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Amyloidosis results from insoluble precursor proteins being deposited in the extracellular compartment.
The prognosis of the disease is predominantly determined by cardiac involvement due to amyloid accu-
mulation that contributes to cardiac dysfunction and disturbed conduction of cardiac electrical signals.
The clinical and radiological manifestations of amyloidosis are often non-specific, making amyloidosis
a diagnostic challenge both for clinicians and radiologists. Cardiovascular magnetic resonance imaging,

including conventional sequences, late gadolinium enhancement, T1 mapping and determination of ex-
tracellular volume fraction is a multi-dimensional modality for the assessment and diagnosis of cardiac
amyloidosis and, in addition, is an excellent tool for risk stratification and disease tracking.

© 2018 Elsevier Inc. All rights reserved.

Introduction

The deposition of protein fibrils, which fold incorrectly in a
B-pleated sheet, causes a group of rare diseases called systemic
amyloidosis [1]. Cardiac amyloidosis (CA) is caused by accumu-
lation of amyloid in the myocardial interstitium and associated
with increased ventricular wall thickness and mass, which results
in diastolic and, ultimately, systolic dysfunction. The majority of
patients with CA have either immunoglobulin light-chain amy-
loidosis (AL) or transthyretin amyloidosis (ATTR), which may be
hereditary, associated with transthyretin gene (mTTR) mutations,
or wild-type (WtTTR). AL is the most common type of systemic
amyloidosis and cardiac involvement is seen in more than half of
patients [2,3], even up to 70% [4]. Cardiac ATTR is often a fatal con-
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dition that may be under diagnosed with 26% incidence and an un-
derestimated cause of heart failure in specific ethnic populations
and the elderly [5,6]. Specifically, mTTR amyloidosis is variable de-
pending on the mutation [7], and wtTTR amyloidosis is probably
much more common than is widely appreciated in elderly patients
with heart failure with preserved ejection fraction [7]. The median
overall survival of patients with CA is significantly shorter than
that of patients without cardiac involvement [9], but survival is
certainly improved with earlier diagnosis [8]. Diagnosis is challeng-
ing; however, early diagnosis and classification of CA are especially
crucial given that the specific treatments hold great promise for
improving survival in these fatal diseases [10,11].

The initial non-invasive test of choice to diagnose amyloid car-
diomyopathy is echocardiography. Although infiltration of the my-
ocardium by amyloid proteins shows increased echogenicity de-
scribed as “sparkling”, it is not a sensitive finding for cardiac amy-
loidosis [12]. Nuclear scan is considered when echocardiography
and CMR are not diagnostic but cardiac amyloidosis is still a sus-
picion in patients [13]. Cardiovascular magnetic resonance (CMR)
is an important imaging modality due to its high specificity in the
diagnosis of CA [9], is a powerful alternative to biopsy in the di-
agnosis of cardiac amyloidosis with sensitivity and specificity of
100% and 80% in establishing the diagnosis of cardiac involvement
[14]. CMR should be considered for patients with unexplained
heart failure and arrhythmias, especially when there is a suspi-
cion of amyloid [15] and the echocardiogram is inconclusive with
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the disease [16] . Thus, CMR has been considered as imaging refer-
ence for cardiomyopathy [17]. CMR can perform myocardial tissue
characterization in addition to conventional volume and function
evaluation. CMR with T1 mapping is sensitive to amyloid depo-
sition and myocyte response to infiltration making it an attrac-
tive tool for non-invasive monitoring of disease progression. With
intravenous administration of gadolinium contrast medium, late
gadolinium enhancement imaging and determination of extracel-
lular volume fraction (ECV) add additional useful diagnostic and
prognostic information. Our objectives for this article are to: 1) re-
view CMR imaging of amyloidosis in biomedical research and clin-
ical practice, and 2) briefly outline future challenges and opportu-
nities of CA in CMR.

CMR techniques
Conventional sequences

Over the years, CMR has emerged as the reference standard
for the evaluation of ventricular morphology and function. Car-
diac cine MR can provide accurate imaging of myocardial mass,
atrial/ventricular structure, as well as atrial and ventricular func-
tion and of typical morphological features of restrictive cardiomy-
opathy with preserved ejection fraction. In contrast to EF, stoke
volume has a high probability of being abnormal in the earlier
stages of cardiac amyloid infiltration. This could be due to the ini-
tial increase in myocardial mass conferring a smaller end-diastolic
cavity volume [18]. CMR is conventionally limited in evaluating
cardiac diastolic function [19]. But strain, strain rate, and torsion
can be extracted from CMR data with tagging, feature tracking
and velocity coding MR techniques, which provide new dimen-
sions to evaluate diastolic function. Another CMR-specific way to
assess diastolic function is based on the concept of “T1 mapping”
[20]. All these techniques provide indirect ways to cardiac diastolic
function evaluation. Since 2010, several MRI-conditional and non-
conditional cardiac implanted electronic devices have been devel-
oped and approved for use with multiple MRI imaging modalities
[21-25]. Whereas two decades ago cardiac implanted electronic
devices were viewed as absolute contraindications to perform MR
[26], many MRI studies are now being performed safely using
published protocols [27,28]. However, in most centers, cardiac im-
planted electronic devices are still considered contraindications to
MRI. A primary advantage of CMR is the unique ability to ana-
lyze tissue composition with “myocardial tissue characterization”
[29]. The signal detected with non-contrast T1, T2 from the my-
ocardium can be used to differentiate the normal from abnormal
myocardium but with limited value. Previous reports have not de-
scribed any presence of edema in CA, reflected by no T2 signal
changes being observed [19,30]. However, whether high native my-
ocardial T1 correlates with troponin release or high T2 remains un-
clear as outlined by Fontana et al. [31]. It is generally accepted that
the most common types of CA: AL and ATTR, overlap in respect to
their CMR manifestations [32,33].

