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Abbreviations and acronyms 

 

ACE Angiotensin-converting enzyme 
BMI Body Mass Index 
BP 
CAD 

Blood Pressure 
Coronary artery disease 

CMVD Coronary microvascular disease  
EKG Electrocardiogram 
HF Heart failure 
HFpEF Heart failure with preserved ejection fraction 
HFrEF 
ICA 

Heart failure with reduced ejection fraction 
Invasive coronary angiography 

IMR Index to microcirculation 
LV Left ventricle 
LS Longitudinal strain 
LVEF Left ventricular ejection fraction 
MCF Maximum cardiac frequency for age 
MPE 
MPHI 

Myocardial Perfusion Entropy 
Myocardial perfusion heterogeneity index 

MRI Magnetic Resonance Imaging 
NG Non gated 
PET Positon emission tomography 
RNG Rest non gated 
RTS Rest telesystole 
SPECT Single-photon perfusion tomoscintigraphy 
SNG Stress non gated 
SRS Summed Rest Stress 
SSS Summed Stress Score 
STS Stress telesystole 
TS Telesystole 
TTE Trans-thoracic echocardiography 
TTR Transthyretin 
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Résumé 

Index d’hétérogénéité de perfusion myocardique chez les patients porteurs d’une 

cardiomyopathie amyloïde sénile : témoin d’une atteinte de la microcirculation 

coronarienne ? 

Objectif : Comparer l’index d’hétérogénéité perfusionnelle myocardique (MPHI) entre les 
patients avec une cardiomyopathie amyloïde sénile et une population contrôle.  

Contexte : Le vieillissement de la population est une réalité dans notre société, avec une 
forte augmentation du nombre de patients âgés hospitalisés pour insuffisance cardiaque ces 
dernières années. Le vieillissement en lui-même est responsable de l’apparition de 
cardiomyopathies telles que la cardiomyopathie amyloïde sénile où l’atteinte 
microcirculatoire coronaire pourrait participer à la physiopathologie. Notre équipe (UMR 
1039) a développé une nouvelle méthode d’analyse du signal permettant l’analyse fine de la 
perfusion myocardique par mesure du MPHI ; qui pourrait indiquer une atteinte sévère de la 
microcirculation coronaire. Nous avons appliqué cette méthode à une population avec 
cardiomyopathie amyloïde sénile que nous avons comparé à une population contrôle.  

Méthode : Nous avons inclus 22 patients ayant présenté au moins un épisode de 
décompensation cardiaque avec diagnostic de cardiomyopathie amyloïde sénile. L’ensemble 
des patients ont bénéficié d’une imagerie par scintigraphie myocardique avec analyse de la 
perfusion myocardique par mesure du MPHI. Les résultats ont été comparé à une population 
contrôle appariée 1 pour 1 sur l’âge, le sexe et les facteurs de risque cardiovasculaires. 

Résultats : Dans le groupe amyloïde, l'âge médian était de 83,5 ans [8,2]; 86% des patients 
étaient des hommes et 13% des patients présentaient des symptômes ischémiques à type de 
douleurs thoraciques. L'épaisseur maximale de la paroi du ventricule gauche (VG) était 
significativement plus élevée dans le groupe amyloïde que dans le groupe témoin (15 mm 
[3,5] versus 9,0 mm [1,7] ; p < 0,01) ainsi que la masse du VG qui était également plus élevée 
dans le groupe amyloïde (154,5 g/m² [70,7] versus 102 g/m² [21,5] ; p < 0,01). MPHI était 
statistiquement plus élevé dans le groupe amyloïde que dans le groupe témoin (4,57 [0,47] 
vs. 4,31 [0,42] ; p = 0,03). En analyse multivariée le statut amyloïde était corrélé au MPHI 
(beta = 0.63 ; p < 0.01) ajusté avec les facteurs confondants connus (masse et âge). Pour la 
différenciation entre le groupe contrôle et le groupe amyloïde, MPHI présentait une 
précision prometteuse avec une aire sous la courbe (AUC) de 0.66 [95%CI, 0.49-0.83].  

Conclusion : MPHI est significativement plus élevé chez les patients porteurs d’une amylose 
cardiaque pouvant témoigner d’une atteinte de la microcirculation coronaire.  
 

MOTS CLES : cardiomyopathie amyloïde sénile, perfusion myocardique, maladie 
coronarienne microvasculaire 

FILIERE : Cardiologie et Maladies vasculaires 
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Abstract 
 

Myocardial perfusion heterogeneity index in patients with amyloid senile cardiomyopathy: 

sign of coronary microvascular disease? 

Objectives: The objective of the study was to compare myocardial perfusion heterogeneity 
index (MPHI) between patients with amyloid senile cardiomyopathy and a control 
population.  

Background: Aging of population is a reality in our society, with a strong increase in number 
of elderly patients hospitalized for heart failure. Aging is responsible for the onset of senile 
amyloid cardiomyopathy. Coronary microvascular disease (CMVD) could play a significant 
role in physiopathology. Our team (UMR 1039) has developed a new method of precise 
analysis allowing the quantification of myocardial perfusion imaging by MPHI; which could 
indicate severe impairment of coronary microcirculation. We compare MPHI between 
cardiac amyloidosis patients and a control population.  

Methods: We prospectively enrolled in this study 22 patients who presented one or more 
heart failure episode with diagnosis of cardiac senile amyloidosis. All patients underwent 
cardiac Single-photon perfusion tomoscintigraphy (SPECT) with measure of MPHI. Results 
were compared with control population matched 1:1 by age, sex and cardiovascular risk 
factors.  

