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Abstract

Aims This study aimed to study the prognostic value of myocardial oxygen consumption (MVO2) and myocardial external
efficiency (MEE) from 11C-acetate positron emission tomography (PET) in cardiac amyloidosis (CA) patients.
Methods and results Forty-eight CA patients, both transthyretin (ATTR) and immunoglobulin light chain (AL) amyloidosis,
and 20 controls were included. All subjects were examined with 11C-acetate PET and echocardiography. MVO2, forward stroke
volume (FSV), and left ventricular mass (LVM) were derived from 11C-acetate PET and used to calculate MEE. CA patients were
followed for survival and the prognostic impact of clinical, echocardiographic, and 11C-acetate PET parameters was analysed.
MVO2 and MEE were reduced in CA compared with controls, but without significant difference between deceased and surviv-
ing CA patients. The ratio of 11C-acetate PET-derived FSV and LVM was also reduced in CA and significantly lowered in
deceased patients compared with survivors. In univariate analysis, New York Heart Association class, N-terminal pro-brain
natriuretic peptide, and the 11C-acetate PET parameters FSV/LVM and MEE were the strongest prognostic factors. Of the
11C-acetate PET parameters, FSV/LVM was the strongest survival predictor with hazard ratio of 0.56 per 0.1 mL/g (95%
confidence interval 0.39–0.81, P = 0.002) and independently prognostic in a multivariate model. MEE significantly separated
deceased from surviving CA patients with the cut-off of 15.7% (P = 0.032). Survival was significantly shorter with FSV/LVM
below 0.27 mL/g (P < 0.001), also when separating AL- and ATTR-CA.
Conclusions Reduced MEE was associated with shorter survival in CA patients, but FSV/LVM was the strongest survival
predictor and the only independently prognostic 11C-acetate PET parameter in multivariate analysis.
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Introduction

Cardiac amyloidosis (CA) is a disease where amyloid fibrils of
different origin are deposited progressively in the myocar-
dium with increasing wall thickness leading to restrictive
ventricular filling and clinical heart failure. The two main sub-
types of CA are transthyretin (ATTR), wild-type or hereditary,

and immunoglobulin light chain (AL) amyloidosis. CA is a
serious condition with poor survival in both ATTR and AL sub-
types. In the recent years, great progress has been made in
diagnosis and therapy of both AL- and ATTR-CA, including in-
troduction of new and potentially life-prolonging treatments,
making strategies to select patients for different treatment
options important.
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Several different methods of predicting outcome in CA
have been proposed. Cardiac biomarkers N-terminal pro-
brain natriuretic peptide (NT-proBNP) and troponins are
prognostic at diagnosis in both AL- and ATTR-CA and are used
in the Mayo staging system for AL amyloidosis.1,2 Further-
more, NT-proBNP and estimated glomerular filtration rate
are used to predict outcome in ATTR-CA in the UK National
Amyloidosis Centre staging system.3 Stroke volume (SV),
tricuspid annular plane systolic excursion (TAPSE), and global
longitudinal strain (GLS) derived from echocardiography or
cardiac magnetic resonance (CMR) are also shown to provide
independently prognostic information for survival.4–6 Left
ventricular myocardial work index (LVMWI), a method that
measures systolic myocardial deformation in relation to
afterload conditions, is prognostic for both major adverse car-
diac events and survival.7 Higher extracellular volume (ECV)
and left ventricular mass (LVM) represent greater amyloid
burden. Mass together with SV can be used to calculate
myocardial contraction fraction (MCF), which is defined as
SV divided by the myocardial volume (MV). MV in turn is cal-
culated as LVM divided by the mean density of myocardium
(1.05 g/mL). MCF independently predicts survival in both
AL- and ATTR-CA.8,9 The prognostic value was validated by
Mayo clinic with echocardiography in AL-CA patients5 and
confirmed in both AL and ATTR patients with CMR.4,10

The utilization of positron emission tomography (PET) in
CA has mainly been focused on amyloid-binding tracers for
diagnosis.11,12 With the perfusion tracers 11C-acetate and
15O-water, PET can be used to measure myocardial oxygen
consumption (MVO2) and myocardial blood flow (MBF) and
was recently validated for measuring FSV and LVM using
both 11C-acetate and 15O-water.13,14 Myocardial external
efficiency (MEE) can be derived non-invasively with a high
degree of automation and repeatability from 11C-acetate
PET as the energetic ratio of stroke work and oxidative
energy consumption.15,16

MEE was previously used in CA to investigate the role of
echocardiography-derived work index based on strain
imaging.7 As MEE incorporates measures of oxygen metabo-
lism and mechanical work, both of which are affected in CA,
it is potentially highly prognostic but has never been tested.
MEE integrates the components of the MCF parameter, and
we wanted to evaluate whether the addition of metabolic
data enhances the predictive value of MCF.