Late gadolinium enhancement (LGE) technique

LGE works on the basis of the difference in contrast agent
washout between normal and abnormal myocardium. This gadolin-
ium contrast agent is small enough to accumulate in the extracel-
lular space but not so small so as to cross intact cellular mem-
branes [34]. Gadolinium contrast agent reduces the T1 relaxation
time of tissue. In areas of “scar” tissue, or in regions of amyloid
deposition, the impermeability of gadolinium contrast agent is pro-
longed compared with normal myocardium. After administration of
gadolinium contrast agent in healthy tissue, diffuse lowering of T1
in the whole myocardium will happen. In focal amyloid/scar area

regional T1 values are detectably lower, which forms the basis of
LGE for qualitative detection [19]. A global subendocardial LGE pat-
tern, the most typical LGE pattern in CA, demonstrates subendocar-
dial arc shaped or annular high signal in a non-coronary artery ter-
ritory area, but transmural or patchy LGE with diffuse or localized
amyloid infiltration enrich the patterns [32,35] (Fig. 1). LGE find-
ings in CA are not dichotomous but a continuum from no LGE to
subendocardial, to transmural tracking with increasing amyloid de-
position. LGE can be obtained through a cumbersome primed con-
trast infusion or bolus administration of gadolinium contrast agent,
the former is hard to be carried out and not used widely, and
the latter can be performed 10 min, or 15-20 min delay after bo-
lus administration [36-38]. However, adequate differentiation be-
tween normal and abnormal myocardium on contrast-enhanced
MR images has been shown 5-8 min after gadolinium administra-
tion instead of the imaging delay of 10-20 min generally used in
contrast-enhanced cardiac MR imaging [39]. Inversion times to null
the myocardium are variable and difficult to set, especially in CA,
because accelerated clearance of gadolinium contrast agent occurs
when it encounters beta-pleated sheets and protein fibrils causing
CA.

Limitations and drawbacks of LGE have to be mentioned. Firstly,
adverse reactions following intravenous administration of gadolin-
ium based contrast agents are rare but may be potentially fatal,
including anaphylaxis and nephrotoxicity, especially when given at
high doses (>0.3 mmol/kg) or in patients with renal dysfunction
[40,41]. Besides adverse reactions, it can be challenging to iden-
tify the diffuse cardiac amyloidosis due to diffuse late gadolin-
ium enhancement when conventional LGE techniques are em-
ployed. Furthermore, standard LGE imaging techniques are flawed
in amyloidosis as there is a requirement that the MR technolo-
gist/radiographer selects the inversion time to optimally null sig-
nal from regions of normal myocardium. Amyloidosis that involves
the whole myocardium may have no normal myocardium, result-
ing in “wrong” LGE patterns or false negative findings (global my-
ocardium involved but could appear as normal) [19]; these is-
sues can be ameliorated with phase sensitive inversion recovery
(PSIR) sequences, or LGE combined with T1 mapping mentioned
below. Unclear borders between abnormal enhanced myocardium
and blood on bright-blood PSIR sequence would affect the accu-
racy of LGE and transmurality measurements, black-blood PSIR LGE
has been introduced to improve the contrast between the blood
pool and abnormal myocardium by exploiting an inversion pulse
in combination with a T2 preparation module [42,43], with 2D ac-
quisitions that are performed during a breath-hold [44] or a 3D
free-breathing whole-heart acquisitions [45].

T1 mapping

T1 mapping is the quantitative measurement of myocardial
signal, and can be performed pre-contrast (native T1) and post-
contrast. Each pixel of the image reflects the absolute value of T1,
coded in color, therefore, myocardial native T1 mapping measures
intrinsic myocardial signal (Fig. 2). Benefits of native T1 mapping
without the administration of contrast agent would be the inde-
pendence of the outcome of the quantitative T1 map from renal
function and the timing of the measurement [46]. The reference
value of native T1 depends on the strength of the magnetic field
and the scanner and sequence used (Table 1) [38,47-60]. Patholog-
ical status will change native T1 of the myocardium. Reduced T1
occurs uncommonly in fat infiltration, i.e. Fabry disease and iron
overload [58,61]. Increased native T1 values commonly occur in
diffuse myocardial fibrosis, scar, amyloidosis and edema. This may
have clinical value particularly when gadolinium-based contrast
agents are contraindicated. In both amyloidosis types, T1 map-
ping can track the changes of myocardium earlier than systolic and
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Fig. 1. Different LGE patterns in patients with cardiac amyloidosis.

Images shown include short-axis and four-chamber views of late gadolinium enhancement (LGE) with phase-sensitive inversion recovery reconstruction (PSIR) in a 40-year-
old female healthy volunteer (panel A), a 53-year-old male patient (panels B, C) with AL amyloidosis; a 76-year-old female patient (panels D, E) with myocardial infarction.
The image of the healthy volunteer (panel A) show no LGE; subendocardial LGE is shown in a patient with AL amyloidosis (white arrowheads in panel B), while transmural
LGE is seen in a same patient (white arrows in panels B and C). LGE in cardiac amyloidosis can be distinguished from myocardial infarction, which typically corresponds with
a coronary artery territory as in this patient with circumflex branch of left coronary artery as the infarct culprit artery in panels D and E (black arrowheads). Two-chamber
view of a 56-year-old male patient (panel F) shows the thinning of left ventricle region wall resulting from myocardium infarction presenting with striped sharp-marginal
LGE, compared with diffuse vague-marginal subendocardial LGE in a 46-year-old male patient (arrowheads on panel G).

