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Chapter 1

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in
adults worldwide.' The worldwide incidence of CVD deaths has increased from 18.1
million in 2010 to 20.5 million in 2020 and is expected to increase to 24.2 million in
2030.2 Adequate diagnosis, risk stratification and treatment to decrease mortality,
morbidity and the burden on health care systems is therefore crucial. Multimodality
imaging has emerged as an important tool for the management of patients with
cardiovascular disease.

Ischemic heart disease

Ischemic heart disease is the largest contributor to CVD and the single largest
cause for worldwide mortality.! The development of coronary artery disease
(CAD) is a complex process of accumulation of atherosclerotic plaque in the span
of several years before the development of symptoms.® Although sex-related
differences in CAD have been reported, the role of sex on plaque progression
and composition has not been studied in a low-to-intermediate risk population
in stable clinical conditions over a long follow-up period. While assessment of
coronary plaque composition was previously reserved solely for invasive imaging
modalities or histology, increased spatial resolution has allowed cardiac computed
tomography (CT) to quantitatively asses plaque composition.** Indeed, cardiac CT
has demonstrated a dramatic change in the last decade with increasingly lower
radiation exposure and better imaging quality.*¢

The clinical manifestation of CAD is divers, and includes stable angina and
myocardial infarction with possible adverse effects on left ventricular (LV) function
leading to heart failure and sudden cardiac death. In patients presenting with
symptoms of stable angina, risk stratification is indicated. Both coronary artery
calcium (CAC) score, an anatomical marker of CAD, and nuclear imaging, a
functional marker of CAD, have demonstrated independent and complementary
prognostic value in patients with stable CAD, with also intermodality correlation.”8
The relationship between CAC score and CT myocardial perfusion, also a functional
marker of CAD, which could be performed directly after CAC score, has however
not been studied before.

In post-myocardial infarction patients, following treatment, imaging is performed
to assess possible treatment options; for that purpose, assessment of ischemia,
the extent of damage and myocardial viability is important.® Late gadolinium
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contrast enhanced cardiac magnetic resonance (LGE CMR) has a high diagnostic
accuracy for assessment of the extent of transmural scar. '° Although, LGE CMR has
several important advantages, it is not without limitations, for instance the need
for intravenous contrast, the limited clinical availability and the relative high cost.
Non-invasive myocardial work is a novel echocardiographic based parameter for
assessment of LV function which overcomes these limitations. "2

Arrhythmias

Heart failure is an important complication following myocardial infarction. Heart
failure patients have an increased risk for developing ventricular arrythmias and
therefore implantable cardioverter defibrillator (ICD) therapy might be appropriate.
Evaluation of patients with heart failure, both ischemic and non-ischemic, who
might benefit from ICD therapy continues to be a clinical challenge. Currently,
LV ejection fraction <35% is used as a cut-off value to recommend ICD therapy.
However, a substantial portion of patients with an ICD never develop ventricular
arrythmias. Anatomical and functional characterization of the arrhythmogenic
substrate using multimodality imaging may permit superior risk stratification
for the occurrence of ventricular arrythmias (and accordingly, the need for ICD
implantation).

Atrial fibrillation (AF) is the most prevalent arrhythmic disease worldwide with
considerable impact on morbidity and mortality. AF catheter ablation is a safe and
established treatment option for AF and is more effective in maintaining sinus
rhythm compared to medical therapy.”® However, AF recurrence rates remain high
following AF catheter ablation.™* Adequate patient selection prior to ablation
might prevent unnecessary interventions and complications. Epicardial adipose
tissue (EAT) in close proximity of the LA, is the adipose tissue which actively secretes
hormones and cytokines and may play a role in the development of AF.'>'® The
quantity and attenuation of EAT can be derived from cardiac CT scans, and may
provide a marker of inflammation. It is however, unknown whether volumetric
assessment of quantity and attenuation of EAT (located posterior to the LA) predicts
AF recurrence following catheter ablation.

1




Chapter 1

Objectives and outline of the thesis

The main objective of this thesis is to investigate the role of multi-modality imaging
in ischemic heart disease. Specifically various chapters have been dedicated to how
and when cardiac mechanics (a new, echocardiographically derived parameter of
LV function) and other novel imaging parameters can be used for risk stratification
and treatment guidance in ischemic heart disease.

In Part 1 of this thesis, different imaging modalities are utilized to evaluate the
extent and severity of CAD in different patient populations. In Chapter 2, the
progression of CAD is evaluated with focus on the role of sex (with longer term
follow-up) in a low-to-intermediate risk population. In Chapter 3, the relationship
between an anatomical marker of CAD (CAC score derived from CT) and a functional
marker of CAD (CT perfusion imaging), is assessed. A novel imaging parameter for
evaluating LV function based on non-invasive pressure-strain loops, is introduced
in Chapter 4 and reference values of global LV myocardial efficiency are presented
in distinct patient populations. In Chapter 5, this novel imaging parameter is then
further related to infarct transmurality, which is characterized on LGE CMR in
patients with previous ST-segment elevation myocardial infarction.

In Part 2 of this thesis the role of multimodality imaging in arrythmias is assessed.
Several imaging parameters are evaluated for risk stratification of ventricular
arrhythmias in heart failure patients in Chapter 6, while in Chapter 7, imaging
parameters are tested for prediction of AF recurrence following catheter ablation.
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Imaging modalities in coronary
artery disease
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Chapter 2

ABSTRACT

Long-term data on sex-differences in coronary plaque changes over time is lacking
in a low-to-intermediate risk population of stable coronary artery disease (CAD). The
aim of this study was to evaluate the role of sex on long-term plaque progression
and evolution of plaque composition. Furthermore, the influence of menopause on
plaque progression and composition was also evaluated. Patients that underwent a
coronary computed tomography angiography (CTA) were prospectively included to
undergo a follow-up coronary CTA. Total and compositional plaque volumes were
normalized using the vessel volume to calculate a percentage atheroma volume
(PAV). To investigate the influence of menopause on plaque progression, patients
were divided into two groups, under and over 55 years of age. In total, 211 patients
were included in this analysis, 146 (69%) men. The mean interscan period between
baseline and follow-up coronary CTA was 6.2 + 1.4 years. Women were older, had
higher HDL levels and presented more often with atypical chest pain. Men had
434 plaque sites and women 156. On a per-lesion analysis, women had less fibro-
fatty PAV compared to men (B -1.3 £ 0.4%; p < 0.001), with no other significant
differences. When stratifying patients by 55 years age threshold, fibro-fatty PAV
remained higher in men in both age groups (p < 0.05) whilst women younger than
55 years demonstrated more regression of fibrous (B -0.8 + 0.3% per year; p = 0.002)
and non-calcified PAV (B -0.7 £ 0.3% per year; p = 0.027). In a low-to-intermediate
risk population of stable CAD patients, no significant sex differences in total PAV
increase over time were observed. Fibro-fatty PAV was lower in women at any age
and women under 55 years demonstrated significantly greater reduction in fibrous
and non-calcified PAV over time compared to age-matched men. (ClinicalTrials.gov
number, NCT04448691.)

20
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INTRODUCTION

Several studies have highlighted distinct sex-related differences for coronary
artery disease (CAD). Women tend to be older when presenting with CAD', have
lower rates of obstructive disease? but higher risk of major adverse cardiac events
compared to men?>. This discrepancy might arise from differences in plaque
characteristics between men and women.® Postmortem histology studies reported
plague morphological differences between men and women’'°. However, in vivo
intravascular studies have shown conflicting data regarding plaque burden and
morphology between men and women."?2 These invasive studies were though
performed in patients with an acute coronary syndrome (ACS), did not evaluate
the plaques in the whole coronary tree or did not prospectively investigate sex
differences in the natural plaque evolution over a long follow-up period. Coronary
computed tomography angiography (CTA) allows for a fast and non-invasive
assessment of coronary plaque burden and characterization of plaque composition
comparable with intravascular ultrasound virtual histology (IVUS-VH).2 The aim of
the current study was to evaluate the influence of sex on long-term in vivo plaque
progression and evolution of plaque composition in a low-to-intermediate risk
population in stable clinical conditions. Furthermore, the role of menopause on
plaque progression and composition was also evaluated.

MATERIALS AND METHODS

Study design

The SMARTool (Simulation Modeling of coronary ARTery disease: a tool for clinical
decision support, Horizon 2020) project, is a prospective, international, multicenter
study with the aim of integrating clinical, molecular, cellular and imaging data to
provide a patient-specific risk stratification model exploitable for clinical decision
support in stable CAD management.?*#% Patients who had undergone a coronary
CTA at baseline for suspected CAD were prospectively included and subsequently
underwent a follow-up coronary CTA. Patients with stable CAD without a history of
myocardial infarction, heart failure or surgical procedures related to heart diseases
were included. The complete inclusion and exclusion criteria are provided in the
supplementary material.

21




Chapter 2

Study population

Patients who had undergone clinically indicated coronary CTA in the period 2009-
2012 or were part of the EVINCI (FP7-222915) or the ARTreat (FP7-224297) clinical
studies were included. The Diamond-Forrester model was used to estimate the
pretest probability of CAD.?® Inclusion and exclusion criteria have been described
previously.?® Data on cardiovascular risk factors and medical therapy were
prospectively collected at baseline and follow-up. Statin intensity was classified
according to the American College of Cardiology and American Heart Association
guidelines.?’ In total, 275 patients from 5 European countries (Finland, Italy,
Poland, Spain and Switzerland) were recruited in 7 centers. Of the 263 patients
who underwent a follow-up coronary CTA, 52 patients were excluded because of
uninterpretable coronary CTA for visual (n=5) or quantitative CTA analysis (n=11)
or absence of coronary plaques at follow-up (n=36). Thus, 211 patients were finally
included in the present analysis (Figure 1).

Fig. 1 Flow diagram of the study population

275 patients enrolled in the SMARTool
trial Excluded

- 6 patients with atrial

_ | fibrillation at day of scan
- 6 patients because
high creatinine levels

263 patients received a second coronary
CTA scan - 5 patients scan

uninterpretable for

visual analysis

- 11 patients scan

---------- uninterpretable for

quantitative analysis

- 36 patients absent of

211 patients included in the present coronary plagues at

o follow-up
analysis
590 plaque sites

|
l l

146 men 65 women
434 plaque sites 156 plaque sites
<55 years | 255 years <55 years | 255 years

37 men 109 men 6 women || 59 women
102 332 14 142

plaque plaque plaque plaque
sites sites sites sites
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Coronary CTA analysis protocol

The coronary CTA protocol has been described previously.?® In brief, anonymized
coronary CTA data were transferred to a core laboratory (Leiden University
Medical Center) for visual and quantitative analysis (supplementary material)
and researchers were blinded to patients clinical data. Quantitative analysis was
performed on visually identified plaques using a dedicated software package
(QAngio CT Research Edition version 3.1.2.0, Medis Medical Imaging Systems,
Leiden, the Netherlands). The software automatically detects the centerline, lumen
and the vessel wall and allows the user for manual adjustment if needed.?*% The
baseline and follow-up coronary CTA were analyzed side-by-side and lesions were
identified using anatomical markers. Several parameters were derived from the
quantitative analysis: percentage diameters stenosis, lesion length, remodeling
index, total vessel volume, total plaque volume and plaque composition volumes.
Plague composition volumes were determined using predefined Hounsfield units
(HU) cutoff values: >350 HU for calcified plaque and -30 to 350 HU for non-calcified
plague. Non-calcified plaque was further classified in necrotic core plaque (-30 to
75 HU), fibro-fatty plaque (76 to 130 HU) and fibrous plaque (131 to 350 HU). Total
plaque volume and plaque composition volumes were normalized for the vessel
volume and the percentage atheroma volume (PAV) calculated as follows: (plaque
volume/ total vessel volume) x100% and reported as a percentage. The inter- and
intra-observer variability have been described previously.28-3°

Statistical analysis

Continuous variables are expressed as mean + standard deviation (SD) if normally
distributed and median and interquartile range (IQR) if non-normally distributed.
Normality was assessed using histograms and Q-Q plots. Categorical variables are
presented as frequencies and percentages and compared using the Chi square test
or the Fisher’s exact test. Normally distributed continuous variables were compared
using the Student’s t-test and the Mann-Whitney U-test if not normally distributed.
Quantitative analysis parameters were compared on a per-lesion basis. Analysis
of annual rate of lesion progression was performed using linear mixed models
(LMM) to correct for per lesion and per patient factors. Fixed effects in the models
included sex, interscan period and the interaction between sex and interscan
period. In addition, the LMM was adjusted for age, hypertension, diabetes mellitus,
smoking, family history of CAD, obesity, LDL and HDL at baseline. Random effects
included intercept and an unstructured covariance was used to account for within-

23
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patient and within-plaque correlation over time. A sub-analysis was performed in
patients aged under and over 55 years at baseline coronary CTA scan to assess the
influence of menopause on plaque progression in women compared to men. The
models provide a test for systematic between-group difference across time, as well
as a test for between-group differences in the trend. The estimated difference (B)
of women compared to men and the interaction are presented with standard error
(SE), 95% confidence interval (CI) and p-values. Statistical analyses were performed
using SPSS version 25.0 (SPSS, Armonk, NY) and a two-sided p-value <0.05 was
considered statistically significant.

RESULTS

Baseline patient characteristics

Of the 211 patients included in the present analysis, 146 (69%) were men and
65 (31%) were women. Women were generally older, had higher HDL levels and
presented more often with atypical chest pain. The mean interscan period between
baseline and follow-up coronary CTAs was 6.2 + 1.4 years (minimum 1.9- maximum
11.3). Baseline patient characteristics are shown in Table 1. When stratifying the
population according to age groups, 43 (20%) were under 55 years at the time of
baseline coronary CTA scan and 168 (80%) were 55 years or older.

Table 1. Patient characteristics

Total Men Women value
(n=211) (n=146) (n=65) P
Clinical
Age, years 62 +8 618 64 +7 0.001
Body mass index, kg/m? 27.6+3.8 27.6+3.4 27.5+4.5 0.835
Family history of CAD 96 (46) 59 (40) 37 (57) 0.049
Current smoker 33(16) 25(17) 8(12) 0.306
Diabetes mellitus 41 (19) 25 (17) 16 (25) 0.266
Dyslipidemia 138 (65) 91 (62) 47 (72) 0.305
Hypertension 136 (65) 90 (62) 46 (71) 0.370
Chest pain 47 (22) 34 (23) 13 (20) 0.310
Typical 96 (46) 56 (38) 40 (62) 0.017
Atypical 1(1) 1(1) 0 (0) 1.000
Non-anginal
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Table 1. Continued.

Total Men Women
(n=211) (n=146) (n=65) p-value
Medication
ACE-inhibitors/ARB’s 96 (46) 64 (44) 32 (49) 0.839
Aspirin 133 (63) 90 (62) 43 (66) 0.891
Beta-blockers 86 (41) 55(38) 31(48) 0.366
Diuretics 32 (15) 13 (9) 19 (29) <0.001
Statin therapy
Statins at baseline 112 (53) 74 (51) 38 (59) 0.296
-High-intensity 7 (6) 4 (5) 3(8) 0.687
-Low-/Moderate-intensity 34 (30) 25 (34) 9 (24) 0.271
Statins at follow-up 145 (69) 105 (72) 40 (62) 0.133
-High-intensity 27 (19) 19 (19) 8(20) 0.792
-Low-/Moderate-intensity 110 (76) 78 (77) 32(80) 0.472
Biochemical

Creatinine, mg/dI 0.873+0.197 0.943+0.174 0.734+0.166 <0.001

Glucose, mg/dl 109.51 £26.63 110.55+26.80 107.42+26.38  0.458
Triglycerides, mg/dL 121.93 £62.51 126.92+65.04 111.66 £ 56.13 0.125
Total Cholesterol, mg/dL 185.52 £48.32 182.55+48.29 192.23 +48.10 0.190
LDL, mg/dL 110.28 +41.24 108.35+41.42 114.65+£40.84 0.318
HDL, mg/dL 51.33+14.87 49.28 + 14.53 55.97 + 14.69 0.003

Bold indicates statistical significance of p-value <0.05.

Patient characteristics are at baseline unless otherwise indicated. Values are presented as
mean + standard deviation or n (%)

ACE = angiotensin-converting enzyme; ARB = angiotensin-II-receptor blocker; CAD = coronary
artery disease; HDL = high-density lipoprotein; LDL = low-density lipoprotein

Baseline plaque characteristics and changes of total and compositional PAV

Atotal of 590 plaques were identified, 434 (74%) plaques were found in men and 156
(26%) in women. Baseline plaque characteristics are shown in Table 2. At baseline
men had higher degree of stenosis (p<0.05). Men also had higher absolute volumes
of fibro-fatty and necrotic core (p<0.05), but after correction for vessel volume
only fibro-fatty PAV remained higher in men (p<0.001). Table 3 summarizes the
differences in plaque changes between men and women. Total PAV increased
0.42 %/ per lesion/ per year and 0.34 %/ per lesion/ per year, in men and women
respectively, no difference in the progression was observed (8-0.1 + 0.1 (95% CI-0.2
to 0.1) % per year; p=0.320). Similarly, no sex differences in compositional changes
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were observed, although women had less fibro-fatty PAV per-lesion compared
to men during follow-up (B -1.3 + 0.4 (95% CI -2.0 to -0.6) %; p<0.001), despite no
difference in the rate of plaque progression compared to men (p=0.416) (Figure 2).
Examples of quantitative coronary plaque analysis are demonstrated in Figure 3.