Results: In the amyloid group, the median age was 83.5 [8.2] years; 86% of patients were 
male and 13% of patients had ischemic symptoms of chest pain. The median LV wall 
thickness was significantly higher in the amyloid group than in the control group (15mm [3.5] 
vs. 9.0 mm [1.7]; p <0.01) and median mass was also higher in the amyloid group than in the 
control group (154.5g/m² [70.7] vs. 102g/m² [21.5]; p<0.01). MPHI was significantly higher in 
the amyloid group than in the control group (4.57 [0.47] vs. 4.31 [0.42]; p = 0.03). In 
multivariate analysis, cardiac amyloidosis diagnosis was correlated with MPHI (beta = 0.63; p 
< 0.01) after adjusted by confounders variables (mass and age). For the differentiation 
between control population and cardiac amyloidosis patients, MPHI exhibit promising 
accuracy with an area under the curve (AUC) of 0.66 [95%CI, 0.49-0.83].  

Conclusion: MPHI is higher in the amyloid group and this result suggested a link with CMVD.  

 

KEYS WORDS: senile amyloid cardiomyopathy, myocardial perfusion, coronary microvascular 
disease  

SPECIALITY: Cardiology and vascular diseases 
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Introduction:  

Heart failure (HF) is a current problem and is increasingly recognized as a major 

public health problem. Indeed, prevalence of chronic heart failure is 2.3% representing 

about 1,130,000 people in France. This prevalence increases sharply with age, reaching 15% 

of people aged 85 and over (1). Despite a 20% reduction in mortality due to heart failure 

observed between 1998 and 2010, heart failure remains a serious pathology and a major 

cause of death in France regardless of age. In 2010, heart failure is directly or indirectly 

involved in more than 95,000 deaths (2). Several classes of HF are described. Heart failure is 

usually defined according to ejection fraction of the left ventricle, in preserved ejection 

fraction heart failure (HFpEF) with LVEF >50%, or in reduced ejection fraction heart failure 

(HFrEF) with LVEF <50 %. HFpEF has become the most common form of heart failure. 

Association with age is important, concerning less than 15% of HF in people under 50 years 

old whereas more than 50% of people older than 70 years old are affected (3). Specifically 

HFpEF is associated with substantial morbidity and mortality and need effective therapies 

that improve outcomes (4–6). Indeed, as PARAGON HF study showed, the drug studies are 

currently negative and it seems necessary to better identify the prognostic factors in order 

to better target the patients to be treated (7). 

Prevalence increase of HFpEF in population is, in part, a consequence of aging of 

population and we anticipate that this trend will continue in the coming years (8); with a 

sharp increase in the number of elderly patients hospitalized for heart failure in recent years 

(9). Aging itself is responsible for development of cardiomyopathies such as senile amyloid 

cardiomyopathy, observed in more than 25% of people aged over 80 in autopsy studies. This 

percentage of clinical representation in centers of competence of cardiomyopathies growths 

rapidly (10). 
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Amyloid cardiomyopathy is a systemic disease characterized by an extracellular 

accumulation of abnormal insoluble fibrillar proteins that settle in the myocardium and alter 

its proper functioning. Amyloid infiltration involves myocardium thickening, creating a 

hypertrophic appearance. There are different types of amyloidosis depending on the type of 

deposit. Senile transthyretin (TTR) amyloidosis, is the acquired cardiomyopathy when the 

precursor is non-mutated TTR, called wild type (ATTRwt). It mainly affects elderly subjects 

with a physiopathology that is still imperfectly elucidated. Cardiac involvement is 

predominant, but sometimes associated with other clinical signs such as carpal tunnel 

syndrome, peripheral neuropathy of small fibers, dysautonomy, peri-orbital ecchymosis or 

macroglossia. Heart failure is the most common way to uncover amyloid cardiomyopathy 

often associated with conduction disorders. This pathology is still imperfectly understood 

but its link with the increase in frequency of HFpEF cannot be neglected. Indeed senile 

cardiac amyloidosis represents 13% of patients with HFpEF (11). 

Symptoms of angina pectoris were reported in some patients with cardiac 

amyloidosis without significant epicardial coronary artery disease (12–14). Autopsy studies 

revealed amyloid deposits around and between cardiac myocytes in the interstitium (15), 

perivascular regions (16), and intracoronal coronary vessel media (17,18). Amyloid 

cardiomyopathy is, thus, responsible for microvascular coronary artery disease (CMVD) 

according to 3 major mechanisms: structural damage secondary to amyloid deposits in the 

wall of microscopic vessels causing thickening of the wall and luminal stenosis, extrinsic 

compression of microcirculation by perivascular and interstitial amyloid deposits and finally 

functional with endothelium autonomous dysfunction. Furthermore, presence of coronary 

microvascular dysfunction is associated with a markedly increased risk of HFpEF events (19). 

Coronary artery circulation is a complex system with a capacity of self-regulation in order to 
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adapt coronary flow at any time to myocardial needs; composed of three compartments 

each with distinct characteristics, functions and regulatory pathways. The epicardial arteries 

(diameter 500 μm-5 mm) have a reservoir function and offer little resistance to blood; the 

pre-arterioles (diameter 100-500 μm) represent the intermediate compartment that is 

characterized by a pressure drop. The most distal compartment contains arterioles 

(diameter smaller than 100 μm) with a deeper pressure drop over its entire length. Distal 

pre-arterioles and arterioles thinner than < 400 μm constitute coronary microcirculation, 

playing crucial role in metabolic regulation of myocardial blood flow (MBF) (expressed in 

mL/min/g of tissue). The vascular tone of this compartment is influenced by substances such 

as hydrogen peroxide or adenosine. The pathophysiological involvement of coronary 

microcirculation responsible for a true CMVD has been described in all cardiomyopathies 

(20–22); especially in patients with primary hypertrophic cardiomyopathies (16); but also in 

patients with hypertrophic cardiomyopathies secondary to Fabry's disease (23,24). 

