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5.1            Background 

 Systemic amyloidoses are a group of protein misfolding disorders that are typifi ed 
by the extracellular deposition of insoluble, non-branching, amyloid fi brils with a 
common beta-pleated sheet structure [ 1 ,  2 ]. Misfolding of over 25 unique precur-
sor proteins can cause amyloidosis. Amyloid fi brils from the precursor proteins—
immunoglobulin light chains (primary or AL) and the transthyretin protein 
(TTR)—usually involve the heart. AL amyloidosis is a plasma cell dyscrasia with 
an overproduction of abnormal kappa or lambda immunoglobulin light chains that 
aggregate into AL fi brils. ATTR amyloidosis, however, results from aggregation of 
either native (senile systemic amyloidosis) or variant TTR protein (familial amy-
loidosis) produced by the liver of individuals with mutations of the TTR gene 
(> 100 single nucleotide polymorphisms and 80 confi rmed mutations described) 
[ 3 ]. Senile systemic amyloidosis affects older individuals (>70 years) and almost 
always affects the heart. Variant TTR protein can cause familial amyloid cardio-
myopathy, familial amyloid neuropathy, or mixed disease (cardiomyopathy and 
neuropathy) and younger individuals (fourth decade of life or later) may manifest 
clinical symptoms [ 4 ]. 

 Most individuals with cardiac amyloidosis present with heart failure, from dia-
stolic or systolic dysfunction, as their fi rst symptom. But, due to the multitude of 
symptoms from systemic disease—involvement of the gastrointestinal tract, 
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peripheral and autonomic nervous system, heart, or kidneys—recognition of amy-
loidosis (and cardiac involvement) is typically delayed. Also, the clinical features 
of AL and ATTR cardiac amyloidosis are so similar that the two entities cannot be 
distinguished from one another on clinical grounds alone. Their prognosis and 
management, however, are vastly different [ 5 ,  6 ]. Individuals with AL cardiac 
amyloidosis, if untreated, have a median survival of 18–24 months; [ 1 ] highly 
effective AL chemotherapy directed against the clonal plasma cells, with or with-
out stem cell transplantation, is poorly tolerated by individuals with cardiac 
involvement [ 7 ]. On the other hand, until recently, no specifi c therapies were 
available for ATTR amyloidosis. Currently, several novel agents (tafamidis or 
difl unisal) are under development to stabilize the tetrameric form of TTR and 
prevent it from becoming a monomer which is more prone to aggregate [ 3 ]. Other 
treatment approaches include antisense oligonucleotides to silence the TTR gene 
(Alnylam compound or Isis pharmaceuticals compound), small interfering RNA 
molecules to reduce the production of the mutant TTR from the liver, or agents to 
dissolve the amyloid fi brils from the various organs (doxycycline/TUDCA) [ 3 ]. 
Liver transplantation removes the source of the variant TTR and replaces it with 
normal TTR and is a major treatment option in individuals with familial amyloid 
cardiomyopathy [ 3 ]. ATTR amyloidosis, however, can recur following liver trans-
plantation [ 8 ]. Due to the distinct clinical course and treatment options for AL and 
ATTR amyloidosis, early diagnosis of cardiac amyloidosis as well as typing of 
AL or ATTR disease are critical [ 9 ].  

5.2     Diagnosis of Cardiac Amyloidosis 

 Cardiac amyloidosis is usually suspected clinically and evaluated by a variety of 
diagnostic tests. A 12-lead ECG and 2D transthoracic echocardiography are 
common fi rst tests; they are followed by advanced imaging with cardiac mag-
netic resonance imaging or radionuclide imaging when clinical suspicion for 
cardiac amyloidosis is high. Each of these tests provides insights into specifi c 
pathophysiological processes in the heart of individuals with amyloidosis 
(Table  5.1 ).

   The most defi nitive diagnosis, however, is by endomyocardial biopsy. After the 
amyloid deposits are identifi ed on histology (Congo red or sulfated Alcian blue 
staining), the precursor protein for the fi brils is identifi ed by immunohistochemis-
try staining for kappa and lambda light chains or transthyretin. Transthyretin pro-
tein is further analyzed to distinguish variant TTR from wild-type TTR. But, none 
of these tests is diagnostic on its own, including endomyocardial biopsy which 
may rarely be false negative due to sampling error [ 9 ]. The information obtained 
from each of these tests is integrated with clinical data to diagnose amyloidosis, 
to plan management, and to screen family members of individuals with genetic 
forms of amyloidosis. 
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5.2.1     ECG 

