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Abstract

Background: There is growing evidence of coexistence of aortic ste-
nosis (AS) and transthyretin cardiac amyloidosis (CA). Not screening 
AS patients at the time of hospital/clinic visit for CA represents a lost 
opportunity.

Methods: We surveyed studies that reported the prevalence of CA 
among AS patients. Studies that compared patients with aortic ste-
nosis with cardiac amyloidosis (AS-CA) and AS alone were further 
analyzed, and meta-regression was performed.

Results: We identified nine studies with 1,321 patients of AS, of 
which 131 patients had concomitant CA, with a prevalence of 11%. 
When compared to AS-alone, the patients with AS-CA were older, 
more likely to be males, had higher prevalence of carpal tunnel 
syndrome, right bundle branch block. On echocardiogram, patients 
with AS-CA had thicker interventricular septum, higher left ven-
tricular mass index (LVMI), lower myocardial contraction fraction, 
and lower stroke volume index. Classical low-flow low-gradient 
(LFLG) physiology was more common among patients with AS-
CA. Patients with AS-CA had higher all-cause mortality than pa-
tients with AS alone (33% vs. 22%, P = 0.02) in a follow-up period 
of at least 1 year.

Conclusions: CA has a high prevalence in patients with AS and is 
associated with worse clinical, imaging, and biochemical parameters 
than patients with AS alone.

Keywords: Aortic stenosis; Cardiac amyloidosis; Prevalence; Mor-
tality; Imaging characteristics; Clinical features

Introduction

Cardiac amyloidosis (CA) is characterized by infiltrative re-
strictive cardiomyopathy which is associated with a high mor-
tality [1]. It can most commonly be present in the setting of 
plasma cell disorders (light chain or AL amyloidosis), or due to 
a genetic or translational defect in transthyretin gene (mutant 
or wild type, respectively), resulting in deposition of fibrils 
composed predominantly of misfolded transthyretin (ATTR) 
monomers in the cardiac tissue. The recent advancement and 
relatively wider availability in diagnostic techniques have re-
sulted in greater identification of underlying amyloidosis as 
the etiology of heart failure, especially among patients with 
heart failure with preserved ejection fraction (HFpEF). The 
ATTR-ACT trial showed treatment of ATTR amyloid cardio-
myopathy with tafamidis results in lower all-cause mortality as 
well as cardiovascular related complications and improvement 
in functional status [2]. This is in addition to other Food and 
Drug Administration (FDA)-approved medications such as 
patisiran and inotersen for hereditary ATTR amyloidosis with 
polyneuropathy [3, 4]. The availability of effective treatment 
options makes screening high-risk patients imperative.

One such high-risk cohort is patients with significant aor-
tic stenosis (AS), who are increasingly recognized to have 
underlying transthyretin cardiac amyloidosis (ATTR-CA). 
Coincident ATTR-CA in patients with significant AS (AS-
CA) could potentially interfere with long-term prognosis of 
the planned intervention for AS. The patients with AS often 
come in contact with medical care while undergoing evalua-
tions for transcatheter aortic valve replacement (TAVR) or sur-
gical aortic valve replacement (SAVR). Not screening them for 
ATTR-CA during this time could represent a lost opportunity 
to identify a potentially fatal disease, which possibly portends 
a worse prognosis independent of the underlying AS.

We sought to analyze literature for the prevalence of AT-
TR-CA among patients with clinically significant AS referred 
for TAVR/SAVR and support a routine screening protocol to 
identify AS patients at high-risk for underlying CA.

Materials and Methods

Data source and search strategy

A review of literature was performed in accordance with the 
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preferred reporting items for systematic reviews and meta-
analyses guidelines. No ethical approval was obtained, as data 
were retrieved from already published literature. A search was 
performed in PubMed, EMBASE, Cochrane Central and clini-
caltrials.gov, without any language restrictions, from inception 
to November 2021. Two authors (SA, NM) independently re-
viewed each article for eligibility for inclusion in the review. 
The two above authors extracted data from the studies selected 
for the review. Disagreements were resolved by senior author 
(GV). The study was conducted in compliance with the ethical 
standards of the responsible institution on human subjects as 
well as with the Helsinki Declaration.

A literature search was conducted using terms “cardiac 
amyloidosis”, “ATTR-CA”, “ATTR-wt”, “wild type tran-
sthyretin”, “aortic stenosis” and “AS”. Search terms were de-
vised using wildcards to account for variation in the spellings. 
Retrieved articles were screened to identify CA cohort. Refer-
ences in the review articles were screened for potential articles 
with the above cohort. Criteria for inclusion included: studies 
with cohort of patients with AS and CA, and AS alone, and 
comparison of the two cohorts in the study.

Data extraction

Two investigators (SA, NM) reviewed and extracted preva-
lence of AS-CA in each study. Among the studies that com-
pared AS-CA with AS-alone cohorts, demographic data, 
electrocardiogram findings, echocardiographic features were 
extracted for both patients with AS-CA and AS alone. An at-
tempt was also made to gather the non-reported data by con-
tacting the corresponding authors via email, however no re-
sponse was obtained.

