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Aims Transthyretin amyloid cardiomyopathy (ATTR-CM) is often assumed to be associated with wild-type TTR genotype
(ATTRwt) in elderly patients (aged >70), some of whom are not offered genetic testing. Ve sought to estimate the
prevalence, clinical characteristics and prognostic implications of transthyretin (TTR) variants among elderly patients
diagnosed with ATTR-CM.

Methods Data from consecutive patients over 70years of age diagnosed with ATTR-CM at the UK National Amyloidosis

and results Centre between January 2010 and August 2022 were retrospectively evaluated. All patients underwent clinical
evaluation, biochemical tests, echocardiography and TTR genotyping. The study outcome was all-cause mortality.
The study population consisted of 2029 patients with ATTR-CM (median age 79 years at diagnosis, 13.5% females,
80.4% Caucasian). Variant ATTR-CM (ATTRv-CM) was diagnosed in 20.7% (n = 421) of the study population
of whom 327 (77.7%) carried V122I, 47 (11.2%) T60A, 16 (3.8%) V30M and 31 (7.3%) other pathogenic TTR
variants. During a median (range) follow-up of 29 (12—48) months, ATTRv-CM was associated with increased
all-cause mortality compared to ATTRwt-CM, with the poorest survival observed in V122l-associated ATTRv-CM
(p <0.001). Univariable and multivariable logistic regression analyses in those with ATTR-CM showed younger age at
diagnosis (odds ratio [OR] 0.85 per year, p < 0.001), female sex (OR 2.73, p < 0.001), Afro-Caribbean ethnicity (OR
65.5, p <0.001), atrial fibrillation (OR 0.65, p = 0.015), ischaemic heart disease (OR 0.54, p = 0.007), peripheral
polyneuropathy (OR 5.70, p <0.001) and orthostatic hypotension (OR 6.29, p <0.001) to be independently
associated with ATTRv-CM.

Conclusion Up to 20.7% of elderly patients with ATTR-CM have a pathogenic TTR variant. These findings support routine
sequencing of the TTR gene in all patients with ATTR-CM regardless of age.
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Introduction

Transthyretin amyloid cardiomyopathy (ATTR-CM) is a life-
threatening disease caused by progressive extracellular deposition
of misfolded or cleaved transthyretin (TTR) protein."? The condi-
tion results from age-related failure of homoeostatic mechanisms
in wild-type ATTR amyloidosis (ATTRwt; non-hereditary form)
or destabilizing mutations in variant ATTR amyloidosis (AT TRv;
hereditary form). In recent years, the recognition of ATTR-CM
has increased exponentially.*> Major advances in imaging including
echocardiography, scintigraphy with bone tracers and cardiac
magnetic resonance (CMR) have significantly transformed the
diagnosis of ATTR-CM such that 70% patients are now diagnosed
without recourse to histological demonstration of amyloid®~® and
coupled with development of effective treatments,” have shifted
ATTR-CM from a rare and untreatable disease to a relatively
prevalent condition that clinicians should consider on a daily
basis.2 ATTR amyloidosis is associated with a diverse clinical
phenotype'®!
for example, the proportion of those carrying the V122 TTR

which is, in part, related to geographical location;

variant resulting in a predominant cardiac phenotype is higher in
the United States (US) than in Europe.'?

Diagnosis of ATTRv amyloidosis has major implications for clin-
ical management, enabling initiation of specific disease-modifying
drugs in the presence of amyloid polyneuropathy, and encouraging
genetic counselling and predictive testing in family members of
affected individuals.’® Sequencing of the TTR gene is recom-
mended in all adult patients with ATTR amyloidosis to achieve an
aetiological diagnosis, and to differentiate between ATTRwt and
ATTRv amyloidosis.™"* In everyday clinical practice however, TTR
sequencing is not systematically performed, particularly in elderly
individuals with ATTR-CM who may be assumed to have ATTRwt
amyloidosis.'® The prevalence, clinical characteristics and possible
prognostic implications of ATTRv-CM in the elderly remain largely
unexplored to date.

The aim of this study was to establish the prevalence of
ATTRv-CM among elderly patients (>70years) diagnosed with
ATTR-CM in the United Kingdom (UK), to define predictors of
ATTRv-CM and to evaluate the clinical implications of a diagnosis
of ATTRv amyloidosis.

Methods

The National Amyloidosis Centre (NAC) in London is centrally com-
missioned as the single centre in the UK for diagnosis, monitoring and
treatment of amyloidosis. Uniquely therefore, patients seen at the NAC
are likely to represent the national caseload of patients with ATTR-CM.
Patients were managed in accordance with the Declaration of Helsinki.
Study approval was from the Royal Free Hospital ethics committee (ref:
06/Q0501/42).