Fig. 2. Comprehensive comparison with cardiac MR between a patient with AL cardiac amyloidosis and a healthy volunteer.

Images shown include four-chamber view cine (panels A, E), corresponding late gadolinium enhancement (LGE) image with phase-sensitive reconstruction (panels B, F),
native T1 maps, (panels C, G) and post-contrast T1 maps (panels D, H) in a 38-year-old male healthy volunteer (top row) and a 57 -year-old male patient with AL amyloidosis
(bottom row). The healthy volunteer has normal cine, LGE images and native T1 value, with normal calculated extracellular volume (ECV) of 0.253, while the AL amyloidosis
patient after 3 months of autologous stem cell transplantation has pericardial effusion (white arrow in panel E), bilateral pleural effusion (* in panel E); transmural LGE
(white arrowheads in panel F) with very high native T1 values and high ECV values (0.439) are seen.

Table 1
Normal Native T1 and ECV values reported using different pulse sequences at 1.5 and 3 T.
Native T1 (ms) ECV (%)

Sequence 15T 3T 1.5T 3T
17-HB MOLLI (41) 986445 (51) 1070+£55 (56) 23+£3 (60) 27+9 (56)
ShMOLLI11 (42) 958+20 (52, 53) 1178+13 (57) 27+2 (43)  Not reported
SASHA14 (43) 1177 £27 (54) 1539+50 (58) 22+3(54) 21.3+2(49)
SAPPHIRE15 (44) 1212 +£40 (55) 1578 +35 (59) 20 (38) 20.2+2 (49)

HB indicates heart beat; SASHA, saturation recovery single-shot acquisition. SAPPHIRE, satu-
ration pulse-prepared heart rate-independent inversion recovery.
The number in parentheses is reference order number.
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diastolic function, myocardium mass and can be used as a prognos-
tic marker [5,52].

The main drawbacks of T1 mapping techniques are: firstly, it
measures mixed myocardial signal of both interstitium and my-
ocytes. Secondly, the T1 values in the T1 map are variable accord-
ing to the pulse sequence and magnetic resonance scanner, and
use of native T1 mapping for diagnosing diffuse CA might be chal-
lenging. On PSIR, perfect concordance between myocardial T1 value
and LGE has been reported, that is, areas of low T1, coded with the
darkest blue, represent areas of LGE. As mentioned before, it is dif-
ficult to interpret diffuse LGE when no normal myocardium exists
using traditional LGE sequences. When the entire myocardial na-
tive T1 value is lower than blood pool, global LGE exists; global
LGE is also present if it is seen on LGE images with PSIR or if
the myocardium nulled before the blood pool on a cine multiple
inversion time sequence because the chelation of amyloid beta-
pleated sheet protein and gadolinium contrast agent can acceler-
ate the washout of the gadolinium contrast agent, which make it
unique in CA [62,63]. Thirdly, normal T1 values are higher when
measured at 3.0 T scanner or with different/new sequences [55,64].

It is not easy to quantify and interpret diffuse LGE and this is
why the emergence of the extracellular volume (ECV) technique
has been invaluable. Technically, calculation of ECV should require
the equilibration of contrast concentrations between myocardium
and blood pool. Gadolinium contrast agent allows another method
to analyze tissue characterization with T1 mapping. Post-contrast
T1 value may be lower in some cardiac conditions, suggesting in-
creased myocardial interstitial space, but change with the time of
delay after administration of the gadolinium contrast agent, which
limits its evaluation of myocardium separately. With the pre- and
post-contrast T1 of myocardium and blood, adjusted for hemat-
ocrit, ECV can be calculated, using the following formula:

ECV = (1 - hematocrit) (AR] myocarclium/AR‘1 blood pool) (1 )

where  ARTyocardium OF ARTpjo0d poot indicates change in blood
and myocardium pre- and post-Gd and R1=1/T1 [47]. Reference
range of ECV is shown in Table 1 [46-60].

Disadvantages of ECV are as follow: an ECV calculation requires
two different T1 maps, one before and one after contrast agent
injection, which needs more imaging time. Furthermore, as the
hematocrit value is acquired by a blood sample that needs to be
taken and analyzed in order to obtain the hematocrit, which pro-
duces a time-consuming procedure in a busy clinical workflow.
The resulting ECV map, representing the volume distribution of ex-
tracellular tissue components [65] (Fig. 2), can only be calculated
combined with pre-, post-T1 map, and the hematocrit value. Fur-
ther attempts to overcome these problems and simplify the proce-
dure would be welcomed.

New MR techniques

All above mentioned techniques show clinical value in CA,
nonetheless, limitations of these techniques still exist, which stim-
ulates the search for other new imaging modalities, i.e. positron
emission tomography/magnetic resonance imaging (PET/MR), my-
ocardial deformation imaging and CMR elastography. It is worth-
while mentioning that CMR cannot definitively distinguish AL
from ATTR, while single-photon emission computed tomog-
raphy (SPECT) using bone tracers 29mTc-3,3-diphosphono-1,2-
propanodicarboxylic acid, 99mTc-Hydroxymethylene diphospho-
nate, 2°mTc-pyrophosphate has been reported to differentiate the
two types of amyloidosis [66]. PET/MR is essentially fused PET and
MR LGE imaging, in which PET activity can be detected and quan-
tified within the specific areas of amyloid deposition visualized on
LGE. PET/MR with 8F-sodium fluoride has shown the potential to
diagnose CA, identify characteristic LGE, assess cardiac function,

and differentiate AL from ATTR within a single scan in a clinical
study with a small sample [67], so further research with a larger
sample size needs to be done in future. According to Trivieri et al.’s
study [67], MR LGE images that allowed PET activity to be mea-
sured within the myocardium and specific areas of amyloid depo-
sition visualized on LGE are best suited for the application PET/MR.
Considering a good correlation between the burden of amyloid on
native T1 mapping and 8F-sodium fluoride PET uptake was ob-
served, T1 mapping is a subsequent best suited sequence next to
LGE.