Table 2. Plaque characteristics at baseline

Variables LelEl Men Women -value
(n=590) (n=434) (n=156) P
Lesion length, mm 13.3 (6.5-30.5) 13.4 (6.6-31.6) 13.1(6.1-24.9) 0.196
Diameter stenosis, % 23.8(14.5-32.8) ;;"g)(m'g_ e
Remodeling index 0.85+0.16 0.85+0.16 0.85+0.15 0.973
252.1(123.5-  229.6 (101.3- 0.072
3 -
Total vessel volume, mm3  247.7 (116.2-528.1) 550.0) 426.4)
143.3 (70.6- 133.2 (60.0- 0.094
3 -
Total plaque volume, mm3  141.0 (67.5-302.8) 322.3) 239.4)
Calcified plaque volume, 77 (1.7-23.0) 7.3(1.7-22.4)  8.5(1.8-23.3) 0.659
mm3
Non-calcified plaque 128.0 (58.7- 114.7 (52.4- 0.082
volume, mm3 e 284.1) 205.7)
Fibrous plaque volume, 54.3 (24.7- 50.9 (23.8- 0.383
mm3 53.6 (24.7-113.4) 119.1) 105.6)
Fibro-fatty plaque volume, 27.8 (12.9-63.1) 29.3 (13.2- 24.5(11.0-49.8) 0.009
mm3 68.9)
Necrotic core plaque 34.4 (15.1-75.4) 37.3 (16.0- 30.2(12.5-62.8) 0.032
volume, mm3 82.3)
Total PAV, % 579+738 57.7+7.7 58.3+79 0.453
Calcified PAV, % 3.4(0.8-7.7) 3.2 (0.8-7.5) 41 (1.4-8.3) 0.062
Non-calcified PAV, % 50.6 + 8.6 50.8£9.0 50.0+7.4 0.304
Fibrous PAV, % 23.0+ 8.1 22.7 +8.1 23.8+8.2 0.167
Fibro-fatty PAV, % 12.0+3.4 12.4+3.5 109+2.8 <0.001
Necrotic core PAV, % 15.6 £ 6.6 15.7£6.5 15.3+6.9 0.492

Bold indicates statistical significance of p-value <0.05
Values are presented as mean + standard deviation or median (interquartile range).
PAV = percentage atheroma volume.
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Table 3. Plaque morphological and compositional changes on a per-lesion analysis shown

for women compared to men

Total
(n=590)
B+ SE (95% CI)

p-value

Lesion length, mm
- Between group comparison
- Interaction

Diameter stenosis, %
- Between group comparison
- Interaction

Remodeling Index
- Between group comparison
- Interaction

Total PAV, %
- Between group comparison
- Interaction

Calcified PAV, %
- Between group comparison
- Interaction

Non-calcified PAV, %
- Between group comparison
- Interaction

Fibrous PAV, %
- Between group comparison
- Interaction

Fibro-fatty PAV, %
- Between group comparison
- Interaction

Necrotic core PAV, %
- Between group comparison
- Interaction

-4.4+2.8(-9.9t0 1.1)
-0.0 + 0.0 (-0.0 t0 0.0)

-0.0 0.0 (-0.1 t0 0.0)
0.0 + 0.0 (-0.0 to 0.0)

0.0 + 0.0 (-0.1 to 0.0)
-0.0 + 0.0 (-0.0 t0 0.0)
0.6+ 1.0 (-1.4t0 2.6)

-0.1+0.1(-0.2t0 0.1)

0.6 +0.7 (-0.8 to 2.1)
-0.1+0.1(-0.3t0 0.0)

-0.6+1.0(-2.5t01.2)
-0.0+0.1 (-0.2t00.2)

1.0+ 0.9 (-0.8 to 2.9)
-0.1+0.1(-0.3t0 0.1)

-1.3+0.4(-2.0t0 -0.6)
0.0+0.0(-0.1to0 0.1)

-0.3+0.7 (-1.7to 1.1)
-0.0£0.1(-0.2t0 0.2)

0.116
0.744

0.061
0.981

0.758

0.121

0.551

0.320

0.391
0.126

0.500
0.811

0.270
0.559

<0.001
0.416

0.704
0.996

Bold indicates statistical significance of p-value <0.05
Values are presented as estimates (B) + standard error (SE) (95% confidence interval)
CI = confidence interval; PAV = percentage atheroma volume
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Sex Differences in Coronary Plaque Changes

Fig. 3 Quantitative assessment of coronary plaques in a male and female patient at
baseline and follow-up.

Panel A represents quantitative coronary plaque analysis of a 62-year-old male patient of
the mid-left anterior descending artery at baseline (A1) and after 5.4 years follow-up (A2).
During follow-up reduction of necrotic core and an increase in fibrous and fibrous fatty can be
observed. Panel B represents quantitative coronary plaque analysis of a 58-year-old female
patient of the proximal circumflex artery at baseline (B1) and after 5.9 years follow-up (B2).
A reduction of necrotic core and the formation of dense calcium can be observed during
follow-up. DS = diameter stenosis

Sex differences and the role of menopause on plaque progression

Table 4 summarizes the differences in plague progression between men and
women stratified according to age (<55 vs >55 years). Women had less fibro-fatty
PAV in both age groups (<55 vs 55 years) compared to men (p<0.05). Women
younger than 55 years showed more regression of fibrous PAV (3 -0.8 + 0.3 (95%
CI-1.3to-0.3) % per year; p=0.002) and non-calcified PAV (8 -0.7 + 0.3 (95% CI -1.4
to -0.1) % per year; p=0.027), compared to men. These differences were absent in
the age group > 55 years old (Figure 4).
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Table 4. Plaque morphological and compositional changes on a per-lesion analysis shown

Chapter 2

for women compared to men stratified according to <55 or 255 years of age

<55 years > 55 years
(n=112) p-value (n=478) p-value
B+ SE (95% CI) B + SE (95% CI)
Lesion length, mm
Between group -9.0 £9.2 (-27.5t0 9.4) 0.329 -4.2+29(-10.1to 1.6) 0.151
comparison
Interaction 0.0 £ 0.1 (-0.1 to 0.1) 0.871 -0.0+0.0(-0.1t0 0.0) 0.580
Diameter stenosis, %
Between group -0.0 £ 0.0 (-0.1 to 0.1) 0.659 -0.0+0.0(-0.1t0 0.0) 0.031
comparison
Interaction 0.0 + 0.0 (-0.0 to 0.0) 0.965 0.0 +0.0(-0.0t0 0.0) 0.823
Positive remodeling
Between group -0.0 £0.1(-0.1to0 0.1) 0.649 0.0+0.0(-0.0to0.0) 0.563
comparison
Interaction -0.0 £ 0.0 (-0.0 to 0.0) 0.487 -0.0£0.0(-0.0t0 0.0) 0.125
Total PAV, %
Between group 1.5+2.9(-4.3t0 7.3) 0.600 0.1+1.1(-2.1t02.3) 0.919
comparison
Interaction -0.1+0.2 (-0.6 t0 0.3) 0.583  -0.1+0.1(-0.2t00.1) 0.329
Calcified PAV, %
Between group -0.5+1.4(-3.3t02.4) 0750 0.3+0.8(-1.3t01.9) 0.733
comparison
Interaction -0.0+0.2(-0.4t0 0.4) 0.987 -0.1+£0.1(-0.3t00.0) 0.130
Non-calcified PAV, %
Between group  -1.3+ 2.6 (-6.6 to 4.0) 0.632 -0.5+1.0(-2.5t01.6) 0.652
comparison
Interaction -0.7+0.3(-1.4to -0.1) 0.027 0.0+0.1(-0.2t00.2) 0.881
Fibrous PAV, %
Between group 0.1+2.8(-5.4t05.7) 0.968 0.7+1.0(-1.2to2.7) 0.449
comparison
Interaction -0.8+0.3(-1.3t0-0.3) 0.002 0.0+0.1(-0.2t00.2) 0.923
Fibro-fatty PAV, %
Between group  -2.4+ 1.0 (-4.4 to -0.4) 0.020 -1.0+0.4(-1.8to-0.3) 0.010
comparison
Interaction -0.1+0.2(-0.4t0 0.2) 0.676 0.0+ 0.0 (-0.1 to 0.1) 0.476
Necrotic core PAV, %
Between group 0.7+2.0(-3.3t04.8) 0.725 -0.0+0.8(-1.5to 1.4) 0.965
comparison
Interaction 0.1+0.2(-0.3t00.6) 0.590 -0.0+0.1(-0.2t00.2) 0.744

Bold indicates statistical significance of p-value <0.05
Values are presented as estimates (B) + standard error (SE) (95% confidence interval)
CI = confidence interval; PAV = percentage atheroma volume
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Chapter 2

DISCUSSION

In this prospective and multicenter study of serial coronary CTA we demonstrated
that fibro-fatty PAV was higher in men compared to women at any age. During
long-term follow-up no sex differences were detected in the change of total
or compositional PAV on a per-lesion analysis after correction for multiple
cardiovascular risk factors. However, when stratifying patients according to age
groups (< 55 vs > 55 years), coronary plaques in women younger than 55 years
demonstrated more pronounced reduction of fibrous and non-calcified PAV
compared to age-matched men. These results provide further insight in the
understanding of the role of sex on long-term evolution of plaque morphology
in stable CAD.

Similar to previous studies, we found that women had fewer lesions compared to
men.?"> However, the total PAV per-lesion at baseline was comparable for men and
women, which was also demonstrated in several other studies using IVUS. 141531
In a sub analysis of the PROSPECT (Providing Regional Observations to Study
Predictors of Events in the Coronary Tree) trial, women had fewer lesions and
fewer diseased vessels than men, yet comparable plaque burden on a per-lesion
analysis. More importantly, we did not find sex differences in the progression of
total PAV during long-term follow-up. Few studies have investigated the influence
of sex on quantitatively assessed plaque progression. In a population of 727
men and 251 women, Nicholls et al. also demonstrated no sex differences in the
progression of total PAV using IVUS during a follow-up of 18-24 months.”? Plaque
compositional differences between men and women were first reported from
limited postmortem studies in patients with advanced CAD and demonstrated
coronary plaques in women, especially young women, contained less dense
fibrous tissue compared to men.”® More recently, IVUS-VH studies in patients
with ACS demonstrated women tend to have lower fibrous tissue compared to
men."' This is in agreement with our findings of a greater reduction of fibrous
PAV in women younger than 55 years compared to age-matched men. Absolute
values of fibro-fatty PAV were higher in men compared to women in both age
groups, and at both CTA scan time points, as previously described'™ but its change
in time did not differ between men and women. Non-calcified PAV regressed more
in women younger than 55 years than in younger men, without any difference in
subjects of 55 years or older. Given the known association between non-calcified
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plaques with ischemia and ACS, these findings might partially explain the lower
risk of symptomatic CAD in young women.3234

Cardiovascular diseases are increased in women after menopause and the loss
of protective female sex hormones has been suggested to play an important
role.*®* Sex hormones demonstrate a wide range of effects on endothelial cells,
vascular tone, lipids, coagulation and cardiomyocytes.?* Consequently, several large
randomized trials were conducted to investigate hormone replacement therapy
(HRT) following menopause for reducing risk of cardiovascular disease. Although
the Women'’s Health Initiative trials demonstrated no benefit of HRT initiated late
after menopause on cardiovascular events,3*37 other trials demonstrated that
timely starting of HRT was associated with lower progression of atherosclerosis,
but did not find evidence for an effect on coronary atherosclerosis progression.3-4
Our findings of a similar progression of total PAV between men and women in
both age groups, but differences in compositional changes between men and
women younger than 55 years but not in those of 55 years or older is a new
insight. Although previous trials have not demonstrate an effect of HRT on total
coronary atherosclerosis changes, our findings suggest coronary plaques should
be evaluated for compositional changes following HRT. HRT might potentially
positively influence plaque compositional changes.

Clinical implications

The higher regression of fibrous and non-calcified PAV in women compared to
men younger than 55 years old is an clinically important finding. Non-calcified
plaques are associated with ischemia and ACS. 2¢3° The absence of this difference
in the, likely post-menopausal, women of 55 years or older hints to a slowing of the
regression of non-calcified PAV to match that of the men and thereby increasing the
risk for symptomatic CAD. Several strategies could be considered for this increased
risk. Monitoring and treatment of cardiovascular risk factors of women around
the age of menopause could be employed. Coronary CTA with quantitative plaque
assessment might provide additional information on risk for future symptomatic
CAD which could prompt early treatment of cardiovascular risk factors. Moreover,
HRT might potentially positively influence plaque compositional changes and
should be investigated.

33




Chapter 2

Study limitations

Similar to other trials, women were underrepresented in our study. We used 55
years as a proxy for menopause, since menopause status was unavailable from
clinical records. Although, the mean age of menopause has been demonstrated to
be lower than 55 years, we cannot exclude the fact that premenopausal subjects
might have been included in the =55 years age group.*? Furthermore, information
on HRT or sex hormone levels, which might have added relevant information,
was also unavailable. A relative limited number of patients were included in this
study and the sub analysis of sex differences in the different age groups should
be interpreted with caution. As coronary CTA scanners from different vendors
were used, a predefined standard operating procedure was applied to minimize
variances among centers and quantitative analysis was performed in the core
lab exclusively on visually recognized plaques: however, although careful visual
examination was performed in the whole coronary tree, some plaques might have
been unrecognized.

CONCLUSIONS

In a low-to-intermediate risk population of stable CAD with serial CTA scan during
a follow-up of 6.2 + 1.4 years women younger than 55 years demonstrated, after
correction for several cardiovascular risk factors, a more pronounced reduction
of fibrous and non-calcified PAV compared to age-matched men. No differences in
the change of total or compositional PAV were observed between women and men
of 55 years or older. Finally, the absolute value of fibro-fatty PAV was consistently
higher in men than in women at any age.
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ABSTRACT

Coronary artery calcium (CAC) score has shown to provide incremental prognostic
information when added to the Framingham risk score. Although the relation
between CAC and myocardial ischemia has been evaluated, there has been little
evaluation of the relationship between CAC score and inducible myocardial ischemia
on computed tomography myocardial perfusion (CTP). Patients who were referred
with stable chest pain from the outpatient clinic and who underwent non-contrast
computed tomography scan, coronary computed tomography angiography and
adenosine stress CTP were included in this study. CAC score was subdivided in
four groups (1-99; 100-399, 400-999 and >1000). Inducible myocardial ischemia
was considered when reversible perfusion defects were observed in >1 segment.
A total of 131 patients (age 62+9.4 years; 56% male) were included. The median
CAC score was 241 (73-539). Forty-nine patients (37%) had evidence of inducible
myocardial ischemia. The presence of inducible myocardial ischemia increased
with increasing CAC score from 22% in the CAC score 1-99 subgroup, to 35%, 47%
and 65% in the 100-399, 400-999 and >1000 CAC score subgroup, respectively.
In multivariable analysis CAC score was the only determinant that significantly
predicted the presence of inducible myocardial ischemia on CTP. In a population
of symptomatic patients, the majority of patients with extensive calcification
had evidence of inducible myocardial ischemia on CTP. CAC score was the only
independent predictor of inducible myocardial ischemia on CTP.
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INTRODUCTION

Coronary artery calcium (CAC) score measures calcification in the coronary arterial
wall along the whole coronary artery tree and is a good indicator of the extent of
coronary artery disease (CAD)."2 CAC score has shown excellent prognostic value
in asymptomatic patients and has also shown its prognostic value in patients with
stable chest pain.>™ The degree of CAC correlates well with inducible myocardial
ischemia as assessed on single-photon emission computed tomography (SPECT)
myocardial perfusion imaging (MPI).">"” Computed tomography (CT) myocardial
perfusion (CTP) also provides functional information of coronary stenosis.'®
Previous studies have advocated not to perform coronary computed tomography
angiography (CTA) when high CAC score is present but straight away CTP.!%20
However, no studies have assessed the direct relation of CAC score and inducible
myocardial ischemia on CTP.

Therefore, the aim of the current study is to examine the relation between CAC
score and inducible myocardial ischemia on CTP in patients with stable chest pain.

METHODS

Study population

The study population consisted of patients with stable chest pain who were
referred for cardiac CT from the outpatient clinic between March 2013 until June
2018. Patients with presence of calcium on non-contrast CT scan and subsequently
underwent coronary CTA and adenosine stress CTP were included in this study. The
updated Diamond-Forrester risk model was used to calculate the pre-test likelihood
of CAD.?' The imaging protocol design at our center has been reported before.?223
Patients with =1 uninterpretable myocardial segments on CTP were excluded
from analysis. Patients with a history of myocardial infarction or revascularization
were also excluded from analysis. Contraindications for cardiac CT were atrial
fibrillation, renal insufficiency, second or third degree atrioventricular block, known
allergy to iodine-containing contrast agents and pregnancy. Clinical data were
prospectively entered into the departmental cardiology information system (EPD-
Vision®, Leiden University Medical Center, The Netherlands). The Dutch Central
Committee on Human-related Research allows the use of anonymous patient data
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without previous approval of an institutional review board, provided that the data
are acquired for routine patient care. All data used for this study were acquired
for clinical purposes.

Cardiac CT acquisition

Non-contrast CT, coronary CTA and CTP were acquired on the same day, using a
320-row volumetric scanner (from 2013 until November 2015 Aquilion ONE, Canon
Medical Systems, Otawara, Japan and from November 2015 the Aquilion ONE
Genesis Edition, Canon Medical Systems, Otawara, Japan).

Patients were instructed not to consume caffeine products 24h before examination
since CTP with adenosine might be performed. On the day of examination patients
were evaluated 1h prior to CT acquisition, by measuring the patient’s heart rate
and blood pressure. Metoprolol, 25mg up until 150mg, was administrated orally if a
patient’s heart rate exceeded 60 beats per minutes (bpm) and no contraindications
were present. Additional metoprolol could be administrated intravenously if the
heart rate remained above 60 bpm during scout images.

First, a low dose non-contrast enhanced scan was performed to determine the
CAC score. Nitro-glycerine (0.4mg) was sprayed sublingual prior to coronary CTA.
The coronary CTA was performed with the following scan parameters: detector
collimation of 320 x 0.5 mm, 350 ms gantry rotation time and temporal resolution
of 175 ms for the Aquilion ONE and 275 ms gantry rotation time and temporal
resolution of 137 ms for the Aquilion ONE Genesis Edition. Peak tube voltage was
between 100 and 135 kV and tube current between 140 and 580mA, depending
on body mass index. The contrast agent (Ilomeron 400, Bracco, Milan, Italy) was
injected in the antecubital vein. First, 50-90 mL (depending on patient weight)
contrast agent (flow rate 5- 6 mL/s) was administrated, followed by 20 mL of a
1:1 mixture of contrast and saline and finally 25 mL of saline (flow rate 3 mL/s).
Prospective ECG triggering was used to scan 70-80% of the RR-interval, in patients
with heart rate >65 pm, 30-80% of the RR-interval was covered. Real-time bolus
tracking was performed in the descending aorta, and coronary CTA was performed
the next beat when the threshold of 300 Hounsfield units (HU) was reached.

Stress CTP was performed at least 20 minutes after coronary CTA to achieve
adequate myocardial contrast wash-out. After 4 minutes of continuous adenosine
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infusion (0.14 mg/kg/min) and continuous electrocardiogram and blood pressure
monitoring, contrast agent was given. After reaching the target threshold of 300 HU
in the descending aorta, CTP images were acquired the next heart beat scanning
80-99% of the RR-interval. The tube settings, injection protocol, and contrast
agent were similar to the coronary CTA acquisition. If side-effects occurred during
adenosine infusion, the administration was discontinued which resolved the side-
effects rapidly and theophylline or atropine could be administrated if needed. The
effective radiation dose was calculated by multiplying the dose-length-product by
a conversion coefficient 0.014 mSv/(mGy x cm).?