Study population

This was a retrospective, observational study of consecutive patients
referred to the NAC, between January 2010 and August 2022 in whom
ATTR-CM was established on the basis of imaging or histological char-
acteristics as detailed below.®'* Imaging characteristics were defined

as presence of a characteristic echocardiogram and/or CMR scan and
either: Perugini grade 2 or 3 cardiac uptake on 99m-technetium labelled
3,3-diphosphono-1,2-propanodicarboxylic acid (*’™Tc-DPD) scintigra-
phy in the absence of an abnormal serum free light chain ratio together
with absence of a monoclonal immunoglobulin in the serum or urine
by immunofixation; or direct endomyocardial biopsy proof of ATTR
amyloid; or presence of ATTR amyloid in an extra-cardiac biopsy along
with cardiac uptake on **™Tc-DPD scintigraphy. All patients underwent
sequencing of the TTR gene. Age >70years at diagnosis was used to
define the elderly cohort as (i) it was the median age of symptom onset
in the Transthyretin Amyloid Outcome Survey (THAOS) registry,'” and
(i) nowadays, the majority of individuals <70 years are not considered
‘elderly’ from a clinical perspective.'®

Echocardiography

All echocardiograms were reported by two independent operators
blinded to the final diagnosis in accordance with current guidelines, and
discrepancies were reviewed by a group of clinical experts in amyloid
echocardiography within a multidisciplinary meeting.'®

Nuclear scintigraphy

Cardiac scintigraphy was performed by intravenous administration
of ~700MBq of **"Tc-DPD with acquisition of whole-body planar
images 3 h post-injection using low-energy high-resolution collimators
followed by single photon emission computed tomography/computed
tomography (SPECT/CT) imaging of the heart. Interpretation of all
scans was undertaken at NAC by certified consultants in nuclear
medicine who assigned a Perugini grade, as previously described.?’

TTR gene sequencing in patients
and relatives

All patients with ATTR-CM underwent sequencing of the TTR gene.
DNA was extracted from whole blood and amplified by polymerase
chain reaction assay, and the whole coding region of the TTR gene was
sequenced, as previously described.?!

Study outcomes

The outcome of the study was to assess the impact of ATTRv-CM
on all-cause mortality. All mortality data were obtained from central
National Health Service patient care records. Censor date was 15
September 2022. In order to remove any impact of disease-modifying
therapy on survival, all patients receiving tafamidis (n = 84), inotersen
(n = 10), diflunisal (n = 164) or patisiran (n = 27) and all patients
enrolled into a clinical trial (n = 298) were censored at their start date.

Statistical analysis

Descriptive statistics between the study groups were calculated. Con-
tinuous variables were expressed as median with interquartile range
(IQR) since data were not normally distributed according to the results
of Kolmogorov—Smirnov test; categorical variables were expressed as
absolute numbers and percentages. Differences between groups were
evaluated using Mann—Whitney U test for continuous variables, while
Chi square (y2) or Fisher’s exact test were used for dichotomous vari-
ables. Univariable and multivariable binary logistic regression analysis
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was used to investigate parameters associated with ATTRv-CM. Each
variable was tested at binary logistic regression analysis for the pres-
ence of ATTRv-CM and those significant at p <0.1 were included in
a multivariable binary logistic regression analysis. Patient survival was
estimated by Kaplan—Meier analysis and comparisons were by log rank
test. Univariable and multivariable Cox regression analysis was used
to investigate whether ATTRv-CM was independently associated with
all-cause mortality. We defined a p-value <0.05 as statistically signifi-
cant. All statistical analyses were performed using IBM SPSS Statistics
24.0 package (New York, NY) statistical software version 20 and R
(R Foundation for Statistical Computing, Vienna, Austria; https://www.
r-project.org/), packages “timeROC”.

Results

During the study period, a total of 2729 consecutive patients
with suspected ATTR-CM were evaluated at NAC. A total of 700
patients were aged <70 years or did not meet inclusion criteria and
were thus excluded from all analyses. The study cohort consisted
of 2029 patients diagnosed with ATTR-CM at >70years of age. TTR
gene sequencing, performed in the whole study cohort, revealed
a pathogenic TTR mutation in 421 (20.7%) patients. Among the
421 patients with ATTRv-CM, the most common TTR variant was
Val122lle (n = 327, 77.7%), followed by Thré60Ala (n = 47, 11.2%)
and Val30Met (n = 16, 3.8%). A full list of patients with ATTRv-CM
associated with other TTR variants is shown in online supple-
mentary Table S71. None of the patients included in the present
study had genetic testing on the basis of a family history of ATTRv
amyloidosis prior to being diagnosed with ATTR-CM. The propor-
tion of ATTR-CM patients with ATTRv-CM amyloidosis or indeed
V122l-associated ATTRv-CM progressively declined throughout
the study period despite a progressive increase in absolute num-
bers of diagnoses of ATTRv-CM reflecting the huge increase in
diagnoses of ATTRwt-CM across the study period (online sup-
plementary Figure S 7). V122l-associated AT TRv-CM accounted for
16.1% of all patients with ATTR-CM included in the study pop-
ulation and 26.9% in 2010-2011, 18.6% in 2012—-2013, 23% in
2014-2015, 16.8% in 2016—2017, 14.8% in 2018-2019%, and
9.5% in 2020—-2022. After exclusion of 383 patients from the
cohort with African or Caribbean ancestry, ATTRv-CM was diag-
nosed in 7.2% (n = 119/1646) of the remaining study cohort (online
supplementary Table S2).

