Echocardiographic phenotype and prognosis in transthyretin cardiac amyloidosis
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Abbreviations:

ATTR-CM: transthyretin amyloidosis cardiomyopathy
WLATTR: wild type transthyretin

hATTR: hereditary transthyretin

HFpEF: heart failure with preserved ejection fraction
EMB: endomyocardial biopsy

RWT: relative wall thickness

PWTd: posterior wall thickness in diastole

MCF: myocardial contraction fraction

SV: stroke volume

LAA: left atrial area

RAA: right atrial area

EF: ejection fraction

MAPSE: mitral annular plane systolic excursion
TAPSE: tricuspid annular plane systolic excursion
PASP: pulmonary artery systolic pressure

TR: tricuspid regurgitation

LS: longitudinal strain

SAB: systolic apex to base

RALS: relative apical longitudinal strain

AVA: aortic valve area

MR: mitral regurgitation

IVSd: interventricular septum in diastole

TAVI: transcatheter aortic valve implantation



INTRODUCTION
Transthyretin amyloidosis cardiomyopathy (ATTR-CM) is a progressive and ultimately fatal
cardiomyopathy characterised by deposition in the myocardial extracellular space of amyloid
fibrils derived from plasma transthyretin. ATTR-CM can be classified as non-hereditary,
associated with the deposition of wild-type transthyretin (WtATTR) or hereditary, associated
with genetic variants of TTR (hATTR). 12 Historically there has been a striking mismatch
between the frequency with which the diagnosis of ATTR-CM has been made during life
compared with previous autopsy series in which cardiac ATTR amyloid deposits have been
reported in up to 25% of elderly individuals. ® In recent years however, greater awareness of
ATTR-CM as an under-recognised cause of heart failure (HF), coupled with advances in
diagnostic techniques have resulted in a dramatic increase in diagnosis of ATTR-CM in
patients presenting with heart failure with preserved ejection fraction (HFpEF). Estimates of
prevalence range from 13% to 16% in cohorts of patients with HFpEF* and severe AS
requiring transcatheter aortic valve replacement respectively.®

ATTR-CM can now be diagnosed without need for histology, avoiding the risks
associated with endomyocardial biopsy (EMB) which was previously required.® The
diagnosis of ATTR-CM calls upon multimodality imaging techniques: cardiac MRI and bone
scintigraphy produce highly characteristic images and both play a major role in the diagnosis
of suspected ATTR-CM. & Whilst bone scintigraphy is widely available and inexpensive,
the widespread use of CMR remains limited by lack of infrastructure and cost
implications.Worldwide, echocardiography remains the most accessible first line
investigative tool for patients with HF, including those with ATTR-CM among whom it has
traditionally been associated with poor sensitivity and specificity.® Despite this however,

several echocardiographic features are reported to be prognostic, ranging from parameters of



conventional left ventricular (LV) remodelling and of diastolic dysfunction to deformation-
based parameters.’%-1> These prognostic indices have been determined either in studies
focusing on single variables or in small retrospective series leaving an important knowledge
gap on the echocardiographic phenotype of ATTR-CM as a whole and the relative
pathophysiological importance of different mechanisms in driving the clinical characteristics
and prognosis of the disease.

The aims of the present study were: (1) To describe the functional and structural
echocardiographic cardiac abnormalities at the time of diagnosis across a spectrum of wild-
type and hereditary ATTR-CM; (2) To assess the structural and functional echocardiographic
parameters independently associated with prognosis in a large cohort of patients with wild-

type and hereditary ATTR-CM.