Methods

Study population

This retrospective study included 48 patients with known CA,
enrolled at Uppsala University Hospital in Sweden and Aarhus
University Hospital in Denmark, 25 with ATTR-CA (18

wild-type and 7 hereditary) and 23 with AL subtype. We also
included 14 healthy volunteers with normal echocardiograms
and 6 patients with increased cardiac wall thickness but with-
out amyloidosis, serving as controls. The hereditary ATTR
group comprised four subjects with the Danish Leu111Met
mutation and two with the Swedish His88Arg mutation; in
one patient, the type of mutation was unknown. The
diagnosis of CA was confirmed with endomyocardial biopsy
in 33 patients and with abdominal fat pad biopsy together
with echocardiography (in one patient with CMR) in 15 pa-
tients. In controls with increased cardiac wall thickness, the
underlying cause was either hypertensive heart disease
(n = 3) or idiopathic hypertrophic cardiomyopathy (n = 3),
without any clinical suspicion of amyloidosis. The healthy
controls were volunteers without any history of cardiac dis-
ease or hypertension. Volunteers older than 65 years were
not selected due to the increasing incidence of wild-type
ATTR amyloidosis with age17 and the risk of subjects having
undiagnosed ATTR amyloidosis.

All subjects were examined with 11C-acetate PET and echo-
cardiography at rest. Patients from the Uppsala cohort (15 CA
subjects) also underwent 15O-water PET at rest. Subjects
were also examined with the amyloid-binding tracer 11C-PIB
PET as part of two previous studies,11,18 in which 11C-acetate
and 15O-water PET were performed prospectively to evaluate
haemodynamic and metabolic heart function.

The investigation conforms with the principles outlined in
the Declaration of Helsinki. Written informed consent was
obtained from all subjects before inclusion, and the study
was performed with approval of the local ethics committees
in Uppsala and Central Denmark Region.

Positron emission tomography

PET scans were performed with a Discovery ST or MI PET/CT
(GE Healthcare, Waukesha, Wisconsin) in Uppsala and with a
Biograph TruePoint TrueV 64 PET/CT (Siemens, Erlangen,
Germany) in Aarhus according to the same protocol. After a
low-dose computed tomography (CT) scan, 15O-water
(400 MBq) and/or 11C-acetate (5 MBq/kg) was injected intra-
venously as a standardized bolus, and list mode data were
collected for 6 and 27 min, respectively. 11C-acetate was
injected 12 min after 15O-water to allow for isotopic decay.
Heart rate and systemic blood pressures were collected after
at least 15 min of rest and immediately before tracer injec-
tions. Images were reconstructed to dynamic time-series with
standard vendor settings. Images were analysed with highly
automated software developed in-house as previously
described and validated kinetic models were used to
calculate MVO2 from 11C-acetate PET.15,16 Cardiac output
was measured from first-pass images using indicator dilution
techniques,19 and forward stroke volume (FSV) was calcu-
lated as cardiac output divided by heart rate. LVM was
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assessed by segmentation of the left ventricle using
pixel-wise images created from the most relevant kinetic
model parameters.13,14 MEE was calculated, as previously
described,20 by the following equation:

MEE ¼ EW� 1:33� 10�4

LVM�MVO2 � 20
� 100:

EW (external work) was calculated as the product of
PET-derived FSV, heart rate, and mean arterial blood pres-
sure. The constants in the equation are used for conversion
to joules. Echocardiography was performed according to cur-
rent guidelines,21 including measurement of interventricular
septal wall thickness (IVST), left ventricular ejection fraction
(LVEF), and TAPSE.

Statistics

Statistical analyses were performed with IBM SPSS 28. Distri-
bution was assessed with the Shapiro–Wilk test, and param-
eters were not normally distributed. Numerical values are
presented as median with interquartile range (IQR). The
Mann–Whitney U test and the Kruskal–Wallis test were used
for group comparison. Correlations were assessed using the
Spearman rank correlation or linear regression (association
of MEE towards FSV/LVM). Receiver operating characteristic
(ROC) curves were used to establish the optimal cut-off
values separating deceased CA patients from survivors. The
Kaplan–Meier estimate was used for survival analysis, and
the log-rank test was used to compare survival curves. Fac-
tors potentially influencing survival were first explored in uni-

variate Cox regression analyses, and the significant parame-
ters of interest were then analysed in multivariate Cox
proportional hazard analysis. P-values < 0.05 were regarded
as statistically significant.

Results

Patient characteristics

Characteristics of the study groups including echocardiogra-
phy data are presented in Table 1. Comparing ATTR and AL
groups, ATTR patients were significantly older (73 vs.
67 years) and had thicker IVST (18 vs. 16 mm).