Baseline characteristics of the study population are shown in
Table 1. Compared to patients with ATTRwt-CM, those with
ATTRv-CM were slightly younger at diagnosis (77 vs. 80years,
p<0.001). They were more frequently female (28% vs. 9.6%,
p <0.001), more frequently of Afro-Caribbean ethnicity (72.4% vs.
5%, p < 0.001), had higher rates of polyneuropathy (29.2% vs. 7.6%,
p <0.001), orthostatic hypotension (6.2% vs. 2.7%, p = 0.001) and
lower rate of atrial fibrillation (AF) (38.5% vs. 58.9%, p < 0.001).
Echocardiography at the time of diagnosis revealed that compared
to patients with ATTRwt-CM, those with ATTRv-CM had higher
E/E’ values (16.8 vs. 15, p<0.001), lower LVEF (46% vs. 50%,
p <0.001), lower stroke volume (30 vs. 37 ml, p < 0.001) and worse
GLS (-9.7% vs. —10.8%, p < 0.001).

ATTRv-CM was diagnosed across all age groups, despite a pro-
gressive decrease in the relative proportion of patients diagnosed

with ATTRv-CM as opposed to ATTRwt-CM with increasing age
as shown in Figure 1: 28.9% of those aged 70—74years at diag-
nosis, 24.7% of those aged 75-79years, 16.7% of those aged
80—84 years, 12.3% of those aged 85—-89 years, and 2.2% of those
aged >90years. Similarly, the proportion of males diagnosed with
ATTRv-CM decreased with advancing age: 21.2% of those aged
70—-74 years, 22.3% of those aged 75—79 years, 13.8% of those aged
80—84 years, 10.1% of those aged 85—-89 years, and 2.6% of those
aged >90years at diagnosis.

Clinical characterization of AT TRv-CM
among elderly patients

Univariable binary logistic regression analysis identified a number
of parameters associated with a final diagnosis of ATTRv-CM. On
multivariable analysis, age at diagnosis (odds ratio [OR] 0.85 per
year, p <0.001), female sex (OR 2.73, p <0.001), Afro-Caribbean
ancestry (OR 65.5, p <0.001), ischaemic heart disease (IHD) (OR
0.54, p = 0.007), peripheral polyneuropathy (any degree) (OR
5.70, p <0.001), orthostatic hypotension defined as >20 mmHg
(OR 6.29, p <0.001) and absence of AF (any type) (OR 0.65,
p = 0.015) were independently associated with a diagnosis of
ATTRv-CM in this study population. No blood biomarker or
echocardiographic parameter was associated with the presence of
a TTR mutation in this cohort. A full list of parameters tested at
univariable and multivariable analyses is shown in Table 2. After
exclusion of patients with Afro-Caribbean ancestry, the same
clinical features were confirmed as independent predictors of
ATTRv-CM on multivariable analysis with the addition of presence
of a permanent pacemaker (PPM) at diagnosis (OR 3.41, p <0.001)
(online supplementary Table S3).

Implications of AT TRv-CM diagnosis
for patient management and outcome

Median follow-up from diagnosis was 29 (12—48) months. Survival
analysis revealed ATTRv-CM to be associated with higher rates of
all-cause mortality compared to ATTRwt-CM (54.5% vs. 36.2%,
p <0.001) (Figure 2, left). Among patients with ATTRv-CM, the
poorest survival was observed in V122|-associated ATTRv-CM
(p <0.007) (Figure 2, right). Survival among patients with late-onset
non-V122| ATTRv-CM was comparable to that in ATTRwt-CM.
Compared to ATTRwt-CM, patients with ATTRv-CM had poorer
overall survival across the full spectrum of disease severity as
defined by NAC Stage (online supplementary Figure $2).2 On
multivariable analysis, ATTRv-CM was independently associated
with all-cause mortality (hazard ratio 1.68, p <0.001) (Table 3).
Among 141 patients diagnosed with ATTRv-CM after Novem-
ber 2018 when inotersen and patisiran became available in the UK,
23 (16.3%) were prescribed patisiran and 7 (4.9%) inotersen on
the basis of presence of amyloid polyneuropathy. Tafamidis, which
is not funded in the UK, was administered to 3 (2.1%) patients
with ATTRv-CM via a compassionate access programme. A total
of 17% (n = 71/421) of patients with ATTRv-CM fulfilled inclu-
sion criteria for and were successfully enrolled into clinical trials of
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Table 1 Baseline characteristics of the study population stratified by transthyretin genotype

Parameters

Available

All (n = 2029)

ATTRWt-CM (n = 1608)

ATTRv-CM (n = 421)

