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Abstract

Cardiac involvement in amyloidosis is characterized by the extracellular deposition of
misfolded proteins in the heart with the pathognomonic histological property of green birefringence
when viewed under cross polarized light after staining with Congo red. Although considered a rare
disease, recent data suggest that cardiac amyloidosis is underappreciated as a cause of common
cardiac diseases or syndromes. The prognosis for transthyretin (TTR) amyloidosis (ATTR)
amyloidosis is better than that for amyloid light-chain amyloidosis, however it is not as good as for
other etiologies heart failure. Although there is no proven therapy for patients with ATTR
cardiomyopathy (ATTR-CM), tafamidis meglumine, a TTR stabilizer, a study in 2018 found it was
associated with reductions in all-cause mortality and cardiovascular-related hospitalizations, as well
as with a reduction in the decline in functional capacity and quality of life compared with a placebo
for patients with ATTR-CM. As a result of these findings, tafamidis meglumine is currently the only
drug approved for patients with both wild-type and variant ATTR-CM, and should be considered for
patients whose survival can be reasonably expected. In addition, recent advances in cardiac imaging,
diagnostic strategies, and therapies have improved so that interest has been growing in the diagnosis
of ATTR-CM by means of non-invasive imaging modalities as a potential means for better
management of patients with ATTR-CM. This article reviews the efficacy of non-invasive imaging,
especially echocardiography, cardiac magnetic imaging and **™Tc-pyrophosphate scintigraphy for

diagnosis of cardiac amyloidosis.

Key Words: transthyretin cardiac amyloidosis, echocardiography, speckle-tracking
echocardiography, global longitudinal strain, cardiac magnetic imaging, **™Tc-pyrophosphate

scintigraphy



Introduction

Amyloidosis is a disease which misfolded proteins form B-sheet structured amyloid fibrils
that are deposited in several organs. Amyloidosis is classified as systemic amyloidosis with amyloid
deposition in multiple organs, and localized amyloidosis with amyloid deposition in specific organs.
It is further classified regarding precursor proteins and their corresponding clinical disease types [1].
Cardiac involvement by amyloidosis is characterized by the extracellular deposition of misfolded
proteins in the heart with the pathognomonic histological property of green birefringence when
viewed under cross polarized light after staining with Congo red [2]. Of the amyloid fibrils formed
by immunoglobulin light chains, transthyretin (TTR), or amyloid A protein (AA) accumulate in the
heart, leading cardiac dysfunction. TTR amyloidosis (ATTR) can be either variant ATTR amyloidosis
(ATTRv) with a pathogenic mutation in the ATTR gene, or wild-type ATTR amyloidosis (ATTRwt)
without any mutation [3]. Current findings indicate that > 98% of diagnosed cardiac amyloidosis
forms result from fibrils composed of amyloid light-chain (AL), ATTRv or ATTRwt [4]. Although
considered a rare disease, recent data suggest that cardiac amyloidosis is underappreciated as a cause
of common cardiac diseases or syndromes [5].

The prognosis of patients with AL amyloidosis is highly dependent on the cardiac
involvement and the severity of cardiac damage. According to the Mayo Clinic scoring system using
the difference in free light chain, N-terminal pro-brain natriuretic peptide and cardiac troponin T, the
median overall survival from diagnosis of patients with stages I, II, III, and IV was 94.1, 40.3, 14,
and 5.8 months, respectively[6]. On the other hands, the prognosis for ATTR amyloidosis is better
than that for AL amyloidosis, however it is not as good as for other etiologies heart failure (HF).The
survival of patients with ATTRwt amyloidosis was thought to be over 60 months [7, 8], but more
recent studies suggest that the median survival after diagnosis is only 43-47 months [9, 10]. In
addition, the mean life expectancy after diagnosis of ATTRv amyloidosis is approximately 10 years
in endemic areas [11], and approximately 7 years for late-onset disease in non-endemic areas [12]
when left untreated.