11C-acetate positron emission tomography results
in cardiac amyloidosis patients and controls

Figure 1 shows the 11C-acetate PET results for deceased CA
patients compared with survivors and controls. MVO2 was
significantly reduced in CA (0.08 mL/min/g, IQR 0.06–0.1)
compared with healthy controls (0.10 mL/min/g, IQR 0.08–
0.12), with no significant difference between deceased and
surviving CA patients. MVO2 was not significantly different
between AL and ATTR, median 0.08 mL/min/g (IQR 0.06–
0.1 mL/min/g) vs. 0.07 mL/min/g (IQR 0.06–0.1 mL/min/g),
and did not differ significantly between deceased and surviv-
ing patients in either of the CA subtypes. MEE was signifi-
cantly lowered in CA, in both deceased (13%, IQR 9–17) and
surviving (16%, IQR 10–19) patients, compared with both hy-

Table 1 Subject characteristics and echocardiography data according to study group

AL ATTR Hypertrophic Healthy controls P-valuea

Number of subjects 23 25 6 14 —

Male [n (%)] 18 (78) 22 (88) 4 (67) 6 (43) —

Age (years) 67 (60–70)b 73 (64–79)b 69 (62–72) 56 (51–62) 0.004
Positive EMB [n (%)] 11 (48) 21 (84) — — —

NYHA class I/II/III/IV 3/7/12/1 3/8/14/0 2/3/1/0 — —

NT-proBNP (ng/L) 3315 (1758–10 088) 2962 (1125–6348) 229 (76–1077) — 0.007
Atrial fibrillation [n (%)] 3 (13) 3 (12) 0 (0) — —

Echocardiography
IVST (mm) 16 (13–18)b 18 (14–22)b 16 (14–16) 8.0 (7.0–11) <0.001
LVEF 0.58 (0.44–0.62) 0.55 (0.44–0.61) 0.67 (0.51–0.71) 0.66 (0.59–0.69) 0.031
LVEDd (mm) 4.3 (3.9–4.8) 4.6 (4.2–4.9) 4.1 (3.7–4.8) 4.5 (4.2–4.8) 0.58
LVGLS (�%) 13 (9.0–17) 11 (8.8–12) 14 (12–18) 21 (18–22) <0.001
LA volume (mL/m2) 38 (31–48) 43 (33–68) 31 (23–54) 34 (28–36) 0.047
TAPSE (cm) 1.6 (1.2–1.8) 1.6 (1.2–2.3) 1.8 (1.5–2.3) 2.6 (2.3–3.0) 0.001
E/A ratio 1.9 (1.6–3.2) 2.6 (1.3–3.9) 0.7 (0.6–1.2) 1.2 (0.9–1.6) <0.001
E/e′ 17 (15–21) 19 (16–26) 20 (12–28) 7.0 (5.5–9.0) <0.001

AL, light chain amyloidosis; ATTR, transthyretin amyloidosis; E/A, ratio of the Doppler peak velocity of E- and A-wave; E/e′, early filling ve-
locity divided by the early relaxation velocity; EMB, endomyocardial biopsy; IVST, interventricular septum thickness; LA, left atrium; LVEDd,
left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; NT-proBNP,
N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association; TAPSE, tricuspid annular plane systolic excursion.
Values are n (%) or median (interquartile range).
aKruskal–Wallis test comparing all groups.
bP < 0.05 comparing AL and ATTR.
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pertrophic (28%, IQR 26–31) and healthy (27%, IQR 21–34)
controls. MEE did not differ significantly between AL and
ATTR, median 13% (IQR 11–18%) vs. 14% (IQR 8–18%), and
there was no significant difference between deceased and
surviving patients in AL or ATTR. 11C-acetate PET-derived
FSV was significantly lower, and LVM was higher in CA
patients compared with both hypertrophic and healthy con-
trols, and the ratio between FSV/LVM significantly discrimi-

nated deceased from surviving CA (0.24 mL/g, IQR 0.20–
0.36 vs. 0.35 mL/g, IQR 0.28–0.46; P = 0.009). FSV/LVM was
significantly lower in ATTR (0.26 mL/g, IQR 0.16–0.35) than
in AL (0.36 mL/g, IQR 0.25–0.44) and differed significantly be-
tween deceased and surviving ATTR, but not AL, patients.

There was a strong correlation between FSV/LVM and MEE
in CA patients (Rs = 0.76, P < 0.001; Figure 2). Both MEE and
FSV/LVM were correlated with standard echocardiographic
indicators of left ventricular (LV) diastolic (E/e′), LV systolic
(GLS), and right ventricular systolic function (TAPSE). As
shown in Figure 3, both MEE and FSV/LVM were reduced in
CA compared with healthy controls. Furthermore, E/e′, GLS,
and TAPSE were all abnormal in CA patients as compared
with healthy controls. FSV index (FSVI) was negatively associ-
ated with heart rate (Rs = �0.6, P < 0.001).

FSV measured with 11C-acetate PET correlated well with
FSV from 15O-water PET (Rs = 0.76, P < 0.001). There were
also strong correlations for LVM and FSV/LVM between the
two PET scans (Rs = 0.94, P < 0.001 and Rs = 0.92,
P< 0.001). Figures showing correlations between 11C-acetate
and 15O-water PET parameters are presented in the
Supporting Information, Figure S1.

