND stage 3a requiring

unilateral walking assistance, 5 patients were in PND stage 3b

using bilateral walking support, and 11 patients were in PND

stage 4 and wheelchair dependent. The genotype of these

patients included p. A117S mutation (46 cases), p. E109K (2

cases), p. F53L (1 case), and p. V50M (1 case). For the limita-

tions during physical activity defined by the New York Heart

Association (NYHA) classification, 11 of the patients were in

NYHA class I, 38 were in class II, and 1 was in class III. The

total raw scores of the R-ODS, WHOQOL-BREF, and SAS

were 29.6 � 14.5 (range 2–48), 92.5 � 10.1 (range 68–105),
and 13.2 � 7.9 (range 0–35), respectively.

Neurophysiology, neuropathology, and
psychophysics

Table 1 shows the data of intraepidermal nerve fiber den-

sity on skin biopsy, nerve conduction study, SSR, RRIV,
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and quantitative sensory test. All patients showed

polyneuropathy in the nerve conduction study, and the

NCS sum score was 12.96 � 3.62 (range 3.95–17.50). The

IENF density was 2.02 � 1.93 fibers/mm, and approxi-

mately three-fourths (74.5%) of patients had abnormally

reduced IENF density. A total of 68.8% and 37.8% of

Table 1. Skin innervation, neurophysiology, and psychophysics in patients with hereditary transthyretin amyloidosis with polyneuropathy and car-

diomyopathy (ATTRv-PN).

ATTRv-PN patients Normal references

Skin biopsy 47 cases

IENF density (fibers/mm) 2.02 � 1.93 >5.88, for age < 60 years

Abnormal IENF density 74.5% >2.50, for age ≥ 60 years

NCS (value and abnormal rate) 50 cases

Median nerve

Distal motor latency (msec) 6.2 � 1.7 (94%) ≦4.2

Distal CMAP (mV) 2.4 � 2.0 (84%) ≧4.6

Motor conduction velocity (m/s) 44.7 � 6.0 (84%) ≧50

Distal SNAP (lV) 3.2 � 5.1 (84%) ≧10

Sensory conduction velocity (m/s) 42.7 � 6.1 (96%) ≧50

Ulnar nerve

Distal motor latency (msec) 3.8 � 0.8 (56%) ≦3.5

Distal CMAP (mV) 4.5 � 2.9 (64%) ≧6.0

Motor conduction velocity (m/s) 47.1 � 6.1 (48%) ≧50

Distal SNAP (lV) 5.9 � 6.3 (78%) ≧8

Sensory conduction velocity (m/s) 50.1 � 5.4 (56%) ≧50

Peroneal nerve

Distal motor latency (msec) 5.1 � 1.3 (58%) ≦5.5

Distal CMAP (mV) 1.0 � 1.5 (80%) ≧2.0

Motor conduction velocity (m/s) 39.1 � 5.5 (76%) ≧40

Tibial nerve

Distal motor latency (msec) 4.6 � 1.2 (42%) ≦5.5

Distal CMAP (mV) 1.8 � 2.6 (90%) ≧6.0

Motor conduction velocity (m/s) 38.9 � 4.5 (70%) ≧40

Sural nerve

Distal SNAP (lV) 1.5 � 2.7 (92%) ≧5.0

Sensory conduction velocity 42.8 � 3.8 (76%) ≧40

NCS Z score

Ulnar CMAP Z score 2.78 � 1.54 NA

Peroneal CMAP Z score 2.27 � 0.85 NA

Tibial CMAP Z score 2.87 � 0.68 NA

Ulnar SNAP Z score 2.22 � 0.51 NA

Sural SNAP Z score 2.82 � 0.60 NA

NCS sum score 12.96 � 3.62 NA

Sympathetic skin response, n (%) 48 cases

Absence at palms 18 (37.8%) Presence

Absence at soles 33 (68.8%) Presence

R–R interval variability (%) Age/at rest/deep breathing

At rest (33 cases) 4.1 � 2.2 (91%) 20–29 y/o/12–46%/19–62%

During deep breathing (24 cases) 5.3 � 2.4 (88%) 30–39 y/o/6–32%/9–54%

40–49 y/o/6–36%/14–48%

50–59 y/o/5–23%/11–39%

60–69 y/o/7–19%/8–28%

Sensory thresholds 47 cases For age < 40, 40 to < 60, ≧60 y/o

Warm at thenar (°C) 38.0 � 6.1 (70.2%) ≦34.3, ≦34.6, ≦34.9

Cold at thenar (°C) 25.5 � 9.4 (65.9%) ≧29.9, ≧29.6, ≧29.4

Warm at foot dorsum (°C) 44.2 � 4.9 (63.8%) ≦38.6, ≦40.1, ≦40.6

Cold at foot dorsum (°C) 20.6 � 11.5 (44.7%) ≧27.5, ≧26.7, ≧27.0

Vibratory at ankle 56.7 � 50.9 (75.6%) ≦4.0, ≦7.0, ≦10.0

CMAP, compound muscle action potential; IENF, intraepidermal nerve fiber; NA, not applicable; NCS, nerve conduction study; n, number of cases;