The analysis of myocardial strain offers new insight into the
disease’s mechanisms using heart deformation analysis and fea-
ture tracking including displacement, velocity, strain, and strain
rates, providing a new dimension to investigate CA. Echocardio-
graphy, the initial non-invasive test of choice to diagnose CA, is
diagnostic of CA with “granular sparkling” or “speckling” of the
infiltration by amyloid proteins in myocardium [13]. Various de-
formation metrics derived from echocardiography could help dif-
ferentiate cardiac amyloidosis from other causes of LV thickening
[68-70], or predict the survival [71] or identify early cardiac im-
provement following treatment for AL amyloidosis [72]. It is vali-
dated that differences exist in myocardial function and motion pat-
terns between patients with CA and healthy subjects by measur-
ing segmental myocardial motion indexes on cardiac cine images
[73]. Overall, global longitudinal strain was decreased in amyloid
heart disease and was reported to have predicted reduced survival
[74]. However, global longitudinal strain in CA has a typical pattern
with reduced strain at the left ventricular base and progressively
increased strain near the left ventricular apex (Fig. 3). Left ventri-
cle twisting and untwisting motions are initially increased in pa-
tients with AL with no cardiac involvement, but they may normal-
ize or become reduced with progressive cardiac involvement [75].
Recently, Oda et al. [76] measured the left ventricular global cir-
cumferential strain of LGE-positive and LGE-negative patients with
systemic amyloidosis using CMR tagging. As a result, the sensitiv-
ity, specificity, and accuracy with circumferential strain parame-
ters for the identification of LGE-positive amyloidosis were 93.8%,
76.9%, and 90.2%, respectively, and the peak circumferential strain
and variability in the peak circumferential strain time may corre-
late with the severity of cardiac amyloid infiltration and may be
more sensitive than LGE for the identification of early cardiac in-
volvement in patients with amyloidosis.

Last, shear wave elastography techniques relying on an exter-
nal vibrating source can produce shear waves inside a tissue of in-
terest. MR elastography, based on the new approaches, can mea-
sure the vibrational displacements in the tissue. The displacement
field is used to form a stiffness map through the inversion from
one mathematical algorithm. This technique has been applied in
CA. CMR elastography was performed to measure left ventricu-
lar stiffness, demonstrating that the myocardial stiffness of CA
patients was significantly higher than normal controls in recent
works [77,78].

The advantages and disadvantages of above-mentioned CMR
techniques used in CA are summarized in Table 2.

CA diagnosis
Cardiac function

Cardiac amyloid deposition can cause low end diastolic volume,
poor filling, thus poor diastolic relaxation and finally systolic dys-
function [6]. Conventional indicators like ejection fraction (EF) may
be normal even in the late phase of CA because it is poor to as-
sess systolic function in patients with concentric remodeling, while
stroke volume, the indexed stroke volume, cardiac output, usually
markedly reduced, are therefore better markers of systolic function
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Fig. 3. Strain curves and polar maps in two patients with AL amyloidosis based on 3.0 T cardiac cine MR.

Strain curves (panels A-C, G-I) and polar maps (panels D-F, J-L). Panels A-F: 45 -year-old female patient has a native T1 value of 1307.5ms and ECV of 0.317 but no late
gadolinium enhancement on cardiac MR. Global circumferential strain (GCS) and (global longitudinal strain) GLS are decreased in the basal inferior and lateral wall of the
left ventricle. Panels G-L: 61 -year-old male patient with cardiac amyloidosis has a native T1 value of 1546.2 ms and ECV of 0.652, characterized with diffuse transmural late
gadolinium enhancement in cardiac MR. GCS, GLS and global radial strain (GRS) are all decreased in this patient with cardiac amyloidosis and have a characteristic pattern
with reduced strain (green and light blue) at the LV base and progressively increased strain near the LV apex.

ECV = extracellular volume; GCS = global circumferential strain; GLS =global longitudinal strain; GRS =global radial strain.
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Table 2

The advantages and disadvantages of CMR techniques used in cardiac amyloidosis.

CMR techniques

Advantages

Disadvantages

Conventional sequences (T1, T2, cine)

LGE

T1 mapping Native T1 mapping
ECV

PET/MR

Myocardial deformation imaging

Intrinsic signal without contrast agent

1. Robust evidence to detect CA

2. More specific and sensitive than CMR
functional assessment

1. Without the use of contrast agents

2. Quantitative value for diagnosis, prognosis as
well as follow up

1. Earlier disease marker than LGE and T1 value

2. More robust and specific in CA with
ECV > 04

3. Quantitative index for diagnosis, prognosis
as well as follow up

To quantify myocardial activity, in vivo show
amyloidosis and establish diagnosis of CA
within a single scan