METHODS
Patient Population

Patients referred to the National Amyloidosis Centre (NAC), Royal Free Hospital,
London, United Kingdom between 2000 and 2019 in whom ATTR-CM was confirmed on the
basis of validated diagnostic criteria® were invited to participate in a prospective protocolised
clinical follow up program comprising systematic evaluation of cardiac parameters and
survival. Briefly, the diagnosis of ATTR-CM was established on the basis of presence of
symptoms of heart failure together with a characteristic amyloid echocardiogram and either
direct EMB proof of ATTR amyloid, or presence of ATTR amyloid in an extra-cardiac
biopsy along with cardiac uptake on 99mTechnetium labelled 3,3-diphosphono-1,2-
propanodicarboxylic acid(99mTc-DPD) scintigraphy, or Perugini grade 2 or 3 cardiac uptake
on 99mTc-DPD scintigraphy in the absence of an abnormal serum free light chain ratio and
monoclonal immunoglobulin in the serum and urine by immunofixation.® All patients who
were diagnosed with ATTR-CM underwent sequencing of the TTR gene at the time of
diagnosis as previously described.! Patients who did not consent to the protocolised clinical
follow up program at NAC and those who received disease modifying therapy including
orthotopic liver transplantation for hAATTR amyloidosis, TTR stabilizer therapy for more than
6 months, or a TTR-lowering therapy (within the context of a clinical trial) were excluded
from the study.

Patients were managed in accordance with the Declaration of Helsinki and provided
written informed consent for retrospective analysis and publication of their data with

approval from the Royal Free Hospital ethics committee (ref: 06/Q0501/42).



Echocardiography. Echocardiographic evaluation was performed using a GE Vivid E9
ultrasound machine equipped with a 5S probe and measurements performed offline using
EchoPAC software (Version 202). At least 3 consecutive beats were recorded for each view,
and images were stored for off-line analysis. All echocardiograms were reviewed by
experienced operators blinded to the final diagnosis and analysed according to guidelines
(details for non-deformation parameters provided in the supplemental material).

Digitally acquired clips were considered suitable for offline 2D Speckle Strain
Imaging analysis if at least three cardiac cycles were available, with high frame rates (70 to
100 frame/s) and without dropout of more than one LV segment or significant foreshortening
of the ventricle. The endocardial border was traced at the end-diastolic frame in the apical
view. End-diastole was defined by the QRS complex or by the frame just before mitral valve
closure. The software tracked speckles along the endocardial and epicardial borders
throughout the cardiac cycle, and the width of the region of interest was adjusted to fit the
entire myocardium. All strain and strain-derived variables were measured in the apical 4-
chamber view. Peak longitudinal strain (LS) was computed automatically, generating
regional data from 6 segments (basal, mid, apical interventricular septum and basal, mid,
apical lateral wall), to calculate an average value. Strain-derived variables were acquired and
calculated according to previous studies: septal longitudinal systolic apex to base (SAB) ratio
16 and relative apical longitudinal strain (RALS) as the average 4-chamber apical segments
peak longitudinal strain/average basal and mid 4-chamber peak longitudinal strain .*’

Valvular assessment was performed using an integrated approach as per current guidelines.



Statistical analysis

All mortality data were obtained via the UK Office of National Statistics. The
mortality endpoint was defined as time to death from baseline for all deceased patients and
time to Censor date, 24" of April 2019, from baseline among the remainder. Follow up was
restricted to < 60 months, after which patients were censored due to the low number of
patients at risk after 60 months. The three genotypic sub-groups of interest were wild-type
ATTR cardiomyopathy (WtATTR-CM), VV122l-associated hereditary ATTR cardiomyopathy
(V1221-hATTR-CM) and T60A-associated hereditary ATTR cardiomyopathy(T60A-
hATTR-CM).

As a number of the numerical variables had skewed distributions, a Kruskal Wallis
test was used to compare the distributions of each of the numerical variables at baseline in the
three genotypic subgroups. A significant result was followed by Bonferroni corrected Mann
Whitney pairwise comparisons to establish where the differences lay.