Age, years
Female sex
BMI, kg/m?
Ethnicity
Caucasian
Afro-Caribbean
Asian
Other
IHD
Diabetes mellitus
Hypertension
Stroke/TIA
Atrial fibrillation
PPM
Polyneuropathy, any degree
OH >20 mmHg
SBP, mmHg
ALP, IU/L
GGT, IU/L
eGFR, ml/min/1.73 m?
NT-proBNP, pg/L
NAC ATTR Stage
|
1]
1
IVS, mm
RWT
E/E’
LVEF, %
SV, ml
GLS, %

2029
2029
2029
2029

2029
2029
2029
2029
2029
2029
2029
2029
2029
2009
2016
2018
2021
2018

2029
1762
2029
2029
1725
1862

79 (76-83)
13.5% (273)
26 (24-28)

80.4% (140)
18.3% (397)

1% (21)

0.3% (6)

22.2% (451)

17.4% (353)

40.2% (815)

11.2% (227)

54.7% (1109)
11.4% (232)

12.1% (246)

70 (3.4)

125 (114-139)

95 (74-129)

74 (34-153)

58 (45-70)

3053 (1658—5411)

44.4% (897)
37.2% (751)

18.3% (370)

17 (15-18)

0.76 (0.65-0.88)

15 (12-20)

49 (41-55)

34 (27-46)

~10.5 (-13.1 to —8.3)

80 (76—84)
9.6% (155)
26 (24-28)

94.1% (1512)
5% (81)

0.8% (13)

0.1% (2)

24.5% (394)

15.9% (256)

37.7% (607)

11.3% (182)

58.9% (947)

11.4% (183)

7.6% (123)

2.7% (44)

125 (115-139)

96 (75-129)
71(34-145)

58 (46-71)

3037 (1638-5403)

44.4% (710)
38% (607)

17.6% (282)

17 (15-18)

0.76 (0.65-0.88)

15 (11.6-19)

50 (42-56)

37 (29-47)

~10.8 (—13.4 to —8.5)

77 (74-81)
28% (118)
25 (23-28)

25.7% (108)
72.4% (305)
1.4% (6)

0.5% (2)

13.5% (57)

23% (97)
48.4% (208)
10.7% (45)
38.5% (162)
11.6% (49)
29.2% (123)
6.2% (26)

125 (112-138)
93 (71-129)
88 (37-186)
56 (42-68)
2851 (1488-5511)

44.6% (187)
34.4% (144)

21% (88)

16 (15-18)

0.79 (0.68-0.91)
16.8 (13-21)

46 (36-55)

30 (23-37)

9.7 (<122 to —7.5)

<0.001
0.001
<0.001
0.71
<0.001
0.88
<0.001
0.001
0.107
0.21
0.003
0.019
0.47
0.201

0.068
0.015
<0.001
<0.001
<0.001
<0.001

ALP, alkaline phosphatase; ATTR, transthyretin amyloidosis; ATTRv-CM, variant transthyretin amyloid cardiomyopathy; ATTRwt-CM, wild-type transthyretin amyloid
cardiomyopathy; eGFR, estimated glomerular filtration rate; GGT, gamma-gutamyl transpeptidase; GLS, global longitudinal strain; IHD, ischaemic heart disease, LVEF, left
ventricular ejection fraction; NAC, National Amyloidosis Centre; NT-proBNP, N-terminal pro-brain natriuretic peptide; OH, orthostatic hypotension; OR, odds ratio; PPM,
permanent pacemaker; RWT, relative wall thickness, SBP, systolic blood pressure; SV, stroke volume; TIA, transient ischaemic attack.

24.7%
16.7%
12.3%
I s B=

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

28.9%

70-74y

75-79y

H ATTRwt

80-84y

85-89y

HATTRv

290y

Figure 1 Trends in diagnosis of variant transthyretin amyloid cardiomyopathy (AT TRv-CM) according to age ranges at diagnosis. ATTRwt-CM,
wild-type transthyretin amyloid cardiomyopathy; y, years.
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Table 2 Univariable and multivariable binary logistic regression analysis for predictors of variant transthyretin
amyloid cardiomyopathy in patients with a diagnosis of transthyretin amyloid cardiomyopathy
Variables Univariable Multivariable

