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Aims The incidence and risk factors of pacemaker (PM) implantation in patients with cardiac amyloidosis (CA) are largely
unexplored. We sought to characterize the trends in the incidence of permanent PM and to identify baseline
predictors of future PM implantation in light-chain (AL) and transthyretin (ATTR) CA.

Methods Consecutive patients with AL and ATTR-CA diagnosed at participating centres (2017-2020) were included. Clinical

and results data recorded within +1 month from diagnosis were collected from electronic medical records. The primary
study outcome was the need for clinically-indicated PM implantation. Patients with PM (n = 41) and/or permanent
defibrillator in situ (n = 13) at CA diagnosis were excluded. The study population consisted of 405 patients: 29.4%
AL, 14.6% variant ATTR and 56% wild-type ATTR; 82.5% were male, median age 76 years. During a median follow-up
of 33 months (interquartile range 21-46), 36 (8.9%) patients experienced the primary outcome: 10 AL-CA, 2 variant
ATTR-CA and 24 wild-type ATTR-CA (p = 0.08 at time-to-event analysis). At multivariable analysis, history of atrial
fibrillation (hazard ratio [HR] 3.80, p = 0.002), PR interval (HR 1.013, p = 0.002) and QRS >120ms (HR 4.7,
p = 0.001) on baseline electrocardiogram were independently associated with PM implantation. The absence of
these three factors had a negative predictive value of 92% with an area under the curve of 91.8% at 6 months.

Conclusion In a large cohort of AL and ATTR-CA patients, 8.9% received a PM within 3 years after diagnosis. History of atrial
fibrillation, PR >200 ms and QRS >120 ms predicted future PM implantation.

*Corresponding author. Cardiovascular Department, Azienda Sanitaria Universitaria Giuliano-Isontina (ASUGI), University of Trieste, Via P. Valdoni 7, 34100 Trieste, Italy. Email:
aldostefanoporcari@gmail.com and marco.merlo79@gmail.com

"These authors contributed equally as last authors.


https://orcid.org/0000-0003-3307-0825
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejhf.2533&domain=pdf&date_stamp=2022-05-16

Graphical Abstract

AL and ATTR-CA confirmed by established ESC non-invasive or invasive diagnostic criteria

RISK FACTORS FOR PM IMPLANTATION AT DIAGNOSIS
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Proposal of a flowchart to estimate the risk of pacemaker (PM) implantation in patients with light-chain (AL) and transthyretin (ATTR) cardiac
amyloidosis (CA). AF, atrial fibrillation; AUC, area under the curve; ESC, European Society of Cardiology; HR hazard ratio; NPV, negative predictive

value.
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Introduction

Cardiac amyloidosis (CA) is an emerging cause of heart fail-
ure (HF) and mortality.” This condition results most frequently
from age-related failure of homoeostatic mechanisms in wild-type
transthyretin (AT TRwt) amyloidosis, destabilizing mutations in vari-
ant ATTR (ATTRv) amyloidosis or an haematological disorder in
immunoglobulin light-chain (AL) amyloidosis.2 Although patients
often seek medical attention for the development of signs and
symptoms of HE3* arrhythmias and conduction system diseases
are common in CA, namely atrial fibrillation (AF), sinus node dys-
function and atrioventricular (AV) blocks.>® Data regarding the
incidence and prevalence of pacemaker (PM) implantation in CA
are extremely scarce and focused only on ATTR-CA.” To the best
of our knowledge, a single study on ATTR-CA reported that 10%
of patients already had a PM in situ at the time of CA diagnosis
and 11% underwent PM implantation during follow-up.” Although
patients with ATTRwt-CA might be at increased risk of conduction
system disorders, no study compared the rates of PM implanta-
tion in ATTR and AL-CA, investigated the clinical phenotypes at
higher risk and identified tools to characterize the risk of future
PM implantation in the individual patient with CA. Therefore, we
designed this study to characterize the trends in the incidence
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of PM implantation and to identify baseline parameters able to
predict the future need for PM implantation in a large cohort of
well-characterized patients with AL and ATTR-CA.