 A classic fi nding of cardiac amyloidosis is the paradox of a low-voltage ECG 
(<0.1 mV in all the chest leads or <0.05 mV in all the standard limb leads) in indi-
viduals with increased LV wall thickening (Fig.  5.1 ). Unfortunately, this predicts 
amyloidosis in only 56 % of individuals with cardiac amyloidosis [ 10 ]. These low-
voltage ECG patterns are most common in individuals with AL rather than ATTR 
amyloidosis [ 6 ,  11 ]. Adding to this enigma, individuals with amyloidosis may man-
ifest normal ECG voltage or even high ECG voltage meeting criteria for LVH (espe-
cially with senile systemic amyloidosis and coexistent hypertension) [ 12 ]. The 
precise reasons for the low-voltage ECG are not known, but, myocyte atrophy and/
or local myotoxicity from circulating AL and amyloid fi bril component interactions 
are possible causal factors [ 6 ]. Other signifi cant ECG fi ndings in cardiac amyloido-
sis patients include pseudoinfarction patterns (66–69 %), atrial fi brillation (5–27 %), 

   Table 5.1    Typical imaging features in cardiac amyloidosis   

 ECG  Low voltage: <5 mm in limb leads and <10 mm in the chest leads 

 Echocardiogram  Thick LV and RV myocardium 

 Sparkling/granular appearance 

 Increased LV mass 

 Small LV cavity size 

 LV wall thickness-to-ECG voltage ratio 

 Biatrial enlargement 

 Pericardial effusions 

 Restrictive fi lling pattern 
 Mitral 
   E/A 
   TDI 
 Pulmonary venous infl ow (S> > D) 
 RVTDI 

 LV longitudinal systolic strain with apical sparing—apical-to-basal 
strain ratio >2.1 

 CMR  Above structural features 
 Late gadolinium enhancement—diffuse, patchy, subendocardial LGE 
in the left ventricle, atria, and the right ventricle 
 Expanded ECV 
 Nulling of myocardial signal prior to blood pool signal on T1 scout 

 Radionuclide imaging  Tc-99m DPD uptake—ATTR amyloidosis 
 Tc-99m PYP uptake—ATTR amyloidosis 
 C-11 PiB uptake—AL and ATTR amyloidosis 
 F-18 fl orbetapir uptake—AL and ATTR amyloidosis 

   LV  left ventricle,  RV  right ventricle,  ECG  electrocardiogram,  TDI  tissue Doppler imaging,  LGE  
late gadolinium enhancement,  ECV  extracellular volume,  ATTR  transthyretin amyloidosis,  AL  
light chain amyloidosis,  DPD  = 3,3-diphosphono-1,2-propanodicarboxylic acid,  PYP  = pyrophos-
phate;  PiB  = Pittsburgh B compound.  
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fi rst-degree AV block, RBBB, or LBBB (4–33 %) [ 10 ,  13 ,  14 ]. A 12-lead ECG, 
though an appropriate fi rst step, is not suffi ciently diagnostic on its own. Further 
evaluation with advanced imaging is often necessary.  

5.2.2      Echocardiography 

 Echocardiography, in cardiac amyloidosis, is fundamental to establish the diagno-
sis, to defi ne the magnitude of myocardial dysfunction, to guide management, and 
to defi ne prognosis [ 15 – 24 ]. A comprehensive advanced transthoracic 2D echocar-
diogram study for cardiac amyloidosis includes assessment of (1) cardiac structure 
by 2D imaging (Fig.  5.2 ), (2) valve function by color and spectral Doppler imaging, 
(3) myocardial relaxation by tissue Doppler imaging of the right and left ventricle, 
and (4) myocardial deformation by 2D tissue Doppler or speckle tracking longitu-
dinal and radial strain imaging of the left and the right ventricles. Transesophageal 
echocardiography may be frequently performed, prior to cardioversion, in individu-
als with atrial fi brillation which is common in cardiac amyloidosis.  

