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Abstract
Purpose of the Review  In this narrative review, we focus on the latest updates on CA–AS diagnosis, the implementation of 
CMR, and CT in the diagnostic algorithm and their future prospectives.
Recent Findings  Aortic stenosis (AS) is the most common valvular heart disease (VHD) worldwide. In recent years, the 
association between Cardiac amyloidosis (CA) and AS has emerged as a not uncommon and sneaky association. Trans-
thyretin (TTR) and immunoglobulin light chain (AL) are the two most common different types of misfolded amyloid proteins 
infiltrating the heart. AS–CA shares some anatomical features with CA, but the association leads to worse outcome. Nearly 
30% of patients undergoing TAVR suffers from CA. Differentiating CA–AS from lone AS is of great importance to tailorize 
pharmaceutical therapy and/or surgery. Nowadays, bone scintigraphy and urine/serum analyses are crucial to assess which 
type of amyloid excess there is, but to represent anatomical changes of the myocardium cardiac magnetic resonance (CMR) 
and computed tomography cardiac angiography (CTCA), they are the best non-invasive tools. Moreover, extracellular 
expansion can be quantified via CMR, but new promising studies assessing extracellular volume (ECV) via CT are emerg-
ing. Furthermore, AS–CA is a sneaky pathology afflicting elderly patients. Seen the comorbidities of the typical patient, 
Transcatheter Aortic Valve Replacement (TAVR) should be the indicated procedure. CT is the best imaging modality for 
TAVR planning with its excellent anatomical resolution.
Summary  CMR and CT could be integrated in the CA algorithm. Both can assess myocardium anatomical changes. Moreo-
ver, ECV is a precious tool to suggest the presence of amyloid in the myocardium.
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ECV	� Extracellular volume
ECVCMR	� ECV assessed through CMR
ECVCT	� ECV assessed through CT
LV	� Left ventricle
RV	� Right ventricle
TTR​	� Trans-thyretin
VHD	� Valvular heart disease

Introduction

Aortic Stenosis (AS) is the most prevalent valvular heart 
disease (VHD). It is characterized by a reduction of the area 
of the aortic valve which leads to overload, hypertension 
and left ventricle (LV) concentric hypertrophy, reduction 
of LV, and diastolic and systolic function and, eventually, 
heart failure.

In recent years, the association between cardiac amyloi-
dosis (CA) and AS has emerged as a frequent and sneaky 
condition [1]. There are different types of amyloidosis, 
depending on the type of misfolded protein—being immu-
noglobulin light chain (AL) and trans-thyretin (TTR) the 
most common ones—and the system involved (e.g., cardio-
vascular, nervous, hematopoietic).

TTR-amyloidosis is more prone to cardiac involvement, 
where misfolded amyloid fibrils deposit in the ECV of the 
myocardium and the other heart structures. Cardiac Amy-
loidosis can be present in up to 25% of the over 80-year-old 
patients [2], and it is even more present in patients undergo-
ing TAVR with a prevalence of nearly 33% [3]. When com-
bined, Cardiac amyloidosis and Aortic stenosis (CA–AS) 
have worse prognosis than AS alone [4]. However, Riley 
et al. demonstrated how risk of all-cause mortality was sig-
nificantly lower in patients who underwent TAVR than those 
treated with conservative medical therapy alone [5].

AL–CA usually follows hemopoietic disorders such as 
myeloma. Plasma cells produce an excessive amount of 
monoclonal immunoglobulin light chains, which by misfold-
ing themselves, can aggregate into amyloid fibrils and can 
deposit in the myocardium [6]. Moreover, light chains ele-
vate natriuretic peptide production, thus, rendering AL–CA 
a “toxic and infiltrative” cardiomyopathy [7].

CA afflicts different cardiac structures, ranging from myo-
cardium to the valves. Amyloid firstly accumulates from the 
base of the myocardium to the apex, leading to a concentric 
hypertrophy. Atria are also afflicted, and this explains the 
frequent association with atrial fibrillation. It is yet to be 
cleared what type of causation, there is between aortic valve 
infiltration and the stenosing process [8, 9••]. As proposed 
by Bonelli et al., probably the infiltration of amyloid within 
the myocardium leads to endothelium damage and conse-
quently fibrosis and calcifications [9••].

CA–AS presents some overlaps in terms of morphologic 
cardiac alterations with AS; thus, it can be hard to distin-
guish between the two. Concentric hypertrophy, LV disfunc-
tion, and progressive impairment of the systolic function can 
be found in both, but CA–AS tends to be worse in each of 
these aspect [10, 11]. In addition, elderly patients present 
comorbidities such as coronary artery disease (CAD) and 
hypertension, making the diagnosis more challenging [3].

