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POPULAR SCIENCE SUMMARY OF THE THESIS

Heart failure (HF) is a syndrome characterized by fatigue, dyspnea, and swelling of the legs
due to poor cardiac function. The symptoms appear partly because of compensatory effects
due to the inability of the heart to pump enough blood to meet the need of the body’s organs.
HF can be classified into three groups according to the percentage of maximal blood volume
in the left ventricle that is pumped into the aorta. This is called the ejection fraction (EF)
which in a healthy person is around 55%. HF with EF <40% is referred to as HF with reduced
EF (HFrEF) and it is the form of HF where pharmacotherapy has proven effective in
improving heart function and saving lives. HF with EF between 41-49% is called HF with
mildly reduced EF (HFmrEF) and HF with EF>50% is called HF with preserved EF
(HFpEF). Many heart diseases can lead to HF and the most common causes are myocardial
infarction, hypertension, and valvular disease. Patients with HFrEF more often have a history
of myocardial infarction compared with patients with HFpEF who more often have
hypertension, diabetes, obesity, and atrial fibrillation. HFmrEF shares diseases seen both in
HFrEF and HFpEF. On average, HF patients are in their mid-70s when they get the diagnosis.
Quality of life is often poor with frequent hospitalizations and the 5-year survival rate after
HF diagnosis is about 50%, which is worse than most forms of cancer. Heart transplantation
Is the ultimate option in younger patients with severe and symptomatic HF, sometimes after a
period of treatment with a mechanical pump device to reduce symptoms and optimize the
organs pre-transplantation.

The cardiomyocytes are the cells of the heart that are responsible for the contraction of the
heart with every heartbeat, resulting in a synchronous pumping action that moves the blood
through the heart and to the organs of the body. The space between the cardiomyocytes is
called the interstitium and the residing cells form the so-called extracellular matrix (ECM).
The ECM forms a supportive structure for the cardiomyocytes but also transduces cell-to-cell
signals and force transmission. Collagen is the main supportive protein in the ECM and the
fibroblast is the cell type that produces most of the collagen. During normal conditions
collagen production and breakdown is stable, but in the case of a pathological stimulus, e.g.,
hypertension or myocardial infarction, the equilibrium is distorted. The potential excessive
accumulation of collagen in the heart is called fibrosis and it can be focal, as in the scar
formation after a myocardial infarction where dead cardiomyocytes are replaced by collagen,
or diffusely spread in the ECM as in hypertension.

This thesis focuses on interstitial fibrosis, which is associated with various heart conditions,
diabetes, hypertension, and aging alone. Fibrosis predisposes HF and is a part of the
pathological remodeling process where the heart changes in shape, size, and function for the
worse, but also provides compensation for loss of pump function. Myocardial fibrosis can be
assessed by e.g., biopsies, magnetic resonance imaging, or through biomarkers in the blood.
However, these biomarkers are not specific to cardiac fibrosis.



Patients over 60 years hospitalized for HF with impaired EF were included in the OPTIMAL
study in the 1990s. We examined the participants for biomarkers of myocardial fibrosis (both
at the start of the study (papers 1-111) and after 12 months (paper 1) and their associations
with cardiac measurements, clinical presentation, and outcome.

In the first study, we found associations between increasing levels of the biomarkers of type I
collagen synthesis (PICP) and degradation (CITP) with increasing levels of brain natriuretic
peptide (BNP) which is a protein fragment released from the heart under stressful conditions,
especially in HF. We also found associations between increasing PICP levels with increasing
size of the left ventricle of the heart (a sign of adverse remodeling) and a sign of impaired
relaxation of the heart during the filling of blood (worse diastolic function).

Atrial fibrillation (AF) is a common disturbance of the normal heart rhythm, especially in HF,
which makes the heartbeat irregular and often faster than normal. In the second study, we
found relations between increasing levels of both PICP and CITP to increasing size of the left
atrium of the heart (a common abnormal feature seen in AF). Another finding was that
increasing levels of PICP and decreasing size of the left ventricle were associated with AF.

The third study showed that higher levels of PICP and CITP at the start of the study were
predictive of death from all-cause or cardiovascular disease. CITP was the best predictor, and
it was also a predictor of non-cardiovascular death. We found a relationship between
increasing levels of CITP and worsening functional capacity of the patients.

In the fourth and final study, we examined if changes in the biomarkers of fibrosis from the
start of the study (baseline) to one year, after optimized pharmacotherapy in an outpatient HF
clinic, would give additional information compared with baseline values alone. We also
examined a biomarker index of collagen stability and a biomarker of type 111 collagen
metabolism (reflecting both synthesis and degradation). The functional capacity, EF, and
BNP improved after one year in the whole group. CITP was lower, and the collagen stability
index was higher. The ten-year follow-up showed that the later deceased patients were older
with a longer duration of HF at the study start and CITP was higher both at baseline and after
a year compared with the survivors. The collagen stability index indicated lower stability
after one year in the later deceased. The levels of PICP increased more after one year in the
later deceased compared with the survivors. There were indications of better survival by
lower levels of the one-year levels of PICP and CITP and signs of more stable collagen.

In conclusion, higher levels of biomarkers of type I collagen metabolism in HF patients with
depressed EF are associated with larger cardiac size, increased BNP, atrial fibrillation, and
worse outcomes. Increased pharmacotherapy improved cardiac function and functional
capacity along with decreasing biomarkers of collagen metabolism. A reduction in collagen
breakdown and an increase in collagen stability seem to be prognostically favorable



ABSTRACT

Background:

Heart failure (HF) is a syndrome with impaired quality of life and higher mortality than most
forms of cancer. The excessive accumulation of collagen in the myocardial extracellular
matrix is called myocardial fibrosis, which is a reaction to myocardial stress, myocardial
injury and a part of the remodeling process that alters the shape, size, and function of the
heart.

Aims:

To study (aims 1-3) myocardial fibrosis assessed by biomarkers at baseline in HF patients
and their associations with 1) clinical variables, B-type natriuretic peptide (BNP), and
echocardiographic findings at baseline 2) clinical variables, BNP, and echocardiographic
findings in HF with or without atrial fibrillation 3) mortality outcomes 4) associations
between temporal changes in biomarkers of myocardial fibrosis with clinical and
echocardiographic findings and outcome.

Methods and results:

The OPTIMAL study consisted of 208 patients >60 years and hospitalized for HF with
depressed systolic function. Patients were included from January 1996 to December 1999 and
randomized to either follow-up at a nurse-led outpatient HF clinic or conventional follow-up
in primary care. The main objective was to evaluate if the nurse-led outpatient HF clinic was
associated with improved quality of life. The patients in this thesis are a cohort from the
original study, with varying numbers of study objects due to the available numbers of
echocardiographic examinations, long-term ambulatory ECG recordings, blood samples, and
patients who survived the first year after inclusion.

Paper I: Echocardiography and biomarkers of type I collagen synthesis (PICP) and
degradation (CITP) were available for 132 patients. Both increasing levels of PICP and CITP
were independently associated with increasing levels of BNP. Increasing levels of PICP were
also independently associated with increasing left ventricular size and decreasing isovolumic
relaxation time.

Paper I1: Long-term ambulatory ECG monitoring was available in 143 patients in addition to
echocardiography, PICP, and CITP. Direct relations between levels of PICP and CITP to left
atrial size were seen. Increasing levels of PICP and decreasing left ventricular end-diastolic
volume were independently associated with atrial fibrillation.

Paper I11: Same cohort as in paper I. PICP and CITP predicted all-cause and cardiovascular
mortality after adjustment for possible confounders in two different models. CITP was also a
predictor of non-cardiovascular death and directly related to NYHA functional class.



Paper 1V: Sixty-eight patients from the cohort in paper | were analyzed at baseline and 12
months for PICP, CITP, matrix metalloproteinase-1 ((MMP-1], a collagenase), amino-
terminal propeptide of type 111 collagen ([P1IINP], reflects type I1I collagen metabolism), and
the CITP to MMP-1 ratio was calculated (an inverse index of collagen cross-linking).
Pharmacotherapy was optimized over 12 months. Improved left ventricular ejection fraction
(LVEF), decreased left ventricular mass index, better NYHA functional class, and lower BNP
were parallel with lower levels of PICP, CITP, and CITP:MMP-1 in all patients after 12
months. Follow-up at ten years showed the later deceased (n=42) to be older and with a
longer duration of HF compared with survivors. CITP at baseline and 12 months, and
CITP:MMP-1 at 12 months were higher in the later deceased compared with the survivors.
The temporal changes from baseline to 12 months were in favor of the survivors versus the
later deceased regarding improved left ventricular dimensions and function, better NYHA
functional class, lower BNP, and lower PICP.

Conclusions: Higher levels of the biomarkers of type I collagen metabolism in HF patients
with depressed EF are associated with increased cardiac size, increased BNP, atrial
fibrillation, and worse outcomes. Pharmacotherapy improved cardiac function and functional
capacity along with decreasing biomarkers of collagen metabolism. A reduction in the
biomarker of type | collagen breakdown and an increase in type | collagen cross-linking seem
to be prognostically favorable.
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1 INTRODUCTION

Heart failure (HF) is commonly referred to as a clinical syndrome, meaning ““a group of signs
and symptoms that occur together and characterize a particular abnormality or condition”
according to the Merriam-Webster dictionary. Typical signs are pulmonary rales and elevated
jugular venous pressure, and symptoms of HF include shortness of breath, fatigue, and
bilateral swelling of the legs. The British cardiologist Sir Thomas Lewis wrote in 1933 that
“The very essence of cardiovascular practice is the early detection of heart failure”. This
statement is true even to this day since heart failure (HF) is a major health issue, both for
patients and society, and the number of patients is expected to increase as we live longer, and
medical science continues to improve.

Descriptions of HF symptoms can be dated back to ancient China, and the Greek and Roman
empires, and the foundation of today’s knowledge were laid by Ibn al-Nafis who described
the pulmonary system in the 13" century (1), and William Harvey who presented the
complete description of the circulation of blood in the 17" century (2).

During the past century, some major achievements were made to help make us understand
and even start treating HF, such as heart catheterization, ultrasound, thoracic surgery,
pharmacotherapy, and heart transplantation to name a few. However, it is only about 40 years
ago since the idea of HF as a syndrome emerged, and the deleterious importance of
neurohormonal activation was recognized.

Since the interest in the cardiac fibroblast awakened in the 1990s, the importance of
extracellular matrix production and deposition in the myocardium in various conditions has
become a hot topic for the medical community. Myocardial fibrosis is seen in both cardiac
and non-cardiac conditions and predisposes to the development of HF. The biochemical
knowledge of fibrosis has come far, and there are ways to assess fibrosis, but this has not yet
been translated into effective therapies or guidelines for the management of myocardial
fibrosis.






2 LITERATURE REVIEW

2.1 HEART FAILURE DEFINITION

The 2021 European Society of Cardiology (ESC) guidelines for the diagnosis and treatment
of acute and chronic heart failure state that “HF is due to a structural and/or functional
abnormality of the heart that results in elevated intracardiac pressures and/or inadequate
cardiac output at rest and/or during exercise” (3).

Evaluation of the left ventricular ejection fraction (LVEF) is the basis for the classification of
HF type. The normal LVEF range is 54-74% in women and 52-72% in men (4). It was long
believed that HF was primarily a lack of contractibility of the heart, but as diagnostic tools for
assessment of cardiac function emerged, especially echocardiography, it became obvious that
patients with signs and symptoms of HF could have a normal LVEF (5). However, studies of
HF in the 1980s and the 1990s included patients mostly with LVEF<35-40%, which
coincides with the evidence of higher mortality in patients with LVEF<40% (6).

Current guidelines propose the following classification of HF based on LVEF and the
presence of signs and symptoms (3):

- LVEF <40%, HF with reduced ejection fraction (HFrEF)
- LVEF 41-49%, HF with mildly reduced ejection fraction (HFmMrEF)
- LVEF >50%, HF with preserved ejection fraction (HFpEF)

In HFpEF, additional objective evidence must exist for the diagnosis: cardiac structural
and/or functional abnormalities consistent with the presence of left ventricular diastolic
dysfunction/raised filling pressures, including natriuretic peptides.

HFrEF accounts for most of all HF (55%), and the proportion of HFmrEF and HFpEF is
similar (22% and 23%, respectively) (7). HFpEF seems to increase and may be more
prevalent in the future (8).

The New York Heart Association (NYHA) functional classification is a way to classify HF
patients according to their physical capacity (9). It comprises classes I-1V, with | meaning the
patient has no symptoms despite evidence of impaired function of the heart. Patients in class
I1 and 111 have a slight and marked limitation of physical capacity, respectively, and patients
in class IV have symptoms even at rest.

2.2 EPIDEMIOLOGY AND PROGNOSIS

In 2017 the number of people with HF in the world was estimated to be 64.3 million (10),
with the highest prevalence in Central Europe, the Middle East, and Africa (11). In western
countries, the incidence of HF is considered to be stable or decreasing (12) and the
prevalence is 1-3% (8), and is believed to increase due to factors such as aging populations,
improved access to diagnostic tools, and effective treatment for risk factors of HF and HF
itself. In Sweden, HF incidence has decreased (from 0.32% to 0.29%), but the prevalence has



increased (from 1.61% to 1.72%) in the last 10-15 years, age-adjusted (13). The mean age for
the incident and prevalent patients is similar at 77 years, with women older than men (80 vs
74 years, respectively) (14). The incidence and prevalence increase with age as does death
from HF, and the prevalence is almost 20% in the age group 80-89 years with a 5-year
survival rate of 35% compared with 55% in the age-matched population. In Sweden in 2010,
the 5-year survival of HF was 48% (14) which is substantially worse than the approximately
73% 5-year survival rate of all cancers combined (15). The observed survival after 5 years
has improved over time from 35% in the period 1950-1969 (16), to 60% between 2010 and
2019 in high-income countries (17).

Important factors that give information on prognosis are age, gender, ejection fraction,
diastolic dysfunction, increased natriuretic peptides, renal function, exercise ischemia, NYHA
functional class, peak oxygen uptake or exercise capacity, quality of life, and frequent
readmissions (18). Patients with HFmrEF have a better prognosis than patients with HFrEF
(19). HF exacerbation is common and the most common cause of hospitalization in patients
65 years or older (20), and HF causes 1-2% of all hospitalizations in high-income countries
(21).

The prognosis in patients with HFpEF has been reported to be as poor as in patients with
HFrEF and has not changed significantly from 1990 to 2009 (42). However, it has also been
reported that mortality is higher in patients with HFrEF compared with patients with
LVEF>40%, and mortality increases the lower EF is (6). Patients with HFmrEF and HFpEF
had the same mortality as those with LVEF>60% (6). Death from cardiovascular (CV)
disease is more common than death from non-CV disease in HFrEF, and vice versa in HFpEF
(42).