MNE, median nerve entrapment; SNAP, sensory nerve action potential; y/o, years old.
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patients had absent sympathetic skin responses at the

soles and palms, and 90.9% and 87.5% of patients had

reduced R–R interval variability at rest and during deep

breathing. For quantitative sensory testing, 44.7%–70.2%
had abnormally elevated thermal thresholds at the hands

and feet, and 75.6% of patients had increased vibratory

thresholds at the ankle.

99mTc-PYP SPECT imaging, echocardiography,
and pro-B-type natriuretic peptide

Forty-nine patients received 99mTc-PYP SPECT imaging,

and all showed significant radiotracer uptake in the heart.

The visual score was grade 2 in 21 patients (42.9%) and

grade 3 in 28 patients (57.1%). The H/CL ratio was

1.61 � 0.17. In echocardiographic measurements

(n = 49), the IVSd was 14.8 � 3.2 mm, the LV posterior

wall thickness in diastole was 14.0 � 2.6 mm, and the left

ventricular ejection fraction (LVEF) was 61.7% � 11.1%.

Compared with the normal references based on the

healthy population, the patients with more than 2 stan-

dard deviations from the mean were 87.8% in IVSd and

28.6% in LVEF. The pro-BNP was 2358.4 � 4923.1 pg/

mL, 91.7% of patients had pro-BNP higher than the nor-

mal reference value (125 pg/mL), and 45.8% of patients

had pro-BNP higher than the cutoff value for heart fail-

ure (900 pg/mL).

Cardiac magnetic resonance imaging

In the cardiac magnetic resonance (CMR) study (n = 50), 35

(70%) patients showed ventricular hypertrophy, including

LV hypertrophy in only 31 patients and bilateral ventricular

hypertrophy in 4 patients. Twenty-seven patients (54%)

showed hypokinesia or akinesia of the LV. Forty patients had

subendocardial delayed enhancement in the LV myocardium

(7 cases) or biventricular myocardium (33 cases). Myocardial

native T1 and ECV values, the primary measurement of

myocardial amyloidosis burden, were 1138.5 � 53.2 msec

(range 1021.0–1275.2) and 46.4% � 8.7% (range 32.5–68.7),
respectively. The LVMi was 103.7 � 35.9 g/m2 (range 54.6–
185.9), and the ratio of LV mass to LV EDV (MVR) was

1.77 � 0.67 (range 0.68–3.84).
For comparison of cardiac MRI with ATTRv-PN

patients, we enrolled 36 normal healthy controls (12

men), aged 30.0 � 12.3 years (21–58 years), and 27

patients with Brugada syndrome (22 men), aged

62.1 � 8.3 years (51–78 years). The latter was an inher-

ited cardiac disease leading to ventricular arrhythmia in

structurally normal hearts and was selected as disease

control. ATTRv-PN patients had more male cases and

were older than healthy controls (both p < 0.001), and

there were no significant differences in the sex or age

between patients with ATTRv-PN and Brugada syndrome.

(p = 0.586 and 0.296, respectively). Figure 1 shows the

myocardial native T1 and extracellular volume from the

representative cases of healthy control, Brugada syn-

drome, and ATTRv-PN. The myocardial native T1 was

longer and the extracellular volume was larger in the

ATTRv-PN patient than in both the healthy control and

the patient with Brugada syndrome. Further analysis com-

paring to healthy controls and patients with Brugada syn-

drome with correction of age and gender factors showed

that ATTRv-PN patients had significantly longer myocar-

dial native T1 (1138.5 � 53.2 vs. 1005.3 � 28.6 and

1019.4 � 23.8 msec, both p < 0.001; Fig. 2A), larger ECV

(46.4 � 8.7 vs. 23.7 � 2.3 and 25.4% � 1.2%, both

p < 0.001; Fig. 2B), higher LVMi (103.7 � 35.9 vs.

