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90th percentile) sural nerve amplitude and velocity was 18.0 (4.9, 35.0) pV and 50.7
(41.0, 57.9) m/s; peroneal conduction was 13.0 (4.4, 27.0) pV and 51.0 (41.7,
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—7.4 (-43.2, 52.4) at year 1 to —14.4 (-76.9, 46.7) at year 8. Percent change from
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1 | INTRODUCTION

The rare, progressive, life-threatening disorder transthyretin amyloid
polyneuropathy (ATTR-PN) is characterized by an increasingly incapac-
itating sensorimotor polyneuropathy and autonomic dysfunction.!
ATTR-PN is an autosomal dominant inherited form of ATTR amyloid-
osis, caused by the systemic deposition of transthyretin amyloid fibrils
in peripheral nerves and vital organs, leading to advanced poly-
neuropathy.?” It is caused by mutations in the transthyretin (TTR)
gene,* and diagnosis and monitoring of disease progression is compli-
cated by the considerable phenotypic heterogeneity seen among
patients with the disease.

In the early stages of ATTR-PN, amyloid fibrils usually affect the

267 3s evidenced by altered pain and temperature

small nerve fibers,
sensation, but relatively low impact on light touch, and with little
effect seen on awareness of the position and movement of the
body.2” Muscle strength and tendon reflexes remain normal in the
early stages of disease.? However, as the disease progresses, ATTR-
PN presents with altered motor and sensory nerve conduction;
namely, a decrease in nerve amplitude and velocity.® Larger sensory
and motor nerve fibers are affected as ATTR-PN progresses further,
with motor deficits apparent in the distal lower limbs, and weaken-
ing of light touch and deep sensations.? Subsequently, patients
experience increased difficulty in walking without assistance, due to
imbalance and gait issues. Previous nerve conduction studies have
indicated that sensory fibers are more affected than motor fibers:
sensory nerve conduction amplitudes can be reduced or even non-
existent, while motor nerve conduction amplitudes can remain nor-
mal, or be reduced.”® Conduction velocities have been reported as
ranging from normal to only slightly reduced.” Due to the effects of
amyloid fibrils on the peripheral nerves, further characterization of
electrophysiological changes over time may be useful in assessing
disease progression.

The Transthyretin Amyloidosis Outcomes Survey (THAQS) is the
largest ongoing, global, longitudinal, observational survey of patients
with ATTR amyloidosis, including both inherited (ATTRv) and wild-
type disease, and asymptomatic patients with TTR mutations
(ClinicalTrials.gov: NCT00628745).” THAOS allows the opportunity to
examine the potential of exploratory indicators of ATTR-PN disease
progression.’ The primary objective of this analysis was to assess
whether nerve conduction can serve as a marker of disease progres-
sion in patients with ATTR-PN.

greater disability at baseline. Similar patterns were observed for the peroneal nerve.
These data show an association between nerve amplitudes and velocities and disease
severity, suggesting progressive deterioration in nerve conduction may be an indica-

tor of ATTRv amyloidosis disease progression.

ATTR-PN, nerve amplitude, nerve conduction, transthyretin amyloid polyneuropathy

2 | MATERIALS AND METHODS

21 | Trial design and patients

All patients with a pathogenic TTR disease causing mutation in
THAOS with any sural or peroneal amplitude or velocity value (left or
right) non-missing and greater than O at any time were included in the
analysis (data cut-off: 06 January 2020). If the nerve conduction mea-
surement was taken on both the left and right side, the average of the
two values was used for the analysis. Demographic and clinical char-

acteristics were reported using descriptive statistics.

TABLE 1 Demographic characteristics of patients with ATTRv
amyloidosis and nerve conduction studies at enroliment in THAOS

All patients (N = 1389)

Age at enrollment, mean (SD), years 43.6 (14.5)
Sex, n (%)
Male 625 (45.0)
Female 764 (55.0)
TTR genotype, n (%)
Val30Met (p.Val50Met) 1117 (80.4)
Glu89GIn (p.Glu109GIn) 61 (4.4)
Val122lle (p.Val142lle) 33(2.4)
Ser77Tyr (p.Ser97Tyr) 19 (1.4)
Asp38Ala (p.Asp58Ala) 16 (1.2)
Ser50Arg (p.Ser70Arg) 15 (1.1)
Pheé4Leu (p.Phe84Leu) 14 (1.0)
Thré0Ala (p.Thr80Ala) 14 (1.0)
Ser77Phe (p.Ser97Phe) 10 (0.7)
Other® 90 (6.5)
Country, n (%)°
Argentina 8 (0.6)
Brazil 92 (6.6)
Bulgaria 57 (4.1)
France 99 (7.1)
Germany 12 (0.9)
Italy 35(2.5)
Japan 8(0.6)