2.3 ETIOLOGY

A plethora of possible causes of HF exist, and many diseases of the heart may lead to HF.
Etiology also varies around the world and some are usually located in specific regions, e.g.
rheumatic fever in sub-Saharan and low-income countries and Chaga’s disease in South
America (8). Ischemic heart disease (IHD) is a major cause of HF and is accountable for
26.5-40% worldwide (8, 11). The incidence and severity of myocardial infarction (Ml)
decrease and a shift from more frequent post-MI HFrEF to HFpEF has been observed, where
smoking cessation and access to early percutaneous coronary intervention are possible causes
(22). Hypertension is believed to be accountable for etiology in 15-26.2% of HF patients in
the world (8, 11). Tachycardia can also cause HF, and it is most often of supraventricular
origin (primarily atrial fibrillation [AF]) (23). Valvular heart disease, diabetes mellitus,
cardiomyopathies, and alcohol are some of the other possible causes of HF.
Cardiomyopathies may have specific causes like hemochromatosis, cytostatic treatment, or
infectious diseases but are most often idiopathic. Comorbidities are very common in HF, and
87% of the patients had three or more coexisting chronic diseases in 2014 (24). Only 35% of
HF trials reported comorbidities, and the most common were hypertension, ischemic heart
disease, hyperlipidemia, diabetes, atrial fibrillation, and chronic kidney disease (25). The



under-representation of comorbidities in HF trials makes it harder to implement study results
in the large group of patients that suffers not only from HF. AF begets HF and vice versa, but
AF is more prone to precede HF than the opposite (26). In the Swedish HF registry, the
prevalence of AF in HF was 53% in HFrEF, 60% in HFmrEF, and 63% in HFpEF (7).

Patients with HFpEF are often older, female, and more often have hypertension and AF, but
less frequent IHD compared with patients with HFrEF (6).

2.4 PATHOPHYSIOLOGY

During exercise, the healthy heart possesses the ability to react with a substantial increase in
cardiac output (CO), which is the product of heart rate and stroke volume. The Frank-Starling
mechanism explains that increased preload including rising filling pressure in the left
ventricle (LV), stretches the myocardium resulting in more blood per time unit ejected into
the aorta during systole. The HF patient normally has a lower CO already at rest, and during
exercise, the failing heart is not able to increase CO in the same manner as in a healthy
person. Ultimately, the elevated LV end-diastolic pressure (filling pressure) leads to an
increase in pulmonary capillary mean pressure which enables fluid to exit from the capillaries
leading to congestion in the lungs. Normal CO at rest is 4-6 I/min which can increase to 20
I/min during exercise, or even >35 I/min in the professional athlete. With maximal exertion,
the arteriovenous oxygen extraction increases to provide further improvement of circulatory
function.

There is an activation of the sympathetic nervous system (SNS) in HF and a release of
catecholamines that stimulates the heart by increasing myocardial contractility and heart rate,
and it also causes systemic vasoconstriction and increased vascular resistance which raises
blood pressure and thereby ameliorates organ perfusion. This serves as a compensatory
mechanism, to begin with, but in the long-run excessive catecholamine release worsens HF
and its prognosis (27-29). The renin-angiotensin-aldosterone system (RAAS) also gets
activated, in part by the increased sympathetic activity (an increase of renin by stimulation of
beta receptors), leading to sodium and water retention, vasoconstriction, and aldosterone
secretion by the action of angiotensin 1l on the angiotensin Il type 1 receptor primarily (30).

The neurohormonal activation in HF, i.e., the activation of SNS and RAAS, leads to
pathological remodeling of the heart. A consensus from the year 2000 stated that “cardiac
remodeling may be defined as genome expression, molecular, cellular and interstitial changes
that are manifested clinically as changes in size, shape, and function of the heart after cardiac
injury” (31). The remodeling process renders LV dysfunction and may be asymptomatic in
some cases, but there is a marked risk of progression to symptomatic HF in asymptomatic
systolic and diastolic LV dysfunction compared with control subjects without LV dysfunction
(32). Concentric LV remodeling/hypertrophy is seen in a state of chronic high-pressure
overload as in hypertension and aortic stenosis and is characterized by hypertrophic
cardiomyocytes and sarcomeres that are added in parallel. In contrast, in eccentric
remodeling/hypertrophy, the sarcomeres are added in series in a chronic volume overload



situation like mitral regurgitation. With time progressive LV dilation occurs. The adverse
remodeling in M1 includes loss of cardiomyocytes and LV dilation to compensate for the loss
of contractility. Eccentric LV hypertrophy is the most common type in patients with HFrEF.

Myocardial fibrosis is a term used to describe the pathological accumulation of collagen in
the heart and it is an important part of the remodeling process. Following an Ml, a fibrotic
scar is formed to replace dead cardiomyocytes (33) and in hypertension, a diffuse
accumulation of interstitial collagen takes place (34).

The pathophysiological importance of LV remodeling was initially demonstrated in rats with
induced MI. The higher the degree of LV dilation and the lower LVEF was after the M, the
poorer the prognosis was, and for those rats who showed reverse remodeling (i.e., lessen the
dilation and improvement of LVEF) survival increased (35, 36).

The pathophysiology of HFpEF is not yet fully understood, but increased oxidative stress,
inflammation, and endothelial dysfunction are thought to be important elements in its
development of worsening diastolic LV function. Initially, slower isovolumic relaxation
(IVRT) progresses into severe restrictive diastolic dysfunction and stiffness which results in
increasing LV filling pressures and low CO due to small LV despite normal or preserved
LVEF. Moderate or severe diastolic dysfunction is strongly independently associated with
poor prognosis in HFpEF patients (37). Metabolic and hemodynamic load and oxidative
processes are causing inflammatory responses through microvascular dysfunction in the
systemic and coronary circulation (38). Profibrotic processes occur, and these seem to be
associated with titin changes and collagen turnover (39). See more under 2.7.

2.5 DIAGNOSIS

Sensitive measures of heart failure are a 12-lead electrocardiogram (ECG) and blood levels of
natriuretic peptides. If the ECG is normal, the probability of HF is low (40). The blood level
of a B-type natriuretic peptide (NT-proBNP or BNP) is analyzed, and a low value indicates a
low probability for HF in the non-acute setting (ESC cut-off point of <125 pg/mL for NT-
proBNP or <35 pg/mL for BNP) (41). NT-proBNP is an inactive fragment that is cleaved off
when the active BNP is formed, and it is mostly released from the cardiac ventricles as a
reaction to volume expansion or pressure overload (42). Obesity, acute renal failure, and AF
are a few conditions that may affect the sensitivity of the test (43, 44). Besides testing for B-
type natriuretic peptides, blood tests are performed to rule out other conditions with similar
symptoms as HF, to give information on prognosis, and to give advice on appropriate
treatment. Echocardiography is the key player to diagnose HF and provides information on
the size, shape, and function of the heart and the possible etiology. A chest X-ray may reveal
other conditions that cause shortness of breath such as pneumonia or chronic obstructive
pulmonary disease, but also pulmonary congestion or enlargement of the heart which are
found in HF.

If the initial tests indicate HF, then additional tests to determine the etiology should be
considered.



2.6 TREATMENT

2.6.1 Pharmacotherapy

The pharmacological studies that laid the foundation for today’s evidence-based treatment of
HF, were performed in patients with LVEF mainly <40%. At that time HFpEF was not fully
recognized and there is still no evidence or consensus on how it should best be treated, and
traditionally treatment has often been the same as in HFrEF.

HF is a progressive disease and HF patients are recognized by high mortality rates, periodic
exacerbations with hospitalizations, low functional capacity, and impaired quality of life.
Pharmacological treatment aims to improve these factors.

2.6.1.1 HFreF

The basis for the treatment is derived from the pathophysiology of HF previously discussed,
which means that the target is to counteract the detrimental effects of increased RAAS and
SNS activation. Randomized controlled trials have proved treatment options in patients with
symptomatic HFrEF (NYHA 11-1V), but not for HFpEF.

Angiotensin-converting enzyme inhibitors (ACE-1) are a cornerstone in the treatment of HF.
It has multiple effects such as decreasing preload and afterload, decreasing sodium and water
retention, and increasing CO. ACE-I reduces mortality and improves symptoms (45, 46).
Angiotensin Il receptor blockers (ARB) have similar effects (47) as ACE-I in HF treatment
and are often used if a patient has the common side effect of a dry cough or has experienced
angioedema with ACE-I because of impaired degradation of bradykinin by ACE-I. A
combined angiotensin receptor-neprilysin inhibitor (ARNI) proved to be superior to ACE-I to
reduce mortality and hospitalization in HFrEF (48). Neprilysin is an enzyme that degrades
vasoactive peptides like natriuretic peptides, and inhibition of its action thereby causes blood
vessel dilation and reduction of extracellular fluid volume via sodium excretion (49). Soluble
neprilysin predicts outcome in HFrEF (50).

Beta-blocker (BB) treatment in HF is also well documented in randomized controlled trials
(51-53). By blocking beta-adrenergic receptors in the heart, the effects of an overstimulated
SNS in HF are reduced. Heart rate is lowered allowing optimal ventricular filling and a more
efficient contraction.

Aldosterone synthesis is increased in the final step of the RAAS and acts on the distal part of
the nephron of the kidneys. Stimulation of the aldosterone receptor results in sodium
reabsorption, water retention, and potassium excretion Mineralocorticoid receptor antagonists
(MRAS) act by blocking receptors to aldosterone and other corticoids, and studies have
shown a reduction in mortality and hospitalization (54, 55).

Empagliflozin and dapagliflozin are inhibitors of sodium-glucose cotransporter 2 (SGLT-2)
and are used to treat patients with type 2 diabetes. Blood glucose levels are decreased by
glucosuria through osmotic diuresis. A significant reduction in CV death and hospitalization



for HF was seen in patients with type 2 diabetes who received empagliflozin vs placebo (56).
Patients with HFrEF, with or without type 2 diabetes, had a lower risk of worsening HF or
CV death if treated with dapagliflozin (57). Apart from the effect on diuresis, the mechanism
of action in HF is not fully understood but there is some evidence of reduced myocardial
fibrosis (58), and attenuated reversed remodeling has been observed (59).

LV reverse remodeling is associated with a better prognosis and quality of life and can be
obtained by all the drugs mentioned above.

LVEF Improvements with Reverse Remodeling
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Figure 1. LVEF improvements with reverse remodeling attributable to therapies. References
refer to the original article. This article was published in Structural Heart, 5, Boulet J and
Mehra M R, Left Ventricular Reverse Remodeling in Heart Failure: Remission to Recovery,
466-481, Copyright Elsevier (2021).

Diuretics are used to relieve symptoms of volume overload. They reduce filling pressure and
decrease symptoms of pulmonary congestion and edema, but the treatment has a negative
side to it since it increases the activation of RAAS and SNS. The use of diuretics may lead to
low levels of potassium, sodium, and magnesium and thereby promoting potentially lethal
arrhythmias (60, 61).

In addition to the recommended pharmacotherapy, some drugs may be used in symptomatic
HF. They are only meant to be added after optimized standard therapy and not on their own.

Ivabradine, a direct sinus node inhibitor, should be considered in patients in NYHA class 1l-
IV who still have a heart rate of at least 70 beats per minute and a maximum tolerable dose of
a BB. Ivabradine showed a significant reduction in the composite outcome of CV death and
HF hospitalization, on top of treatment with ACE-I/ARB, BB, and MRA (62).



Vericiguat, a soluble guanylate cyclase (sGC) stimulator, may be considered since it has
proved to reduce CV death and hospitalization for HF in patients with HF and EF<45%
compared to placebo (63). Vericiguat does two things: It sensitizes sGC to endogenous nitric
oxide and if there is no nitric oxide sGC activity can be increased. The effect is the widening
of the pulmonary arteries which makes pumping blood through the lungs easier.

Digoxin is a glycoside with an inotropic effect and thereby a reduction in heart rate. To
reduce the risk of hospitalization, it may be considered in patients with SR (64)

2.6.1.2 HFpEF

Treatment of patients with HFpEF is mainly addressed to reduce symptoms of HF with
diuretics since ACE-I/ARNI, BB, and MRA have failed to show a reduction in mortality or
morbidity. Conventional treatment of risk factors such as hypertension, coronary heart
disease, and AF should be performed. The SGLT-2 inhibitor empagliflozin recently showed a
reduction in the composite endpoint of CV death or hospitalization for HF in patients with
HF and LVEF>40% with or without diabetes compared with placebo (65). The result was
primarily achieved by a reduced risk of hospitalization for HF in the group treated with the
SGLT-2 inhibitor.

2.6.2 Device treatment

The presence of a left branch bundle block (LBBB) and QRS>150 ms on the ECG and
LVEF<35% in symptomatic patients with SR and optimized medical therapy implies a
recommendation for cardiac resynchronization therapy (CRT) (3). LV diastolic filling time
and LVEF (by decreased septal activity) is reduced in patients with LBBB (66). CRT has a
wide range of effects, e.g., improved functional capacity, quality of life, LV diastolic and
systolic function, and it induces LV reverse remodeling and a decrease in mitral regurgitation
(67-71).

The risk of sudden death is increased in HFrEF, but with improved treatment of HF, it has
decreased over time since the mid-1990s (72). ICD is recommended for HFrEF patients with
optimized medical therapy, NYHA class II-111. and LVEF<35% of an ischemic etiology (3).
ICD both reduces the risk of sudden cardiac death and all-cause mortality (73, 74).

Implantation of a CRT alone or combined with an ICD reduces death from HF, all-cause
mortality, and hospitalizations for HF to a similar degree (75).

Left ventricular assist device (LVAD) is a mechanical circulatory support device that helps
the unloading of the failing LV. LVAD treatment has been shown to reverse remodeling (76).
It can be used short-term in cardiogenic shock or long-term as a bridge to transplantation or
to reverse some contraindications to transplantation (3). Patients with advanced HFrEF are
currently enrolled in the SweVAD-study to evaluate the potential use of LVAD implantation
as destination therapy in patients who have the need but are ineligible for heart



transplantation in Sweden (77). LVAD destination therapy is available in other parts of the
world and previously also in Sweden.

2.7 MYOCARDIAL FIBROSIS DEFINITION

The extracellular matrix (ECM) is a three-dimensional network in which cardiomyocytes and
coronary vessels are embedded. It has a structural backbone formed by the type 1 and 11l
collagens, and in addition to providing structural support to the myocytes, the ECM also
facilitates force transmission and transduction of signals between matrix macromolecules and
cardiomyocytes, regulating the latter. Fibrosis is the term used when there is an excessive
accumulation of fibrillar collagen in the ECM, and it occurs in many different organs and
diseases such as liver cirrhosis, diabetic nephropathy, and interstitial lung diseases (78) as
well as aging (79-81). Myocardial fibrosis is present in various cardiovascular diseases, in
reaction to a variety of stimuli. Two different types of fibrosis are described: focal and diffuse
interstitial fibrosis. Focal fibrosis, or replacement fibrosis, is seen after a myocardial
infarction where a collagen-based scar is formed to replace dead cardiomyocytes. Diffuse
interstitial fibrosis, or reactive fibrosis, is seen in most CV diseases and can also be promoted
by diabetes, obesity, and aging.
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Figure 2. Pathophysiology of myocardial fibrosis. Reprinted from Journal of the American
College of Cardiology, 65 /22, Lopez B, Gonzalez A, Ravassa S, Beaumont J, Moreno MU,
San Jose G, et al, Circulating Biomarkers of Myocardial Fibrosis: The Need for a
Reappraisal, 2449-56, Copyright (2015), with permission from Elsevier.
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2.8 COMPONENTS, STRUCTURE, AND BIOMARKERS OF FIBROSIS

Cardiomyocytes are the cell type that occupies most of the volume of the human heart and
accounts for about 49% and 30% of the total number of cells in the ventricles and atria,
respectively (82). Cardiac fibroblasts are the main manufacturer of collagen and account for
about 16% of the total number of cells in the ventricles, and 24% in the atria (82). Five types
of collagens (I, 111, 1V, V, and V1) have been found in the heart (83, 84), and types | and IlI
are present in the ECM. About 85% of total myocardial collagen is type I and 11% is type 111
(85). Type I collagen fibers are thick and stiff and type 111 fibers are more compliant. Cardiac
fibroblasts differentiate into their activated form called myofibroblasts upon myocardial
stress, by the cooperation of cytokines, growth factors (especially transforming growth factor-
beta [TGF-f] and the signaling pathways), hormones, enzymes, and other agents (86). This
results in an increased production of collagen and other ECM proteins which alters the
normal ECM composition (i.e., matrix remodeling), and ultimately impairment of cardiac
function. The myofibroblasts also secrete molecules involved in the formation of the final
collagen fiber as well as its degradation (87).impairment of cardiac function. The
myofibroblasts also secrete molecules involved in the formation of the final collagen fiber as
well as its degradation (87).
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Figure 3. Structure of type | procollagen with propeptides that are cleaved off to form mature
collagen. C-terminal propeptide =PICP. C-terminal telopeptide=CITP. Reprinted from J
Thorac Cardiovasc Surg, 151/6, Edens RE, Gruber PJ, Fibrosis in Fontan physiology, 1527-8,
Copyright (2016), with permission from Elsevier.

