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Abstract

Background and
Aims

Results

Conclusions

Hereditary transthyretin amyloidosis (ATTRv) is an autosomal dominant disease with variable penetrance.
Cascade genetic screening may enable earlier diagnosis and intervention, but its prognostic impact remains
unclear.

This study retrospectively analysed 967 individuals from 431 families between 2004 and 2024 across 15 Italian
referral centres. Participants were categorized as ATTRv index cases, symptomatic carriers (genotype-positive/
phenotype-positive [G+/P+]), or asymptomatic carriers (genotype-positive/phenotype-negative [G+/P-]).
Clinical characteristics, disease conversion, and survival were evaluated.

Following identification of 398 index cases, genetic screening of 1243 relatives identified 569 carriers (461 G+/P—,
108 G+/P+). Among the 461 G+/P—, over a median follow-up of 5.3 [1.7-9.8] years, 77 (16.7%) patients developed
aclinical diagnosis of ATTRv: Glu89GiIn (42.2%, 95% confidence interval [Cl] 28.8-56.9), Phe64Leu (24.7%, 95% ClI
16.1-35.8), Val30Met (13.1%, 95% Cl 7.4-22.1), lle68Leu (7.3%, 95% Cl 4.1-12.8), and Val122lle (5.1%, 95% ClI
1.3-18.3), other variants 22.9% (95% Cl 14.5-34.1). Notably, 11/62 (17.7%) carriers converted >10 years earlier
than the predicted age of disease onset. G + P+ patients had better survival than index (hazard ratio [HR] 0.43, 95%
Cl10.24-0.79), and mixed phenotype showed worse outcomes than cardiac presentations. Disease-modifying ther-
apy was independently associated with lower mortality (HR 0.11, 95% Cl 0.01-0.17).

Cascade genetic screening facilitated earlier diagnosis and was associated with improved survival, likely related
to identification at an earlier stage of disease and timely treatment initiation. Variant-specific follow-up is es-
sential, as some carriers convert earlier than predicted. Systematic, genotype-informed surveillance in ATTRv
is key to optimize outcomes.
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Structured Graphical Abstract

Key Question

What is the diagnostic and prognostic impact of cascade genetic screening in families with hereditary transthyretin amyloidosis variant?

Key Finding

In 398 index cases, cascade genetic screening in their families identified 569 carriers.
Screen-detected individuals were diagnosed earlier than probands, enabling timely referral to disease-modifying therapy. Over a median
5-year follow-up, 16.7% of carriers converted to an overt phenotype. Carrier relatives identified at screening had a significantly lower
risk of mortality than probands. Disease-modifying therapy was associated with markedly improved survival in both probands and carrier

relatives, with almost a 90% mortality risk reduction.

Take Home Message

These findings underscore the need for integration of proactive, genotype- and family history-informed surveillance into clinical practice.
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Cappelli F, et al. European Heart Journal.

Cascade genetic screening in hereditary transthyretin amyloidosis across 15 referral centres identified 569 carriers (genotype-posi-
tive/phenotype-negative, genotype-positive/phenotype-positive), enabling earlier diagnosis, timely initiation of disease-modifying
therapy, and improved survival through timely treatment initiation and identification at an earlier stage of disease. Prognostic benefit
was evident even after adjustment, with notable genotype-specific differences in conversion before predicted age of disease onset.
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Introduction

Hereditary transthyretin amyloidosis (ATTRv) is an autosomal
dominant disease caused by genetic defects of the transthyre-
tin gene (TTR) causing misfolding of the transthyretin (TTR)
protein, resulting in amyloid fibril deposition, primarily (but
not exclusively) in the heart and peripheral nerves. Disease
expression varies by mutation, ranging from prevalent sensori-
motor polyneuropathy with autonomic dysfunction to pre-
dominant cardiomyopathy, and often consists of a mixed
phenotype.?

Cascade genetic testing has been adopted in other hereditary
cardiovascular conditions, demonstrating beneficial effects for
at-risk family members allowing early and tailored manage-
ment.>* With the recent introduction of disease-specific drugs,
it has been proposed that in ATTRYv, early identification through
family screening can improve outcomes by facilitating timely in-
terventions.” Indeed, detecting presymptomatic or mildly symp-
tomatic individuals could potentially provide the opportunity to
initiate disease-modifying treatments before irreversible organ
damage occurs.

The penetrance of ATTRv is not fully understood,®™® and
while screening is recommended approximately 10 years before
the predicted age of disease onset (PADO) according to muta-
tion and family history,”° the rate and age of conversion may
vary widely by gender, ethnicity, and other unknown factors.®
As the Italian universal healthcare system provides comprehen-
sive coverage for presymptomatic genetic testing, monitoring,
and treatment, Italy represents an ideal setting to test the clin-
ical impact of cascade genetic screening in ATTRYv, also consid-
ering the presence of several referral centres, and the
prevalence of different pathogenic genetic variants across the
country. In addition, cascade genetic screening is generally
well accepted by patients and their relatives, as the Italian
laws ensure strict regulation of genetic information and
privacy.!?

With the present study, we aimed to describe the diagnostic
and prognostic impact of cascade genetic testing for ATTRy,
focusing on prevalence of the disease among screened family
members, variant conversion rates, and on long-term
outcomes.