(Continues)
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TABLE 1 (Continued)
All patients (N = 1389)
Mexico 17 (1.2)
Portugal 913 (65.7)
South Korea 26 (1.9)
Spain 83 (6.0)
United Sates 32(2.3)
Race, n (%)
Caucasian 357 (25.7)
Asian 34 (2.4)
Other 32(2.3)
Latino American 28 (2.0)
African descent® 12 (0.9)
American Hispanic 3(0.2)
Missing 923 (66.5)

Abbreviations: ATTR-PN, transthyretin amyloidosis with polyneuropathy;
THAOQS, Transthyretin Amyloidosis Outcomes Survey; TTR, transthyretin.
20ther includes all genotypes contributing <10 patients: Ala109Ser
(p.Ala129Ser); Ala120Ser (p.Ala140Ser); Ala19Asp (p.Ala39Asp); Ala19Asp
(p.Ala39Asp)/GlyéSer (p.Gly26Ser); Arg34Ser (p.Arg54Ser); Asp18Asn
(p.Asp38Asn); Glu54GIn (p.Glu74GIn); Glu54Leu (p.Glu74Leu); Glu54Ser
(p.Glu74Ser); Glué1Lys (p.Glu81Lys); Glu62Lys (p.Glu82Lys); Glu89Lys
(p.Glu109Lys); Gly47Ala (p.Gly67Ala); Gly47Glu (p.Gly67Glu); Gly6Ser/
Val30Met; His88Srg (p.His108Arg); lle107Val (p.lle127Val); lle68Leu
(p.lle88Leu); lle73Val (p.lle93Val); Leu58His (p.Leu78His); Lys35Asn
(p.Lys55Asn); Met13dup (p.Met33dup); Phe33Leu (p.Phe53Leu);
Ser23Asn (p.Ser43Asn); Ser52Pro (p.Ser72Pro); Thr119Met
(p.Thr139Met)/Val30Met; Thr49lle (p.Thré9lle)/GlyéSer (p.Gly26Ser);
Thr59Lys (p.Thr79Lys); Thr75lle (p.Thr95lle); Tyr116Ser (p.Tyr136Ser);
Tyr69His (p.Tyr89His); Val28Met (p.Val48Met); Val30Met (p.Val50Met)/
Pmp22Del (p.Pmp42Del); Val71Ala (p.Val91Ala); delVal122 (p.delVal142);
p.Met33dup, p.Asp119Asn.

PCountries contributing <5 patients not shown: Belgium, n = 1; the
Netherlands, n = 4; Romania, n = 1; Turkey, n = 1.

“African descent includes African American and Afro-Caribbean.

2.2 | Nerve conduction studies

Nerve conduction assessments are standardized in THAOS. The
amplitude and velocity of sural and peroneal nerves was measured
base to peak at annual visits. Data are shown as mean and median
values and overall percentage change at each year post baseline, from
years 1 to 8. Investigators recorded whether these were measured at
left, right, or both sides, along with the amplitude and velocity
recorded. Results were also stratified by modified polyneuropathy dis-
ability (mPND) score, to examine the relationship with disease sever-
ity and nerve conduction. mPND is scored from | to IV (I indicates
sensory disturbance in lower limbs but preserved walking capacity; Il
indicates difficulties in walking but no need of a walking stick; llla indi-
cates one stick or one crutch required for walking; Illb indicates two
sticks or two crutches required for walking; IV indicates patient con-
fined to a wheelchair or bed. For those patients who were symptom-
atic, but for whom no lower limb sensory/motor deficits were
recorded, an mPND score of O was recorded.'®

TABLE 2 Clinical characteristics of patients with ATTRv
amyloidosis and nerve conduction studies at enroliment in THAOS

All patients (N = 1389)

Age at onset of symptoms, mean (SD), years  39.7 (13.7)
Duration of symptoms, mean (SD), years 9.3 (6.4)
Time from symptom onset to diagnosis, 4.0(5.7)

mean (SD), years

Sural nerve conduction

Mean (SD)
Amplitude, pVvV 19.2 (12.4), n = 1225
Velocity, m/s 50.7 (28.2), n = 1221
Median (10th, 90th percentile)
Amplitude, pVvV 18.0 (4.9, 35.0)
Velocity, m/s 50.7 (41.0, 57.9)

Peroneal nerve conduction

Mean (SD)
Amplitude, mV 16.4 (34.3),n =920
Velocity, m/s 51.7(32.1),n =918
Median (10th, 90th percentile)
Amplitude, mV 13.0 (4.4, 27.0)
Velocity, m/s 51.0 (41.7,59.7)

Abbreviations: ATTR-PN, transthyretin amyloidosis with polyneuropathy;
THAOS, Transthyretin Amyloidosis Outcomes Survey.