Fibrillar collagen is synthesized in the fibroblasts as procollagen which is a triple helical
structure containing an amino-terminal and a carboxy-terminal propeptide. When procollagen
is released from the fibroblast into the ECM, the propeptides are cleaved off by proteinases
and the collagen triple helix can take part in the formation of the growing collagen fibril with
other collagen chains. To stabilize the final collagen fiber, the fibrils can be linked to each
other, and this cross-linking process makes the collagen fiber thicker and stiffer and less
susceptible to degradation (88).
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Blood levels of the propeptides of types | and 111 procollagens ([PICP], carboxy-terminal
propeptide of type I procollagen, and [PI1INP], amino-terminal propeptide of type I11
procollagen) that are cleaved off can be measured in blood.

Collagen degradation in the heart is mainly mediated by Zn?*-dependent matrix
metalloproteinases (MMPs), preferentially MMP-1 that degrades collagens I and 111 (89),
which cleaves collagen into a big and a small telopeptide. The small telopeptide is released
into the bloodstream ([CITP], carboxy-terminal telopeptide of type I collagen). MMP-1 has
an inhibitor called tissue inhibitor of matrix metalloproteinases (TIMPs), and the interaction
between MMP-1 and TIMP-1 regulates the architecture of the ECM (90). There is a
stoichiometric ratio of 1:1 between the number of type | collagen molecules produced and
degraded and that of PICP and CITP released. Serum PIIINP can either be derived from
newly synthesized type I11 collagen or the degradation of existing type 111 collagen fibrils.
PICP and PIIINP are cleared from the blood mainly by the liver but can also be cleared via
the kidneys (91, 92). CITP is cleared via glomerular filtration (93).
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Figure 4. Synthesis and degradation of collagen I and I11. ICTP=CITP. Reprinted from Clin
Chim Acta, 443, Chalikias GK, Tziakas DN, Biomarkers of the extracellular matrix and of
collagen fragments, 39-47, Copyright (2015), with permission from Elsevier.

Cross-linking makes the collagen fiber more resistant to degradation by MMP-1 (90), and
subsequently less degradation of type I collagen takes place (less CITP formation). The CITP
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to MMP-1 ratio (CITP:MMP-1) is a proposed biomarker of collagen cross-linking (94). It
inversely correlates to the degree of cross-linking.

In this thesis, focus is on the biomarkers PICP, CITP, PIIINP, MMP-1, and the calculated
ratios of PICP to CITP and CITP to MMP-1, which all aim to reflect collagen metabolism.
Other molecules have been proposed as biomarkers of fibrosis as well, but they are related to
the regulation of collagen turnover (e.g., microRNA-21 and TGF-B1) or activation of fibrosis
by inflammation or myocardial stress (e.g., galectin-3 and suppression of tumorigenicity 2
[ST2]) and will not be further discussed.

2.9 ROLE OF MYOCARDIAL FIBROSIS IN CARDIOVASCULAR DISEASES

In hypertensive patients with and without HF, serum concentration of PICP correlated to
myocardial content assessed by biopsies, and evidence was presented that PICP is secreted
via the coronary sinus into the bloodstream (95, 96). PICP correlated with diastolic
dysfunction in hypertensive patients (97), but PICP was not associated with HF in other
studies (98, 99). PICP proved to be a powerful predictor of restrictive-like filling as seen in
the most severe form of LV diastolic dysfunction in HFpEF (100) and HFrEF (99). Baseline
PICP was analyzed in patients admitted for decompensated HF, and PICP levels showed a
significant correlation to death and rehospitalization, but not to LVEF (101).

Increased serum concentrations of CITP have been observed in patients with dilated
cardiomyopathy (DCM) (102, 103), suggesting that collagen degradation is increased due to
the dilation of the ventricles. CITP has also proved to correlate to NYHA-class and to be an
independent predictor of mortality in HF (103).

The PICP:CITP ratio has been proposed as an index of coupling between the synthesis and
degradation of type I collagen (i.e., collagen turnover) (104). The increased PICP:CITP ratio
correlated with increased myocardial collagen content in patients with DCM (105). In
hypertensive patients with HF, PICP:CITP was significantly lower in NYHA IV compared
with NYHA I-111 due to increased CITP (106). The patients in NYHA 1V also had
significantly lower EF and LV radial function compared with the other groups, suggesting
that degradation is prominent in advanced disease. It has also been reported that responders to
CRT had a significantly higher PICP:CITP ratio at baseline and that CRT possessed the
ability to decrease PICP (107).

Biopsies have shown increased collagen content in left atria in patients with AF (108, 109),
and PICP correlated with left atrial fibrosis (108). PICP was higher in patients with persistent
AF compared with those with paroxysmal AF (110). The combination of a high degree of
collagen cross-linking (i.e., low CITP:MMP-1) and high PICP was independently associated
with both incidence and prevalence of AF in HF of hypertensive origin (111). EF was >50%
in two-thirds of patients both with or without AF at baseline, and the incident cases had
significantly lower EF at baseline compared with the non-incident cases.

13



PIINP is a predictor of mortality in both HFrEF and HFpEF (103, 112), and correlates to
NYHA-class in HFrEF (103).

Increased collagen cross-linking rather than total collagen explained increased myocardial
stiffness in hypertensive rats (113). Patients with HF of hypertensive origin and a higher
degree of collagen cross-linking, both measured by biopsy and in serum (CITP:MMP-1),
were more likely to be hospitalized for HF (94). Hyperglycemia in diabetes is associated with
increased myocardial fibrosis and collagen cross-linking (114).

2.10 METHODS OF MEASURING FIBROSIS

The gold standard technique for the detection of diffuse myocardial fibrosis is an
endomyocardial biopsy. Several samples are often required due to the uneven distribution of
fibrosis in the heart, and the technique is also dependent on the operator and access to a well-
trained pathologist.

Cardiovascular magnetic resonance (CMR) can detect both focal and diffuse fibrosis. In
diffuse fibrosis, the fraction of extracellular volume measured by CMR correlates to fibrosis
diagnosed by biopsies (115). The limitations to CMR-detected fibrosis are the inability to
determine the type of collagen and hence the proportions, as well as the extent of collagen
cross-linking.

The idea of detecting fibrosis via circulating biomarkers is tempting as it would be cheaper,
readily available, and suitable for everyday use. A biomarker is defined as “a defined
characteristic that is measured as an indicator of normal biological processes, pathogenic
processes, or responses to an exposure or intervention” (116). Several molecules have been
suggested as biomarkers of myocardial fibrosis, but only three have proved correlation with
histologically proven myocardial fibrosis: PICP, PIIINP, and CITP:MMP-1 (94, 117).
However, they are not exclusively of cardiac origin and may in fact represent total body
collagen or reflect disturbances in collagen metabolism by other diseases. It is also known
that HF treatment can alter collagen turnover.

2.11 CAN MYOCARDIAL FIBROSIS BE REVERSED?

The focal scar formation following myocardial infarction to replace dead cardiomyocytes is
crucial to the healing process and to reverse it is not an option (118). Reversing interstitial
myocardial fibrosis, however, could have potential benefits in reductions of morbidity and
mortality.

RAAS is activated in HF and most CV diseases. The action of angiotensin Il on the
angiotensin 1 type 1 receptor (119) and aldosterone on the mineralocorticoid receptor (120)
can promote myocardial interstitial fibrosis. Angiotensin Il can also stimulate TGF-
synthesis. RAS-inhibition reduced LV interstitial fibrosis in models of pressure overload
(121) and myocardial infarction (122), and improved LV size and function in parallel with
increased collagen cross-linking (123). Spironolactone reduced myocardial fibrosis and
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improved diastolic function in dilated cardiomyopathy (105). Recently a reduction of PICP in
parallel to improvements in LV size and function was seen in patients who switched from
ACE-I or ATll-receptor antagonist to ARNI (124), and previously ARNI was superior to
ACE-I to reduce PIIINP(125). Torasemide is a loop diuretic that reduced interstitial fibrosis
in HFrEF of hypertensive origin (126). Within the torasemide group improvement of EF,
NYHA functional class, and BNP was observed as well as a reduction of cross-linking,
although no certain differences were observed between torasemide and furosemide treatment
(127). Empagliflozin reduced collagen types | and 111 synthesis as well as TGF-f1 expression
in diabetic mice (58).

Lower levels of biomarkers of type I collagen syntheses were seen in responders to CRT
compared with non-responders (128, 129). Levels of biomarker assessed types | and 111
collagens increased in CRT-responders, but not in non-responders, 6 months after
implantation (129),

LVAD reverses LV remodeling and almost normalizes LV chamber stiffness but increases
myocardial stiffness and types I and 111 collagen content as well as collagen cross-linking
(130).

To summarize, blocking the RAAS is the best pharmacological option available to reduce
fibrosis today. SGLT-2 inhibitors are also promising and already in use in HF patients, but
they are less studied than RAAS inhibitors. Targeting fibrosis via inhibition of TGF-p has
been positive in pulmonary fibrosis (131) but can also lead to LV dilation and reduced EF
(132). Device treatment shows many favorable effects for HF patients, but the biomarkers of
collagen metabolism studied indicate increased collagen synthesis post-implantation.
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3 RESEARCH AIMS

The overall aim was to investigate associations between primarily type I collagen
metabolism, assessed by circulating biomarkers, and echocardiographic measurements of size
and function, clinical findings, and outcomes in HF patients with depressed systolic function
and with a mixed etiology, who were followed up at an outpatient HF clinic after
hospitalization for HF.

Our main aims were:

e To explore associations between biomarkers of type I collagen metabolism and
clinical findings, echocardiographic measurements of size, function, and
dyssynchrony.

e To investigate associations between biomarkers of type I collagen with clinical
findings, echocardiographic measurements of size, and function with or without
prevalent AF.

e To examine the predictive value of biomarkers of type I collagen metabolism
measured at baseline on long-term outcome.

e To evaluate the possible changes from baseline to 12 months during improved HF
therapy in levels of biomarkers of type I and 111 collagen metabolism, and type |
collagen cross-linking, and associations with echocardiographic measurements of size
and function, and long-term outcome.
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4 MATERIALS AND METHODS
4.1 DESIGN AND STUDY POPULATION

4.1.1 The OPTIMAL study

The Optimising Congestive Heart Failure Outpatient Clinic Project included patients with
systolic HF in north-eastern Stockholm between 1996 and 1999 (133). It was a prospective
randomized study that compared HF care at a nurse-led hospital outpatient clinic with
conventional primary care. The primary aim was to evaluate if the nurse-led outpatient clinic
improved quality of life, and secondary aims were the evaluation of cardiac function,
morbidity, and mortality. The patients were recruited while hospitalized for HF, and inclusion
criteria were HF with depressed EF of <45% or atrioventricular plane displacement (AVPD)
<10 mm, NYHA 1I-1V, and age >60 years. Patients with valvular stenosis, Ml or unstable
angina pectoris in the last three months, dementia, and severe concomitant disease were
excluded. After screening, 208 patients were included in the study and randomized to either
follow-up at the nurse-led HF outpatient clinic or primary care, and it was noted that the
excluded patients were more often older women than those who were included.

In addition to the appointments with the nurse, patients got a clinical examination and a
thorough follow-up on their pharmacotherapy at 6, 12, and 18 months. They also met with the
same doctor at each of these visits, but no adjustment of medication was performed. The
mean follow-up was 1122 days for the whole study group.

Screening echocardiography was performed only to determine the eligibility for inclusion in
the study, with the requirements described above. This was followed by a detailed baseline
echocardiography examination after a few days when the patient was considered medically
stabilized.

Routine blood tests were sampled at baseline and 12 months, and this study includes 132
patients who were analyzed for both PICP and CITP. No patient suffered from conditions
known to affect the levels of PICP and CITP, such as chronic liver disease, clinical renal

failure, or metabolic bone disease.
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Figure 5. Flowchart of the OPTIMAL study and papers in this thesis.

4.1.2 Patients in this thesis

The combined availability of baseline blood samples analyzed for PICP and CITP, and
complete echocardiographic examination yielded 132 patients for papers | and I11. The mean
age of the patients was 75 years and 53% were women. Registered comorbidities were
hypertension (29%), ischemic heart disease (64%), diabetes mellitus (22%), and atrial
fibrillation (54%).

The same cohort as in papers | and 111 applied to paper I1, but the number of available 24-
hour ambulatory ECG recordings yielded an additional 11 patients, and in total 143 patients
from the original OPTIMAL study were included in study Il. The additional patients were not
analyzed for PICP or CITP.

Twenty-five patients from the cohort of 132 patients did not survive to make the 12-month
follow-up appointment. Freezer-stored plasma and serum samples, and echocardiographic
examinations, both at baseline and 12 months, were available for 68 patients of the remaining
107. These 68 patients were examined in paper 1V.
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Age, years

Women, n (%)

Systolic blood pressure. mmHg
Diastolic blood pressure, mmHg
Hypertension, n (%)

Ischemic heart disease, n (%)
Diabetes mellitus, n (%)
Previously known heart failure, n (%)
Atrial fibrillation, n (%)

QRS duration, ms

PICP, pg/L

CITP, po/

BNP, pg/mL

Estimated glomerular filtration rate, mL/min/1.73m?

Left ventricular mass index, g/m?