Microvascular coronary circulation impairment has been demonstrated in few clinical 

studies using Position Emission Tomography (PET), Magnetic Resonance Imaging (MRI) or 

contrast ultrasound, but these techniques are not easily applicable in clinical practice(25–

27). Currently, invasive technique such as IMR allows analysis of coronary microcirculation 

(28) regardless of epicardial involvement (29) or hemodynamic conditions (30). However, 

although thermo-dilution directly assesses evaluation of coronary microcirculation, their 

invasiveness limits their use to patients with advanced diseases, and do not allow repeated 

tests in studies with follow-ups. Indeed, while coronary microcirculation is involved in all 

heart diseases and has a strong prognostic value (20), implementation of preventive and 

curative strategies remains limited because of lack of available diagnostic-tests and 

applicable test to large cohorts of patients. 
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Our team developed a new analytical method to measure achievement of 

microcirculation usable in SPECT by measuring a myocardial perfusion heterogeneity index 

(MPHI), via entropy calculation. Our primary aim was to study coronary microvascular 

function in subjects with senile cardiac amyloidosis compared with a control group matched 

on age, sex and cardiovascular risk factors.  
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Methods 

Study population 

We conducted this single-center observational descriptive sub-study, as a part of a larger 

registry untitled “coronary artery disease and CMVD in cardiomyopathies registry (3c 

registry)”, which evaluates the incidence and prognosis of bystander CAD and CMVD in 

hypertrophic, dilated and restrictive cardiomyopathies in five French centers, using 

multimodal imaging techniques. This study was approved by the Partners Human Research 

Committee. (NCT03479580). We prospectively enrolled in this study 44 patients into two 

groups. The amyloid group consisted of 22 subjects with a diagnosis of senile cardiac 

amyloidosis who had a cardiac SPECT according to the following criteria. 

Inclusion criteria 

 Male or female patient, over 65 years of age 

 Affiliated with social security 

 Any patient with a diagnosis of cardiac amyloidosis after etiological evaluation 

 Amyloidosis was diagnosed by a positive endomyocardial or extracardial biopsy or 

patients presented typical characteristics of cardiac dysfunction in imaging 

(ultrasound, cardiac MRI, diphosphonate scintigraphy: grade 2 or 3) 

 One of more episode of heart failure 

 Who practiced cardiac SPECT, double isotopes (thallium-201 effort/restTechnetium-

99m), on the discovery camera NM 530c 

 No sign of plasma dyscrasias 

 Negative genetic sampling for transthyretin amylose gene mutation 
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Non-inclusion criteria 

Exclusion criteria were: 

 Concomitant ischemic cardiopathy. High suspicion of coronary artery disease (CAD) is 

defined by one or more of the following criteria: previous revascularization; previous 

myocardial infarction (MI); and/or positive stress perfusion imaging for scar 

 Concomitant non-amyloid non-ischemic cardiopathy (valvular cardiopathy)  

 Major non-cardiac illness (e.g., disseminated malignant tumor, severe neurological 

dysfunction at the time of diagnostic assessment) or social condition that may 

preclude participation in a research study 

 Major patient protected by law (article L1121-8) 

 Person deprived of liberty (article L1121-8) 

Control population 

Control population was composed of 22 patients matched for age, sex and cardiovascular 

risk factors without events from PROMHETE study (clinical trial NCT02576704). PROMHETE is 

a study which analysis MPHI in patients with normal SPECT.  

Data collection 

Data were obtained from letters of consultation or short-term hospitalization of patients.  

Clinical parameters 

Administrative data including age, gender, date of birth were collected as well as:  

Anamnestic data including risk factors (smoking, diabetes mellitus, dyslipidemia, 

hypertension), personal history (cardiovascular history, family history of cardiomyopathy, 
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treatment), NYHA dyspnea stage. We were interested in the height (cm), weight (kg), Body 

Mass Index (BMI) (kg/m²). 

Electrocardiogram (EKG): a 12-lead electrocardiogram comprising at least 3 cardiac cycles, 

focusing on atrioventricular conduction, extra systoles (atrial or ventricular), 

supraventricular rhythm disorders and resting heart rate (specifying with or without 

bradycardia treatment). 

Biological parameters 

Biologically, the data collected were: hemoglobin, plasma creatinine, N-terminal pro-

hormone brain natriuretic peptide (NT-proBNP) levels, troponinemia. Venous blood samples 

drawn from an antecubital vein and chemistry parameters, including creatinine, were 

measured by standard automated commercial techniques. Plasma levels of N-terminal pro-

hormone brain natriuretic peptide (NT-proBNP) were quantified with an 

electrochemiluminescence immunoassay kit (Elecsys proBNP; Roche Diagnostics, Mannheim, 

Germany) from venous whole blood samples. 