Outcome prediction by 11C-acetate positron
emission tomography

Median time from PET to death or end of follow-up was 41
(IQR 22–135) months for CA patients. Total mortality during
the follow-up period was 54.2% (n = 26).

ROC analysis was performed on 11C-acetate PET parame-
ters to determine the cut-off values that best discriminated

Figure 1 11
C-acetate positron emission tomography parameters: (A)

myocardial oxygen consumption (MVO2), (B) myocardial external effi-
ciency (MEE), and (C) forward stroke volume/left ventricular mass (FSV/
LVM) for deceased and surviving cardiac amyloidosis (CA) patients [light
chain (AL) and transthyretin (ATTR) amyloidosis], hypertrophic controls,
and healthy controls. The P-value is derived from the Kruskal–Wallis test
comparing the groups.

Figure 2 Correlation between forward stroke volume/left ventricular
mass (FSV/LVM) and myocardial external efficiency (MEE) in deceased
(black) and surviving (white) cardiac amyloidosis (CA) patients. Rs,
Spearman’s rho.
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between deceased and surviving CA patients. For MEE, the
optimal cut-off was 15.7% with area under the curve (AUC)
of 0.63 [95% confidence interval (CI) 0.47–0.79]. FSV/LVM
best discriminated deceased from survivors in all CA patients
(cut-off 0.27 mL/g; AUC 0.72, 95% CI 0.57–0.87), as well as in
AL and ATTR separately. The optimal prognostic cut-off value
of FSV/LVM in AL patients was 0.39 mL/g, and that in ATTR
was 0.27 mL/g.

Survival was significantly shorter in patients with low vs.
high MEE, using the cut-off value of 15.7%, with median sur-
vival of 35 (IQR 7–71) vs. 135 (IQR 29–135) months
(P = 0.032; Figure 4). When analysing AL and ATTR groups
separately, statistically significant hazard ratios were not
reached using FSV/LVM as a continuous variable. With FSV/
LVM lower than the cut-off of 0.27 mL/g, survival was signif-
icantly impaired with median survival of 23 (IQR 6–40) vs. 135
(IQR 41–135) months (P < 0.001). The survival difference be-
tween FSV/LVM below and above the cut-off point was signif-
icant also for AL and ATTR separately (P = 0.011 and
P = 0.004).

In univariate Cox regression analysis, New York Heart
Association (NYHA) class, NT-proBNP, LVEF, and left
atrium (LA) volume from echocardiography, as well as the
11C-acetate PET parameters heart rate, FSVI, FSV/LVM, and
MEE, were all significantly associated with overall survival
in CA (Table 2). FSV/LVM remained independently significant
compared with all other univariate predictors in bivariate
analysis.

The 11C-acetate PET parameters FSVI, FSV/LVM, and MEE
were selected for multivariate analysis, where FSV/LVM was
the only independent predictor for survival (hazard ratio
0.52 per 0.1 mL/g, 95% CI 0.28–0.96, P = 0.038).

When separated into CA subtypes and using the continu-
ous 11C-acetate PET variables and not cut-off values, the
significant prognostic factors were NYHA class, FSVI, and
FSV/LVM in AL and NT-proBNP, LVEF, and TAPSE in ATTR.
All results of the univariate Cox regression analysis in AL
and ATTR separately are included in Supporting Information,
Tables S1 and S2.

Discussion

The key findings of the study were the following:

1 MEE, MVO2, and FSV/LVM are reduced in CA compared
with controls.

2 MEE and FSV/LVM derived from 11C-acetate PET are signif-
icant outcome predictors.

3 FSV/LVM is the only independent predictor of survival.

FSV/LVM was superior to MEE and echocardiography pa-
rameters for prediction of outcome in CA. FSV/LVM resem-
bles MCF (SV/MV), which was previously shown, with both
echocardiography and CMR, to be an independent predictor

Figure 3 Associations of myocardial external efficiency (MEE) and forward stroke volume/left ventricular mass (FSV/LVM) from
11
C-acetate positron

emission tomography towards echocardiographic indicators of systolic and diastolic function in cardiac amyloidosis. Subjects enrolled in dedicated
study with near-simultaneous positron emission tomography and echocardiography [n = 19 light chain (AL), 23 transthyretin (ATTR) amyloidosis,
and 9 healthy controls]. E/e′, early filling velocity divided by the early relaxation velocity; GLS, global longitudinal strain; Rs, Spearman’s rho; TAPSE,
tricuspid annular plane systolic excursion.
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Figure 4 Survival with myocardial external efficiency (MEE) and forward stroke volume/left ventricular mass (FSV/LVM) above or below the cut-off
levels in (A) all cardiac amyloidosis (CA) patients, (B) light chain-CA (AL-CA), and (C) transthyretin-CA (ATTR-CA).
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of survival in CA and having a progressively increasing likeli-
hood of being abnormal with increasing amyloid burden.4

FSV/LVM measured with PET was reproducible across
different scanners and across two different perfusion
tracers (11C-acetate and 15O-water), which means that it might
be useful in a clinical routine.MCF can bemeasured with echo-
cardiography and CMR but is typically constructed using a
geometric total SV (end-diastolic volume–end-systolic volume)
instead of FSV. The use of FSV forMCF assessments might have
incremental value over the geometric volume because total SV
disregards valvular insufficiencies often seen in CA.