Left ventricular ejection fraction, %
Atrioventricular plane displacement, mm
Left ventricular end-diastolic diameter, mm
Left ventricular end-systolic diameter, mm
Left ventricular end diastolic volume, mL
Left ventricular end systolic volume, mL
Septal thickness, mm

Posterior wall thickness, mm

Relative wall thickness

E/é mean

Left atrial diameter, mm

Isovolumic relaxation time, ms

Transmitral E-wave deceleration time, ms
Angiotensin converting enzyme inhibitor, n (%)
Angiotensin Il receptor blocker, n (%)
Beta-blocker, n (%)

Mineralocorticoid receptor antagonist, n (%)
Digoxin, n (%)

753+7.1
57 (43)

134 + 25

80 + 15

38 (29)

84 (64)

29 (22)

71 (54)

71 (54)

117 + 29

73 [57-99]
7.1[4.5-10.2]
210 [98-416]
54 + 19

139 + 42
34+ 11

65 +19

57 + 10

47 12

115 [82-153]
77 [49-112]
12+3
11+3

0.40 [32-49]
13+5
47+8

90 [75-110]
180 + 57
101 (77)

6 (5)

72 (55)

24 (18)

71 (54)

Table 1. Baseline characteristics of the cohort of 132 patients from the original OPTIMAL
study. PICP and CITP are reported with original levels from the OPTIMAL study. From

paper I.

The 68 patients in paper IV were, compared with the 132 patients at baseline, less often
women (35%) and previously known HF was rarer (43%). The baseline levels (original levels
from OPTIMAL) of PICP and CITP were lower (69 [54-90] and 6.5 [4.1-8.9], respectively).
MMP-1, CITP:MMP-1, and PIIINP were not examined before. The other variables were

similar between the groups.

4.2 METHODS

4.2.1 Echocardiography

Examinations were performed with Acuson 128XP/10 (Mountain View, California, USA) at
baseline and 12 months. Assessment of LV measurements and function was done according
to the recommendations from the American Society of Echocardiography (134). AVPD was
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calculated from apical 2- and 4-chamber projections (135). Evaluation of the diastolic
function was done by a modified Mayo clinic protocol (136).

Additional measurements and calculations were done in paper I. The baseline
echocardiography examinations were recorded and stored on VHS tapes, which were
analyzed with offline software equipment (TomTec Imaging Systems Inc., Boulder,
Colorado, USA). The mean of three beats was calculated if SR, or eight beats if AF. The LV
filling pressure was estimated by the ratio of maximum early transmitral flow velocity in
diastole and tissue Doppler early mitral annulus velocity (E/€), in the LV septal and lateral
walls. The estimated pulmonary capillary wedge pressure (ePCWP) was calculated by the
formula ePCWP=1.90 +1.24 (E/é mean) (137).

Atrioventricular dyssynchrony, i.e., the deviated timing of activation and contraction between
the atria and the ventricles, was assessed by the left ventricular filling time measured from
transmitral Doppler E-wave onset until the end of the transmitral A-wave in apical four-
chamber view, or in case of AF until the end of E-wave. Total time and its relation to R-R
interval were assessed.

Assessment of intraventricular dyssynchrony, i.e., the deviated timing of activation and
contraction between different segments of the LV, was performed in three ways.

1. The activation time of the posterolateral wall was measured by M-mode in parasternal
long-axis view, from the beginning of QRS to the maximum contraction of the
posterolateral wall (d1). Then the time from the onset of QRS to the beginning of the
E-wave by pulsed wave Doppler echocardiography at the mitral ostium was measured
(d2). If d1<d2 contraction was considered delayed.

2. The time from the onset of QRS to peak systolic S-wave at basal septal and lateral
segments.

3. The aortic pre-ejection time was measured from the onset of QRS to the start of
outflow in the LV outflow tract by pulsed wave Dopper echocardiography.

4.2.2 Biochemical analyses

Routine blood tests were sampled at baseline and 12 months. The blood was collected 30
minutes after supine rest, put on ice, and centrifuged at +4 C before plasma and serum were
frozen at -70 C until further analysis. Plasma BNP was measured by an immunoradiometric
assay (Shionoria; Shionogi, Osaka, Japan) and analyzed at baseline and 12 months. Serum
PICP was measured by a sandwich ELISA. Serum CITP was determined by a quantitative
enzyme immunoassay (Orion Diagnostica, Espoo, Finland). PICP and CITP were analyzed at
baseline.

In paper 111, we added the calculated PICP to CITP ratio (an index of the balance between
type I collagen synthesis and degradation) to the previous analysis.
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In paper IV, we performed new analyses in 2018 on freezer-stored plasma and serum from
baseline and 12 months. PICP, CITP, MMP-1 and PIIINP were analyzed. The ratio of CITP
to MMP-1 was also calculated. Serum PICP was measured using the EIA MicroVue CICP
(Quidel Corporation, San Diego, California, USA). Serum CITP was measured by a
radioimmunoassay (Orion Diagnostica, Espoo, Finland). Total serum MMP-1 was measured
by an AlphaLISA (PerkinElmer, Waltham, Massachusetts, USA). Serum PIIINP was
measured by a radioimmunoassay (Orion Diagnostica, Espoo, Finland). CITP and MMP-1
levels were expressed in molarity and their ratio was calculated in each patient as previously
reported (89).

4.2.3 24-hour ambulatory ECG monitoring

The results from previous recordings in the OPTIMAL study were used in paper Il. Patients
were considered to have AF in two ways. Firstly, all patients got a 24-hour Holter monitor
recording by the time of discharge, and they were considered to have AF if AF was present at
least half of the recorded time. Secondly, if AF was previously known or present on the ECG,
cardiac telemetry, or echocardiography at the time of study inclusion. Paroxysmal AF was
included here. Patients with recordings of <17 hours or pacemaker rhythm were excluded.

4.2.4 Outcome

Data from the Swedish Causes of Death Register was used up to December 31, 2008, for the
date and cause of death in paper 111 and up to December 2, 2009, in paper IV for date of death
when all patients had been followed for 10 years.

4.3 STATISTICS

Normally distributed variables were presented with mean values = SD in all papers. In paper |
and I11 the non-normally distributed variables were log-transformed (natural logarithm). In
paper Il and IV they were presented with median and IQR. Categorical variables were
displayed with number of cases (n) and percentages. A p-value of <0.05 was considered
statistically significant. When appropriate Hazard Ratios (HR) or Odds Ratio (OR) and 95%
confidence intervals (Cl) were calculated.

4.3.1 Paper |

Patients were divided into two groups twice. Firstly, below or above median PICP, and
secondly, below or above median CITP. The statistical analyses were performed first for
PICP and then for CITP. The Chi?-test and Student’s t-test were used for comparison of
independent variables between the groups, as appropriate. Univariate correlations were
examined between the biomarkers of myocardial fibrosis and the studied variables.
Univariate regression analyses were performed by Pearson’s correlation coefficient in the
between-groups analyses. Two methods of multivariate regression analysis were used to
demonstrate relations between the biomarkers and variables: cluster analysis and Cox
regression. Adjustments were made for the variables with p<0.10 in the univariate analysis
(QRS-duration, BNP, LVEDd, AVPD, APE-/R-R, LVFT/R-R, IVRT, and RWT) and age.
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The SIMCA-P+ software (Umetrics AB, Umea, Sweden) was used for cluster analysis, and
the STATISTICA 12 (StatSoft, Tulsa, Oklahoma, USA) was used for all the other analyses.

4.3.2 Paper ll

Two groups were created based on co-existing atrial fibrillation or not. Comparisons of
groups were done by the Chi?-test and Student’s t-test, and Pearson’s correlation coefficient
was the univariate regression test used for evaluation of correlations. Non-normally
distributed log-transformed variables included BNP, C-reactive protein, and isovolumic
relaxation time (IVRT). A logistic regression analysis was performed and included variables
with p<0.20 in the group comparison (age, hypertension, coronary artery disease, diabetes
mellitus, BNP, PICP, LVMI, LV end-diastolic volume, and ePCWP).

The JMP v 10 (SAS Institute Inc., Cary, North Carolina, USA) was used.

4.3.3 Paper lll

The Student’s t-test was used for comparison of continuous and independent variables
between groups. The Chi?-test was used for the same purpose for the categorical variables.
Kaplan-Meier survival curves were plotted, and log-rank tests were performed for CV, non-
CV, and all-cause mortality, to compare survival between groups. Multivariate Cox
regression analysis with adjustment to MAGGIC (the Meta-Analysis Global Group in
Chronic Heart Failure) and our own model parameters was used for the evaluation of the
outcome. Univariate receiver-operating characteristic (ROC) curves were created to assess
the ability of PICP and CITP to detect mortality (CV, non-CV, and all-cause).

The STATISTICA 12 (StatSoft, Tulsa, Oklahoma, USA) was used.

4.3.4 Paper IV

Group comparisons were performed by Student’s t-test (for independent continuous and
normally distributed variables), Mann-Whitney U-test (for independent continuous and non-
normally distributed variables), and the Chi?-test (for independent categorical variables).
Paired tests were used for group comparisons from baseline to 12 months: Paired t-test (for
dependent continuous and normally distributed variables), Wilcoxon signed-rank test (for
dependent and non-normally distributed variables), and McNemar’s test (for dependent
categorical variables). Correlations were studied by Spearman’s rank-order correlation
coefficient. Survival curves for all-cause mortality were created, and log-rank tests were
analyzed for comparisons of survival between groups. Uni- and multivariate Cox proportional
hazard regression analyses for all-cause mortality were examined.

The STATISTICA 14 (StatSoft, Inc., Tulsa, Oklahoma, USA) was used.

4.4 ETHICAL CONSIDERATION

The OPTIMAL study on which this thesis is based was approved by the ethics committee in
Stockholm and complied with the declaration of Helsinki. It was an open and randomized
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controlled trial and informed consent was obtained for all patients. In 2017 our application
was granted by the local ethics committee to analyze freezer-stored blood samples from
baseline and 12 months.
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5 RESULTS
5.1 PAPERI

5.1.1 Patient characteristics divided by median PICP

BNP (p<0.001) and CITP (p=0.002) were higher in the patients above or equal to median
compared with patients below median PICP. They also had larger left ventricular end-
diastolic diameter ([LVEDd], p=0.015), lower AVPD (p=0.001), and shorter IVRT
(p=0.021).

The PICP:CITP ratio in the patients above or equal to median indicated collagen synthesis
was predominant over degradation and significantly higher than in the group with PICP
below median (13.1 [8.9-18.1] vs 8.8 [5.8-16.3], p=0.006).

Previously known HF was more common in the group with PICP above the median
(p=0.054).

5.1.2 Patient characteristics divided by median CITP

QRS duration (p=0.046), BNP (p<0,001), and septal E/e’ (p=0.043) were increased in
patients with above or equal to median CITP compared with patients below the median.

There was no difference in previously known HF between groups.

5.1.3 Independent associations

Our main finding was that multivariate analysis (cluster analysis) confirmed independent
associations between PICP and IVRT, BNP, LVEDd, and relative wall thickness (RWT).
Traditional multivariable analyses also demonstrated positive independent associations to
BNP (r=0.24, p=0.018) and LVVEDd (r=0.22, p=0.027), and a negative association to IVRT
(r=-0.31, p=0.002).

BNP was the only variable that was independently associated with CITP in the cluster
analysis (VIP>1) and traditional multivariable analysis (r=0.23, p<0.001)
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Figure 6. Cluster analysis for PICP (a) and CITP (b). Variable importance of the projection
[VIP] >1 is considered significant (hashed bars). From paper I.

5.2 PAPERII

5.2.1 Patient characteristics divided by atrial fibrillation or sinus rhythm, and
correlations

Co-existing AF or not was the criteria for group division. The AF group had smaller LV end-
diastolic volume (p<0.001), greater EF (p<0.001) and lower LVMI (p=0.004) compared with
the group with SR. Also, E/e” mean and estimated pulmonary capillary wedge pressure
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(ePCWP) were lower (both p=0.026), and the use of warfarin and digoxin was more common
(both p<0.001). PICP and CITP correlated with left atrial diameter (r=0.22, p=0.013 and
r=0.26, p=0,003, respectively), and CITP also correlated with ePCWP (r=0,19, p=0.044) and
C-reactive protein (r=0.29, p=0.003).

5.2.2 Independent associations

Our main finding was that the logistic regression analyses for both ways (see section 4.2.3) to
define prevalent AF showed that LV end-diastolic volume and PICP were independently
associated with AF, with a higher risk of AF with lower LV end-diastolic volume and higher
PICP.

In the first model (Chi>=34.1, R?=0.18, p<0.001) LV end-diastolic volume (odds ratio for 1
mL change 0.98, 95% confidence interval 0.96;0.99, p<0.001) and PICP (OR per 1 pg/L
change 1.01, CI 1.00-1.02, p=0.012) were independently associated with AF.

In the second model (Chi’=43.5, R?=0.24, p<0.001) LV end-diastolic volume (OR for 1 mL
change 0.98, CI 0.97-0.99, p<0.001) and PICP (OR per 1 pg/L change 1.01, CI 1.00-1.02,
p=0.049), were independently associated with AF.
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Figure 7. Correlations between left atrial size and PICP (left) and CITP (right). From paper
Il.

5.3 PAPERII

5.3.1 Patient characteristics divided by alive or later deceased

The deceased patients were at baseline older (p=<0.001), and more often had previously
known HF (p=0.03) compared with the patients who were still alive. The QRS duration was
also longer (p=0.008). Echocardiography showed that the LV septum was thicker (p=0.02),
and LVVMI was higher (p=0.02) in the later deceased. Blood samples in the later deceased
were significantly higher for CITP (p<0.001), and lower for the PICP to CITP (PICP:CITP)
ratio (p=0.006), and hemoglobin (p=0.007). Renal function was worse in the later deceased
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patients, with higher creatine (p=0.003) and lower estimated glomerular filtration rate
([eGFR], p=0.001), compared with the alive. PICP (p=0.10) and the left atrial diameter
(p=0.05) tended to be higher and larger, respectively, in the later deceased.

5.3.2 Outcome

The mean survival time was 5.5 years during follow-up, which was 9 to 13 years. Survival
curves and log-rank tests between groups showed that the highest quartiles of PICP and CITP
had the worse outcome for all-cause (p=0.014 and p<0.001, respectively) and CV mortality
(p=0.012 and p<0.001, respectively). In the case of non-CV mortality, the highest quartile of
CITP (p=0.002) and the lowest quartile of PICP:CITP (p=0.026) predicted mortality.

According to a report on how to interpret the calculated area under the curve (AUC) in ROC
analyses (138), CITP proved to be an excellent predictor of non-CV mortality (AUC 0.81,
p<0.001) and an acceptable predictor of CV and all-cause mortality (AUC 0.72, p=0.001 and
AUC 0.75, p<0.001, respectively).
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Figure 8. ROC-curves for PICP and CITP versus non-CV mortality (A), CV mortality (B),

Specificity

and all-cause mortality (C). From paper IlI.

Our main finding was that PICP and CITP were independent predictors of all-cause and CV
mortality by multivariate regression analyses, in which two established sets of variables

associated with HF outcome (5 variables for OPTIMAL and 12 for MAGGIC) with possible

confounding effects were included. CITP was also an independent predictor of non-CV

mortality.
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CITP and PICP:CITP were also independently related to NYHA functional class.

5.4 PAPERIV

For the sake of simplicity, the comparisons listed in the following paragraphs are meant to be
read as compared with the second group mentioned in each paragraph. The first time a
comparison is mentioned in each paragraph states the way the groups are compared, if not
stated otherwise.