Methods

This is a2 multicentre, retrospective, observational study performed in
six Italian referral centres for cardiac amyloidosis: Trieste (Cattinara
Hospital), Florence (Careggi Hospital), Genoa (San Martino Hospi-
tal), Padua (Padua University Hospital), Rome (Sant’/Andrea Hospital)
and Messina (Messina University Hospital). Trieste acted as coordinat-
ing centre of the study. The local Regional Institutional Review Board
approved the study (identifier 43_2009), and the participating centres
obtained local institutional review board approvals for the collection
of anonymous data. The study was conducted according to the Dec-
laration of Helsinki and informed consent was obtained under the
institutional review board policies of the hospital administrations.

Study design and study population

Consecutive patients with AL and ATTR-CA diagnosed or referred
at participating centres between 1 January 2017 and 31 December
2020 were included in the analysis. The end of follow-up was set at 31
October 2021. The diagnosis of AL and ATTR-CA was confirmed by



tissue biopsy or through established non-invasive criteria, according to
the latest recommendations from the European Society of Cardiology.®
In detail, ATTR-CA was diagnosed in presence of a Perugini grade 2 or
3 myocardial uptake at nuclear scintigraphy and absence of monoclonal
protein at urine and serum tests. In patients with Perugini grade
1 myocardial uptake, the diagnosis of ATTR-CA was confirmed by
endomyocardial biopsy (EMB).® DNA sequencing was performed in
all patients diagnosed with ATTR-CA to identify mutations in the
TTR gene.® Patients’ baseline was set at the time of CA diagnosis at
participating centres. Clinical data recorded within =1 month from
baseline were collected from electronic medical records, including all
the following: (i) clinical examination, (i) electrocardiogram (ECG), (jii)
echocardiography, and (iv) blood tests. History of AF was confirmed
by review of previous clinical reports documenting episodes of the
arrhythmia. Chronic kidney disease (CKD) was defined as an estimated
glomerular filtration rate (eGFR) <60 ml/min. For the purpose of
estimating the incidence of PM implantation during follow-up, patients
with a cardiac device in situ at the time of CA diagnosis were
excluded from the analysis and those who received a permanent
cardiac device without indications for pacing were censored at the time
of implantation at time-to-event analysis.

Electrocardiography

Twelve-lead ECG was performed using standard equipment and retro-
spectively reviewed for heart rate, rhythm, QRS voltage, depolarization
and repolarization abnormalities. The intervals on the surface ECG
were measured by operators specifically for this analysis. Electrocar-
diographic parameters (in particular, left bundle branch block [LBBB],
right bundle branch block [RBBB], left anterior fascicular block [LAFB]
and bifascicular block [BFB]) were measured and recorded according
to standard definitions.? In detail, first-degree AV block was defined as
presence of PR interval >200 ms. Low voltages were defined as a QRS
amplitude <0.5 mV in all limb leads or <1 mV in all precordial leads.

Echocardiography

Echocardiographic images stored on the electronic databases of the
participating hospitals were systematically reviewed offline for this anal-
ysis. All echocardiographic parameters were measured according to
standard international definitions.’ Right ventricular systolic dysfunc-
tion was defined as presence of tricuspid annular plane systolic excur-
sion (TAPSE) <17 mm and/or fractional area contraction <35%."°

Nuclear medicine

Cardiac scintigraphy was performed with different bone tracers
(99mTc-DPD, 99mTc-HMDP and 99mTc-PYP) according to centres’
local practice. A semi-quantitative score for cardiac uptake was
obtained based on results of planar images as previously described by
Perugini."!

Outcomes

The primary outcome of the study was PM implantation. Clinical indi-
cations for device implantation were (i) paroxysmal or permanent AV
block (second-degree, 2:1 infranodal, advanced or third-degree type),
(i) syncope with sinus node dysfunction, (i) AF with symptomatic low
heart rate, (iv) syncope with documented asystolic pause/s >3 s, and
(v) syncope with BFB. All-cause death was also recorded for competing
risk analysis. Reversible causes of conduction system disease were

systematically ruled out, including those drug-related, before implan-
tation in all patients receiving a PM during follow-up. The follow-up
protocol of the study included scheduled visits at participating centres
at regular time intervals of 3 and 6 months in AL-CA and ATTR-CA,
respectively, or earlier in case of clinical need; and contacting the
treating physician or the general practitioner to obtain clinical data.
These events were collected at scheduled follow-up evaluations, from
electronic health record system, and, if needed, through telephone
contacts with patients’ general practitioners and/or relatives. When a
PM was implanted outside the participating centres, clinical indication
to device implantation was obtained by contacting the centre that
performed the procedure.