 The classic 2D echocardiographic features of sparkling myocardium and 
increased left ventricular (LV) wall thickness (Fig.  5.2a, b ) typically indicate 
advanced myocardial infi ltration with amyloid. Unlike left ventricular myocardial 
hypertrophy from increased afterload (hypertensive heart disease or aortic stenosis), 
the increased wall thickness in amyloidosis represents amyloid deposits, usually 
parallels disease burden, and is associated with low-voltage ECG [ 10 ]. The spar-
kling myocardial appearance, present in about 25 % of individuals [ 10 ], is not spe-
cifi c for amyloidosis and may be seen with other forms of hypertrophic diseases. 
Increased LV wall thickness (>12 mm), decreased LV end-diastolic and end-systolic 

  Fig. 5.1    Typical ECG in cardiac amyloidosis. A 60-year-old man with AL cardiac amyloidosis 
has atrial fi brillation, low-voltage ECG in precordial and limb leads, and pseudo Q-waves       
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volumes, biatrial enlargement, right ventricular (RV) hypertrophy, pericardial effu-
sions, thickening of the interatrial septum (a specifi c feature) [ 24 ], and increased 
atrioventricular valve thickening characterize cardiac amyloidosis [ 6 ,  10 ,  25 ]. 

 Imaging of myocardial relaxation by spectral and tissue Doppler imaging dem-
onstrates classic features of restrictive heart disease (Fig.  5.2c–e ): E/A reversal, 
short deceleration time, high E-wave velocity, and reduced pulmonary venous sys-
tolic velocity [ 26 ]. Tissue Doppler imaging as well as pulmonary infl ow parameters 
are more sensitive than the mitral infl ow parameters to identify earlier stages of 
restriction [ 15 ]. While the mitral early diastolic tissue Doppler velocities (e’) are 
reduced early, before onset of overt congestive heart failure (CHF), peak S-wave 
velocity on pulmonary venous fl ow and mitral infl ow E-wave deceleration time are 
later manifestations and are seen in individuals with overt CHF [ 20 ]. Objective evi-
dence of abnormalities in diastolic fi lling portends worse outcomes [ 27 ], incremen-
tal to LV wall thickening and fractional shortening [ 17 ]. 

a

c

d

e

b

f

  Fig. 5.2    Typical echocardiographic features of cardiac amyloidosis. Increased left ventricular 
wall thickness with sparkling myocardium on parasternal long-axis ( a ), apical four-chamber views 
( b ) and restrictive fi lling pattern on the mitral infl ow ( c ), and mitral annular tissue Doppler imaging 
( TDI , ( d ) septal, ( e ) lateral). Panel ( f ) shows typical longitudinal systolic strain pattern with apical 
sparing ( red in the center  of the bulls eye plot represents preserved apical strain)       
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 Left ventricular myocardial deformation, global longitudinal strain, using 2D 
tissue Doppler or speckle tracking, is a sensitive and early marker of myocardial 
systolic dysfunction. Abnormalities in longitudinal strain, with a classic pattern of 
apical sparing on 2D (Fig.  5.2f ) [ 20 ] or 3D strain imaging [ 28 ], may precede an 
overt decline of LV ejection fraction. Although the ratio of longitudinal strain at the 
apex to base (>2.1) may distinguish amyloid heart disease from other forms of LV 
hypertrophy, there is signifi cant overlap [ 28 ,  29 ]. 

 The right ventricle is almost universally thickened in cardiac amyloidosis. 
Reductions in RV longitudinal strain as well as tricuspid annular plane systolic 
excursion (TAPSE) are early markers of cardiac amyloidosis [ 27 ,  30 ] and indepen-
dent predictors of cardiac death [ 27 ]. 

 Although echocardiography is almost invariably the initial test in most individu-
als with symptoms suggestive of cardiac amyloidosis, it remains insensitive to 
detect early disease. Also, echocardiography cannot defi nitively diagnose cardiac 
amyloidosis from other hypertrophic heart diseases and cannot distinguish AL from 
ATTR amyloidosis. When the echocardiogram shows classic features, in individu-
als with biopsy-proven systemic AL amyloidosis, cardiac amyloidosis is diagnosed, 
and an endomyocardial biopsy is spared. On the other hand, if echocardiogram is 
classic and systemic, AL amyloidosis is excluded by serum-free light chain assay 
and serum/urine immunofi xation studies, ATTR amyloidosis is possible. Prior to 
endomyocardial biopsy to confi rm ATTR amyloidosis, advanced imaging with car-
diac MRI or radionuclide imaging may be performed [ 9 ].  