5.4.1 Patient characteristics at baseline and 12 months in all patients

Baseline 12 months p

Diastolic blood pressure, mm Hg 82+15 77+10 0.020
Heart rate, bpm 86 + 18 75+12 <0.001
Proportion of target dose RAS-inhibitor, % 29 [13-88] 50 [29-100] <0.001
NYHA class <0.001

I, n (%) 0 (0) 23 (34)

I, n (%) 49 (72) 32 (47)

11, n (%) 18 (27) 12 (18)

IV, n (%) 1() 1()
PICP, pg/L 62 [54-86] 68 [56-86] 0.104
CITP, pg/L 6.9 [5.1-11.5] 5.0 [3.6-6.6] <0.001
MMP-1, ug/L 7.6[4.2-12.1] 7.1[3.6-10.6] 0.253
CITP:MMP-1 3.5[1.9-7.9] 2.9 [1.6-5.0] 0.002
PIINP, pg/L 3.6 [2.7-5.1] 4.0 [2.9-5.1] 0.656
BNP, pg/mL 191 [99-302] 118 [48-290] 0.009
Hemoglobin, g/L 134 £ 13 131+ 14 0.049
LVEF, % 329 37+11 0.001
AVPD, mm 66 + 19 89 + 27 <0.001
LVESd, mm 48 +12 43 +13 <0.001
LVPWd, mm 11+2 10£2 0.009
LVMI, g/m? 140 £ 34 127 £ 37 0.001

Table 2. Biomarkers of myocardial fibrosis and variables with significant changes from
baseline to 12 months. From paper IV.

RAS-inhibitor target dose increased, and NYHA functional class improved from baseline to
12 months. Further, systolic function improved with lower left ventricular end-systolic
diameter (LVESd), higher LVEF and AVPD. The LV posterior wall thickness decreased (as
did LVMI). CITP and CITP:MMP-1 decreased, as well as BNP.

5.4.2 Patient characteristics divided by alive or later deceased 10 years after
inclusion

All patients were followed up until the date of death, or 10 years if they were alive. The
median survival time was 8.4 [4.1-10.0]years. The later deceased (n=42) were older
(p=0.012) and more often had previously known heart failure (p=0.013), and QRS duration
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on ECG was longer according to their status at baseline (p=0.012) compared with the patients
who were still alive (n=26). There were no differences in NYHA functional class,
pharmacotherapy, or echocardiographic measures including LVEF at baseline. CITP was
higher in the later deceased, both at baseline and 12 months (p=0.037 and p=0.004,
respectively). CITP:MMP-1 at 12 months was also higher in the later deceased compared
with the alive (p=0.041). Furthermore, hemoglobin (p=0.001) and renal function (creatinine
p=0.004 and eGFR p=0.011) were lower in the later deceased patients.

5.4.3 Temporal changes between patients alive or later deceased 10 years
after inclusion

Later deceased

Alive (n=26) (n=42) p
NYHA -1 [-1-0] 0[-1-0] 0.028
PICP, pg/L 0.2 [-9.1-6.3] 8.7 [-8.0-23.6] 0.044
CITP, pg/L -1.9 [-3.9-(-0.7)] -1.9 [-4.4-(-0.5)] 0.984
MMP-1, pg/mL -1.0 [-5.9-1.0] 0.1[-2.9-3.2] 0.129
CITP:MMP-1 -0.6 [-3.0-0.2] -0.9 [-4.0-0.9] 0.840
PIHINP, pg/L -0.1 [-0.7-1.1] 0.2 [-1.0-1.6] 0.955
BNP, pg/mL -96 [-177-(-28)] 0 [-112-140] 0.005
LVEF, % 8 (21) 0 (13) 0.014
AVPD, mm 2.9[1.6-6.2] 0.6 [-0.1-2.9] <0.001
LVEDd, mm -3.2+59 05+6.2 0.028
LVESd, mm -8.2+85 -1.8+7.3 0.004
LVESV, mL -10 + 36 9+30 0.027
LVESVI, mL/m2 -6+21 4+15 0.030
IVRT, ms 14.0 £ 35.4 11.0 £48.5 0.029
Left atrial diameter, mm -3.6+5.0 04+54 0.004

Table 3. Biomarkers of myocardial fibrosis and variables with significant temporal changes
between the alive and the later deceased 10-years after inclusion. From paper IV.

The patients who were still alive improved their systolic LV function, both LVEF and AVPD,
more than the later deceased, from baseline to 12 months. The LV dimensions also improved
in the alive with a reduction in LVEDd and LVESd. IVRT was numerically lower in the alive
at baseline, but not statistically different compared with the later deceased, and the temporal
change was greater in the alive. PICP was the only marker of fibrosis that showed a temporal
change, and it increased more in the later deceased. Signs of better improvement of HF were
seen in the alive with lower BNP and better NYHA functional class.

5.4.4 Correlations with temporal changes of markers of fibrosis

An increase in PICP correlated with an increase in BNP (r=0.40, p>0.001) and a decrease in
AVPD (r=-0.32, p=0.01), and if CITP increased there was a deterioration in NYHA
functional class (r=0.25, p=0.045). A change in CITP:MMP-1 correlated positively with a
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change in left atrial diameter (r=0.26, p=0.04). LVMI, LVESd, and BNP increased greatest in
patients with the greatest increase in PIIINP (r=0.38, p=0.004 and r=0.29, p=0.03 and
r=0.25, p=0.04, respectively).

5.4.5 Outcome (all-cause mortality)

Univariate, but not multivariate, analyses indicated that higher baseline CITP was associated
with all-cause mortality (HR for 1 pg/L change 1.05, C1 1.01-1.09, p=0.013). A shorter
lifespan was also proposed by higher 12-month levels of PICP (HR for 1 pg/L change 1.01,
Cl 1.00-1.01, p=0.022), CITP (HR for 1 pg/L change 1.22, Cl 1.10-1.35, p<0.001), and
CITP:MMP-1 (HR for 1 pg/L change 1.06, Cl 1.00-1.12, p=0.045).
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6 DISCUSSION

6.1 BIOMARKERS OF MYOCARDIAL FIBROSIS AND ASSOCIATIONS WITH
LV SIZE AND FUNCTION

6.1.1 At baseline

We showed that PICP was independently associated with LVEDd and IVRT, but other
studies have failed to show this (98, 101). However, our results suggest that with increasing
LV size, there is an increase in type | collagen synthesis and increased myocardial fibrosis.
Myocardial fibrosis is associated with diastolic dysfunction (97), and a shorter IVRT
indicates a more severe form of diastolic dysfunction. Although IVRT was within the normal
range in our study, it was shorter in the group with PICP above median. There was also a
weak and direct correlation between PICP and left atrial diameter, and left atrial enlargement
is associated with LV diastolic dysfunction (139). Measuring volume is a more accurate
estimation of left atrial size, but a diameter more than 47 mm indicated left atrial enlargement
(140).

We showed no association of CITP with echocardiographic variables of the LV which is in
line with other studies of primarily ischemic HF and DCM (98, 141). CITP was higher in the
group above or equal to median PICP compared with the group below median, to restore
collagen homeostasis, but the PICP to CITP ratio indicated type | collagen synthesis to be
predominant over degradation. Thus, since there was an increase in collagen accumulation
CITP was not associated with LV size or function.

In conclusion, increased type | collagen accumulation is associated with increased LV
dilation and diastolic dysfunction, indicating progressive LV remodeling.

6.1.2 Changes from baseline to 12 months

Improved indices of LV function and size in all patients were noticed and expected after the
optimizing period at the nurse-led outpatient HF clinic. These findings were in parallel with a
lower degree of biomarker assessed type | collagen degradation and increased type | collagen
cross-linking, compared with baseline. I.e., signs of reverse LV remodeling were in parallel
with decreased type | collagen degradation, indicating of a more stable type I collagen
scaffold in the ECM.

LV dilation and depressed LVEF were associated with decreased collagen cross-linking, and
after the administration of an ACE-I, the reduction of collagen cross-linking was stopped and
LV size and function improved (123). This is most likely seen in our study too.

There were also signs of reverse LV remodeling in the changes from baseline to 12 months in
the alive, paralleled with lower type | collagen synthesis, but not in the later deceased.

There were weak positive correlations between changes in PIIINP and LVVMI, and between
CITP:MMP-1 and left atrial diameter. This suggests that increased type I11 collagen
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metabolism is a part of increased cardiac mass, and that decreased type I collagen cross-
linking is accompanied by increased left atrial size.

Temporal changes of biomarkers of ECM collagens have not been examined as extensively
as baseline levels. In HF with dilated LV and depressed EF and mainly of non-ischemic
origin, the greatest decrease in CITP over 12 months was associated with the greatest
improvement of LV size and function after patients received a BB in addition to RAS-
inhibitor (156). PICP remained unchanged in the same study. Changes in collagen biomarkers
is mostly investigated in acute MI (142, 143).

In conclusion, optimized pharmacotherapy during 12 months showed evidence of reverse LV
remodeling and a simultaneous decrease in type | collagen degradation most likely due to
increased type | collagen cross-linking rendering a more stable ECM scaffold to support the
cardiomyocytes.

6.1.3 Dyssynchrony

No associations between markers of collagen metabolism and indices of mechanical
dyssynchrony assessed by echocardiography were noticed. To the best of our knowledge, this
has not been addressed before or after our study. The mean QRS duration was 117 ms in our
patients indicating a probable low degree of interventricular dyssynchrony.

A review concluded that PICP is the best biomarker of the ECM to predict CRT response
(145), and a value below the proposed cutoff of PICP increased the likelihood of CRT-
response by 7.8 times and correlated with reverse remodeling (128). However, focal scarring
and not interstitial fibrosis assessed by CMR predicted reverse remodeling after CRT (146).
The levels of biomarkers of type I and I11 collagens increase after CRT implantation, as
mentioned in section 2.11. Evidence of mechanical dyssynchrony has not been able to predict
response to CRT (147).

In conclusion, myocardial fibrosis assessed by circulating levels of biomarkers of type |
collagen, is not associated with indices of mechanical dyssynchrony which in turn are not
associated with response to CRT. l.e., myocardial fibrosis is not related to mechanical LV
dyssycnhrony.

6.2 BIOMARKERS OF MYOCARDIAL FIBROSIS AND ASSOCIATIONS WITH
CLINICAL FINDINGS AND BNP

6.2.1 At baseline

The patients above median PICP expressed a more severe form of HF of longer duration
associated with higher BNP compared with the patients below median PICP. and NYHA
functional class was borderline higher.

Similarly, patients above median CITP expressed signs of worse HF with higher BNP, and
worse NYHA functional class compared with patients below median CITP.
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CITP, and the PICP to CITP ratio, also correlated with NYHA functional class in our study,
and patients with symptoms of HF at one- and two-years post MI had higher CITP compared
with patients without symptoms (155).

BNP in the acute setting was independently associated with PICP and CITP. BNP is released
upon increased myocardial wall tension, both in pressure and volume overload conditions
(144, 145), and is associated with both diastolic and systolic LV dysfunction (146). This
means BNP can be elevated both in conditions when collagen synthesis is predominant as
well as in circumstances when collagen degradation is increased. BNP has proved to
attenuate types I and 111 collagen synthesis and other factors involved in myocardial fibrosis
(147, 148). Hence, the patients in our study with HF with depressed LVEF with a mixed
etiology expressed both pressure and volume overload conditions. Our results support
previous findings (98). BNP is associated with NYHA functional class (149).

In conclusion, increasing type | collagen synthesis and degradation are both associated with
increasing BNP in the acute setting, indicating a more severe form of symptomatic HF with
increased collagen metabolism. Increasing type | collagen degradation also correlated with

NYHA functional classification.

6.2.2 Changes from baseline to 12 months

At the 12-month follow-up of all patients, a significant increase in RAS-inhibitor dose was
achieved and signs of clinical improvement (lower NYHA functional classification and
BNP). These findings were in parallel with a lower degree of biomarker assessed type |
collagen degradation and increased type | collagen cross-linking, compared with baseline.

The changes in clinical variables from baseline to 12 months, showed improvements in
NYHA functional class and BNP in the alive, but not in the later deceased. PICP did not
increase as much in the alive as in the later deceased, but other than this no other changes in
collagen biomarkers were seen.

There were weak correlations between changes in PICP and BNP, and CITP and NYHA. We
could not find any similar study that reported on this.

In conclusion, along with previously mentioned signs of reverse remodeling following
optimization of pharmacotherapy during 12 months, decreasing type I collagen degradation
and increasing type | collagen cross-linking were in parallel with clinical improvement. The
correlations between changes in PICP and BNP, and CITP and NYHA were consistent with
baseline results.

6.3 BIOMARKERS OF MYOCARDIAL FIBROSIS AND ASSOCIATIONS WITH
ATRIAL FIBRILLATION

Although no significant differences in PICP were seen between the AF and SR groups, a
weak and direct correlation existed between PICP and left atrial diameter in all patients. This
and an independent relation of PICP with AF was confirmed in a previous study of patients
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with AF (110). Increased type | collagen (and type I11) has been histologically verified in the
left atria of patients with AF compared with SR (108). In the dog model of HF-induced AF,
histology of the atria showed myocyte loss, hypertrophy, and atrial interstitial fibrosis, with
the latter interfering with atrial electrical conduction and creating a substrate for AF (150).
Left atrial enlargement is a common feature in AF and it is the strongest predictor of new-
onset AF (151). AF can cause left atrial enlargement (152) and vice versa (153) and can be
caused by conditions with pressure or volume overload.

CITP showed a weak correlation with left atrial size in the present study, which together with
an association with different types of AF was observed in another study (154).

A previous paper from the OPTIMAL study showed that cardiopulmonary exercise capacity
in HF with depressed LVVEF was similar between groups with AF or SR, even though LV
volumes were smaller and LVEF higher in the AF group compared with the SR group (155).
It was proposed that AF in HF is not a result of deteriorating systolic LV function but that
patients with AF and concomitant HF are of a different phenotype.

Baseline PIIINP and CITP were predictors of incident AF in a long-term follow-up of
individuals without CV disease, but not in patients with established CV disease (156).

PICP and CITP are likely of both ventricular and atrial origin, and the association of PICP in
HF complicated with AF in the present study could mean that patients with HF and
coexisting AF have a more pronounced fibrosis. It could be argued that in our study HF
begets AF, with disrupted collagen metabolism in a set of patients with both pressure and
volume overload conditions to cause HF. Left atrial size was increased and did not differ
between the AF and SR groups, and increased LA size can be seen both in AF and due to
diastolic dysfunction in HF. The same factors that induce increased collagen synthesis in the
LV apply in the atria (e.g., TGF-B, aldosterone, and angiotensin IlI). Increased left atrial size
could be a sign of a more severe form of myocardial fibrosis.

In conclusion, increasing type | collagen metabolism (as assessed by PICP and CITP)
correlates with increasing left atrial size, which can be the result of several causes as
discussed, and can promote AF. We cannot determine if there is a more severe form of
fibrosis in the atria in the patients with AF.

6.4 BIOMARKERS OF MYOCARDIAL FIBROSIS AND ASSOCIATIONS WITH
OUTCOME

6.4.1 At baseline

Baseline PICP and CITP were both independently associated with CV and all-cause
mortality, and CITP also for non-CV mortality. Similar findings have been noticed in both
HF with depressed and preserved EF (101, 103, 112, 157) and CITP also predicted mortality
after MI (158, 159).
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PICP:CITP is thought to be an index of the degree of collagen synthesis over degradation,
and the later deceased exhibited a more degrative state than the alive with higher CITP and
hence lower PICP:CITP, but that was not associated with LV dimensions or function.
However clinically, baseline NYHA functional class was worse in the later deceased than in
the alive.