Quality assessment and risk of bias in studies

The quality of the studies was independently assessed by two 
authors (SA, GV) using the Newcastle Ottawa quality assess-
ment scale for cohort studies [5]. Each study was judged based 
on 1) patient selection; 2) comparability; and 3) outcomes. 
Studies were appraised by adding stars in each domain: three 
or four stars for selection, one or two stars for comparabil-
ity, and two or three stars for the outcome domain signified 
“good” quality; two stars for selection, one or two stars for 
comparability, and two or three stars for outcomes reflected 
“fair” quality; and zero or one star for selection, or zero star 
for comparability, or zero or one stars for the outcome domain 
denoted “poor” quality. Risk of bias was assessed by Robvis 
tool [6].

Statistical analysis

A meta-analysis was performed for the primary and second-
ary outcomes using the Review Manager (RevMan) software, 
Version 5.4, The Cochrane Collaboration, 2020. Dichotomous 
variables were assessed using the Mantel-Haenszel statistical 

method and measured in odds ratios (ORs). The difference 
in continuous variables was evaluated by the inverse vari-
ance (IV) statistical method and measured in mean difference 
(MD) and standard mean difference (SMD). When means and 
standard deviation were not provided, medians and interquar-
tile range were converted to mean and standard deviation [7]. 
The random-effects model was preferred over the fixed-effects 
model as we suspected that clinical heterogeneity might be 
present due to the variability across the included studies re-
garding differences in patient population characteristics and 
diagnosis of CA. Statistical heterogeneity among studies was 
assessed using the I2 statistic. I2 statistics greater than 50% 
were considered indicative of the presence of substantial het-
erogeneity. A P value of < 0.05 was considered statistically sig-
nificant. A meta-regression analysis was conducted to further 
assess parameters that signified the diagnosis of CA in patients 
with AS. Publication bias was assessed using funnel plots and 
Egger’s test. The rank correlation test and the regression test, 
using the standard error of the observed outcomes as predictor, 
were used to check for funnel plot asymmetry.

Results

Initial search yielded 304 manuscripts. After reviewing their 
abstracts, 22 manuscripts were reviewed in full text (Fig. 1). 
From them, we identified nine studies [8-16] with a total of 
1,321 patients with AS, of which 139 patients had concomitant 
CA (AS-CA), yielding a pooled prevalence of 11% (Table 1) 
[8-16]. Five studies [8-12] that compared the AS-CA patients 
with AS alone patients were selected for the meta-analysis to 
compare the two cohorts. Six studies [8, 9, 11-14] were used to 
compare all-cause mortality. Remaining studies were excluded 
from analysis as comparison between the study cohorts was 
not provided or there was inconsistent reporting of data.

Characteristics of studies are highlighted in Table 2 [8-12]. 
Four prospective cohort studies [8-11] and one retrospective 
study [12] was included in the meta-analysis. These studies 
were conducted in USA, UK, Vienna, and India. The quality of 
these studies was judged to be fair (Table 3) [8-12], but there 
was significant heterogeneity in the report data among the 
studies. The risk of bias among the studies was low to moder-
ate (Fig. 2).

Clinical characteristics

Demographics of patients are summarized in Table 4 [8-12]. The 
patients with AS-CA were older (mean 84.4 years vs. 77.7 years, 
MD 6.53 (2.3 - 10.7), P < 0.0001) (Fig. 3a) and predominantly 
males (72.3% vs. 52.4%, OR 2.2 (1 - 4.84), P = 0.05) (Fig. 3b) 
compared to patients with AS alone. Patients with AS-CA had 
higher prevalence of carpal tunnel syndrome (CTS) (17.8% vs. 
2.2%, OR 8.36 (1.42 - 49.26), P = 0.02) and right bundle branch 
block (RBBB) (27.1% vs. 10.4%, OR 3 (1.74, 5.17), P < 0.001) 
(Fig. 3c). Patients with AS-CA had worse performance on the 
6-min walk test (6MWT) (mean distance 127 m vs. 171 m, MD 
-48.71 (-87.71, -9.32), P = 0.02) (Fig. 3d). No statistical differ-
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ence in pacemaker requirement, or presence of atrial fibrillation/
flutter was observed between the two groups.

Imaging characteristics

Myocardial contraction fraction (MCF) was lower in patients 

with AS-CA compared to AS-alone (mean 21.15% vs. 32.5%, 
MD -10.38 (-15.7, -5.04), P < 0.001) (Fig. 4a). Similarly, the 
stroke volume index (SVI) was lower in patients with AS-CA 
(mean 33.1 vs. 39.3, MD -5.4 (-7.9, -2.9) P < 0.001) (Fig. 
4b). Among patients with AS-CA, the interventricular sep-
tum (IVS) was thicker (1.5 vs. 1.3 cm, MD = 0.16 (0.06, 
0.26), P = 0.002), left atrial (LA) diameter was larger (4.9 vs. 
4.5 cm, MD 0.42 (0.22, 0.62), P < 0.0001), left ventricular 
mass index (LVMI) was higher (129.8 vs. 103.8 g/m2, MD 
25.8 (18.1, 33.6), P < 0.001) (Fig. 4c) compared to patients 
with AS alone.

