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Chapter 9

GENERAL DISCUSSION

This thesis was aimed to provide novel insights into the effects of  cardiovascular risk factors and 
myocardial infarction on LV remodeling. It also provides suggestions for improvement of  early 
detection of  adverse LV remodeling to improve primary prevention of  cardiovascular events. 

Part I: Cardiovascular risk factors
The first part of  this thesis was aimed to provide more insight into mechanisms leading to LV 
remodeling by investigating associations between cardiovascular risk factors and LV remodeling. 
In Chapter 2, a dose-dependent association between smoking and impaired LV (and RV) systolic 
function was observed, in terms of  ejection fraction as well as myocardial strain measures, using a 
matched case-control approach. The observed associations were driven by daily smokers, suggesting 
a dose-dependent effect. Previous studies reporting on the effects of  tobacco smoking on cardiac 
structure and function have shown contradictory results1-6. Most previous studies observed an 
association between tobacco smoking and reduced systolic function and increased LV mass. In 
this study, tobacco smoking was not associated with increased LV mass. A possible explanation 
might be that LV hypertrophy has a very multifactorial etiology (e.g. metabolic, immunologic, 
vascular) and by using strict in- and exclusion criteria, a selection of  relatively healthy population 
of  UK Biobank participants was made, free of  major cardiovascular disease and with body mass 
index and blood pressures within normal ranges. This strict pre-selection, combined with the 
further correction in the linear regression models, should more clearly show the independent 
effects of  active tobacco smoking. More subtle changes in cardiac contractility were assessed 
using myocardial strain analyses. Several large epidemiological studies have suggested tobacco 
smoking to be a risk factor for impaired cardiac function and heart failure7,8, assumed to be driven 
by myocardial infarctions. The observed results indicate that there is a direct relationship between 
tobacco smoking and subclinical impaired systolic function, although the possibility of  myocardial 
ischemia or silent myocardial infarctions playing a role in the observed effects cannot be completely 
ruled out. Tobacco smoke consists of  more than 5.000 toxic and carcinogenic chemicals9. The 
(chronic) exposure to these toxic chemicals have potentially devastating effects on cardiac tissue, 
causing a complex cascade of  inflammation, endothelial injury, dysfunction, cell death and fibro-
fatty replacement10. Biochemically, tobacco smoking has been associated with increased levels of  
biomarkers for increased wall stress and myocardial injury such as NT-proBNP and high-sensitive 
troponin T11. Although the study was not powered for it, no significant effect of  occasional 
smoking on cardiac structure and function was found. A large limiting factor for the study was 
the questionnaire design by the UK Biobank, the cohort in which the study was performed. 
Important parameters such as number of  cigarettes smoked daily, as well as packyears, were not 
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available in all participants. Besides smoking, hypertension is another important risk factor for 
myocardial infarction which generally does not lead to symptoms. This means that individuals 
who are affected often do not visit a medical professional until a symptomatic comorbidity such 
as myocardial ischemia due to coronary artery disease has manifested. Hypertension is the leading 
risk factor for deaths due to cardiovascular diseases, causing more than 40% of  cardiovascular 
deaths12. The threshold of  SBP and DBP that defines hypertension continues to be discussed, as 
even small increases in blood pressure from thresholds of  115 mmHg SBP and 75 mmHg DBP 
have been associated with an increased risk of  cardiovascular events13. In Chapter 3, the effect 
of  SBP on CMR-derived measures of  LV structure and function was assessed using a Mendelian 
randomization approach by selecting 300 individuals with extremes of  genetically predicted SBP. 
The study provided evidence for a causal relationship between lifelong exposure to increased 
SBP and adverse LV remodeling, namely an increased LV mass and increased LV global radial 
strain. To the authors’ knowledge, this study is the first to report associations between genetically 
predicted SBP and CMR-derived measures of  cardiac structure and function. A large effect of  
genetically predicted SBP on LV mass was observed. These findings are in line with an earlier 
study that showed a significant association between genetically predicted SBP using 29 genetic 
variants and increased LV wall thickness as measured by echocardiography14. Similar associations 
have been reported for phenotypic SBP15. LV mass and concentricity of  the LV are known to be 
strong predictors of  incident cardiovascular events16. Although confidence intervals somewhat 
overlapped, point estimates of  the effect size of  genetically predicted SBP were larger compared 
with phenotypic SBP. This is an expected result, as phenotypic SBP is a snapshot at a specific 
moment in time while genetically predicted SBP are stable and cumulative over a whole lifetime. 
In addition to the expected effects on LV mass, a strong association between genetically predicted 
SBP and increased LV radial strain was observed, which was also present for phenotypic SBP but 
to a much lesser extent. Previous studies have mostly reported associations between hypertension 
and impaired LV longitudinal strain, and in some cases also impaired circumferential strain17,18. 
In these studies, myocardial strain was most significantly impaired in obese subjects with 
hypertension, while in the study presented in this thesis, obesity was an exclusion criterium. This 
could have affected the observed associations. Also, a prolonged exposure to high blood pressure 
can cause irreversible myocardial damage which can progress into to heart failure.  The previously 
mentioned studies might have investigated individuals that had already suffered hypertension-
related injury to the myocardium leading to subclinical functional impairment. So whereas 
genetically predicted SBP is initially associated with increased LV contractility and myocardial 
strain, a progressed stage of  hypertensive disease resulting in myocardial damage will eventually 
lead to impairment of  myocardial strain. 
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Part II: Myocardial infarction
In the second part of  the thesis, the focus shifts from investigating subclinical LV remodeling in 
healthy individuals with cardiovascular risk factors to investigating a more severe phenotype of  
LV remodeling in patients who experienced a myocardial infarction. This part of  the thesis was 
aimed towards identifying predictors of  structural LV remodeling after myocardial infarction, 
assessing differences between imaging modalities in assessing LV remodeling, and investigating 
the empirical evidence supporting devices that were designed to restore the LV to its original 
shape. In Chapter 4, cardiac specific biochemical biomarkers were demonstrated to be the best 