To provide information on regional wall motion

abnormalities and measure the degree of

deformation of a myocardial segment

—

Limited value in diastolic function

. Unresolved correlation between high native
myocardial T1 and high T2

. Adverse reactions and nephrotoxicity of
gadolinium contrast agents, but rare

. Relatively operator-dependent setting of
inversion time

3. Not easy to quantify and interpret diffuse
LGE

. Mixed myocardial signal from both
interstitium and myocytes

. Sensitive to the pulse sequence and scanner
used

. Difficulty in differentiating edema and

amyloid unambiguously

Prolonged exam time with acquisition of two

different T1 maps

. An additional time-consuming procedure
requiring the drawing of blood for the
hematocrit value

. Contrast is required and thereby same
potential rare reaction and nephrotoxicity

. Associated with radiation exposure

N

—_

N

—_

N

w

—_

N

w

—_

Through-plane motion artifacts
Limited by pixel size
No standardization

CMR elastography

1. Without the use of contrast agents
2. To quantify myocardial stiffness

Ll

Clinical implications of this data is unknown

and that remains research tool

. Not tolerated in all patients

2. Poor stiffness maps from respiratory motion,
poor cardiac gating, inadequate wave
penetration, and poor signal noise ratio

3. Clinical implications of this data is unknown

and that remains research tool

—_

CMR: cardiac magnetic resonance imaging; LGE: late gadolinium enhancement; CA: cardiac amyloidosis; ECV: extracellular volume.

than EF [29]. Long axis function in CA is characteristically reduced
for both right ventricle and left ventricle disproportionately to ap-
parent radial function. Apical function is preserved until late, com-
monly called “apical sparing”. The atria may be dilated, but a pure
restrictive cardiomyopathy has more impressive atrial dilatation.
CA should be suspected in any patients presenting with preserved
ejection fraction and heart failure. If the EF is reduced in AL, then
(unless already treated), patients are typically in heart failure with
pleural and/or pericardial effusions, whereas ATTR appears to be
better tolerated or more indolent in its progression. Still, a reduced
left ventricular EF of 40% echocardiographically was reported in
one recent work in 8% of patients with mTTR amyloidosis [79], and
the mTTR patients also had decreased average left ventricular EF
(47% with left ventricular EF <40%) more frequently than patients
without mTTR [80].

CMR has now become the gold standard in the assessment of
the morphology and function of the heart, but cardiac function
evaluation alone cannot prove the diagnosis of CA, since changes
in morphology and function occur late. However, the information
it provides can add to clinician confidence in making a diagnosis of
CA. Further study on left ventricular regional myocardial microvas-
cular function in AL patients showed significantly reduced first-
pass perfusion upslope and maximal signal intensity, and increased
time to maximum signal intensity compared with healthy control
subjects [81]. Evaluation of myocardial microvascular function can
also differentiate AL patients with preserved or impaired systolic
function from healthy subjects [81]. Feature tracking CMR as well
as first-pass perfusion imaging were recently successfully applied
to monitor abnormal left ventricular myocardial deformation of
AL patients with preserved left ventricular EF, and found myocar-

dial deformation was associated with microvascular dysfunction
[82].

Myocardial hypertrophy

Extracellular deposition of amyloid protein leads to this in-
crease in wall thickness, and contributes to ventricular stiffening
[83]. CA can present with asymmetric or symmetric, eccentric or
concentric wall hypertrophy, thus increasing left ventricular mass
(Fig. 4). Asymmetrical septal hypertrophy is defined as a ratio be-
tween the septal and posterior wall thickness >1.5, which is clas-
sically associated with hypertrophic cardiomyopathy. Worthy to be
mentioned, the potential asymmetric septal hypertrophy pattern
of cardiac amyloidosis can be confused for hypertrophic cardiomy-
opathy, but with LGE images the phenotypes are readily differenti-
ated, which is key in differentiation of hypertrophic cardiomyopa-
thy from amyloidosis if this pattern occurs. Such a phenotype is
more common in ATTR [84] than AL and is common with the mor-
phological subtypes of sigmoid septum and reverse septal contour.
5% of patients diagnosed with hypertrophic cardiomyopathy have
cardiac mTTR [79]. Therefore, its presence should be used with
caution to favor hypertrophic cardiomyopathy strongly over amy-
loidosis [8]. Besides, no difference was found in the prevalence of
the different morphological phenotypes in wtTTR and mTTR CA.
Right ventricular involvement with hypertrophy is also frequent
[85]. Generally, myocardial hypertrophy in CA is defined as mean
left ventricular wall or ventricular septum thickness >12 mm mea-
sured in the end-diastolic phase without hypertension or any other
possible causes of left ventricular hypertrophy [86]. However, with
the use of 12mm as the cutoff for left ventricular wall thickness,
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Fig. 4. Different myocardial hypertrophy patterns in amyloidosis.
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Panels A-C show asymmetric and eccentric wall hypertrophy of cardiac amyloidosis in a 52-year-old woman on short-axis view cine image (panel A), short-axis view (panel
B) and 4-chamber views with late gadolinium enhancement (LGE) imaging (panel C), while panel D displays symmetric and concentric wall hypertrophy on short-axis view
cine image in a 54-year-old man, with white arrowheads pointing to transmural LGE of left ventricle (panel E) and black arrowheads of right ventricle (panel F). No wall
hypertrophy is seen on short-axis view cine image (panel G) in a 55-year-old man, but obvious subendocardial LGE and local transmural LGE (arrowheads) are identified on

short-axis and 4-chamber views with LGE imaging (panel H and I).

early CA may also remain undiagnosed. Recently, diastolic left ven-
tricular posterior thickness >13 mm was regarded as the diagnostic
criterion for CA, hypertrophic cardiomyopathy and unspecific car-
diomyopathy [87]. However, no guideline is currently available to
provide the consensus for diagnostic thresholds, thus more studies
to validate such thresholds in both AL and ATTR are needed.