There is no pathognomonic aspect for CA–AS. Electro-
cardiogram and echo-cardiography can be valuable, but their 
sensitivity is feeble. In clinical practice, RAISE (Remod-
eling, Age, Injury, Systemic involvement, and Electric 
abnormalities) multiparametric score has been proposed to 
distinguish lone AS from CA–AS. Such score comprehends 
the following criteria: the presence of carpal tunnel, dispro-
portionate electrical remodeling, disproportionate myocar-
dial remodeling, chronic myocardial injury, and age. The 
presence of one of the parameters adds different points. A 
score equal or higher than six has a 100% specifity [10].

In this review, we will focus on the role of cardiac mag-
netic resonance (CMR) and computed tomography (CT) in 
the identification of the patients affected by AS and CA.

Cardiac Magnetic Resonance

Why CMR

CMR is a non-ionizing imaging modality that represents 
the gold standard in assessing volumes, mass, and kinetic 
of the myocardium. It is the current reference standard for 
the evaluation of left and right ventricle ejection fraction, 
for the relative stroke volume and to picture valve changes 
[12]. Moreover, it has the unique ability to characterize 
myocardial tissue through the late gadolinium enhancement 
(LGE) sequences and the parametric techniques of T1 and 
T2 mapping.

Cardiac CMR can identify patients with CA, with a speci-
ficity of 92% and sensitivity of 85% [13]. CMR can also 
monitors response to CA’s therapy [14].

Through steady-state-free-precession cine sequences, 
CMR can easily detect and measure the typical changes of 
the AS-affected myocardium, such as left ventricular myo-
cardial mass thickening, atrial dilatation, LV diastolic and 
systolic dysfunction.

However, these changes are not exclusive of AS, as 
patients with CA can also present these morpho-functional 
changes. Therefore it is necessary to pay particular attention 
to suspicious criteria for CA–AS, the so-called “red flags”: 
discordance between low-voltage and LV wall thickness, 
disproportionate LV wall thickening (> 15 mm) relative 
to AS severity, LV global longitudinal strain ≥ 12%, apex/
basal longitudinal strain ratio > 2, right ventricle (RV) wall 
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thickening (> 5 mm), predominant right ventricular heart 
failure with ascites, atrial septal thickening and biatrial dila-
tation, and the presence of pericardial effusion [15].

Moreover, cardiac tissue abnormalities, consequential 
to amyloid substances deposits, can be identified with late 
gadolinium enhancement (LGE), native myocardial T1 map-
ping, myocardial extracellular space volume calculations, 
myocardial-blood inversion time rate analysis, and myocar-
dial edema investigation.

Normal myocardial T1 values are usually between 950 
and 1050 ms. T1 values are prolonged in patients with iso-
lated CA or AS and AS–CA [16•].

Moreover, tissue characterization with T1 mapping allows 
not only the assessment of cardiac involvement in cases of 
CA but has also proven to be a good marker to discover early 
stages of the disease [17] and for monitoring the response 
of the treatment [18].

Tavoosi et al. showed that an abnormal nulling pattern on 
Look Locker Inversion Time in post-contrast T1 mapping is 
highly suggestive of CA [19]. The abnormal nulling pattern 
could be related in these subjects to the amplification of 
ECV of the body leading to a faster clearance of gadolinium.

CA usually has basal–apical distribution of late enhance-
ment while apical segments are frequently spared. LGE 
occurs in up to 40% of isolated AS cases, being present 
primarily in the LV with a focal mesocardiac pattern but 
with possible involvement of the right ventricle and atrial 
myocardium [20]. Different LGE patterns correlate with dif-
ferent etiologies. TTR-CA follows a basal–apical enhance-
ment distribution where apex can be spared and a higher 
presence of RV involvement. On the contrary, AL–CA has a 
circumferential subendocardial involvement that can extend 
to transmural pattern (Fig. 1) [21].

The presence of distribution of LGE can be used to pos-
sibly exclude other cardiovascular diseases such as hyper-
trophic cardiomyopathy, Fabry disease, and cardiac hemo-
chromatosis [1].

Furthermore, the presence of LGE was correlated to 
an increased relative risk of major cardiovascular events 
and residual left ventricular dysfunction after aortic valve 
replacement [22].

Cardiac magnetic resonance ECV (ECVCMR) analysis is 
based on native myocardial T1 time and on post-contrast T1 
time and on the hematocrit value assessed through blood 
sample. The ECV is calculated according to the following 
formula:

Normally, ECV value ranges are < 25–27%. In CA–AS, 
it is increased (Fig. 2) [23].