5.2.3     Cardiac Magnetic Resonance Imaging 

 Cardiac magnetic resonance imaging (CMR) is a powerful method to image cardiac 
structure, function, and amyloid deposition. Clinically, CMR is typically considered 
in individuals with echocardiograms that are suspicious but not typical for amyloi-
dosis or in individuals with high clinical suspicion, irrespective of echocardiogram 
results (gene-positive individuals with symptoms or at the age when disease onset is 
expected). Standard CMR sequences for cardiac amyloidosis include (1) cine 
images in the standard long-axis and short-axis views to study cardiac structure, 
systolic function, calculate LV wall thickness and mass; (2) late gadolinium 
enhancement imaging (about 5 min after injection of gadolinium) in axial, short-, 
and long-axis views; (3) optimal myocardial inversion time is assessed about 4 min 
after injection of gadolinium (0.05 mmol/kg of gadolinium at 3 cc/s) to identify 
specifi c patterns of myocardial nulling in amyloid as opposed to left ventricular 
myocardial hypertrophy; and (4) T1 mapping native (precontrast) and post- 
gadolinium contrast T1 mapping to calculate extracellular volume (ECV). 

 CMR, with excellent spatial resolution, can characterize the classic phenotypic 
changes of cardiac amyloidosis, including increased LV and RV wall thickness, 
myocardial mass, biatrial enlargement, pericardial effusions, and pleural effusions 
(Fig.  5.3a, b ) [ 31 – 34 ].  

S. Dorbala



85

 Cardiac amyloid deposits can substantially alter myocardial tissue characteris-
tics. Intravenous gadolinium administration markedly reduces the myocardial lon-
gitudinal relaxation times (T-1) [ 32 ], corresponding to histological distribution of 
amyloid deposits, with signifi cantly lower T-1 times in the subendocardium com-
pared to the subepicardium [ 32 ]. Also, the myocardial T-1 times correlated with 
myocardial amyloid mass as assessed by left ventricular mass and parameters of 
diastolic dysfunction [ 32 ]. 

 Late gadolinium enhancement (LGE), especially in the subendocardial region, is 
common (80–90 %) in biopsy-proven advanced cardiac amyloidosis [ 32 – 35 ]. 
Several patterns of late gadolinium enhancement (diffuse or focal subendocardial, 
focal or diffuse myocardial patterns) are described, but LGE of the papillary muscle 
[ 34 ] and atria is a distinctive feature of cardiac amyloidosis (Fig.  5.3c, d ) [ 33 ,  35 ]. 
Of note, in cardiac amyloidosis, identifying an appropriate nulling of the normal 

  Fig. 5.3    ( a ) Cardiac magnetic resonance imaging features of cardiac amyloidosis. Typical fea-
tures of cardiac amyloidosis on CMR are shown. Left ventricular wall thickness is increased con-
centrically with and small ventricular cavity and bilateral pleural effusions [ A  (apical four-chamber 
view) and  B  (mid-ventricular short-axis view)]. The late gadolinium enhancement ( LGE ) images 
in  C  (apical four-chamber view) show subendocardial LGE in the right ventricle and the right 
atrium (different patient than in  A );  D  demonstrates diffuse LGE of the left ventricle (same patient 
as in  A ). Typical TI (inversion time) scout images in cardiac amyloidosis are shown in panel  B  
(reproduced with permission from Ref. [ 35 ]). ( b ) The images demonstrate that, in contrast to indi-
viduals with hypertensive left ventricular hypertrophy in whom the blood pool signal nulls prior to 
the myocardial signal ( top panel ), in individuals with cardiac amyloidosis ( bottom panel ), the 
myocardial signal nulls prior to the blood pool signal consistent with diffuse late gadolinium 
enhancement         
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myocardium can be a challenge and may provide a false-negative result if an incor-
rect inversion time (TI inversion time) is used. However, when imaged appropri-
ately, global transmural and subendocardial LGE patterns correlate with left 
ventricular mass index and cardiac amyloid burden on histology [ 33 ]. Furthermore, 
in one study of 47 patients with suspected cardiac amyloidosis, presence of LGE 
was predictive of worse survival [ 35 ]. 

 Furthermore, in cardiac amyloidosis, on post-gadolinium contrast images, the 
myocardium nulls prior to blood pool on the TI-scout images; this unique feature 
distinguishes cardiac amyloidosis from hypertensive left ventricular hypertrophy 
(Fig.  5.4 ) [ 36 ].  

