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IMPORTANCE Transthyretin cardiac amyloidosis (also known as ATTR cardiac amyloidosis) is
an increasingly recognized cause of heart failure with preserved ejection fraction. In
single-center studies, technetium 99m pyrophosphate (Tc 99m PYP) cardiac imaging
noninvasively detects ATTR cardiac amyloidosis, but the accuracy of this technique in a
multicenter study and the association of Tc 99m PYP myocardial uptake with survival are
unknown.

OBJECTIVE To assess Tc 99m PYP cardiac imaging as a diagnostic tool for ATTR cardiac
amyloidosis and its association with survival in a multicenter study.

DESIGN, SETTING, AND PARTICIPANTS Retrospective cohort study performed at 3 academic
specialty centers for cardiac amyloidosis in the United States in which 229 participants were
evaluated for cardiac amyloidosis and also underwent Tc 99m PYP cardiac imaging. The date
of analysis and final confirmation from the statistician was May 4, 2016.

EXPOSURE Tc 99m PYP cardiac imaging for detection of ATTR cardiac amyloidosis.

MAIN OUTCOMES AND MEASURES Retention of Tc 99m PYP in the heart was assessed using
both a semiquantitative visual score (range, O [no uptake] to 3 [uptake greater than bone])
and a quantitative heart to contralateral (H/CL) ratio. The H/CL ratio was calculated as total
counts in a region of interest over the heart divided by background counts in an identical size
region of interest over the contralateral chest. The outcome measured was time to death
after Tc 99m PYP imaging.

RESULTS Tc 99m PYP imaging of 171 participants (121 with ATTR cardiac amyloidosis and 50
with non-ATTR cardiac amyloidosis [34 with AL amyloidosis and 16 with nonamyloid heart
failure with preserved ejection fraction]; 86% male; median [IQR] age, 73 years [65-79
years]) demonstrated 91% sensitivity and 92% specificity for detecting ATTR cardiac
amyloidosis with an area under the curve of 0.960 (95% Cl, 0.930-0.981). Univariable and
multivariable Cox proportional hazards regression analyses among participants with ATTR
cardiac amyloidosis showed that an H/CL ratio of 1.6 or greater predicted worse survival
(hazard ratio, 3.911[95% Cl, 1155-13.247]; P = .03 for univariable analysis and 7.913 [95% Cl,
1.679-37.296]; P = .01 for multivariable analysis). In Kaplan-Meier analysis over a 5-year
follow-up period, survival was significantly worse if the H/CL ratio was 1.6 or greater rather
than less than 1.6 (log-rank P = .02).

CONCLUSIONS AND RELEVANCE In this multicenter study, Tc 99m PYP cardiac imaging
conferred a high level of sensitivity and specificity for differentiation of patients with ATTR
cardiac amyloidosis (irrespective of genotype) from patients with AL cardiac amyloidosis and
patients with nonamyloid heart failure with preserved ejection fraction. An H/CL ratio of 1.6
or greater was associated with worse survival among patients with ATTR cardiac amyloidosis.
Among patients for whom there is a high clinical suspicion of cardiac amyloidosis, Tc 99m PYP
may be of diagnostic and prognostic importance.
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Accuracy of Tc 99m PYP Cardiac Imaging for Detecting ATTR Cardiac Amyloidosis

ransthyretin cardiac amyloidosis (also known as ATTR
cardiacamyloidosis) is increasingly recognized as anim-
portant cause of heart failure with preserved ejection
fraction (HFpEF).®> In ATTR cardiac amyloidosis, destabiliza-
tion of the transthyretin (TTR) protein from either inherited
mutations (ATTRm) or the aging process in wild-type disease
(ATTRwt) promotes the release of monomers, which aggre-
gate into amyloid fibrils that deposit in organs and tissues. In
the heart, extracellular amyloid deposition causes diastolic dys-
function that progresses to restrictive cardiomyopathy and con-
gestive heart failure.* More than 100 mutations in the TTR pro-
tein inherited in autosomal dominant fashion affect persons
of all ages with ATTRm, with the most common allele in the
United States the valine to isoleucine substitution at position
122 (Val122Ile),” found in approximately 4% of black persons.®
ATTRwt cardiomyopathy predominantly affects older adult
men and has been detected at autopsy in 20% of patients with
HFpEF without antemortem suspicion of amyloid deposition
and in 13.3% of hospitalized patients with HFpEF with a left
ventricular wall thickness of 12 mm or greater.?3
The detection of ATTR cardiac amyloidosis, subtyping
into ATTRm or ATTRwt, and the exclusion of light chain-
related amyloidosis (AL amyloidosis) are imperative not just
for diagnostic accuracy but because these 3 pathophysi-
ologic amyloid types have differing clinical courses and
management. The identification of ATTR cardiac amyloido-
sis is clinically important because treatments for this form
of heart failure differ from other cardiomyopathies (includ-
ing the avoidance of digitalis, calcium channel blockers, and
high-dose beta-blockade); targeted therapies for ATTR car-
diac amyloidosis comprising at least 3 new drug classes
(transthyretin stabilizers, silencers, and fibril degraders) are
now in phase 3 clinical trials.” Unfortunately, standard tests
to definitively diagnose and subtype cardiac amy-
loidosis (endomyocardial biopsy coupled with either
immunohistochemistry®° or mass spectroscopy'®) have
limitations. These specialized tests are only performed in
centers with experienced staff, do not yield prognostically
useful information, may be inadvisable for frail older adults,
and often present logistical challenges that lead to delayed
care. Given the limitations of current diagnostic testing
for amyloidosis, a noninvasive imaging test that is able to
detect cardiac amyloidosis, differentiate AL from ATTR sub-
types, and provide prognostic information would signifi-
cantly improve the identification and early treatment of
patients. Recently, the preferential myocardial uptake in
patients with cardiac amyloidosis has been described using
technetium 99m pyrophosphate (Tc 99m PYP) planar car-
diac imaging." While Tc 99m PYP imaging was able to
detect ATTR amyloidosis and differentiate it from AL amy-
loidosis with a sensitivity of 97% and a specificity of 100%
in participants with advanced disease at a single center, the
diagnostic accuracy of Tc 99m PYP imaging across multiple
centers and its ability to predict survival remain unknown.
Therefore, in a multicenter study, we sought to evaluate the
utility of Tc 99m PYP cardiac imaging for detecting ATTR
cardiac amyloidosis and to predict survival among patients
who received a diagnosis of cardiac amyloidosis.
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Key Points