Imaging data 

Echocardiography and Doppler  

All patients underwent a transthoracic echocardiography (TTE) at the inclusion with a 

commercially available ultrasound Vivid E95 system (GE Vingmed Ultrasound AS, Horten, 

Norway) using a 2.5 MHz transducer. A complete M-mode and two-dimensional gray scale 

echocardiography including the three standard apical views (four, three, and two chambers) 

using high frame rates ([60 frames/second) was performed for each patient. All 
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echocardiographic data were synchronized to the electrocardiogram, and acquisition was 

performed during breath hold. TTE was performed according to the 3C Registry protocol. 

Within the framework of this protocol, TTE have been standardized by being carried out in 

the same way by the different operators. Two-dimensional, M-mode, Doppler 

echocardiography measurements and quantification were performed according to 

recommendations of the American Society of Echocardiography. Echocardiographic data 

were stored using EchoPAC (GE-Vingmed, Horten, Norway) and analyzed by an 

echocardiographer who was blinded to all clinical data. LV systolic ejection (Simpson bi-

plan), LV cardiac mass index, size of the left atrium, mitral Doppler (E and A wave peak, E / A 

ratio), fill pressures of LV, pericardial study were collected. 

Stress single photon emission tomodensitometry (SPECT)  

Stress test: an cycle ergometer exercise test was performed, starting at 25 or 50 watts with 

25-watt increments every two minutes until a heart rate > 85% of the maximum cardiac 

frequency for age (MCF), or until appearance of classical stopping criteria (angina, ST-

segment elevation, ST-segment depression > 3mm, blood pressure >220/120 mmHg, blood 

pressure drop at one of the stages, orthostatic hypotension with systolic blood pressure < 80 

mmHg, complex ventricular arrhythmia, sustained ventricular rhythm disorders, heart 

failures symptoms). This test was performed under continuous monitoring of the 12-lead 

EKG and blood pressure throughout examination and until the sixth minute of recovery. 

Dipyridamole: in case of inability to exercise, a dipyridamole pharmacological stress test is 

performed in absence of contraindication (asthma or severe chronic obstructive pulmonary 

disease, recent stroke in the last 3 months), consisting of intravenous injection of 0.56 mg/kg 

dipyridamole over 4 minutes under continuous monitoring of 12-lead EKG and blood 
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pressure before, during and 4 minutes after injection. Then, four minutes after end of the 

dipyridamole injection, an aminophylline injection was done to antagonize action of 

dipyridamole in order to acquire resting images immediately after stress phase. 

Dobutamine: in case of contraindication to dipyridamole, and if inability to exercise, 

pharmacological stress test with dobutamine was performed. Intravenous dobutamine was 

administered by electric syringe pump, with increasing doses every three minutes (5, 10, 20, 

30 and up to 40 μg/kg/min). A 0.5 mg dose of atropine was injected intravenously at the end 

of the 40 mg/kg dobutamine level if heart rate was still under 85% of the MCF. In the 

preliminary study carried out in unit 1039- Radiopharmaceutiques Biocliniques, there was no 

difference in perfusional heterogeneity depending on the used provocation test. Thus, the 

different techniques have been used for the realization of this study. 

Myocardial perfusion imaging: this protocol allowed complete examination in less than 30 

minutes. Thallium 201 injection was performed at the peak of effort and image acquisition 

began 10 minutes later. Once stress images were acquired, technetium 99m-Sestamibi 

injection was performed immediately and rest images were obtained in five minutes. 

Ultra-fast dual isotope acquisition protocol: stress acquisitions were performed in patient in 

supine and ventral position (excepting if patient was unable to hold in procubitus). Rest 

acquisitions were performed, depending on the results of the stress acquisitions, at the 

discretion of the nuclear physician interpreting examination. At stress and rest, acquisitions 

were synchronized with EKG. 

CZT camera: stress and rest acquisitions were performed using a CZT Discovery NM530C 

camera (GE Healthcare, Haifa, Israel). A solid-state semiconductor CZT gamma camera 

system (Discovery NM 530c, GE Healthcare Ltd.) compound of a multiple pinhole collimator 



26 
 

and 19 stationary detectors imaging simultaneously 19 views of the heart without motion of 

the camera was used. Each detector contained 32x32 pixelated (2.46 x 2.46mm) CZT 

elements. SPECT images were reconstructed in short axis, horizontal long axis, and vertical 

long axis views. 

Scintigraphic image processing: images were scored by an independent observer using a 17-

segment model with a five-point scoring for each segment (0= normal, 1=equivocal, 

2=moderate, 3=severe reduction of radioisotope uptake, and 4= absence of detectable 

tracer uptake in a segment). Summed stress scores (SSS) and summed rest scores (SRS) were 

obtained by adding scores of the 17 respective images segments. Gated SPECT images 

allowed assessment of left ventricular ejection fraction, end systolic LV volume and end 

diastolic LV volume. 

Assessment of Myocardial Perfusion Entropy (MPE): MPE assessment was performed using 

the semi-automated heterogeneity calculation method, based on the Johnson and Gould 

heterogeneity calculation method developed by the INSERM 1039 team. Dicom files 

corresponding to stress and rest short-axis images were extracted from the acquisition 

system and used for the determination of MPE using an algorithm developed in Matlab 

software (Mathworks, Natick, MA, USA), typically leading to 23-31 short axis slices extracted 

per patient. When a patient had multiple incidences (procubitus and decubitus), the best 

entropy value (the lowest) was selected. Short axis slices were selected starting from the 

slice containing the highest number of pixels with non-zero values (Figure 1). 