Methods

Study centres and patient population

A total of 15 referral centres for ATTRyv, expert in the diagnosis and
management of the disease, participated in this retrospective study.
Five were located in Northern Italy (Milan, Padova, Pavia, Trieste,
Udine), eight in Central Italy (Ancona, Bologna, Florence, Pisa,
Rome Sant’Andrea Hospital, Rome Gemelli Hospital, and Rome
Umberto | Hospital), and two in Southern Italy (Naples and
Messina). Diagnosis of ATTRv and staging were performed accord-
ing to the evolving clinical practice and specific guidelines®12-14
(see Supplementary data online, Table S1). From 2004 to 2024, fam-
ilies receiving a diagnosis of ATTRv were offered genetic counsel-
ling and presymptomatic testing in at-risk relatives according to
each centre’s local practice.

The study was approved by the local Ethics Committees, and all
participants gave written informed consent for their clinical data
to be used for research purposes in accordance with the
Declaration of Helsinki.

Baseline clinical evaluation in index cases

Data on baseline demographic characteristics, clinical evaluation,
and instrumental tests were retrospectively collected. Information
regarding carriers’ conversion to overt phenotype and date of refer-
ral to therapy were also recorded.

Cascade genetic screening, monitoring of
mutation carriers, and definition of disease onset

Starting from the diagnosis of ATTRv in index cases, all subjects
identified during family screening carrying a TTR pathogenic variant
were included. Genetic testing was first offered to first-degree rela-
tives (siblings and offspring) and then extended also to second-
degree relatives. TTRv detection was performed on extracted
DNA according to centre practice. Cascade genetic screening has al-
ways been routinely proposed across all participating centres.
According to each local centre practice, ATTRv mutation carriers
were then evaluated by a multidisciplinary team to identify or ex-
clude signs or symptoms of overt ATTR disease. Subjects with clin-
ical, instrumental, or biopsy-proven signs of ATTRv disease at the
time of genetic screening (baseline) were identified as genotype-
positive/phenotype-positive (G+/P+), whereas those with a negative
multidisciplinary baseline evaluation were considered asymp-
tomatic carriers (namely genotype-positive/phenotype-negative;
G+/P-). Patients were followed per centre practice with a multidis-
ciplinary evaluation every 6, 12, or 24 months according to PADO
and centre practice. In particular, index patients and G+/P+ indivi-
duals diagnosed at baseline were reevaluated every 6 months, as
per standard practice for symptomatic patients. G+/P— patients
were monitored according to their proximity to PADO based on
the proband family member (index) age at disease onset: those with-
in 10 years of PADO were generally seen annually, while those more
than 10 years from PADO were followed every 2 years.? In addition,
PADO was also determined following the time from the average age
at diagnosis of the index and the G+/P+ relative according to the
family pedigree.'®

Phenotype definition

For mutation carriers that developed an overt ATTRv phenotype
(defined as the first clinical diagnosis of ATTRv—neuropathy and/
or cardiomyopathy—meeting consensus criteria at follow-up), age
at conversion, approximate date of phenotype onset and the diag-
nostic tests indicating conversion were recorded. Incidence was de-
termined based on the time passed from genetic testing to
phenotype definition. Standard assessment of patients with positive
genetic testing is summarized in Supplementary data online,
Table S1 and was equal for index patients and carriers. All individuals
underwent comprehensive cardiovascular and neurologic screen-
ing. Signs and symptoms suggesting potential disease included: dys-
pnoea, peripheral swelling, presence of atrial or ventricular brady- or
tachy-arrhythmias, presence or onset of ventricular hypertrophy or
other common cardiovascular red-flags,® autonomic dysfunction
(e.g. erectile dysfunction, orthostatic hypotension, syncope), gastro-
intestinal symptoms, unexplained weight loss, bilateral carpal tunnel
syndrome, lumbar canal stenosis, renal impairment, ocular involve-
ment, and/or family history of polyneuropathy. The polyneuropathy
disability score (PND) consists of five stages: (i) sensory distur-
bances with preserved walking capacity, (ii) impaired walking cap-
acity with no need for walking aids, (iiia) need for a stick or a
crutch for walking, (iiib) two sticks or crutches required for walking,
and (iv) wheelchair or bed bound.»*¢

Cardiac magnetic resonance was performed according to current
guidelines and standard clinical practice.® Criteria for diagnosis of
ATTRv amyloidosis were as follows: (i) bone scintigraphy
(*’™Tc-DPD, ?°™Tc-PYP or ™ Tc-HMDP) showing cardiac uptake
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grade ll-11l according to Perugini score in the absence of a monoclo-
nal gammopathy, (i) Perugini grade | cardiac uptake with a confirma-
tory cardiac or extracardiac biopsy, (iii) biopsy-proven cardiac TTR
amyloidosis performed for patients with cardiac imaging suggestive
of cardiomyopathy without scintigraphy, and (iv) symptoms com-
patible with ATTRv neuropathy with at least one confirmatory in-
strumental test and/or a positive (skin) biopsy.**

All diagnostic assessments were interpreted locally at each par-
ticipating centre.