Question Among patients evaluated at amyloid centers, does
technetium 99m pyrophosphate (Tc 99m PYP) imaging accurately
detect transthyretin cardiac amyloidosis (also known as ATTR
cardiac amyloidosis) and predict survival?

Findings For 171 patients, Tc 99m PYP cardiac imaging
demonstrated 91% sensitivity and 92% specificity for ATTR
cardiac amyloidosis. In Cox proportional hazards analyses, a heart
to contralateral (H/CL) ratio of 1.6 or greater predicted worse
survival. Over 5 years, survival was significantly worse if the H/CL
ratio was 1.6 or greater rather than less than 1.6.

Meaning Among patients with highly suspected amyloid
deposition, Tc 99m PYP cardiac imaging may be of diagnostic and
prognostic importance.

Methods

Study Population and Study Design

Atotal of 229 patients undergoing evaluation for cardiac amy-
loidosis, including Tc 99m PYP cardiac imaging between De-
cember 1, 2010, and November 1, 2015, were pooled from 3
amyloid centers in the United States (100 patients from the Co-
lumbia University Center for Advanced Cardiac Care, 72 pa-
tients from the Boston University Amyloidosis Center, and 57
patients from the Mayo Clinic). All patients provided written
informed consent, and the study was approved by each cen-
ter’s institutional review board. Cardiac amyloidosis was de-
fined by (1) endomyocardial biopsy-proven congophilic de-
posits or (2) histological documentation of congophilic deposits
in at least 1 noncardiac organ and echocardiographic evi-
dence of infiltrative cardiomyopathy defined as a left ven-
tricular septum or a posterior wall of 12 mm or greater in thick-
ness without another cause of left ventricular hypertrophy.
Classification of amyloid type was established by immuno-
histochemical analysis or mass spectrometry on biopsied tis-
sue specimens. The presence of an abnormal clone in AL car-
diac amyloidosis was defined by the presence of aband during
immunofixation electrophoresis of serum or urine or by an
abnormal free light chain ratio (<0.26 or >1.65) after a serum
Freelite assay. Nonamyloid HFpEF was determined if the pa-
tient had heart failure with a left ventricular ejection fraction
(LVEF) of 50% or greater without echocardiographic evi-
dence of amyloid deposition and a heart biopsy negative for
Congo red staining.

Among the 229 patients pooled from 3 centers who un-
derwent Tc 99m PYP cardiac imaging, we first excluded 58 pa-
tients who did not undergo standard testing and for whom the
diagnosis of cardiac amyloidosis was uncertain (Figure 1). Spe-
cifically, these included 31 patients who tested positive for the
TTR gene but who did not have phenotypic or biopsy-proven
disease, 12 patients who received a diagnosis of ATTR but who
also had an abnormal clone without an endomyocardial bi-
opsy, and 15 patients with HFpEF without a biopsy demon-
strating or excluding amyloid cardiomyopathy. The remain-
ing 171 patients included those with ATTR cardiac amyloidosis
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Figure 1. Study Population and Breakdown by Amyloid Diagnosis

229 Patients evaluated for cardiac amyloidosis who also
underwent Tc 99m PYP imaging (pooled from 3
academic medical centers)

58 Excluded
31 Without definitive cardiac
amyloidosis: positive for TTR gene
but without symptoms of heart
failure, echocardiographic evidence
of amyloid cardiomyopathy, or
biopsy confirmation of amyloid
deposition
Received diagnosis of ATTR cardiac
amyloidosis with presence of
abnormal clone but without
endomyocardial biopsy to rule out
AL amyloid
15 Received diagnosis of HFpEF but
endomyocardial biopsy not
performed to rule out amyloid

1

N

171 Confirmed diagnosis of ATTR cardiac amyloidosis,
AL cardiac amyloidosis, or HFpEF
88 Congo red staining present on endomyocardial biopsy
67 Congo red staining present on biopsy of a noncardiac
organ with echocardiographic evidence of amyloid
cardiomyopathy
16 HFpEF with biopsy negative for amyloid

! |

50 Negative for ATTR 121 Positive for ATTR
cardiac amyloidosis cardiac amyloidosis

34 AL 37 ATTRm
16 HFpEF 72 ATTRwt
12 ATTR unknown
genotype

Echocardiographic evidence of amyloid cardiomyopathy was defined as a left
ventricular or posterior wall thickness of 12 mm or greater without another
cause of hypertrophy. ATTRm indicates mutated transthyretin; ATTRwt,
wild-type transthyretin; HFpEF, heart failure preserved ejection fraction;

and Tc 99m PYP, technetium 99m pyrophosphate.