Determination of the center of the left ventricle and realignment of images: on each short 

axis slices, the position of the LV center was automatically estimated .The LV center was 

used to convert the short-axis cartesian images into polar images using interpolating angles 
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avoiding data redundancy. The pixel of highest intensity along each of the interpolation lines 

was selected and used to build a 2D map of myocardial perfusion. The 2D map of myocardial 

perfusion was then normalized from 0 to 1000 using the highest intensity pixel value in order 

to allow inter-patient comparisons and was further threshold to 500 and 850. These 

standardization steps have made it possible to limit the analysis of perfusion heterogeneity 

to values between 50 and 85% of the maximum activity of the topographic map. In addition, 

these steps necessited to recalibrate areas with very low levels of activity (related to scar 

tissue) and those made of very active pixels (of artefactual origin). Thus, analysis of the 

signal led to evaluation of the slight variations in intensity, indicating a more or less 

heterogeneous distribution of myocardial perfusion. Finally, these different intensity values 

(between 500 and 850) were then reduced to 35 intensity (color) value levels. These 

automated steps allowing the production of 2D maps of myocardial perfusion are illustrated 

in Figure 2. MPE was finally computed from stress and rest 2D perfusion maps from each 

patient using the formula:  

 

 

Where M is the number of intensity value and pk was the probability associated with pixel 

intensity k. Entropy quantifies the information contained in an image and can be considered 

as a measure of disorder in the image. Entropy is also a lower bound of the average number 

of bits per pixel required to encode an image without distortion. Entropy is therefore 

maximal for a non-uniform distribution, and equals zero for a constant image. 
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Invasive coronary angiography 

Invasive coronary angiography (ICA), in multiple orthogonal views, was performed in 

patients who had significant ischemia by SPECT, to assess the extent of CAD. Images were 

analyzed blinded to patients’ baseline data, by an expert cardiologist. All visually identified 

stenosis were quantified in two orthogonal projections by a quantitative coronary 

angiography (Siemens angiography station), using catheter-based image calibration and 

automated vessel detection. Significant CAD was defined as a stenosis exceeding 70% in 

epicardial vessels and/or 50% in the left main coronary artery. 

Biopsy 

Endomyocardial or extracardial biopsy were performed on respectively 8 and 3 patients in 

the amyloid group. All biopsy specimens stained positive for amyloid (congo red stain) and 

amyloid typing was determined by a battery of stains. 

Statistical Analysis 

Matching procedures and statistical analysis were performed using R 3.5.2. Greedy and 

optimal matching procedures were performed using the MatchIt package. Linear mixed 

models were performed using the lmer4 package and conditional generalized linear models 

were performed using the Survival package. Patients from Evamylose and Promhete were 

matched as cases and controls respectively so as to compare their MPE with a control on 

confounding factors. 854 Promhete patients were selected as potential controls since they 

did not develop any MACEs (neither cardiovascular death nor myocardial infarction nor 

invasive coronary angiography nor revascularization nor stroke) during their follow-up.  

The matching protocol compared multiple procedures for a pairing ratio of one case one 

control. Exact method on matching covariates age, sex, weight, cardiovascular risk factors 
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(smoking, dyslipidemia, Hypertension, T2D) was performed. Greedy and optimal matching 

methods on propensity score of senile amyloidosis adjusted on the aforementioned 

matching covariates were also performed. 

Standardized Mean Difference (SMD) was computed on each covariate before and after 

matching so as to assess for covariate balances. As for distribution comparisons between 

paired controls and cases on continuous covariates, results are expressed as median (IQR) 

and tests performed are 1) Shapiro-Wilks for normality, Bartlett for homogeneity of 

variances and pairwise Student T test (Student T test for unpaired data) or 2) Shapiro-Wilks 

for normality and signed-rank Wilcoxon (Mann Withey U test for unpaired comparisons) test 

if non-normality. As for marginal distribution comparisons between paired controls and 

cases on binomial or categorical covariates, results are expressed as matched group size 

(percentage in the matched group) and McNemar chi squared tests (Fisher exact tests for 

unpaired comparisons) were performed. Optimal matching procedure is the only method 

which exhibited a fine balance of age among matched cases and controls. Conditional 

models were used to measure the relationship between MPE and senile amyloidosis status 

by taking into account the inter-strata variability of matched patients. In addition, the 

diagnostic accuracy of MPHI for detecting cardiac amyloidosis compared to healthy controls 

was examined by ROC analysis. P values ≤ 0.05 were considered to suggest statistical 

significance. 
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Results 

Baseline characteristics 

The final cohort was composed of 44 patients: 22 in the amyloid group and 22 in the control 

group. The baseline characteristics are represented in Table 1. 

In the amyloid group, the median age was 83.5[8.2] years, and 86% of patients were male. 

Notably, approximately one-half of the amyloid group had a history of NYHA functional class 

≥3 heart failure, this group also had ischemic symptoms of chest pain (13%). 

EKG and biological data are shown in Table 2. About EKG, as expected, in the amyloid group, 

there was significantly more patients in atrial fibrillation (77%) than in the control group 

(18%) p<0.01. Notably, in the amyloid group the level of troponin was higher than in the 

control group (0.07 [0.08] vs. 0.03 [0.02]; p=0.02), it was the same results about the level of 

NT-proBNP, higher in the amyloid group than in the control group, (5179 [5144] vs. 425 

[893]; p<0.01). 

Data of echocardiography are listed in Table 3. As expected, the median LV wall thickness 

was significantly higher in the amyloid group than in the control group (15mm [3.5] vs. 9.0 

mm [1.7]; p <0.01) and median mass was also higher in the amyloid group than in the control 

group (154.5g/m² [70.7] vs. 102g/m² [21.5]; p<0.01), consistent with amyloid deposition in 

the LV myocardium. LVEF was significantly higher in the control group than in the amyloid 

group (61 % [7] vs. 52.5% [28.5]; p = 0.03). 