Myocardial tissue characterization

LGE of the left ventricular myocardium was long deemed to
be the standard reference to detect cardiac amyloid deposition. In
systematic amyloidosis, sensitivity and negative predictive value of
100% to diagnose CA with LGE have been reported, with specificity
and positive predictive value of 80% and 81%, respectively [12].
Atrial wall and right ventricular free wall could be involved, which
is rarely seen in ischemic heart disease [1]. More than 33% of left
atrial LGE produced the greatest diagnostic value for CA, and the
extent of left atrial LGE was highly predictive for CA diagnosis [88].
In ATTR, positive LGE was detected in 60% of mTTR patients [89].
And there was more extensive LGE with right ventricular involve-
ment in individuals with ATTR than in those with AL [31]. Some
attempts were made to distinguish AL from ATTR in patients with

CA using CMR. Combining LGE score (The Query Amyloid Late En-
hancement, QALE score) with wall thickness and age, ATTR pre-
sented with higher sensitivity of 87% and specificity of 96% com-
pared with AL. Furthermore, 90% of patients with ATTR presented
with transmural LGE, compared with 37% of patients with AL. The
prevalence of transmural LGE and right ventricular LGE was sig-
nificantly higher in ATTR than AL [31], which was consistent with
another study that displayed there was no difference in LGE preva-
lence between wtTTR and mTTR [84].

Native T1 is a sensitive and early disease marker, increased be-
fore abnormality in blood biomarkers, left ventricle hypertrophy
or presence of LGE [29]. Native T1 values are higher in diseases
resulting in an elevation in the extracellular matrix compared to
healthy subjects, which has been stated in myocardial edema [90],
fibrosis [56] and amyloidosis [51]. Myocardial native T1 mapping
may have a high diagnostic accuracy in both AL and ATTR com-
pared with hypertrophic cardiomyopathy, a clinically relevant dif-
ferential diagnosis [51]. Moreover, native myocardial T1 mapping
can detect ATTR amyloidosis with similar diagnostic utility and dis-
ease tracking with AL amyloidosis, but with lower maximal T1 ele-
vation, appearing to be an earlier disease marker in gene mutation
carriers than LGE imaging [5].
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Table 3

Differential diagnosis on AL and ATTR amylosidosis.
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Indicators

Cardiac AL

Cardiac ATTR

Age (years)

Sex predilection
Survival (months)
CMR

Morphology

Function

Tissue characterization

Symmetrical LVH
Asymmetrical LVH
No LVH

LVEDV (ml)
LVESV (ml)

LVEF (%)

LV mass (g)

LA area (cm?)

SV (ml)

LGE

T1 mapping (ms)
ECV

Subendocardial LGE
Transmural LGE
RV LGE

62-65 (31, 32, 37, 41, 64)
Not reported

15.7-18 (32, 113)

68% (2, 84)

14% (2, 84)

18% (2, 84)

114-123 (32, 41, 84)
19-43 (32, 37, 84)

59-66 (32, 37, 41, 84)
140-197 (32, 41, 84)
23-26 (32, 84)

70-71 (32, 84)

39% (63)

27%—50% (63, 84)
72%—-77% (32, 84)
1080-1140 (317, 377, 527)
0.53-0.54 (31, 84)

69-73 (31, 32, 84)
Male (31, 32, 84)
38.9-45 (32, 113)
18% (84)

79% (84)

3% (84)

131 (32, 84)
32-59 (32, 84)

56 (32, 54)
228-244 (31, 84)
26-31 (32,84)
71-72 (32, 84)
24%-29% (63, 84)
63%—71% (63, 84)
96%—100% (32, 84)
1101 —1097 (52, 317)
0.58-0.59 (31, 84)

Pericardial effusion
Pleural effusion

37% (32)
57% (32)

33% (32)
41% (32)

AL: light chain amyloidosis; ATTR: transthyretin amyloidosis; CMR: cardiac magnetic resonance imaging; LVH: left ventricular hypertrophy; LVEDV: left ventricular enddias-
tolic volume; LVESV: left ventricular end-systolic volume; LVEF: left ventricular ejection fraction; LV: left ventricular LA: left atrial; SV: stroke volume RV: right ventricular;

LGE: late gadolinium enhancement; ECV: extracellular volume.
The number in parentheses is reference order number.
2 Indicates the data measured with 1.5 T MR scanner.

It is worth mentioning that the lower native T1 value in ATTR
patients than AL amyloidosis may result from a lower amyloid bur-
den, less collagen or hydration due to amyloid, or differential ef-
fects on the intracellular signal, which was suggested in Fontana‘s
later study [30]. Additionally, in AL, native T1 value correlates with
reductions in limb lead voltages, whereas in ATTR, it associates
with electrocardiogram PR and QRS duration and indexed left atrial
area, a reduction in 6-min walk test [91]. Native T1 mapping also
showed the potential value for the detection and quantification of
cardiac involvement in familial amyloid polyneuropathy, induced
by deposits of amyloid fibrils in nerves, the most commonly due
to mTTR [92].