FSV/LVM appears to have a very high accuracy for out-
come prediction, suggesting that this index is at the core of
CA pathology. In proportion to overall amyloid infiltration,
LVM increases, leading to reduced filling capacity, stiffness,
and lowered FSV, making the ratio FSV/LVM a sensitive mea-
sure of disease progression and can explain why FSV/LVM is a
strong prognostic marker. The cut-off FSV/LVM of 0.27 mL/g
might represent a ‘point-of-no-return’ where amyloid burden
is increased, and systolic and diastolic function decreased to
the extent that adequate systemic circulation can no longer
be maintained. As an attempt to compensate for a low FSV,
heart rate is increased, and higher heart rate was also signif-
icantly associated with worse survival. Higher LVM is associ-

ated with lowering of resting MBF, which can lead to further
worsening of the contractile capacity in a vicious cycle.

In this study, the standard echocardiographic parameters
used for evaluation of prognosis were all inferior to FSV/
LVM. The best echocardiographic predictors were LVEF and
LA volume, considered indicators of late-stage disease, sup-
ported by the high prevalence of NYHA class III patients in
the CA cohort. The multivariate outcome might have been
different in a cohort with earlier disease. However, there
was a distinctly lowered FSV/LVM also in non-fatal CA,
compared with hypertrophic controls, suggesting that low
FSV/LVM can be indicative of CA diagnosis as opposed to
non-CA causes of hypertrophy. In addition, FSV/LVM was
correlated with echocardiographic indicators of systolic and
diastolic dysfunction but appears to be lowered earlier in
the disease process, suggesting that FSV/LVM could be a
useful parameter in the pursuit of early CA diagnosis.

MEE was highly different between controls and CA pa-
tients independent of outcome. The generally lowered MEE
in all CA subjects suggests that poor energetic efficiency is
an early pathophysiologic response to amyloid infiltration.
MEE incorporates FSV/LVM but the measure also includes
MVO2. MVO2 was not significantly different in deceased
and surviving CA patients, suggesting that this parameter

Table 2 Univariate and multivariate survival analysis

Univariate Cox regression Hazard ratio 95% CI P-value

Gender 0.16 0.02–1.18 0.072
Age 1.03 0.99–1.07 0.16
NYHA class 4.19 1.76–10.0 <0.001
Log NT-proBNP 1.49 1.07–2.08 0.017
Echocardiography

IVST 1.06 0.96–1.16 0.27
LVEF 0.96 0.93–0.99 0.005
LVEDd 1.28 0.69–2.38 0.44
LA volume 1.03 1.01–1.05 0.015
TAPSE 0.93 0.87–1.01 0.09
E/A ratio 1.28 0.95–1.72 0.11
E/e′ 1.02 0.98–1.06 0.30

11C-acetate PET
HR 1.04 1.01–1.07 0.019
MAP 1.02 0.98–1.05 0.36
MVO2 (per 0.01 mL/min/g) 1.02 0.87–1.20 0.83
FCO index 0.95 0.87–10.4 0.27
FSV index 0.93 0.88–0.98 0.007
LVM index 1.01 1.00–1.02 0.06
FSV/LVM (per 0.1 mL/g) 0.56 0.39–0.81 0.002
MEE 0.92 0.85–1.00 0.042

Multivariate Cox regression Hazard ratio 95% CI P-value
11C-acetate PET

FSV index 0.97 0.89–1.05 0.43
FSV/LVM (per 0.1 mL/g) 0.52 0.28–0.96 0.038
MEE 1.08 0.95–1.23 0.26

CI, confidence interval; E/A, ratio of the Doppler peak velocity of E- and A-wave; E/e′, early filling velocity divided by the early relaxation
velocity; FCO, forward cardiac output; FSV, forward stroke volume; HR, heart rate; IVST, interventricular septum thickness; LA, left atrium;
LVEDd, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVM, left ventricular mass; MAP, mean arterial pres-
sure; MEE, myocardial external efficiency; MVO2, myocardial oxygen consumption; NT-proBNP, N-terminal pro-brain natriuretic peptide;
NYHA, New York Heart Association; PET, positron emission tomography; TAPSE, tricuspid annular plane systolic excursion.
Bold indicates significant P-values.
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does not improve the prognostic value of MEE in CA
generally. MVO2 was in fact reduced in CA compared with
healthy controls leading to elevation of MEE. Reduced
MVO2 indicates an altered oxygen metabolism in CA, which
can be caused by factors such as amyloid affecting blood ves-
sels, different levels of myocardial oxidative stress and mito-
chondrial function,22 and the direct energy-sparing effect of
drugs such as beta-blockers.23