(n =121), AL cardiac amyloidosis (n = 34), or nonamyloid
HFpEF (n = 16).

All participants underwent a single Tc 99m PYP cardiac
scan that was interpreted by nuclear cardiologists and radi-
ologists as part of a routine amyloid workup. Biochemistry
analysis included serum cardiac biomarkers, troponin I and
brain natriuretic peptide (BNP) at Columbia University and Bos-
ton University and troponin T and amino-terminal pro-B-
type natriuretic peptide at the Mayo Clinic. In addition, the es-
timated glomerular filtration rate (eGFR), the serum free light
chain level, the serum and urine immunofixation electropho-
resis results, and the modified body mass index (BMI) (ie, the
serum albumin level multiplied by the BMI), as a reflection of
gastrointestinal dysmotility, were recorded.'® Doppler echo-
cardiography was used, along with commercially available
ultrasonographic systems, to assess the left ventricular di-
mensions from parasternal long-axis views by 2-dimensional-
guided measurements at the end of diastole and at the end of
systole. The myocardial contraction fraction (MCF), a novel
volumetric index of myocardial shortening, was calculated
from linear dimensions as described previously.’* All-cause
mortality was ascertained by the patients’ medical records, by
contacting the patients’ primary physicians, and by cross-
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referencing the social security death index. Of note, among the
229 patients pooled from the 3 centers, the first 199 patients
were also grouped into a separate multicenter international col-
laboration to ascertain the diagnostic value of the most prom-
ising bone scintigraphy tracers in ATTR cardiac amyloidosis.!*

Tc 99m PYP Planar Cardiac Scintigraphy

Planar cardiac imaging of the chest was performed using
2-headed gamma cameras with low-energy, high-resolution
collimators. First, 10 to 25 mCi of Tc 99m PYP was adminis-
tered intravenously and incubated for either 1 hour (Colum-
bia University and Boston University), based on prior pub-
lished amyloid imaging data," or 3 hours (Mayo Clinic), based
on original ischemia literature.!>!® Following incubation, an-
terior and lateral planar views of the heart were obtained si-
multaneously for a total 750 000 counts (approximately 3-8
minutes). Cardiac retention was assessed by both a semiquan-
titative visual score (range, O [no uptake] to 3 [uptake greater
than bone)” and a quantitative heart to contralateral (H/CL)
ratio of total counts in a region of interest over the heart di-
vided by background counts in an identical size region of in-
terest over the contralateral chest, including soft tissue, ribs,
and blood pool" (Figure 2). Based on prior published data using
a 1-hour incubation, we defined a visual score of 2 or higher,
or an H/CL ratio of 1.5 or greater, to indicate ATTR cardiac
amyloidosis.! For the scans that used a 3-hour incubation, the
H/CL ratio threshold was lowered to 1.3 or greater, correspond-
ing to the best calculated area under the curve (AUC) adjust-
ing for higher bone activity seen with longer exposures. Single-
photon emission computed tomography was performed after
planar scans to evaluate the distribution of myocardial up-
take minimizing the confounding factor of increased bone ac-
tivity at centers using a 3-hour incubation.

Statistical Analysis
Analyses were performed using Statistical Analysis Software
version 9.4 (SAS Institute, Inc) and R (R Core Team 2015). Con-
tinuous variables were presented as mean (SD) or median (in-
terquartile range [IQR]) values and categorical variables were
summarized as counts (percentages). The x test or the Fisher
exact test (when cell counts were small) were used to com-
pare categorical variables, and the Wilcoxon rank sum test was
used to compare continuous variables, between patients with
and patients without ATTR cardiac amyloidosis. The sensitiv-
ity and the specificity of Tc 99m PYP scans for detecting ATTR
cardiac amyloidosis were calculated from standard 2 x 2 tables.
Using either a visual score or an H/CL ratio as a diagnostic
marker for ATTR cardiac amyloidosis, we estimated the area
under the corresponding receiver operating characteristic curve
(ie, the AUC, C statistic) with corresponding 95% ClIs. Univari-
able regression and multivariable logistic regression were used
to identify factors associated with the outcome of ATTR.
The reproducibility of scans in terms of interobserver and
intraobserver variability and interinstitutional variability was
analyzed with the « statistic for the visual score and H/CL
ratio for a subset of scans (n = 20).

Univariable Cox proportional hazards models were cre-
ated to identify factors associated with death. The following
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Figure 2. Technetium 99m Pyrophosphate (Tc 99m PYP) Semiquantitative and Quantitative Scoring

@ Tc 99m scan of patient with ATTR cardiac amyloidosis Tc 99m scan of patient without ATTR cardiac amyloidosis

3,

15 16

O

Visual score=3 H/CL ratio=2.67 Visual score=0

H/CL ratio=1.07

Calculations

Visual score (heart ROl mean counts/pixel)

(contralateral ROl mean counts/pixel)

H/CL ratio=

0=Myocardial uptake absent
1=Myocardial uptake <rib
2 =Myocardial uptake =rib
3 =Myocardial uptake >rib

@ Visual score

1-h Incubation 3-h Incubation Multicenter Analysis

No. of Patients No. of Patients No. of Patients

ATTR* | ATTR" | Total ATTR* | ATTR- | Total ATTR* | ATTR | Total
Positive scan 22 | 92 6 98 Positive scan 22 | 14 0 14 Positive scan | 106 6 112
Negativescan<2 | 5 23 28 Negative scan <2 | 10 21 31 Negative scan | 15 44 59
Total | 97 29 126 Total | 24 21 45 Total | 121 50 171