Electrocardiographic abnormalities included rhythm disturbances
(atrial fibrillation, conduction blocks (first-degree, second-degree
atrioventricular blocks), QRS interval prolongation beyond 120 ms
and pseudo-necrosis pattern.

Study objectives

The primary objectives of the present analysis were (i) to evaluate
the prevalence of G+/P+ and carrier individuals among those rela-
tives who performed genetic testing, (ii) to determine variant-
specific phenotypic conversion rates and identify tests allowing
early detection of conversion, and (iii) to assess the prognostic im-
pact of cascade genetic screening exploring long-term outcome
across index cases and patients diagnosed through genetic
screening.

Statistical analysis

Continuous variables are expressed as median and interquartile
(IQR) and were compared with nonparametric tests, while categor-
ical variables are expressed as counts and percentages and were
compared with 2 or Fisher's exact test, if the predicted count was
<5.

Patients were divided into groups according to cascade family
screening as follows: index (defined as the first individual within a
family diagnosed with ATTRv, whose diagnosis initiates cascade
genetic screening to identify other at-risk family members), G+/P+
(defined as individuals who carry a pathogenic TTR mutation and ex-
hibit clinical signs or symptoms of ATTRv), and G+/P— (i.e. carriers;
defined as individuals who carry a pathogenic TTR mutation but do
not yet show clinical manifestations of the disease at the time of
screening).

For each carrier developing overt disease, date of the first diag-
nostic test was recorded and was used to determine rates of
conversion.

Survival analysis was performed with the Kaplan-Meier method.
For cumulative incidence of all-cause mortality, rates were ex-
pressed as events per 100 patient-years, where ‘patient-year’ repre-
sents the sum of individual follow-up times expressed in years. For
index, G+/P+, and carriers without conversion, follow-up started on
the day that the genetic test was performed. For carriers manifest-
ing phenotype conversion, the date of follow-up started with the
date of conversion by study protocol. In addition to determining in-
cidence rate, a Cox regression analysis was performed to determine
the potential factors associated with conversion to over phenotype.
Sensitivity analyses were performed by censoring patients who
were receiving disease-modifying therapies or enrolled in clinical
trials at the start date of these interventions. A time-dependent
Cox regression analysis was performed to determine factors asso-
ciated with all-cause mortality among patients with an overt clinical
phenotype (variable selection: backward selection with P < .10 as
threshold). Disease-modifying therapy was analysed as a time-
dependent covariate (stsplit), with exposure switching at the date
of treatment initiation; potential time-varying effects were mod-
elled using the tvc() option in Stata. Models did not include variables
that would be only collected in the presence of specific phenotypes
(i.e. New York Heart Association [NYHA] class or PND scores).

Follow-up ended in March 2024. Statistical analysis was performed
with IBM SPSS 29.0 (Armonk, NY, USA) and STATA (v19.0).

Results

Prevalence of G+/P+ and carriers and clinical

characteristics

In our cohort, 398 index cases were first identified and diag-
nosed with ATTRv. Following this, 1243 relatives underwent
cascade genetic screening, of whom 674 tested negative and
569 (45.8%) were found to carry a pathogenic TTR variant. Of
these, 461 were asymptomatic (G+/P-) at the time of genetic
testing (98 [21.3%] siblings and 363 [78.7%] offspring of index
cases). A total of 137/569 (24.1%) variant carriers were second-
degree relatives. Of note, 108 individuals were found to be al-
ready affected at the time of genetic testing (G+/P+) (71
[65.7%] siblings and 37 [34.3%] offspring of index cases)
(Figure 1). Baseline clinical characteristics according to the
type of referral and genetic screening are summarized in
Table 1 with a further stratification related to prescription of
disease-modifying drugs (DMDs) in Supplementary data
online, Table S2: of note, carriers and G+/P+ patients increased
over time from before 2012 to 2019, as well as the number of
individuals receiving DMDs, likely reflecting improved surveil-
lance and diagnostic awareness.

Median age at diagnosis was highest among index cases, com-
pared to their G+/P+ relatives. Male prevalence was highest
among index patients, followed by G + P+ and carriers (Table 1).

At diagnosis a mixed phenotype was observed in 175 (45.1%)
of index cases, higher than G+/P+ where it was present in 42
(39.3%) of G+/P+ individuals (P < .001). Neurological symptoms
were more prevalent in affected relatives, as seen in PND
scores. Renal function, as assessed by estimated glomerular fil-
tration rate (eGFR), was significantly lower in index patients (me-
dian 71 mL/min/1.73 m?) compared to carriers (94 mL/min/
1.73 m?) and G+/P+ individuals (85 mL/min/1.73 m?) (P = .002).

Overall, atrial fibrillation was the most frequent abnormality
at ECG, followed by pseudo-infarction pattern, low voltages, in-
traventricular conduction blocks and type | atrioventricular
blocks: these had a significantly higher prevalence among index
patients, followed by G+/P+ and carriers.