MEE in CA is also confounded by the degree of amyloid
burden because both myocytes and ECV were integrated in
LVM calculation, and MVO2 measured by 11C-acetate PET is
probably a reflection of oxidative metabolism in viable
myocytes only. In CA survivors, septal thickness, LVM index,
and MVO2 were comparable with hypertrophic controls,
while MEE was dramatically lowered in CA. In contrast, MEE
in hypertrophic and healthy controls was similar. This could
reflect the fact that ECV is higher in CA patients than in
hypertrophic controls, because the latter is characterized by
hypertrophy of myocytes and not expansion of the extracellu-
lar space. There is currently no method by which ECV can be
determined by 11C-acetate PET. Further studies of myocardial
oxidative metabolism in CA might be relevant for research re-
garding novel therapeutics but would potentially require
combined PET/magnetic resonance studies to correct the
PET signal for differences in ECV.

PET-FSV has been validated against both gold standards
right heart catheterization (RHC) and CMR19,24 and was, as
previously shown and repeated here, highly reproducible
across tracers. Similarly, 11C-acetate PET LVM estimates have
high accuracies compared with CMR.20,25 Different measure-
ment techniques are required for different tracers but
produce comparable LVM estimates in both normal and
hypertrophied hearts. In theory, FSV/LVM or MCF measure-
ments are available with any cardiac perfusion tracer and
might be useful for early detection of concentrically
hypertrophied hearts with altered haemodynamics, including
CA, and in patients evaluated for heart-related symptoms.
MEE correlates well to FSV/LVM, but the addition of oxygen
consumption does not seem to add prognostic value to
FSV/LVM in CA.

Given the increasing availability of targeted therapies
and the known diagnostic delays in CA, detection of an
FSV/LVM below the normal range in a subject with early
symptoms or signs of heart failure with preserved LVEF
should potentially raise a diagnostic red flag and further CA-
specific work-up should be considered. FSV/LVM can also
be measured with more generally available imaging methods
than 11C-acetate PET, and if reported from echocardiography
or CMR, it can give an indication of possible CA. However, low
FSV/LVM is not specific for CA and more targeted diagnostic
methods such as PET with amyloid-binding tracers or scintig-
raphy with bone-seeking agents are then required. FSV/LVM
is a strong survival predictor and might be used for patient
stratification in clinical trials either to focus on early CA treat-

ment in patients with relatively preserved contractile func-
tion or to aim at reducing mortality in CA subjects with se-
verely affected contractile function. There is also a need for
methods to monitor the CA disease and treatment response.
FSV/LVM could be a parameter of interest in evaluation of
cardiac response to amyloid-specific treatment.

As AL and ATTR are separate diseases where different un-
derlying pathogeneses are involved, it is reasonable to evalu-
ate the two groups separately. However, when divided into
subgroups of CA, the patient numbers in this study were
small. We did see some differences in the prognostic value
of the 11C-acetate PET parameters between AL and ATTR. In
univariate analysis, FSVI and FSV/LVM, but not LVM itself,
had significant impact on survival in AL, suggesting that FSV
is a more important prognostic factor than LVM in AL. In
ATTR, FSV/LVM was significantly lower in the deceased pa-
tients compared with the survivors. However, in univariate
Cox regression analysis where the aspect of survival time is
included, FSV/LVM only reached borderline significance
(P = 0.07) for predicting survival in ATTR. These findings could
indicate differences in prognostic parameters between AL
and ATTR, but larger patient numbers would be needed to
elucidate potential differences between subtypes of CA.

Limitations of the study include the relatively small num-
ber of subjects, which reduced the number of parameters
that was possible to include in multivariate analysis. Espe-
cially when separated in amyloid subtypes, the study groups
were small. The study population also included patients at
different disease stages, and both patients who were
untreated and those undergoing treatment for amyloidosis,
factors that could influence outcome.

We conclude that MEE is prognostic for survival in CA, but
the strongest and only independently prognostic parameter
derived by 11C-acetate PET was FSV/LVM. The finding is in line
with previous research that has identified the ratio of SV and
LV volume (MCF) as an important prognostic factor in CA.

Further studies are indicated to explore the underlying
mechanisms of altered oxidative metabolism in CA, and the
inclusion of ECV measurement using PET–magnetic reso-
nance imaging could be beneficial in this aspect. Larger and
more uniform patient cohorts would be needed to investi-
gate potential differences in oxidative metabolism and the
prognostic value in the different subgroups of CA.

Conflict of interest

T.S.C. declares honoraria for lectures from AstraZeneca and
Pfizer. L.T. is stockholder of MedTrace Pharma A/S. H.J.H.
is stockholder of MedTrace Pharma A/S. G.W. declares
honoraria for lectures from AstraZeneca, Pfizer, and Johnson
& Johnson. J.S. is board member and stockholder of
MedTrace Pharma A/S.

MEE and outcome in cardiac amyloidosis 51

ESC Heart Failure 2024; 11: 44–53
DOI: 10.1002/ehf2.14545

 20555822, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14545 by Statens B

eredning, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Funding

This work was supported by the Swedish Heart Lung
Foundation, Stockholm, Sweden (Hjärt-Lungfonden; grant
numbers 20160746, 20190593).