OR (95% CI) p-value OR (95% CI) p-value
Age, per year 0.90 (0.89-0.93) <0.001 0.85 (0.82-0.89) <0.001
Female sex 3.66 (2.81-4.78) <0.001 2.73 (1.76-4.23) <0.001
Afro-Caribbean ancestries 47.35 (35.08-63.9) <0.001 65.5 (43.48-98.59) <0.001
SBP, per mmHg 0.99 (0.99-1.002) 0.25
IHD 0.48 (0.35-0.64) <0.001 0.54 (0.34-0.84) 0.007
Diabetes mellitus 1.60 (1.23-2.06) <0.001 0.85 (0.55-1.33) 0.48
Hypertension 1.50 (1.21-1.85) <0.001 0.84 (0.59-1.21) 0.35
Atrial fibrillation 0.44 (0.35-0.54) <0.001 0.65 (0.46—-0.91) 0.015
OH >20 mmHg 2.42 (1.51-3.88) <0.001 6.29 (2.98-13.27) <0.001
Polyneuropathy, any degree 4.90 (3.74-6.43) <0.001 5.70 (3.71-8.74) <0.001
Stroke/TIA 0.95 (0.67-1.33) 0.76
PPM 1.03 (0.74-1.44) 0.83
CRT 0.17 (0.04-0.72) 0.016 0.40 (0.09-1.80) 0.23
eGFR, per ml/min 0.99 (0.98-0.99) 0.010 0.99 (0.98-0.99) 0.87
NT-proBNP, per ng/L 1.00 (1.00-1.00) 0.14
NAC ATTR stage 1.06 (0.92-1.22) 0.37
ALP, per IU/L 1.00 (0.99-1.001) 0.62
GGT, per IU/L 1.001 (1.00-1.002) 0.002 1.00 (0.99-1.001) 0.68
IVS, per mm 0.98 (0.94-1.02) 0.43
LVEF, per % 0.96 (0.95-0.97) <0.001 0.99 (0.94-1.008) 0.22
TAPSE, mm 0.98 (0.96—1.007) 0.16
RV S/, cm/s 1.02 (0.99-1.04) 0.16
LV-GLS, per % 1.08 (1.05-1.11) <0.001 1.005 (0.94-1.06) 0.87

ALP, alkaline phosphatase; ATTR, Transthyretin amyloidosis; Cl, confidence interval; eGFR, estimated glomerular filtration rate; GGT, gamma-gutamyl transpeptidase; GLS,
global longitudinal strain; IHD, ischemic heart disease; IVS, interventricular septum; LV, left ventricle; LVEF, left ventricular ejection fraction; NAC, National Amyloidosis
Centre; NT-proBNP, N-terminal pro-brain natriuretic peptide; OH, orthostatic hypotension; OR, odds ratio; PPM, permanent pacemaker; RV, right ventricle; SBP, systolic
blood pressure; TAPSE, tricuspid annular plane systolic excursion; TIA, transient ischaemic attack.

— ATTRwt-CM — ATTRv-CM

1.00
I 0.75
2
=
-
2 050
s
g
a 0.25
p<0.001
0.00
0 10 30 40 50 60
Follow-up (months)
Number at risk
ATTRWI-CM{ 1608 1288 791 570 386 260
ATTRv-CM{ 421 348 201 125 90 60
0 10 30 40 50 60

Follow-up (months)

1.00

0.75

0.50

Overall survival

0.25
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ATTRwt-CM
vi22i

—_—

— ATTRwt-CM — V122|

e

Non-V1221

\

p<0.001

0 10 20 30 40 50 60
Follow-up (months)

Number at risk
1608 1288 972 791 570 386 260
327 281 214 158 % 71 47
94 67 56 43 29 19 13
0 10 20 30 40 50 60

Follow-up (months)

Figure 2 Prognostic impact of variant transthyretin amyloid cardiomyopathy (AT TRv-CM) and specific transthyretin variant on overall survival
compared to wild-type transthyretin amyloid cardiomyopathy (AT TRwt-CM). V122I, valine-to-isoleucine substitution at position 122.
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Table 3 Univariable and multivariable Cox regression analysis for predictors of all-cause mortality

Variables Univariable

Age, per year 1.018 (1.004-1.03)
1.37 (1.18-1.60)
0.94 (0.77-1.14)
1.56 (1.34-1.81)
0.98 (0.98-0.99)
Hypertension 0.92 (0.81-1.06)
OH >20 mmHg 1.08 (0.76-1.53)
IHD 1.12 (0.96-1.31)
1.21 (0.99-1.48)
1.2 (1.01-1.42)

Afro-Caribbean Ancestries
Female sex

ATTRv-CM

SBP, per mmHg

Polyneuropathy

Diabetes mellitus
Atrial fibrillation 1.06 (0.93-1.21)
Stroke/TIA 0.84 (0.67—-1.04)
PPM 1.18 (0.97-1.44)
eGFR, per ml/min 0.97 (0.97-0.98)
NT-proBNP, per ng/L 1.00 (1.00—-1.00)
IVS, per mm 1.09 (1.06-1.11)
LVEF, per % 0.97 (0.96—0.98)
LV-GLS, per % 1.09 (1.07-1.11)

Multivariable

p-value HR (95% CI) p-value

0.010 1.016 (1.001-1.03) 0.03
<0.001 1.16 (1.04-1.37) 0.06
0.54

<0.001 1.68 (1.31-2.16) <0.001
<0.001 0.99 (0.98-0.99) <0.001
0.28

0.66

0.15

0.055 1.08 (0.87-1.33) 0.48
0.036 1.1 (0.91-132) 032
0.41

0.11

0.09% 1.07 (0.86-1.32) 053
<0.001 0.99 (0.98-0.99) <0.001
<0.001 1.00 (1.00—1.00) <0.001
<0.001 1.04 (1.006—1.07) 0.03
<0.001 0.99 (0.98-1.001) 0.82
<0.001 1.03 (1.003—1.05) 0.03