Sensitivity=95%
Specificity=79%

AUC, 0.938 (95% Cl, 0.873-0.984)

Sensitivity=58%
Specificity=100%

AUC, 0.980 (95% Cl, 0.932-1.000)

Sensitivity =88%
Specificity =88%

AUC, 0.945 (95% Cl, 0.901-0.977)

[E] H/CL ratio
1-h Incubation 3-h Incubation Multicenter Analysis
No. of Patients No. of Patients No. of Patients
ATTR* | ATTR- | Total ATTR* | ATTR- | Total ATTR* | ATTR™ | Total
Positive scan 21.5 | 89 1 90 Positive scan 21.3 | 21 3 24 Positive scan | 110 4 114
Negativescan<1.5| 8 28 36 Negativescan<1.3 | 3 18 21 Negativescan | 11 46 57
Total | 97 29 126 Total | 24 21 45 Total | 121 50 171
Sensitivity=92% Sensitivity =88% Sensitivity=91%
Specificity=97% Specificity=86% Specificity=92%
AUC, 0.971 (95% Cl, 0.940-0.992) AUC, 0.935 (95% Cl, 0.848-0.988) AUC, 0.960 (95% Cl, 0.930-0.981)

Representative scans of a patient who tested positive for ATTR cardiac
amyloidosis (A) and a patient who tested negative for ATTR cardiac amyloidosis
(B) are shown with corresponding visual cardiac scores and heart to
contralateral (H/CL) ratios (C). Sensitivity and specificity of Tc 99m PYP for
detecting ATTR cardiac amyloidosis based on either visual score (D) or H/CL
ratio (E). The centers that used a 1-hour radioisotope incubation were compared
with the center that used a 3-hour radioisotope incubation, and then they were
combined. A visual score of higher than 2 was considered indicative of ATTR

cardiac amyloidosis. The cutoff H/CL ratio that indicated a scan positive for
ATTR was greater than 1.5 for centers that scanned patients after 1-hour
radioisotope incubation and was greater than 1.3 for the center that scanned
patients after 3-hour radioisotope incubation. The multicenter analysis for the
H/CL ratio combined cell counts from 1- and 3-hour scan positivity thresholds.
The area under the receiver operating curve is shown as AUC (95% Cl). ATTR*
indicates patient with ATTR cardiac amyloidosis; ATTR™, patient without ATTR
cardiac amyloidosis.

variables were dichotomized around the median or clinically
meaningful thresholds!® (troponin Ilevel of >0.10 ng/mL, tro-
ponin T level of >0.02 ng/mL, BNP level of 2500 pg/mL, amino-
terminal pro-B-type natriuretic peptide level of 22000 pg/mL,
eGFR < 60 mL/min, LVEF < 45%, interventricular septal wall
thickness of 15 mm, MCF < 20, and H/CL ratio of >1.6). Mul-
tivariable Cox proportional hazards modeling was subse-
quently performed to determine whether the H/CL ratio was

jamacardiology.com

significantly associated with mortality after controlling for de-
mographics (age, sex, black race, and mutation status; model
1), demographics and clinical factors (New York Heart Asso-
ciation [NYHA] classification; model 2), and demographics,
clinical factors, and biomarkers of disease severity (troponin
levels, concentration of natriuretic peptides, and eGFR; model
3). In addition to models 1 to 3, we considered all available
variables and used forward selection to develop a model by
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sequentially including the individual factors most associated
with death, until no remaining factors were significant (model
4). Finally, Kaplan-Meier curves were used to estimate sur-
vival in the high and low H/CL ratio groups using the log-rank
test. All P values were 2-sided with P < .05 considered to be
statistically significant.

.|
Results

Study Population

The study cohort totaled 171 patients, with a median age of 73
years (IQR, 65-79 years), including 121 (70.8%) with ATTR car-
diac amyloidosis and 50 (29.2%) without ATTR cardiac amy-
loidosis. Of 109 patients with ATTR cardiac amyloidosis (90.1%)
who underwent genotyping, 72 (59.5%) had ATTRwt and 37
(30.6%) had ATTRm (15 with Val122Ile, 9 with Thr60Ala, 2 with
Ser23Asn, 2 with Phe64Leu, 2 with Ser77Tyr, 2 with Thr59Lys,
1 with Val30Met, 1 with Alal20Ser, 1 with Phe33Leu, 1 with
GIn89Glu, and 1 with GIn42Gly). Of the 50 patients without
ATTR cardiac amyloidosis, 34 (68.0%) had AL amyloidosis and
16 (32.0%) had HFpEF. The cohort was predominantly male
(147 of 171 patients [86.0%]) with NYHA class II or class III
symptoms (108 of 134 patients [80.6%]) (Table 1). Patients with
ATTR cardiac amyloidosis were typically older, more likely to
be male, and had alower NYHA class, alower LVEF, thicker in-
terventricular septal walls, a lower stroke volume index, and
a lower MCF compared with patients without ATTR cardiac
amyloidosis. In contrast, patients with AL amyloidosis had
lower serum albumin levels and a lower modified BMI.'2 The
presence of a monoclonal protein was detected in all patients
with AL amyloidosis and in 11 of 121 patients (10.0%) with ATTR
cardiac amyloidosis, all of whom had an endomyocardial bi-
opsy confirming TTR as the precursor protein.