 For the TI scout, a sequence of images are obtained in the mid-ventricular short- 
axis view and a four-chamber view, using a breath-hold, inversion-recovery cine 
steady-state free precession (SSFP) pulse sequences, with sequential images of the 
phases of the cardiac cycle acquired at increasing time from the inversion pulse in 
40 ms increments starting at 80 ms [ 34 ,  36 ]. The TI time where 50 % of the normal 
myocardium nulls prior to the blood pool has been used as the optimal TI time for 
obtaining the late gadolinium enhancement images [ 34 ]. A rapid visual assessment 
of TI time was helpful to identify cardiac amyloidosis individuals at high risk of 
mortality [ 36 ]. Also, 20–30 % of individuals with AL cardiac amyloidosis have 
renal dysfunction; a CMR technique that does not require gadolinium contrast, 
native T-1, is of great interest. 

Patient With Hypertensive LVH
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b

Fig. 5.3 (continued)
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 Native (precontrast) T-1 relaxation times were signifi cantly increased in patients 
with cardiac amyloidosis compared to healthy volunteers [(AL 1140 ± 61 ms vs. 
healthy 958 ± 20 ms) [ 37 ] (ATTR 1097 ± 43 ms vs. healthy 967 ± 34 ms) [ 38 ]]. 
Individuals with AL and ATTR cardiac amyloidosis also have signifi cantly higher 
T-1 compared to individuals with left ventricular hypertrophy from aortic stenosis 
[ 37 ] or hypertrophic cardiomyopathy [ 38 ]. In a study of patients with AL cardiac 
amyloidosis, increased T-1 time was observed in all patients with LGE [ 37 ]. 
Increased T-1 time correlated with disease burden and was linearly related to myo-
cardial mass ( r  = 0.58,  p  < 0.001) and inversely related to left ventricular ejection 
fraction ( r  = −0.57,  p  < 0.001) and diastolic function (E/E’ ratio;  r  = 0.44,  p  = 0.001). 
A higher native T-1 (1,044 ms) also predicted a higher hazard of mortality (HR 5.09, 
95 % CI 1.09–23.7,  p  = 0.04) in patients with AL amyloidosis [ 39 ]. Despite the 
advantages of not using gadolinium contrast, native T-1 mapping has certain chal-
lenges: (1) it measures signal from the myocardium and the interstitial space, (2) it 
cannot differentiate edema from amyloid, and (3) normal reference values are not 
standardized and may vary by the type of scanner used [ 40 ]. 

  Fig. 5.4    Technetium-99m pyrophosphate imaging in familial transthyretin cardiac amyloidosis. 
Echocardiogram and technetium-99m pyrophosphate (PYP) images of a 55-year-old woman posi-
tive for Ala60 TTR variant and a family history of TTR amyloid cardiomyopathy and neuropathy. 
The echocardiogram shows relatively normal wall thickness, normal E/A ratio, but signifi cantly 
impaired lateral mitral annular systolic and diastolic motion by tissue Doppler imaging ( TDI ). In 
the bottom panel, the Tc-99m PYP images in short axis ( top ), vertical long axis ( middle ), and hori-
zontal long axis ( bottom ) demonstrate moderate, diffusely increased radiotracer uptake in the left 
and right ventricles suggesting early cardiac involvement       
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 Using advanced techniques, myocardial T-1 times measured by post-gadolinium 
contrast can quantify expanded myocardial ECV from various cardiovascular 
pathologies including amyloid deposits [ 41 ,  42 ]. Indeed, ECV is signifi cantly 
expanded in cardiac amyloidosis (mean ECV 0.44 ± 0.12) compared to healthy con-
trols (mean ECV 0.25 ± 0.02,  p  < 0.001) [ 39 ]. Expanded ECV [ 41 ,  42 ] and prolonged 
T1 relaxation times [ 37 ] are directly related to myocardial amyloid burden; they 
correlate directly with LV mass [ 37 ], restrictive features (TDI “S” wave) [ 41 ,  42 ], 
elevated cardiac biomarker levels (BNP and troponin levels) [ 41 ], myocardial 
uptake of Tc-99m DPD (a specifi c radiotracer that images ATTR amyloid in the 
heart) [ 37 ], and inversely with left ventricular ejection fraction [ 37 ,  41 ]. Moreover, 
ECV predicted mortality after accounting for echocardiographic features of dia-
stolic dysfunction, EF, and NT pro BNP levels (HR 4.4.1; 95 % CI 1.35–14.4, 
 p  < 0.0001) [ 39 ]. Although there are no data, being quantitative metrics, T1 mapping 
and ECV may serve as valuable tools to longitudinally assess the fate of cardiac 
amyloid burden in response to therapy. 