Characteristics of carriers who developed an
overt disease

Among the 461 carriers (G+/P-), over a median follow-up time
of 5.3 [1.7-9.8] years, 77 (16.7%) patients, including 33 (42.9%)
siblings and 44 (57.1%) offspring of index cases, developed a
TTR-related form of disease. The rate of conversion varied sig-
nificantly by genetic variant and age group (Figure 2, Table 2 and
Supplementary data online, Figure $S2): among carriers, the high-
est conversion rate was seen in Glu89GIn (42.2%, 95% Cl1]28.8-
56.9), followed by Pheé4dleu (24.7%, 95% Cl 16.1-35.8),
Val30Met (13.1%, 95% Cl 7.4-22.1), lle68Leu (7.3%, 95% ClI
4.1-12.8), and Val122lle (5.1%, 95% Cl 1.3-18.3). Other var-
iants accounted for 22.9% (95% Cl 14.5-34.1). A significantly
higher risk of conversion of Glu89GIn was also confirmed at
Cox regression analysis after adjusting for gender and age (see
Supplementary data online, Table S3). The median age of
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Negative Genetic

Screening

G+/P- at baseline (carriers)

N=461

Median follow-up to conversion
5.3[1.7-9.8] years

Figure 1 Flowchart of patients enrolled in the study. The flowchart described the derivation of the study cohort, from the identification
of the first index patients, to cascade genetic testing and final identification of genotype-positive/phenotype-positive (G+/P+), carriers
(genotype-positive/phenotype-negative [G+/P—]) and converted carriers (at follow-up)

conversion for all carriers was 59.6 [IQR 50.0-69.2] years, with
conversion occurring earlier in carriers of Glu89GIn (median age
49.1 [IQR 47.7-52.1] years) compared to other variants.

Remarkably, among carriers who converted to overt disease,
the proportion of male (51.9%) was lower than that observed
in index patients and closely resembled that of G+/P+ indivi-
duals diagnosed at baseline (Table 2).

When intra-familial age at onset was analysed to determine how
many carriers converted beyond the 10-year window, a total of
11/62 carriers developed signs and symptoms before the 10 years
from proband’s age (see Supplementary data online, Figure S1A).
These included: lle68Leu (N =5/11-45.5%), Glu89GIn (N =3/
16-18.8%), Pheé4Leu (N =2/15-13.3%), and Val30Met (N=1/
10-10.0%). Similar results were obtained when carriers were ana-
lysed according to age at diagnosis by family pedigree, with 17 pa-
tients developing ATTRv disease prior to 10 years of PADO (see
Supplementary data online, Figure S1B). We also determined the
prevalence of converted carriers only in relatives within the 10
years of the PADO and results were clinically similar: Glu89GIn
(40.1%, 95% Cl 27.5-55.6), followed by Phe64Leu (21.4%, 95%
Cl 13.3-32.5), Val30Met (9.8%, 95% Cl 5.0-18.6), lle68Leu
(3.4%, 95% Cl 1.4-8.1), and Val122lle (5.1%, 95% Cl 1.3-18.3).
Other variants accounted for 18.2% (95% Cl 10.6-29.4).

Moreover, clinical conversion was frequently represented by
evidence of neurological involvement, particularly small fibre
neuropathy (22/34) and sensitivity symptoms (25/69).
Accordingly, the test confirming clinical conversion was pre-
dominantly neurologic (61.3%). This may reflect both the ten-
dency of patients to overlook or tolerate early neurological

symptoms and the high prevalence of mixed phenotypes asso-
ciated with the TTR variants observed in our cohort.

Long-term survival and outcomes
After disease diagnosis, patients were followed for a median of
3.8 [IQR 1.6-7.1] years (index 3.4 [1.6-5.8] years; G+/P+ 4.2
[1.3-8.5] years; G+/P— 4.6 [2.3-8.6] years). Overall, in 344 of
583 (59.1%) eligible patients (including 398 index cases and
185 [108 at G+/P+ baseline and 77 converters] affected rela-
tives) a DMD (either stabilizer or silencer) was started (Index:
n=218, G+/P+. n=126; median time on treatment: 2.9
[1.0-4.2] years and 3.1 [1.0-4.4] years for index and G+/P+, re-
spectively; P =.106). In particular, 221/583 (37.9%) received ta-
famidis (51/221 [23.1%] tafamidis 20 mg), 88/583 (15.1%)
patisiran, 21/583 (3.6%) diflunisal, and 14/583 (2.4%) inotersen.
During follow-up, 258/967 (26.7%) patients died. Index pa-
tients showed a worse survival compared to G + P+, even after
adjustment for age, gender, and type of mutation (Figure 3 and
Supplementary data online, Figure S3), with a median survival
time of 6.0 (95% Cl 5.0-6.9) years. Cumulative incidence of
overall mortality according to last available phenotype were
10.5 per 100 patient*year (95% Cl 9.0-12.3) vs 5.8 per 100 pa-
tient*year (95% Cl 4.5-7.9) vs 0.5 per 100 patient*year (95% Cl
0.3-1.0) for index vs G+/P+ vs G+/P—, respectively (P < .001).
Of note, when stratified by treatment, DMDs consistently im-
proved survival both among index and G+/P+ patients (Figure 4):
while cumulative incidence of all-cause mortality was reduced
by >50% in the treated cohort (with index patients referred to
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Table 1 Baseline clinical characteristics of ATTRv patients enrolled in the study