ATTRv-CM, variant transthyretin amyloid cardiomyopathy; Cl, confidence interval; eGFR, estimated glomerular filtration rate; GLS, global longitudinal strain; HR, hazard ratio;
IHD, ischaemic heart disease; IVS, interventricular septum; LV, left ventricle; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide; OH,
orthostatic hypotension; PPM, permanent pacemaker; SBP, systolic blood pressure; TIA, transient ischaemic attack.

disease-modifying therapy for ATTR amyloidosis: 1 in APOLLO,
8 in APOLLO-B, 10 in ATTRibute-CM, 15 in HELIOS-A, 13 in
HELIOS-B, 22 in Cardio-TTRansform, and 2 in ITL-2001-CL-001.

When categorized by genotype, the population with the greatest
proportion of patients in clinical trials were ATTRwt-CM, followed
by V1221, V30M and T60A (20.2% vs. 9.6% vs. 9.2% vs. 7.3%). The
proportion of patients on gene silencing disease-modifying therapy
according to genotype were V30M (57%), T60A (36.8%), V122l
(1.8%) and ATTRwt (0%; gene silencing therapies are not licensed
for ATTRwt).

Discussion

A total of 2029 UK patients were included in the present study.
To the best of our knowledge, this is the first nationwide analy-
sis to investigate the prevalence, characterize the clinical features,
and determine the prognosis of ATTRv-CM in elderly patients. Our
main findings can be summarized as follows: (i) up to 20.7% patients
>70 years who are diagnosed with ATTR-CM have ATTRv-CM; (ii)
among patients with ATTR-CM, younger age at diagnosis, female
gender, Afro-Caribbean ethnicity, AF, IHD, peripheral polyneuropa-
thy and orthostatic hypotension are independently associated with
ATTRv-CM; (iii) among elderly patients, ATTRv-CM is associated
with poorer survival than ATTRwt-CM, particularly in patients
who carry the V1221 TTR variant. Given that one out of five
elderly patients diagnosed with ATTR-CM in our cohort carried a
pathogenic TTR mutation, these data argue strongly for sequencing
of the TTR gene to be routinely undertaken in all patients diagnosed
with ATTR-CM in order to distinguish between ATTRwt-CM and

ATTRv-CM, the latter having major clinical implications in terms of
clinical management and family screening.

In recent years, major advances in disease awareness and cardiac
imaging,?® the latter enabling accurate non-invasive diagnosis, have
identified ATTR-CM to be relatively prevalent compared to the
past. In most elderly patients diagnosed with ATTR-CM, the con-
dition is assumed to be of wild-type origin (acquired) and outside
specialist referral centres for amyloidosis, patients >70years are
not always offered TTR genotyping on this basis.'® In the present
study, ATTR-CM was associated with a pathogenic TTR muta-
tion in 20.7% of the population although the authors acknowledge
that this proportion may fall as ATTRwt-CM is more widely diag-
nosed. ATTRv amyloidosis was most common in the 70—74 year
old sub-group of this cohort among whom nearly one third had
ATTRv-CM (Figure 1) although the prevalence of ATTRv-CM was
>10% throughout all age groups with the exception of those
>90years. These data indicate that TTR sequencing ought to be
undertaken in all patients with ATTR-CM regardless of age at diag-
nosis. Interestingly, the clinical characteristics at diagnosis and most
frequently identified TTR variants in UK patients with ATTR-CM
were similar to those reported in the US according to the THAOS
registry'? (Figure 3). This might reflect the high population preva-
lence of elderly individuals of Afro-Caribbean ethnicity in UK cities,
3-4% of whom are known to carry the V122l TTR variant.2*
Of note, the THAOS registry likely underestimated the preva-
lence of wild-type ATTR amyloidosis.”? A significant proportion
of non-US patients — defined as ‘rest of the world’ — were from
Portugal (more than 1000), leading to a higher prevalence of hered-
itary ATTR amyloidosis, predominantly associated with the V30M
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Figure 3 Distribution of transthyretin (TTR) variants in the United Kingdom, United Stated and rest of the world. ATTRv-CM, variant
transthyretin amyloid cardiomyopathy; AT TRwt-CM, wild-type transthyretin amyloid cardiomyopathy; T60A, threonine-to-alanine substitution
at position 60; V122I, valine-to-isoleucine substitution at position 122; V30M, valine-to-methionine substitution at position 30. Prevalence of
TTR mutations in the United States and rest of the world according to the THAOS registry.'?