 CMR, however, may be limited in individuals with atrial fi brillation or claus-
trophobia; gadolinium-based contrast agents are contraindicated in individuals 
with renal dysfunction, and CMR is contraindicated in individuals with certain 
cardiac devices (pacemakers, ICD). When feasible, CMR plays a major role in 
the evaluation of individuals with suspected cardiac amyloidosis. In individuals 
with biopsy-proven systemic AL amyloidosis, classic CMR fi ndings are virtu-
ally diagnostic of cardiac amyloidosis. CMR features, however, cannot defi ni-
tively distinguish AL amyloidosis from ATTR amyloidosis. Therefore, when 
cardiac amyloidosis is suspected for the fi rst time based on CMR fi ndings, 
serum-free light chain assay and serum and urine immunofi xation are recom-
mended to exclude systemic AL amyloidosis [ 9 ]. If those evaluations are nega-
tive, to identify ATTR cardiac amyloidosis, either an endomyocardial biopsy or 
a radionuclide study using technetium-99m pyrophosphate (Tc-99m PYP) is the 
next step.  

5.2.4     Radionuclide Imaging of Cardiac Amyloidosis 

 Targeted radionuclide imaging of amyloidosis is a robust method to image car-
diac amyloid deposition. Radionuclide imaging is typically considered for the 
diagnosis of amyloidosis in individuals with a high clinical suspicion for ATTR 
cardiac amyloidosis. More recently, it is also being used for identifying ATTR 
amyloidosis when echocardiography or CMR are highly suggestive of amyloi-
dosis, but endomyocardial biopsy is not planned, as in elderly individuals with 
senile systemic amyloidosis. Radionuclide imaging of cardiac amyloidosis is 
possible with (1) bone imaging SPECT agents (technetium-99m (Tc-99m) 
pyrophosphate/Tc-99m 3,3-diphosphono-1,2-propanodicarboxylic acid (DPD)), 
(2) neuronal imaging agents (I-123 meta iodo benzyl guanidine, mIBG), 
(3) amyloid-binding SPECT agents (I-123 serum amyloid protein-SAP, Tc-99m 
aprotinin), and (4) amyloid-binding PET agents (C-11 Pittsburgh B compound, 
PiB, F-18 florbetapir).  
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5.2.5     Bone Imaging Agents 

 Radionuclide imaging with Tc-99m PYP or Tc-99m DPD has been used since the 
1980s [ 43 ], but has recently reemerged as a dominant method for cardiac ATTR 
amyloid imaging. Extensive literature supports the utility of Tc-99m DPD and PYP 
imaging to diagnose cardiac amyloidosis [ 44 – 46 ] and to stratify risk of major 
adverse cardiac events (MACE). The precise mechanism of myocardial uptake of 
bone imaging agents is not known, but a calcium-mediated mechanism of uptake 
has been proposed [ 46 ]. Tc-99m PYP or DPD (15–20 mCi) is administered intrave-
nously followed by planar or SPECT imaging (preferred) 2.5 h later (Table  5.2 ). 
The myocardial radiotracer uptake is semiquantitatively interpreted in relation to 
sternal uptake into four grades: 0 = no uptake, 1 = less than sternal uptake, 2 = equal 
to sternal uptake, and 3 = greater than sternal uptake (attenuation of bone uptake) 
[ 44 ]. When available, quantitation on SPECT/CT images may be preferable to avoid 
overlap from bone radiotracer uptake [ 47 ].

   Tc-99m PYP and DPD are highly sensitive (>90 %) to diagnose cardiac ATTR 
amyloidosis [ 47 ]. Further, two studies demonstrated that Tc-99m DPD [ 44 ] and 
Tc-99m PYP [ 46 ] were able to noninvasively differentiate between AL and TTR 
amyloidosis, with all TTR patients showing DPD/PYP uptake and none of the AL 
patients showing DPD/PYP uptake. A heart-to-contralateral lung Tc-99m PYP ratio 
of 1.5 distinguished AL from ATTR cardiac amyloidosis with 97 % sensitivity and 
100 % specifi city [ 46 ]. In another study, however, low-level Tc-99m DPD uptake 
was detected in about a third of individuals with AL amyloidosis, but none with 
signifi cant uptake [ 45 ]. Hutt et al. [ 47 ] demonstrated signifi cant uptake of Tc-99m 
DPD in the heart and in the muscles of individuals with wild-type and V122I ATTR 
patients. These authors suggest that if Tc-99m DPD uptake is ≥ grade 2 with typical 
soft tissue, the scan is diagnostic for ATTR cardiac amyloidosis, and a confi rmatory 
endomyocardial biopsy may be avoided [ 47 ]. Finally, Tc-99m DPD imaging may 
identify early cardiac amyloidosis in gene-positive individuals without apparent 
structural cardiac changes by echocardiography (Fig.  5.5 ).  