Statistical analysis

Descriptive statistics between the study groups were calculated. Con-
tinuous variables were expressed as median with interquartile range
(IQR, 25th—75th percentile) as data were not normally distributed
according to the results of Kolmogorov—Smirnov test; categorical vari-
ables were expressed as absolute numbers and percentages. Differ-
ences between groups were evaluated using Mann—Whitney U test
for continuous variables, while Chi-square or Fisher’s exact test were
used for dichotomous variables. The Kaplan—Meier method was used
to estimate survival free from the study endpoint, and the log-rank test
was used to compare the curves. Taking into account possible com-
peting risk of all-cause death, cumulative incidence curves were also
estimated and compared using the appropriate methods.'? Univari-
able and multivariable Cox regression analyses were used to determine
independent predictors of future PM implantation. Each variable was
tested at univariable Cox analysis for the event PM implantation and
whether significant (p < 0.05) was run into a multivariable Cox analysis.
A total of 36 events occurred, 10 variables resulted significantly related
to the prespecified event, thus several multivariable analyses were run
with no more than four covariates. A p-value <0.05 was considered
as statistically significant. All statistical analyses were performed using
IBM SPSS Statistics 24.0 package (New York, NY, USA) statistical soft-
ware version 20 and R (R Foundation for Statistical Computing, Vienna,
Austria; https://www.r-project.org/), packages ‘cmprsk’ and ‘crrSC’.

Inter-centre variability analysis

There was good reliability between the centres in the assessment of
echocardiographic parameters (online supplementary Table ST).

Results

Study population

The initial cohort consisted of 459 patients: 27.7% (n = 127)
AL, 14.4% (n = 66) ATTRv and 58% (n = 266) ATTRwt. The
most frequent TTR mutations in the ATTRv-CA cohort were
Glu89GIn (n = 19, 29%), lle68Leu (n = 12, 18%) and Val30Met
(n =7, 10%). At baseline evaluation, 41 patients (8.9%, 8 AL-CA, 3
ATTRv-CA and 30 ATTRwt-CA; p = 0.02) had a definitive PM and
13 (2.8%) had a permanent implantable cardioverter-defibrillator
(ICD) in situ at the time of CA diagnosis, for a total prevalence of
11.8%. These patients were excluded from the study population,
which consisted of 405 CA patients. Baseline characteristics of the
study cohort are summarized in Table 7: 82.5% males, median age
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Table 1 Baseline characteristic of the study population according to pacemaker implantation during follow-up

Available Study No PM PM p-value
(n) population implantation implantation
(n = 405) (n=369) (n=36)

Age, years 405 76 (68—-81) 73 (72-74) 75 (72-78) 0.575
Male sex 405 334 (82.5%) 302 (81.8%) 32 (88.9%) 0.289
BMI, kg/m? 405 24.8 (23-30) 25 (25-26) 25 (24.26) 0.432
AL-CA 405 119 (29.4%) 109 (29.5%) 10 (27.8%) 0.220*
ATTRv-CA 405 59 (14.6%) 57 (15.4%) 2 (5.6%)
ATTRwt-CA 405 227 (56%) 203 (55%) 24 (66.7%)
NAC stage 213 2(1-2) 2(1-2) 2(1-2) 0.670
Mayo stage 79 3(2-3) 2 (2-3) 3(25-4) 0.113
eGFR <60 ml/min 351 162 (46.2%) 91 (30%) 13 (36%) 0.270
NYHA class >IlI 405 100 (24.7%) 93 (25.2%) 7 (19.4%) 0.444
Previous syncope 381 17 (4.5%) 14 (4.1%) 3 (8.3%) 0.210
History of AF 405 170 (42%) 147 (39.8%) 23 (63.9%) 0.005
Electrocardiogram
Rhythm at baseline 405 0.238
SR, % 303 (75%) 279 (75.6%) 24 (66.7%)
AF, % 102 (25%) 90 (24.4%) 12 (33.3%)
Heart rate, bpm 405 73 (55-82) 75 (74-76) 72 (67-76) 0.195
Dilated atria 266 128 (48.1%) 121 (48.6%) 7 (41.2%) 0.554
P-wave, ms 266 110 (80-120) 102 (99-104) 97 (86—107) 0.471
PR interval, ms 297 185 (160-219) 189 (184-194) 221 (195-246) 0.011
First-degree AV block 303 116 (38.3%) 101 (36.3%) 15 (62.5%) 0.011
AQRS, degree 370 —30 (—63-30) —13 (-20-6) —30 (—54-5) 0.028
QRS interval, ms 397 100 (87-120) 105 (102-108) 123 (113-134) <0.001
QRS >120ms 397 89 (22.4%) 72 (19.9%) 17 (48.6%) <0.001
LBBB 405 39 (9.6%) 32 (8.7%) 7 (19.4%) 0.037
RBBB 405 71 (17.5%) 60 (16.3%) 11 (30.6%) 0.031
LAFB 405 144 (35.6%) 130 (35.2%) 14 (38.9%) 0.662
QRS/IVS ratio 405 6.5 (5.2-8.1) 6.4 (5.2-8.0) 6.7 (5.8-6.5) 0.355
Low QRS voltages