53.0 � 11.4 and 54.2 � 9.9 g/m2, both p < 0.001;

Fig. 2C), and higher MVR (1.77 � 0.67 vs. 0.81 � 0.11

and 0.99 � 0.27, both p < 0.001; Fig. 2D).

Correlation of cardiomyopathy and
polyneuropathy

We further investigated whether the parameters of car-

diomyopathy could reflect the clinical severity and func-

tional deficits of late-onset ATTRv-PN (Table 2). The

cardiomyopathic parameters included the visual score and

H/CL ratio of 99mTc-PYP SPECT, IVSd, and LVEF on

echocardiography, ECV, myocardial native T1, LVMi and

MVR on CMR, and pro-BNP blood level. With age and

sex as covariants in the multiple linear regression model,

we found that CMR and pro-BNP were best correlated

with PND stage, WHOQOL_BREF, R-ODS, and SAS,

including (1) higher MVR correlated with higher PND

stage, (2) higher ECV, higher LVMi, and higher pro-BNP

levels were associated with lower quality of life, as shown

by WHOQOL_BREF raw scores, (3) longer myocardial

native T1, higher LVMi and MVR correlated with lower

functional status measured by R-ODS raw scores, and (4)

higher ECV was associated with increased autonomic dys-

function demonstrated by SAS.

We then explored the association between cardiomy-

opathy and polyneuropathy in these patients with late-

onset ATTRv-PN, and the neuropathic parameters

included IENF density and thermal thresholds at the foot

dorsum for small-fiber sensory nerves, SSR at the palm

and sole for autonomic function, and NCS sum scores for

large-fiber sensory and motor nerves. Using a multiple

regression model with age and sex as covariants, the

results showed that (1) higher ECV on CMR was associ-

ated with lower IENF density on skin biopsy, (2) higher

LVMi and MVR were associated with the absence of SSR

at the soles and/or palms, (3) lower cold threshold tem-

perature at the foot dorsum, and (4) higher MVR
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correlated with higher NCS sum scores. 99mTc-PYP

SPECT was not associated with clinical severity, func-

tional deficits, or neuropathic parameters.

Discussion

The present study investigated the cardiomyopathic

changes and their clinical and neuropathic associations in

late-onset ATTRv-PN patients, the majority of whom

were p. A117S mutant, which shared a similar phenotype

to p. V50M mutant.18 The important findings included

(1) all the enrolled late-onset ATTRv-PN patients with

various stages of severity consistently manifested car-

diomyopathy as shown by significant radiotracer uptake

on 99mTc-PYP SPECT imaging, (2) the cardiomyopathy

was associated with compromised cardiac functional

capacity (NYHA class I–III), significantly thicker IVSd on

echocardiography; higher ECV, longer myocardial native

T1, increased LVMi, and higher MVR on CMR, and ele-

vated pro-BNP in the blood, (3) the abnormal CMR

parameters and elevated pro-BNP level were associated

with higher clinical stage, lower quality of life, more sev-

ere disability, and more autonomic dysfunction, and (4)

there were significant correlations between the CMR

biomarkers of cardiomyopathy and pathophysiological

parameters of polyneuropathy. These findings suggested

that cardiomyopathy is highly prevalent, related to neuro-

pathic changes in both small- and larger-fiber nerves and

can reflect the overall severity and functional deficits in

late late-onset ATTRv-PN patients.

ATTRv-PN is a lethal, gain-of-toxic-function disorder

characterized by extracellular deposition of TTR-

Figure 1. Myocardial native T1 and extracellular volume measurements on cardiac magnetic resonance imaging in a control subject and age- and

gender-matched representative patients with Brugada syndrome and hereditary transthyretin amyloidosis with polyneuropathy (ATTRv-PN). The

regions of interest were drawn in the middle septum of the left ventricle on the myocardial native T1 (top row, msec) and extracellular volume

(bottom row, %) maps. The myocardial native T1 and extracellular volume of the ATTRv-PN patient were much longer and larger than those of

the healthy subject and the patient with Brugada syndrome.
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containing amyloid fibrils predominantly in the peripheral

nerves. There are over 130 pathogenic mutations of the

TTR gene, and there is an association between the specific

mutation and the predominant phenotype, although there

is considerable overlap.1,3 Although the heart is also com-

monly involved in ATTRv-PN,35 especially in the late-

onset form,4,18 the cardiac manifestations, and their clini-

cal associations with polyneuropathy in ATTRv-PN, are

not clear. In the present study, all the enrolled patients

with late-onset ATTRv-PN with different severities from

the early to late PND stage consistently showed remark-

able 99mTc-PYP uptake, and all visual scores were equal

to or larger than grade 2. The bone-avid radiotracer
99mTc-PYP has been proven to be a noninvasive tool in