predictors of  structural LV remodeling 4 months after myocardial infarction. LV wall thickness 
of  non-infarcted myocardium was not correlated with infarct size, biomarkers for cardiac injury, 
or other LV remodeling parameters, suggesting that the presumed compensatory hypertrophic 
response of  remote myocardium is not related to cardiac injury caused by ST-elevation myocardial 
infarction. The strongest predictor of  LVEDV was NT-proBNP, a measure of  LV wall stress, 
whereas the strongest predictor of  LVESV was peak enzymatic infarct size. This is an expected 
result, as LVESV is the first to be affected in adverse LV remodeling post myocardial infarction19. 
Predictors of  LV dilatation after ST-elevation myocardial infarction in previous studies include 
infarct zone, wall motion score index, peak CK, extent of  coronary artery disease, LV dyssynchrony, 
and early mitral regurgitation20-22. In daily clinical practice, physicians generally rely on enzymatic 
infarct size to predict LV remodeling. The data from this study suggests that NT-proBNP 6-8 
weeks after hospital admission is a better predictor of  LV volume indices compared to (peak) 
Troponin T, CK, and CK-MB, and could be used more frequently in clinical practice for risk 
stratification and treatment optimization. LV mass was most strongly predicted by NT-proBNP 
at two weeks, in addition to age, sex, hypertension, and blood pressure. NT-proBNP has been 
frequently associated with LV mass and has been suggested to be used as a screening tool for LV 
hypertrophy23-25. In this study, predictors of  remote LV wall thickness generally corresponded with 
predictors of  LV mass, apart from HbA1c and active smoking, which were both associated with 
a larger remote wall thickness. These results are counterintuitive, for both diabetes mellitus and 
smoking are associated with heart failure with reduced ejection fraction and not with heart failure 
with preserved ejection fraction7. Possibly, the proinflammatory effects of  smoking and diabetes 
mellitus increase the chances of  a maladaptive hypertrophic response of  the myocardium, in the 
long term increasing the chance of  developing heart failure with reduced ejection fraction. After 
myocardial infarction, accurate measurements of  LV structure and function are highly important 
as they are used for risk stratification. LVEF measurements are frequently used to determine 
clinical indications, e.g. for implantable cardioverter defibrillator implantation (LVEF ≤35%), 
heart failure pharmacotherapy (LVEF ≤40%), or classification of  heart failure patients in the 
new category of  heart failure with mid-range ejection fraction (LVEF 40-49%)26-28. Although 
CMR is considered the gold standard imaging modality for assessment of  cardiac structure and 
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function29, it currently has its disadvantages in terms of  availability, time-consumption, and costs. 
2D TTE is a widely available, bedside, time- and cost-effective alternative for CMR, and standard 
clinical care in patients hospitalized for ST-elevation myocardial infarction30,31. In Chapter 5, we 
aimed to investigate the agreement between CMR and 2D TTE measurements of  LV structure 
and function and assess potential sources of  bias. In same-day 2D TTE and CMR assessments of  
a large ST-elevation myocardial infarction cohort, a substantial underestimation of  LV volumes 
and overestimation of  LV mass in 2D TTE compared to CMR was observed, which is consistent 
with existing literature6,32-35. Bias in LVEF measurements was small, but with a large range of  
agreement. Only one similar study has been performed in myocardial infarction patients, including 
150 patients, finding a slightly smaller bias in LV volumes with a similar range of  agreement, and a 
roughly 10% wider range in limits of  agreement between LVEF measurements34, highlighting the 
importance of  reproducible measurements in a core laboratory. To further understand the observed 
differences, the current study was, to the authors’ knowledge, the first study to assess the effect of  
potential confounders or sources of  bias between 2D TTE and CMR measurements by applying 
linear regression analyses to find determinants of  bias. Interestingly, body mass index was not 
associated with bias in LV mass, LV volumes, or LVEF, although it is known to negatively affect 
TTE image quality36. Even though it affects reliability of  measurements due to reducing visibility 
of  endo- and epicardial borders, it appears to not lead to a structural under- or overestimation of  
2D TTE measurements. A larger enzymatic infarct size (peak Troponin T) was associated with 
bias between 2D TTE and CMR-derived measurements of  LVESV and LVEF, possibly resulting 
in an underestimation of  LVESV and overestimation of  LVEF by 2D TTE in patients with a 
large infarct size. This could explain the low sensitivity (52%) to detect LVEF <50% using 2D 
TTE and an even lower sensitivity (25%) to detect LVEF ≤35%, although this was only based 
on 8 patients. As image acquisition and post-processing was performed in adherence to clinical 
recommendations37,38, the observed differences are likely universal in character. These results 
support the use of  CMR in patients with large myocardial infarctions for clinical decision-making 
around implantable cardioverter-defibrillator implantation and pharmacologic treatment, and for 
accurate classification of  heart failure categories in clinical trials. After myocardial infarction, 
drug therapies targeting neurohormonal pathways have shown to attenuate LV remodeling, which 
is associated with reduced long-term mortality39. The association between attenuation of  LV 
remodeling and improved outcome led to the hypothesis that surgical restoration of  the original 
volume and ellipsoid shape of  the LV could be beneficial in cases of  severe LV remodeling. 
In Chapter 6, by critically reviewing existing literature, little empirical evidence was found for 
the use of  surgical and transcatheter LV restoration devices designed to restore the shape and 
function of  the LV in cases of  severe adverse LV remodeling. Both surgical and transcatheter LV 
restoration techniques consistently demonstrate improvements in quality-of-life measures and 
functional status, but currently fail to demonstrate a clear survival benefit. The umbrella-like 
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Parachute® device (Cardiokinetix, Redwood City, California, USA) could be beneficial in heart 
failure patients with a recent anterior MI, poor systolic function and a suitable LV anatomy by 
reducing cardiac dimensions and end diastolic wall stress. However, randomized controlled trials 
investigating its use have been terminated and it is uncertain whether investigation of  the device 
will be continued. Theoretically, most potential benefit of  LV restoration devices is early after 
myocardial infarction and should be aimed at preventing adverse LV remodeling, using devices 
that can alter LV mechanical properties, such as transcatheter injection of  biomaterials in the 
infarcted region. This will require proper selection of  patients at risk of  adverse LV remodeling.