Survival was evaluated with Cox proportional hazards regression analysis, providing
estimated hazard ratios with 95% confidence intervals (Cls) and Kaplan—Meier curves.
Fifteen echocardiographic variables were selected a priori based upon clinical relevance: SV
index, EF, MCF, LAA index, RAA index, interventricular septum in diastole (IVSd),
significant TR, significant MR, LS, E/e’, TAPSE, PASP, TAPSE/PASP, severe aortic
stenosis (AS) and regional wall thickness (RWT). The proportional hazards assumption was
checked and confirmed. The echocardiographic variables were first explored with univariate
Cox regression analysis. The variables that were statistically significant predictors of
outcome on simple Cox regression analysis were entered into a multivariable Cox
proportional hazards analysis to determine which covariates were independent predictors of
mortality. Possible collinearity among candidate predictors was assessed using variance

inflation factors with threshold equal to 5. In order to avoid statistical coupling of variables,



separate multivariable models were performed that excluded parameters derived from one
another (for example, indexed SV, LVEF and MCF). Harrell’s statistic was calculated for the
different models.

The multivariable Cox proportional hazards analysis with the selected variables was
initially performed in the overall population and was then repeated in the population in which
patients with severe AS were omitted and in the two genotypic sub-groups WtATTR-CM and
V1221-hATTR-CM. The analysis was not applied to TE0A-hATTR-CM patients due to the
low number of patients and events.

All data were analysed using Stata software (StataCorp. 2017. Stata Statistical
Software: Release 15. College Station, TX: StataCorp LLC). A significance level of 0.05 was

used for all hypothesis tests unless otherwise stated.



Results

Characteristics of the cohort at baseline and comparison of genotypes

There were 1240 patients in the whole study cohort, 766(62%) with wild-type ATTR-CM
(WtATTR-CM) (age 77.5(SD 6.7), male 94%), 314(25%) with VV122l-associated hAATTR-CM
(age 75.0(SD 7.4), male 73%), 127(10%) with T60A-associated hATTR-CM (age 66.0 (SD
7.8), male 68%), 33(3%) with non-V1221 non T60A-associated hATTR-CM (age 58.64 (SD
11.93), male 82%).The main reason for exclusion from the study was a refusal to consent to
the protocolized program of follow up at the NAC. Thirty patients were excluded due to
receipt of disease modifying therapy (liver transplantation, diflunisal, anti-sense
oligonucleotide therapy or RNA inhibitor therapy). There was no difference in disease-
related parameters or disease severity between patients with ATTR-CM who were included
and excluded from the study. The study patients with non-V122l-non T60A-associated
hATTR-CM had the following mutations: G47V, V30M, S77Y, 173V, A97S, A120S, D39V,
E89K, HI0D, 1107V, F33l, S50R, V20I.

At diagnosis, patients with wtATTR-CM, V122l-associated and T60A-associated
hATTR-CM differed significantly in terms of remodelling of the cardiac chambers, LV
systolic and diastolic function, right ventricular (RV) function and pulmonary pressures
(Table 1). Specifically, compared to WtATTR-CM patients, patients with V1221-hATTR-CM,
in spite of similar degree of increase in the wall thickness (LV septum, LV posterior wall)
showed a more severe dysfunction, across a wide range of non-deformation and deformation
based parameters, of LV systolic function, diastolic function, RV function, pulmonary
pressure, and mitral and tricuspid regurgitation. On the contrary, compared to WATTR-CM
patients, patients with T60A-hATTR-CM, in spite of a similar degree of increase in wall
thickness, had significantly better LV systolic and diastolic function, RV systolic function,

and milder degrees of bi-atrial dilatation and tricuspid regurgitation.