Although there is no proven therapy for patients with ATTR cardiomyopathy (ATTR-CM),
tafamidis meglumine, a TTR stabilizer, a study in 2018 found it was associated with reductions in
all-cause mortality and cardiovascular-related hospitalizations, as well as with a reduction in the
decline in functional capacity and quality of life compared with a placebo for patients with
ATTR-CM [12]. As a result of these findings, tafamidis meglumine is currently the only drug
approved for patients with both wild-type and variant ATTR-CM, and should be considered for
patients whose survival can be reasonably expected [4, 13]. In addition, recent advances in cardiac

imaging, diagnostic strategies, and therapies have improved so that interest has been growing in the



diagnosis of ATTR-CM by means of non-invasive imaging modalities as a potential means for better
management of patients with ATTR-CM. On the other hands, there is still no proven therapy for
patients with AL cardiomyopathy (AL-CM). The aim of treatment for AL amyloidosis is to decrease
free-light chain, which is a major cause of toxic amyloid fibrils. The guidelines recommends the
combination of cyclophosphamide, bortezomib, and dexamethasone as treatment for both
transplant-eligible and transplant-ineligible patients[13].

This article reviews the efficacy of not only echocardiography but also other non-invasive
imaging modalities such as cardiac magnetic imaging (CMR), **™Tc-pyrophosphate (PYP)
scintigraphy, amyloid positron emission tomography (PET), and cardiac computed tomography (CT)

for diagnosis of cardiac amyloidosis.

Echocardiography

Echocardiography is a non-invasive, easy-to-use reproducible modality for evaluating
cardiac morphology and function in cardiac amyloidosis, with some echocardiographic parameters
being prognostic for various types of amyloidosis. Conventional echocardiographic features
associated with cardiac amyloidosis include concentric left ventricular (LV) hypertrophy (LVH) and
right ventricular hypertrophy, normal LV cavity size, dilated atria, and pericardial effusion. Important
additional features of conventional echocardiographic features other than LVH include thickened
interatrial septum and thickened valves (Fig. 1). LV diastolic dysfunction are generally recognized as
the earliest manifestation of cardiac amyloidosis [14], while LV systolic function remains normal
until the later stages [15]. Extensive cardiac amyloidosis leads to atrial thrombi, even in patients with
sinus rthythm [16], and severe atrial and ventricular amyloid infiltration may also lead to mechanical
atrial standstill with eventual thrombus formation [17]. Atrial fibrillation, LV diastolic dysfunction,
and lower left atrial appendage velocity have been shown to be independent risk factors for
intracardiac thrombosis, whereas anticoagulation has been found to be associated with a significantly
decreased risk. The myocardial texture features a distinct “granular sparkling” appearance [18], and
it is well known as a key parameter in the diagnosis of cardiac amyloidosis. However, this feature
can occur in other causes of LVH, and specificity is as high as 71% - 81%, but sensitivity is as low as
26% - 36% of cardiac amyloidosis cases [19]. It should be noted that “granular sparkling”
appearance applies only to standard echocardiographic imaging, without the inclusion of tissue
harmonics, as this generally increases myocardial echogenicity. Current echocardiographic image
processing techniques may also reduce “granular sparkling” appearance. Thus, the usefulness of

“granular sparkling” appearance for diagnosing cardiac amyloidosis is limited.



Cardiac amyloidosis is characterized by an initial impairment of early LV relaxation,
whereas HF is associated with impairment of peak systolic wall motion velocities, most prominently
seen in the longitudinal myocardial function [20]. Moreover, peak lateral and medial mitral annulus
velocities and color M-mode tissue Doppler of the LV posterior wall can differentiate between
patients with cardiac amyloidosis and controls with excellent accuracy [21]. Longitudinal myocardial
velocity gradients by means of tissue Doppler imaging can indicate differences between the basal-
and mid-myocardial velocities, are significantly impaired in HF patients compared with those
without [22]. Furthermore, the LV longitudinal myocardial function was found to be impaired in all
patients with cardiac amyloidosis compared with only 36% of those with idiopathic restrictive

cardiomyopathy [23].