In conclusion, increasing type | collagen metabolism (assessed by PICP and CITP) is
associated with mortality. A degrative state of the ECM with reduction in the collagen
scaffold, reflected by increasing type | collagen degradation, is the best predictor of mortality.

6.4.2 Changes from baseline to 12 months

Univariate, but not multivariate, analyses of 12-month levels of PICP and CITP predicted
mortality and borderline baseline and 12-month levels of CITP:MMP-1. Thus, we failed to
prove independent association of PICP and 12 months in addition to our previous result on
baseline levels. This was at least in part due to lack of power secondary to few patients.

In conclusion, after optimization of pharmacotherapy with increased dosages of RAS-
inhibitors, the type I collagen became more stable, indicating worse prognosis in patients with
a lower degree of collagen cross-linking, both at baseline an at 12 months. Higher levels of
type I collagen synthesis and degradation are likely predictors of mortality also at 12 months.

6.5 CONCLUDING REMARKS AND LIMITATIONS

Our studies have showed that PICP, CITP, and CITP:MMP-1 may be considered biomarkers
of myocardial fibrosis in the absence of other conditions known to alter collagen metabolism.
Most studies examining these biomarkers look at HF patients with a single etiology, but our
patients have a mixed etiology and therefore represent the typical patients in an HF clinic.
The biomarkers of type | collagen metabolism are associated with LV size and function,
clinical findings, AF, and outcome. They are also altered after optimization of
pharmacotherapy in parallel with objective and subjective improvements in HF.

Our studies have a small sample size, especially in study IV, and we may not have enough
power to detect an effect of the temporal changes in the biomarkers of fibrosis on outcome.
Thus, our studies are mainly of hypothesis-generating character. Also, we did not have a
group of controls in our study, which makes it hard to extend our results beyond the
participants in this study. However, our results are similar with previous research on patients
with HF of mostly a single etiology and depressed EF.

In addition to being a small study, other factors limit our results The OPTIMAL study took
place in the mid-1990s and at that point in time HFrEF was considered if LVEF was <45%
and HFpEF if LVEF was higher than that. Today, HF classification includes HFrEF,
HFmrEF, and HFpEF. Pharmacotherapy has also changed with guidelines recommendations
on “old” and new drugs to be added to the toolbox, but undertreatment is not uncommon even
today. The patients in OPTIMAL received optimized pharmacotherapy so they cannot be
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considered undertreated, not by earlier standards at least. Echocardiography (hardware and
software) has improved significantly with time, and recommendations on measurements have
changed in some areas (e.g., atrial volume is preferred over diameter and AVPD is not
frequently used).
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7 CONCLUSIONS

Increasing levels of PICP are associated with increasing LV size, and signs of worse
diastolic function. Increasing levels of PICP and CITP are related to increasing left
atrial size.

Increasing levels of PICP and CITP are associated with increasing levels of BNP, and
increasing levels of CITP correlate with worse NYHA functional class. BNP and
NYHA are associated with each other, and mainly increased type | collagen
degradation provides information on clinical HF severity.

PICP and CITP, i.e., type I collagen metabolism does not relate to indices of
mechanical dyssynchrony. Evidence of mechanical dyssynchrony is not associated
with CRT response. However, lower levels of PICP have been associated with CRT
response.

Increasing levels of PICP and decreasing LVEDd are associated with HF and co-
existing AF.

Baseline PICP and CITP are independent predictors of CV- and all-cause mortality,
with CITP suggested to be more important. Increased type | collagen synthesis, and
especially type I collagen degradation, at baseline are associated with a worse
prognosis.

Optimization of HF pharmacotherapy during 12 months reduces CITP and
CITP:MMP-1 in parallel to improvement in clinical findings (BNP and NYHA
functional class,) and signs of reverse LV remodeling (LV size and function).

In univariate analyses, higher 12-month levels of PICP and CITP are associated with
a worse prognosis, and lower levels of CITP:MMP-1 at baseline and 12 months were

associated with a better prognosis.

Increasing levels of PIIINP correlated with increasing levels of BNP, larger LVESd,
and greater LVMI. There were no associations of PIIINP with outcome.
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8 POINTS OF PERSPECTIVE

We conclude that PICP, CITP, and CITP:MMP-1 may be considered biomarkers of
myocardial fibrosis (in the absence of other conditions known to alter collagen metabolism)
as discussed earlier, but they are not quite ready to be used in a clinical setting. However,
biomarkers of collagen are already in use for monitoring the effect of treatment in other
diseases such as osteoporosis and the potential side effect of methotrexate induced hepatic
fibrosis in patients with rheumatoid arthritis. The same could apply to future
pharmacotherapy aimed at reducing myocardial interstitial fibrosis. There should be “just
enough” collagen in the ECM to prevent potentially harmful effects.

Many studies of myocardial fibrosis in HF are quite heterogenous in the selection of LVEF,
and sometimes the different types of HF are used interchangeably. It became popular to study
biomarkers of myocardial fibrosis in a wide variety of cardiac conditions some 15-20 years
ago. Not all studies state exclusion of patients with conditions known to alter the markers of
collagen metabolism, making it even harder to evaluate the results from the studies.

It could be useful to perform a case-control study including all types of HF patients with
appropriate treatment according to existing guidelines and examine collagen markers of
fibrosis in relation to the dimensions and function of the heart, and outcomes. The increased
collagen accumulation in myocardial fibrosis is the result of many factors such as cytokines,
growth factors, and hormones etc. A multi-panel test may possibly give information on the
present status of fibrotic activity.

Today, some studies have proposed cut-off values for the markers studied, but these values
can differ significantly from one study to another. Cut-off values for prognostication should
be calculated, both for specific etiologies of HF and in a mixed etiology. The temporal
changes of collagen biomarkers should also be addressed better with serial measurements
over time since fibrosis is a dynamic process and today only a handful of studies exist on this
subject.

If a biomarker of fibrosis could indicate a higher risk of future need for more advanced
treatment, this could prove helpful, especially in the younger patients who could be
candidates for heart transplantation.

43






9 ACKNOWLEDGEMENTS

| want to express my deep gratitude to all persons involved in this work. It has by no means
been a smooth ride, but that only adds an extra sweetness to the crossing of the finish line of
this academic ultra-marathon. In particular, I would like to thank:

Hans Persson, my principal supervisor. Thank you for guiding me through the entire journey,
your never-ending patience, and your vast knowledge of heart failure. You truly are the
Swedish champion of heart failure!

Thomas Kahan, my co-supervisor. Thank you for your support, even on and off-piste, and
your outstanding skills of making a lot of “random” data comprehensible in writing.

Magnus Edner, my co-supervisor. Thank you for luring me into my doctoral studies and your
support when | was a younger doctor.

Peter Henriksson, my mentor. For your help with statistics in paper 1.

Javier Diez, Begofia Lopez, Arantxa Gonzélez, and Susana Ravassa, our collaborators in
Pamplona, Spain. | thank you from the bottom of my heart for your world-renowned
expertise in the field of myocardial fibrosis.

Karin Malmaqvist, head of the Department of Cardiology at Danderyd University Hospital.
For creating a research-friendly environment.

Hakan Wallén. For your support during these years.

Nina Ringart. For your help with all the formalities that come with doctoral studies.
Marit Mejhert. For your hard work with the OPTIMAL-study and for sharing it with me.
Mahbubul Alam. For being a fantastic doctor, teacher, colleague, and friend.

My colleagues, old and present, at the Department of Cardiology at Danderyd University
Hospital. Especially Andreas Jekell, Fredrik Wallentin, Patrik Hjalmarsson, Piotr
Sobocinski-Doliwa, and Gustav Ribom. For necessary times of blowing off steam!

My family,
My parents, Mirjam and Erling. For always being supportive and helpful. | mean, always.
My brothers, Magnus and David. For being like brothers are! Loud dinners, fights, and love.

My wife, Malin. You are the best. Period. For all our discussions on research, politics, sports,
dogs, and everything in between. By the way, did I say you are the best?

My children, Josefin and Ellen. Thank you for being in our lives. Luv u!

45



This work was supported by the Regional agreement on medical training and clinical research
(ALF) between Stockholm County Council and Karolinska Institutet; Karolinska Institutet
Research Foundation; the Swedish Heart Lung Foundation; the Agreement between the
Foundation for Applied Medical Research (FIMA) and Unién Temporal de Empresas project
Centro de Investigacion Médica Aplicada (CIMA); the Red Tematica de Investigacion
Cooperativa en Enfermedades Cardiovasculares (RECEVA) from the Instituto de Salud
Carlos 111, Ministry of Science and Innovation, Spain [RD06/0014/0008]; and the European
Commission [FP7-HEALTH-2010-261409, FP7-HEALTH-2011-278249, FP7-HEALTH-
2012-305507, and FP7-HEALTH-2013-602904]

46



10 REFERENCES

1. West JB. Ibn al-Nafis, the pulmonary circulation, and the Islamic Golden Age.
J Appl Physiol (1985). 2008;105(6):1877-80.

2. Ribatti D. William Harvey and the discovery of the circulation of the blood. J
Angiogenes Res. 2009;1:3.
3. Authors/Task Force M, McDonagh TA, Metra M, Adamo M, Gardner RS,

Baumbach A, et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure: Developed by the Task Force for the diagnosis and treatment of acute
and chronic heart failure of the European Society of Cardiology (ESC). With the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur J Heart Fail.
2022;24(1):4-131.

4. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography in adults: an
update from the American Society of Echocardiography and the European Association of
Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging. 2015;16(3):233-70.

5. Echeverria HH, Bilsker MS, Myerburg RJ, Kessler KM. Congestive heart
failure: echocardiographic insights. Am J Med. 1983;75(5):750-5.

6. Meta-analysis Global Group in Chronic Heart F. The survival of patients with
heart failure with preserved or reduced left ventricular ejection fraction: an individual patient
data meta-analysis. Eur Heart J. 2012;33(14):1750-7.

7. Sartipy U, Dahlstrom U, Fu M, Lund LH. Atrial Fibrillation in Heart Failure
With Preserved, Mid-Range, and Reduced Ejection Fraction. JACC Heart Fail.
2017;5(8):565-74.

8. Savarese G, Becher PM, Lund LH, Seferovic P, Rosano GMC, Coats A. Global
burden of heart failure: A comprehensive and updated review of epidemiology. Cardiovasc
Res. 2022.

9. The Criteria Committee of the New York Heart Association . Nomenclature
and Criteria for Diagnosis of Diseases of the Heart and Great Vessels. 9th ed Little, Brown &
Co; Boston, Mass: 1994. pp. 253-256.

10. Disease GBD, Injury I, Prevalence C. Global, regional, and national incidence,
prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and
territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017.
Lancet. 2018;392(10159):1789-858.

11. Bragazzi NL, Zhong W, Shu J, Abu Much A, Lotan D, Grupper A, et al.
Burden of heart failure and underlying causes in 195 countries and territories from 1990 to
2017. Eur J Prev Cardiol. 2021;28(15):1682-90.

12. Roger VL. Epidemiology of heart failure. Circ Res. 2013;113(6):646-59.

13. Lindmark K, Boman K, Olofsson M, Tornblom M, Levine A, Castelo-Branco
A, et al. Epidemiology of heart failure and trends in diagnostic work-up: a retrospective,
population-based cohort study in Sweden. Clin Epidemiol. 2019;11:231-44.

14. Zarrinkoub R, Wettermark B, Wandell P, Mejhert M, Szulkin R, Ljunggren G,
et al. The epidemiology of heart failure, based on data for 2.1 million inhabitants in Sweden.
Eur J Heart Fail. 2013;15(9):995-1002.

47



15. Cancer i siffror 2018. Socialstyrelsens artikelnummer: 2018-6-10.

16. Levy D, Kenchaiah S, Larson MG, Benjamin EJ, Kupka MJ, Ho KK, et al.
Long-term trends in the incidence of and survival with heart failure. N Engl J Med.
2002;347(18):1397-402.

17. Jones NR, Roalfe AK, Adoki I, Hobbs FDR, Taylor CJ. Survival of patients
with chronic heart failure in the community: a systematic review and meta-analysis. Eur J
Heart Fail. 2019;21(11):1306-25.

18. Pocock SJ, Ariti CA, McMurray JJ, Maggioni A, Kober L, Squire 1B, et al.
Predicting survival in heart failure: a risk score based on 39 372 patients from 30 studies. Eur
Heart J. 2013;34(19):1404-13.

19. Chioncel O, Lainscak M, Seferovic PM, Anker SD, Crespo-Leiro MG, Harjola
VP, et al. Epidemiology and one-year outcomes in patients with chronic heart failure and
preserved, mid-range and reduced ejection fraction: an analysis of the ESC Heart Failure
Long-Term Registry. Eur J Heart Fail. 2017;19(12):1574-85.

20. Blecker S, Paul M, Taksler G, Ogedegbe G, Katz S. Heart failure-associated
hospitalizations in the United States. J Am Coll Cardiol. 2013;61(12):1259-67.
21. Nieminen MS, Brutsaert D, Dickstein K, Drexler H, Follath F, Harjola VP, et

al. EuroHeart Failure Survey Il (EHFS I11): a survey on hospitalized acute heart failure
patients: description of population. Eur Heart J. 2006;27(22):2725-36.

22. Gerber Y, Weston SA, Redfield MM, Chamberlain AM, Manemann SM, Jiang
R, etal. A contemporary appraisal of the heart failure epidemic in Olmsted County,
Minnesota, 2000 to 2010. JAMA Intern Med. 2015;175(6):996-1004.

23. Patel JJ, Whittaker CT. Tachycardia-induced heart failure. Perm J.
2007;11(3):50-2.
24, Conrad N, Judge A, Tran J, Mohseni H, Hedgecott D, Crespillo AP, et al.

Temporal trends and patterns in heart failure incidence: a population-based study of 4 million
individuals. Lancet. 2018;391(10120):572-80.

25. Khan MS, Samman Tahhan A, Vaduganathan M, Greene SJ, Alrohaibani A,
Anker SD, et al. Trends in prevalence of comorbidities in heart failure clinical trials. Eur J
Heart Fail. 2020;22(6):1032-42.

26. Santhanakrishnan R, Wang N, Larson MG, Magnani JW, McManus DD,
Lubitz SA, et al. Atrial Fibrillation Begets Heart Failure and Vice Versa: Temporal
Associations and Differences in Preserved Versus Reduced Ejection Fraction. Circulation.
2016;133(5):484-92.

217. Swedberg K, Eneroth P, Kjekshus J, Wilhelmsen L. Hormones regulating
cardiovascular function in patients with severe congestive heart failure and their relation to
mortality. CONSENSUS Trial Study Group. Circulation. 1990;82(5):1730-6.

28. Cohn JN, Levine TB, Olivari MT, Garberg V, Lura D, Francis GS, et al.
Plasma norepinephrine as a guide to prognosis in patients with chronic congestive heart
failure. N Engl J Med. 1984;311(13):819-23.