Myocardial perfusion and coronary artery disease  

Invasive coronary angiography (ICA) was performed on 12 patients in the amyloid group and 

ruled out coronary artery disease. Seven patients presented significant burden ischemia 
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(SSS≥ 4): 6 benefited from ICA which show no significant coronary lesions. One patient did 

not have ICA due to a significant alteration in general condition. Others patients didn’t 

present SPECT criteria to perform ICA. Finally, no patients had revascularization following 

cardiac scintigraphy exploration. 

Data’s from SPECT are shown in Table 4. MPHI by MPE STS was significantly higher in the 

amyloid group than in the control group (4.57 [0.47] vs. 4.31[0.42]; p = 0.03).  

Figure 3 shows a boxplot where MPE STS was significantly higher in the amyloid group than 

in the control group. As shown in Figure 4 MPE increase at stress in comparison of rest. 

Correlation between clinical data, myocardial microstructure and left ventricular function. 

Cardiac amyloidosis was associated with worse MPHI independent of LV mass, age, in 

multivariate analysis (beta = 0.63; p < 0.01). Tables 5 and 6 showed univariate and 

multivariate analysis. For the differentiation between controls population and cardiac 

amyloidosis patients, the MPHI exhibit promising accuracy with an area under the curve 

(AUC) of 0.66 [95%CI, 0.49-0.83] (Figure 5).  
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Discussion 

 This study shows that MPHI is higher in patients with senile amyloid cardiomyopathy. 

MPHI could help to diagnostic accuracy for detecting cardiac amyloidosis and be a marker of 

CMVD. 

Echocardiography is routinely used to detect cardiac abnormalities in suspected 

senile cardiac amyloidosis. The echocardiographic features of advanced amyloid 

cardiomyopathy include concentric left ventricular (LV) and right ventricular (RV) wall 

thickening, biatrial enlargement, granular sparkling pattern of myocardium, and diastolic 

dysfunction (31). Although global longitudinal strain (LS) is universally impaired in subjects 

with clinically manifest cardiac amyloidosis, the apical segments of the LV are typically less 

affected or even spared in some cases and emerging data also suggest that apical LS is 

probably a better predictor of events than LS at the basal or mid LV segments (32). The basis 

for the relative apical sparing of LS in amyloidosis remains incompletely understood. Prior 

data suggest that it may be related to lower amyloid burden at the LV apical segments. This 

is suggested by the preferential thickening of the basal and mid LV segments (33) relative to 

the apical LV segments, coupled with an increase in either late gadolinium enhancement 

(LGE) on cardiac magnetic resonance (CMR) (32) or regional uptake of technetium-99m 

pyrophosphate on SPECT (34). Finally, segmental differences in the distribution of the total 

amyloid mass, rather than the proportion of amyloid deposits, appear to explain the marked 

regional differences in LS and we know that left ventricular longitudinal strain by speckle-

tracking echocardiography is an independent predictor of mortality in amyloidosis (35). 

These structural disorders result in diastolic abnormalities including altered early filling; 

these functional disorders are typical findings and are related to outcome in patients with 

senile cardiac amyloidosis (36).   
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All these functional disorders identified in cardiac amyloidosis lead to the 

development of heart failure with preserved ejection fraction (11). Coronary microvascular 

dysfunction in amyloidosis also correlates with diastolic dysfunction and subclinical systolic 

dysfunction (25); and coronary microvascular ischemia, alongside myocardial stiffness, may 

play an important role in the pathophysiology of HFpEF (19). It is now well established that 

coronary microvascular dysfunction is highly prevalent in subjects with cardiac amyloidosis, 

even in the absence of epicardial coronary artery disease (25). 

Prognostic value of MPHI has been recently assessed in several cohorts of patient, 

such as EVADIAB study (37) which shows that MPHI determined from thallium-201 stress 

perfusion images acquired on gamma camera represent an independent prognostic factor of 

cardiovascular events with additive value over the classical interpretation of images from 

patients with normal myocardial perfusion scintigraphy. MPHI might represent a surrogate 

of coronary microvascular dysfunction. Considering the cellular mechanisms by which 

radioactive perfusion imaging agents are taken up by the myocardium (38), myocardial 

perfusion heterogeneity (MPH) due to CMVD and elevated capillary transit time 

heterogeneity should ultimately translate into heterogeneous tracer uptake by 

cardiomyocytes. The hypothesis of the present study is that such heterogeneous tracer 

uptake may translate into increased myocardial perfusion entropy upon texture analysis of 

SPECT MPI. In this setting, it should be noted that the clinical results from the present study 

are paralleled by a recent preclinical study aimed at investigating the relationship between 

MPE and CMVD in a rodent model of T2D (39). Higher performance of MPE STS is probably 

explained by partial volume effect.  
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Clinical implications and perspectives:  

MPHI is an interesting tool to screen amyloid cardiomyopathy in clinical practice. Indeed, 

because SPECT is an imaging technique used in routine clinical practice to screen ischemia. 

Associated with other evocative elements of the file, MPHI can help the clinician to evoke 

the diagnosis. Senile amyloid cardiomyopathy is an underdiagnosed disease that accounts 

for a significant number (13% )of HFpEF cases (10) and specific treatments have just shown 

their effectiveness (40). Moreover, CMVD could be a specific therapeutic target to improve 

prognosis. But further study is required to understand whether specific therapy directed at 

amyloidosis may improve CMVD in amyloidosis.  