   Table 5.2    Tc-99m PYP study protocol for suspected cardiac transthyretin amyloidosis   

 Tc-99m PYP is injected intravenously (20–25 mCi) and 20 min imaging is performed after 
2.5 h 

 Planar or chest SPECT (preferred) imaging may be performed 

 Normal individuals have no myocardial uptake and no blood pool activity at 2.5 h 

 Individuals with TTR amyloidosis demonstrate signifi cant, biventricular, diffuse myocardial 
uptake 

 Myocardial radiotracer uptake is graded on a 0–3 scale 
   0 = no myocardial uptake 
   1 < bone uptake 
   2 = bone uptake and 
   3 > bone uptake 

 Heart-to-contralateral lung ratio can be computed 

   SPECT  single-photon emission computed tomography  
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 Increased myocardial Tc-99m DPD uptake is directly related to myocardial amy-
loid burden; it correlates linearly with LV mass on echocardiography [ 45 ] and to 
prolongation of myocardial T-1 relaxation times (CMR), markers of amyloid bur-
den [ 38 ]. Furthermore, in 63 patients with hereditary ATTR cardiac amyloidosis, 
increased heart-to-whole body ratio in conjunction with increased wall thickness 
was associated with a higher risk of major adverse cardiovascular events [ 48 ]. 
Notably, unlike echocardiography and CMR, Tc-99m PYP or DPD cannot be used 
as screening test for cardiac amyloidosis—a negative PYP study does not rule out 
AL cardiac amyloidosis [ 9 ]. To address that, a number of amyloid-binding SPECT 
radiotracers as well as neuronal imaging agents have been tested.   

5.3     Imaging Cardiac Sympathetic Denervation 
with I-123 MIBG 

 Certain forms of familial ATTR amyloidoses predominantly affect the nervous sys-
tem with or without concomitant cardiac involvement [ 3 ]. A SPECT radiotracer 
I-123mIBG is a norepinephrine analog that has been successfully used to directly 
image cardiac adrenergic innervation [ 49 ]. Myocardial denervation identifi ed by 

a

b

  Fig. 5.5    Imaging cardiac amyloidosis with PET radiotracers. F-18 fl orbetapir PET in a 65-year- 
old man with light chain cardiac amyloidosis ( a ) and in a 72-year-old man with transthyretin car-
diac amyloidosis ( b ). The short-axis ( top ), vertical long-axis ( middle ), and horizontal long-axis 
( bottom ) images demonstrate intense and diffusely increased radiotracer uptake in the left and right 
ventricles       
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I-123 mIBG imaging is an early marker of cardiac amyloidosis in individuals with 
familial amyloid polyneuropathy (ATTRm) [ 50 ] [ 51 ] as well as in AL amyloidosis 
[ 52 ]. Delahaye et al. [ 50 ] studied 17 patients with biopsy- proven familial amyloid 
polyneuropathy and found that cardiac I-123 mIBG uptake was signifi cantly 
decreased in familial amyloid polyneuropathy patients, with no difference in wash-
out rates despite preserved left ventricular systolic function and cardiac perfusion. 
Imaging myocardial denervation, however, remains an indirect method to image 
early familial cardiac amyloidosis. Therefore, more recently, the focus has shifted 
to the use of SPECT bone imaging agents to amyloid-binding SPECT and PET 
agents to identify early cardiac amyloidosis.  

5.4     Amyloid-Binding SPECT Radiotracers 

 I-123-labeled serum amyloid P component, SAP [ 53 ], and Tc-99m-labeled apro-
tinin [ 54 ,  55 ], are amyloid-binding SPECT tracers. I-123 SAP binds to amyloid 
fi brils irrespective of precursor protein and can quantify whole-body amyloid load 
in individuals with systemic AL amyloidosis [ 53 ]. But, it has limited availability 
and a limited signal-to-noise ratio which precludes its use for cardiac imaging [ 53 ]. 
Clinical experience with Tc-99m-labeled aprotinin is more limited, likely due to its 
limited binding affi nity to myocardial amyloid [ 54 ,  56 ,  57 ]. Furthermore, due to the 
imaging characteristics, quantitation of radiotracer uptake is challenging with 
SPECT amyloid radiotracers. This challenge is addressed by the novel amyloid- 
binding PET radiotracers—C-11 Pittsburgh B compound (PiB), F-18 fl orbetapir, 
F-18 fl orbetaben, and F-18 fl utemetamol. Though these radiotracers were originally 
developed for imaging beta amyloid in the brain, recent pilot studies demonstrate an 
exciting role for C-11 PiB [ 58 ,  59 ] and F-18 fl orbetapir [ 60 ] for cardiac amyloidosis 
imaging.  