Survival from baseline
At follow up (mean 32+18 months), 489(39%) of 1240 patients had died, including 283
(37%) in the WtATTR-CM group, 156(50%) in the V1221-hATTR-CM group, 43(34%) in the
T60A-hATTR-CM, and 7(21%) in the non-T60A non V122l group.
Median patient survival from diagnosis by Kaplan-Meier analysis was 58 months in patients
with WtATTR-CM compared to 36 months among patients with V122I-hATTR-CM and >60
months in TE0A-hATTR-CM. Survival probability in the overall population at 24 months
was 0.77 95%CI 0.75-0.80 and at 36 months 0.66 95%CI 0.62-0.68. Survival probability in
WLATTR-CM group at 24 months was 0.81 95%CI 0.78-0.84 and at 36 months 0.70 95%(ClI
0.67-0.74. Survival probability in TEOA-hATTR-CM group at 24 months was 0.74 95%ClI
0.69-0.85 and at 36 months 0.70 95%CI 0.60-0.78. Survival probability in V122I-hATTR-
CM group at 24 months was 0.66 95%CI 0.60-0.71 and at 36 months 0.49 95%CI 0.43-0.56.
Twelve significant parameters explored with univariate Cox regression analysis were
used in the multivariable model (Table 2). In order to avoid statistical coupling of variables,
separate multivariable models were performed that excluded coupled parameters (for
example 3 separate models were created for SV index, LVEF and MCF, see supplemental
material Table 1). For all variables variance inflation factor was less than 3. Amongst the
three models with SV index, LVEF and MCF, the one with SV index was chosen for
marginally better c-statistics. A multivariable model combining LAA index, RAA index,
IVSd, significant TR, significant MR, LS, E/e’, TAPSE/PASP, SV index, RWT, HR and
severe AS at the time of diagnosis revealed that SV index (HR 0.97; 95% CI 0.95-0.99,
p=0.004), RAA index (HR 1.05; 95% CI 1.01-1.10 p=0.016), LS (HR 1.08; 95% CI 1.04 -
1.12 p<0.001), and severe AS (HR 2.46; 95% CI, 1.29- 4.72, p=0.007) were independently

associated with patient survival in the overall population. (Table 3). LS, SV index and AS
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remained independently associated with patient survival in the overall populations also after
adjustment for NYHA class and the validated staging system that uses eGFR and NT-
proBNP (Table 4). When patients with AS were removed from the analysis, E/e’ (HR 1.02;
95% CI, 1.00-1.03, p=0.033) also became independently associated with patient survival,
with no changes in the other predictors. (Table 3)

The same multivariable model was used in WtATTR-CM and V122I-hATTR-CM patients
separately (Table 5). The model was not applied to non-V1221-hATTR-CM patients due to low
numbers of events. In WtATTR-CM patients, RAA index, LS and E/e’ were significantly
associated with mortality (HR 1.07, 95% CI 1.01-1.13, p=0.023; HR 1.07, 95% CI 1.03-1.13,
p=0.004; HR 1.03; 95% CI 1.00-1.05, p=0.019, respectively) whilst in patients with V122I-
hATTR-CM, RAA index and LS remained independently associated with survival (HR 1.10,
95% C11.02-1.19, p=0.015; HR 1.10, 95% CI 1.03-1.18, p=0.004, respectively).

Eighty-five patients were diagnosed with aortic stenosis, 21 with mild AS, 42 with
moderate AS and 22 with severe AS. Of the patients with severe AS, 11 had low flow-low
gradient AS, 9 had paradoxically low flow AS and 2 patients had high gradient AS . Of the
patients with severe AS at the time of diagnosis, 1 patient had surgical aortic valve replacement
(survival 6 months) and 5 patients had transcatheter aortic valve implantation (TAVI). There
was a statistically significant difference in survival between patients who underwent TAVI and

patients who did not undergo any treatment for the severe AS (p=0.012). Figure 3.
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Discussion

This study of more than 1000 patients with ATTR-CM highlights the relative prognostic
importance of a range of different echocardiographic parameters at the time of diagnosis and
yields many new insights into the complexity of the disease pathophysiology which may, in
part, explain its phenotypic heterogeneity.