Limitation: 

This study has several limitations. This was a small cohort and the study was performed in a 

single center. Fine analysis of the echocardiographic parameters was not performed such as 

left atrial function and size, LS, complete analysis of diastolic function for all patients. In 

addition, not all patients had an accurate analysis of their coronary anatomy (only 12 

patients in the amyloid group had a coronary angiography). Indeed, the coronary 

microvascular status of patients was not determined using the IMR, which is used as the 

invasive gold-standard for the diagnosis of CMVD. The potential relationship between MPE 

and the IMR requires further investigation. At this time, certain complementary analysis was 

not performed (Heart / Whole Body correlation with MPHI, base-to-apex gradient in MPHI).  

Conclusion 

MPHI is higher in the amyloid group and this result suggested a link with coronary 

microvascular dysfunction and could help screen of cardiac amyloidosis.  
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Table legends 
Table 1 : Baseline characteristics of population 

 Control Group Amyloid Group p Value 

Age (yrs) 80 [7.5] 83.5[8.2] 0.18 

Male, n (%) 19 (86) 19(86) 1.00 

Body Mass Index (kg/m²) 24.9 [4.4] 23.9 [4.6] 0.32 

Diabetes, n (%) 3 (13) 3 (13) 1.00 

Hypertension, n (%) 14 (63) 14 (63) 1.00 

Dyslipidemia, n (%) 6 (27) 4 (18) 0.72 

Tobacco, n (%) 4 (18) 4 (18) 1.00 

Symptoms    

Chest pain, n (%) 13 (59) 3 (13) <0.01 

NYHA functional class ≥3, n (%) 2(9) 10 (45) 0.01 

Medications    

Beta-blockers, n (%) 8 (36) 4 (18) 0.31 

ACE inhibitors, n (%) 8 (36) 12 (54) 0.36 

Diuretics, n (%) 4 (18) 19 (86) 0.01 

Aspirin, n (%) 14 (63) 4 (18) <0.01 

Cholesterol Medications, n (%) 10 (45) 4 (18) 0.10 

Anticoagulant, n (%) 6 (27) 16 (72) <0.01 

Hemodynamics    

Rest heart rate, beats/min 63.0 [9.2] 73.5 [11.7] <0.01 

Rest systolic BP, mmHg 137 [23] 114.5 [21.5] <0.01 

Rest diastolic BP, mmHg 79.5 [20.7] 72.0 [9.7] 0.05 

Results are expressed as median [IQR] for quantitative covariates. IQR=interquartile range (Q3-Q1). 

All other values are expressed as the number and percentage, n (%), of patients. 
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Table 2 : EKG and biological data 

 Control 
Group 

Amyloid Group p Value 

EKG 
 

   

Atrial fibrillation, n (%) 4 (18) 17 (77) <0.01 
Left bundle block, n (%) 3(13) 7 (31) 0.16 

 
Biology    

 
Troponinemia (µg/l) 0.03 [0.02] 0.07 [0.08] 0.02 

Plasma creatinine (µmol/l) 93[32] 101[74] 0.27 
NT-proBNP (ng/l) 425[893] 5179 [5144] <0.01 

Results are expressed as median [IQR] for quantitative covariates. IQR=interquartile range 

(Q3-Q1) All other values are expressed as the number and percentage, n (%). 

 

 

Table 3 : Echocardiography data 

 Control Group Amyloid Group p Value 

LVEF (%) 61[7] 52.5 [28.5] 0.03 
 

Wall thickness ( mm) 9.0 [1.7] 15 [3.5] <0.01 
 

LV mass ( g/m²) 102 [21.5] 154.5 [70.7] <0.01 

Results are expressed as median [IQR] for quantitative covariates. IQR=interquartile range 

(Q3-Q1) 
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Table 4: SPECT data 

 Control Group Amyloid Group p Value 

    
MPE SNG 4.41 [0.27] 4.33 [0.29] 0.51 

 
MPE STS 4.31 [0.42] 4.57 [0.47] 0.03 

 
MPE RNG 4.27 [0.42] 4.21 [0.52] 0.94 

 
MPE RTS 4.37 [0.44] 4.52 [0.27] 0.15 

 
SSS    

 
0-3 22 (100) 15 (68) <0.01 
≥4 0 (0) 7 (32) <0.01 

 
SRS    

 
0-3 21(95) 16(72) 0.09 

 
≥4 1(5) 6(28) 0.09 
 
 

   

 

Results are expressed as median [IQR] for quantitative covariates. IQR=interquartile range 

(Q3-Q1).All other values are expressed as the number and percentage, n (%), of patients  
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Table 5: Univariate analysis for correlation with MPHI 

Unadjusted covariates Slope estimate [CI, 95%] P value 

Amyloid status 0.21 [-0.1 ; 0.5] 0.17 
LV Mass -0.00 [-0.0 ; -0.0] 0.30 
Tobacco 0.35 [-0.0 ; 0.7] 0.07 