Overall 405 159 (39.3%) 145 (39.3%) 14 (38.9%) 0.962

Precordial 156 9 (5.8%) 8 (5.6%) 1(7.1%) 0.817

Peripheral 159 157 (99%) 143 (98.6%) 14 (100%) 0.658

Negative T-waves 405 92 (22.7%) 82 (22.2%) 10 (27.8%) 0.448

Pseudonecrosis 405 204 (50.4%) 188 (50.9%) 16 (44.4%) 0.456
Echocardiography
IVS, mm 405 17 (15-19) 17 (16-17) 18 (17-19) 0.245
LVEF, % 405 55 (50-61) 55 (54-56) 52 (49-56) 0.026
LVEF <50% 405 94 (23.2%) 81 (22%) 13 (36.1%) 0.055
E/E 344 16.5 (11-21) 17 (16-18) 20 (15-24) 0.412
LA diameter, mm 385 45 (40-49) 45 (44-46) 48 (45-51) 0.169
RFP 381 140 (36.7%) 131 (37.9%) 9 (25.7%) 0.155
TAPSE, mm 356 19 (15-22) 19 (18-19) 18 (17-19) 0.466
RV dysfunction 356 125 (35.1%) 114 (35.1%) 11 (35.5%) 0.964
sPAP, mmHg 342 35 (27-44) 36 (35-38) 35 (32-38) 0.696

AF, atrial fibrillation; AL, light-chain amyloidosis; ATTRYy, variant transthyretin amyloidosis; AV, atrioventricular; ATTRwt, wild-type transthyretin amyloidosis; BMI, body mass
index; CA, cardiac amyloidosis; BFB, bifascicular block; BMI, body mass index; Cl, confidence interval; eGFR, estimated glomerular filtration rate; IVS, interventricular septum;
LA, left atrial; LAFB, left anterior fascicular block; LBBB, left bundle branch block; LVEF, left ventricular ejection fraction; NAC, National Amyloidosis Centre; NYHA, New
York Heart Association; PM, pacemaker; RBBB, right bundle branch block; RFP, restrictive filling pattern; RV, right ventricular; SR, sinus rhythm; sPAP, systolic pulmonary artery
pressure; TAPSE, tricuspid annular plane systolic excursion.

2Comparison between AL versus ATTR-CA.



76 years (IQR 68—81), 25% with New York Heart Association class
-1V, 42% had history of AF. At baseline evaluation, 303 (75%)
patients were in sinus rhythm and 102 (25%) in AF On 12-lead
ECG, median P wave, PR interval and QRS durations were 110 ms
(IQR 80-120), 185 ms (IQR 160-219) and 100 ms (IQR 87-120),
respectively. Among those in sinus rhythm, first-degree AV block
was found in 116 (38.3%). A wide (>120 ms) QRS complex was
observed in 89 (22.4%) patients, of whom 39 (9.6%) had LBBB
and 71 (17.5%) had RBBB. LAFB was present in 144 (35.6%)
patients. On echocardiography, median interventricular septum
(IVS) thickness was 17 mm (IQR 15-19), median left ventricular
ejection fraction was 55% (IQR 50-61), median TAPSE 19 mm
(IQR 15-22) and 37% of patients had a restrictive filling pattern.