Image reconstruction and analysis

Collected images were transferred to a workstation and analyzed using dedicated
post-processing software (Vitrea FX 6.5; Vital Images, Minnetonka, Minnesota,
USA). For the assessment of the CAC score, images with a 3 mm slice thickness
were reconstructed from the non-contrast CT. To analyze the CAC score, pixels
exceeding 130 HU were recognized and encircled in the course of a coronary artery
and calculated according to the Agatston method.! CAC score was categorized into
4 subgroups, minimal to mild calcification (CAC score =1-99), moderate calcification
(CAC score = 100-399), severe calcification (CAC score =400-999) and extensive
calcification (CAC score >1000). For myocardial perfusion analysis, cardiac phases
were reconstructed every 2% of the scanned interval. The phase with the best
image quality was selected and interpreted with a narrow window width and level
setting (W300/L150), according to the standard 17 myocardial segment model.? For
per vessel analysis, individual myocardial segments were assigned to the 3 major
coronary arteries using also the standard 17 myocardial segment model. After the
initial analysis, observers were allowed to adjust the display settings. All images
were analyzed and interpreted by two trained observers. For the present analysis
CTA images were exclusively used for rest perfusion data and not for stenosis
degree and/or plaques analysis. For stress data, CTP images during adenosine
infusion were used. CTP images were arranged in the short axis, vertical long axis
and horizontal long axis with a slice thickness of 3mm. Each segment was scored
for perfusion defects and if present, other phases were checked to differentiate
between real perfusion defects or artifacts.?® When perfusion defects were
observed in 21 segment, the CTP was considered abnormal. Summed difference
score (SDS) was calculated by subtracting the summed rest score (SRS) from the
summed stress score (SSS). To calculate the SRS and the SSS, all abnormal segments
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were added from the rest data and stress data, respectively. Inducible myocardial
ischemia was defined by a SDS > 1.

Statistical analysis

Continuous variables are depicted as mean + standard deviation when normally
distributed and median with 25-75th percentile (interquartile range (IQR)) when
non-normally distributed. Normally distributed variables were analyzed using
the independent sample t-test and non-normally distributed variables using
the Mann Whitney U-test or the Kruskal Wallis. Summed scores are depicted as
mean and range. Categorical variables are depicted as percentages and numbers
and analyzed using the y? test. Correlation between CAC score as a continuous
variable and extent of myocardial ischemia as assessed by SDS was tested with
the Spearman correlation coefficient. Univariable and multivariable analysis
were performed to evaluate the variables that were significantly associated with
myocardial ischemia on CTP. Variables with a P-value <0.1 in univariable analysis
and age and gender were included in the multivariable analysis. A P-value <0.05
was considered statistically significant. All statistical analyses were performed
using SPSS version 23.0 (SPSS, Armonk, NY, USA).

RESULTS

Clinical characteristics

A total of 146 patients were identified. One patient was revascularized and was
excluded from further analysis. We excluded 14 patients because of 1 or more
uninterpretable myocardial segments on CTP, leaving 131 patients (age 62+9.4
years; 56% male) for analysis. Clinical characteristics are shown in Table 1.
Prevalence of cardiovascular risk factors was high in the total population. There
was no differences between both groups regarding the presence of cardiovascular
risk factors, pre-test likelihood or medication use.
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Table 1. Clinical characteristics divided according to the presence of inducible myocardial
ischemia

Total Myocardial No myocardial
population ischemia ischemia P-value
(n=131) (n=49) (n=82)
Age (years) 62+9.4 63+79 61+ 10.2 0.332
Male, n (%) 73 (56) 27 (55) 46 (56) 0.912
BMI (kg/m?2) 27+4 26+4 275 0.449
Cardiovascular risk factors
Current smoking, n(%) 18 (14) 9(18) 9(11) 0.296
Diabetes, n(%) 32 (24) 11 (22) 21 (26) 0.684
Family history of CVD, n(%) 67 (51) 27 (55) 40 (49) 0.484
Hypercholesterolemia, n(%) 57 (44) 24 (49) 33 (40) 0.329
Hypertension, n(%) 80 (61) 35(71) 45 (55) 0.060

Updated Diamond-Forrester risk score (%)
Intermediate (20-80%) pre-

test risk, n(%) 84 (64) 34 (69) 50 (61) 0.376
Medication
Aspirin, n(%) 35(27) 14 (29) 21(26) 0.711
Thienopyridine, n(%) 3(2) 2 (4) 1(1) 0.556
OAC, n(%) 14 (11) 6(12) 8(10) 0.772
B-blocker, n(%) 70 (53) 30 (61) 40 (49) 0.167
Statin, n(%) 61 (47) 24 (49) 37 (45) 0.668
Diuretic, n(%) 26 (20) 10 (20) 16 (20) 0.901
ACE-I/ARB 55 (42) 23 (47) 32(39) 0.374

Values are shown as n (%) or as mean + standard deviation.

ACE-I: angiotensin-converting enzyme inhibitor, ARB: angiotensin receptor blocker, BMI:
body mass index, CABG: coronary artery bypass grafting, CVD: cardiovascular disease, OAC:
oral anticoagulants, PCI: percutaneous coronary intervention.

Coronary artery calcium score

The median CAC score of the study population was 241 (73-539). 41 (31%) patients
had minimal to mild calcification (CAC score 1-99), 43 (33%) had moderate
calcification (CAC score 100-399), 30 (23%) had severe calcification (CAC score 400-
999), while 17 (13%) patients had extensive calcifications (CAC score >1000).

CT myocardial perfusion

Atotal of 55 (42%) patients had myocardial perfusion abnormalities at stress, 6 (5%)
patients had only perfusion defects at rest and 49 (37%) patients had 1 or more
segments with reversible defects on CTP, indicating inducible myocardial ischemia.
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The mean (range) SRS, SSS and SDS were 0.22 (0-12), 2.26 (0-17) and 2.04 (0-16),
respectively. The median effective radiation dose for CTP was 2.8 mSv (IQR: 1.8-4.4).

Figure 1. Relationship between percentage of patients with inducible myocardial isch-
emia and CAC score subgroups.
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The percentage of subjects with inducible myocardial ischemia on CTP increased with
increasing CAC score severity. CAC score = coronary artery calcium score.

Relation between CAC score and inducible myocardial ischemia on CTP

In the subgroups CAC score 1-99, CAC score 100-399, CAC score 400-999 and CAC
score >1000 evidence of inducible myocardial ischemia on CTP was seenin 9 (22%),
15 (35%), 14 (47%) and 11 (65%), respectively. (Figure 1) The relation between CAC
score and inducible myocardial ischemia per coronary artery is shown in Table 2.
The LAD had higher CAC score independent of the presence of inducible myocardial
ischemia or not. The extent of inducible myocardial ischemia (SDS) related to the
predefined CAC score subgroups is shown in Figure 2 and the per vessel analysis is
shown in Table 3. There was a moderate but significant positive correlation between
CAC score and SDS (r= 0.368; P<0.0001).
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Table 2. CAC score divided according to the presence of inducible myocardial ischemia

. Myocardial No myocardial
Total population . . . .
(n=131) ischemia ischemia P-value
(n=49) (n=82)
CAC score 241 (73-539) 438 (189-905) 167 (40-421) 0.001
Per vessel
CAC score LAD 119 (30-280) 216 ( 94- 415) 84 (21-228) 0.001
CAC score RCA 24 (0-124) 71 (4-216) 11 (0-84) 0.005
CACscore LCX  9(0-101) 34 (1-186) 6.5 (0-73) 0.019

Bold indicates statistical significance of p-value <0.05
Values are presented as median (25-75% percentile).

CAC score = coronary artery calcium score, LAD = left anterior descending coronary artery,
LCX = left circumflex coronary artery, RCA = right coronary artery.

Figure 2. Relationship between extent of inducible myocardial ischemia and CAC score
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Assignificant difference was found for the extent of inducible myocardial ischemia between
the CAC score subgroups (P=0.002). CAC score = coronary artery calcium score, SDS = summed

difference score.
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Table 3. SDS per coronary artery according to the CAC score subgroups

CAC score CAC score CAC score CAC score

1-99 100-399 400-999 21000 P-value

(n=41) (n=43) (n=30) (n=17)
SDSLAD  0.63(0-12) 0.67 (0-7) 1.07 (0-6) 3.82(0-15) <0.001
SDSRCA  0.10 (0-2) 0.42 (0-5) 0.43 (0-2) 1.18 (0-6) 0.013
SDS LCX 0.37 (0-6) 0.42 (0-4) 0.60 (0-6) 0.53 (0-4) 0.672

Bold indicates statistical significance of p-value <0.05
Values are presented as mean (minimum-maximum).
CAC score: coronary artery calcium score, LAD: left anterior descending coronary artery, LCX:
left circumflex coronary artery, RCA: right coronary artery. SDS: summed difference score.

Uni- and multivariable analysis for inducible myocardial ischemia on CTP

The uni- and multivariable analysis for the presence of inducible myocardial
ischemia on CTP are shown in Table 4. No cardiovascular risk factors were
significantly correlated with inducible myocardial ischemia (Table 3). CAC score was
significantly correlated with inducible myocardial ischemia on CTP in univariable
analysis (OR: 1.001; 95% CI: 1.000-1.001; P= 0.013) and remained significant in the
multivariable analysis (OR: 1.001 per 1 Agatston Unit; 95% CI: 1.000-1.001; P= 0.029).

Table 4. Uni- and multivariable analysis for inducible myocardial ischemia

Univariable Multivariable

Odds ratio (95% C1) P2"U®  Odds ratio (95% c1) | V2ue
Age 1.018 (0.980- 1.058) 0.361 1.000 ( 0.958- 1.045)  0.985
Male 0.960 ( 0.471- 1.958) 0.912 0.800 ( 0.350- 1.829) 0.597
BMI 0.968 (0.891-1.052) 0.447
Current smoking 1.825(0.671-4.967) 0.239
Diabetes 0.841(0.365- 1.937) 0.684

Family history of CVD  1.289( 0.633- 2.622) 0.484
Hypercholesterolemia 1.425(0.699-2.908) 0.330
Hypertension 2.056 ( 0.964- 4.383) 0.062 1.626 (0.731-3.618)  0.234
CAC score 1.001 (1.000-1.001) 0.013 1.001 (1.000-1.001) 0.029

Bold indicates statistical significance of p-value <0.05
CAC score = coronary artery calcium score, CVD = cardiovascular disease.
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DISCUSSION

This study is the first to describe the relationship between CAC score and the
presence of inducible myocardial ischemia on CTP. We observed a positive
correlation between the burden of CAC and inducible myocardial ischemia on CTP.
The frequency of inducible myocardial ischemia on CTP was three times higher for
patients with extensive calcification compared to patients with mild calcifications.
Moreover, the majority of symptomatic patients referred for CAC scoring with
extensive calcifications had inducible myocardial ischemia on CTP.

CAC score

Several large retrospective and prospective studies have shown the prognostic
value of CAC score measured by coronary CT in asymptomatic patients and its value
to improve risk detection over traditional risk factors.*>? The prognostic value of
CAC score has also been demonstrated in symptomatic patients.'0™#

CAC score and CTP

Previous studies applying both CAC score and CTP have primarily focused on the
incremental diagnostic value of CTP in the setting of decreased interpretability of
coronary CTA in patients with high CAC score.’”?° Sharma et al. investigated the
diagnostic performance of CTP and coronary CTA in 381 patients with intermediate
and high risk for CAD and patients with known CAD.?° The population was divided
in patients with a CAC score 1-399 and CAC score 2400. In patients with an CAC
score 2400 combined use of coronary CTA and CTP showed superior diagnostic
accuracy than coronary CTA or CTP alone, using stenosis 250% on invasive coronary
angiography with corresponding stress perfusion defect on SPECT-MPI as a
reference standard. Ladeiras-Lopes et al., reached the same conclusions in a cohort
of 95 symptomatic patients with an intermediate pretest probability of CAD using
invasive fractional flow reserve (FFR) as a gold standard.” The direct relationship
between CAC score and the presence of inducible myocardial ischemia on CTP has
not been investigated before.

CAC score and SPECT-MPI

The relationship between CAC and myocardial ischemia on SPECT-MPI has been
investigated previously. He et al., showed in a population of 411 predominantly
asymptomatic patients that CAC severity was the strongest predictor for the
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presence of silent myocardial ischemia on SPECT-MPL."®> Several studies have shown
similar results with increasing rates of myocardial ischemia on SPECT-MPI and PET-
MPI with increasing CAC score subgroup.’®'” A meta-analysis from Bavishi et al.,
including 20 studies showed a wide range of prevalence of inducible myocardial
ischemia on SPECT-MPI or PET-MPI, among the different studies but a consistent
increase of inducible myocardial ischemia with increasing CAC score subgroup.'®
In a large a cohort of 4897 symptomatic patients with low-to-intermediate risk,
Engbers et al. showed that CAC score was an independent predictor for abnormal
SPECT-MPL.Y The frequency of abnormal SPECT-MPI increased with higher
CAC score, from 19% in patients with mild calcifications to 50% in patients with
extensive calcifications, similar to the results in our study. Interestingly, Engbers
et al. also showed that combined evaluation of SPECT-MPI and CAC score provided
incremental prognostic information over the individual modalities."” This was also
shown by Nappi et al. in a population of 156 patients.?” Chang et al. reached the
same conclusions in 1126 mostly asymptomatic subjects.?® Moreover, in a study by
Assante et al., the combined evaluation of CAC score and coronary vascular function
as assessed by coronary flow reserve also provided incremental risk stratification
for the prediction of adverse cardiac events.?

CAC score and other functional tests

The relation between CAC score and other functional tests has also been
investigated. Ramakrishna et al., investigated the relationship between CAC score
and exercise echocardiography in a population of 556 patients.3® The correlation
between CAC score and exercise wall motion score index (WMSI) was significant,
but limited (r=0.17), underscoring the difference between anatomical and functional
testing. Patients with both CAC score >100 and also exercise WMSI >1 were 4 times
more likely to experience a myocardial infarction or die during a follow-up of 5 years
compared to patients with a CAC score <100 and a normal exercise WMSI. Janssen
etal., investigated the relation between CAC score and dobutamine cardiovascular
magnetic resonance imaging (CMR).3' They showed that in a population of 114
symptomatic patients a CAC score <100 had a negative and positive predictive
value of 0.96 and 0.29, respectively, for predicting inducible myocardial ischemia
during dobutamine CMR.

CTP has several benefits over SPECT-MPI and other stress testing modalities
investigating myocardial ischemia. CTP allows for a fast and simultaneous
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assessment of anatomical and functional parameters in one session. Furthermore, a
recent meta-analysis by Takx et al., showed CTP to accurately rule out hemodynamic
significant CAD using invasive FFR as a golden standard, whereas SPECT-MPI and
echocardiography were less accurate.??

Limitations

This study has several limitations, inherent to its retrospective and single-center
design. The exclusion of patients with uninterpretable CTP imaging might have
introduced selection bias. We analyzed the CAC score using the Agatston method
and did not incorporate the distribution of the calcifications in the coronary vessel.
Although inducible myocardial ischemia has shown prognostic value, in our study
we did not look at clinical endpoints.

CONCLUSIONS

In a population of symptomatic patients, the majority of patients with extensive
calcification had evidence of inducible myocardial ischemia on CTP. CAC score was
an independent predictor of inducible myocardial ischemia on CTP.
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ABSTRACT

Global left ventricular (LV) myocardial work efficiency, the ratio of constructive
to wasted work in all left ventricular segments, reflects the efficiency by which
mechanical energy is expended during the cardiac cycle. Global LV myocardial
work efficiency can be derived from LV pressure-strain loop analysis incorporating
both non-invasively estimated blood pressure recordings and echocardiographic
strain data. The aim of this study was to characterize global LV myocardial work
efficiency in healthy individuals and patients with cardiovascular risk factors or
overt cardiac disease. We retrospectively included healthy individuals without
structural heart disease or cardiovascular (CV) risk factors were selected from
an ongoing database of normal individuals, and matched for age and sex with:
i) individuals without structural heart disease but with CV risk factors, ii) post-
infarct patients without heart failure and iv) heart failure patients with reduced
ejection fraction (HFrEF). Global LV myocardial work efficiency was estimated with
a proprietary algorithm from speckle tracking strain analyses, as well as non-
invasive blood pressure measurements. In total, 120 individuals (44% male, 53+13
years) were included (n=30 per group). In healthy individuals without structural
heart disease or CV risk factors, global LV myocardial work efficiency was 96.0%
(IQR 95.0-96.3). Myocardial efficiency of the LV did not differ significantly between
individuals without structural heart disease and those with CV risk factors (96.0%
vs. 96.0%; p=0.589). Global LV myocardial work efficiency however, was significantly
decreased in post-infarct patients (96.0% vs. 93.0%, p<0.001) and those with HFrEF
(96.0% vs. 69.0%; p<0.001). In conclusion, while global LV myocardial work efficiency
was similar in normal individuals and those with CV risk factors, it was decreased
in post-infarct and HFrEF patients. The global LV myocardial work efficiency values
presented here show distinct patterns in different cardiac pathologies.
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INTRODUCTION

Non-invasive myocardial work is a relatively new parameter for assessing left
ventricular (LV) systolic function, derived from LV pressure-strain loop analysis
incorporating both non-invasively estimated blood pressure recordings and
echocardiographic strain data.! Russell et al. demonstrated that non-invasive LV
pressure-strain loops corresponded well with invasively-measured LV pressure-strain
loops,? and these results have been confirmed in subsequent studies.> Non-invasive
myocardial work has been shown to be a strong predictor of response to cardiac
resynchronization therapy (CRT)*5 and superior to LV ejection fraction (LVEF) and
LV global longitudinal strain (LV GLS) in identifying patients with acute coronary
syndromes.® Despite showing great clinical potential, there are few data on normal
values of global LV myocardial work efficiency in different cardiac pathologies.

The aim of this study is to characterize global LV myocardial work efficiency in four
groups: i) normal individuals without structural heart disease or cardiovascular
(CV) risk factors, ii) individuals without structural heart disease but with CV risk
factors, iii) post-infarct patients without heart failure and iv) heart failure patients
with reduced ejection fraction (HFrEF).