Speckle-tracking strain imaging by echocardiography

While conventional echocardiography is essential for early detection of LV structural
abnormalities for cardiac amyloidosis, it has been reported that speckle-tracking strain-derived
parameters are useful for early detection of LV structural abnormalities. Especially, global
longitudinal strain (GLS) assessed by two-dimensional speckle-tracking imaging is reported as a
sensitive marker for early subtle abnormalities of LV myocardial performance, helpful for the
prediction of outcomes for various cardiac diseases including various cardiomyopathies, and superior
to conventional echocardiographic parameters [24-28]. GLS is determined as the average peak
longitudinal strain of 18 LV segments from the standard apical views and can be assessed as a polar
plot by ordinary. Polar plot longitudinal strain mapping offers an intuitive visual overview of the
global and regional LV longitudinal myocardial functional status of various cardiomyopathies with
LVH. It is clinically practicable and the plot patterns obtainable as the result of further developments
of this technique in clinical practice provide clues to the etiology of cardiomyopathies, especially for
patients with preserved LVEF. It should be noted that cardiac amyloidosis is characterized by
regional variations in longitudinal strain from basal segment to apical segment. A preserved
longitudinal strain at the apical segments and significantly reduced longitudinal strain at the mid and
basal segments is consistently observed [29, 30]. Previous studies have demonstrated that this pattern,
known as “Apical Sparing”, is specific, thus suited to differentiate patients with cardiac amyloidosis
from patients with other causes of LVH [30, 31]. Phelan et al. compared 55 consecutive patients with
cardiac amyloidosis with 30 control subjects with LVH including 15 patients with hypertrophic
cardiomyopathy and 15 with aortic stenosis (AS) [29]. A relative apical longitudinal strain of 1.0,
which was determined by the formula [average apical longitudinal strain / (average

basal-longitudinal strain + mid-longitudinal strain)], was sensitivity of 93% and specificity of 82%



for differentiating patients with cardiac amyloidosis from control patients with LVH with an
excellent area under the curve of 0.94. Moreover, Liu et al. showed that a septal apical-to-basal
segmental longitudinal strain at a ratio of >2.1 can differentiate cardiac amyloidosis from other
causes of concentric LVH with a sensitivity of 88%, specificity of 85% [31]. This specific relative
apical sparing can be easily visualized by means of polar plot longitudinal strain mapping for
patients with cardiac amyloidosis (Fig. 2). Apical sparing is observed in both patients with
ATTR-CM and with AL-CM. However, the strain value at the LV apex of patients with ATTR-CM
has been shown to be lower than that of patients with AL-CM [32]. Moreover, Barros-Gomes et al
showed that GLS predicted all-cause mortality and provide additional prognostic information for
all-cause mortality superior to established clinical, echocardiographic, and serological markers of
150 consecutive patients with AL amyloidosis and preserved LVEF [33]. They also reported that
GLS was an independent predictor of all-cause mortality in multivariate Cox regression analysis.
Since apical sparing with low GLS would be an important “red flag” for suspected cardiac
amyloidosis detected by means of imaging modalities, the speedier diagnosis of ATTR-CM by means

of apical sparing may therefore enable earlier administration of tafamidis meglumine.

CMR

CMR is excellent for diagnosing cardiac amyloidosis, and is also useful for differentiating
patients with cardiac amyloidosis from those with LVH from other causes. Cardiac amyloidosis is
typically diagnosed with cine CMR and late gadolinium enhancement (LGE) on CMR. Cine CMR is
a basic sequence for evaluating cardiac morphology and function. Cardiac amyloidosis usually
causes LVH, predominantly at the basal segments. The severity of LVH tends to be greater for
ATTR-CM than for AL-CM[34]. However, it should be noted that 3-8% of patients with cardiac
amyloidosis present with a normal geometry. Thickening of the RV wall and atrial septum is often
observed in cardiac amyloidosis, with atrial septum thickening > 6 mm considered to be relatively
specific to cardiac amyloidosis [35]. Findings of cine CMR functional analysis indicate that LVEF is
often preserved, but may decline as the disease progresses, while advanced cardiac amyloidosis often
involves pericardial and pleural effusions [34]. Morphological and functional findings obtained with
cine CMR are non-specific, thus making cardiac amyloidosis difficult to diagnose when using this
modality alone. LGE imaging is the preferred method for diagnosing cardiac amyloidosis which
involves taking images 10 min after the injection of a gadolinium contrast agent to visualize
myocardial damage. The diagnostic performance of cardiac amyloidosis with LGE imaging has
shown a sensitivity and specificity as high as 85-90% [36, 37]. Typical findings of cardiac
amyloidosis on LGE imaging are diffuse LV subendocardial LGE, LGE in the RV wall, LA wall, and



atrial septum, and dark blood pools [38] (Fig. 3). LGE visualizes both amyloid deposition in the
myocardial interstitium and subendocardial ischemic changes associated with microangiopathy. LGE
patterns tend to be more prominent in ATTR-CM than in AL-CM, and frequently transform into
transmural LGE [34]. LGE mostly occurs in the basal segments [39]. LGE transition has been
observed from subendocardial to transmural as cardiac amyloidosis progresses while cardiac
amyloidosis presents with various atypical LGE patterns depending on the disease stage [40].