Prognostic implications of surface ECG
for pacemaker implantation

During a median follow-up of 33 months (IQR 21-46), 36 (8.9%)
out of 405 patients experienced the primary outcome of the
study: 10 among patients with AL-CA (8.4%, 2.9 events/100
patients/year), 2 among patients with ATTRv-CA (3.4%, 1
event/100 patients/year) and 24 among patients with ATTRwt-CA
(10.6%, 4.2 events/100 patients/year). The overall median time
to PM implantation was 18 months (13.5, 40 and 18 months in
AL, ATTRv and ATTRwt-CA, respectively). Time-to-event analysis
showed a similar incidence of PM implantation in patients with AL
and ATTR-CA (p = 0.65) (online supplementary Figure S7). In 18
patients with Perugini grade 1 cardiac uptake on scintigraphy, the
diagnosis of CA was confirmed by EMB (4 AL-CA, 3 vATTR-CA
and 11 wtATTR-CA). There was no PM implantation in this group.
Indications for PM implantation were similar in patients with AL
and ATTR-CA (online supplementary Tables S2 and S3).
Univariable analyses and the derived multivariable model with
the highest x2 value are shown in Table 2. A history of AF emerged
as independently associated with PM implantation (hazard ratio
[HR] 3.80, p = 0.002), together with a longer PR interval (HR
1.013, p = 0.002) and a QRS >120ms (HR 4.7, p = 0.001)
at baseline ECG (Figures 7 and 2). These findings were further
confirmed in a competing risk analysis for all-cause mortality
(online supplementary Figure S2). A full list of parameters tested
at multivariable analysis is shown in online supplementary Table $4.
The risk of future PM implantation increased along with the
number of the parameters identified in the main multivariable
model (online supplementary Figure S3). Finally, the presence of
either longer PR interval or history of AF in combination with BFB
(RBBB + LAFB) and the contemporary presence of any two risk
factors conferred an increased risk for PM implantation (HR 3.38
and 5.1, respectively), but the highest risk was found in presence
of the three parameters (i.e. history of AF, PR interval >200 ms
and QRS >120 ms) emerged at multivariable model (Figure 3 and
online supplementary Figure S4), both in AL and ATTR-CA (online
supplementary Table S5). In the individual patient, the variable com-
bination of history of AF, PR >200 ms, QRS >120 ms or BFB yielded
a risk of PM implantation at 3years ranging from 2.80 to 6.26
times. Patients with these risk factors had baseline characteristics
in keeping with a more severe degree of cardiac amyloid infiltration

(online supplementary Table S6). The absence of all these three risk
factors had a negative predictive value for future PM implantation
of 92% (88%—94%) with an area under the curve (AUC) of 91.8%.
In the subgroup of patients without history of AF, the development
of de novo AF during follow-up conferred an increased risk of
PM implantation (HR 6.76, 95% confidence interval 1.85-24.72,
p = 0.004). The need for PM implantation during follow-up was
not associated with all-cause death in our cohort (p = 0.1).

Discussion

In the present study, more than 400 patients have been analysed
from six Italian referral centres for the diagnosis and treatment
of CA, being the largest analysis available in patients with AL and
ATTR amyloidosis to investigate the baseline prognostic predictors
of future PM implantation.

The main findings are: (i) definitive PM was present at the time
of CA diagnosis in 5 (3.9%), 6 (9.1%) and 30 (11.3%) patients with
AL, ATTRv and ATTRwt-CA, respectively; (ii) during a median
follow-up of 33 months (21-46), 8.9% patients with CA required
clinically-indicated permanent PM implantation; (iii) at extensive
multivariable analyses, history of AF, longer PR interval and QRS
>120ms on baseline ECG were independently associated with
subsequent PM implantation; and (iv) the presence of these three
risk factors conferred the highest risk of PM implantation during
follow-up.

As far as we know, this is the first study with a focus
on prevalence and incidence of PM implantation in a large,
well-characterized cohort of AL and ATTR-CA patients identifying
clinical and instrumental parameters at presentation independently
associated with PM implantation during follow-up. Data regarding
prevalence and incidence of PM implantation in CA are scarce and
available only on ATTR-CA.” The value of our analysis relies on
the possibility (i) to confirm previous observations on the role of
QRS >120ms for the prediction of PM implantation; (ii) to fur-
ther extend its validity also for patients with AL-CA; and (ii) to
demonstrate for the first time that a history of AF, PR interval
and QRS duration on baseline ECG are independently associated
with subsequent PM implantation in both AL and ATTR-CA. Our
results have not been shown before and deserve attention, poten-
tially having major implications for clinical practice. Remarkably, in
this analysis, CA patients with history of AF, longer PR interval
and QRS duration on baseline ECG were at higher risk of future
PM implantation and might deserve closer, dedicated cardiological
follow-up. Moreover, patients with longer PR interval or history
of AF deserve special surveillance in presence of a BFB (RBBB +
LAFB) or LBBB (Figure 3 and online supplementary Figure S4). These
data add an important piece of information to the understanding
of clinical phenotypes at higher risk of future conduction system
disease that might benefit from long-term monitoring and provide
tools for prediction of PM implantation in the individual patient
with CA (Graphical Abstract). If confirmed in future dedicated stud-
ies, the combination of three simple parameters might be a novel,
useful clinical tool to estimate the need for clinically-indicated PM
implantation with high accuracy in the short term.