METHODS

Study population

We retrospectively included healthy individuals without structural heart disease or
CV risk factors selected from a database of normal individuals,” and matched for
age and sex with: i) individuals without structural heart disease but with CV risk
factors, ii) post-infarct patients without heart failure (from an ongoing registry of
patients with ST-segment elevation myocardial infarction (STEMI), treated with
primary percutaneous coronary intervention)® and iii) HFrEF (from an ongoing
registry of cardiac resynchronization therapy recipients).® Heart failure etiology
was considered ischemic in the presence of significant coronary artery disease and/
or a history of prior myocardial infarction or revascularization. Demographics and
clinical data were collected from the departmental cardiology information system
(EPD-vision; Leiden University Medical Centre, Leiden, The Netherlands), as well
as electronic medical records (HiX; ChipSoft, Amsterdam, The Netherlands). For
retrospective analysis of clinically acquired data, the institutional review board

59




Chapter 4

waived the need of written patient informed consent. All data used for this study
were acquired for clinical purposes and handled anonymously.

Echocardiographic data acquisition

Transthoracic echocardiographic images were recorded using a Vivid 7 or E9
ultrasound system (General Electric Vingmed Ultrasound, Milwaukee, USA)
with patients at rest, in the left lateral decubitus position. ECG-triggered
echocardiographic data were acquired with 3.5 MHz or M5S transducers and
digitally stored in cine-loop format for offline analysis with EchoPac (EchoPac 202,
General Electric Vingmed Ultrasound, Milwaukee, USA)."° LV end-diastolic and end-
systolic volumes were measured in the apical 2- and 4-chamber views, and the LVEF
calculated using the biplane Simpson’s method."

Quantification of global LV myocardial work efficiency

Global LV myocardial work efficiency was quantified using a novel, non-invasive
method which employs echocardiographic strain data as well as brachial cuff
blood pressure recordings.' This method has been validated in different patient
subgroups.2461112 Strain was measured using 2-dimensional speckle tracking
echocardiography by manually tracing the LV endocardial border in the apical
long-axis, 2- and 4-chamber views. A non-invasively estimated LV pressure-strain
loop curve was then constructed using the strain and blood pressure data, and
a normalized reference curve adjusted according to the duration of the different
cardiac cycle phases (defined by the timing of aortic and mitral valve events).' LV
myocardial work was subsequently computed segmentally by differentiation of
the strain values over time, giving the segmental shortening rate, which was then
multiplied by the instantaneous LV pressure. Instantaneous power (the result) was
integrated over time to yield the segmental (as well as the global) LV myocardial
work values as a function of time.

Constructive work was defined as work performed during segmental shortening
in systole or during lengthening in isovolumic relaxation. Wasted work was then
defined as work performed during segmental lengthening in systole or work
performed during segmental shortening against a closed aortic valve in isovolumic
relaxation. Global LV myocardial work efficiency was calculated as the sum of
constructive work in all LV segments, divided by the sum of constructive and wasted
work in all LV segments, expressed as a percentage (Figure 1).
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Figure 1. Global LV myocardial work efficiency in a healthy individual (panel A), a patient
with cardiovascular risk factors (panel B), a post-infarct patient (panel C) and a heart

failure patient with reduced ejection fraction (panel D).
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On the left, the pressure-strain loop (1a) is depicted and the global LV myocardial work efficiency
presented as a parametric map (1b) is shown on the right. Note the progressive reduction in
global LV myocardial work as the LV damage increases: from 96% in the healthy individual (panel
A) to 67% in the patient with heart failure with reduced ejection fraction (panel D).

LVP: left ventricular pressure.
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Statistical analysis

Categorical data are presented as frequencies and percentages. Continuous
variables are reported as meantstandard deviation if normally distributed, and
as median and interquartile range (IQR) if non-normally distributed. Categorical
data were compared with the x2 test, followed by post-hoc analysis of subgroups.
Continuous data were compared using the Student’s t test if normally distributed
or the Mann-Whitney U test or the Kruskal-Wallis test if non-normally distributed.
Pearson correlation was used to investigate the relationship between LVEF and
global LV myocardial work efficiency. Twenty random individuals were selected
for inter- and intra-observer agreements and analyzed using Bland-Altman plots
and the intraclass correlation coefficient (ICC). Intra-observer measurements
were performed after a 2-week interval. The second observer was blinded to the
measurements of the first observer, as well as to all previous measurements,
when performing the inter-observer assessments. A p-value <0.05 was considered
statistically significant. All statistical analyses were performed using SPSS version
23.0 (SPSS, Armonk, NY, USA).

RESULTS

Clinical characteristics

A total of 120 individuals (44% male, age 53+13 years) were included. Clinical
characteristics are shown in Table 1. The left anterior descending (LAD) was the
culprit vessel in 20 (67%) post-infarct patients. The etiology of heart failure was
non-ischemic in 17 (57%) patients.
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Table 1. Clinical characteristics

With CV risk

Normal factors Post-infarct HFrEF
(n=30) (n=30) (n=30) (n=30)
Age (years) 56 (41-64) 54 (35-69) 55 (48-63) 54 (51-57)
Male, n (%) 13 (43) 13 (43) 13 (43) 14 (47)
BSA (m?) 1.9 (1.8-2.0) 1.8 (1.7-2.1) 2.0(1.8-2.1) 1.9 (1.7-2.1)
BMI (kg/m?2) 24.6 (21.9-26.9) 24.2 (21.5-26.7) 26.7 (24.7-29.5)*t 26.1(22.7-28.8)
systolic blood pressure 1,0 110 139) 127 (110-141) 120 (110-135) 120 (107-129)
(mmHgq)
Diastolic blood
pressure (mmHg) 75 (70-85) 78 (70-90) 73 (69-80) 72 (69-79)
Mean arterial pressure
(mmHg) 93 (86-101) 95 (85-107) 90 (81-96) 88 (82-93)
CVrisk factors
Hypertension, n (%) 0(0) 7 (23.3)* 18 (60.0)*t 12 (40.0)*
Hypercholesterolemia, 0(0) 4(13.3) 6 (20.0) 9 (30.0)*
n (%)
Diabetes, n (%) 0 (0) 4(13.3) 5(16.7) 2(6.7)
Current smoking, n (%) 0 (0) 7 (23.3)* 15 (50.0)* 14 (46.7)*
Ea(f;;'y history of CVD, ) 20 (66.7)*%  9(30.0)* 12 (40.0)*
Medication, n (%)
Aspirin 1(3.3) 2(6.7) 28 (93.3)*t% 10(33.3)
Thienopyridine 0 (0) 0 (0) 26 (86.7)* 1% 1(3.3)
B-blocker 0 (0) 2(6.7) 28 (93.3)*t 26 (86.7)*t
Statin 0 (0) 3(10.0) 30 (100.0)*t% 17 (56.7)*t
Diuretic 0 (0) 3(10.0) 9(30.0)* 25 (83.3)*t#
ACE-I/ARB 0(0) 5(16.7) 29 (96.7)*t 28 (93.3)*t

ACE-I: angiotensin-converting enzyme inhibitor, ARB: angiotensin receptor blocker, BMI:
body mass index, BSA: body surface area, CV: cardiovascular, CVD: cardiovascular disease,
HFrEF: heart failure with reduced ejection fraction. Data are presented as mean * standard
deviation if normally distributed or median (25™-75% percentile) if not normally distributed.
* p<0.05 compared to normal individuals, T p<0.05 compared to individuals with CV risk, #
p<0.05 compared to post-infarct patients, ¥ p<0.05 compared to HFrEF patients
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Conventional echocardiographic parameters

Conventional echocardiographic findings are summarized in Table 2. Patients
with HFrEF had larger cavity sizes and worse LVEF, compared to all other groups.
In addition, the post-infarct patients had worse LVEF compared to the healthy
individuals without CV risk factors and those with CV risk factors.

Table 2. Echocardiographic characteristics

Normal ::::ttl:)fs\l S Post-infarct HFrEF
(n=30) (n=30) (n=30) (n=30)
Heart rate (bpm) 69 (61-76) 68 (63-75) 63 (57-70) 73 (62-85) #
Left ventricular mass
- - - - *
index (g/m?) 92 (72-112) 90 (74-99) 102 (87-122) 158 (139-191)*t4

Interventricular

septal thickness (mm) 10 (8-11) 10 (9-12) 12 (10-12) 10 (8-11)

Left ventricular

posterior wall 10 (9-12) 10 (8-11) 10 (9-12) 11 (10-12)
thickness (mm)

Left ventricular end-

- - - - *
diastolic volume (mi) 109 (96-133) 112 (88-124)  112(85-150) 234 (160-304)*t4

Leftventricularend- ) 00 o)) 45 (33-55) 56 (43-80)t 186 (120-250)* 14
systolic volume (ml)
Left ventricular
ejection fraction (%)
Left ventricular global -19.3(-20.5to -18.8 (-20.4to  -14.4 (-18.0 to
longitudinal strain (%) -18.3) -17.0) -11.8)*t

58 (56-63) 61 (58-65) 50 (45-53)*t 24 (17-30)*t4

-6.2(-7.2to -5.0)*t#

Data are presented as mean + standard deviation if normally distributed or median (25t-75™
percentile) if not normally distributed.

bpm = beats per minute, CV = cardiovascular, HFrEF = heart failure with reduced ejection
fraction.

* p<0.05 compared to normal individuals

t p<0.05 compared to individuals with CV risk

# p<0.05 compared to post-infarct patients

¥ p<0.05 compared to HFrEF patients

Two-dimensional speckle tracking data: global LV longitudinal strain and
myocardial work efficiency

HFrEF patients showed the most impaired LV GLS values as compared to post-
STEMI patients, patients with CV risk factors and healthy individuals (Table 2). In
healthy individuals without structural heart disease or CV risk factors, the median
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global LV myocardial work efficiency was 96.0% (IQR 95.0-96.3) (Figure 1), which
did not differ significantly from individuals with CV risk factors 96.0% (IQR 95.0-
97.0) (p=0.59, Figures 1 and 2). Compared to healthy individuals, median global LV
myocardial work efficiency was significantly worse in post-STEMI patients (93.0%,
IQR 88.5-95.0, p<0.001, Figures 1 and 2), and HFrEF patients (69.0%, IQR 63.8-80.0,
p<0.001, Figures 1 and 2). The median global LV myocardial work efficiency was
also significantly more impaired in post-STEMI patients and HFrEF patients as
compared to individuals with CV risk factors (p<0.001, Figure 2). In comparison to
post-STEMI patients, median global LV myocardial work efficiency was significantly
lower in HFrEF patients (p<0.001, Figure 2). The global LV myocardial work efficiency
did not differ between men and women (94.0% vs. 95.0%; p=0.489) in the overall
population. There was a significant correlation between global LV myocardial
work efficiency and LVEF in the total population (r=0.80, p<0.001). However, this
correlation was non-significant when analyzing patients with CV risk factors (r=-
0.03, p=0.876), post-STEMI patients (r=-0.226, p=0.231) and HFrEF patients (r=0.324,
p=0.081) separately (Figure 3).

The ICC for intra-observer variability was 0.645 (p<0.001) and that for inter-observer
variability 0.737 (p<0.001, Figure 4). Bland-Altman analysis for assessing intra-
observer variability showed a bias of 0.55 with 95% limits of agreement ranging
from -1.407 to 2.507 and for inter-observer variability a bias of 0.84 with 95% limits
of agreement ranging from -1.950 to 3.634 (Figure 4).
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Figure 2. Median global left ventricular myocardial work efficiency, compared across

the different groups.
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Figure 3. Relation between global left ventricular myocardial work efficiency and left

ventricular ejection fraction.

Normal With CV riskfactors
98- ° o 98- ° oo
o ooo oo o
96 96 oo ° o o o o
= = = -
s Bl g 0o o o
g £a H
s s S o °
3 3 g
o o
o o 92+
500 o 92 ° °
R? Linear = 0.633 R? Linear=0.146 R? Linear = 0.008
401 p<0.001 90- p=0.037 o ° p=0.876
20 40 60 50 50 8 6 65 70 75 80 50 55 ) 65 70 75
LVEF (%) LVEF (%) LVEF (%)
Post-infarct HFrEF
100 907 R
° ° *o o °
95 °6 o0 % 80 e o o °
oo e eo o ,
= 90 < ° -
B nﬂ ° s 707 ° 2 ° o
° ° °
3 3 60
© g0 °© °
° °
75 ° e 50 oo
R? Linear=-0.051 ° R? Linear=0.105
70 P=0.231 0] p=0.081
20 30 40 50 60 70 10 15 20 25 30 35
LVEF (%) LVEF (%)

GLVMWE: global left ventricular myocardial work efficiency, LVEF: left ventricular ejection
fraction, CV: cardiovascular, HFrEF: heart failure with reduced ejection fraction.

66



Myocardial Work Efficiency in Healthy Subjects and Patients with Cardiovascular Disease

Figure 4. Bland-Altman plots depicting intra-observer (A) and inter-observer (B) vari-
ability of global left ventricular myocardial work efficiency.
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DISCUSSION

The values of global LV myocardial work efficiency were similar for normal
individuals without structural heart disease or CV risk factors, and for individuals
with CV risk factors. In contrast, global LV myocardial work efficiency was decreased
in post-STEMI and HFrEF patients, compared to normal individuals and those with
CV risk factors.

Non-invasive estimation of myocardial work efficiency

Myocardial work, estimated using non-invasive pressure-strain loops, is a novel
approach to assess LV systolic function.' It overcomes the load-dependency of LVEF
and global LV strain by integrating afterload into an LV function parameter. In a LV
with preserved systolic function, increased afterload may lead to decreased global
LV strain, which does not necessarily signify impaired contraction. In a preclinical
model, aortic constriction decreased global LV strain, whereas no change was seen
in the area of the non-invasive pressure-strain loop.® By integrating afterload,
Russell et al. introduced a technique whereby non-invasively estimated blood
pressure recordings are integrated with echocardiographic, speckle tracking
strain values to construct pressure-strain loops of the LV."! The principle was
tested in a canine model under a wide range of hemodynamic conditions and
validated in 18 patients with chronic heart failure. An excellent correlation was
found between non-invasive LV pressure-strain loop areas and invasively-measured
equivalents. Similar results were shown by Hubert et al., in 9 patients with CRT,
under 5 different conditions: CRT-off, right ventricular-pacing only, LV-pacing only,
standard biventricular pacing and multipoint, biventricular pacing.® Russell et al.
also demonstrated a strong correlation between myocardial glucose utilization
(measured with '®F-fluorodeoxyglucose positron emission tomography) and
regional LV myocardial work (using non-invasive pressure-strain loops).! Combining
cine cardiovascular magnetic resonance imaging (CMR) volumetry with quantitative
phosphorus (3'P) magnetic resonance spectroscopy (MRS), Gabr et al. investigated
the relation between non-invasive LV mechanical work and creatine kinase (CK)
flux in 14 healthy subjects and 27 patients with heart failure.” LV mechanical
efficiency was highly correlated with CK flux, supporting non-invasive LV work as
valid measure of myocardial energetics. Although there is a strong correlation
between LVEF and global LV myocardial work efficiency in the total population
in our study, the absence of a significant correlation in the patients with CV risk
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factors, post-STEMI patients and HFrEF patients, provides further support to the
unique characterization of systolic function by global LV myocardial work efficiency.

Since LV work can be reliably estimated by means of a non-invasive methodology,
global LV myocardial work efficiency can be derived from LV wasted and constructive
work with the following formula: (constructive work / (constructive work + wasted
work)) x 100%. Constructive work is defined as work performed during segmental
shortening in systole or during lengthening in isovolumic relaxation, while wasted
work is defined as work performed during segmental lengthening in systole
or work performed during segmental shortening against a closed aortic valve
in isovolumic relaxation. Unlike global LV work index, which measures the total
amount of work performed (area within the LV pressure-strain loop), global LV
myocardial work efficiency represents the ratio between effectively performed
work and wasted work of the LV.

This technique can be applied to examine the effects of cardiac pathologies, e.qg.
myocardial infarction and heart failure, on myocardial energetics.

Global LV myocardial work efficiency: normal values

If all LV segments contract and relax synchronously during the cardiac cycle, with
normal deformation and against an optimized afterload, global LV myocardial work
efficiency should theoretically be close to 100%. Such a high level of efficiency
is almost never achieved in a biological system, and we found a mean global LV
myocardial work efficiency of 96.0% (IQR 95.0-96.3%) in healthy individuals. One of
the reasons can be mild LV dyssynchrony as documented in healthy individuals.™
Furthermore, limitations of the technique itself may cause some variation in the
normal values: blood pressure values are measured sphygmomanometrically,
and modelled onto reference curve, i.e. the value of global LV myocardial work
remains an estimate, and not a direct measurement of cardiac efficiency.® Recently,
Manganaro and colleagues presented normal values of global LV myocardial
work efficiency in a population of 226 healthy subjects.”® Our results are in close
agreement with those of Manganaro et al., i.e. a median global LV myocardial work
efficiency of 96% (IQR 94-97) in healthy individuals.
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Global LV myocardial work efficiency: influence of CV risk factors

In a recent study by Chan et al. there was no difference in global LV myocardial work
efficiency between patients with hypertension and normal controls."” Similarly, CV
risk factors (including hypertension) did not lead to a decrease in LV myocardial
efficiency in our cohort. The presence of CV risk factors alone, in the absence
of structural or functional cardiac changes, does not seem to impact global LV
myocardial work efficiency negatively. In the study of Chan and co-workers, patients
with hypertension had proportionally higher values of global constructive work,
which was balanced by increased amount of global wasted work."” The resulting
global LV myocardial work efficiency was therefore similar to controls, which is in
agreement with our results.

Global LV myocardial work efficiency in post-STEMI and HFrEF patients
Decreased segmental, LV myocardial work was superior to LV global longitudinal
strain and LVEF in identifying coronary artery occlusion in patients with non-STEMI,
in a study of 126 patients.® This is consistent with our results: we found lower global
LV myocardial work efficiency in patients who underwent primary percutaneous
coronary intervention for STEMI (generally held to indicate complete coronary
artery occlusion), compared to those with CV risk factors and normal controls.
Acute coronary syndromes have the ability to induce LV dyssynchrony,'® regional
decreases in longitudinal LV strain'2° and dynamic changes in LV afterload,?
which can all lead to a decrease in LV mechanical efficiency. The prognostic role
of measuring global LV myocardial work efficiency in patients with acute coronary
syndromes, remains to be explored.

In the current study, the lowest global LV myocardial work efficiency values
were seen in patients with HFrEF (with indications for cardiac resynchronization
therapy). In a population of 97 HFrEF patients, with both ischemic and non-ischemic
etiologies, the mean global LV myocardial work efficiency pre-CRT was 76%, which
is comparable to the values we observed in the current analysis.> Likewise, in a
pilot study of 21 HFrEF patients receiving CRT, the mean global LV myocardial work
efficiency was 61%.* The markedly decreased global LV myocardial work efficiency
in HFrEF patients may originate in the substantial degree of LV dyssynchrony
experienced by these patients,?? as well as reduced global or regional LV strain
values, reflecting impaired systolic function.?
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Several preliminary studies have shown the capacity of non-invasive derivation of
myocardial work efficiency to identify CRT response.*> Global LV myocardial work
efficiency could therefore be a useful tool in assessing CRT candidates, although
its incremental value to current CRT selection criteria remains to be proven.