5.5     Amyloid-Binding PET Radiotracers 

 C-11 Pittsburgh B compound [ 58 ,  59 ] and F-18 fl orbetapir [ 60 ], amyloid-binding 
PET tracers, appear to nonselectively image AL and ATTR cardiac amyloidosis 
(Fig.  5.6a, b ). In a pilot study of 15 patients (amyloidosis = 10 and healthy con-
trols = 5), Antoni et al. [ 46 ] demonstrated that all patients with cardiac amyloid and 
none of the healthy control subjects demonstrated myocardial C-11 PiB uptake. The 
myocardial retention of C-11 PiB was signifi cantly higher in amyloid compared to 
healthy hearts (0.054/min vs. 0.025/min,  p  = 0.0007) [ 46 ]. Similar results were dem-
onstrated with F-18 fl orbetapir, with a signifi cantly higher myocardial retention of 
F-18 fl orbetapir by patients with cardiac amyloidosis compared to healthy controls 
(Fig.  5.6 ).  

 F-18 fl orbetapir myocardial retention index trended higher in patients with AL 
compared to ATTR cardiac amyloidosis [ 60 ]. The median target-to-background 
(blood pool) ratio of mean SUV (standardized uptake value) was also signifi cantly 
higher in the amyloid when compared with the control subjects [1.84 (1.64–2.50) vs. 
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1.26 (0.91–1.36),  P  = 0.001]. Furthermore, in one subject with cardiac AL amyloido-
sis and the systemic AL amyloidosis in remission, myocardial fl orbetapir uptake was 
signifi cantly lower than in individuals with active systemic AL amyloidosis [ 60 ]. 
These fi ndings were confi rmed with C-11 PiB imaging in another study of 22 patients 
with 5 patients who were treated for AL amyloidosis [ 59 ]. The maximal myocardial 
to blood pool target-to-background ratio was signifi cantly higher in amyloidosis 
patients compared to controls [median 3.86 (range 1.68–19.92) vs. 0.97 (range 0.76–
1.23),  p  < 0.001]. Notably, fi ve individuals who received chemotherapy for systemic 
AL amyloidosis demonstrated a signifi cantly lower target-to- background ratio 
[median 10.39 (range 1.69–19.92) vs. 2.29 (range 1.68–3.81),  p  < 0.014]. The results 
of the three pilot studies together suggest that amyloid imaging with C-11 PiB and 
F-18 fl orbetapir may have a potential role for quantitative targeted amyloid imaging. 
Further studies are warranted to understand if these agents may be helpful to assess 
myocardial response to antiamyloid therapy.  

    Conclusions 

 Signifi cant developments have expanded our understanding of the pathogene-
sis, evaluation, and management of patients with cardiac amyloidosis. Several 
novel therapies are dramatically reducing circulating light chains or transthyre-
tin levels and offer the potential to improve outcomes of individuals with car-
diac amyloidosis. However, a clinical diagnosis of cardiac amyloidosis can be 
challenging. Symptoms are confusing due to systemic illness. Typical low-
voltage ECG is neither sensitive nor specifi c. Echocardiography is typically the 
initial test in symptomatic individuals. If echocardiography is typical, a histo-
logical diagnosis by endomyocardial biopsy (for ATTR) or tissue biopsy (AL) 
is the next step. Advanced CMR and radionuclide imaging make possible, for 
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the fi rst time, accurate and quantitative imaging of whole heart amyloid bur-
den. Indeed, but, CMR cannot distinguish AL from ATTR amyloidosis. Cardiac 
SPECT with bone imaging agents offer a signifi cant advantage in that regard. 
They specifi cally identify cardiac ATTR amyloidosis and may mitigate the 
need for an endomyocardial biopsy in certain individuals. Cardiac SPECT 
bone imaging agents are sensitive and specifi c for ATTR cardiac amyloidosis 
and may mitigate the need for an endomyocardial biopsy in some of these indi-
viduals. Future imaging- guided clinical trials will determine whether advances 
in imaging can aid in the development of novel antiamyloid therapies that can 
improve the lives of individuals with this devastating disease.     
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