Recently, myocardial T1 mapping has been reported to be useful for the quantitative
evaluation of myocardial tissue characterization, and is currently recommended for diagnosing
cardiac amyloidosis. T1 mapping is an imaging method which quantitatively measures myocardial
T1 values. There are two parameters for T1 mapping, that is, native T1, which does not involve use
of a contrast agent, and extracellular volume fraction (ECV), which does. Native T1 and ECV
frequently yield extremely high values in patients with cardiac amyloidosis[41] (Fig. 4). Native T1
and ECV values for patients with cardiac amyloidosis are reportedly significantly higher than those
with other causes of LVH. Sensitivity and specificity for diagnosing cardiac amyloidosis of native T1
range from 80 to 92% and from 56 to 91%, respectively [41, 42], while the corresponding values for
diagnosing cardiac amyloidosis of ECV are 93% and 82%, respectively[43]. Cardiac amyloidosis
should be strongly suspected when ECV is > 40% [44].

9mTe-PYP scintigraphy

9mTc-PYP scintigraphy, a type of bone scintigraphy, features a high capability for
diagnosing ATTR-CM. Its use for the diagnosis of ATTR-CM yields a sensitivity of 58-99% and a
specificity of 79-100% [45, 46]. However, if false positives, most of which are AL-CM, are excluded,
9mTc-PYP scintigraphy is considered to have a diagnostic specificity and positive predictive value of
100% [45]. There are two methods for assessment of *™Tc-PYP scintigraphy for cardiac
amyloidosis: visual and quantitative. The basis for both methods is anterior planar imaging [44]. A
highly distinguishing trait of *"Tc-PYP scintigraphy is that, unlike echocardiography and CMR, it
can distinguish between AL-CM and ATTR-CM. Visual assessment using 3-h imaging can classify
findings as Grade 0 (no cardiac uptake), Grade 1 (mild cardiac uptake, less than rib uptake), Grade 2
(moderate cardiac uptake, equal to rib uptake), and Grade 3 (high cardiac uptake, greater than rib
uptake), with Grade 2 and 3 considered positive, with a strong suspicion of ATTR-CM (Fig. 5).
Though extremely rare case, there is a patient with ATTR-CM without cardiac uptake by *™Tc-PYP
scintigraphy (Fig. 6).

Recent topics of interest include the finding that substantial percentages of patients with

ATTR-CM can be found among those with HF with preserved ejection fraction (HFpEF) and those



with AS who have been referred for transcatheter aortic valve replacement (TAVR). It was found that
13-14% of patients with HFpEF were accounted for by those with ATTR-CM [47, 48], and for
12-16% of patients with severe AS who had been referred for TAVR [49, 50]. A recent study has
assessed the utility of ®™Tc-PYP scintigraphy for screening of patients with ATTR-CM from among
those with HFpEF or AS based on a non-biopsy diagnosis. Fig. 7 shows a case with ATTRwt-CM
manifesting as HFpEF, although conventional echocardiographic findings did not unequivocally
indicate typical cardiac amyloidosis. However, the presence of apical sparing based on **™Tc-PYP
scintigraphic findings led to an early diagnosis of ATTRwt-CM followed by an early intervention
using tafamidis meglumine. Since there is currently no established medical treatment for patients
with HFpEF, early diagnosis of ATTR-CM patients among those with HFpEF plays an important role
in treatment by means of tafamidis meglumine. Another case, shown in Fig. 8, shows findings for a
patient with severe AS who was scheduled for TAVR as treatment for being complicated with
ATTRwt-CM. Similar to the case in Fig. 7, the presence of apical sparing based on *™Tc-PYP
scintigraphic findings led to a diagnosis of ATTRwt-CM. This patient received tafamidis meglumine
after TAVR. Given the high prevalence of AS in the general population and the increasing frequency
of the use of TAVR for older adults at high and intermediate surgical risk, and the fact that more than
half of HF patients are currently HFpEF, *™Tc-PYP scintigraphy has proven to be an effective
screening tool for ATTR-CA among AS patients scheduled to undergo TAVR and HFpEF. Screening
for ATTR-CA may result in early identification of ATTR-CA cases of severe AS and/or HFpEF when

emerging therapies may be of greater benefit.