The diagnostic value of ECV is reflected in three parts: firstly,
ECV in amyloidosis tends to be higher than in any other cardiomy-
opathies, ECV evaluation seems to provide a unique biomarker in
this patient group [93-95]. Secondly, ECV was found to be elevated
in patients who presented no cardiac involvement with LGE assess-
ment and conventional testing, suggesting a potential value to de-
tect CA earlier [95-97]. Thirdly, native T1 values are higher in AL
than in ATTR, whereas the ECV is higher in ATTR than in AL [31],
pointing to an extra process that may contribute in AL amyloido-
sis to the elevation of native T1, the most favored cause would be
myocardial edema in AL [97]. ECV is more robust compared to na-
tive T1 values and LGE, especially across different centers as it is a
ratio of T1 change. Moreover, high global ECV has high specificity
in amyloidosis: fibrosis cannot result in an ECV of greater than 0,4
in remote (non-infarct) myocardium, suggesting that ECV > 0.4 in
remote myocardium becomes very specific, only with the need to
differentiate from diffuse myocardial edema [29]. In addition, ECV
was significantly different in mTTR compared with wtTTR amyloi-
dosis. In patients with different mutations of ATTR amyloidosis, pa-
tients with V30M had a significantly lower ECV than patients with
WtTTR, T60A, and V122I, and patients with V122I had significantly
higher ECV than patients with T60A [84]. The key points for dif-
ferential diagnosis of the two CA subtypes in CMR are shown in
Table 3.

Risk stratification/ prognosis evaluation
Cardiac biomarkers are non-specific indicators of cardiac dys-
function, however, they tightly correlate with prognosis and thera-

peutic response in AL amyloidosis [98]. Current Mayo staging sys-
tems for CA are based on serum levels of NT-proBNP, cardiac tro-
ponin T (¢TnT) and the concentration of circulating amyloidogenic
free light chains (FLC) [99,100]. This staging system assigns pa-
tients a score of 1 for each differential free light chain (dFLC)
>18 mg/dL, cTnT >0.025 ng/mL, and NT-proBNP >1800 pg/mL, cre-
ating stages I (no points) to IV (three points). These cardiac
biomarkers are globally accepted as prognostic tools in amyloidosis
[101]. In recent years, high sensitivity cardiac troponin T has set a
novel gold-standard of generations assays, also providing prognos-
tic value, particularly in AL amyloidosis [102]. Uric acid was also
included in the risk staging system in a recent study [103].

Apart from laboratory measurements, ejection fraction, pericar-
dial effusion [104], right ventricular systolic pressure, right ventric-
ular systolic strain and systolic strain rate, and tricuspid annular
plane systolic excursion were reported as risk stratification indi-
cators for the patients with AL amyloidosis, with the two-fold pur-
pose of risk stratification and early detection of cardiac dysfunction
[105]. However, morphological (left ventricular hypertrophy, index
interventricular septum thickness) as well as functional (mitral an-
nular systolic velocity, mitral/tricuspid annular plane systolic ex-
cursion) findings by echocardiography, and LGE by CMR failed to
stratify the risk of patients with ATTR in another study [106]. And
ECV showed that a higher risk for death existed with ECV > 0.45
compared with patients with ECV <0.45 in a 23-month follow-up
study [107]. It seems doubtful that LGE was not a risk factor as
visualization of cardiac amyloid infiltration with LGE imaging and
measurements of cardiac amyloid burden with ECV were all previ-
ously proven, yet these were not investigated systematically in risk
stratification of CA and it remains a relatively unexplored research
area.

In view of the clinical and prognostic significance of CA, sev-
eral noninvasive diagnostic tools have been reported for predict-
ing AL amyloidosis mortality, including ECG and echocardiography
[108-110], cardiac biomarkers such as ¢cTnT and NT-proBNP provide
potent prognostic value in patients with AL amyloidosis [111]. In
recent years, with the development of LGE and T1 mapping, CMR
imaging has increasingly been used not just for early and accu-
rate diagnosis but also prognosis evaluation, and positive and dif-
fuse LGE provides incremental prognostic value over clinical, labo-
ratory and echocardiographic variables for mortality prediction in
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AL amyloidosis patients with endomyocardial biopsy as the gold
standard [61,12].

LGE is a predictor of outcome in almost all cardiac conditions
except amyloidosis where studies have shown paradoxical results.
This may be partially explained by the use of non-standardized
LGE approaches [29,112] as well as difficult identification of dif-
fuse LGE and error-prone choice of inversion time. Transmural LGE
with PSIR sequence represents advanced CA and is relevant with
high ECV and poor prognosis while associating the observed LGE
pattern (normal, sub-endocardial, transmural) with ECV and clini-
cal outcomes [63]. Additionally, a modified LGE protocol of increas-
ing inversion times identified patients with histologically-proven
CA accurately and was a robust predictor of death with presence
of diffuse hyper-enhancement [112]. Notably, ECV > 0.58 was in-
dependently correlated with mortality in all patients with cardiac
ATTR, as well as those with mTTR and wtTTR [84].

Patients with AL amyloidosis had a significantly worse prog-
nosis compared with ATTR amyloidosis (median overall survival:
15.7-18 months vs. >38.9-45 months) [32,113]. Since there is more
extensive LGE with right ventricular involvement in individuals
with ATTR than in those with AL according to Dungu et al’s study
[31], increased LGE and increased interstitial expansion may not be
prognostic factors of amyloidosis because ATTR is associated with
a better prognosis than AL [114].

Besides the prognostic value of LGE and T1 mapping on CA,
some relevant research on cardiac function with CMR also showed
promising potential. Early, left atrial emptying fraction was found
to be inversely associated with highly sensitive c¢TnT, an estab-
lished risk marker for mortality [115]. Then, increased left atrial
volume and reduced left atrial emptying fraction were associated
with well-established risk factors for mortality in a large cohort
study of 1802 participants [115] and 44 consecutive patients with
confirmed AL amyloidosis [116]. Those at moderate and high risk
had significantly larger indexed maximum left atrial volume and
indexed minimal left atrial volume, lower left atrial emptying frac-
tion compared with patients with no or minimal cardiac involve-
ment [116]. There is no published data on evaluation of right ven-
tricular function with CMR to risk stratify CA patients, but right
ventricular dilation measured by echocardiography was studied
and correlated with more severe cardiac involvement and shorter
survival [110].