Table 2 Univariable and multivariable most accurate Cox models

Available (n) Univariable? Multivariable®
HR (95% CI) p-value HR (95% CI) p-value

Age, years 405 1.030 (0.995-1.07) 0.092
Male sex 405 0.477 (0.167-1.36) 0.167
BMI, kg/m? 405 0.986 (0.898—1.083) 0.767
AL vs. ATTR-CA 405 1.17 (0.561-2.45) 0.674
NAC score 213 0.978 (0.562—1.704) 0.938
Mayo score 79 2.80 (0.914-8.445) 0.072
eGFR <60 ml/min 351 1.008 (0.994-1.023) 0.259
NYHA class >IlI 405 1.008 (0.596—1.704) 0.976
Previous syncope 381 2.75 (0.834-9.064) 0.096
History of AF 405 2.96 (1.5-5.86) 0.002 3.80 (1.64-8.8) 0.002
SR vs. AF at baseline 405 0.582 (0.290-1.167) 0.127
Heart rate, bpm 405 0.985 (0.958-1.013) 0.284
Heart rate <60 bpm 405 1.31 (0.50-3.37) 0.578
Dilated atria 266 0.777 (0.295-2.05) 0.610
P-wave, ms 266 0.989 (0.967-1.012) 0.356
PR interval, ms 297 1.014 (1.007-1.022) 0.004 1.013 (1.005-1.02) 0.002
First-degree AV block 303 3.07 (1.33-7.07) 0.008
AQRS, degree 370 0.995 (0.990-1.001) 0.133
QRS interval, ms 397 1.021 (1.011-1.031) <0.001
QRS >120ms 397 3.97 (2.04-7.74) <0.001 4.70 (1.90-11.7) 0.001
LBBB 405 2.26 (0.989-5.16) 0.054 0.35 (0.07-1.63) 0.18
RBBB 405 2.37 (1.61-4.83) 0.018
LAFB 405 1.17 (0.601-2.30) 0.636
Low QRS voltages 405 0.995 (0.509-1.95) 0.988
QRS/IVS ratio 405 0.993 (0.867—-1.138) 0.925
Negative T-waves 405 1.194 (0.575-2.48) 0.635
Pseudonecrosis 405 0.814 (0.422-1.57) 0.541
IVS, mm 405 1.086 (0.995-1.85) 0.064
LVEF, % 405 0.979 (0.951-1.008) 0.153
LVEF <50% 405 2.1 (1.06—-4.15) 0.033
E/E 344 1.037 (1.001-1.074) 0.045
LA diameter, mm 385 1.043 (1.003-1.086) 0.037
RFP 381 0.695 (0.324-1.49) 0.349
TAPSE, mm 356 0.975 (0.904-1.050) 0.502
RV dysfunction 356 1.053 (0.517-2.142) 0.887
sPAP, mmHg 342 0.999 (0.969-1.029) 0.927

AF, atrial fibrillation; AL, light chain amyloidosis; ATTRYy, variant transthyretin amyloidosis; AV, atrioventricular; ATTRwt, wild-type transthyretin amyloidosis; CA, cardiac
amyloidosis; BFB, bifascicular block; BMI, body mass index; Cl, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; VS, interventricular septum;
LA, left atrial; LAFB, left anterior fascicular block; LBBB, left bundle branch block; LVEF, left ventricular ejection fraction; NAC, National Amyloidosis Centre; NYHA, New
York Heart Association; PM, pacemaker; RBBB, right bundle branch block; RFP, restrictive filling pattern; RV, right ventricular; SR, sinus rhythm; sPAP, systolic pulmonary artery

pressure; TAPSE, tricuspid annular plane systolic excursion.