Patients with AS-CA had a higher E/A ratio compared 
to AS-alone patients (mean 1.7 vs. 0.9, MD 0.68 (0.4, 0.9), 
P < 0.00001) (Fig. 4d). Mitral annular S’ was consistently < 
6 among patients with AS-CA compared to patients with AS 
alone (mean 4.5 vs. 6.3 cm/s, MD -1.8 (-3.3, -0.23), P = 0.02).

Among patients with AS-CA, aortic valve peak velocity 
was lower (mean 3.9 vs. 4.2 m/s, MD -0.26 (-0.45, -0.07), P = 
0.006) and the mean pressure gradient was lower (mean 38.2 
vs. 42.8 mm Hg, MD -4 (-7.28, -0.72), P = 0.02) (Fig. 5a) com-
pared to AS-alone. Classical low-flow low-gradient (LFLG) 
physiology was seen more commonly among patients with 
AS-CA (23.5% vs. 12.8%, OR 2.44 (1.2, 4.94) P = 0.01) (Fig. 
5b). No significant difference was found in the left ventricular 
ejection fraction (LVEF), global longitudinal strain, and para-
doxical LFLG physiology. Publication bias was only signifi-

Table 1.  Prevalence of Cardiac Amyloidosis in Patients With 
Aortic Stenosis Reported in Nine Studies

Studies AS-CA, % Total patients
Nitsche et al, 2021 [8] 32 (8%) 407
Scully et al, 2020 [9] 26 (13%) 200
Castano et al, 2017 [10] 24 (16%) 151
Singal et al, 2021 [11] 3 (9%) 32
Cavalcante et al, 2017 [12] 9 (8%) 113
Rosenblum et al, 2021 [13] 27 (13%) 204
Treibel et al, 2016 [14] 6 (4%) 146
Oda et al, 2020 [15] 7 (28%) 25
Longhi et al, 2016 [16] 5 (12%) 43
Total 139 (11%) 1,321

AS-CA: aortic stenosis with cardiac amyloidosis.

Figure 1. PRISMA flowsheet for inclusion of manuscripts in the meta-analysis. PRISMA: the preferred reporting items for sys-
tematic reviews and meta-analyses.
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Table 3.  Quality Assessment of Studies by the Newcastle Ottawa Scale for Cohort Studies

Studies

Selection
Compa-
rability

Outcomes
Representa-
tiveness of 
exposed cohort

Selection of 
nonexposed 
cohort

Ascertain-
ment of 
exposure

Assessment 
of outcome

Dura-
tion of 
follow-up

Completeness 
of follow-up

Castano et al, 2017 [10] ★ ★ N/A ★★ ★ N/A N/A
Scully et al, 2020 [9] ★ ★ N/A ★★ ★★ ★ ★
Nitsche et al, 2021 [8] ★ ★ N/A ★★ ★★ ★ ★
Singal et al, 2021 [11] ★ ★ N/A ★ ★ ★ ★
Cavalcante et al, 2017 [12] ★ ★ N/A ★ ★ N/A ★

N/A: not available.

Table 2.  Characteristics of Studies Included in the Review

Study Design Patient 
population

Primary screen-
ing modality 
for AS-CA

Parameters consid-
ered for ATTR-CA

Follow-
up

Preva-
lence of 
AS-CA

Study center

Castano et 
al, 2017 
[10]

Prospective 
cohort

151 post-
TAVR 
patients

99mTc PYP Diffuse 99mTc PYP uptake, 
visual score ≥ 2 and H/CL ≥ 1.5. 
Cardiac biopsy not performed.

Not 
available

16% Columbia 
University’s 
Center for 
Interventional 
Vascular 
Therapy, USA

Scully et 
al, 2020 [9]

Prospective 
cohort

200 patients 
referred 
for TAVI

99mTc-DPD Perugini grade 1 - 3 indicate 
increasing uptake. Skewed 
distribution: none in Perugini 
grade 3, 69% patients in Perugini 
grade 2 and 31% patients with 
Perugini grade 1. Cardiac 
biopsy was not performed

Median 
19 
months

13% Barts Heart 
Center, London 
and John 
Radcliffe 
Hospital, 
Oxford, UK

Nitsche et 
al, 2021 [8]

Prospective 
cohort

407 patients 
prior to 
TAVR

99mTc-DPD Perugini grade 2 and 3 regarded 
as clinical amyloidosis.

Median 
1.7 years

8% 3 Centers in 
Vienna, Austria; 
Oxford and 
London, UK

Singal et 
al, 2021 
[11]

Prospective 
cohort

32 patients 
prior to 
SAVR

99mTc PYP Diagnosis of ATTR-CA was made 
based on preoperative 99mTc PYP 
scan, intraoperatively obtained 
interventricular septal biopsy 
and excised native aortic valve 
histopathology for ATTR-CA. 
Perugini grade 2 and 3 and H/
CL ratio ≥ 1.5 are considered as 
significantly positive for diagnosis 
of myocardial ATTR-CA

1 year 9% AIIMS, India

Cavalcante 
et al, 2017 
[12]

Retrospective 
cohort

113 patients 
with severe 
AS

Cardiac MRI Typical late gadolinium 
enhancement, and morphological 
findings including increased 
left ventricular wall thickness 
and abnormal myocardial and 
blood pool kinetics were used to 
identify CA. Four AS patients 
underwent cardiac biopsy.