Age 0.01 [-0.0 ; 0.0] 0.22 
Sex -0.11 [-0.6 ; 0.3] 0.64 

Weight 0.00 [-0.0 ; 0.0] 0.90 
BMI 0.00 [-0.0 ; 0.0] 0.87 

Dyspnea 0.13 [-0.1 ; 0.4] 0.40 
Hypertension 0.06 [-0.2 ; 0.4] 0.67 

Diabetes 0.01 [-0.4 ; 0.4] 0.94 
Dyslipidemia -0.15 [-0.5 ; 0.2] 0.43 

LVEF -0.00 [-0.0 ; 0.0] 0.89 
Chest pain 0.12 [-0.2 ; 0.4] 0.43 

Troponinemia -0.04 [-1.4 ; 1.3] 0.95 
NT-proBNP 0.00 [-0.0 ; 0.0] 0.46 

Wall thickness 0.01 [-0.0 ; 0.0] 0.43 
DM  I 
         II 
         III 

 -0.07 [-0.3 ; 0.2] 
-0.40 [-0.8 ; -0.0] 
-0.14 [-0.6 ; 0.3] 

0.63 
0.04 
0.53 

Atrial Fibrillation -0.02 [-0.3 ; 0.2] 0.87 
Left bundle block 0.13 [-0.2 ; 0.5] 0.50 

Systolic BP -0.00 [-0.0 ; 0.0] 0.60 
Diastolic BP -0.00 [-0.0 ; 0.0] 0.67 
Heart rate 0.00 [-0.0 ; 0.0] 0.33 

 

 

Table 6: multivariate analysis for correlation with MPHI 

Covariates Slope estimate [CI, 95%] P value 

Age 0.00 [-0.0 ; 0.0] 0.48 
Amyloid status 0.63 [0.2 ; 1.0] < 0.01 

LV Mass  -0.00 [-0.0 ; 0.0] 0.16 
Systolic BP 0.00 [-0.0 ; 0.0] 0.14 

Atrial Fibrillation -0.17 [-0.5 ; 0.2] 0.30 
Left bundle block 0.06 [-0.4 ; 0.5] 0.73 

LVEF 0.00 [-0.0 ; 0.0] 0.29 
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Figures legends 
 

Figure 1: Series of "short axis" sections of a myocardial tomoscintigraphy. 

 

           

 

Figure 2: Schematic steps for the automated quantification of MPE. Short-axis slices were 
used to translate SPECT images into a 2D map of perfusion, which pixel intensity values were 
used for the quantification of MPE 
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Figure 3 : Box blot: comparison of MPE STS 

 

 

 

Figure 4: Median of MPE by status of amyloid and type of MPE 
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Figure 5: ROC analysis 
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Résumé 

Index d’hétérogénéité de perfusion myocardique chez les patients porteurs d’une 

cardiomyopathie amyloïde sénile : témoin d’une atteinte de la microcirculation 

coronarienne ? 

Objectif : Comparer l’index d’hétérogénéité perfusionnelle myocardique (MPHI) entre les 
patients avec une cardiomyopathie amyloïde sénile et une population contrôle.  

Contexte : Le vieillissement de la population est une réalité dans notre société, avec une 
forte augmentation du nombre de patients âgés hospitalisés pour insuffisance cardiaque ces 
dernières années. Le vieillissement en lui-même est responsable de l’apparition de 
cardiomyopathies telles que la cardiomyopathie amyloïde sénile où l’atteinte 
microcirculatoire coronaire pourrait participer à la physiopathologie. Notre équipe (UMR 
1039) a développé une nouvelle méthode d’analyse du signal permettant l’analyse fine de la 
perfusion myocardique par mesure du MPHI ; qui pourrait indiquer une atteinte sévère de la 
microcirculation coronaire. Nous avons appliqué cette méthode à une population avec 
cardiomyopathie amyloïde sénile que nous avons comparé à une population contrôle.  

Méthode : Nous avons inclus 22 patients ayant présenté au moins un épisode de 
décompensation cardiaque avec diagnostic de cardiomyopathie amyloïde sénile. L’ensemble 
des patients ont bénéficié d’une imagerie par scintigraphie myocardique avec analyse de la 
perfusion myocardique par mesure du MPHI. Les résultats ont été comparé à une population 
contrôle appariée 1 pour 1 sur l’âge, le sexe et les facteurs de risque cardiovasculaires.  

Résultats : Dans le groupe amyloïde, l'âge médian était de 83,5 ans [8,2]; 86% des patients 
étaient des hommes et 13% des patients présentaient des symptômes ischémiques à type de 
douleurs thoraciques. L'épaisseur maximale de la paroi du ventricule gauche (VG) était 
significativement plus élevée dans le groupe amyloïde que dans le groupe témoin (15 mm 
[3,5] versus 9,0 mm [1,7] ; p < 0,01) ainsi que la masse du VG qui était également plus élevée 
dans le groupe amyloïde (154,5 g/m² [70,7] versus 102 g/m² [21,5] ; p < 0,01). MPHI était 
statistiquement plus élevé dans le groupe amyloïde que dans le groupe témoin (4,57 [0,47] 
vs. 4,31 [0,42] ; p = 0,03). En analyse multivariée le statut amyloïde était corrélé au MPHI 
(beta = 0.63 ; p < 0.01) ajusté avec les facteurs confondants connus (masse et âge). Pour la 
différenciation entre le groupe contrôle et le groupe amyloïde, MPHI présentait une 
précision prometteuse avec une aire sous la courbe (AUC) de 0.66 [95%CI, 0.49-0.83].  

Conclusion : MPHI est significativement plus élevé chez les patients porteurs d’une amylose 
cardiaque pouvant témoigner d’une atteinte de la microcirculation coronaire.  
 

MOTS CLES : cardiomyopathie amyloïde sénile, perfusion myocardique, maladie 
coronarienne microvasculaire 

FILIERE : Cardiologie et Maladies vasculaires 

 