Index Cascade screening P-value Overall P-value
n=398 G+/P— """""""" G+/P+ """ comparisons G+/P— vs. G+/P+
n=461 n=108
“ ge P genet|c ST 70[62—76] .......... ye [38—56] .......... & [ o _73] ............... oy SoorT
(years), median [IQR]
Men, n (%) 306 (76.9) 210 (45.6) 57 (52.8) <.001 .001
Ethnicity, n (%)
Caucasian 395(99.2) 458 (99.4) 108 (100)
Afro-Caribbean 3(0.8) 2(0.4) 0 561 .889
Other 0 1(0.2) 0
Family relationship
Sibling - 98 (21.3) 71(65.7) <.001
Offspring - 363 (78.7) 37 (34.3)
Variants, n (%) .001 .034
lle68Leu 126 (31.7) 150 (32.5) 18 (16.7)
Glu89GIn 36(9.1) 45 (9.8) 28 (25.9)
Val122lle 32(8.0) 39 (8.5) 3(2.8)
Pheé4Leu 62 (15.6) 73(15.8) 14 (13.0)
Val30Met 71(17.8) 84 (18.2) 25(23.1)
Other 71(17.8) 70 (15.2) 20 (18.5)
Matrilineal inheritance, n (%) (n = - 148 (38.5) 18 (34.6) .584
518)
Phenotype, n (%) (n = 957) <.001
ATTRv-CA 145 (37.4) = 26 (24.3)
ATTRv-PN 67 (17.3) = 39 (36.4)
Mixed 175 (45.1) = 42 (39.3)
Negative - 461 (100.0) -
NYHA class, n (%) <.001
| 126 (31.7) - 65 (60.2)
Il 187 (47.0) - 26 (24.1)
n-1v 59 (14.8) - 6 (5.6)
PND score, n (%) (n =447) 347 100 .001
0 115 (33.1) = 23 (23.0)
1 107 (30.8) - 47 (47.0)
2 80 (23.1) = 23 (23.0)
3a 25(7.2) = 5(5.0)
3b 8 (2.6) = 0
4 12 (3.4) = 2(2.0)
eGFR (mL/min/1.73 m?), median 71 [56-91] 94 [89-100] 85 [67-94] .002 <.001
[IQR] (n = 350)
NT-proBNP (pg/mL), median 1337 [432-3141] 27 [23-88] 442 [141-1122] .001 <.001

[IQR] (n=292)

Continued
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Table 1 Continued
Index Cascade screening P-value Overall P-value
n=398 G+/P— """""""" G+/P+ """ comparisons G+/P— vs. G+/P+
n=461 n=108

e ﬁbr|||at|onn(%) ....................... 102(256) .............. ; ( e 6(5 .3;) .................. gy TR
Pseudo-infarction pattern, n (%) 51(12.8) 4 ( 9 (8.3) <.001 <.001
Low voltage, n (%) 33(8.3) 6 (1. 7 (6.5) <.001 005
IV conduction block, n (%) 30(7.5) 2 (0.4 5(4.6) <.001 .030
Type | AV block, n (%) 28 (7.0) 1(0.2 3(2.8) 009 023
Maximum LVWT (mm), median 16 [14-19] 10 [9-11] 13 [11-19] <.001 001

[IQR] (n=830)

ATTRv, hereditary transthyretin amyloidosis; AV, atrioventricular; CA, cardiomyopathy; eGFR, estimated glomerular filtration rate; IQR, interquartile range; IV,
intraventricular; LVWT, left ventricular wall thickness; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PN,

neuropathic; PND, polyneuropathy disability.

Follow-up (years) from genetic testing

14
8
® 759
3
Glu89Gln - p=0.001 2
Phe64Leu - p=0.008 g
Cumulative incidence (vs Val30met) (_%
=
£
=3 a-
&) T
0
lle68Leu 150 (0)
— Glu8dGln  45(0)
Val1i22lle 39 (0)
Phe64lLeu 73 (0)
— Val30Met 84 (0)
Other 70 (0)

80 (4) 53 (7) 30 (100 13 (1) 8 (11)
22 (3) 20 (4) 18 (5) 17 (7) 13 (16)
22 (0) 16 (2) 9 (2 6 (2 5 (2)
29 (6) 21 (8) 15 (13) 10 (15) 6 (16)
53 (5) 40 (6) 26 (6) 15 (9) 13 (9)
45 (5) 36 (7) 26 (9) 21 (10) 13 (10)

Figure 2 Incidence of conversion of overt clinical phenotype among carriers at follow-up. Cumulative incidence curves with 95% con-
fidence intervals (shaded areas) and numbers at risk are shown, highlighting the significantly higher conversion rates for Glu89GIn and
Pheé4Leu variants. Numbers in brackets represent cumulative converted cases within the time frame presented. Follow-up time started
at genetic testing. Pairwise comparison (vs Val30Met): lle68Leu: P = .641, Glu89GiIn: P =.001, Pheé4Leu: P =.008; Val122lle: P = .404,

Other: P=.623

DMDs significantly outliving G+/P+ not receiving therapy),
G+/P+ patients receiving DMDs also showed a more favorable
outcome at follow-up over the entire cohort. Supplementary
data online, Figure S4 presents survival analysis according to
phenotype (index vs G+/P+ and converted carriers) receiving
DMDs.