29. Anand IS, Fisher LD, Chiang YT, Latini R, Masson S, Maggioni AP, et al.
Changes in brain natriuretic peptide and norepinephrine over time and mortality and
morbidity in the Valsartan Heart Failure Trial (Val-HeFT). Circulation. 2003;107(9):1278-83.

48



30. Pugliese NR, Masi S, Taddei S. The renin-angiotensin-aldosterone system: a
crossroad from arterial hypertension to heart failure. Heart Fail Rev. 2020;25(1):31-42.

31. Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling--concepts and clinical
implications: a consensus paper from an international forum on cardiac remodeling. Behalf of
an International Forum on Cardiac Remodeling. J Am Coll Cardiol. 2000;35(3):569-82.

32. Echouffo-Tcheugui JB, Erqou S, Butler J, Yancy CW, Fonarow GC. Assessing
the Risk of Progression From Asymptomatic Left Ventricular Dysfunction to Overt Heart
Failure: A Systematic Overview and Meta-Analysis. JACC Heart Fail. 2016;4(4):237-48.

33. Prabhu SD, Frangogiannis NG. The Biological Basis for Cardiac Repair After
Myocardial Infarction: From Inflammation to Fibrosis. Circ Res. 2016;119(1):91-112.

34. Diez J. Mechanisms of cardiac fibrosis in hypertension. J Clin Hypertens
(Greenwich). 2007;9(7):546-50.

35. Pfeffer IM, Pfeffer MA, Braunwald E. Influence of chronic captopril therapy
on the infarcted left ventricle of the rat. Circ Res. 1985;57(1):84-95.

36. Pfeffer MA, Pfeffer JM, Steinberg C, Finn P. Survival after an experimental

myocardial infarction: beneficial effects of long-term therapy with captopril. Circulation.
1985;72(2):406-12.

37. Persson H, Lonn E, Edner M, Baruch L, Lang CC, Morton JJ, et al. Diastolic
dysfunction in heart failure with preserved systolic function: need for objective
evidence:results from the CHARM Echocardiographic Substudy-CHARMES. J Am Coll
Cardiol. 2007;49(6):687-94.

38. Paulus WJ, Zile MR. From Systemic Inflammation to Myocardial Fibrosis: The
Heart Failure With Preserved Ejection Fraction Paradigm Revisited. Circ Res.
2021;128(10):1451-67.

39. Zile MR, Baicu CF, Ikonomidis JS, Stroud RE, Nietert PJ, Bradshaw AD, et al.
Myocardial stiffness in patients with heart failure and a preserved ejection fraction:
contributions of collagen and titin. Circulation. 2015;131(14):1247-59.

40. Mant J, Doust J, Roalfe A, Barton P, Cowie MR, Glasziou P, et al. Systematic
review and individual patient data meta-analysis of diagnosis of heart failure, with modelling
of implications of different diagnostic strategies in primary care. Health Technol Assess.
2009;13(32):1-207, iii.

41. Gohar A, Rutten FH, den Ruijter H, Kelder JC, von Haehling S, Anker SD, et
al. Mid-regional pro-atrial natriuretic peptide for the early detection of non-acute heart
failure. Eur J Heart Fail. 2019;21(10):1219-27.

42. Maeda K, Tsutamoto T, Wada A, Hisanaga T, Kinoshita M. Plasma brain
natriuretic peptide as a biochemical marker of high left ventricular end-diastolic pressure in
patients with symptomatic left ventricular dysfunction. Am Heart J. 1998;135(5 Pt 1):825-32.

43. Madamanchi C, Alhosaini H, Sumida A, Runge MS. Obesity and natriuretic
peptides, BNP and NT-proBNP: mechanisms and diagnostic implications for heart failure. Int
J Cardiol. 2014;176(3):611-7.

44, Mueller C, McDonald K, de Boer RA, Maisel A, Cleland JGF, Kozhuharov N,
et al. Heart Failure Association of the European Society of Cardiology practical guidance on
the use of natriuretic peptide concentrations. Eur J Heart Fail. 2019;21(6):715-31.

49



45, Group CTS. Effects of enalapril on mortality in severe congestive heart failure.
Results of the Cooperative North Scandinavian Enalapril Survival Study (CONSENSUS). N
Engl J Med. 1987;316(23):1429-35.

46. Investigators S, Yusuf S, Pitt B, Davis CE, Hood WB, Cohn JN. Effect of
enalapril on survival in patients with reduced left ventricular ejection fractions and congestive
heart failure. N Engl J Med. 1991;325(5):293-302.

47. Granger CB, McMurray JJ, Yusuf S, Held P, Michelson EL, Olofsson B, et al.
Effects of candesartan in patients with chronic heart failure and reduced left-ventricular
systolic function intolerant to angiotensin-converting-enzyme inhibitors: the CHARM-
Alternative trial. Lancet. 2003;362(9386):772-6.

48. McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, et al.
Angiotensin-neprilysin inhibition versus enalapril in heart failure. N Engl J Med.
2014;371(11):993-1004.

49, Gu J, Noe A, Chandra P, Al-Fayoumi S, Ligueros-Saylan M, Sarangapani R, et
al. Pharmacokinetics and pharmacodynamics of LCZ696, a novel dual-acting angiotensin
receptor-neprilysin inhibitor (ARNI). J Clin Pharmacol. 2010;50(4):401-14.

50. Bayes-Genis A, Barallat J, Galan A, de Antonio M, Domingo M, Zamora E, et
al. Soluble neprilysin is predictive of cardiovascular death and heart failure hospitalization in
heart failure patients. J Am Coll Cardiol. 2015;65(7):657-65.

51. The Cardiac Insufficiency Bisoprolol Study Il (CIBIS-I1): a randomised trial.
Lancet. 1999;353(9146):9-13.
52. Effect of metoprolol CR/XL in chronic heart failure: Metoprolol CR/XL

Randomised Intervention Trial in Congestive Heart Failure (MERIT-HF). Lancet.
1999;353(9169):2001-7.

53. Packer M, Fowler MB, Roecker EB, Coats AJ, Katus HA, Krum H, et al. Effect
of carvedilol on the morbidity of patients with severe chronic heart failure: results of the
carvedilol prospective randomized cumulative survival (COPERNICUS) study. Circulation.
2002;106(17):2194-9.

54. Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, et al. The effect
of spironolactone on morbidity and mortality in patients with severe heart failure.
Randomized Aldactone Evaluation Study Investigators. N Engl J Med. 1999;341(10):709-17.

55. Zannad F, McMurray JJ, Krum H, van Veldhuisen DJ, Swedberg K, Shi H, et
al. Eplerenone in patients with systolic heart failure and mild symptoms. N Engl J Med.
2011;364(1):11-21.

56. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al.
Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N Engl J Med.
2015;373(22):2117-28.

57. McMurray JJV, Solomon SD, Inzucchi SE, Kober L, Kosiborod MN, Martinez
FA, et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N Engl
J Med. 2019;381(21):1995-2008.

58. Li C, Zhang J, Xue M, Li X, Han F, Liu X, et al. SGLT2 inhibition with
empagliflozin attenuates myocardial oxidative stress and fibrosis in diabetic mice heart.
Cardiovasc Diabetol. 2019;18(1):15.

50



59. Byrne NJ, Parajuli N, Levasseur JL, Boisvenue J, Beker DL, Masson G, et al.
Empagliflozin Prevents Worsening of Cardiac Function in an Experimental Model of
Pressure Overload-Induced Heart Failure. JACC Basic Transl Sci. 2017;2(4):347-54.

60. Cooper HA, Dries DL, Davis CE, Shen YL, Domanski MJ. Diuretics and risk
of arrhythmic death in patients with left ventricular dysfunction. Circulation.
1999;100(12):1311-5.

61. Klein L, O'Connor CM, Leimberger JD, Gattis-Stough W, Pina IL, Felker GM,
et al. Lower serum sodium is associated with increased short-term mortality in hospitalized
patients with worsening heart failure: results from the Outcomes of a Prospective Trial of
Intravenous Milrinone for Exacerbations of Chronic Heart Failure (OPTIME-CHF) study.
Circulation. 2005;111(19):2454-60.

62. Swedberg K, Komajda M, Bohm M, Borer JS, Ford I, Dubost-Brama A, et al.
Ivabradine and outcomes in chronic heart failure (SHIFT): a randomised placebo-controlled
study. Lancet. 2010;376(9744):875-85.

63. Armstrong PW, Pieske B, Anstrom KJ, Ezekowitz J, Hernandez AF, Butler J,
et al. Vericiguat in Patients with Heart Failure and Reduced Ejection Fraction. N Engl J Med.
2020;382(20):1883-93.

64. Digitalis Investigation G. The effect of digoxin on mortality and morbidity in
patients with heart failure. N Engl J Med. 1997;336(8):525-33.
65. Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Bohm M, et al.

Empagliflozin in Heart Failure with a Preserved Ejection Fraction. N Engl J Med.
2021;385(16):1451-61.

66. Grines CL, Bashore TM, Boudoulas H, Olson S, Shafer P, Wooley CF.
Functional abnormalities in isolated left bundle branch block. The effect of interventricular
asynchrony. Circulation. 1989;79(4):845-53.

67. Leclercq C, Gras D, Le Helloco A, Nicol L, Mabo P, Daubert C. Hemodynamic
importance of preserving the normal sequence of ventricular activation in permanent cardiac
pacing. Am Heart J. 1995;129(6):1133-41.

68. Bakker PF, Meijburg HW, de Vries JW, Mower MM, Thomas AC, Hull ML, et
al. Biventricular pacing in end-stage heart failure improves functional capacity and left
ventricular function. J Interv Card Electrophysiol. 2000;4(2):395-404.

69. Cazeau S, Leclercqg C, Lavergne T, Walker S, Varma C, Linde C, et al. Effects
of multisite biventricular pacing in patients with heart failure and intraventricular conduction
delay. N Engl J Med. 2001;344(12):873-80.

70. Abraham WT, Fisher WG, Smith AL, Delurgio DB, Leon AR, Loh E, et al.
Cardiac resynchronization in chronic heart failure. N Engl J Med. 2002;346(24):1845-53.
71. Saxon LA, De Marco T, Schafer J, Chatterjee K, Kumar UN, Foster E, et al.

Effects of long-term biventricular stimulation for resynchronization on echocardiographic
measures of remodeling. Circulation. 2002;105(11):1304-10.

72. Shen L, Jhund PS, Petrie MC, Claggett BL, Barlera S, Cleland JGF, et al.
Declining Risk of Sudden Death in Heart Failure. N Engl J Med. 2017;377(1):41-51.
73. Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS, et al.

Prophylactic implantation of a defibrillator in patients with myocardial infarction and reduced
ejection fraction. N Engl J Med. 2002;346(12):877-83.

51



74. Beggs SAS, Jhund PS, Jackson CE, McMurray JJV, Gardner RS. Non-
ischaemic cardiomyopathy, sudden death and implantable defibrillators: a review and meta-
analysis. Heart. 2018;104(2):144-50.

75. Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, De Marco T, et al.
Cardiac-resynchronization therapy with or without an implantable defibrillator in advanced
chronic heart failure. N Engl J Med. 2004;350(21):2140-50.

76. Levin HR, Oz MC, Chen JM, Packer M, Rose EA, Burkhoff D. Reversal of
chronic ventricular dilation in patients with end-stage cardiomyopathy by prolonged
mechanical unloading. Circulation. 1995;91(11):2717-20.

17. Karason K, Lund LH, Dalen M, Bjorklund E, Grinnemo K, Braun O, et al.
Randomized trial of a left ventricular assist device as destination therapy versus guideline-
directed medical therapy in patients with advanced heart failure. Rationale and design of the
SWEdish evaluation of left Ventricular Assist Device (SweVAD) trial. Eur J Heart Fail.
2020;22(4):739-50.

78. Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol.
2008;214(2):199-210.
79. Song Y, Yao Q, Zhu J, Luo B, Liang S. Age-related variation in the interstitial

tissues of the cardiac conduction system; and autopsy study of 230 Han Chinese. Forensic Sci
Int. 1999;104(2-3):133-42.

80. Calabresi C, Arosio B, Galimberti L, Scanziani E, Bergottini R, Annoni G, et
al. Natural aging, expression of fibrosis-related genes and collagen deposition in rat lung. Exp
Gerontol. 2007;42(10):1003-11.

81. Gagliano N, Grizzi F, Annoni G. Mechanisms of aging and liver functions. Dig
Dis. 2007;25(2):118-23.
82. Litvinukova M, Talavera-Lopez C, Maatz H, Reichart D, Worth CL, Lindberg

EL, et al. Cells of the adult human heart. Nature. 2020;588(7838):466-72.

83. Bashey RI, Martinez-Hernandez A, Jimenez SA. Isolation, characterization,
and localization of cardiac collagen type VI. Associations with other extracellular matrix
components. Circ Res. 1992;70(5):1006-17.

84. Bishop JE, Laurent GJ. Collagen turnover and its regulation in the normal and
hypertrophying heart. Eur Heart J. 1995;16 Suppl C:38-44.
85. Weber KT, Janicki JS, Shroff SG, Pick R, Chen RM, Bashey RI. Collagen

remodeling of the pressure-overloaded, hypertrophied nonhuman primate myocardium. Circ
Res. 1988;62(4):757-65.

86. Frangogiannis NG. Cardiac fibrosis: Cell biological mechanisms, molecular
pathways and therapeutic opportunities. Mol Aspects Med. 2019;65:70-99.
87. Weber KT, Sun Y, Bhattacharya SK, Ahokas RA, Gerling IC. Myofibroblast-

mediated mechanisms of pathological remodelling of the heart. Nat Rev Cardiol.
2013;10(1):15-26.

88. Shoulders MD, Raines RT. Collagen structure and stability. Annu Rev
Biochem. 2009;78:929-58.

89. D'Armiento J. Matrix metalloproteinase disruption of the extracellular matrix
and cardiac dysfunction. Trends Cardiovasc Med. 2002;12(3):97-101.

52



90. Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: structure, function, and biochemistry. Circ Res. 2003;92(8):827-309.

91. de Jong S, van Veen TA, de Bakker JM, Vos MA, van Rijen HV. Biomarkers
of myocardial fibrosis. J Cardiovasc Pharmacol. 2011;57(5):522-35.

92. Risteli J, Risteli L. Analysing connective tissue metabolites in human serum.
Biochemical, physiological and methodological aspects. J Hepatol. 1995;22(2 Suppl):77-81.

93. Risteli J, Elomaa I, Niemi S, Novamo A, Risteli L. Radioimmunoassay for the
pyridinoline cross-linked carboxy-terminal telopeptide of type I collagen: a new serum
marker of bone collagen degradation. Clin Chem. 1993;39(4):635-40.

94. Lopez B, Ravassa S, Gonzalez A, Zubillaga E, Bonavila C, Berges M, et al.
Myocardial Collagen Cross-Linking Is Associated With Heart Failure Hospitalization in
Patients With Hypertensive Heart Failure. J Am Coll Cardiol. 2016;67(3):251-60.

95. Querejeta R, Varo N, Lopez B, Larman M, Artinano E, Etayo JC, et al. Serum
carboxy-terminal propeptide of procollagen type I is a marker of myocardial fibrosis in
hypertensive heart disease. Circulation. 2000;101(14):1729-35.