detecting cardiac amyloidosis and has very high sensitivity

and specificity in diagnosing cardiac amyloidosis caused

by TTR protein after excluding the presence of mono-

clonal paraprotein.30,36 In our late-onset ATTRv-PN

patients, all had confirmed TTR mutations with a clear

neuropathic phenotype and no monoclonal paraprotein

in the blood; therefore, the abnormal uptake in 99mTc-

PYP SPECT imaging must have resulted from TTRv car-

diomyopathy. The significantly increased 99mTc-PYP

radiotracer uptake (visual score ≥ 2) noted even in those

PND 1 patients suggested that the cardiomyopathy not

only coexisted with polyneuropathy but also probably

preceded the development of clinical polyneuropathy.

In addition to 99mTc-labeled bone-avid scintigraphy, the

cardiomyopathy in our patients with late-onset ATTRv-PN

was associated with significant changes in echocardiogra-

phy, CMR, and serological biomarkers. On echocardiogra-

phy, cardiac amyloidosis was characterized by an increased

Figure 2. Comparison of cardiac magnetic resonance imaging among healthy controls and patients with Brugada syndrome and hereditary

transthyretin amyloidosis with polyneuropathy (ATTRv-PN). (A) The myocardial native T1 was significantly longer, (B) the extracellular volume was

much larger, (C) the left ventricular mass index was remarkably greater, and (D) the left ventricular mass to end-diastolic volume ratio was mark-

edly higher in patients with ATTRv-PN than in healthy controls and patients with Brugada syndrome. **p < 0.001.
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IVSd, and nearly 88% of our patients were associated with

an IVSd thickness more than two standard deviations

above the mean based on the normal reference. In con-

trast, only 28.6% of patients showed abnormally low LVEF,

suggesting restrictive and infiltrative patterns of cardiomy-

opathy in our patients. Recent advances in CMR provide a

tool to accurately assess the characterization of cardiac tis-

sue and morphology. Cardiac amyloidosis is typically asso-

ciated with ventricular subendocardial and/or transmural

late gadolinium enhancement, increased native myocardial

longitudinal relaxation time, increased extracellular vol-

ume, and increased LV mass on CMR, reflecting the

myocardial amyloid burden.8,9,37 In the present study, late

gadolinium enhancement resulting from the passive distri-

bution of gadolinium in the expanded extracellular space

created by amyloid fibrils was noted in 80% of patients.

Other CMR parameters, such as myocardial native T1,

ECV, LVMi, and MVR, all showed a significant increase in

the ATTRv-PN patients compared to healthy controls and

age- and gender-matched patients with Brugada syndrome

in whom the structures of the heart are normal, indicating

the abnormal amyloid deposition in the heart of our

patients. These cardiac structural changes due to TTRv

amyloidosis were also associated with elevated pro-BNP, a

serological marker of heart failure, and approximately 46%

of our patients had pro-BNP higher than the normal cutoff

value.

In addition to reflecting the morphological and biologi-

cal characteristics of cardiac amyloidosis, the CMR

parameters were also highly correlated with pathophysio-

logical changes of polyneuropathy in late-onset ATTRv-

PN, including ECV for cutaneous small-fiber nerve

pathology; LVMi and MVR for sudomotor function and

the thermal threshold at feet; and MVR for larger-fiber

nerve electrophysiology. These findings indicated that the

cardiac amyloid burden shown by CMR corresponded to

the progression of peripheral nerve degeneration. Due to

the close relationship between TTRv amyloid deposition

and the degeneration of peripheral nerves,17,38 the correla-

tion between parameters of cardiomyopathy and polyneu-

ropathy in our late-onset ATTRv-PN may suggest parallel

TTRv amyloidogenesis in the heart and peripheral nerves.

Furthermore, the CMR parameters were also associated

with the functional status of polyneuropathy assessed by

PND stage and R-ODS, quality of life measured by

WHOQOL_BREF, and autonomic dysfunction evaluated

by SAS. These observations supported not only that the

severity of cardiomyopathy can reflect the dysfunction of

polyneuropathy but also that the involvement of the heart

by TTRv amyloidosis contributed to the clinical disability

and impaired quality of life. Taken together, the cardiac

amyloid burden demonstrated by CMR could serve as a

surrogate marker for the degeneration and dysfunction of

peripheral nerves in patients with late-onset ATTRv-PN.