At time-dependent Cox multivariable regression analysis
(Table 3), after adjustment for age, genotype, and disease-
modifying therapy, G+/P+ patients diagnosed earlier via screen-
ing showed a net survival benefit with a reduced mortality risk
(hazard ratio [HR] 0.433, 95% Cl 0.238-0.788, P =.006). Of
note, disease-modifying therapy was associated with reduced
mortality risk (HR 0.109, 95% CI 0.005-0.173, P <.001), but
treatment effect changed over analysis time, indicating a gradual
attenuation of the initial protective effect during follow-up (HR

1.112, 95% Cl 1.024-1.251, P =.014). Furthermore, Val30Met
and a pure cardiac phenotype were associated with better sur-
vival compared to those with other variants and mixed
phenotype.

Discussion

In this study we demonstrated that cascade screening in ATTRv
allows the early identification of a significant number of add-
itional patients. Early detection of phenotype at the time of gen-
etic diagnosis and early detection of phenotypic conversion
during follow-up allowed early initiation of disease-modifying
treatments improving the long-term outcome. To the best of
our knowledge, this is the first comprehensive investigation of


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag222#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag222#supplementary-data
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Figure 3 Unadjusted survival analysis of patients enrolled in the study from the last available clinical phenotype. Kaplan-Meier curves
show improved survival for G+/P+ patients identified through cascade screening compared to index cases, with follow-up time starting

at the last available phenotype determination

1.00

0.75

0.50 4

all-cause mortality

025

Cumulative survival for

0.00

1.3 per 100 patient*year (95% C.I. 0.7-2.5)

p<0.001

5.4 per 100 patient'year (95% C.I. 4.1-7.1)

10.1 per 100 patient*year (95% C.|. 6.9-14.6)
p<0.001

21.4 per 100 patient*year (95% C.|. 17.6-25.9)

[} 2 4 ]
Follow-up (Years)
Number at risk
Index no DMD 180 97 42 25
Index DMD 218 154 102 56
G+P+noDMD 59 43 28 20
G+/P+ DMD 125 110 91 67

8 10
13 8
32 18
13 13
55 41

Figure 4 Survival analysis by phenotype and disease-modifying drugs (DMDs). Kaplan-Meier curves show significantly improved sur-
vival among patients receiving DMDs, particularly in G+/P+ individuals highlighting the impact of early detection and treatment initiation
(all P < .01). Follow-up time was defined from the start of DMD therapy for both index and G+/P+ patients (including converted carriers)

the effectiveness of cascade genetic screening in ATTRv in a na-
tionwide cohort spanning over 20 years.

The main findings of our study can be summarized as follows:
(i) cascade genetic screening identified 569 carriers, including
461 G+/P- and 108 G+/P+ family members, (ii) patients identi-
fied by screening received a diagnosis earlier than probands, al-
lowing for potentially early referral for disease-modifying

therapy, (iii) over a median follow-up of 5 years, 16.7% of
G+/P— carriers converted to an overt clinical phenotype and be-
came eligible for disease-modifying therapies: 11/62 converted
before the PADO, (iv) disease-modifying treatment was signifi-
cantly associated with improved clinical outcome in both index
patients and G+/P+ relatives, with almost a 90% relative risk re-
duction in mortality, and (v) early treatment initiation in patients
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Table 3 Multivariable time-dependent Cox regression
analysis to predict all-cause mortality in patients diagnosed
with ATTRv

Variable Hazard 95% CI P-value
ratio
Age at genetic diagnosis  1.049  1.034-1.065 <001
(per 1-year increase)
G+/P+ vs Index 0.433 0.238-0.788  .006
Genotype (Val30Met
Reference)
lle68Leu 1.421 1.004-2.819 .031
Glu89GIn 1.710 1.103-3.012  .038
Val122lle 1.984 1.141-3452  .015
Pheé4Leu 1.468 0.996-2.618  .051
Other 1.728 1.088-2.997  .022
Phenotype
Pure cardiac vs mixed 0.737 0.380-0.912 .043
Pure neuropathic vs 1.049 0.676-1.626 .828
mixed
Disease modifier 0.109 0.005-0.173 <.001
Time-varying covariate 1.112 1.024-1.251 .014

disease modifier

ATTRyv, hereditary transthyretin amyloidosis; Cl, confidence interval; G+/P+,
genotype-positive/phenotype-positive.

identified by cascade screening, either affected at baseline or
developing the phenotype during follow-up, was associated
with a more favourable risk profile compared to index patients
(Structured Graphical Abstract).

Taken together these findings highlight the clinical relevance
and reinforce the indication of cascade genetic screening in
ATTRv. These findings further support the importance of a
structured multidisciplinary care model—including neurology,
cardiology, clinical genetics and, when appropriate, rehabilita-
tion and ophthalmology—since neurological manifestations are
common in variant carriers and may be under-recognized within
cardiology-led pathways.