2Each variable was tested at univariable Cox analysis for the main endpoint of the study.

5The multivariable with the highest y? value (37.4) is shown. The independent prognostic value of history of AF, PR interval and QRS >120 ms was confirmed in an extensive
multivariable analysis taking into account covariates which resulted significantly (p < 0.05) related to the main endpoint of the study at univariable analysis.

Prevalence and incidence of pacemaker
implantation in cardiac amyloidosis

In this analysis, we report that the prevalence at baseline and
the incidence during follow-up of PM implantation is high in AL
and ATTR-CA patients, accounting for 8.9% of patients with a
PM in situ at the time of diagnosis and 8.9% of patients requiring
device implantation in the 3 years following the diagnosis (Figure 7).
Rapezzi et al.'® were the first to characterize the cardiological

profile of CA patients at presentation and reported the presence
of permanent PM in 3% of AL-CA, 13% of ATTRwt-CA and 3% of
ATTRv-CA at the time of diagnosis. Although arrhythmias and con-
duction system disease are common in CA, baseline parameters
able to predict the need for future device implantation represent a
largely unexplored field. To the best of our knowledge, only a sin-
gle study investigated the prevalence and incidence of high-grade
AV block requiring PM implantation in a cohort of ATTR-CA.” Of
note, in line with our results, the authors reported similar findings
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with 9.5% of patients receiving PM implantation before the diag-
nosis and 11% of patients developing clinical indications to device
implantation during follow-up.>” Therefore, our findings confirm
previous observations and further extend the validity of the results
also for patients with AL-CA. In the present analysis, the need for

of events/100 patients/year. The rate of PM implantation is shown on the

clinically-indicated PM implantation during follow-up was similar in
different stages of disease and among AL and ATTR-CA. Although
ATTR-CA is expected to be associated with a higher incidence of
PM implantation, this result might be explained by (i) the increased

number of ATTR-CA patients recognized in earlier disease stages
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compared to the past; (i) the toxic effect exerted by immunoglobu-
lin light chains on conduction system and the myocardium in AL-CA
patients; and (iii) the common detection of bradyarrhythmias and
complete AV block in patients with severe AL-CA implanted with
cardiac rhythm recorders." When considering the prevalence and
incidence of PM implantation in the population initially screened
for this study (n = 459), patients with ATTRwt-CA appeared to
have the highest need for PM (online supplementary Figure S5).
Nevertheless, whether PM implantation was clinically indicated in
patients already carrying this cardiac device at baseline could not
be determined and was outside the scope of the present analysis.
Prospective studies on larger cohorts will be needed in this field.
Finally, amyloid deposition in the heart is heterogeneous and, per-
haps, factors other than the aetiology are more relevant for the
risk of PM implantation such as those identified on multivariable
analysis: PR interval, history of AF and QRS >120 ms. Therefore,
the ability of those parameters to predict future PM implanta-
tion in the short term might aid in the accurate identification of
candidates, beyond the specific CA aetiology. Dedicated staging
systems'® should be used specifically for global prognostic strat-
ification in AL and ATTR-CA.

Baseline predictors of pacemaker
implantation in cardiac amyloidosis

To the best of our knowledge, this is the first study demonstrat-
ing that a history of AF, PR interval and QRS duration on baseline

ECG are independently associated with subsequent PM implanta-
tion (Figure 7). A number of pathophysiological and clinical reasons
can explain our findings. First, AF is the most common arrhyth-
mia in CA and results from direct atrial deposition of insoluble
misfolded precursor proteins and the increase in filling pressures
due to non-compliant ventricles. Although the prognostic impact
of AF in CA is still under investigation, AF is considered a marker
of more advanced cardiac amyloid infiltration and its prevalence
increases with advancing ATTR-CA stage.® Second, prolongation
of the PR interval confers an increased risks of AF, PM implanta-
tion, and all-cause mortality in the general population.'® In CA,
the increase in PR and QRS interval duration reflects amyloid
deposition in the atria and ventricles, which disrupts tissue struc-
ture and the transmission of electrical impulses along conduction
fibres.' '8 In advanced disease stages, atrial myocyte bundles are
progressively isolated with significant intra-atrial conduction delay
and prolongation of P-wave duration on surface ECG." Of note,
in the present analysis, P-wave duration was not associated with
PM implantation, thus suggesting that the prognostic value of the
PR interval resided in the ability to reflect the AV rather than the
intra-atrial conduction delay. Third, LBBB and RBBB leading to a
wide QRS interval are known to be associated with the devel-
opment of high-grade AV block leading to PM implantation.¢20:21
In our cohort, at multivariable analysis, a QRS interval >120ms
portended a higher risk of the primary outcome, but LBBB and
RBBB did not. These findings might support the hypothesis that
the prognostic impact of wide QRS interval is independent from