Amyloid PET

The application of amyloid PET in patients with cardiac amyloidosis has been the subject of
pre-clinical research reports. Myocardial uptake of !'C-Pittsburgh compound B[51],
F_florbetapir[52], and '®F-florbetaben[53] has been confirmed for both patients with AL-CM and
ATTR-CM, and has been shown to be significantly higher in such patients compared with controls.
The cardiac uptake of '8F-florbetapir and '®F-florbetaben tends to be higher in patients with AL-CM
than in those with ATTR-CM. Amyloid PET is also used to assess amyloid deposition not only in the
heart, but also in the whole body. Thus, amyloid PET can be capable of quantifying amyloid
deposition in the whole body.

Cardiac CT
Cardiac CT can be used as an alternative to CMR for assessing myocardial late

enhancement and ECV. Myocardial contrast enhancement or iodine density values can be used to



calculate ECV in late enhancement CT and assess it in a manner comparable to CMR T1 mapping[54,
55]. Cardiac CT-derived ECV is significantly higher in cardiac amyloidosis similar to CMR, and
suited to differentiate patients with cardiac amyloidosis from those with other causes of LVH. Scully
et al reported that patients with cardiac CT-derived ECV > 31% were suspected of cardiac
amyloidosis from 109 patients with severe AS who underwent *™Tc-PYP scintigraphy and routine
TAVR evaluation CT imaging[56]. As described previously, substantial percentages of patients with
ATTR-CM can be found among those with severe AS who have been referred for TAVR. Since
patients with AS who are scheduled TAVR usually undergo cardiac CT, cardiac CT has the advantage
that both indication of TAVR and the assessment of ATTR-CM can be evaluated simultaneously for

such patients (Fig. 9).

Conclusions

Cardiac amyloidosis is an inexorably progressive and eventually fatal cardiomyopathy
associated with poor quality of life. Although diagnosis is often delayed for many years after
symptoms develop, improved awareness and wider use of recently validated diagnostic imaging
methods, especially echocardiography is urgently required so that such patients may benefit from

recent therapeutic developments.
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Figure Legends
Fig. 1: Examples of apical 4-chamber views of wild-type transthyretin amyloid cardiomyopathy,
showing a thickened interatrial septum and thickened mitral valve as well as left ventricular and right

ventricular hypertrophy.

Fig. 2: Examples of parasternal long-axis views and longitudinal strain bull’s eye plots for patients
with left ventricular hypertrophy including a patient with wild-type transthyretin amyloid
cardiomyopathy (ATTRwt-CM), hypertrophic cardiomyopathy and severe aortic stenosis. Global
longitudinal strain (GLS) for all three patients is low, but an apical sparing pattern in the patient with

ATTRwt-CM can be seen (arrow).

Fig. 3: Examples of late gadolinium enhancement (LGE) obtained with cardiac magnetic imaging
(CMR) for a patient with wild-type transthyretin amyloid cardiomyopathy, showing diffuse left
ventricular subendocardial (white arrow), left atrial wall (white dotted arrow), and interatrial septum

LGE (red arrow).

Fig. 4: Examples of T1 mapping obtained with CMR for a patient with wild-type transthyretin
amyloid cardiomyopathy (ATTRwt-CM) and hypertrophic cardiomyopathy, demonstrating that the

native T1 value in a patient with ATTRwt-CM is extremely high and abnormally value.