Part III: Improvements
In the third and final part of  the thesis, the focus shifts from studying mechanisms of  LV 
remodeling to investigating possible improvements to measures of  LV structure of  function 
detection in order to facilitate early detection of  adverse LV remodeling. In Chapter 7 of  
this thesis, an improved indexation of  LV volumes using lean body mass and the R-R interval 
is proposed. In subjects of  the UK Biobank with manually determined measures of  cardiac 
structure and function, six independent determinants of  both LVEDV and LVESV in the general 
population were observed. Both DXA-derived and impedance-derived lean body mass predicted 
substantially more variance in LV volumes than BSA, and the R-R interval during the imaging 
procedure was the second most important determinant of  LV volumes, which can be accounted 
for using a simple correction. Narrow margins to account for physiological variation of  clinical 
parameters are essential to early recognize subtle deviations from normal cardiac structure and 
function. In previous publications, LV volume indices showed large variation across sexes, age 
groups, and ethnicities, which has resulted in various categories of  reference values29,40,41. If  the 
method of  indexation used in clinical practice is improved, reference values could be simplified 
and possibly not require categories for age and ethnicities. In order to find the most optimal 
indexation methods, one has to understand why parameters such as cardiac output, cardiac size, 
glomerular filtration rate and respiratory function measures vary within individuals. In the human 
body, respiration, circulation and excretion need to be accommodated to the body’s metabolic 
rate. The ideal indexation would therefore be measurement of  an individual’s metabolic rate 
using calorimetry42. Max Rubner, in 1883, found that BSA of  dogs was proportional to their 
metabolic rate42. Being unable to measure metabolic rate in a clinical setting, BSA seemed like 
a good alternative to use for indexation. In the current study, DXA-corrected lean body mass 
explains substantially more variance of  LVEDV and LVESV compared to BSA and height. This 
is understandable, as fat mass is mainly used for energy storage and is not very metabolically 
active. Lean body mass has been proposed before as a measure for indexation43,44. Indexation 
to lean body mass has been applied previously in a population of  adults free of  cardiac disease, 
yielding greater volume and mass in women45. Possible reasons for this proposed by the authors 
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are a greater cardiac structural response to demand in women, or underestimation of  DXA-
derived lean body mass in women46. In a study in 90 young athletes, indexation of  LV volumes 
to lean body mass reduced sex differences to a non-significant level47. Although DXA scans 
to derive lean body mass might be feasible in scientific studies, in clinical practice it would be 
cumbersome strategy. Therefore, an alternative method to estimate lean body mass using more 
easily obtainable bioelectrical impedance measurements was also investigated. Even though 
impedance measurements were done at baseline visit, indexation to impedance-derived lean body 
mass also performed better compared with both BSA and height. The results also indicate that 
differences in LV volumes between sexes are reduced to non-significant levels when correcting 
for lean body mass. This might also hold true for differences between ethnicities. An optimized 
indexation method using lean body mass will therefore reduce differences in cardiac volume, 
mass and output measurements between sexes and ethnicities, resulting in easier applicable and 
more generalizable reference values for clinical practice. After lean body mass, the strongest 
physiological determinant of  LVEDV was the R-R interval during CMR assessment. To facilitate 
implementation of  heart rate adjustment, a simple correction equation was constructed that 
adds value in reducing variability in LV volume indices. Both indexation to lean body mass and 
application of  the R-R interval correction reduced the variability in LV volumes compared to 
indexation to BSA. This could lead to improved early detection of  adverse LV remodeling and 
recognition of  clinical diagnoses such as dilated cardiomyopathy. Another way to improve early 
detection of  LV remodeling is to make measurements more reproducible and accurate. One way 
to achieve this is using AI-based algorithms. In Chapter 8, a range of  novel AI-based methods 
is presented and their possible use for improving reproducibility and accuracy in medical imaging 
and providing tailored therapy are discussed.