TABLE 3 Sural and peroneal nerve conduction at enrollment by
latest mPND score in patients with ATTRv amyloidosis and nerve
conduction studies in THAOS

Nerve Amplitude (nV or mV)? Velocity (m/s)
Sural nerve conduction, median (10th, 90th percentile)
mPND score

0 22.0(10.0, 39.0), n = 302
| 17.5(5.4,33.0), n = 682

1l 10.0(2.5,32.5),n = 138

52.5(44.3, 60.0), n = 301
50.9 (41.2, 57.5), n = 682
46.5(38.0, 53.6), n = 136

llla 8.6(2.4,21.0),n=27 43.8 (37.0,51.6), n = 27
Illb 4.1(0.8,50.3),n=10 39.7(4.0,56.9,n=9
v 2.5(0.6,10.0,n=5 43.0(33.0,46.0,n=5

Peroneal nerve conduction, median (10th, 90th percentile)
mPND score

0 16.0(7.6,31.0), n = 225
| 13.2(4.7,26.0), n = 524
Il 7.5(2.0,25.0), n = 102

52.4 (44.3,59.5),n = 225
51.1(42.3, 60.0), n = 524
45.6 (37.5,56.1),n =101

Illa 12.0(1.7,20.0), n = 15 47.8 (38.0,52.2),n = 15
b 5.0(0.9,25.0,n=7 54.0(4.6,63.9),n=7
1\ 29(14,81),n=3 45.0(37.5,45.7),n=3

Note: mPND score: 0, symptomatic, but no lower limb sensory/motor
deficits; I, sensory disturbance in lower limbs but preserved walking
capacity; I, difficulties in walking but no need of a walking stick; llla, one
stick or one crutch required for walking; Illb, two sticks or two crutches
required for walking; IV, patient confined to a wheelchair or bed.
Abbreviations: mPND, modified polyneuropathy disability.

2pV for sural nerve and mV for peroneal nerve.
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3 | RESULTS

3.1 | Patient characteristics
There were 3371 patients with ATTRv amyloidosis in the overall pop-
ulation (55.5% male). The most common genotypes were Val30Met
(p.Val50Met; 63.4%), Val122lle (p.Vall142lle; 8.3%) and Thré60Ala (p.
Thr80Ala; 3.4%), and most patients came from Portugal (35.6%),
United States (14.1%) and Brazil (6.9%).

A total of 1389/3371 patients with ATTRv amyloidosis represen-
ted the subset of those included in the analysis with any sural or
peroneal amplitude or velocity value non-missing and greater than
0 at any time (Table 1). Almost half of the patients were male (45.0%),
and the predominant TTR genotype was Val30Met (80.4%). The mean
(SD) age at onset of ATTR amyloidosis symptoms was 39.7 (13.7),
with a mean (SD) duration of symptoms of 9.3 (6.4) years (Table 2).
The majority of patients came from Portugal (65.7%), followed by
France (7.1%), Brazil (6.6%), and Spain (6.0%; Table 1).
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FIGURE 1

3.2 | Nerve conduction at enroliment

At enrollment, the mean (SD) recorded sural nerve sensory nerve
action potential (SNAP) amplitude was 19.2 (12.4) pV and the velocity
was 50.7 (28.2) m/s (Table 2).

Regarding compound muscle action potential (CMAP), the mean
(SD) peroneal nerve amplitude was 16.4 (34.3) mV, and the velocity
was 51.7 (32.1) m/s.

When the SNAP and CMAP values were stratified by mPND
score, the pattern of an inverse relationship was observed; in general,

progressive decreases were seen as disability increased (Table 3).

3.3 | Nerve conduction over the duration of
the study

Across annual visits, the median (10th, 90th percentile) percentage
change from baseline in sural nerve SNAP amplitude (V) generally

(B) Sural nerve velocity
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Median (10th and 90th percentile) percentage change from baseline in sural and peroneal nerve amplitude and velocity in patients

with ATTRv amyloidosis and nerve conduction studies. Change from baseline (enroliment) is the baseline value subtracted from the follow-up
value, where both are non-missing. The data presented are cross-sectional by follow-up time in THAOS. ATTRv, hereditary transthyretin

amyloidosis; THAQS, Transthyretin Amyloidosis Outcomes Survey
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(B) Sural nerve velocity
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(D) Peroneal nerve velocity
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in patients with ATTRv amyloidosis and nerve conduction studies. mPND score llla, Illb, and IV values are either not available (no patients with
data) or not shown due to low n (n = 1). Data from year 8 not shown due to small number of patients in certain subgroups. ATTRv, hereditary
transthyretin amyloidosis; mPND, modified polyneuropathy disability; THAQOS, Transthyretin Amyloidosis Outcomes Survey

decreased (year 1: —7.4 [-43.2, 52.4], n = 797; year 8: —14.4 [-76.9,
46.7], n = 168). A concomitant decline in velocity (m/s) was also seen
(year 1: —0.1 [-14.5, 15.3], n = 796; year 8: —6.4 [-21.3, 10.5],
n = 168) (Figure 1); however, in general, changes were relatively small
and variable.