Study Limitations

This study is subject to the inherent limitations of a single-center, retrospective
analysis. CV risk factors were adjudicated on the basis of medical records, including
patient history. The inclusion of only revascularized STEMI patients and HFrEF patients
with indications for cardiac resynchronization therapy, might limit the generalizability
of our results to these specific groups. Since global LV myocardial work efficiency
is predicated on the measurement of speckle tracking strain echocardiography,
it is not a vendor-independent measure. Currently, commercial software for the
measurement of global LV myocardial work efficiency is only provided by a single
vendor. For the assessment of non-invasive myocardial work, systemic arterial
pressure is used as a substitute for LV pressure. This technique can therefore not
be applied when systemic arterial pressure and LV pressure are discordant, e.g. in
patients with LV outflow obstruction and significant aortic stenosis.'

CONCLUSION

Speckle tracking strain echocardiography and sphygmomanometric blood pressure
measurements can be integrated to estimate global LV myocardial work efficiency
non-invasively. Individuals with CV risk factors, but without structural heart disease,
had global LV myocardial work efficiencies similar to normal controls. Lower
myocardial efficiency was found in patients with previously revascularized STEMI
who did not develop heart failure, while HFrEF patients had the lowest global LV
myocardial work efficiency. The values presented here clearly demonstrate distinct
profiles of myocardial efficiency in different cardiac pathologies, which may inform
further studies. The echocardiographic evaluation of LV mechanical efficiency is a
promising tool for both diagnosis and prognostication of various cardiac diseases.
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Chapter 5

ABSTRACT

This study investigates the relation of non-invasive myocardial work and myocardial
viability following ST-segment elevation myocardial infarction (STEMI) assessed
on late gadolinium contrast enhanced cardiac magnetic resonance (LGE CMR) and
characterizes the remote zone using non-invasive myocardial work parameters.
STEMI patients who underwent primary percutaneous coronary intervention (PCI)
were included. Several non-invasive myocardial work parameters were derived from
speckle tracking strain echocardiography and sphygmomanometric blood pressure,
e.g.: myocardial work index (MWI), constructive work (CW), wasted work (WW)
and myocardial work efficiency (MWE). LGE was quantified to determine infarct
transmurality and scar burden. The core zone was defined as the segment with the
largest extent of transmural LGE and the remote zone as the diametrically opposed
segment without LGE. A total of 53 patients (89% male, mean age 58 + 9 years) and
689 segments were analyzed. The mean scar burden was 14 + 7% of the total LV
mass, and 76 segments (11%) demonstrated transmural hyperenhancement, 280
(41%) non-transmural hyperenhancement and 333 (48%) no LGE. An inverse relation
was observed between segmental MWI, CW and MWE and infarct transmurality
(p<0.05). MWI, CW and MWE were significantly lower in the core zone compared to
the remote zone (p<0.05). In conclusion, non-invasive myocardial work parameters
may serve as potential markers of segmental myocardial viability in post-STEMI
patients who underwent primary PCI. Non-invasive myocardial work can also be
utilized to characterize the remote zone, which is an emerging prognostic marker
as well as a therapeutic target.
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INTRODUCTION

Accurate quantification of the extent and transmurality of myocardial infarct
in patients following an ST-segment elevation myocardial infarction (STEMI) is
essential in the identification of viable myocardial regions that could benefit from
revascularization.' In addition, the remote zone, i.e. the non-infarcted myocardium
remote from the infarct core, is an emerging region of interest in STEMI, with the
potential to be used as a therapeutic target.* Late gadolinium contrast enhanced
cardiac magnetic resonance (LGE CMR) is the gold standard for the quantification
of the extent of transmural scar® with high reproducibility® and a robust association
with prognosis.>’ The use of CMR is limited by availability, time and cost. Recently,
non-invasive myocardial work has been proposed as a parameter for assessing
left ventricular (LV) systolic function.®® The ability of non-invasive myocardial work
indices to characterize post-infarct scar and myocardial function has not been
investigated. The aims of the current study were to explore the relation of non-
invasive myocardial work indices to transmurality of post-infarct scar on LGE CMR,
and to compare myocardial work indices between infarct core and remote zone.
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METHODS

Patients admitted with an acute STEMI who underwent primary percutaneous
coronary intervention (PCI) between 2004 and 2017 at the Leiden University
Medical Center (LUMC) were evaluated.”® For this study, only patients with feasible
non-invasive myocardial work analysis by 2-dimensional speckle-tracking strain
echocardiography and with LGE CMR data were selected for analysis. Patients with
prior myocardial infarction, coronary artery bypass grafting, LGE CMR performed
within 30 days of index myocardial infarction, non-feasible 2-dimensional speckle-
tracking strain echocardiography, moderate to severe valve disease or missing
blood pressure measurements were excluded (Figure 1). Patients were treated
according to prevailing guidelines from the European Society of Cardiology, as
described previously.”® The culprit vessel was identified during invasive coronary
angiography and multivessel disease was defined as the presence of >50%
luminal stenosis in more than 1 vessel. Transthoracic echocardiography was
performed according to the institutional, guideline-based, clinical care track
protocol (MISSION!),' while CMR was performed at the discretion of the treating
physician. Demographic and clinical data were collected from the departmental
cardiology information system (EPD-vision; LUMC, Leiden, The Netherlands) and
from electronic medical records (HiX; ChipSoft, Amsterdam, The Netherlands). For
retrospective analysis of clinically acquired data, the institutional review board
waived the need for individual patient written informed consent.

Using commercially available echocardiographic systems (E9 and E95,
General Electric Vingmed Ultrasound, Milwaukee, Wisconsin) transthoracic
echocardiographic images were recorded in patients at rest. Electrocardiogram-
triggered echocardiographic data were acquired with M5S transducers and
digitally stored in cine-loop format for offline analysis (EchoPac 202, General
Electric Vingmed Ultrasound). Echocardiographic images from the study closest
in time to CMR acquisition were used for analysis. The median interval between
echocardiographic and CMR acquisition was 1 month (interquartile range (IQR)
0-2 months) and the median interval between STEMI and CMR acquisition was 2
months (IQR 1-3 months). LV end-systolic and end-diastolic volumes were measured
in apical 2- and 4-chamber views and LV ejection fraction (LVEF) was calculated
using the biplane Simpson’s method."
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Figure 1. Flow diagram of study population.
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|:> - Non feasible strain analysis
- Significant mitral or aortic valve
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Final study population Missing blood pressure

k measurements /
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LGE CMR= late gadolinium enhancement cardiac magnetic resonance; MI= myocardial
infarction; PCI=percutaneous coronary intervention; STEMI=ST-segment elevation
myocardial infarction.

Quantification of non-invasive myocardial work was performed using a
commercially available software package (EchoPac 202, General Electric Vingmed
Ultrasound). Calculation and validation of LV myocardial work analysis from non-
invasive LV pressure-strain loops has been described previously.®® Non-invasive
myocardial work was derived from LV pressure-strain loops by integrating LV strain
data and non-invasively estimated LV pressure. This approach to echocardiographic
quantification of LV work has shown a high degree of correlation with invasively-
measured LV myocardial work®%'2 and has been validated in several patient
subgroups.8®'25 LV strain data were acquired using 2-dimensional speckle-tracking
echocardiography by manually tracing the LV endo- and epicardial borders in the
apical long-axis, 2- and 4-chamber views. The automatically generated region of
interest was manually adjusted to the myocardial thickness, as required. The LV
pressure was assumed to be equal to the arterial blood pressure measured from
sphygmomanometric brachial artery cuff measurements. An LV pressure-strain
curve was then constructed using a normalized reference curve provided by the
software and adjusted to the different cardiac cycle phases using valvular event
timing (mitral and aortic valve opening and closing). Strain rate was multiplied

79




Chapter 5

with LV pressure and integrated over time to produce segmental and global
LV myocardial work.>'® Several global and segmental myocardial work indices
can be derived from the construction of non-invasive LV pressure-strain loops:
myocardial work index (MWI), constructive work (CW), wasted work (WW) and
myocardial work efficiency (MWE). MWTI is defined as the total LV work performed
in a single cardiac cycle. CW is LV myocardial work performed during shortening
of a myocardial segment in systole or during lengthening in isovolumic relaxation,
thereby contributing to LV ejection. WW on the other hand, is LV myocardial work
performed during lengthening of a myocardial segment in systole or during
shortening in isovolumic relaxation, and which therefore does not contribute to
LV ejection. MWE is defined as the ratio of CW, divided by the sum of CW and WW,
expressed as a percentage.

Patients were imaged on a 1.5-T Gyroscan ACS-NT/Intera MR system (Philips Medical
Systems, Best, the Netherlands) or on a 3.0-T Ingenia MR system (Philips Medical
Systems, Best, the Netherlands) using retrospective ECG gating. Cine steady-state
free precession (SSFP) CMR images were acquired in the long-(2- and 4-chamber
views) and short-axes of the LV. Typical imaging parameters were as follows for
the 1.5-T Gyroscan ACS-NT/Intera MR system: field of view (FOV) 400x320 mm?;
matrix, 256x206 pixels; slice thickness, 10 mm with no slice gap; flip angle (a), 35°;
echo time (TE), 1.67 ms; and repetition time (TR), 3.3 ms."” For the 3.0-T Ingenia MR
system typical parameters were: FOV 400x350 mm; matrix, 232x192 pixels; slice
thickness, 8 mm with no slice gap; a, 45°; TE, 1.5 ms and TR, 3.0 ms."”® LGE images
were acquired 15 minutes after a bolus injection of gadolinium diethylenetriamine
pentaacetic acid (Magnevist, Schering, Berlin, Germany) or gadoterate meglumine
(Dotarem, Guerbet, Villepinte, France) (0.15 mmol/kg) with an inversion-recovery
3-dimensional turbo-field echo sequence with parallel imaging. The heart was
imaged in 1 or 2 breath-holds with short-axis slices at various levels dependent on
the heart size. For the 1.5-T Gyroscan ACS-NT/Intera MR system, typical parameters
were as follows: FOV 400x400 mm?; matrix, 256x206 pixels; slice thickness, 10 mm
with 50% overlap; a, 10°; TE, 1.06 ms and TR, 3.7 ms."” For the 3.0-T Ingenia MR
system typical parameters were as follows: FOV 350 x 350 mm; matrix size 188 x
125 mm; acquired pixel size 1.86 x 2.8 mm; reconstructed pixel size 1.46 x 1.46 mm;
slice thickness 10 mm with 50% overlap; a, 10°; SENSE factor 3; TE, 2.09 ms and TR,
4.31 ms.”” Images were stored digitally for offline analysis.
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CMR data analysis was performed with dedicated software (MASS, Leiden
University Medical Center, Leiden, the Netherlands). LV endocardial and epicardial
borders were manually traced on short-axis SSFP cine images. Myocardial scar was
assessed by using a previously reported method, based on the signal intensity
(SI).” The myocardial segment with the most dense scar was visually identified
and a region of interest was placed in this segment to determine the maximum SI.
Subsequently, any myocardium with a SI 235% of the maximum SI was defined as
scar and automatically identified by the software."”

The LV was divided into a 13-segment model and each segment was scored based
on the percentage of hyperenhancement of the LV myocardial wall: transmural
infarcted segments (>50%), non-transmural infarcted segments (1-50%) and non-
infarcted segments (<1%) (Figure 2). Thereafter, 2 specific regions of interest were
defined in the LV myocardial wall according to the percentage of hyperenhancement:
the core zone was defined as the segment with the largest extent of transmural
hyperenhancement and the remote zone as the myocardial tissue opposite to the
core zone, without any evidence of hyperenhancement (Figure 2). If there was
evidence of any hyperenhancement in the segment diametrically opposing the
core zone, the first adjacent segment without evidence of hyperenhancement was
used as the remote zone. Defining these 2 regions of interest allowed meaningful
comparison of echocardiography and CMR LGE data in STEMI patients (Figure 3).
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Figure 2. Determining the infarct core and the remote area.

Remote zone was measured in the
myocardial tissue opposite (180°)
to the core zone, without any visual
evidence of hyperenhancement

Core zone was defined as
myocardial tissue with the largest
extent of transmural hyperenhancement

Remote zone

Core zone

The 13-segment model shown in panel A schematically illustrates how the core zone and the
remote zone were defined. After the left ventricular (LV) endo- and epicardial borders were
traced, the LV segment with most transmural hyperenhancement was defined as the core
zone, while the diametrically opposed segment (or next adjacent segment if the segment
opposite to the core zone had any evidence of scar), without evidence of hyperenhancement,
was labelled as the remote zone. Panels B and C show a patient with late gadolinium
enhancement (LGE) on cardiac magnetic resonance (CMR) in the inferior and inferolateral
wall after an ST-segment elevation myocardial infarction (STEMI) with complete occlusion
of the right coronary artery. The midventricular inferior segment demonstrates an infarct
with 73% transmurality.
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Figure 3. Non-invasive pressure-strain loops and myocardial work efficiency of a patient
after an ST-segment elevation myocardial infarction (STEMI).
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A 41 year old male patient presented with an inferior STEMI, due to complete occlusion of the
right coronary artery. On late gadolinium contrast enhanced cardiac magnetic resonance
(LGE CMR) imaging the total scar burden was 11.9%. Panel A represents the core zone with
73% transmurality (A1) and the remote zone (A2) on LGE CMR. Panel B displays non-invasive
pressure-strain loops from which myocardial work efficiency is derived (B1 core zone and
B2 remote zone). The red pressure-strain loop represents the averaged loop for all left
ventricular segments, whereas the green pressure-strain loop specifically represents the
selected segment outlined in Panel C. Panel C shows parametric maps of left ventricular
myocardial work efficiency (C1 core zone with myocardial work efficiency (MWE) of 89% and
C2 remote zone MWE of 99%).

Normally distributed continuous variables are presented as mean + standard
deviation (SD) and non-normal continuous variables as median and interquartile
range (IQR). Normality was assessed using the Shapiro-Wilk test and visual
assessment of a histogram and Q-Q plots. Categorical variables are presented
as frequencies and percentages. Continuous variables were compared using
the Student's t-test if normally distributed and the Mann-Whitney U-test if not
normally distributed. For comparison of related transmural, non-transmural and
non-infarcted segments, linear mixed models were used for normally distributed
variables (MWI and CW) and the Friedman’s two-way ANOVA with post-hoc
Wilcoxon signed-rank tests for non-normally distributed variables (WW and MWE).
A p-value <0.05 was considered statistically significant. Statistical analyses were
performed using SPSS version 25.0 (SPSS, Armonk, NY).
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RESULTS

Fifty three patients (89% male, age 58 + 9 years) were analyzed for the presence and
distribution of segmental LGE. Patient clinical characteristics are shown in Table 1.
Patients received appropriate, guideline-directed pharmacotherapy following STEMI.

Table 1. Patient characteristics

Variable (n=53)
Age (years) 58+9
Men 47 (89%)
Height (cm) 178.4+6.7
Weight (kg) 87.6 + 14.0
BMI (kg/m?) 27.5+4.1
BSA (m2) 21+0.2
LAD culprit artery 33 (62%)
Peak creatine phosphokinase (U/L) 2665 (1397-4661)
Peak troponin T (ug/L) 6.8 (4.0-11.3)
Creatinine (umol/L) 81 (71-89)
Hypertension 24 (45%)
Hypercholesterolemia 13 (25%)
Diabetes mellitus 6 (11%)
Current smoker 26 (49%)
Family history of CVD 21 (40%)
Medication at discharge

Aspirin 51 (96%)
Thienopyridine 53 (100%)
B-blocker 52 (98%)
Statin 53 (100%)
ACE-I/ARB 53 (100%)

Values are mean + standard deviation if normally distributed and median (interquartile
range) if not normally distributed.

ACE-I = angiotensin-converting enzyme inhibitor, ARB = angiotensin receptor blocker,
BMI = body mass index, BSA = body surface area, CV = cardiovascular, CVD = cardiovascular
disease, LAD = left anterior descending coronary artery.

Conventional imaging variables, myocardial work indices and LGE burden on CMR
are shown in Table 2. The median LVEF was 50% (IQR 44-55) and the median global
LV MWE 93% (IQR 91-96). The mean scar burden was 14.0 + 7.0% of the total LV mass.
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Table 2. Imaging variables

Variable (n=53)
Conventional echocardiographic variables

Left ventricular end-diastolic volume (ml) 113 (89-142)
Left ventricular end-systolic volume (ml) 58 (42-84)
Left ventricular ejection fraction (%) 50 (44-55)
Myocardial work indices

Global myocardial work index (mmHg%) 1446 + 412
Global constructive work (mmHg%) 1671 + 474
Global wasted work (mmHg%) 77 (58-127)
Global left ventricular (LV) myocardial work efficiency (%) 93 (91-96)
LGE CMR

Total LV mass (g) 162 + 41
Total scar burden (%) 14.0+ 7.0

Values are mean + standard deviation if normally distributed and median (interquartile
range) if not normally distributed.

All segments (n=689) could be analyzed for LGE and for myocardial work variables.
A total of 76 segments (11%) demonstrated transmural hyperenhancement, 280
(41%) had non-transmural hyperenhancement and 333 (48%) segments showed no
evidence for hyperenhancement on LGE CMR. An inverse relationship was observed
between segmental MWI, CW and MWE and the extent of hyperenhancement
transmurality on LGE CMR (p<0.05 for all comparisons) while a trend was observed
between a greater amount of WW and transmural hyperenhancement (p=0.086)
(Figure 4).
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Figure 4. Myocardial work indices stratified according to infarct transmurality on late
gadolinium enhancement cardiac magnetic resonance (LGE CMR).
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The segmental values of different myocardial work indices are presented, according to infarct
transmurality on LGE CMR. Segmental values for myocardial work index (A), constructive
work (B) and myocardial work efficiency (D) according to transmurality on LGE CMR

LV myocardial work indices of the infarct core and the remote zone are shown in
Figure 5. Segmental MWI, CW and MWE were lower in the core zone (and WW was
higher) compared to the remote zone (p<0.05 for all comparisons).
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Figure 5. Myocardial work indices in core and remote infarct zones.
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The values presented in the box-and-whisker plot for panels A and B are mean + standard
deviation and median (interquartile range) for panels C and D.
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DISCUSSION

The findings from our study can be summarized as follows: MWI, CW and MWE
decreased significantly with increasing transmural myocardial hyperenhancement,
whereas WW increased. Moreover, MWI, CW and MWE were significantly more
impaired and WW significantly larger in the core zone compared to the remote zone.