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Correlations between 11C-acetate and 15O-water
PET measuring FSV (A), LVM (B) and FSV/LVM (C). R:
Spearman rho.
Table S1. Univariate survival analysis in AL patients.
Table S2. Univariate survival analysis in ATTR patients.

References

1. Kristen AV, Maurer MS, Rapezzi C,
Mundayat R, Suhr OB, Damy T, et al.
Impact of genotype and phenotype on
cardiac biomarkers in patients with
transthyretin amyloidosis—Report from
the Transthyretin Amyloidosis Outcome
Survey (THAOS). PLoS ONE 2017;12:
e0173086. doi:10.1371/journal.pone.
0173086

2. Dispenzieri A, Gertz MA, Kyle RA, Lacy
MQ, Burritt MF, Therneau TM, et al. Se-
rum cardiac troponins and N-terminal
pro-brain natriuretic peptide: A staging
system for primary systemic amyloid-
osis. J Clin Oncol 2004;22:3751–3757.
doi:10.1200/JCO.2004.03.029

3. Gillmore JD, Damy T, Fontana M,
Hutchinson M, Lachmann HJ,
Martinez-Naharro A, et al. A new staging
system for cardiac transthyretin amyloid-
osis. Eur Heart J 2018;39:2799–2806.
doi:10.1093/eurheartj/ehx589

4. Knight DS, Zumbo G, Barcella W,
Steeden JA, Muthurangu V, Martinez-
Naharro A, et al. Cardiac structural and
functional consequences of amyloid de-
position by cardiac magnetic resonance
and echocardiography and their prog-
nostic roles. JACC Cardiovasc Imaging
2019;12:823–833. doi:10.1016/j.jcmg.
2018.02.016

5. Milani P, Dispenzieri A, Scott CG, Gertz
MA, Perlini S, Mussinelli R, et al.
Independent prognostic value of stroke
volume index in patients with immuno-
globulin light chain amyloidosis. Circ
Cardiovasc Imaging 2018;11:e006588.
doi:10.1161/CIRCIMAGING.117.006588

6. Bodez D, Ternacle J, Guellich A, Galat A,
Lim P, Radu C, et al. Prognostic value of
right ventricular systolic function in car-
diac amyloidosis. Amyloid 2016;23:
158–167. doi:10.1080/13506129.2016.
1194264

7. Clemmensen TS, Soerensen J, Hansson
NH, Tolbod LP, Harms HJ, Eiskjær H,
et al. Myocardial oxygen consumption
and efficiency in patients with cardiac
amyloidosis. J Am Heart Assoc 2018;7:
1–11. doi:10.1161/JAHA.118.009974

8. Tendler A, Helmke S, Teruya S, Alvarez
J, Maurer MS. The myocardial contrac-
tion fraction is superior to ejection frac-
tion in predicting survival in patients
with AL cardiac amyloidosis. Amyloid
2015;22:61–66. doi:10.3109/13506129.
2014.994202

9. Rubin J, Steidley DE, Carlsson M, Ong
ML, Maurer MS. Myocardial contraction
fraction by M-mode echocardiography is
superior to ejection fraction in
predicting mortality in transthyretin am-
yloidosis. J Card Fail 2018;24:504–511.
doi:10.1016/j.cardfail.2018.07.001

10. Arenja N, Andre F, Riffel JH, Siepen F,
Hegenbart U, Schönland S, et al.
Prognostic value of novel imaging
parameters derived from standard car-
diovascular magnetic resonance in high
risk patients with systemic light chain
amyloidosis. J Cardiovasc Magn Reson
2019;21:53. doi:10.1186/s12968-019-
0564-1

11. Rosengren S, Skibsted Clemmensen T,
Tolbod L, Granstam S-O, Eiskjær H,
Wikström G, et al. Diagnostic accuracy
of [11C]PIB positron emission tomogra-
phy for detection of cardiac amyloidosis.
JACC Cardiovasc Imaging 2020;13:
1337–1347. doi:10.1016/j.jcmg.2020.
02.023

12. Ehman EC, el-Sady MS, Kijewski MF,
Khor YM, Jacob S, Ruberg FL, et al.
Early detection of multiorgan light-
chain amyloidosis by whole-body 18F-
florbetapir PET/CT. J Nucl Med 2019;
60:1234–1239. doi:10.2967/jnumed.
118.221770

13. Harms HJ, Stubkjaer Hansson NH,
Tolbod LP, Kim WY, Jakobsen S,
Bouchelouche K, et al. Automatic extrac-
tion of myocardial mass and volume
using parametric images from dynamic
nongated PET. J Nucl Med 2016;57:
1382–1387. doi:10.2967/jnumed.115.
170613

14. Sörensen J, Nordström J, Baron T,
Mörner S, Granstam S-O, Lubberink M,
et al. Diagnosis of left ventricular hyper-
trophy using non-ECG-gated 15O-water