Median 
18 
months

8% University of 
Pittsburgh, USA

Tc: technetium; DPD: 3,3-diphosphono-1,2-propanodicarboxylic acid; PYP: pyrophosphate; H/CL: heart-to-contralateral count ratio; MRI: magnetic 
resonance imaging; ATTR-CA: transthyretin cardiac amyloidosis; TAVI: transcatheter aortic valve implantation; TAVR: transcatheter aortic valve re-
placement; SAVR: surgical aortic valve replacement; AS: aortic stenosis.
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cant for E/A ratio and LVMI (Fig. 6).

Cardiac biomarkers

Patients with AS-CA had higher levels of high-sensitivity car-
diac troponin (hsTNT) (mean 53.7 vs. 24.6 ng/L, MD 29.4 
(18.1 - 40.7), P < 0.0001) (Fig. 7a) and higher N-terminal pro-
brain natriuretic peptide (NT-proBNP) levels (mean 4,047.4 vs 
1,803.5 ng/L, MD 2,185.3 (1,148.6, 3,221.9), P < 0.0001) (Fig. 
7b) than patients with AS alone.

All-cause mortality

Three studies reported 1-year all-cause mortality [8, 9, 11], 
while three other studies noted all-cause mortality in median 
follow-up duration ranging from 1.6 to 2.3 years [12-14]. Dur-
ing the reported follow-up period for at least 1 year, patients 
with AS-CA had higher all-cause mortality than patients with 
AS alone (33% vs. 22%, P = 0.02) (Fig. 8).

Based on the above analysis, various diagnostic param-
eters were identified which increase the propensity of underly-
ing CA among patients with AS. The parameters are summa-

Table 4.  Patient Demographics

Studies Cohorts Age Males Hyper-
tension

Diabetes 
mellitus

Carpal tun-
nel syndrome

Coronary 
artery disease

BMI 
(kg/m2)

Castano et al, 2017 [10] AS-CA 86.3 91.7% 91.7% N/A 16.7% 75% 25.5
AS-alone 83.3 63% 84.3% N/A 5.5% 61.4% 27

Scully et al, 2020 [9] AS-CA 88 62% 73% 12% N/A N/A N/A
AS-alone 85 48% 78% 26% N/A N/A N/A

Cavalcante et al, 2017 [12] AS-CA 88 89% 77.8% 33.3% N/A N/A N/A
AS-alone 70 56% 73.1% 34.6% N/A N/A N/A

Singal et al, 2021 [11] AS-CA 72.3 33.3% 33.3% 66.7% N/A 66.7% N/A
AS-alone 69 75.8% 41.4% 20.7% N/A 31% N/A

Nitsche et al, 2021 [8] AS-CA 87.5 65.6% 90.6% 18.8% 18.8% 21.9% 26
AS-alone 81 48.2% 82.6% 25.6% 1.8% 46.8% 27

N/A: not available; AS-CA: aortic stenosis with cardiac amyloidosis; AS-alone: aortic stenosis; BMI: body mass index.

Figure 2. Risk of bias assessment with Robvis tool.
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Figure 3. Comparison of (a) Age; (b) Males; (c) RBBB; (d) 6MWT; (e) Atrial fibrillation/flutter; (f) Pacemaker requirement. CI: 
confidence interval; AS-CA: aortic stenosis with cardiac amyloidosis; AS-alone: aortic stenosis.
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rized in Table 5.

Meta-regression to identify associated biomarkers

In order to demonstrate the incremental utility of various diag-
nostic parameters highlighted in Table 5, meta-regression was 
performed using the identified significant variables. Entering 
all the baseline variables and removing the non-significant 
variables resulted in the following model.

Standard differences in means = 0.2236 + 6MWT 
(-2.2943) + E/A ratio (4.6541) + hsTNT (3.7329) + MCF 
(-2.5668) + mitral annular S’ (-1.0305) + NT-proBNP (3.1850) 
+ SVI (-1.3880)

The overall model was significant (Q = 219.10, df = 7, P 
< 0.001). The R2 analog for this model was 0.76. Parameters 
that drove the highest gain in R2 included NT-proBNP (0.22), 
hsTNT (0.16) and E/A ratio (0.17). In addition, the analysis 
identified parameters most significantly associated with con-
comitant CA. Table 6 lists the parameters in descending order 

Figure 4. Comparison of: (a) MCF; (b) SVI; (c) LVMI; (d) E/A ratio; (e) Global longitudinal strain. MCF: myocardial contraction 
fraction; SVI: stroke volume index; LVMI: left ventricular mass index; CI: confidence interval; AS-CA: aortic stenosis with cardiac 
amyloidosis; AS-alone: aortic stenosis.
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of their relative strength of estimate noted by the model. Good-
ness of fit - H0: Tau2 = 0.5770, Tau = 0.760, I2 = 89.13%, Q = 
625.61, df = 68, P < 0.001.