FUTURE PERSPECTIVES

To minimize the relentlessly high societal burden of  cardiovascular disease in an aging population, 
the focus in the cardiovascular field should shift towards primary prevention48. One of  the possible 
ways to achieve this is to select individuals at high risk of  developing cardiovascular disease 
and using early pharmacological or lifestyle interventions to prevent cardiovascular disease from 
occurring. Early detection of  cardiovascular disease is difficult due to the large differences in 
cardiac structure and function between ethnicities, sexes, age ranges, and due to large intra- and 
interobserver variability and differences between imaging techniques. Indexation of  measures 
of  cardiac structure to lean body mass and R-R interval, as proposed in this thesis, could be a 
method to reduce these differences and to improve early detection of  adverse LV remodeling. 
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Genetic risk scores are another potential tool that can be used for the detections of  individuals at 
risk and prevention of  cardiovascular disease starting from an early stage in life. Because genetic 
variants are present from conception, they will have a cumulative burden on the cardiovascular 
system during one’s lifetime. Hypothetically, a hypertensive individual with a large genetic 
component could have less benefit from lifestyle interventions and require earlier pharmacologic 
intervention. Risk stratification based on genetic predisposition for hypertension (or myocardial 
infarction) might eventually lead to clinical trial designs where individuals with a high genetic risk 
receive early antihypertensive lifestyle or pharmacologic interventions, possibly even tailored to 
counter the specific mechanism of  action. Future studies could also aim at determining whether 
hypertensive individuals with a large genetic component respond differently to pharmacologic 
treatment and whether a genetically predicted risk of  hypertension also has additional value in 
predicting and preventing cardiovascular risk. It would also be interesting to investigate whether 
there is a causal effect of  systolic blood pressure on diastolic function. A pitfall is that there 
appears to be a lack of  consensus on the definition of  diastolic dysfunction, although very 
recently a consensus document for the diagnosis of  heart failure with preserved ejection fraction 
has been published49.