Accuracy of Tc 99m PYP Cardiac Imaging for Detecting ATTR
Cardiac Amyloidosis

Representative Tc 99m PYP cardiac scans for patients with or
without ATTR cardiac amyloidosis are shown with correspond-
ing visual scores and H/CLratios (Figure 2). Significantly more
patients with ATTR cardiac amyloidosis than patients with AL
amyloidosis and HFpEF had a semiquantitative visual score
of 2 or higher (106 of 121 [87.6%] vs 6 of 50 [12.0%]; P < .001)
and a greater H/CL ratio (median value, 1.73 [IQR, 1.53-1.98] vs
1.16 [IQR, 1.02-1.30]; P < .001), consistent with previously pub-
lished single-center data.!! When analyzing Tc 99m PYP up-
take by clinical disease state, we found that 62 of 134 patients
(46%) had NYHA class I or class II symptoms but showed no
difference in H/CL ratio compared with patients who had NYHA
class III or class IV symptoms (median H/CL ratio, 1.51 [IQR,
1.20-1.83] vs1.60 [IQR, 1.33-1.88]; P = .82). Using logistic re-
gression, we found that age, male sex, albumin level, inter-
ventricular septal wall thickness, stroke volume index, and
H/CL ratio were significant univariable predictors of ATTR, but
in a multivariable model containing all significant univari-
able covariates, only H/CL ratio independently predicted ATTR
(oddsratio, 3.34 [95% CI, 1.86-5.98]; P < .001). The Tc 99m PYP
visual score and H/CL ratio were highly reproducible. Interob-
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server and intraobserver variability, in addition to interinsti-
tutional variability, demonstrated 100% agreement (x = 1.0,
P <.001).

The overall sensitivity and the overall specificity for
detecting ATTR cardiac amyloidosis by the use of a semi-
quantitative visual score of 2 or higher were 88% and 88%,
respectively, with an AUC of 0.943 (95% CI, 0.902-0.977)
(Figure 2). Increasing the cutoff for the visual score to 3 or
higher lowered the sensitivity to 76% but increased the
specificity to 96%. In contrast to the 3-hour incubation
time, the 1-hour incubation time increased sensitivity (95%
vs 58%) but lowered specificity (79% vs 100%). When ana-
lyzing myocardial Tc 99m PYP uptake quantitatively by
combining an H/CL ratio of 1.5 or greater (for centers that
used a 1-hour incubation) and an H/CL ratio of 1.3 or greater
(for 3-hour incubation time), the overall sensitivity and the
overall specificity were 91% and 92%, respectively, with an
AUC of 0.960 (95% CI, 0.930-0.981). By quantitative analy-
sis, 1-hour and 3-hour incubation times had similar sensitiv-
ity (92% and 88%, respectively) but improved specificity
(97% and 86%, respectively). Sensitivity and specificity did
not change when analyzing patients with ATTR cardiac
amyloidosis whose condition was diagnosed exclusively by
endomyocardial biopsy.

H/CL Ratio Predicting Survival

We observed a median follow-up of 365 days (IQR, 219-803
days) from the time of scan. In the course of the study, 33 pa-
tients (19.3%) died. Among subtypes, probability of death was
32.4% for patients with AL amyloidosis, 26.4% for patients with
ATTR cardiac amyloidosis, and 6.3% for patients with HFpEF.
Using Cox proportional hazards regression models among only
patients with ATTR cardiac amyloidosis, we found that sig-
nificant univariable predictors of death included older age
(P =.002), a lower modified BMI (P = .002), a higher NYHA
class (P = .01), a troponin I level of 0.10 ng/mL or higher
(P =.01), aBNP level of 500 pg/mL or higher (P = .03), and an
eGFR of less than 60 mL/min (P = .01) (Table 2; eTable 1in the
Supplement). Troponin T and amino-terminal pro-B-type na-
triuretic peptide levels were not included in the predictive mod-
eling because only 1 center used these measures. We ob-
served a trend toward worse survival among patients with an
MCF of less than 20 (P = .07), as previously reported.!® Male
sex, self-reported black race, presence of an ATTR mutation,
LVEF of less than 45%, or interventricular septal wall thick-
ness of 15 mm or greater did not significantly predict death in
this cohort. Notably, while a visual score of 3 vs 2 was not re-
lated to death (P = .22), the H/CL ratio cut point of 1.6 or greater
was significantly associated with death (hazard ratio, 3.911[95%
CI,1.155-13.247]; P = .03). In multivariable Cox analysis, the as-
sociation between an H/CL ratio of 1.6 or greater and death per-
sisted when adjusted by the successive addition of demo-
graphic variables (age, sex, black race, and presence of TTR
mutation), NYHA class, and serum biomarkers (troponin I, BNP,
and eGFR) (Table 2, models 1-3). In a forward selection model
that considered all significant univariable predictors of death,
an H/CLratio of 1.6 or greater (P = .01), age (P = .03),and NYHA
class (P = .01) remained significantly associated with death
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Table 1. Baseline Characteristics of Patients With or Without ATTR Cardiac Amyloidosis®

Patients, No. (%)