Impact of cascade genetic screening on

ATTRv epidemiology

The demographic and clinical profiles of patients identified through
cascade screening differed significantly from those of index pa-
tients. Over time, this practice showed the potential to reshape
the epidemiology of ATTR-related disease and supports the need
for genotype-, gender-, and age-specific screening approaches.
This aligns with recent national data showing that, over the past
two decades, improved awareness, advances in diagnostic tools,
and wider genetic screening access have accelerated diagnosis, in-
creased prevalence and incidence, and shifted the mutation spec-
trum towards mixed and cardiac phenotypes.r” Moreover, in our
cohort, the yield of screening asymptomatic carriers increased in

the later years of the study, likely reflecting this growing aware-
ness, simplified diagnostic pathways, and earlier use of noninvasive
imaging within structured screening programmes.

The G+/P+ cohort identified at baseline through family screen-
ing included both older siblings and younger offspring, reflecting
the wide intrafamilial variability in disease expression. While this
heterogeneity likely contributed to their intermediate clinical
profile across cardiac and neurological assessments, differences
in eGFR across groups should be interpreted with caution, as re-
nal function may vary due to age and comorbidities and does not
necessarily indicate amyloid-related renal involvement. Notably,
the G+/P+ group was on average younger than probands,
yet already showed clinical manifestations, and included a higher
proportion of women—nearly 50%—a figure that exceeds what is
typically reported in the literature.'”*® Given the autosomal
dominant inheritance pattern of ATTRYy, this finding raises the
possibility that, still today, many women remain undiagnosed,
not because of lower penetrance per se, but due to under-
diagnosis.>? Although the underlying reasons remain uncer-
tain, one possible explanation involves the growing prevalence
of the lle68Leu and other predominantly cardiac variants, for
which diagnostic thresholds such as septal wall thickness may ex-
hibit important sex-specific differences.>”?°

In addition to gender-specific considerations, the high propor-
tion of G+/P+ individuals among offspring—accounting for ap-
proximately one-third of cases—challenges the common
practice of screening strategies based on the predicted age at
symptom onset in the proband.* This need is further supported
by our finding that among the 16.7% of carriers converting to
overt phenotype, a nonnegligible number of carriers developed
symptoms more than 10 years earlier than the proband’s age at
onset at both methods of PADO determination (determined ei-
ther according to the age at disease onset in the family proband
or according to average at disease diagnosis in the family pedi-
gree). These early converters were clustered among carriers of
the lle68Leu, Glu89GIn, Pheé4Leu, and Val30Met variants—
which, although uncommon, highlights the substantial variability
in age at onset associated with these variants.

Overall, while these findings are consistent with recent data
supporting the feasibility and effectiveness of European
Society of Cardiology (ESC)-recommended cascade screening
protocols to identify specific ATTRv phenotypes,*® they also ex-
plore and extend the indication to testing and to routine multi-
disciplinary assessments even in the presence of mild symptoms
(especially when specific variant carriers) in order to prioritize
early diagnosis and determine eligibility to disease modifiers.

Impact of cascade genetic screening on
treatment and survival

Beyond early diagnosis, at survival analysis, cascade family screen-
ing was also associated with a meaningful survival benefit. Over a
median follow-up of 3.8 years, overall mortality exceeded 25%,
with index patients experiencing higher risk and a significantly
higher cumulative incidence of death compared to G+/P+. In time-
dependent multivariable Cox regression, patients diagnosed via cas-
cade screening (G+/P+) had a 57% lower risk of mortality relative to
probands (HR 0.433, 95% Cl1 0.238-0.788, P = .006), even after ad-
justment for age, genotype, phenotype, and treatment exposure, in-
dicating that earlier identification through cascade screening is
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associated with improved prognosis: further confirming this hy-
pothesis, although initiation of disease-modifying therapy was asso-
ciated with an approximate 90% reduction in mortality risk (HR
0.109, 95% CI 0.005-0.173, P <.001), its overall benefit declined
with each year of delay, indicating a gradual attenuation of the initial
protective effect during follow-up. This trend could really be driven
by the probands who started treatment later in their life and have
higher event rates despite DMD therapy. Of note, genotype and
phenotype were both retained in the multivariable model, as pheno-
type expression in ATTRv is increasingly recognized to be heteroge-
neous across variants. Recent multicentre data have shown
that TTR mutations once considered phenotype-specific (e.g.
Val30Met, lle68Leu, Pheé4Leu, Val122lle) frequently display mixed
cardiac-neurological presentations, thereby reducing the risk of ma-
jor genotype-phenotype collinearity in multivariable analyses.'”

These observations should also be interpreted in the con-
text of the evolving epidemiology of ATTRv and the historical
nature of our cohort. Many index cases were diagnosed be-
fore disease-modifying therapies became available or reim-
bursed, whereas broader cascade screening in more recent
years has enabled earlier detection, earlier treatment, and
the identification of milder phenotypes—factors that directly
influence survival estimates. For these reasons, some degree
of residual confounding cannot be excluded. Nevertheless,
these data reinforce the clinical value of structured cascade
screening as a strategy to improve long-term outcomes in
ATTRYy, particularly when paired with prompt referral to treat-
ment in the early stages of disease, while also underscoring
the importance of considering potential reimbursement and
access barriers.