LV myocardial work, the product of force and distance, can be quantified using
myocardial force-dimension loops and reflects myocardial oxygen consumption.?%?'
Invasive pressure-volume loops have typically been used to measure myocardial
work, however, the invasive nature limits its application to daily practice.?' Russell et
al. introduced a non-invasive method to measure myocardial work by incorporating
sphygmomanometric brachial artery cuff measurements and echocardiographic
speckle tracking strain to construct pressure-strain loops.® This novel method
demonstrated excellent agreement with invasively measured myocardial work in
a canine model under different hemodynamic conditions, as well as in patients
with chronic heart failure.®® A robust correlation between non-invasive and
invasively measured myocardial work was also found in a study of CRT recipients
under different hemodynamic conditions and a variety of CRT settings, e.g. CRT
off, LV pacing only, right ventricular pacing only, standard biventricular pacing
and multipoint biventricular pacing.”? Regional non-invasive myocardial work
corresponds to regional glucose metabolism measured with ®F-fluorodeoxyglucose
('8F-FDG) positron emission tomography (PET), confirming its validity as a measure
of myocardial energetics.®

While LVEF and global LV longitudinal strain remain pillars of LV function assessment,
they are limited by load-dependency.?? Skulstad et al. demonstrated that the
contraction of ischemic myocardium is heavily dependent on afterload.® Non-
invasive myocardial work assessment has the ability to integrate the LV contraction
and afterload into a single parameter, which represents a more comprehensive
index of LV performance than either contractile function or afterload in isolation.
Boe et al. found non-invasive myocardial work to be superior to strain analysis for
the identification of acute coronary vessel occlusion in patients with non-STEMI."
In ischemic but viable myocardial segments, metabolism is reduced and can be
quantified with '8F-FDG PET.% The firm correlation between regional non-invasive
myocardial work and regional glucose metabolism raises the exciting possibility
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that non-invasive myocardial work indices may reflect segmental energetics, and
allow the identification of myocardial viability.® LGE CMR is a proven indicator of
myocardial viability through accurate distinction between viable myocardium
and of nonviable scar.® LGE CMR is a reliable predictor of myocardial functional
recovery following revascularization. In a population of 50 patients with ischemic
ventricular dysfunction, Kim et al. demonstrated segmental recovery in 8% of
segments with transmural hyperenhancement compared to 66% in non-transmural
hyperenhancement.! The inverse relation between the transmural extent of LGE on
CMR and segmental recovery following revascularization has been demonstrated
in numerous studies.? The significant inverse relationship between segmental CW
and transmural hyperenhancement on LGE CMR is a new insight this study provides
and might indicate CW to be a valid measure of viability of myocardial segments.

Following STEMI, an inflammatory response may occur in the remote zone,
eventually leading to interstitial fibrosis.?32¢ Several studies have investigated
changes in contractile function of the remote zone following a myocardial
infarction, and while some reported preserved systolic function,?” others
demonstrated reduced function.? In a murine model of myocardial infarction,
Espe et al. demonstrated that a redistribution of myocardial work occurred from
the infarcted segments to the remote zone.?® Our data also indicate preserved or
enhanced remote zone myocardial work, compared to the infarct core. The remote
zone is an emerging region of interest for post-infarct risk-stratification. In a
population of 288 reperfused STEMI patients who underwent CMR, native T1 values
of the remote zone on CMR were independently associated with LV remodeling at 6
months, as well as with major adverse cardiac events.? Similar results were found
in a study by Reinstandler and co-workers of 255 STEMI patients, where native T1
values of the remote zone provided incremental prognostic information beyond
established markers of infarct severity. Myocardial work has been compared
between the remote and core zones of an infarct in a murine model.? In non-
failing LVs, myocardial work was increased in the remote zone when compared to
controls. In contrast, a compensatory increase in myocardial work in the remote
zone was not seen in rats who developed cardiac failure.?®

Several limitations should be acknowledged. This was a single center study with a

retrospective design. Patients in whom echocardiographic speckle tracking strain
analysis could not be performed had to be excluded. Patients with significant aortic
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stenosis or patients with missing blood pressure measurements were excluded
and this may have led to a selection bias. The remote zone was defined as the
non-infarcted myocardial segment diametrically opposed to the infarct core, and
was adopted as a reference for normal, non-invasive myocardial work values.
Although such LV segments were distant from the infarct, abnormal T1 values
have been recognized in the remote zone. While the significance of this finding
is still unclear, it suggests that the remote zone does not represent altogether
normal myocardium.?* We included a homogenous population, the value of non-
invasive myocardial work in a heterogenous population should be investigated. The
findings of our study should be confirmed in larger, multi-center studies before
implementation in clinical practice.

In conclusion, in post-STEMI patients that underwent primary PCI, CW and MWE
were significantly lower in the transmural infarcted segments and non-invasive
myocardial work parameters significantly different in the remote and core
zone. Segmental CW may therefore serve as a low cost, non-invasive marker of
myocardial viability. Furthermore, we demonstrated that non-invasive myocardial
work can be utilized for the characterization of the remote, which is an emerging
prognostic marker and therapeutic target post-STEMLI.
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Chapter 6

Abstract

Even though implantable cardioverter defibrillator (ICD) implantation for primary
prevention has shown to reduce the risk of sudden cardiac death in chronic heart
failure patients with reduced left ventricular ejection fraction (LVEF), a significant
portion of these patients will never receive appropriate ICD therapy. We aimed
to functionally characterize the arrhythmogenic substrate using left ventricular
(LV) global longitudinal strain (GLS) and heart-to-mediastinum (H/M) ratio on
2]-meta-iodobenzylguanidine ("2)I-MIBG) scintigraphy. We included patients with
heart failure with reduced LVEF who received an ICD for primary prevention. To
functionally characterize the arrhythmogenic substrate we measured the LV GLS
with two-dimensional speckle tracking echocardiography and cardiac innervation
measured as the H/M ratio on ™23I-MIBG scintigraphy. An event was defined as
appropriate ICD therapy. A total of 155 patients were included, 74% were male
and the mean age was 7219 years. During a median follow-up of 10 (6-12) years,
43 patients (28%) experienced appropriate ICD therapy. Patients that experienced
an event were more often male, had more often ischemic cardiomyopathy and
were more likely to have worse renal function. There was no difference in the left
ventricular ejection fraction (LVEF) between the two groups (25+6.4% vs 26+6.0%;
p=0.276). However, LV GLS was significantly more impaired in the group that
experienced an event compared to patients that did not (-6.7+2.1% vs -7.6+2.1%;
p=0.020). The innervation, measured as the H/M ratio on '2)I-MIBG scintigraphy
was also significantly more impaired in the patients that experienced and event
compared to patients that did not (1.34+0.2 vs 1.47+0.2; p<0.001). Multivariable
Cox regression analysis showed LV GLS and H/M ratio independently associated
with appropriate ICD therapy with a hazard ratio of 1.24 (95% CI 1.027-1.491,
p=0.025) and 5.71 (95% CI 1.135-28.571, p=0.034), respectively. LV GLS and H/M
ratio were significantly correlated (Pearson correlation coefficient -0.30, p<0.001).
In conclusion, functionally characterizing the arrhythmogenic substrate using
different imaging technics defines the risk for appropriate ICD therapy, whereas
LVEF did not.

98



Functional Characterization of Arrhythmogenic Substrate

INTRODUCTION

Evaluation of heart failure patients who may benefit from implantable cardioverter
defibrillator (ICD) remains challenging. Current guidelines recommend an ICD
implantation as primary prevention in symptomatic heart failure patients with a
left ventricular ejection fraction (LVEF) < 35% treated with optimal medical therapy'.
However, around 40% of these patients receiving an ICD will not develop ventricular
arrhythmias that can be appropriately treated with the ICD? Therefore, a more
individualized risk stratification strategy is necessary.

Characterization of the anatomical and functional substrate that may lead to re-
entrant ventricular tachycardia and sudden cardiac death has been shown feasible
with various imaging techniques3. Anatomically, the arrhythmogenic substrate
is characterized by bundles of scar, fibrous tissue intermingled with viable
myocardium*>. Functionally, the arrhythmogenic substrate is characterized by
heterogeneous regional contraction and denervated myocardium®’8, Transient
factors, such as ischemia, can influence this arrhythmogenic substrate and serve as
trigger for re-entry tachyarrhythmias. Left ventricular (LV) global longitudinal strain
(GLS) measured with two-dimensional (2D) speckle tracking echocardiography
describes better than LVEF the heterogeneous contraction of the LV myocardium
and has been associated with LV myocardial scar burden®'®". In addition, in ischemic
heart failure, the value of longitudinal strain of the peri-infarct zone has been
associated with appropriate ICD therapy'. Sympathetic myocardial innervation
can be assessed with '2’I-meta-iodobenzylguanidine ('2)I-MIBG) scintigraphy. This
radiotracer is an analogue of norepinephrine up-taken by the sympathetic nerve
terminals of the heart, without being metabolized. In heart failure patients, the
uptake of ZI-MIBG by the heart is reduced, indicating myocardial denervation.
A reduced heart-to-mediastinum (H/M) ratio of the '22I-MIBG uptake on planar
imaging has been associated with increased risk of ventricular arrhythmic events’®.
So far, there is no study using multimodality imaging to functionally assess the
arrhythmogenic substrate.

The aim of the present study was to functionally characterize the arrhythmogenic
substrate of heart failure patients receiving an ICD by measuring LV GLS and the
H/M ratio on planar '2I-MIBG scintigraphy imaging and study the differences
between patients presenting with appropriate ICD therapies and patients without.
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Methods

Patients and clinical evaluation

Heart failure patients who received an ICD for primary prevention, according
to prevailing guidelines’, and who underwent a '2I-MIBG scintigraphy between
2004 and 2017 at the Leiden University Medical Centre (The Netherlands) were
retrospectively evaluated. Demographic and clinical characteristics were collected
using the departmental cardiology information system (EPD-vision; Leiden
University Medical Centre, Leiden, The Netherlands) and electronic medical
records (HiX; ChipSoft, Amsterdam, The Netherlands) and retrospectively analysed.
Echocardiographic data were stored in the echocardiographic database and the
planar '=I-MIBG scintigraphy data in the department of nuclear medicine database.
Clinical, echocardiographic and '?*I-MIBG scintigraphy data were analysed
retrospectively. The association between clinical, conventional and advanced (2D
speckle tracking imaging) echocardiographic variables and '2’I-MIBG variables
and ventricular arrhythmic events was investigated. For retrospective analysis of
clinically acquired data anonymously handled, the institutional review board waved
the need for written patient informed consent. For a subgroup of patients, the
1231-MIBG scintigraphy was performed under a prospective study (NCT01940081)
and the patients provided written informed consent.

Transthoracic echocardiography: conventional and speckle tracking analysis
Transthoracic echocardiography was performed with the patients at rest, in left
lateral decubitus position using a commercially available system (Vivid 7 and E9,
GE Healthcare, Horten, Norway). Bimodal, M-mode, colour, continuous and pulsed
wave Doppler data were acquired with 3.5 MHz or M5S transducers and digitally
stored in cine-loop format. Offline analysis was performed using the EchoPac
system (version BT13, GE Medical Systems, Horten, Norway). Left ventricular end-
diastolic volume (LVEDV) and left ventricular end-systolic volume (LVESV) were
measured on the apical 2- and 4-chamber views according to the Simpson biplane
method and the LVEF was calculated.

Using 2D speckle tracking echocardiography, the LV GLS was measured. After
manually tracing the endocardial border of the left ventricle in the long-axis, 2-
and 4-chamber views, the regions of interest (ROI) were automatically created and
adjusted to the thickness of the myocardium. The software automatically tracks
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the myocardium throughout the cardiac cycle and the quality of the tracking is
evaluated. The LV GLS was calculated as the average of the peak systolic longitudinal
strain of the 3 apical views and the results were displayed in a 17-segment “bull’s-
eye” plot.

13]-MIBG scintigraphy data acquisition and analysis

For assessment of myocardial innervation, 185 MBq of '2)I-MIBG (AdreView, GE
Healthcare, Princeton, NJ, USA) were injected intravenously, after thyroid blockage
with sodium iodide. Using a dual-head gamma camera (GCA-7200, Toshiba Corp.,
Tokyo, Japan) equipped with a low-energy high-resolution collimators, planar
anterior images of the thorax were obtained 4h (late) after tracer injection. Images
were obtained with a 15% energy window centred at the 159 keV energy peak of
1231 and were subsequently stored in a 256x256 matrix.

A ROI was manually drawn over the entire heart to measure the counts in the LV
myocardial region. To measure the counts in de mediastinal region, a rectangular
ROI was placed on the upper half of the mediastinum using the lung apex, upper
cardiac border and medial contours of the lungs as borders. The late H/M ratio was
calculated by dividing the mean counts in the cardiac ROI by the mean counts in
the mediastinal ROIL. The analysis was performed using dedicated post-processing
software on a Syngo-MI workstation (Siemens Medical Solutions, Malvern, PA, USA).

Follow-up

Patients were followed-up at the heart failure outpatient clinic and the ICD devices
were interrogated on 6-monthly visits. The ICD ventricular tachyarrhythmia
detection criteria and therapy were programmed conventionally. The occurrence
of appropriate ICD therapy was the primary endpoint. Appropriate ICD therapy
was defined as anti-tachycardia pacing or shock for ventricular tachycardia or
ventricular fibrillation.

Statistical analysis

Continuous variables are reported as meanzstandard deviation if normally
distributed, and as median and 25-75% interquartile range (IQR) if non-normally
distributed. Categorical data are presented as frequencies and percentages.
Patients were divided in two groups according to the occurrence of an event,
appropriate ICD therapy or not. Continuous data were compared between patients
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presenting with event and patients without event using the Student'’s t test or
the Mann-Whitney U test. Categorical data were compared with the x2 test. Cox
proportional hazards regression analysis were used to evaluate the variables
that were significantly associated with appropriate ICD therapy. The relationship
between LV GLS and H/M ratio was investigated using Pearson correlation. A
p-value <0.05 was considered statistically significant. All statistical analyses were
performed using the SPSS software package (IBM Corp. Released 2015. IBM SPSS
Statistics for Windows, Version 23.0. Armonk, NY, USA: IBM Corp.).

Results

A total of 155 patients with '2I-MIBG scintigraphy and echocardiography with LV
GLS data were included (74% were male and the mean age was 72+9 years). During
a median follow-up of 10 years (25-75% IQR 6-12 years), appropriate ICD therapy
occurred in 43 patients (28%). An ICD shock was the first appropriate ICD therapy
in 70% of the cases. Table 1 shows the baseline clinical characteristics for the total
population and the patients who did or did not experience an appropriate ICD
therapy. The majority of patients referred had New York Heart Association (NYHA)
functional class II or III heart failure symptoms. The two groups of patients were
comparable in various demographic and clinical characteristics.

Table 1. Patient clinical characteristics

PATIENTS PATIENTS
ALL WITHOUT WITH
PATIENTS APPROPRIATE APPROPRIATE P-VALUE
(N=155) ICD THERAPY  ICD THERAPY

(N=112) (N=43)
Clinical characteristics

Age 72 +£8.9 72 +8.7 71+£9.3 0.700
Male, n(%) 115(74) 79(71) 36(84) 0.093
NYHA functional class, n(%) 0.817

I 21(14) 16(14) 5(12)

11 51(33) 35(31) 16(37)

III1/1V 80(52) 59(53) 21(49)

Ischemic cardiomyopathy, 88 (57) 60 (54) 28(65) 0.194
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Table 1. Continued.

PATIENTS PATIENTS
ALL WITHOUT WITH
PATIENTS APPROPRIATE APPROPRIATE P-VALUE
(N=155) ICD THERAPY ICD THERAPY

(N=112) (N=43)
Devices
ICD, n(%) 51(33) 36(32) 15(35) 0.745
CRT-D, n(%) 104(67) 76(68) 28(65)
Cardiovascular risk factors
Dyslipidemia, n(%) 44(28) 30(27) 14(33) 0.475
Diabetes, n(%) 25(16) 19(17) 6(14) 0.648
Hypertension, n(%) 57(37) 41(37) 16(37) 0.945
Smoking, n(%) 35 (23) 25(22) 10(23) 0.901
Medication
ACE-I/ARB's, n(%) 132(85) 97(87) 35(81) 0.414
Diuretics, n(%) 115(74) 79(71) 36(84) 0.093
Beta-blockers, n(%) 118 (76) 83(74) 35(81) 0.341
-Sotalol 5(4) 4(4) 1(2) 1.000
Calcium-blockers, n(%) 77(50) 55(49) 22(51) 0.819
Amiodarone, n(%) 30(19) 23(21) 7(16) 0.548
Digoxin, n(%) 17(11) 14(13) 3(7) 0.325
Statin, n(%) 97(63) 70(63) 27(63) 0.973
Anti-diabetic medication, n(%) 83(54) 58(52) 25(58) 0.478
Laboratory results
Creatinine (mmol/L) 101432 100431 105435 0.368
Hematocrit (%) 41.6£3.3  41.6+3.3 41.5£3.5 0.887

Values are mean + standard deviation or n (%).

ACE-I = angiotensin converting enzyme inhibitor; ARB’s = angiotensin II receptor blockers;
CRT-D = cardiac resynchronization therapy defibrillator; ICD = implantable cardioverter
defibrillator; NYHA = The New York Heart Association.

The imaging characteristics are shown in Table 2. Patients with an event had
significantly larger LVEDV as compared to patients without an event. However,
the groups were comparable in terms of LVEF (25+6.4% vs 26+6.0%; p=0.276). In
contrast, patients who presented with an event showed significantly more impaired
LV GLS compared to their counterparts (-6.7£2.1% vs -7.6+2.1%; p=0.020, Figure 1). In
the planar "2I-MIBG data, the late H/M ratio was significantly lower in the group of
patients who experienced an event compared to the group who did not (1.34+0.2 vs
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1.47+0.2; p<0.001, Figure 1). Multivariate Cox regression analysis showed LV GLS and
H/M ratio to be independent predictors of appropriate ICD therapy, with a Hazard
ratio of 1.24 (95% CI 1.027-1.491, p=0.025) for LV GLS and 5.71 (95% CI 1.135-28.571,
p=0.034) for H/M ratio when corrected for LVEDV, LVEF, LV GLS and H/M ratio.