PET. J Nucl Cardiol 2022;29:
2361–2373. doi:10.1007/s12350-021-0
2734-3

15. Hansson NHS, Sörensen J, Harms HJ,
Kim WY, Nielsen R, Tolbod LP, et al.
Myocardial oxygen consumption and
efficiency in aortic valve stenosis
patients with and without heart failure.
J Am Heart Assoc 2017;6:e004810.
doi:10.1161/JAHA.116.004810

16. Harms HJ, Knaapen P, de Haan S,
Halbmeijer R, Lammertsma AA,
Lubberink M. Automatic generation of
absolute myocardial blood flow images
using [15O]H2O and a clinical PET/CT
scanner. Eur J Nucl Med Mol Imaging
2011;38:930–939. doi:10.1007/s00259-
011-1730-3

17. Tanskanen M, Peuralinna T, Polvikoski T,
Notkola IL, Sulkava R, Hardy J, et al.
Senile systemic amyloidosis affects 25%
of the very aged and associates with ge-
netic variation in alpha2-macroglobulin
and tau: A population-based autopsy
study. Ann Med 2008;40:232–239.
doi:10.1080/07853890701842988

18. Antoni G, Lubberink M, Estrada S,
Axelsson J, Carlson K, Lindsjo L, et al.
In vivo visualization of amyloid deposits
in the heart with 11C-PIB and PET. J Nucl
Med 2013;54:213–220. doi:10.2967/
jnumed.111.102053

19. Nielsen RR, Sörensen J, Tolbod L,
Alstrup AKO, Iversen P, Frederiksen CA,
et al. Quantitative estimation of extra-
vascular lung water volume and preload
by dynamic 15O-water positron emission
tomography. Eur Heart J Cardiovasc
Imaging 2019;20:1120–1128. doi:10.10
93/ehjci/jez038

20. HarmsHJ,HanssonNHS,KeroT,BaronT,
Tolbod LP, Kim WY, et al. Automatic cal-
culationofmyocardial external efficiency
using a single 11C-acetate PET scan.
J Nucl Cardiol 2018;25:1937–1944.
doi:10.1007/s12350-018-1338-0

21. Lang RM, Badano LP, Mor-Avi V, Afilalo
J, Armstrong A, Ernande L, et al. Recom-
mendations for cardiac chamber quanti-
fication by echocardiography in adults:

52 S. Rosengren et al.

ESC Heart Failure 2024; 11: 44–53
DOI: 10.1002/ehf2.14545

 20555822, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14545 by Statens B

eredning, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z


An update from the American Society of
Echocardiography and the European As-
sociation of Cardiovascular Imaging. Eur
Heart J Cardiovasc Imaging 2015;16:
233–271. doi:10.1093/ehjci/jev014

22. Brenner DA, Jain M, Pimentel DR, Wang
B, Connors LH, Skinner M, et al. Human
amyloidogenic light chains directly im-
pair cardiomyocyte function through an
increase in cellular oxidant stress. Circ
Res 2004;94:1008–1010. doi:10.1161/
01.RES.0000126569.75419.74

23. Beanlands RSB, Nahmias C, Gordon E,
Coates G, deKemp R, Firnau G, et al.

The effects of β1-blockade on oxidative
metabolism and the metabolic cost of
ventricular work in patients with left
ventricular dysfunction: A double-blind,
placebo-controlled, positron-emission
tomography study. Circulation 2000;
102:2070–2075. doi:10.1161/01.CIR.
102.17.2070

24. Harms HJ, Tolbod LP, Hansson NHS,
Kero T, Orndahl LH, Kim WY, et al.
Automatic extraction of forward stroke
volume using dynamic PET/CT: A dual-
tracer and dual-scanner validation in pa-
tients with heart valve disease. EJNMMI

Phys 2015;2:25. doi:10.1186/s40658-
015-0133-0

25. Hansson NH, Harms HJ, Kim WY,
Nielsen R, Tolbod LP, Frøkiær J, et al.
Test–retest repeatability of myocardial
oxidative metabolism and efficiency
using standalone dynamic 11C-acetate
PET and multimodality approaches in
healthy controls. J Nucl Cardiol 2018;
25:1929–1936. doi:10.1007/s12350-
018-1302-z

MEE and outcome in cardiac amyloidosis 53

ESC Heart Failure 2024; 11: 44–53
DOI: 10.1002/ehf2.14545

 20555822, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14545 by Statens B

eredning, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z
https://doi.org/10.1007/s12350-018-1302-z

	Outcome prediction by myocardial external efficiency from 11C&hyphen;acetate positron emission tomography in cardiac amyloidosis
	Introduction
	Methods
	Study population
	Positron emission tomography
	Statistics

	Results
	Patient characteristics
	11C&hyphen;acetate positron emission tomography results in cardiac amyloidosis patients and controls
	Outcome prediction by �11C&hyphen;acetate positron emission tomography

	Discussion
	Conflict of interest
	Funding
	References