Similar patterns were observed for peroneal nerve CMAP ampli-
tude (mV) (year 1: —2.2 [-46.7, 70.0], n = 624; year 8: —8.7 [-62.1,
78.6], n = 107) and velocity (m/s) (year 1: —=0.9 [-15.9, 14.3], n = 622;
year 8: —6.5 [-22.2,12.2], n = 107) (Figure 1).

When the percentage change-from-baseline values were strati-
fied by mPND score (0, |, ll; higher levels not shown due to low sam-
ple sizes [n = 0 or 1]), larger decreases in amplitude and velocity

relative to baseline were observed as disability increased (Figure 2).

4 | DISCUSSION

This large, exploratory analysis of patients with ATTR-PN in THAOS
suggests that the amplitude and velocity of sural and peroneal nerve
conduction may serve as a sensitive marker of neurologic disease pro-
gression. The analysis revealed a decrease over time in these parame-

ters, particularly in patients with more severe disease. Median (10th,

90th percentile) percentage change from baseline in sural nerve ampli-
tude was variable, but generally decreased over time from year 1 to
year 8. Velocity broadly declined over time, and similar patterns were
observed for the peroneal nerve. The decrease over time to year
7 was more pronounced in patients with higher mPND score at base-
line. Progressive deterioration in nerve conduction may be a useful
indicator of ATTR-PN disease progression.

Nerve amplitude and velocity are known to be lower, and to dete-
riorate over time in ATTR-PN,”® with worsening of nerve conduction
in serial measurements reported previously.'® A study examining
electrophysical features of patients with ATTR-PN Val30Met (44 cases
of late-onset compared with 21 cases of early-onset ATTR-PN) indi-
cated lower amplitude and velocity regardless of time of onset of
ATTR-PN.2 Mean (SD) sural nerve amplitudes were lower in both
patients with late-onset (0.4 [1.4] pV vs 14.9 [£ 9.3] pV in healthy
controls) and patients with early-onset (2.8 pV + 5.0 vs 18.6 pV + 9.7
in healthy controls). Sural nerve velocity was also lower in patients
with ATTR-PN (although to a lesser degree than amplitude), and simi-
lar patterns were seen with motor nerve amplitudes and conduction
velocity (measured using the tibial and median nerves).2 The variability
observed in this analysis is consistent with earlier reports noting diver-
sity in baseline nerve conduction measurements in ATTR-PN,*! and
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with the variability of repeated nerve conduction measurements in
general.1? This analysis adds to the available data, showing a direct
association between reduced nerve amplitude and conduction veloc-
ity and disease severity. The data also suggest that nerve amplitude
and velocity worsen further over time.

While evidence suggests that nerve amplitude reductions can be
related to aging®?; patients with ATTR-PN have lower nerve ampli-
tude and velocities compared with age-matched healthy individuals,
and nerve conduction parameters reduce steadily over time.”®! In
general, the slowing of nerve conduction seen in this study was not in
the range of classic demyelination criteria* and more likely is related
to fiber loss and amplitude decrease. This analysis is limited by the
fact that nerve conduction measures are unable to detect small fiber
neuropathy,'® the predominant early sign of neuropathy in patients
with ATTR-PN.1>6 Various other techniques for assessing small fiber
neuropathy have been examined, with sudometers showing
promise,*”*? though requiring further validation in larger cohorts.
However, it is important to consider that most patients in this cohort
had mild-moderate neurologic disease. Additionally, nerve conduction
studies were used in our analysis to allow examination of the develop-
ment of more severe progression in these patients. Patients were
excluded from the analysis if they did not have a SNAP >0 which may
have introduced some bias in the assessments. The changes observed
in this study were small, and relatively variable; this may be due to the
heterogeneity of the disease in general.# Patients with ATTR-PN may
display patterns of nerve amplitude and conduction that can lead to a
misdiagnosis of chronic inflammatory demyelinating polyneuropathy.
In particular, this misdiagnosis can occur in patients with ATTR-PN
experiencing electrophysical demyelinating features without reduc-

2021 or severe axonal degeneration,?? where

20,23

tion in nerve conduction,
no biopsy is performed, or the results of the biopsy are negative.
While the impact of disease-modifying treatment on nerve conduction
would be interesting to examine, limitations in this THAOS dataset
precluded comparative analysis of treated vs untreated patients.

Overall, this large analysis from THAOS provides further evidence
that the amplitude and velocity of the sural and peroneal nerve con-
duction may be a useful indicator for assessing ATTR-PN disease pro-
gression. Monitoring patients closely for the earliest signs of
advancing disease may improve the clinical management of patients
with ATTR-PN.
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