Cost effectiveness analysis

Cost-effectiveness is usually measured in quality-adjusted 
life-years (QALY). It is estimated that tafamidis alone adds on 
an average 1.29 QALY in ATTR patients [17]. This is in ad-
dition to the effects of other FDA-approved medications and 
the lifestyle modifications/targeted therapies the patients may 
receive following the diagnosis. The average cost of a nuclear 
pyrophosphate (PYP) scan is between $3,000 to $7,000 in the 
USA (without insurance). At an estimated detection rate of 
one in nine post-TAVR patients, the cost of detection of one 
ATTR patient would be between $27,000 to $63,000. For each 
QALY added by tafamidis, the cost of detection with nuclear 
PYP scan will be between $20,930 to $48,837/QALY. This is 
well below the proposed incremental cost-effectiveness ratio 
(ICER) for USA: $50,000 to $150,000/QALY [18]. This as-
sumption however does not take into account the downstream 
costs following the diagnosis, which can be multifactorial 

and difficult to estimate.

Discussion

In the current meta-analysis, we noted that: 1) the prevalence 
of concomitant ATTR-CA in patients undergoing TAVR/SAVR 
is 11% (a prevalence of one in nine patients); 2) patients with 
AS-CA have worse prognostic biomarkers at the time of 
TAVR/SAVR than those with AS alone; and 3) we identified 
associated clinical parameters which should raise the suspicion 
of concomitant CA among patients with severe AS.

ATTR-CA is increasingly being recognized as an impor-
tant cause of heart failure. However, ATTR-CA is characterized 
by vague manifestations, frequently with an overlap with other 
forms of HFpEF. Diagnosis often requires a strong suspicion 
and some degree of pattern recognition by the clinicians. In a 
prospective study of HFpEF patients undergoing endomyocar-
dial biopsy 14% patients had CA, of which the most common 
was the ATTR-wt [19]. HFpEF-CA patients in the study were 
older, had higher troponin I levels, higher NT-ProBNP levels 
and larger LVMI, which is similar to the findings in our study. 
Amyloidosis is also associated with poor survival in compari-

Figure 5. Comparison of: (a) Aortic valve (AV) mean pressure gradient; (b) Low-flow low-gradient (LFLG) physiology; (c) Left 
ventricular ejection fraction. CI: confidence interval; AS-CA: aortic stenosis with cardiac amyloidosis; AS-alone: aortic stenosis.
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Figure 6. Funnel plots for analysis of publication bias: (a) Age; (b) Males; (c) RBBB; (d) MCF; (e) LVMI; (f) E/A ratio; (g) Aortic 
valve (AV) mean pressure gradient; (h) LFLG; (i) All-cause mortality. (a) Age. Neither the rank correlation nor the regression test 
indicated any funnel plot asymmetry (P = 0.8167, and P = 0.4964, respectively). (b) Males. Neither the rank correlation nor the 
regression test indicated any funnel plot asymmetry (P = 0.8167, and P = 0.6694, respectively). (c) RBBB. Neither the rank cor-
relation nor the regression test indicated any funnel plot asymmetry (P = 0.3333, and P = 0.6889, respectively). (d) MCF. Neither 
the rank correlation nor the regression test indicated any funnel plot asymmetry (P = 0.7500, and P = 0.1826, respectively). (e) 
LVMI. The regression test indicated funnel plot asymmetry (P = 0.0002) but not the rank correlation test (P = 0.0833). (f) E/A ratio. 
Neither the rank correlation nor the regression test indicated any funnel plot asymmetry (P = 1.0000 and P = 0.8009, respec-
tively). (g) AV mean pressure gradient. Neither the rank correlation nor the regression test indicated any funnel plot asymmetry 
(P = 0.8167 and P = 0.8845, respectively). (h) LFLG. Neither the rank correlation nor the regression test indicated any funnel 
plot asymmetry (P = 0.7500 and P = 0.1948, respectively). (i) All-cause mortality. Neither the rank correlation nor the regression 
test indicated any funnel plot asymmetry (P = 0.4694 and P = 0.0654, respectively). NT-proBNP: N-terminal pro-brain natriuretic 
peptide; LVMI: left ventricular mass index; LFLG: low-flow low-gradient; RBBB: right bundle branch block; MCF: myocardial 
contraction fraction.
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son to other causes of heart failure [20].
One of the common associations of ATTR is with AS. Pa-

tients with significant AS have a high prevalence of ATTR, 

with studies suggesting up to 16% prevalence [8, 9, 21]. In-
creasingly, TAVR has become the preferred management for 
severe AS in the USA, and more than 100,000 TAVR procedures 

Figure 7. Biochemical comparison of: (a) High-sensitivity troponin; (b) NT-proBNP. NT-proBNP: N-terminal pro-brain natriuretic 
peptide; CI: confidence interval; AS-CA: aortic stenosis with cardiac amyloidosis; AS-alone: aortic stenosis.