The three most common UK (and US) genotypic subgroups included in the study are
WEATTR-CM, V1221-hATTR-CM and T60A-hATTR-CM. Patients with V1221-hATTR-CM
present with the most severe dysfunction across all echocardiographic parameters, T60A-
hATTR-CM patients have better cardiac function and those with wtATTR-CM present with
intermediate dysfunction. Our results demonstrate that that these three subtypes present with
varying degrees of severity which may reflect either differences in the time of presentation or
intrinsic differences in disease biology between subtypes. However, a few observations from
the present study are in favour of the latter for patients with V1221 ATTR-CM. Firstly,
although patients with V1221 had similar increases in LV wall thickness as ATTRwt, these
patients had significantly lower indices of LV function (stroke volume, ejection fraction,
MCF), worse diastolic function, increased incidence of moderate and severe mitral and
tricuspid regurgitation, as well as increased pulmonary pressures, indicating more advanced
cardiac disease overall. Secondly, the comparable atrial dimensions observed between
patients with V1221 ATTR-CM and wtATTR-CM despite almost two-fold higher prevalence
of moderate to severe MR and TR suggests impaired compensatory atrial dilatation in
response to valvular regurgitation which may be explained by atrial amyloid infiltration.
Thirdly, in spite of similar increase in LV wall thickness, the left ventricular remodelling is
different, with V1221 ATTR-CM showing a more severe degree of concentric remodelling,
with small LVEDD and increased RWT, compared to wtATTR-CM. These observations

combined with the knowledge that patients with hAATTR-CM are diagnosed more rapidly
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following the onset of cardiac symptoms than those with wtATTR-CM?® strongly supports
the hypothesis that there exists an inherent difference in the disease biology. On the other
hand, patients with TG0A-hATTR-CM had better biventricular systolic function, less
compromised diastolic dysfunction, a minor degree of TR and a minor degree of increase in
pulmonary pressure with a similar degree of increase in the ventricular wall thickness. The
less severe disease phenotype in T60A may be explained by differences in time to
presentation, in which neurological symptoms rather than cardiac symptoms often lead to
first presentation.

Cardiac ATTR amyloidosis has been commonly considered a form of restrictive
cardiomyopathy and the pathophysiology of heart failure has traditionally been attributed to
diastolic dysfunction.!® Few studies have assessed the individual contributions of systolic
and diastolic dysfunction to the pathophysiology of ATTR-CM, including studies on the
prognostic role of longitudinal strain 2°(NEED more REF#) but no study has
comprehensively assessed the relative contribution of multiple echocardiographic parameters
that reflect overall cardiac performance. Our findings suggest a complex pathophysiological
model where both LV systolic and diastolic function are all independently associated with
prognosis, with the systolic dysfunction representing a marker of advanced disease. These
findings mimic the haemodynamic model associated with cardiac amyloidosis in which
progressive extracellular amyloid infiltration alters myocardial stiffness, resulting in an
upward and leftward shift in the end-diastolic pressure—volume relationship, with
concomitant declines in stroke volume. More complex is the correlation between RV sided
parameters and mortality: the absence of association between PASP and mortality is
intriguing and possibly reflects the relatively high prevalence of advanced right ventricular
dysfunction associated with severe TR. On the contrary, RA remains independently

predictive of mortality, and this probably reflects the complex nature of this parameter, with
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RA dilatation being the final common result of different pathogenetic mechanisms such as
RV dysfunction and dilatation, pressure/volume overload and RV-pulmonary circulation
uncoupling. Importantly, LS, SV index and AS remained independently associated with
patient survival in the overall populations also after adjustment for NYHA class and the
validated staging system that uses eGFR and NT-proBNP, highlighting their independent
prognostic role beyond current staging systems. Finally it is interesting to observe the
relatively low Harrel C-statistics of models containing only echocardiographic variables. This
is not surprising, as cardiac ATTR amyloidosis is a complex disease with multiorgan
involvement, where a combination of factors beyond cardiac amyloid infiltration and related
dysfunction, including autonomic dysfunction, activation of the neuro-hormonal axis and
renal perfusion, all interact to predict patient prognosis.

Interestingly, when the multivariable model is applied to WtATTR-CM and V1221 -
hATTR-CM, LS remained consistently associated with prognosis, supporting the role of
myocardial deformation imaging as a sensitive tool for characterizing LV dysfunction in
ATTR amyloidosis over more traditional echocardiographic parameters (Figure 1).°