(p.V50M) TTR mutation. Notably, however, even after exclusion of
individuals of Afro-Caribbean ancestry, 1 in 14 patients >70years
diagnosed with ATTR-CM had ATTRv amyloidosis. This further
highlights the need for TTR gene sequencing, not only in patients of
all ages but also in ATTR-CM patients of all ethnicities. Importantly,
absence of a family history of amyloidosis does not rule out ATTRv
amyloidosis for the following reasons: the diagnosis of ATTR-CM
is often missed; TTR gene sequencing is not routinely undertaken
in patients diagnosed with ATTR-CM; the mechanisms leading to
development of ATTR-CM in carriers of pathogenic TTR variants
have not been fully elucidated; TTR mutations are associated with
incomplete clinical penetrance and some TTR mutations are char-
acterized by late disease onset. Thus, a significant proportion of
TTR mutation carriers may die before manifesting a cardiac amy-
loid phenotype and even in those with such a phenotype, they may
never be diagnosed with ATTR-CM.

In our cohort, the probability of ATTRv-CM could be estimated
using easily obtainable parameters, commonly assessed during the
diagnostic clinical evaluation (Figure 4). Firstly, advancing age was
associated with progressively lower probability of ATTRv-CM.
This finding could be due to the higher mortality associated with
ATTRv-CM compared to ATTRwt-CM or due to the fact that
ATTRwt-CM is increasingly prevalent with advancing age (Figure 2).
Second, female gender was associated with ATTRv-CM. It is well
established that ATTRwt-CM is mostly diagnosed in males,?
although noteworthy that post-mortem series indicate presence
of ATTR amyloid deposits in a higher proportion of females than
that diagnosed in life suggesting that the diagnosis of ATTR-CM
may be more frequently missed in females. In the present study,
a diagnosis of ATTR-CM was accompanied by a pathogenic TTR
mutation in 43.2% of females compared to 17.3% of males. Other
possible explanations for the higher prevalence of TTR mutations
among females diagnosed with ATTR-CM include the possibility of
slower evolution of the disease phenotype in females compared to

males who do not carry a TTR variant and/or that of a cardiopro-
tective effect of oestrogens during life.26 However, underdiagnosis
of ATTRwt-CM in females is highly likely to be a significant
contributor since current criteria to define cardiac hypertrophy
(i.e. interventricular thickness >12mm),” the usual reason for
suspecting cardiac amyloidosis in the first place, do not take
gender into account. Studies to establish the true prevalence of
ATTR-CM, particularly ATTRwt-CM, among females are urgently
required. Finally, presence of amyloid-related neuropathy, both
peripheral and autonomic, was associated with ATTRv-CM. This is
not surprising since most pathogenic TTR variants, including T60A
and V30M (accounting for 15.5% of all patients with ATTRv-CM
in the study population), are known to be associated with amyloid
polyneuropathy as well as cardiomyopathy, designated a ‘mixed’
(cardiomyopathic and neuropathic) phenotype; ATTRwt-CM,
on the other hand, is rarely associated with clinically important
polyneuropathy. The T60A TTR variant is estimated to be carried
by ~1% of the population from northwest Ireland. Interestingly,
although the V122l variant is associated with a predominant
cardiac phenotype, recent studies have demonstrated that carriers
of this variant are at increased risk of polyneuropathy,?” which fre-
quently goes undiagnosed. Similarly, IHD is likely under-recognized
in patients with ATTR-CM due to chronic elevation of serum
troponin and abnormal electrocardiographic findings which may
be assumed to be amyloid-related. In the present study, the higher
prevalence of diabetes and hypertension found among ATTRv-CM
compared to ATTRwt-CM patients was related to the increased
proportion of patients of Afro-Caribbean ethnicity in the former
group. Of note, IHD results from the complex interplay between
risk factors for coronary artery disease and environmental factors
not fully elucidated. Definition of IHD was based on clinical history
of previous myocardial infarction and investigation of coronary
artery disease was not systematically performed in the study pop-
ulation. Therefore, other factors rather than a direct protective
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Clinical Profile of Patients with Wild-Type and Hereditary
ATTR-CM

ATTRwt-CM

ATTRv-CM

o O

Figure 4 Profile of patients with variant transthyretin amyloid cardiomyopathy (ATTRv-CM) according to independent clinical risk factors.
ATTR-CM, transthyretin amyloid cardiomyopathy; ATTRwt-CM, wild-type transthyretin amyloid cardiomyopathy.

effect of TTR mutations against ischaemia may have affected the
association between IHD and ATTRwt-CM. Finally, AF is the most
common arrhythmias in ATTR-CM and its incidence is known to
increase with aging, providing an explanation for the association
with ATTRwt-CM in this cohort.’® The aforementioned inde-
pendent predictors of ATTRv-CM were further confirmed in an
analysis in which patients with Afro-Caribbean ancestries were
excluded. The presence of a PPM at diagnosis emerged as an
additional factor associated with ATTRv-CM in our cohort. PPM
implantation in patients with ATTR-CM is undertaken for severe
conduction disturbance (i.e. complete atrio-ventricular block),
which may occur due to amyloid infiltration within the conducting
system of the heart.?® It is noteworthy, however, that the pro-
portion of patients with V122l-associated ATTRv-CM who had
PPMs was extremely low in our cohort, suggesting that the risk of
conduction system disease may vary according to the specific TTR
variant or that variants associated with more pronounced neuropa-
thy, and in particular autonomic neuropathy (i.e. T60A and V30M),
are associated with a higher risk of cardiac rhythm disturbance.
Again, this requires further research. Awareness of the clinical
features associated with presence of a TTR variant among patients
diagnosed with ATTR-CM might be useful to stratify the likelihood
of ATTRv amyloidosis at first clinical evaluation in the ambulatory
setting, to provide more accurate information on the likelihood of
diagnosing ATTRv-CM to patients who are reluctant to proceed
with TTR gene sequencing and lastly, to enable prioritization of TTR
gene sequencing in centres with limited resource. Our results con-
firm on multivariable analysis in a far larger population the findings