ECV has excellent prognostic value in patients with 
CA–AS since it is correlated with mortality. An ECV < 25% 
is a protective factor regardless of exclusive clinical treat-
ment or valve replacement, with no reports of cardiovascular 
death within 1 year [24].

When CMR

Nitsche et al. in 2021 demonstrated that CA-associated AS 
is more common in older patients, especially males, and can 
be predicted clinically evaluating the presence of history of 
carpal tunnel syndrome, LV remodeling and increased septal 
thickness, RBBB, low Sokolow voltage, increased E/A ratio, 
and elevated troponin levels. [10]

Ecocardiography is the first imaging tool to assess 
CA–AS but has limited sensitivity and specificity to identify 
both conditions simultaneously [20].

The 2021 ESC guidelines on the management of VHD 
give no specific indication for when to perform cardiac MRI 
in suspected CA-associated AS, but CMR is increasingly 
emerging as the technique of choice when echocardiographic 
findings are not diriment [25].

ECV = (1 − hematocrit)

1

post-contrast T1 myo
−

1

native T1 myo

1

post-contrast T1 blood
−

1

native T1 blood

.

Fig. 1   LGE sequences in amyloidosis show a typical pattern of circumferential and subendocardial enhancement on the long axis (A) and on the 
short axis (B). On the short axis view, (B) involvement of the RV is also recognizable
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CMR represents a unique tool for the diagnosis and the 
monitoring of therapeutic response and prognostication in 
patients with aortic stenosis and cardiac amyloidosis.

However, data obtained by CMR should always be inte-
grated with clinical, laboratory, and imaging data to obtain 
a more accurate diagnosis.

If imaging assessment with CMR raises suspicion of 
CA–AS, further investigations are necessary to confirm the 
diagnostic assumption. Bone scintigraphy with 99 m tech-
netium-labeled bisphosphonates in association with research 
for monoclonal light chain in blood and urine is able to dis-
criminate TTR-CA and AL–CA with high sensitivity and 
specificity. TTR-CA is diagnosed by the presence of cardiac 
uptake and absence of monoclonal protein in serum/urine 
analysis [26].

Computed Tomography

Why CT

Nowadays, Computed Tomography Cardiac Angiography 
(CTCA) is a widely diffused and available imagine tech-
nique. Even if CMR remains the gold standard, some cardiac 
changes due to CA–AS can be visualized, such as RV and 
LV hypertrophy, atria calcifications, and chamber dilatation. 
Furthermore, CTCA has the capability to exclude the pres-
ence of coronary artery disease and to enable the evalua-
tion of LV volumes and function when an ECG-gated scan 
encompassing the entire cardiac cycle is performed.

Moreover, CTCA is the pivotal examination for the 
transcatheter aortic valve replacement (TAVR) planning. 
In a single, contrast-enhanced acquisition, CTCA offers a 
valid overview of the aorta, the iliac arteries, and the fem-
oral arteries [27]. Moreover, it allows to depict anatomy 
of the aortic annulus (AoA), aortic root, and the height of 

coronary ostia providing crucial information for the inter-
ventional cardiologist [28].

Usually, TAVR-planning scan acquisition comprehends 
2 acquisitions: one unenhanced CT and one after contrast 
media injection. However, in the last few years, new stud-
ies suggested how CTCA could be used for ECV measure-
ment [29•] in order to identify patients with CA.

In the setting of TAVR planning, CTCA can be 
employed as a method to screen the presence of CA–AS 
measuring ECV. This is readily obtainable through three 
different acquisitions: an unenhanced CT, a retrospective, 
contrast-enhanced acquisition of the heart plus a whole 
body acquisition (to assess the thoraco-abdominal ves-
sels), and a 3-min acquisition for measuring ECV (ECVCT) 
[29•].

Two methods can be used for calculating the myocardial 
ECV fraction: one requires blood sampling to determine 
the serum hematocrit; the other, called synthetic ECV, is 
derived by using unenhanced attenuation of blood.

In the first case, ECVCT relies upon the same principle 
as ECVCMR and is calculated using the following formula:

where ΔHU is the change in Hounsfield unit attenuation pre- 
and post-contrast (e.g., HUpost-contrast − HUpre-contrast).

In the second case, synthetic ECV is based on synthetic 
blood hematocrit (Hct) whose value derives from blood 
attenuation on unenhanced CT:

Treibel et al. demonstrated how synthetic ECV is a 
good surrogate for laboratory-derived ECV in the assess-
ment of myocardial fibrosis or infiltration (Fig. 3) [30].