This is the first study to demonstrate the independent prognostic role of severe aortic
stenosis in patients with ATTR-CM. In patients with both AS and ATTR CM, there have
been uncertainties as to which disease process was the primary driver of poor outcome.
Along with a wider awareness of co-existent cardiac amyloidosis and aortic stenosis, this
knowledge gaps translates into clinical uncertainty on the optimal management of patients in
this group, specifically whether or not to consider aortic valve intervention in patients with
ATTR-CM. Our study indicates that presence of severe AS in the context of ATTR-CM is
associated with a dramatic reduction in patient survival (Figure 2) and suggests that the aortic
stenosis drives the poor outcome in patients with both diseases (median survival 22 vs 53

months). Of interest, patients who underwent TAVI had significantly longer survival than
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patients that did not receive any intervention, but this is in very small patient number and
potentially affected by selection biases. However, the independent prognostic role of severe
AS encourages the need for further studies assessing the potential benefit of aortic valve
replacement procedures in patients with both diseases.

In summary, ATTR-CM, traditionally considered a predominantly diastolic heart
disease, is characterised by a significantly more complex pathophysiology, in which multiple
processes within the myocardium are compromised with each being more or less prominent
at different timepoints, depending upon the individual, their co-morbidities and the genotype.
This advancement in our understanding of the disease pathophysiology is especially timely
since several treatments for ATTR-CM which hold great promise in transforming the
traditionally accepted model of ATTR CM as a restrictive cardiomyopathy are becoming

available to patients.
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Study limitations

The stroke volume was measure based on estimates of LV volumes and thus does not account
for valvular regurgitation, leading to overestimation of SV in the presence of significant MR.
Although Doppler derived SV could have overcome this limitation, this was not available in
the present population. However, several studies both within amyloidosis and with focus on
MCF have used the LVEDV-LVESV formula, sometimes using the Teichholz methods to
assess volumes which is a far less accurate method of deriving SV than the method that we
used.*> 21 22 Finally, echocardiographic studies have suggested that in patients with aortic
stenosis and increased basal interventricular septum thickness, LVOT geometry may be
irregular and may not be efficaciously assessed by two dimensional echocardiography, leading
to SV over estimation. The asymmetric septal increase in the wall thickness in ATTR
amyloidosis could act similarly, eventually reducing the reliability of Doppler LVOT derived
SV.23 Furthermore, on the multivariate analysis we adjust for MR, and this at least in part
should account for this problem.

Strain analysis was performed only in a 4-chamber view. This approach was preferred to the
global LS to minimise excluded patients, as good quality imaging without segment drop out
is more challenging in 2- or 3-chamber apical views compared to 4-chamber views. 2*
Additionally, a good correlation between GLS in the three apical views and 4-chamber
longitudinal strain has been demonstrated .24 Strain analysis was performed using a single
vendor software (Echo PAC software, GE), and whilst we acknowledge that intervendor
variability has been reported, it has been demonstrated that mean LV global LS values
obtained from the software used in this study are not significantly different from other
mainstream providers. 2> SV was calculated as: EDV— ESV. This is associated with an

overestimation of the SV when MR is present.
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Figure Legends

Figure 1. Kaplan-Meier curves displaying event-free survival in the overall population
according to Longitudinal Strain>-10% or < -10%

Figure 2. Prognostic impact of Aortic Stenosis in Cardiac Amyloidosis. Kaplan-Meier curves
displaying event-free survival in the overall population according to presence or absence of
severe aortic stenosis

Figure 3. Prognostic impact of TAVI on survival in patients with severe aortic stenosis in
Cardiac Amyloidosis. Kaplan-Meier curves displaying event-free survival according to

presence or absence of a TAVI procedure

Text Tables

Table 1. Echocardiographic Findings in Patients With Wild type, T60A and V1221 Cardiac
Amyloidosis

Table 2. Univariable Cox Regression Analysis of Risk of Death in the Overall Population.
Table 3. Multivariable Cox Regression Analysis of Risk of Death in the Overall Population,

According to Presence or Absence of Severe Aortic Stenosis.

Table 4. Multivariable Cox Regression Analysis of Risk of Death in the Overall Population
adjusting for NYHA and NAC stage (SV Model).
Table 5.Multivariable Cox Regression Analysis of Risk of Death in Wild type and VV122I

subgroups.
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