Table 2. LV GLS and '2I-MIBG characteristics

Two-dimensional
echocardiography

Left ventricular end- 247 + 87 236 + 83 274 £ 90 0.017
diastolic volume, (ml)
Left ventricular end- 186 £ 72 181+ 71 201 +73 0.117
systolic volume, (ml)
Left ventricular ejection 25+6.3 25+6.4 26 £6.0 0.276
fraction, (%)
Left ventricular GLS, (%) 74+2.2 -7.6+2.1 -6.7+2.2 0.020
123[-MIBG SPECT
Heart mediastinum ratio 1.43+0.2 1.47+£0.2 1.34+£0.2 <0.001
late

Bold indicates statistical significance of p-value <0.05
Values are mean + standard deviation.
23]-MIBG = 123I-meta-iodobenzylguanidine; GLS = global longitudinal strain.
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Fig. 1 Example of H/M-ratio and LV GLS

Peak Systolic Strain \J

H/M-ratio
1.77

H/M-ratio
0.98

Example of heart-to-mediastinum (H/M) ratio on planar images (A1 and B1) and left
ventricular (LV) global longitudinal strain (GLS) (A2 and B2) of two patients. Patient A, 70
years old male, with ischemic cardiomyopathy, left ventricular ejection fraction (LVEF) 34%.
Patient B, 72 years old male, with ischemic cardiomyopathy, LVEF 25%. Patient A did not
experience an event, whereas patient B experienced appropriate ICD therapy.

There was a moderate, but significant correlation between LV GLS and H/M ratio
(r=0.30, p<0.001, Figure 2). This correlation remained significant in the group that
did not experience an event (r=-0.21, p=0.027) and was stronger in the group that
did experience an event (r=-0.50, p=0.002). (Figure 2)
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Fig. 2 Correlation between H/M-ratio and LV GLS
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Correlation between heart-to-mediastinum (H/M) ratio and left ventricular global longitudinal
strain (LV GLS) in the total population (A), patients that did not experience an event (B) and
patients that did experience an event (C). There was a significant correlation between H/M
ratio and LV GLS using the Pearson correlation coefficient for the total population (r=0.30,
p<0.001), patients that did not experience an event (r=-0.21, p=0.027) and those that did
(r=-0.50, p=0.002).
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Discussion

Despite showing similar LVEF, heart failure patients experiencing appropriate
ICD therapy showed more impaired LV systolic function when measured with 2D
speckle tracking GLS and more impaired myocardial innervation as assessed with
125[-MIBG scintigraphy. These results provide additional evidence on the limited
value of LVEF to identify heart failure patients who will benefit from an ICD.

Assessment of arrhythmogenic substrate

The structural LV changes that underlie heart failure with reduced LVEF include
expansion of extracellular matrix with increase of collagen and fibroblasts. Scar
or fibrotic tissue (bundles of collagen) are not per se pro-arrhythmic since they
are electrically inert tissue. However, the areas where the fibrous/scar tissue
intermingles with viable myocytes create a substrate where re-entry circuits may
form and lead to ventricular arrhythmias®™. After myocardial infarction, this area
is known as border zone.

The border zone can be characterized using different imaging modalities. On late
gadolinium contrast enhanced cardiovascular magnetic resonance (LGE CMR), the
border zone shows intermediate signal intensity between normal myocardium
and dense myocardial scar. Applying specific thresholds, the amount of border
zone can be quantified. In 91 patients with ischemic heart disease and indication
for ICD implantation as primary prevention, Roes et al demonstrated that each 10
g increase in the mass of border zone was associated with 51% increased risk of
ventricular arrhythmias and appropriate ICD shocks'. The functional properties
of the scar zone, border zone and normal myocardium can be evaluated with
2-dimensional speckle tracking echocardiography and the measurement of LV
regional longitudinal strain. In ischemic heart failure, LV segments with values of
longitudinal strain more impaired than -4.5% (less negative) have been shown to
correspond to areas of transmural scar (sensitivity 81.2% and specificity 81.6%)"".
The areas surrounding the LV segments with a value of longitudinal strain more
negative than -4.5%, can be considered border zone. In 424 ischemic heart failure
patients who received an ICD as primary prevention, Ng et al showed that the
occurrence of ventricular arrhythmias and appropriate ICD shocks during follow-up
was more frequent as the longitudinal strain of the border zone was more impaired
(hazard ratio 1.25)". The present study provides additional evidence on the
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association between impaired LV GLS and occurrence of appropriate ICD therapies.
More impaired LV GLS reflects larger burden of myocardial fibrosis which may lead
to areas of slow conduction and conduction block and favour the formation of re-
entry circuits and ventricular arrhythmias. In addition, the association between LV
GLS and sudden cardiac death, ventricular arrhythmias or appropriate ICD therapy
has been also demonstrated in previous studies including 988 patients with acute
myocardial infarction and LVEF>35% in 91% of them®. On multivariate analysis, LV
GLS was independently associated with the occurrence of sudden cardiac death
or ventricular arrhythmias with a hazard ratio of 1.24, similar to the hazard ratio
reported in the current study.

Moreover, the border zone is also characterized by viable myocardium with abnormal
innervation. Previous studies have shown that in ischemic cardiomyopathy patients
the areas of denervation exceed the area of perfusion defects on single photon
emission tomography (SPECT)'2°, The higher susceptibility of sympathetic nerve
fibres to ischemia compared to myocytes leads to larger areas of denervation
than scar after myocardial infarction (denervation-perfusion mismatch)'®2'22, By
assessing myocardial denervation with 2I-MIBG SPECT and myocardial perfusion
with *"Technetium-tetrofosmin SPECT, the mismatch can be quantified. Patients
with larger areas of denervation-perfusion mismatch have shown higher incidence
of ventricular arrhythmia events®. Using planar '*I-MIBG scintigraphy, the AdreView
Myocardial Imaging for Risk Evaluation in Heart Failure (ADMIRE-HF) study, the
largest study so far including 964 heart failure patients followed for 2 years, showed
that patients with an H/M ratio between 1.2 and 1.6 had more frequent ventricular
arrhythmic events as compared to patients with an H/M ratio >1.6”. This parameter
reflects the global cardiac sympathetic innervation rather than characterizing the
border zone where the re-entrant ventricular arrhythmias may start. In the present
study, patients who received appropriate ICD therapy showed more impaired H/M
ratio compared to those who remain without event.

The correlation between LV GLS and H/M ratio was moderate, indicating the
distinct differences between both modalities. Our findings are in agreement with
previously published studies, who found similar correlations between LV GLS and
H/M ratio?2,
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In clinical practice combination of multimodality imaging to characterize the
arrhythmogenic substrate from the anatomical and functional point of view may
be important to accurately identify the patients who will benefit from an ICD
implantation. The present study provides further evidence on the importance
of such characterization by combining speckle tracking echocardiography and
innervation imaging.

Study limitations

There are several limitations that should be acknowledged. First, this was a
retrospective, single-centre study. Furthermore, since 2D speckle tracking
echocardiography requires good image quality for reliable analysis, selection bias
might have been introduced. The patient population was heterogeneous, with
ischemic and non-ischemic cardiomyopathy patients. Also, ischemia might have
risen during the long follow-up of the study and have influenced the results. Finally,
the event rate for appropriate ICD therapy in our population was relatively low
compared to previous study?. This might be reflected by the difference in study
populations.

Conclusions

In conclusion, LV GLS measured by 2D speckle tracking echocardiography and
H/M ratio measured by planar 2*I-MIBG SPECT were significantly more impaired
in patients who experienced an appropriate ICD therapy compared to patients that
did not. In contrast, no differences were observed between groups of patients
in terms of LVEF. Multivariate Cox regression analysis showed LV GLS and H/M
ratio to be independent predictors of appropriate ICD therapy. These results
underscore the importance of multimodality imaging for the characterization of
the arrhythmogenic substrate and the identification of patients who will benefit
from an ICD.
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Chapter 7

ABSTRACT

Atrial fibrillation (AF) recurrence following catheter ablation remains high. Recent
studies have shown a relation between epicardial adipose tissue (EAT) and AF. EAT
secretes several pro- and anti-inflammatory adipokines that directly interact with
the adjacent myocardium. The aim of the current study was to evaluate whether
posterior left atrial (LA) adipose tissue attenuation, as marker of inflammation,
is related to AF recurrences after catheter ablation. Consecutive patients with
symptomatic AF referred for first AF catheter ablation who underwent CT were
included. The total EAT and posterior LA adipose tissue were manually traced and
adipose tissue was automatically recognized as tissue with Hounsfield units (HU)
between -195 and -45. The attenuation value of the posterior LA adipose tissue was
assessed and the population divided according to the mean HU value (-96.4 HU). In
total, 460 patients (66% male, age 61 + 10 years) were included in the analysis. After
a median follow-up of 18 months (IQR 6-32), 168 (37%) patients had AF recurrence.
Patients with higher attenuation (>-96.4 HU) of the posterior LA adipose tissue
showed higher AF recurrence rates compared to patients with lower attenuation
(<-96.4 HU) (log-rank test p=0.046). Univariate analysis showed an association
between AF recurrence and higher posterior LA adipose tissue attenuation (>-96.4
HU) (p<0.05). On multivariable analysis posterior LA adipose tissue attenuation (HR
1.26; 95% CI 0.90-1.76; p=0.181) remained a promising predictor of AF recurrence
following catheter ablation. In conclusion, posterior LA adipose tissue attenuation
is a promising predictor of AF recurrence in patients who undergo catheter ablation.
Higher adipose tissue attenuation might signal increased local inflammation and
serve as an imaging biomarker of increased risk of AF recurrence.
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INTRODUCTION

Atrial fibrillation (AF) remains the most prevalent arrhythmic disease worldwide
and is associated with increased morbidity and mortality. Currently it is projected
that AF prevalence will continue to rise, which is partially explained by increasing
prevalence of obesity worldwide. Body mass index (BMI) is related to new-onset AF
and patients with weight loss have reduced AF burden, symptom severity and less AF
recurrences following AF catheter ablation.? However, AF recurrence rates are high
following AF catheter ablation and adequate patient selection is crucial.® Recently,
the relation between epicardial adipose tissue (EAT) surrounding the myocardium
and AF has been reported.*> EAT is a unique energy depot and is composed of
adipocytes, stromovascular cells, immune cells, ganglia and interconnecting
nerves.® There is no fascial layer separating the EAT and the myocardium which
allows for direct paracrine and vasocrine effects on the myocardium.® This is
important since EAT secretes both pro- and anti-inflammatory adipokines and
direct effect on the myocardium has been demonstrated.* Computed tomography
(CT) attenuation values for adipose tissue range between -195 and -45 Hounsfield
units (HU).” Inflammation shifts the attenuation of the adipose tissue from a more
lipid phase, closer to -195 HU, towards a more aqueous phase, closer to -45 HU.
Attenuation of EAT on CT as a marker of inflammation has been linked to culprit
coronary lesions in acute coronary syndrome® and cardiac mortality®. One study
suggested a correlation between AF recurrence after AF catheter ablation and
higher EAT attenuation, i.e. closer to -45 HU, obtained from one slice on a four-
chamber view."” Volumetric assessment of EAT however may further increase
accuracy since variability exists in EAT thickness at different myocardial regions."
Furthermore, recent studies have demonstrated that adipose tissue posterior to
the left atrium (LA) had the strongest relationship with AF.'>'* Whether the posterior
LA adipose tissue mass and/or attenuation are related to AF recurrence following
AF catheter ablation is evaluated in the current study.
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METHODS

Patient population

The data that support the findings of this study are available upon reasonable
request to the corresponding author. Consecutive patients with symptomatic
AF who underwent preprocedural CT imaging for a first AF catheter ablation
between January 2014 and June 2018 at the Heart and Vascular Center of the
Semmelweis University Hungary, were included. CT was performed for evaluation
of LA anatomical characteristics and location of pulmonary veins. Patients with
uninterpretable CT images or who did not undergo a catheter ablation procedure
after CT were excluded. Patients were followed at the outpatient clinic and a three
month blanking period was implemented for AF recurrence following catheter
ablation. Outpatient clinical visits were scheduled at 3, 6 and 12 months and at
least yearly thereafter or when patients experienced symptoms. Follow-up visits
included clinical assessment, 12-lead ECG and 24h Holter monitoring. Recurrence
was prospectively recorded in the electronical medical records and defined as
documented AF or atrial tachycardia episode lasting for more than 30seconds.
Echocardiographic data, including left ventricular ejection fraction (LVEF) and
E/A-ratio were collected from the echocardiographic database. Demographic and
clinical data were collected from the electronic medical records. For retrospective
analysis of clinically acquired data, the institutional review board waived the need
of written patient informed consent. All data used for this study were acquired for
clinical purposes and handled anonymously.

CT acquisition

Patients were scanned using a 256-slice CT scanner (Brilliance iCT 256, Phillips
Healthcare, Best, The Netherlands) with 270msec rotation-time, 128 x 0.625mm
collimation and tube voltage of 100-120kV. Patients were pretreated with beta-
blockers if the heart rate exceeded 65 beats per minutes. Four-phasic injection
protocol with 85-95ml of iodinated contrast agent was used (lomeron 400, Bracco
Ltd; Milan, Italy) at a rate of 4.5-5.5ml/s. CT was acquired using prospective ECG-
gating covering 75 to 81% of the RR-interval. The CT datasets were reconstructed
with 0.8mm slice thickness and 0.4mm increment with hybrid iterative
reconstruction technique (iDose5, Philips Healthcare, Best, The Netherlands)
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CT image and LA adipose tissue analysis

LA adipose tissue measurements were performed using MASS software (Leiden
University Medical Centre, Leiden, the Netherlands) as described previously."* In
short, a cross-sectional view of the LA was obtained from the mitral annulus to
the LA roof from reconstructed two-and four-chamber views with a slice thickness
of 2mm. The LA adipose tissue located posterior of the LA was manually traced
from the base of the LA until the mitral annulus. Adipose tissue was automatically
recognized by the software as tissue with HU between -195 and -45 and the mean
HU of the adipose tissue was calculated (Figure S1in Data Supplement). LA volume
was calculated on CT images using IntelliSpace Portal (Philips Healthcare, Best,
The Netherlands).

Catheter ablation procedure

The indications for performed AF ablation procedures were in accordance with
the current guidelines.” Paroxysmal AF was defined as self-terminating AF,
while persistent AF was defined as AF lasting longer than 7 days.” Intravenous
fentanyl, midazolam, and propofol were used in all cases for conscious sedation.
Femoral venous access was used for all procedures. Transseptal puncture was
performed under fluoroscopy positioning and pressure monitoring. Intracardiac
echocardiography was used for visualization of the interatrial septum in case of
difficulty in performing safe transseptal puncture. An electroanatomical mapping
system (CARTO, Biosense Webster, Inc., Diamond Bar, CA, USA or ENSITE, St. Jude
Medical, Inc., MN, USA), and left atrial fast anatomical map was merged with
the cardiac CT images to guide ablation. Temperature controlled ablation was
performed with an irrigated 4mm tip catheter, with an standard target power
delivery of 25-35W in the majority of cases. Pulmonary vein isolation was the goal
of each initial procedure.

Statistical analysis

Categorical variables are presented as frequencies and percentages. Continuous
variables are presented as mean * standard deviation (SD) if normally distributed
and median and interquartile range (IQR) if not normally distributed. Categorical
variables were compared using the 2 test. Continuous variables were compared
using the Student’s t-test if normally distributed and the Mann-Whitney U-test if
not normally distributed. The relation of BMI with total EAT, posterior LA adipose
tissue mass and attenuation was investigated using Pearson correlation. Recurrent
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AF incidence rates were calculated from the end of the blanking period. Kaplan-
Meier analysis was performed for cumulative AF recurrence. The study population
was divided into two groups according to the mean posterior LA adipose tissue
attenuation (-96.4 HU) and compared with a log-rank test. We performed a
multivariable Cox proportional-hazards analyses and adjusted posterior LA adipose
tissue mass and attenuation for age’®, sex?, type of AF3, BMI?, antiarrhythmic drugs”,
LVEF'8, E/A-ratio’ and LA volume'. Any missing values among these variables were
statistically imputed. Four observers independently performed all measurements
and were blinded to patient outcome data. Ten patients were randomly selected
forinter-observer agreement and analyzed using inter-class correlation coefficient.
A p-value <0.05 was considered statistically significant. Statistical analyses were
performed using SPSS version 23.0 (SPSS, Armonk, NY, USA).

RESULTS

Patient characteristics

A total of 460 patients (66% male, age 61 + 10 years) were included in the analysis.
Clinical characteristics are shown in Table 1. There were 168 (37%) patients that
developed AF recurrence after catheter ablation during a median follow-up period
of 18 months (IQR 6-32). Patients with AF recurrence after catheter ablation were
older (62 + 10 vs 60 + 10 years; p=0.038), more often females (42 vs 30%, p=0.012)
and had more often persistent AF (33 vs 18%, p<0.001).

Table 1. Patient characteristics

Total patients  With recurrence No recurrence

(n=460) (n=168) (n=292) p-value
Clinical variables
Age (years) 61+10 62410 60+10 0.038
Male, n(%) 302 (66) 98 (58) 204 (70) 0.012
BMI (kg/m?) 2945 2945 29+4 0.285
Persistent AF, n(%) 106 (23) 54 (32) 52 (18) <0.001
Hypertension, n(%) 330(72) 125 (74) 205 (70) 0.335
Diabetes mellitus, n(%) 70 (15) 22 (13) 48 (16) 0.336

Hyperlipidemia, n(%) 116 (25) 43 (26) 73 (25) 0.887
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Table 1. Continued.

Total patients  With recurrence No recurrence

(n=460) (n=168) (n=292) p-value
Smoking, n(%) 130 (28) 59 (35) 71 (24) 0.054
Prior myocardial 14 (3) 6 (4) 8 (3) 0.689
infarction, n(%)
Medication
Antiarrhythmic drugs 252 (55) 98 (58) 154 (53) 0.347
B-blocker 147 (32) 53(32) 94 (32) 0.702
Calcium antagonist 70 (15) 23 (14) 47 (16) 0.393
ACE-I/ARB 144 (31) 51 (30) 93 (32) 0.551
Diuretics 91 (20) 34(20) 57 (20) 0.996
Statins 164 (36) 64 (38) 100 (34) 0.583
Aspirin 52 (11) 18 (11) 34(12) 0.660
Coumarins 193 (42) 79 (47) 114 (39) 0.095
DOAC's 153 (33) 55 (33) 98 (34) 0.857
Laboratory findings
eGFR ml/min/1.73 m2 82 (60-90) 83 (60-90) 80 (60-90) 0.779

Values are mean * standard deviation if normally distributed and median (interquartile
range) if not normally distributed.