Notably, cascade screening and periodic carrier follow-up can
be time- and resource-consuming processes that may result in in-
creased medicalization and anxiety—key modulators of quality of
life, especially as it is often more complex given the challenges of
communicating age-dependent penetrance.® Recent evidence in
related contexts, such as hypertrophic cardiomyopathy, has
shown that the yield of genetic diagnosis can be as high as
1-in-4 screened individuals, with similar clinically meaningful long-
term consequences.? While these strategies may determine
higher upfront costs in the short-term, they are later associated
with a favourable cost-effectiveness profile.?2=2% Importantly, at
a time when DMDs are becoming increasingly available, the issue
of a proper timing of treatment in mildly symptomatic carriers to
prevent further disease burden is not only ethically very relevant
but also cannot any longer be postponed. Obviously, ATTRv could
benefit from early screening to guide disease-specific therapy and
prevent disease progression-related hospitalizations, functional
capacity deterioration and death.'®

Another key finding from our cohort is that 16.7% of G+/P—
carriers converted to an overt clinical phenotype over a median
follow-up of 5 years. Our findings reinforce the concept that
ATTRv is a dynamic continuum, beginning with early TTR amyl-
oid deposition that may remain asymptomatic or subclinical for
many years. Progression to overt clinical disease occurs once
amyloid burden exceeds a threshold sufficient to impair organ
function, a process that can vary greatly according to genotype,
age, and other host factors. The observation that a proportion of
carriers converted significantly earlier than predicted under-
scores this heterogeneity, and highlights the importance of
genotype-specific, tailored surveillance to enable intervention

at the earliest signs of phenotypic transition. Specifically, the
rate of conversion, varied significantly by mutation. During a
median follow-up of 5.3 [1.7-9.8] years, Glu89GIn carriers
showed the highest conversion rate (42.2%), with a much earlier
age of conversion compared to other more common pathogenic
variants like lle68Leu and Val122lle. While we cannot exclude
that the duration of follow-up could be in part responsible for
this, this heterogeneity suggests a patient-tailored approach
once genetic testing is confirmed positive.

Overall, these results align with the recommendations of the
International Society of Amyloidosis, the American Heart
Association, and the American College of Cardiology, which advo-
cate genetic testing in all patients with ATTR.2>~2” Our findings ex-
tend this message by demonstrating how such testing should be
systematically integrated into clinical practice, coupled with genet-
ic counselling, to enable early identification of at-risk relatives—not
only in offspring (often carriers) but also in siblings (often present-
ing with overt phenotype). This approach supports timely access to
both disease-modifying therapies and comprehensive supportive
care (e.g. pharmacological, rehabilitative, physical, and nutritional
interventions). Moreover, our data reinforce the rationale under-
pinning the ACT-EARLY trial (NCT06563895), emphasizing the
strategic importance of early detection and surveillance of asymp-
tomatic carriers to facilitate prompt intervention and improve long-
term outcomes.

Study limitations

The retrospective design over 20 years may introduce bias,
particularly in the referral and selection of index patients.
However, the multicentre nature of the study including tertiary
referral centres specialized in the care of rare diseases with
similar screening and monitoring protocols, may have miti-
gated such potential bias. Follow-up intervals varied across
centres (ranging from 6 to 24 months), particularly for asymp-
tomatic carriers, which may have introduced bias in estimating
the exact timing of phenotypic conversion, as those on longer
surveillance intervals could have had delayed recognition of
disease onset. Early subclinical patients may have been missed,
leading to potential underestimation of ATTRv disease.
Furthermore, given the long study period and the multicenter
nature of the cohort, troponins were measured inconsistently
and with different assays (including high-sensitivity assays).
As such, data on troponins were not collected. Similarly, data
on left atrial size, ejection fraction, and global longitudinal
strain were not collected. No data on individuals who refused
to undergo testing could be retrieved. From a clinical stand-
point, data on PND score and NYHA class were recorded
only when considered clinically relevant (i.e. when neurological
or cardiac involvement was suspected or present); similarly,
NAC scores or other potential residual confounding or modu-
lating factors for survival analysis may have not been recorded
systematically due to the retrospective nature of the study.
Furthermore, only associations between covariates and mor-
tality can be determined. Biopsies, like fat pads, have a reason-
able sensitivity for ATTRv, but far from perfect: this may induce
underestimation bias.

In addition, the study is focused on a predominantly Italian co-
hort with regional-specific variant distribution and lower
prevalence of some genotypes (like Val122lle or Thré0Ala).
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This may limit the generalizability of the findings to other
populations, where genetic variants, mutation portfolio, and
healthcare infrastructure may differ. On the other hand, this ap-
proach highlights the importance of a nationwide network, with
shared protocols and collaboration in the setting of a uniform
national healthcare system.

Future prospective international collaborative studies with
standardized follow-up protocols across diverse populations
are needed to validate these findings in different national co-
horts, and identify variant-specific surveillance strategies.

Conclusions

Cascade genetic screening effectively identifies variant carriers
with no or milder disease phenotype, favouring early interven-
tion and thus determining a more favourable outcome. Our find-
ings support a mutation-specific follow-up to timely detect early
clinical conversion of pathogenic variant carriers. Future pro-
spective international and multicentre studies with shared
follow-up protocols are needed to validate these findings in
other countries with different epidemiology and genetic
background.

Supplementary data

Supplementary data are available at European Heart Journal
online.
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