Fig. 5: Examples of the parasternal long-axis view and *™Tc-pyrophosphate (PYP) scintigraphy for
patients with left ventricular hypertrophy, one patient with essential hypertension, one with amyloid
light-chain amyloid cardiomyopathy (AL-CM), and one with wild-type transthyretin amyloid
cardiomyopathy (ATTRwt-CM). Grade 3 cardiac uptake was observed in ATTRwt-CM

Fig. 6: Examples of the parasternal long-axis view, 12-lead electrocardiogram, and
9mTc-pyrophosphate (PYP) scintigraphy for a patient with transthyretin amyloid cardiomyopathy
who was hospitalized with acute heart failure. The patient had low voltage on 12-lead
electrocardiogram despite left ventricular hypertrophy, but ™ Tc-PYP scintigraphy shows Grade 0
cardiac uptake. However, the patient was diagnosed as transthyretin amyloid cardiomyopathy by
postmortem examination.

IVST, interventricular septum thickness; PWT, posterior wall thickness; LVEDYV, left ventricular
end-diastolic volume; LVESYV, left ventricular end-systolic volume; LVEF, left ventricular ejection

fraction; LAVI, left atrial volume index.
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Fig. 7: Examples of the parasternal long-axis view, apical 4-chamber view, Doppler-derived LV
diastolic filling, longitudinal strain bull’s eye plot and *™Tc-pyrophosphate (PYP) scintigraphy for a
patient with wild-type transthyretin amyloid cardiomyopathy who was hospitalized with acute heart
failure due to heart failure with preserved ejection fraction. Global longitudinal strain (GLS) of
13.0% is low, but an apical sparing pattern can be observed. Moreover, *™Tc-PYP scintigraphy
shows Grade 3 cardiac uptake.

IVST, interventricular septum thickness; PWT, posterior wall thickness; LVEDYV, left ventricular
end-diastolic volume; LVESYV, left ventricular end-systolic volume; LVEF, left ventricular ejection

fraction; LAVI, left atrial volume index.

Fig. 8: Examples of the parasternal long-axis view, longitudinal strain bull’s eye plot and
9mTe-pyrophosphate (PYP) scintigraphy for a patient with severe aortic stenosis who was referred
for transcatheter aortic valve implantation complicated with wild-type transthyretin amyloid
cardiomyopathy. Although global longitudinal strain (GLS) of 9.8% is low, an apical sparing pattern
can be observed. Moreover, **™Tc-PYP scintigraphy shows Grade 3 cardiac uptake.

IVST, interventricular septum thickness; PWT, posterior wall thickness; LVEDV, left ventricular
end-diastolic volume; LVESYV, left ventricular end-systolic volume; LVEF, left ventricular ejection

fraction; LAVI, left atrial volume index.

Fig. 9: Examples of the parasternal long-axis view, cardiac computed tomography (CT) and
9mTe-pyrophosphate (PYP) scintigraphy for a patient with severe aortic stenosis who was referred
for transcatheter aortic valve implantation complicated with wild-type transthyretin amyloid
cardiomyopathy. Since cardiac CT-derived extracellular volume fraction (ECV) is as high as 34%,
9mTe-PYP scintigraphy was performed (Grade 2 cardiac uptake).

IVST, interventricular septum thickness; PWT, posterior wall thickness; LVEDYV, left ventricular
end-diastolic volume; LVESYV, left ventricular end-systolic volume; LVEEF, left ventricular ejection

fraction; LAVI, left atrial volume index.
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Fieure 2 ATTRwt-CM Hypertrophic Cardiomyopathy Aortic Stenosis
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Figure 3




Figure 4

ATTRwt-CM Hypertrophic Cardiomyopathy

Parasternal long-axis view CMR T1 mapping Parasternal long-axis view CMR T1 mapping
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Figure 5

Essential Hypertension AL-CM ATTRwt-CM

Echocardiography PmTe-PYP scintigraphy Echocardiography PmTe-PYP scintigraphy Echocardiography PmTc-PYP scintigraphy
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Figure 6

Echocardiography 12-lead electrocardiogram PmTc-PYP scintigraphy
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Figure 7

Polar Plot Longitudinal Strain
Mapping
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Echocardiography Doppler-derived LV diastolic filling PmTc-PYP scintigraphy
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Figure 8

Echocardiography Polar Plot Longitudinal Strain Mapping PmTc-PYP scintigraphy
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Figure 9

Echocardiography Cardiac CT PmTc-PYP scintigraphy
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