Further research is needed to unravel the mechanisms behind the observed link between tobacco 
smoking and depressed systolic function. It is unclear whether the observed effect of  smoking on 
systolic function is a direct effect due to, for example, microvascular dysfunction, or whether the 
observed associations are due to the effects of  myocardial ischemia or silent infarction. Ideally, 
subjects included in a follow-up study should also undergo either invasive testing of  coronary flow 
reserve (a measure of  microvascular dysfunction) or stress perfusion CMR imaging to visualize 
reversible and irreversible perfusion defects. An possible follow-up study would be to assess the 
effect of  smoking on diastolic function using TTE assessments, although these were not available 
in the UK Biobank. 

As heart failure with preserved ejection fraction appears to have a multifactorial etiology7, there is a 
very realistic possibility that specific combinations of  cardiovascular risk factors have a synergistic 
effect on adverse cardiac remodeling. For example, one study observed that LV myocardial strain 
was most significantly impaired in subjects with both obesity and hypertension50. Understanding 
the interactions between cardiovascular risk factors on adverse LV remodeling could provide more 
insight into mechanisms leading to heart failure, thus providing distinct categories of  patients that 
benefit most from early interventions.

Although there currently is no evidence for the use of  LV restoration devices in patients who 
underwent myocardial infarction, there is more theoretical benefit of  LV restoration at an 
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early stage after myocardial infarction. Therefore, early assessment of  myocardial viability after 
myocardial infarction could be a tool for risk stratification and determining the need for an early 
intervention.

To make medical imaging measurements more accurate and reproducible, AI-based algorithms 
are a great potential tool to remove interobserver variability from the equation. Many deep 
learning-based segmentation algorithms for automated derivation of  cardiac parameters of  
structure and function from CMR assessments have been developed51,52. Interobserver variability 
between algorithm and human observers is already comparable to human-human interobserver 
variability53. The more data becomes available for algorithms to train on, the more accurate and 
reproducible algorithm-derived measurements will become. When AI-based algorithms become 
widely used in clinical practice, the improved reproducibility of  measurements will lead to more 
precision in determining cut-off  values of  LVEF for pharmacologic treatment and implantable 
cardioverter-defibrillators, which should improve the outcome of  heart failure patients. Machine 
learning algorithms might also have additional value in predicting treatment response, thus 
facilitating tailored therapy by identifying subgroups of  patients that can benefit from specific 
therapies. Recently, an unsupervised machine learning clustering algorithm of  clinical parameters 
and imaging data has shown that responders on cardiac resynchronisation therapy may be 
predicted by clustering them into subgroups54. In the future, these algorithms could identify new 
parameters of  adverse cardiac remodeling that improve a clinician’s ability to predict (and prevent) 
cardiovascular morbidity and mortality.

Another way to improve early detection of  adverse LV remodeling is to make more use of  
myocardial strain measurements in clinical practice. A recent meta-analysis of  patients with 
various cardiovascular diseases revealed that global longitudinal strain was superior to LVEF in 
predicting mortality, when using baseline measurements, and also when using changes over time55. 
LVEF is only moderately reproducible because of  limitations such as its reliance on geometric 
assumptions to determine LV volumes and dependency on loading conditions and heart rate56. 
In clinical practice however, LVEF remains by far the most widely used biomarker for risk 
stratification. The most important hurdle that prevents myocardial strain measurements from 
being used in daily clinical practice is that evidence-based treatment algorithms with beta-blockers 
and ACE inhibitors are based on clinical trials that used inclusion criteria based on cut-off  levels 
of  LVEF. Ideally, all heart failure studies should be repeated using cut-off  levels of  myocardial 
strain values, but this would clearly be unethical. Because myocardial strain is superior in predicting 
cardiovascular morbidity and mortality, it is likely also superior in predicting pharmacologic 
treatment response for heart failure. It would be tempting to speculate that individuals with 
relatively preserved myocardial strain despite reduced LVEF receive less benefit from treatment. 
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Using insights from studying cardiovascular remodeling in cardiovascular risk factors and 
myocardial infarction, this thesis proposes novel ways to detect adverse LV remodeling by 
optimizing the accuracy and reproducibility of  measurements of  LV structure and function, as 
well as reducing interindividual differences. The proposed tools can be deployed to improve early 
detection of  LV remodeling, thus identifying subjects at risk of  developing adverse cardiovascular 
events who can benefit from targeted pharmacologic and lifestyle interventions. This has the 
potential to reduce cardiovascular morbidity and mortality and enhance healthy aging.
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