the specific pattern of intraventricular conduction disease evident
on baseline ECG. Similar results were found in a previous study
on 369 ATTR-CA patients followed over 28 months where a wide
QRS interval (>120ms) on baseline ECG was the only parame-
ter associated with the subsequent development of high-grade AV
block.” In addition, we found that the incidence rate of PM implan-
tation in patients with wide QRS was much higher than that of
patients with LBBB or BFB (Figure 3 and online supplementary
Figure S4), that are known to be at risk of progression to com-
plete AV block and/or syncope during follow-up, also in absence of
structural heart disease.”??* This finding suggests that QRS dura-
tion might be a more sensitive marker of conduction system dis-
ease than the specific pattern of intraventricular delay (i.e. LBBB,
RBBB and BFB), reasonably due to the ability to reflect the burden
of amyloid deposition in the heart along with the impairment of
intraventricular fascicles. Finally, the presence of a wide QRS with
history of AF and longer PR interval conferred the highest risk of
PM implantation in the CA setting (online supplementary Figure S3).
These parameters emerged indeed as possible tools to estimate
the risk of future PM implantation in the individual patient with
CA, both in AL and ATTR amyloidosis (Figure 3 and online supple-
mentary Table S5). Notably, the presence of these risk factors was
higher in CA patients with echocardiographic parameters in keep-
ing with a more advanced cardiac infiltration, pointing at a relation-
ship between amyloid burden and conduction system impairment
(online supplementary Table S6). Therefore, our results strongly
suggest to assess carefully medical history and baseline ECG for
the presence of these risk factors and to monitor patients for the
development of risk factors of PM implantation during follow-up
as the risk conferred by CA is dynamic over time. The transla-
tion of these findings into clinical practice requires confirmation in
further studies. The use of long-term monitoring devices in future
dedicated studies on patients with CA will allow more accurate
identification of candidates for PM implantation.?* In the modern
era, CA is increasingly recognized as a relatively prevalent condi-
tion.’® Recent advances in diagnosis and treatment are going to
translate into longer life expectancy of patients and more challeng-
ing clinical scenarios?® such as the need to identify subjects at higher
risk for conduction system abnormalities and PM implantation. Fur-
ther research is required to determine whether initiation of specific
treatments can reduce the need for cardiac device implantation and
increase the survival free from PM implantation.?®

Limitations

The study was retrospective and conducted among referral cen-
tres for the diagnosis and management of AL and ATTR-CA in Italy.
Although the study protocol was designed to minimize the risk of
missing patients with indications for PM implantation, we cannot
completely exclude this event. The heterogeneity of TTR muta-
tions did not allow to perform subgroup analyses in specific cohorts
on ATTRv-CA patients. Data regarding the presence of hyperten-
sion and patients’ medications were not available due to the ret-
rospective nature of the study. Serum levels of troponin and natri-
uretic peptides were not analysed due to inter- and intra-centre
differences in assay sensitivity and biomarkers in use over time.

The presence and potential prognostic value of cardiac magnetic
resonance parameters for prediction of PM implantation could not
be explored in this analysis. Finally, CA stage could not be mea-
sured in the whole study cohort because of missing data due to
the retrospective nature of the analysis. Further studies (possi-
bly using artificial intelligence methods) are required to investigate
if other clinical/laboratory parameters (including cardiac magnetic
resonance parameters) can provide incremental value over the
findings of the present analysis for the prediction of PM implan-
tation in CA.

Conclusion

In a large cohort of well-characterized patients with AL and
ATTR-CA, the incidence of PM implantation was high accounting
for 8.9% of patients in the 3 years following the diagnosis. History of
AF, PR interval and QRS >120 ms on baseline ECG independently
predicted the future need for PM implantation in both AL and
ATTR-CA, while disease aetiology did not. While CA patients
with these features might need close monitoring during follow-up
for the development of conduction system disease requiring PM
implantation, the absence of all risk factors accurately identified
patients without need for PM implantation in the first 6 months
after diagnosis.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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