Figure 6. (continued) Funnel plots for analysis of publication bias: (a) Age; (b) Males; (c) RBBB; (d) MCF; (e) LVMI; (f) E/A 
ratio; (g) Aortic valve (AV) mean pressure gradient; (h) LFLG; (i) All-cause mortality. (a) Age. Neither the rank correlation nor 
the regression test indicated any funnel plot asymmetry (P = 0.8167, and P = 0.4964, respectively). (b) Males. Neither the rank 
correlation nor the regression test indicated any funnel plot asymmetry (P = 0.8167, and P = 0.6694, respectively). (c) RBBB. 
Neither the rank correlation nor the regression test indicated any funnel plot asymmetry (P = 0.3333, and P = 0.6889, respec-
tively). (d) MCF. Neither the rank correlation nor the regression test indicated any funnel plot asymmetry (P = 0.7500, and P = 
0.1826, respectively). (e) LVMI. The regression test indicated funnel plot asymmetry (P = 0.0002) but not the rank correlation test 
(P = 0.0833). (f) E/A ratio. Neither the rank correlation nor the regression test indicated any funnel plot asymmetry (P = 1.0000 
and P = 0.8009, respectively). (g) AV mean pressure gradient. Neither the rank correlation nor the regression test indicated any 
funnel plot asymmetry (P = 0.8167 and P = 0.8845, respectively). (h) LFLG. Neither the rank correlation nor the regression test 
indicated any funnel plot asymmetry (P = 0.7500 and P = 0.1948, respectively). (i) All-cause mortality. Neither the rank correlation 
nor the regression test indicated any funnel plot asymmetry (P = 0.4694 and P = 0.0654, respectively). NT-proBNP: N-terminal 
pro-brain natriuretic peptide; LVMI: left ventricular mass index; LFLG: low-flow low-gradient; RBBB: right bundle branch block; 
MCF: myocardial contraction fraction.
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were performed between 2012 to 2016 [22]. Not screening such 
patients in their perioperative period for concomitant CA rep-
resents a lost opportunity to identify a potentially fatal disease 
which could alter the long-term prognosis. The present meta-
analysis noted a pooled prevalence of ATTR-CA at 11% among 
AS patients undergoing TAVR/SAVR. This equates to one in 
nine patients undergoing the procedure, or which translates to 

11,000 patients who underwent TAVR between 2012 to 2016 had 
concomitant CA. Such high prevalence of ATTR in AS should 
prompt reconsideration of screening strategies in patients with 
AS in general and severe AS patients undergoing TAVR/SAVR.

99mTechnetium (Tc) labeled nuclear PYP scan offers a low-
cost, widely available, and noninvasive screening of ATTR 
with phenomenal accuracy (> 95% sensitivity and specificity 
for ATTR in one study) [23]. The detection rate of ATTR-CA 
is rising due to the availability of such accurate noninvasive 
testing [21, 23, 24]. This is indicative of a previously underes-
timated high prevalence of ATTR in the community. However, 
it is not known if a nuclear PYP scan screening protocol for pa-
tients who are being evaluated for TAVR/SAVR would result 
in a cost-effective process to detect ATTR-CA. Screening and 
treatment of patients with AS-CA through an early screening 
strategy is yet to be made uniform. Our meta-analysis shows 
worse mortality among patients with AS-CA than AS-alone 
patients. It still remains undeciphered whether treatment of 
AS-CA prior to TAVR/SAVR can improve outcomes. Nitsche 
et al reported in their study that seven of 47 patients were treat-
ed with tafamidis after aortic valve replacement but did not 
result in a mortality difference [8]. All other the studies did not 
consistently report use of tafamidis and other FDA-approved 
medications in those diagnosed with AS-CA. Therefore, the 
downstream benefit of medical therapy for ATTR remains un-
known. Our study provides additional insight into the benefits 
of ATTR-CA screening in patients with significant AS and to 
identify functional, laboratory, and echocardiographic features 
that would raise the clinical suspicion for concomitant CA.

Various associations to CA have been reported in the litera-
ture. CTS precedes development of CA by 5 - 9 years and is sig-
nificantly higher in prevalence among ATTR-wt patients [25]. 
Atrial fibrillation is diagnosed in about one in every three pa-
tients with ATTR. RBBB and high-grade atrioventricular (AV) 
blocks are prevalent among patients with amyloidosis, owing to 
the infiltrative effect on the conduction pathway [26]. Our anal-
ysis suggested that patients with AS-CA are more likely to have 
increased interventricular septal wall thickening, increased LA 
diameter, lower MCF and lower SVI compared to patients with 
AS alone. The thicker ventricular walls are likely indicative of 
the infiltrative process inherent in amyloidosis which supersedes 
the true hypertrophy seen with AS alone. Similarly increased LA 
dimensions likely indicate worse restrictive diastolic dysfunc-

Figure 8. Comparison of all-cause mortality among patients with AS-CA and patients with AS-alone. CI: confidence interval; AS-
CA: aortic stenosis with cardiac amyloidosis; AS-alone: aortic stenosis.

Table 5.  Clinical and Echocardiographic Parameters Sugges-
tive of Concomitant Cardiac Amyloidosis (Means Provided in 
Brackets Where Applicable)

Clinical parameters
  Old age (mean 84 vs. 78 years)
  Carpal tunnel syndrome
  Low 6MWT (127 m vs. 171 m)
ECG
  RBBB
Laboratory
  Higher hsTNT (53.7 vs. 24.6 ng/L)
  Higher NT-proBNP (4,047 vs. 1,803 ng/L)
Echocardiogram (dimensions)
  Thick IVS (1.5 vs. 1.3 cm)
  Large LVMI (129.8 vs. 103.8 g/m2)
  Large LA diameter (4.9 vs. 4.5 cm)
Echocardiogram (Doppler)
  Classical LFLG
  Higher E/A ratio (1.7 vs. 0.9)
  Lower mitral annular S’ (4.5 vs. 6.3 cm/s)
Functional assessment
  Low MCF (21.15% vs. 32.5%)
  Low SVI (33.1 vs. 39.3 mL/m2)