Without ATTR Cardiac With ATTR Cardiac
Overall Amyloidosis® Amyloidosis®
Characteristic (n=171) (n=50) (n=121) P Value
Demographic
Age, median (IQR), y 73 (65-79) 66 (61-75) 75 (68-80) <.001
Male sex 147 (86.0) 38 (76.0) 109 (90.1) .03
Race
White 139 (81.3) 43 (86.0) 96 (79.3)
Black 21 (12.3) 5(10.0) 16 (13.2) .65
Other 11 (6.4) 2 (4.0) 9 (7.4)
NYHA class
| 20 (14.9) 1(2.9) 19 (19.2)
Il 42 (31.3) 13 (37.1) 29 (29.3)
1]l 66 (49.3) 18 (51.4) 48 (48.5) 04
\% 6 (4.5) 3(8.6) 3 (3.0)
Biochemistry
Troponin I, median (IQR), ng/mL 0.12 (0.05-0.18) 0.13 (0.03-0.18) 0.11 (0.06-0.18) .49
Troponin T, median (IQR), ng/mL 0.025 (0.01-0.05) 0.04 (0.02-0.07) 0.02 (0.01-0.04) .04
BNP, median (IQR), pg/mL 460 (195-1212) 685 (171-1341) 434 (195-1190) .62
NT pro-BNP, median (IQR), pg/mL 2059 (706-3106) 2541 (663-4175) 1922 (962-2571) 32
Albumin, median (IQR), g/dL 4.0 (3.5-4.4) 3.5(3.2-3.9) 4.1 (3.7-4.5) <.001
eGFR, median (IQR), mL/min 74 (53-98) 67 (47-94) 75 (55-99) 21
Modified BMI,? median (IQR) 109 (88-125) 102 (80-121) 112 (97-127) .02
Presence of clone 50 (32) 39 (79.6) 11 (10.3) <.001
Echocardiography
LVEF, median (IQR), % 55 (42-60) 57 (50-63) 53 (39-60) .02
LA size, median (IQR), cm 4.4 (3.9-5.0) 4.3 (3.8-4.9) 4.4 (4.0-5.0) .56
IVSD, median (IQR), cm 1.5 (1.3-1.8) 1.4 (1.2-1.6) 1.6 (1.4-1.8) .002
SVI, median (IQR), mL/m? 25 (19-33) 28 (24-36) 23 (18-31) .003
MCF 20 (14-26) 23 (19-32) 17 (13-25) .001
Tc 99m PYP cardiac imaging
Visual score
0 38 (22.2) 36 (72.0) 2(1.7)
1 21 (12.3) 8 (16.0) 13 (10.7)
2 18 (10.5) 4 (8.0) 14 (11.6) <001
3 94 (55.0) 2 (4.0) 92 (76.0)
H/CL ratio, median (IQR) 1.60 (1.28-1.87) 1.16 (1.02-1.30) 1.73 (1.53-1.98) <.001

Abbreviations: BMI, body mass index; BNP, brain natriuretic peptid;

eGFR, estimated glomerular filtration rate; IQR, interquartile range;

IVSD, interventricular septal thickness at diastole; LA, left atrium; LVEF, left
ventricular ejection fraction; LVPW, left posterior wall thickness at diastole;
MCF, myocardial contraction fraction; NYHA, New York Heart Association;

NT pro-BNP, amino-terminal pro-B-type natriuretic peptide; SVI, stroke volume
index; Tc 99m PYP, technetium 99m pyrophosphate.

2 Thirty-four patients with AL amyloidosis and 16 patients with heart failure with

preserved ejection fraction.

®Thirty-seven patients with ATTRm amyloidosis, 72 patients with ATTRwt
amyloidosis, and 12 patients with ATTR amyloidosis.

¢ Columbia University and Boston University measured troponin | and BNP,
whereas the Mayo Clinic measured troponin T and NT pro-BNP.

d Calculated as serum albumin multiplied by kilograms divided by height in
meters squared.

(model 4). In Kaplan-Meier analysis among patients with ATTR
cardiac amyloidosis over a 5-year follow-up (Figure 3), sur-
vival was significantly worse if the H/CL ratio was high (>1.6)
rather than low (<1.6) (log-rank P = .02). Comparing patients
with high vs low H/CL ratios (eTable 2 in the Supplement), we
found that there were no differences in age, sex, race, NYHA
class, or LVEF but that those with a high H/CL ratio had a sig-
nificantly thicker interventricular septal wall (P < .001), alower
stroke volume index (P = .001), and a lower MCF (P < .001).

jamacardiology.com

|
Discussion

Theresults of this multicenter study verify previous results from
other single-center studies that Tc 99m PYP planar cardiac
imaging can accurately differentiate ATTR from AL cardiac amy-
loidosis. Furthermore, a greater H/CL ratio on Tc 99m PYP car-
diac imaging among patients with ATTR cardiac amyloidosis is
associated with lower survival.
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Table 2. Cox Proportional Hazards Univariable and Multivariable Predictors of Death Among Patients With ATTR Cardiac Amyloidosis®

Predictor Patients, No. Hazard Ratio (95% Cl) P Value

Univariable
Age, y 121 1.116 (1.042-1.194) .002
Modified BMI® 118 0.959 (0.934-0.985) .002
Male sex 121 2.643 (0.355-19.705) .34
Black race 121 1.497 (0.582-3.848) 40
ATTR mutation 121 0.779 (0.325-1.865) .58
NYHA class 99 4.754 (1.555-14.529) .01
Troponin | = 0.10 ng/mL 93 17.156 (2.278-129.186) .01
BNP 2 500 pg/mL 97 3.498 (1.166-10.498) .03
eGFR < 60 mL/min 120 3.179 (1.353-7.469) .01
LVEF < 45% 119 1.799 (0.778-4.159) 17
LA size 104 1.255 (0.697-2.259) 45
IVSD 2 15 mm 119 1.477 (0.498-4.382) 48
MCF < 20 94 3.207 (0.901-11.410) .07
Visual score 3 vs 2 121 3.543 (0.474-26.455) .22
H/CL ratio 21.6 121 3.911 (1.155-13.247) .03

Multivariable
Model 1¢ 90 7.587 (1.304-44.129) .02
Model 2¢ 90 6.442 (1.293-32.100) .02
Model 3¢ 90 6.489 (1.214-34.695) .03
Model 4f 90 7.913 (1.679-37.296) .01

Abbreviations: BNP, brain natriuretic peptide; BMI, body mass index;

eGFR, estimated glomerular filtration rate; H/CL, heart to contralateral;
IVSD, interventricular septal thickness at diastole; LA, left atrium;

LVEF, left ventricular ejection fraction; MCF, myocardial contraction fraction;
NYHA, New York Heart Association.