ECVCT = (1−hematocrit)
ΔHUmyo

ΔHUblood
,

Synthetic ECVCT = (1−synthetic hematocrit)
ΔHUmyo

ΔHUblood
.

Fig. 2   In amyloidosis, T1 relaxation time values are typically 
increased as a result of the extracellular deposition of the amyloid 
protein. The T1 mapping (A) displays on a color scale the T1 values 
of the myocard, blood, and surrounding structures. On the polar map, 

(B) a diffuse increase of the T1 values is reported (in this case normal 
values < 1250 ms on a 3 T CMR). The resulting ECV values (normal 
values < 30%) are consequently also increased (C, D)
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CT and CMR are both valid tools to estimate myocar-
dial ECV, without the need for invasive endomyocardial 
biopsy. Indeed, it is possible to measure ECV by means of 
CT contrast agents to visualize diffuse myocardial fibrosis, 
tissue amyloid accumulation, or edema [29•]. While CMR 
is considered the non-invasive gold standard for ECV meas-
urement, the evidence based on ECV quantification via CT 
is growing rapidly. Han et al. showed how ECVCT has an 
excellent correlation with ECVCMR [31]. Seen this, ECVCT 
still requires a tailored protocol with at least three acquisi-
tions, it is not being implemented in diagnostic routine and 
it remains to this day in the realm of research.

As ECV is a marker of myocardial tissue remodeling, 
it could be useful as prognostic tool for patients who have 
undergone transcatheter or surgical aortic valve replace-
ment. Suzuki et al. demonstrated how myocardial ECVCT 
in patients who underwent aortic valve intervention was an 
independent predictor of adverse outcomes after aortic valve 
replacement [32].

When CT

Between the non-invasive imaging technique, CTCA surely 
has the greatest special resolution. It offers a great descrip-
tion for every anatomical change that afflicts the CA–AS 
myocardium. It is also pivotal for vessels visualization 
before TAVR. To this day, the only usefulness of CTCA 
remains TAVR planning. Coronary artery visualization is a 
controversial topic as elderly patients tend to have diffuse-
calcified coronaries, thus, increasing the blooming effect 
and reducing the diagnostic power of the machine. Further 
studies should concentrate on the correct framing of CTCA 
in the CA–AS diagnostic algorithm.

CTCA can also measure ECV. Hence, CTCA could 
become an alternative technique to CMR in patients under-
going TAVR to identify a concomitant CA and AS.

In particular, Scully et  al. demonstrated how an 
ECVCT > 31% is linked to AS-amyloid. Hence, they 

proposed a diagnostic algorithm that orbits around CTCA. 
After TAVR-planning CTCA, if ECV is > 31% patient 
should be referred to further investigations (e.g., bone scin-
tigraphy, urine and serum immunofixation, and serum-free 
light chains) [29•].

It is important to consider the higher ionizing radiation 
exposure associated with obtaining ECV measurements 
using CT, which involves multiple scans. However, the 
use of ECV CT could be considered primarily for elderly 
patients aged 80 and above, in which their potential radiation 
impact is minimal.

Conclusions

The real prevalence of CA in patients with SA is unknown to 
date, but considering the aging of the general population, we 
are facing a condition that we currently underestimate and 
may become even more prominent in the future.

The association between the two diseases severely wors-
ens the patient's prognosis, and there is a need to facilitate 
the diagnostic and treatment pathways [33].

In addition, new therapies for amyloidosis are emerging 
and this could lead to changes in the therapeutic strategy in 
case of association between CA and AS [34].

Although CMR may not be an imaging modality that can 
be applied to all patients with AS due to the high incidence 
of the disease, costs, and availability in different hospital 
centers it represents to date the best tool to identify and 
evaluate the concomitant presence of CA.

CTCA remains crucial for TAVR planning and CAD 
assessment and could become a screening method for CA in 
these subsets of patients through the use of ECVCT. Indeed, 
ECVCT showed remarkable concordance with ECVCMR at 
the price of an additional ionizing acquisition. To this day, 
ECVCT is used only in the research field, but further stud-
ies and the incoming new low-dose scanners will help the 
transition to clinical practice.

Fig. 3   ECV with CT is meas-
ured through two acquisitions: 
an unenhanced scan and a post-
contrast acquisition at 5–7 min 
from injection. Measurement of 
the HU values from the ROIs 
placed at the interventricular 
septum in unenhanced (A) and 
enhanced (B) CT. Unenhanced 
ROI value: 29 ± 29 HU; Post-
contrast ROI value: 92 ± 12 HU
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