ACE-I: angiotensin-converting enzyme inhibitor, AF: atrial fibrillation, ARB: angiotensin
receptor blocker, BMI: body mass index, DOAC's: directly acting oral anticoagulants, eGFR:
estimated glomerular filtration rate.

Imaging variables

Imaging variables of the total population, patients with and without AF recurrence
are shown in Table 2. Patients with AF recurrence had significantly more often LVEF
dysfunction (6 vs 2%, P=0.031), larger LA volumes (108 + 32ml vs 97 + 24ml, p<0.001)
and more often higher attenuation (>-96.4 HU) of the posterior LA adipose tissue (60
vs 50%, p=0.041). The sensitivity and specificity for the mean posterior LA adipose
tissue was 60% and 50%, respectively. There was a weak but significant correlation
between BMI and total EAT (r=0.27, p<0.0001) and between BMI and posterior LA
adipose tissue mass (r=0.26, p<0.0001). No significant correlation was found for BMI
and posterior LA adipose tissue attenuation (r=0.03, p=0.571) (Figure 1).
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Table 2. Imaging variables of the total population and stratified according to recurrence

Total patients With recurrence No recurrence

(n=460) (n=168) (n=292) p-value

Echocardiographic variables

LVEF<50%, n(%) 16 (4) 10 (6) 6(2) 0.031

E/A-ratio 1.2+0.4 1.210.4 1.220.4 0.557
CT variables

LA volume (ml) 101+£28 108+32 97124 <0.001

Posterior LA adipose tissue 10.1+5.1 10.0£5.0 10.1£5.1 0.923

mass (g)

Total epicardial adipose 109+44 111+43 108145 0.488

tissue mass (g)

Posterior LA adipose tissue -96.4+7.9 -95.616.2 -96.8+8.7 0.098

attenuation (HU)

Posterior LA adipose tissue 245 (53) 100 (60) 145 (50) 0.041

attenuation
>-96.4 HU, n(%)

Values are mean + standard deviation if normally distributed and median (interquartile
range) if not normally distributed.

CT: computed tomography, HU: Hounsfield units, LA: left atrial, LVEF: left ventricular ejection
fraction,
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Figure 1. Correlations between BMI, total EAT, posterior LA adipose tissue mass and
attenuation.
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Posterior LA adipose tissue attenuation and AF recurrence

Patients with higher posterior LA adipose tissue attenuation (>-96.4 HU) had more
cumulative recurrence rates of AF than patients with lower posterior LA adipose
tissue attenuation (<-96.4 HU) by Kaplan-Meier analysis (log-rank test p=0.046;
Figure 2). Table 3 summarizes the Cox regression analysis of the posterior LA
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adipose tissue mass and attenuation for AF recurrence following catheter ablation.
After correcting for known associates of AF recurrence posterior LA adipose tissue
attenuation (HR 1.26; 95% C10.90-1.76; p=0.181) remained a promising predictor of
AF recurrence following catheter ablation.

The inter-class correlation coefficient for inter-observer variability for posterior LA
adipose tissue mass was 0.995 (95% CI 0.988-0.999; p<0.001) and for LA adipose
tissue attenuation 0.990 (95% CI 0.971-0.997; p<0.001).

Figure 2. Kaplan-Meier curve for atrial fibrillation recurrence following catheter abla-
tion according to posterior LA adipose tissue attenuation.
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Table 3. Uni- and multivariable Cox regression analysis for atrial fibrillation recurrence
following catheter ablation.

Univariable Multivariable
Hazard ratio p-value Hazard ratio p-value
(95% CI) (95% CI)
Posterior LA adipose tissue 1.00 (0.97-1.03) 0.970 1.01 (0.97-1.04) 0.759
mass (per one unit increase)
Posterior LA adipose tissue 1.37 (1.00-1.86)  0.047 1.26 (0.90-1.76) 0.181

attenuation > -96.4 HU(yes/no)

* Adjusted for age, sex, AF type, body mass index, use of antiarrhythmic drugs, left ventricular
ejection fraction <50%, E/A-ratio and left atrial volume.
CI = confidence interval, HU = Hounsfield units, LA = left atrial
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DISCUSSION

The current study demonstrated that patients with higher posterior LA adipose
tissue attenuation had significantly more often AF recurrences following AF
catheter ablation. After correction for several known risk factors for AF recurrences
following catheter ablation, higher posterior LA adipose tissue attenuation
remained a promising predictor of AF recurrence.

EAT and AF

Recently, obesity has been recognized as an important, and modifiable risk factor
for AF development."? Although BMI has been used as a marker of general adiposity,
it incorporates both subcutaneous and visceral adipose tissue, despite both
structures being distinct.?® Of note, higher levels of proinflammatory adipokines
are secreted by visceral adipose tissue as compared to subcutaneous adipose
tissue, and visceral adipose tissue has been associated with a greater risk for
cardiovascular diseases.®®>20 EAT, the adipose tissue within the visceral layer of the
pericardium, has demonstrated to be an important source of adipokines.® Total EAT
is a stronger predictor for the presence of AF as compared to BML.> More specifically,
the relation between peri-atrial EAT and AF was examined in a population of 618
patients in sinus rhythm or with AF. Although, peri-atrial EAT thickness was higher
in patients with AF compared to those in sinus rhythm, posterior LA adipose tissue
thickness had the strongest correlation with the occurrence of AF of all LA adipose
tissue pads.”* Moreover, Batal et al. reported that only posterior LA adipose tissue
thickness was significantly associated with AF burden.'? Subsequently, Rosendael
and colleagues quantified the posterior LA adipose tissue and found that each gram
increase in posterior LA adipose tissue mass was associated with an increase of
32% in the risk of AF.'* While some studies also demonstrated a relation between
peri-atrial EAT assessed on CT and late AF recurrence after ablation,? % others could
not confirm this relation.?*? This discrepancy could be explained by methodological
differences in assessment of peri-atrial EAT. Likewise, in the current study we
could not demonstrate an association indicating that the quantity of posterior LA
adipose tissue might not be an important measure for predicting AF recurrence.
Another explanation could be related to the large posterior LA adipose tissue
mass (mean 10.1 gram) found in our population. The higher BMI in the current
population, compared to populations in previous studies, suggest higher adiposity
and higher peri-atrial EAT in the current population. It may be that the posterior
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LA adipose tissue mass has reached the maximum mass in both the recurrence
and no-recurrence groups. This is further supported by the higher total EAT in the
current population compared to previous studies.?"®

Inflammation and AF

Histological examination of atrial tissue in patients with AF has shown evidence
of inflammation.? Various clinical studies have also reported a relation between
inflammation and AF.?2¢ Specifically, systemic inflammatory biomarkers are
increased in AF patients while anti-inflammatory therapy decreases the AF risk.?”
% However, systemic inflammatory biomarkers might not represent inflammatory
activity at the tissue level.3° The close proximity of EAT to the LA, the ability of
EAT to produce inflammatory adipokines and its association with AF makes EAT
an attractive target for measuring inflammation in AF patients. Mazurek et al.
quantified the inflammatory activity of EAT, visceral thoracic adipose tissue and
subcutaneous adipose tissue using "®F-fluorodeoxyglucose positron emission
tomography in 21 patients with AF and 21 controls.?' Inflammatory activity of EAT in
AF patients was significantly higher compared to controls. Moreover, inflammatory
activity of EAT was higher compared to subcutaneous adipose tissue and even
thoracic visceral adipose tissue in AF patients.?' Ciuffo et al. demonstrated in 143
patients that increased attenuation (as a marker of inflammation) of peri-atrial
adipose tissue measured from a single slice four-chamber view on CT was a
predictor of AF recurrence after catheter ablation.'” However, in the same study
attenuation of the peri-atrial adipose tissue measured from the two-chamber
view was not associated with AF recurrence, highlighting the variability of the EAT
at different myocardial regions and the importance of volumetric quantification
of EAT."" The results from the current study demonstrate similar findings, using
volumetric quantification in a larger patient population: more inflamed peri-atrial
adipose tissue is associated with AF recurrence after catheter ablation. Several
explanations for this relation could be considered. A more inflamed atrial wall might
impede adequate lesion transmurality during ablation through the formation of
edema.3? Another explanation might be the formation of atrial fibrosis through
localized inflammatory processes induced by EAT.* Atrial fibrosis might enable the
formation of intra-atrial re-entry circuits and the presence of atrial fibrosis reduces
catheter ablation success.** While we observed similar posterior LA adipose tissue
mass between those patients that experienced AF recurrence and those patients
that did not, patients with AF recurrence had larger LA volumes. Increasing LA
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volumes leads to more enhanced stretching of the LA wall allowing for a larger
contact area between the EAT and the LA wall. As the inflammatory adipokines of
EAT directly exert their action on the LA wall through paracrine effects,® in addition
to the attenuation of the posterior LA adipose tissue, the contact area between the
EAT and the LA wall might also be an important factor in AF recurrences.

Assessment of the posterior LA adipose tissue attenuation on CT is a novel and
easily accessible tissue specific biomarker of inflammation prior to AF catheter
ablation. Moreover, attenuation of peri-vascular EAT assessed from CT could be
a marker to track response to anti-inflammatory therapy.** In addition, several
studies have demonstrated that anti-inflammatory therapy reduces the risk for
AF.282 Assessment of posterior LA adipose tissue attenuation may potentially
guide/personalize the use of anti-inflammatory therapy to reduce AF recurrences.

Study limitations

This was a single center study with a retrospective design. Patients with inadequate
CT quality were excluded, which may have introduced selection bias. Moreover,
the attenuation values reported in this study may be limited to this specific CT
scanner and should be validated with other CT scanners. The optimal cut-off values
found in this study population should be confirmed in future studies including
larger populations and using different CT scanners. Such validation is important
to further assess the role of posterior LA adipose tissue attenuation before clinical
implementation. Since AF recurrences were defined as documented episodes and
we did not solely rely on reported complaints, some patients with recurrences might
have been missed.

CONCLUSIONS

Posterior LA adipose tissue attenuation is a promising novel and tissue specific
biomarker of AF recurrence. Higher attenuation of the posterior LA adipose tissue
might signal local inflammation and serve as an imaging biomarker of increased
risk of AF recurrence.
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Summary and Conclusions

The formation and growth of atherosclerotic plaques is a complex process
which takes years before clinical symptoms occur. Chapter 2 demonstrates this
dynamic process of coronary plaque evolution during long-term follow-up in a
low-to-intermediate risk population. Men had more plaques in the coronary
arteries on computed tomography (CT) than women, however the plaque burden
normalized for the vessel volume on a per lesion analysis did not differ between
men and women at baseline or during follow-up. Compositional plaque analysis
demonstrated that women had lower fibro-fatty plaque volume at baseline and
follow-up when compared to men. Furthermore, non-calcified and fibrous plaque
volume regressed faster in women compared to men in the age category of less
than 55 years of age. Conversely, no sex differences were noted in the patients
aged 55 years or more. In Chapter 3, the relation between an anatomical marker
of coronary artery disease (CAD), the coronary artery calcium (CAC) score, was
compared with a functional marker of CAD, CT myocardial perfusion. The presence
of inducible myocardial ischemia increased with increasing CAC score. Moreover,
calcium score was the only determinant on multivariable analysis that significantly
predicted the presence of inducible myocardial ischemia.

In Chapter 4, global left ventricular (LV) myocardial work efficiency was determined
non-invasively using pressure-strain loops constructed from sphygmomanometric
blood pressure measurements and 2D speckle tracking strain echocardiography.
Global LV myocardial work efficiency was lower in individuals with structural heart
disease: post ST-segment elevation myocardial infarction (STEMI) and heart failure
with reduced LV ejection fraction. In individuals with cardiovascular risk factors but
without structural heart disease, global LV myocardial work efficiency was similar
to healthy subjects. In Chapter 5, segmental myocardial work efficiency and several
other myocardial work indices were determined in patients following STEMI and
compared to segmental hyperenhancement on late gadolinium contrast enhanced
cardiac magnetic resonance (LGE CMR). Myocardial work index, constructive work
and myocardial work efficiency were higher in non-infarcted segments, followed by
segments with non-transmural infarction and transmural infarction respectively.
Meanwhile, wasted work demonstrated an inverse relation.
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Chapter 6 investigated the role of LV global longitudinal strain (GLS) and heart/
mediastinum (H/M) ratio on myocardial innervation/denervation imaging
(using 123I-MIBG scintigraphy) in predicting ventricular arrhythmias (defined as
appropriate therapy (shocks, anti-tachycardia pacing) on implantable cardioverter
defibrillator (ICD)) in patients with heart failure. Both LV GLS and the H/M-ratio,
were significantly more impaired in individuals with appropriate ICD therapy
compared to those without, while LV ejection fraction was similar in both groups.
Multivariate Cox regression analysis identified LV GLS and H/M ratio on 1231-MIBG
scintigraphy as independent predictors of appropriate ICD therapy. Finally, in
Chapter 7, attenuation of posterior left atrial adipose tissue on CT (as marker of
inflammation) was shown to be a promising predictor of atrial fibrillation recurrence
following catheter ablation.

Conclusions

Multimodality imaging is an important tool to guide the management of patients
with cardiovascular disease. Technological advancements in CT have allowed
for increased image quality with reduced radiation exposure. This permits CT
to be utilized in larger populations with lower risk, and provides increasingly
more information, alone or combined with other imaging modalities. Advanced
echocardiographic techniques including 2-dimensional speckle tracking imaging
(permitting measurement of LV GLS, and more recently non-invasive myocardial
work) may provide important information in the characterization and risk-
stratification of patients.

Further prospective studies in larger patient populations are needed to confirm the

current results, before widespread clinical implementation of these sophisticated
imaging techniques can be recommended.
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Samenvatting en conclusies

De vorming en groei van atherosclerotische plaques is een complex proces wat jaren
in beslag neemt voordat klinische symptomen optreden. Hoofdstuk 2 demonstreert
dit dynamische proces van coronaire plaque evolutie tijdens lange termijn follow-
up in een populatie met een laag tot gemiddeld risico op hart- en vaatziekten.
Mannen hadden meer plaques in de kransslagaders op computertomografie
(CT) dan vrouwen, maar de plaqueburden genormaliseerd voor het vaatvolume
in een per-laesie analyse verschilde niet tussen mannen en vrouwen bij aanvang
of tijdens follow-up. Compositorisch plaque-analyse toonde aan dat vrouwen een
lager fibro-fatty plaquevolume hadden bij aanvang en follow-up in vergelijking met
mannen. Bovendien was er sprake van een snellere regressie van het non-calcified
en fibrous plaquevolume bij vrouwen dan bij mannen in de leeftijdscategorie
jonger dan 55 jaar. Daarentegen, bij de patiénten van 55 jaar of ouder werden geen
sekseverschillen gezien. In Hoofdstuk 3 werd de relatie tussen een anatomische
marker van coronaire hartziekte, de coronaire arteriéle calcium (CAC) score,
vergeleken met een functionele marker, CT myocardperfusie. De aanwezigheid
van induceerbare myocardischemie op CT myocardperfusie nam toe met een
toenemende CAC score. Bovendien was calcium score de enige determinant in
multivariabele analyse die de aanwezigheid van induceerbare myocardischemie
significant voorspelde. In Hoofdstuk 4 werd de global left ventricular (LV) myocardial
work efficiency niet-invasief bepaald met een behulp van een nieuwe techniek dat
pressure-strain loops construeert uit sfygmomanometrische bloeddrukmetingen in
combinatie met 2-dimensionale speckle tracking strain echocardiografie. De global
LV myocardial work efficiency was lager bij personen met structurele hartziekte:
post-ST-segment elevatie myocardinfarct (STEMI) en hartfalen met verminderde
LV ejectiefractie. Bij personen met cardiovasculaire risicofactoren maar zonder
structurele hartziekte was de global LV myocardial work efficiency vergelijkbaar met
die van gezonde proefpersonen. In Hoofdstuk 5 werden de segmentale waardes
van LV myocardial work efficiency en andere myocardial work indexen bepaald bij
patiénten na een STEMI en vergeleken met segmentale signaalintensiteit op
late gadolinium contrast enhanced (LGE) cardiale magnetische resonantie (CMR).
Myocardial work index, constructive work en myocardial work efficiency waren allen
het hoogst in niet geinfarceerde segmenten, gevolgd door respectievelijk niet-
transmuraal geinfarceerd en transmuraal geinfarceerd segmenten. Integendeel,
myocardial wasted work toonde een omgekeerde relatie.
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In hoofdstuk 6 wordt de rol van LV global longitudinale strain (GLS) en hart/
mediastinum (H/M) ratio op myocardiale innervatie/denervatie beeldvorming (met
behulp van 1231-MIBG scintigrafie) onderzocht op het voorspellen van ventriculaire
aritmieén (gedefinieerd als correcte therapie (shocks of antitachycardie pacing)
op implanteerbare cardioverter defibrillator (ICD)) bij patiénten met hartfalen.
Zowel LV GLS als de H/M-ratio waren significant meer aangetast bij personen met
correcte ICD-therapie in vergelijking met personen zonder, hoewel LV ejectiefractie
vergelijkbaar was in beide groepen. Multivariate Cox-regressie analyse
identificeerde LV GLS en H/M-ratio op 123I-MIBG-scintigrafie als onafhankelijke
voorspellers voor correcte ICD-therapie. Tot slot, in hoofdstuk 7 werd aangetoond
dat de attenuatie van het posterieur linker atrium vetweefsel op CT (als marker van
inflammatie) een veelbelovende voorspeller is voor recidief van atriumfibrilleren
na katheterablatie.

Conclusie

Multimodale beeldvorming is een belangrijk hulpmiddel in de behandeling van
patiénten met hart- en vaatziekten. Technologische vooruitgang in CT hebben
gezorgd voor toenemende beeldkwaliteit met verminderde blootstelling aan straling.
Hierdoor kan CT, alleen of in combinatie met andere beeldvormende modaliteiten,
worden gebruikt in steeds grotere populaties met een lager risico en wordt tevens
steeds meer informatie verstrekt. Geavanceerde echocardiografische technieken,
waaronder 2-dimensionale speckle tracking imaging (voor de meting van LV GLS en
recentelijk non-invasieve myocardial work) kunnen belangrijke informatie opleveren
bij de karakterisering en risicostratificatie van patiénten met hart- en vaatziekten.

Prospectieve studies in grotere patiéntenpopulaties zijn nodig om de bevindingen die

in dit proefschrift staan beschreven te bevestigen voordat klinische implementatie

van deze geavanceerde beeldvormingstechnieken kan worden aanbevolen.
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