2@ Cox proportional hazards modeling with time to death as outcome (P < .05
considered to be statistically significant).

b Calculated as serum albumin multiplied by kilograms divided by height in
meters squared.

€ Heart to contralateral ratio of 1.6 or greater adjusted by age, male sex, black

race, and ATTR mutation.
9Heart to contralateral ratio of 1.6 or greater adjusted by age, male sex, black
race, ATTR mutation, and NYHA class.

©Heart to contralateral ratio of 1.6 or greater adjusted by age, male sex, black
race, ATTR mutation, NYHA class, troponin | = 0.10 ng/mL, BNP = 500
pg/mL, and eGFR < 60 mL/min.

f Forward selection: heart to contralateral ratio of 1.6 or greater adjusted by age
and NYHA class.

Figure 3. Kaplan-Meier Survival Curves Among 121 Patients With ATTR Cardiac Amyloidosis Over the 5-Year

Follow-up, Stratified by Heart to Contralateral (H/CL) Ratio

1.0
0.8
- Patients with H/CL ratio <1.6
S 06
=}
o
&
<
£ 0.4
a Patients with H/CL ratio 21.6
0.24
Log-rank P=.02
0 T T T T 1
0 1 2 3 4 5
Length of Follow-up, y
No. at risk
Patients with H/CL ratio<1.6 38 18 12 7 4 0
Patients with H/CL ratio 21.6 83 39 19 9 3 0

Recent nuclear imaging studies using Tc 99m 2,2-
diphosphono-1,2 propanodicarboxylic acid, a radiotracer not
available in the United States but similar to Tc 99m PYP and
used routinely in Europe in the diagnostic workup of cardiac

886 JAMA Cardiology November 2016 Volume1, Number 8

amyloidosis, suggest that ATTR cardiac amyloidosis may not
be as rare as previously thought and is likely an underrecog-
nized cause of HFpEF.2° Heart failure with preserved ejec-
tion fraction is a heterogeneous syndrome for which clinical
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trials have yet to demonstrate effective therapies leading to re-
newed focus on basic biologic mechanisms.?! Notably, these
findings coincide with the emergence of TTR-targeted thera-
pies that are currently in phase 3 human clinical trials.??-2°
Therefore, detection of ATTR cardiac amyloidosis using Tc 99m
PYP in vulnerable individuals may be important not only for
diagnosis and prognostication, but also for early identifica-
tion of the disease. The recognition of cardiac amyloidosis be-
fore overt HFpEF symptoms ensue may be a key therapeutic
goal given that the majority of the emerging agents are de-
signed to prevent further amyloid deposition with no direct
effect on deposited amyloid. In the present study, the H/CL ra-
tio was associated with the detection of ATTR cardiac amyloi-
dosis across all NYHA classes, nearly half of which had NYHA
class I or class Il symptoms, which suggests that Tc 99m PYP
may be used for patients with heart failure who are only mildly
symptomatic. Furthermore, among patients with ATTR car-
diacamyloidosis, those with an H/CL ratio of 1.6 or greater com-
pared with those with an H/CL ratio of 1.6 or less not only had
worse survival but also had echocardiographic features sug-
gestive of more advanced disease, including a significantly
thicker interventricular septal wall, a lower stroke volume in-
dex, and a lower MCF. Of note, a visual score of 3 vs 2 for pa-
tients with ATTR cardiac amyloidosis was not associated with
death, whereas an H/CL ratio of 1.6 or greater vs less than 1.6
was associated with death, a difference that most likely high-
lights the higher sensitivity of the H/CL ratio for myocardial
uptake because it normalizes for background, soft tissue, and
blood pool, whereas the visual score does not.

Differences between 1-hour and 3-hour incubation times
merit discussion. The H/CL ratio threshold of 1.5 or greater dem-
onstrated high sensitivity and specificity for detecting ATTR
cardiac amyloidosis at centers that used a 1-hour incubation,
corroborating this previously published imaging method. The
center that used a 3-hour incubation time did so based on pro-
tocols used in original myocardial ischemia Tc 99m PYP
imaging studies.''® With the longer 3-hour incubation, bone
activity increases, leading to decreased H/CL ratios, which re-
quires adjustment of the H/CL ratio threshold to 1.3 or greater,
where the AUC was highest. In addition, a 3-hour incubation
time requires concurrent single-photon emission computed to-
mography to eliminate the issue of increased bone activity. De-
spite this variation, the overall accuracy of the Tc 99m PYP
methods across the 3 centers remained high. The visual score,
however, appeared to be more sensitive at 1-hour vs 3-hour in-
cubation time (95% vs 58%, respectively), although with lower
specificity (79% vs 100%, respectively) because, after 3 hours
of incubation, the Tc 99m PYP myocardial uptake was re-
duced and the bone uptake was increased. Overall, however,
al-hour incubation time is likely superior to a 3-hour incuba-
tion time from the perspectives of the patient and systems ef-
ficiency, as well as from a diagnostic standpoint, where the AUC
is higher, especially when using the H/CL ratio alone with a cut-
off of 1.5 or greater.