There were several limitations in the present study.

First, the enrolled patients were from the same ethnic

group, and nearly all carried the p. A117S mutation with

the phenotype of late-onset ATTRv-PN. The same ethnic-

ity, genotype, and phenotype in the present study may

restrict the generalization of the conclusions to all TTRv

amyloidosis. Second, this study was a cross-sectional

observational study and could not show the temporal

changes in the studied parameters. Further prospective

longitudinal studies of both polyneuropathy and car-

diomyopathy will provide a more comprehensive picture

of the association between amyloidogenesis of the heart

Table 2. The correlation between the imaging and serologic biomarkers of cardiomyopathy and the pathophysiology and functional disability of

polyneuropathy.

99mTc-PYP SPECT Cardiac echo Cardiac MRI

Pro-BNPPYP score H/CL ratio IVSd LVEF ECV Myo T1 LVMi MVR

PND stage �0.010, 0.904 0.003, 0.929 0.022, 0.647 �1.088, 0.550 2.240, 0.122 19.252, 0.025 11.651, 0.039 0.305, 0.004* 994.989, 0.231

WHOQOL_BREF �0.004, 0.598 �0.001, 0.690 �0.008, 0.070 0.434, 0.012 �0.450, 0.001* �1.560, 0.071 �1.462, 0.005* �0.022, 0.024 �272.905, <0.001*

R-ODS �0.003, 0.603 �0.001, 0.926 �0.002, 0.454 0.220, 0.074 �0.214, 0.030 �1.675, 0.004* �0.980, 0.006* �0.018, 0.008* �95.496, 0.098

SAS �0.001, 0.984 0.003, 0.445 0.010, 0.071 �0.394, 0.079 0.556, 0.001* 2.174, 0.045 1.591, 0.015 0.030, 0.014 247.264, 0.014

IENF density �0.039, 0.365 �0.008, 0.626 �0.015, 0.552 1.836, 0.056 �2.014, 0.006* �5.115, 0.267 �7.063, 0.015 �0.105, 0.068 �622.574, 0.153

SSR_palm �0.171, 0.264 �0.100, 0.071 0.089, 0.332 �6.188, 0.075 3.881, 0.176 12.919, 0.451 25.379, 0.020 0.576, 0.005* 2178.996, 0.180

SSR_sole 0.058, 0.713 0.028, 0.638 0.205, 0.026 �6.622, 0.063 6.864, 0.017 35.457, 0.041 35.029, 0.001* 0.593, 0.006* 1244.591, 0.476

Warm

threshold_fd

�0.005, 0.745 �0.004, 0.553 0.0001, 0.991 �0257, 0.476 0.491, 0.093 2.885, 0.093 1.198, 0.297 0.038, 0.085 190.019, 0.255

Cold

threshold_fd

�0.004, 0.495 0.002, 0.538 �0.001, 0.747 0.170, 0.253 �0.119, 0.348 �1.363, 0.057 �1.317, 0.004 * �0.024, 0.008* �32.629, 0.645

NCS + 5 0.012, 0.586 0.005, 0.489 0.013, 0.310 �0.430, 0.345 0.686, 0.074 5.003, 0.028 3.694, 0.009 0.089, <0.001 * 94.407, 0.667

fd, foot dorsum; IENF, intraepidermal nerve fiber; NCS, nerve conduction study; PND,polyneuropathy disability; R-ODS, Rasch-built overall disability

scale; SAS, survey of autonomic symptoms; SSR, sympathetic skin response; WHOQOL-BREF, world health organization quality of life instruments.

*p values passing the threshold of false discovery rate (FDR) < 0.05.
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and peripheral nerves. Third, the uneven distributions of

age and sex between healthy controls and late-onset

ATTRv-PN patients might confound the comparison of

cardiac parameters between them, although age and sex

were corrected as covariates in all statistical analyses.

In conclusion, our observations-based concomitant sur-

vey of polyneuropathy and cardiomyopathy suggested that

patients with late-onset ATTRv-PN and predominant p.

A117S mutation invariably manifested cardiomyopathy

regardless of the clinical severity of polyneuropathy. The

cardiac TTRv amyloid burden illustrated by CMR was

correlated with the pathophysiology of both small-fiber

sensory-autonomic and large-fiber myelinated nerves,

reflecting the overall disability and quality of life related

to simultaneous polyneuropathy and cardiomyopathy and

served as biomarkers for long-term follow-up in late-

onset ATTRv-PN.
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