Disease tracking

Disease tracking is important after therapy. Cardiac morphology
and function have limited value in evaluating therapy response in
AL amyloidosis [117], in contrast to ATTR amyloidosis [118]. LGE
imaging demonstrated marked regression of the subendocardial
hyperenhancement after stem cell transplantation after 2.5 years
in a case report [117]. These all need to be further studied with
larger samples.

T1 mapping, including native T1 mapping and ECV, has high po-
tential to follow disease changes in patients with CA over time at
three different levels: amyloid infiltration (ECV), edema (native T1),
and myocyte response (intracellular volume), offering a broader
understanding of the pathophysiology of the treatment response
[29]. A few studies evaluated T1 mapping in clinical follow-up as
a marker of response to treatment. A reduction in native T1 values
after treatment in both AL and ATTR amyloidosis, in conjunction
with overall reduction in systemic and cardiac biomarkers in the
setting of clinical improvement with treatment, may represent re-
gression of amyloid deposition in the myocardium [118,119].

CMR functional parameters, including myocardial strain and
myocardial perfusion, are also used to track cardiovascular re-
sponses in patients with dialysis related amyloidosis [120].
Buchanan et al. [120] used a crossover study with CMR be-
tween patients on standard hemodialysis and hemodiafiltration,

also called intradialytic CMR, to examine the comparative acute
cardiovascular effects of standard hemodialysis versus hemofil-
tration in 12 stable patients with dialysis-related amyloidosis.
There was no significant difference in the cardiovascular response
between these two treatment modalities except decreased sys-
tolic contractile function calculated by cardiac deformation imag-
ing and significantly decreased myocardial perfusion during stan-
dard hemodialysis and hemodiafiltration. Besides, global longitudi-
nal systolic strain with echocardiography identified short-term im-
provement after chemotherapy for AL amyloidosis, which can bet-
ter predict survival than cardiac biomarkers [72].

ECV measurement has already been considered sufficiently po-
tent in some AL amyloidosis diagnostic and prognostic assessment
studies, however, no concerning studies were reported on dis-
ease change after treatment over time so far, which may need
further exploration. A prospective study tracked cardiac response
with serum levels of NT-proBNP after monoclonal antibody target-
ing treatment in patients with AL amyloidosis and persistent organ
dysfunction [121], but by far no prospective clinical outcome stud-
ies demonstrated the value of CMR in evaluating cardiac response
to treatment, or in directing appropriate treatment of cardiac amy-
loidosis.

The future of CMR for amyloidosis

Over many decades, advances in echocardiography, nuclear
imaging, and CMR have been coupled with research in CA. In part,
because of the diffuse nature of the cardiac involvement and the
fact that there is a combination of clinical and imaging features
that have been accepted as being diagnostic short of myocardial
biopsy, multimodality imaging in amyloidosis will continue to have
an impact on clinical care.

Apart from the emerging of new CMR techniques, Xu et al.
[122] proposed an end-to-end deep-learning algorithm framework
to accurately detect the myocardial infarction area at the pixel level
in 114 clinical patients using CMR images, yielding an overall clas-
sification accuracy of 94.35% at the pixel level. It opens a new
chapter of radiomics in CMR and may improve diagnosis of CA in
the big data era.

Rather than being mostly an imaging diagnosis, the imaging ad-
vances will be more closely aligned with therapies as molecular
imaging (including PET/MR), serum and imaging biomarkers, quan-
tification of myocardial involvement, functional, hemodynamic, and
clinical status are linked to innovative and transformative thera-
pies. Some tissue characterization like ECV and new CMR tech-
niques such as myocardial strain might also play a future role in
tracking treatment, as proposed in recent work in patients with
severe aortic stenosis [123].

In recent years, the field of CMR diffusion tensor imaging (DTI)
has gained significant momentum. The integrity, mobility and ar-
rangement of the myocytes contribute significantly to efficient ven-
tricular function [124], and cardiac DTI has shown potential to gain
novel insights into various cardiac conditions including myocardial
infarction and cardiomyopathy [125,126]. Though the application
of DTI in CA has not been reported, it turns to be a promising
prospective to study since DTI is now widely applied for assess-
ment of amyloid in the brain [127-129]. Some limitations of car-
diac DTI-tractography include its spatial resolution and inability to
resolve molecular signatures in the tissue imaged [130], but con-
stant efforts in the technology have been made to overcome the
shortcomings of the diffusion tensor to reduced repetition time, in-
creased signal-to-noise ratio and free-breathing imaging [131,132].

Lastly, animal models to study CA are limited by the type of
model [133-135]. Only one study on therapy effect [136] and no
report about CMR in animal models of CA has been published until
now.
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Cardiac involvement in systemic amyloidosis has both therapeu-
tic and prognostic significance, it is crucial to make a diagnosis
quantitatively and qualitatively, or provide prognostic value objec-
tively. In summary, amyloid cardiomyopathy has to be investigated
before heart failure and cardiac MRI is recommended routinely
in patients for comprehensively assessment in cardiac morphol-
ogy, function, risk stratification, prognosis, and guidance of therapy.
The single modality-based diagnosis has been replaced by an inte-
grated multimodality approach, and there is ample evidence that
CMR holds value in CA. However, as the field of medicine contin-
ues to improve quality and value, the field of CMR must necessarily
evolve as well.
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