Clinical Implications
Bone scintigraphy has long been established as safe and re-

producible, and now the accuracy of the visual score and the
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H/CLratio for detecting ATTR cardiac amyloidosis may galva-
nize arevival in nuclear cardiology. Refined scan protocols now
require as little as 10 mCi of Tc 99m PYP, limit planar scan-
ning to only the chest (vs whole-body scanning performed with
other bone isotopes), and only acquire data for approxi-
mately 3- to 5-minute duration for a total of 750 000 counts
after a radioisotope incubation period of 1 hour. Altogether,
Tc 99m PYP planar imaging confers a total radiation exposure
of approximately 3 mSv. Prior data indicate that measure-
ments of the visual score and H/CL ratio are highly reproduc-
ible within and between readers,2® and in the present study,
these measures were 100% reproducible between institu-
tions. Incorporation of Tc 99m PYP cardiac imaging into diag-
nostic algorithms may also lower costs relative to the costs of
an endomyocardial biopsy, an invasive procedure, coupled with
increased risk and specialized and sparsely available immu-
nohistochemical and mass spectrometry expertise.?” Mag-
netic resonance imaging of the heart often provides findings
that strongly enhance the suspicion for cardiac amyloidosis.
Although late gadolinium enhancement, especially with sub-
endocardial distribution, is classically associated with car-
diac amyloidosis, other patterns of late gadolinium enhance-
ment are common.?® In addition, the utility of a magnetic
resonance imaging scoring system to differentiate ATTR and
AL subtypes is limited by poor reproducibility.?® When clini-
cal findings and magnetic resonance imaging findings heighten
suspicion for cardiac amyloidosis, Tc 99m PYP imaging can add
certainty to the specific diagnosis of ATTR cardiac amyloido-
sis while excluding the diagnosis of AL cardiac amyloidosis.
Therefore, our findings have direct clinical implications for the
noninvasive detection of ATTR cardiac amyloidosis, the en-
hancement of patient safety, and the prognostication of dis-
ease severity at the time of diagnosis.

It should be noted that the molecular mechanism by which
Tc 99m PYP selectively binds to ATTR amyloid fibrils in the
myocardium is currently unknown. One theory is that Tc 99m
PYP binds to amyloid deposits in a calcium-dependent man-
ner. Calcium is known to enhance the affinity of the human
serum amyloid P protein to bind different fibril types,3°-*' and
perhaps different calcium concentrations in different fibril or
tissue types can explain the varying degrees of subtype-
specific Tc 99m PYP uptake. Another hypothesisis that Tc 99m
PYP binding relates to the duration over which amyloid dep-
osition has occurred in the affected tissue. In ATTR cardiac
amyloidosis, the disease course is typically indolent, and there-
fore Tc 99m PYP myocardial enhancement is higher in pa-
tients with ATTR cardiac amyloidosis than in patients with AL
cardiac amyloidosis, for which the fibrils are toxic and accu-
mulate over a shorter period of time.3?3 Further studies are
needed to elucidate the molecular biology of Tc 99m PYP in
different organs and tissues.

Limitations

Our study has several limitations. Referral bias and correspond-
ing high pretest probability for cardiac amyloidosis influ-
enced generalizability to a broader population. The distribu-
tion of ATTRm mutations was specific to North America, with
the Val122Ile mutation known to carry an almost exclusive
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cardiac phenotype, accounting for 41% of mutations in the co-
hort. Therefore, the accuracy of Tc 99m PYP to detect cardiac
amyloidosis in individuals harboring mutations known to con-
fer neuropathic or mixed neuropathic-cardiac phenotypes (eg,
Val30Met) remains unknown. Furthermore, although nearly
half the ATTRm population had NYHA class I or class Il symp-
toms, suggesting utility for Tc 99m PYP cardiac imaging to de-
tect ATTR cardiac amyloidosis early, its role among genotype-
positive but phenotype-negative individuals needs to be
determined. Another limitation is that echocardiography did
not include strain-rate imaging, particularly in light of recent
studies demonstrating the prognostic significance of the lon-
gitudinal strain in cardiac amyloidosis.>*-*> Magnetic reso-
nance imaging was not performed either, and therefore our
study lacks data on late gadolinium enhancement and extra-
cellular volume. The results do not offer information about Tc
99m PYP tracking disease progression, although prior data on
patients with advanced disease showed that myocardial up-
take did not change over an average 1.5 years of follow-up, even

Accuracy of Tc 99m PYP Cardiac Imaging for Detecting ATTR Cardiac Amyloidosis

though disease progressed markedly.® It is possible that fol-
low-up over a period longer than 1.5 years in a population with
less advanced disease isrequired to better test whether mean-
ingful changes in the H/CLratio occur temporally and whether
Tc 99m PYP can identify patients with early disease.

. |
Conclusions

In this multicenter study of patients evaluated for cardiac
amyloidosis, Tc 99m PYP planar cardiac imaging was highly
sensitive and specific for detecting ATTR cardiac amyloido-
sis and distinguishing it from AL cardiac amyloidosis.
Among patients who received a diagnosis of ATTR cardiac
amyloidosis, an H/CL ratio of 1.6 or greater was indepen-
dently associated with lower survival. The visual score and
the H/CL ratio in Tc 99m PYP planar cardiac imaging should
be incorporated into diagnostic and prognostic algorithms
for cardiac amyloidosis.
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