of a single-centre study on 279 ATTR-CM patients >70 years'®
and further expand the range of clinical features associated with
ATTRv-CM. Of note, the present study provides new evidence for
the independent impact of ATTRv-CM on long-term survival along
with other established independent prognostic parameters.
Identification of ATTRv-CM is associated with major implica-
tions for clinical management of patients and relatives. Among
patients >70years in this study, and across all NAC ATTR prog-
nostic stages, a diagnosis of ATTRv-CM conferred a poorer sur-
vival compared to ATTRwt-CM, particularly in patients carrying
the V1221 TTR variant. This specific TTR variant is associated with
late-onset severe ATTR-CM and has previously been shown to
be associated with the poorest outcomes among all ATTRv geno-
typic variants.?’ Our data show that identification of the precise
causative amyloid variant by TTR gene sequencing in ATTR-CM
is prognostically relevant in elderly patients. Furthermore, it may
have major implications for the management of patients given
that patisiran, vutrisiran and inotersen are licensed for ATTRv
amyloidosis with polyneuropathy but not ATTRwt amyloidosis.
A diagnosis of ATTRv-CM ought therefore to prompt a neurol-
ogy referral to assess for presence of peripheral or autonomic
neuropathy, potentially enabling initiation of these ‘gene silenc-
ing’ disease-modifying therapies. Despite the fact that these gene
silencer therapies were initially tested in trials with polyneuropa-
thy endpoints, dedicated analyses in subgroups of patients with a
mixed phenotype (in other words both polyneuropathy and car-
diomyopathy), indicated a favourable impact of the therapies on
echocardiographic and CMR parameters of cardiac structure and
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function, such as mean left ventricular wall thickness, global lon-

3031 a5 well as all-cause

gitudinal strain and extracellular volume
mortality and cardiovascular hospitalizations.?! The initial findings
of the APOLLO-B trial, a placebo-controlled phase 3 clinical trial in
patients with predominant ATTR-CM, including ATTRv-CM, were
recently reported to show a statistically significant benefit with
patisiran in comparison to placebo in the primary endpoint mea-
sure of change in exercise capacity as measured by 6-min walk test
coupled with a benefit in quality of life.3?

A diagnosis of ATTRv-CM has obvious implications for rela-
tives of affected individuals. It enables cascade genetic screening
of relatives and careful monitoring for development of amyloidosis
in family members who carry the pathogenic mutation. Screen-
ing for early evidence of ATTR amyloidosis unequivocally leads
to initiation of disease-modifying treatment earlier in the course
of this progressive disease which has previously been shown to
be associated with the most consistent benefits for patients'® and
prevents the diagnosis from being established only when patients
have advanced cardiomyopathy or neuropathy which remains all
too frequent among those without a known family history of
ATTR amyloidosis®3 in whom signs and symptoms are often ini-
tially attributed to more common conditions.>* Of note, there
is considerable variation in the disease penetrance associated
with individual pathogenic TTR variants and even within variants
such that an extensive knowledge of the family history of disease
along with expertise in pre-symptomatic genetic testing, means
that cascade testing should be undertaken by clinical geneticists.
The determinants of disease penetrance among TTR mutation
carriers remain unknown and are an important area for future
research.

There are a number of limitations of this study. It is a retrospec-
tive analysis conducted at a national referral centre for amyloidosis
which situated in London, a large city. Whilst epidemiological data
from the NAC are likely to reflect national disease epidemiology
more closely than anywhere else in the world, we cannot exclude
a degree of referral bias related to geographical proximity to the
Centre. The geographical area of London is characterized by a mul-
tiracial and multi-ethnic population with a large Afro-Caribbean
population, 3—4% of whom are likely to carry the V1221 TTR vari-
ant.* It is likely, therefore, that the results of this study closely
reflect the situation in areas of the world with multi-ethnic popu-
lations such as the US and certain parts of Europe.

In conclusion, up to 20.7% of elderly patients with ATTR-CM
carry a pathogenic TTR mutation with a higher proportion
still among specific ethnic groups. Among patients diagnosed
with ATTR-CM, younger age at diagnosis, female gender,
Afro-Caribbean ethnicity, AF, IHD, polyneuropathy and ortho-
static hypotension are independently associated with ATTRv-CM.
A diagnosis of ATTR-CM should prompt sequencing of the TTR
gene in all patients, regardless of age, gender and ethnicity.
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Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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