NT-proBNP: N-terminal pro-brain natriuretic peptide; 6MWT: 6-min 
walk test; ECG: electrocardiogram; RBBB: right bundle branch block; 
hsTNT: high-sensitivity cardiac troponin; NT-proBNP: N-terminal pro-
brain natriuretic peptide; IVS: interventricular septum; LVMI: left ven-
tricular mass index; LFLG: low-flow low-gradient; LA: left atrial; MCF: 
myocardial contraction fraction; SVI: stroke volume index.
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tion, and the low stroke volume indicates the low ventricular 
volume and decreased contractility in amyloid patients.

Pagourelias et al highlighted that among echocardiograph-
ic indices, E/e’ ratio, LA volume index and MCF have high 
specificity with MCF having highest accuracy for potential 
underlying amyloidosis [27]. Castano et al reported average 
mitral annular S’ ≤ 6 cm/s to be a strong predictor for CA on 
echocardiography which should prompt cardiac scintigraphy 
for screening [10]. With advancing amyloid deposition, the 
deterioration of left ventricular function correlates to an in-
crease in wall thickness over time [28]. Thus, MCF functions 
as an early predictor of mortality in ATTR patients compared 
to ejection fraction (EF), as the EF may continue to stay in the 
normal range even in advanced disease because of concomi-
tant decrease in end-diastolic volume and stroke volume [29]. 
Chacko et al reported SVI, right atrial area index, longitudinal 
strain, and E/e’ were all independently associated with mortal-
ity in a cohort of patients with ATTR-wt with presence of AS 
independently increasing the mortality [30]. The present study 
noted that patients with AS-CA had higher E/A ratio again in-
dicative of worse diastolic dysfunction.

In our analysis, we noted that patients with AS-CA were 
more likely to have LFLG AS physiology than patients with 
AS alone. This also corresponds with the low MCF and SVI in 
the patients with AS-CA. Castano et al reported that stage D3 
low-flow AS presents with a preserved EF phenotype initially 
in patients with both AS and CA and then worsens to stage 
D2 LFLG AS with a low LVEF as systolic dysfunction ensues 
[10]. Patients with LFLG with reduced EF, have poor progno-
sis and require a dobutamine stress echocardiography to assess 
flow reserve; however, in the subset of amyloid patients where 
dobutamine is unable to effectively increase LV outflow and 
results tend to be inconclusive often necessitating CT for quan-
tification of aortic valve calcium burden [31]. These patients 
are likely to be missed in clinical practice as their AS remains 
masked behind the low-pressure gradients. The high preva-
lence of concomitant AS-CA in such LFLG AS patients adds 
further to the misdiagnosis of CA. Based on the findings of the 
meta-analysis, it is emphasized that LFLG AS be considered a 
risk factor for underlying AS-CA and be screened accordingly. 

Table 5 summarizes all the additional risk factors indicative of 
an underlying AS-CA. In addition, an incremental effect was 
noted when more risk factors were present in any given patient 
summarized in Table 6.

Moreover, the presence of ATTR in patients with severe 
AS was associated with worse prognostic biomarkers of myo-
cardial injury and functional capacity in our meta-analysis. 
Cardiac biomarkers are often elevated among patients with 
CA, indicating ongoing cardiac myocyte toxicity either from 
the hemodynamic effects of diastolic failure or the amyloid 
fibril-related direct toxicity [32]. Takashio et al highlighted 
high serum hsTNT in the setting of cardiac hypertrophy is 
highly suggestive of CA [33]. Elevated hsTnT levels have been 
shown to be a strong predictor of all-cause mortality among pa-
tients with CA [34]. Similarly, elevated NT-proBNP elevation 
is strongly associated with mortality among patients with both 
AL- and ATTR amyloidosis [35]. This translated into worse 
all-cause mortality among the AS-CA patients in our study.

Various pathophysiological mechanisms have been sug-
gested to explain the association of AS with CA. Endotheli-
al damage from deposition of amyloid deposits in the aortic 
valve could lead to AS. Another possibility suggested is the 
co-occurrence of both processes independently but driven by 
the common factor of aging. AS-induced turbulence could also 
accelerate the process of amyloid deposition in the cardiac tis-
sues [36]. In addition, CA is a progressively fatal disease, if 
left untreated. Transthyretin-stabilizing agent tafamidis was 
approved by FDA for treatment of ATTR, following a land-
mark trial (ATTR-ACT), which showed a reduction in the 
combination of all-cause mortality and cardiovascular-related 
hospitalizations [2]. The medication was also shown to slow 
the worsening of functional decline among ATTR patients. 
In addition to the above, two other agents for the hereditary 
ATTR polyneuropathy are inotersen and patisiran [3, 4]. Pa-
tisiran may play a role in reversing cardiomyopathy-related 
remodeling in hereditary ATTR patients [37]. With the advent 
of efficacious therapies, it is imperative to diagnose and treat 
ATTR to improve the long-term prognosis of the patients post 
TAVR/SAVR [38]. Thus, identifying patients with ATTR and 
intervening with treatment around the time of the valve pro-

Table 6.  Random-Effects Meta-Regression: Standard Mean Differences and Independent Variables

Effect AS-CA AS alone Estimate
95% CI

Standard error P value
LL UL

E/A ratio 1.7 0.9 4.654 3.495 0.592 5.813 < 0.001
hsTNT 53.7 24.6 3.733 2.6 0.578 4.866 < 0.001
NT-proBNP (ng/mL) 4,047.4 1,803.5 3.185 2.331 0.436 4.04 < 0.001
MCF (%) 21.15 32.5 -2.567 -3.566 0.51 -1.567 < 0.001
6MWT (m) 127 171 -2.294 -3.41 0.569 -1.179 < 0.001
SVI (mL/m2) 33.1 39.3 -1.388 -2.324 0.478 -0.452 0.004
Mitral annular S’ (cm/s) 4.5 6.3 -1.031 -2.042 0.516 -0.019 0.046
Intercept 0.224 0.005 0.111 0.442 0.045

CI: confidence interval; LL: lower limit; UL: upper limit; AS-CA: aortic stenosis with cardiac amyloidosis; AS-alone: aortic stenosis; hsTNT: high-
sensitivity cardiac troponin; NT-proBNP: N-terminal pro-brain natriuretic peptide; 6MWT: 6-min walk test; MCF: myocardial contraction fraction; SVI: 
stroke volume index.
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cedure could provide an important opportunity to alter the 
course of the disease. Our cost-effectiveness analysis yielded 
a favorable picture for widespread screening of TAVR/SAVR 
patients with nuclear PYP scan, with additional QALY added 
by tafamidis treatment alone.

The findings of the present study are comparable to a prior 
meta-analysis by Ho et al [39] in which CA had a 14% preva-
lence in AS patients referred for TAVR/SAVR. However, the 
study included heterogenous types of studies including those 
not comparing AS-CA to AS-alone and those not making a dis-
tinction between AL and ATTR. Consequently, the study fo-
cused on presenting the prevalence of AS-CA without identi-
fying risk factors for screening. The present study provides an 
outlook to identify CA patients amongst TAVR/SAVR referred 
AS patients by identifying high-risk factors and proposes a 
cost-effective screening for AS-CA. An earlier reported small-
er systematic review by Ricci et al [40] demonstrated higher 
all-cause mortality in patients with AS-CA, with left ventricu-
lar wall thickness being a major prognostic marker. This study 
focused primarily on mortality outcomes in patients with AS-
CA. Our study also found mortality among patients with AS-
CA to be higher.

The studies included in the present meta-analysis did not 
consistently report the use of novel ATTR-specific therapy af-
ter the diagnosis of AS-CA. This was largely because the studies 
were started or completed before the newer targeted therapies be-
came available. Thus, though the prevalence of AS-CA is known, 
the benefit accrued from starting medical therapy remains unex-
plored and a potential idea for future prospective studies. In ad-
dition to this, heart transplantation is also a viable option for the 
ATTR patients who lack significant extra-cardiac disease which 
requires an early diagnosis [41]. This again underlines the need 
for an effective screening strategy for such patients.

In summary, concomitant ATTR-CA is frequently associ-
ated in patients with significant AS. Screening them for ATTR 
can result in an early diagnosis and treatment of this other-
wise rapidly fatal disease. Various risk factors for concomi-
tant AS-CA were identified, and a cost-effective analysis was 
discussed in detail. Given the noted prevalence of one CA in 
nine AS patients, the use of nuclear PYP scan would result in a 
cost-effective screening strategy to identify concomitant CA in 
patients undergoing TAVR/SAVR.

Limitations

Significant heterogeneity existed among the studies due to 
the nature of the studies (observational or retrospective). The 
number of patients with AS-CA in each study was small. Se-
lection bias, though unavoidable, was reduced after review 
of the studies by two authors. Due to the lack of randomized 
control trials, we had to use prospective and retrospective co-
hort studies for this meta-analysis. There was variability in 
the definition of CA and in screening tools used. The stud-
ies were performed in various countries where the diagnostic 
algorithms and the ATTR-specific imaging techniques used 
for screening were variable (Table 2) [8-12]. The overall ef-
ficacy and sensitivity of all the various screening techniques 
were assumed to be comparable for the purpose of the me-

ta-analysis. There was no consistent description of the type 
of ATTR in the patients (genetic vs. wild-type). The meta-
analysis excluded studies reporting AL amyloidosis patients, 
as this would introduce heterogeneity related to the variable 
incidence of AL amyloidosis in AS patients and the difference 
in screening tools [39].

Within the regression model, some of the well-known 
parameters reported in the literature including global longi-
tudinal strain difference [42] were not found to be significant 
in the analysis as the difference in reported means was not 
significant in the pooled analysis. This may be indicative of 
the heterogeneity inherent in the studies and the relatively 
small sample size in the individual studies. The analyses are 
provided here (Fig. 6).

Conclusions

CA has a high prevalence in patients with AS and is associated 
with worse prognostic biomarkers than AS alone. An effective 
screening strategy for AS-CA can increase awareness, institute 
early treatment and allow planning for long-term care.
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