96. Querejeta R, Lopez B, Gonzalez A, Sanchez E, Larman M, Martinez Ubago JL,
et al. Increased collagen type | synthesis in patients with heart failure of hypertensive origin:
relation to myocardial fibrosis. Circulation. 2004;110(10):1263-8.

97. Muller-Brunotte R, Kahan T, Lopez B, Edner M, Gonzalez A, Diez J, et al.
Myocardial fibrosis and diastolic dysfunction in patients with hypertension: results from the
Swedish Irbesartan Left Ventricular Hypertrophy Investigation versus Atenolol (SILVHIA). J
Hypertens. 2007;25(9):1958-66.

98. Barasch E, Gottdiener JS, Aurigemma G, Kitzman DW, Han J, Kop WJ, et al.
Association between elevated fibrosis markers and heart failure in the elderly: the
cardiovascular health study. Circ Heart Fail. 2009;2(4):303-10.

99. Roongsritong C, Sadhu A, Pierce M, Raj R, Simoni J. Plasma carboxy-terminal
peptide of procollagen type I is an independent predictor of diastolic function in patients with
advanced systolic heart failure. Congest Heart Fail. 2008;14(6):302-6.

100. Martos R, Baugh J, Ledwidge M, O'Loughlin C, Conlon C, Patle A, et al.
Diastolic heart failure: evidence of increased myocardial collagen turnover linked to diastolic
dysfunction. Circulation. 2007;115(7):888-95.

101. Ruiz-Ruiz FJ, Ruiz-Laiglesia FJ, Samperiz-Legarre P, Lasierra-Diaz P,
Flamarique-Pascual A, Morales-Rull JL, et al. Propeptide of procollagen type I (PIP) and
outcomes in decompensated heart failure. Eur J Intern Med. 2007;18(2):129-34.

102. Schwartzkopff B, Fassbach M, Pelzer B, Brehm M, Strauer BE. Elevated serum
markers of collagen degradation in patients with mild to moderate dilated cardiomyopathy.
Eur J Heart Fail. 2002;4(4):439-4.

103. Klappacher G, Franzen P, Haab D, Mehrabi M, Binder M, Plesch K, et al.
Measuring extracellular matrix turnover in the serum of patients with idiopathic or ischemic
dilated cardiomyopathy and impact on diagnosis and prognosis. Am J Cardiol.
1995;75(14):913-8.

104. Diez J, Querejeta R, Lopez B, Gonzalez A, Larman M, Martinez Ubago JL.
Losartan-dependent regression of myocardial fibrosis is associated with reduction of left
ventricular chamber stiffness in hypertensive patients. Circulation. 2002;105(21):2512-7.

53



105. Izawa H, Murohara T, Nagata K, Isobe S, Asano H, Amano T, et al.
Mineralocorticoid receptor antagonism ameliorates left ventricular diastolic dysfunction and
myocardial fibrosis in mildly symptomatic patients with idiopathic dilated cardiomyopathy: a
pilot study. Circulation. 2005;112(19):2940-5.

106. Plaksej R, Kosmala W, Frantz S, Herrmann S, Niemann M, Stork S, et al.
Relation of circulating markers of fibrosis and progression of left and right ventricular
dysfunction in hypertensive patients with heart failure. J Hypertens. 2009;27(12):2483-91.

107. Garcia-Bolao I, Lopez B, Macias A, Gavira JJ, Azcarate P, Diez J. Impact of
collagen type I turnover on the long-term response to cardiac resynchronization therapy. Eur
Heart J. 2008;29(7):898-906.

108. Boldt A, Wetzel U, Lauschke J, Weigl J, Gummert J, Hindricks G, et al.
Fibrosis in left atrial tissue of patients with atrial fibrillation with and without underlying
mitral valve disease. Heart. 2004;90(4):400-5.

109. Swartz MF, Fink GW, Sarwar MF, Hicks GL, Yu Y, Hu R, et al. Elevated pre-
operative serum peptides for collagen I and 111 synthesis result in post-surgical atrial
fibrillation. J Am Coll Cardiol. 2012;60(18):1799-806.

110. Kallergis EM, Manios EG, Kanoupakis EM, Mavrakis HE, Arfanakis DA,
Maliaraki NE, et al. Extracellular matrix alterations in patients with paroxysmal and
persistent atrial fibrillation: biochemical assessment of collagen type-I turnover. J Am Coll
Cardiol. 2008;52(3):211-5.

111. Ravassa S, Ballesteros G, Lopez B, Ramos P, Bragard J, Gonzalez A, et al.
Combination of Circulating Type | Collagen-Related Biomarkers Is Associated With Atrial
Fibrillation. J Am Coll Cardiol. 2019;73(12):1398-410.

112. Krum H, Elsik M, Schneider HG, Ptaszynska A, Black M, Carson PE, et al.
Relation of peripheral collagen markers to death and hospitalization in patients with heart
failure and preserved ejection fraction: results of the I-PRESERVE collagen substudy. Circ
Heart Fail. 2011;4(5):561-8.

113. Norton GR, Tsotetsi J, Trifunovic B, Hartford C, Candy GP, Woodiwiss AJ.
Myocardial stiffness is attributed to alterations in cross-linked collagen rather than total
collagen or phenotypes in spontaneously hypertensive rats. Circulation. 1997;96(6):1991-8.

114. Russo I, Frangogiannis NG. Diabetes-associated cardiac fibrosis: Cellular
effectors, molecular mechanisms and therapeutic opportunities. J Mol Cell Cardiol.
2016;90:84-93.

115. Diao KY, Yang ZG, Xu HY, Liu X, Zhang Q, Shi K, et al. Histologic
validation of myocardial fibrosis measured by T1 mapping: a systematic review and meta-
analysis. J Cardiovasc Magn Reson. 2016;18(1):92.

116. BEST (Biomarkers, EndpointS, and other Tools) Resource. Silver Spring
(MD)2016.
117. Lopez B, Gonzalez A, Ravassa S, Beaumont J, Moreno MU, San Jose G, et al.

Circulating Biomarkers of Myocardial Fibrosis: The Need for a Reappraisal. J Am Coll
Cardiol. 2015;65(22):2449-56.

118. Frantz S, Hu K, Adamek A, Wolf J, Sallam A, Maier SK, et al. Transforming
growth factor beta inhibition increases mortality and left ventricular dilatation after
myocardial infarction. Basic Res Cardiol. 2008;103(5):485-92.

54



119. Sadoshima J, Izumo S. Molecular characterization of angiotensin Il--induced
hypertrophy of cardiac myocytes and hyperplasia of cardiac fibroblasts. Critical role of the
AT1 receptor subtype. Circ Res. 1993;73(3):413-23.

120. Lijnen P, Petrov V. Induction of cardiac fibrosis by aldosterone. J Mol Cell
Cardiol. 2000;32(6):865-79.
121. Regan CP, Anderson PG, Bishop SP, Berecek KH. Pressure-independent

effects of AT1-receptor antagonism on cardiovascular remodeling in aortic-banded rats. Am J
Physiol. 1997;272(5 Pt 2):H2131-8.

122. Schieffer B, Wirger A, Meybrunn M, Seitz S, Holtz J, Riede UN, et al.
Comparative effects of chronic angiotensin-converting enzyme inhibition and angiotensin Il
type 1 receptor blockade on cardiac remodeling after myocardial infarction in the rat.
Circulation. 1994;89(5):2273-82.

123. Woodiwiss AJ, Tsotetsi OJ, Sprott S, Lancaster EJ, Mela T, Chung ES, et al.
Reduction in myocardial collagen cross-linking parallels left ventricular dilatation in rat
models of systolic chamber dysfunction. Circulation. 2001;103(1):155-60.

124. Wintrich J, Kindermann I, Ukena C, Selejan S, Werner C, Maack C, et al.
Therapeutic approaches in heart failure with preserved ejection fraction: past, present, and
future. Clin Res Cardiol. 2020;109(9):1079-98.

125. Zile MR, O'Meara E, Claggett B, Prescott MF, Solomon SD, Swedberg K, et al.
Effects of Sacubitril/Valsartan on Biomarkers of Extracellular Matrix Regulation in Patients
With HFrEF. J Am Coll Cardiol. 2019;73(7):795-806.

126. Lopez B, Gonzalez A, Beaumont J, Querejeta R, Larman M, Diez J.
Identification of a potential cardiac antifibrotic mechanism of torasemide in patients with
chronic heart failure. J Am Coll Cardiol. 2007;50(9):859-67.

127. Lopez B, Querejeta R, Gonzalez A, Beaumont J, Larman M, Diez J. Impact of
treatment on myocardial lysyl oxidase expression and collagen cross-linking in patients with
heart failure. Hypertension. 2009;53(2):236-42.

128. Massoullie G, Sapin V, Ploux S, Rossignol P, Mulliez A, Jean F, et al. Low
fibrosis biomarker levels predict cardiac resynchronization therapy response. Sci Rep.
2019;9(1):6103.

129. Umar S, Bax JJ, Klok M, van Bommel RJ, Hessel MH, den Adel B, et al.
Myocardial collagen metabolism in failing hearts before and during cardiac resynchronization
therapy. Eur J Heart Fail. 2008;10(9):878-83.

130. Klotz S, Foronjy RF, Dickstein ML, Gu A, Garrelds IM, Danser AH, et al.
Mechanical unloading during left ventricular assist device support increases left ventricular
collagen cross-linking and myocardial stiffness. Circulation. 2005;112(3):364-74.

131. Richeldi L, Fernandez Perez ER, Costabel U, Albera C, Lederer DJ, Flaherty
KR, et al. Pamrevlumab, an anti-connective tissue growth factor therapy, for idiopathic
pulmonary fibrosis (PRAISE): a phase 2, randomised, double-blind, placebo-controlled trial.
Lancet Respir Med. 2020;8(1):25-33.

132. Lucas JA, Zhang Y, Li P, Gong K, Miller AP, Hassan E, et al. Inhibition of
transforming growth factor-beta signaling induces left ventricular dilation and dysfunction in
the pressure-overloaded heart. Am J Physiol Heart Circ Physiol. 2010;298(2):H424-32.

55



133. Mejhert M, Kahan T, Persson H, Edner M. Limited long term effects of a
management programme for heart failure. Heart. 2004;90(9):1010-5.

134, Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, Feigenbaum H,
et al. Recommendations for quantitation of the left ventricle by two-dimensional
echocardiography. American Society of Echocardiography Committee on Standards,
Subcommittee on Quantitation of Two-Dimensional Echocardiograms. J Am Soc
Echocardiogr. 1989;2(5):358-67.

135. Hoglund C, Alam M, Thorstrand C. Atrioventricular valve plane displacement
in healthy persons. An echocardiographic study. Acta Med Scand. 1988;224(6):557-62.
136. Redfield MM, Jacobsen SJ, Burnett JC, Jr., Mahoney DW, Bailey KR,

Rodeheffer RJ. Burden of systolic and diastolic ventricular dysfunction in the community:
appreciating the scope of the heart failure epidemic. JAMA. 2003;289(2):194-202.

137. Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quinones MA. Doppler
tissue imaging: a noninvasive technique for evaluation of left ventricular relaxation and
estimation of filling pressures. J Am Coll Cardiol. 1997;30(6):1527-33.

138. Mandrekar JN. Receiver operating characteristic curve in diagnostic test
assessment. J Thorac Oncol. 2010;5(9):1315-6.
139. Tsang TS, Barnes ME, Gersh BJ, Bailey KR, Seward JB. Left atrial volume as

a morphophysiologic expression of left ventricular diastolic dysfunction and relation to
cardiovascular risk burden. Am J Cardiol. 2002;90(12):1284-9.

140. Kedia G, Habibzadeh MR, Kudithipudi V, Molls F, Sorrell VL. Using
traditional measurements of the left atrial diameter to predict the left atrial volume index.
Echocardiography. 2008;25(1):36-9.

141. Nagao K, Inada T, Tamura A, Kajitani K, Shimamura K, Yukawa H, et al.
Circulating markers of collagen types I, I11, and IV in patients with dilated cardiomyopathy:
relationships with myocardial collagen expression. ESC Heart Fail. 2018;5(6):1044-51.

142. Murakami T, Kusachi S, Murakami M, Sano I, Uesugi T, Hirami R, et al.
Time-dependent changes of serum carboxy-terminal peptide of type I procollagen and
carboxy-terminal telopeptide of type I collagen concentrations in patients with acute
myocardial infarction after successful reperfusion: correlation with left ventricular volume
indices. Clin Chem. 1998;44(12):2453-61.

143. McGavigan AD, Moncrieff J, Lindsay MM, Maxwell PR, Dunn FG. Time
course of plasma markers of collagen turnover in patients with acute myocardial infarction.
Heart. 2004;90(9):1053-4.

144. Vanderheyden M, Goethals M, Verstreken S, De Bruyne B, Muller K, Van
Schuerbeeck E, et al. Wall stress modulates brain natriuretic peptide production in pressure
overload cardiomyopathy. J Am Coll Cardiol. 2004;44(12):2349-54.

145. Takeda T, Kohno M. Brain natriuretic peptide in hypertension. Hypertens Res.
1995;18(4):259-66.
146. Krishnaswamy P, Lubien E, Clopton P, Koon J, Kazanegra R, Wanner E, et al.

Utility of B-natriuretic peptide levels in identifying patients with left ventricular systolic or
diastolic dysfunction. Am J Med. 2001;111(4):274-9.

56



147. Tamamori M, Ito H, Hiroe M, Marumo F, Hata RI. Stimulation of collagen
synthesis in rat cardiac fibroblasts by exposure to hypoxic culture conditions and suppression
of the effect by natriuretic peptides. Cell Biol Int. 1997;21(3):175-80.

148. Kapoun AM, Liang F, O'Young G, Damm DL, Quon D, White RT, et al. B-
type natriuretic peptide exerts broad functional opposition to transforming growth factor-beta
in primary human cardiac fibroblasts: fibrosis, myofibroblast conversion, proliferation, and
inflammation. Circ Res. 2004;94(4):453-61.

149. Maisel AS, Krishnaswamy P, Nowak RM, McCord J, Hollander JE, Duc P, et
al. Rapid measurement of B-type natriuretic peptide in the emergency diagnosis of heart
failure. N Engl J Med. 2002;347(3):161-7.

150. Li D, Fareh S, Leung TK, Nattel S. Promotion of atrial fibrillation by heart
failure in dogs: atrial remodeling of a different sort. Circulation. 1999;100(1):87-95.

151. Vaziri SM, Larson MG, Benjamin EJ, Levy D. Echocardiographic predictors of
nonrheumatic atrial fibrillation. The Framingham Heart Study. Circulation. 1994;89(2):724-
30.

152. Sanfilippo AJ, Abascal VM, Sheehan M, Oertel LB, Harrigan P, Hughes RA, et
al. Atrial enlargement as a consequence of atrial fibrillation. A prospective echocardiographic
study. Circulation. 1990;82(3):792-7.

153. Deroubaix E, Folliguet T, Rucker-Martin C, Dinanian S, Boixel C, Validire P,
et al. Moderate and chronic hemodynamic overload of sheep atria induces reversible cellular
electrophysiologic abnormalities and atrial vulnerability. J Am Coll Cardiol.
2004;44(9):1918-26.

154. Tziakas DN, Chalikias GK, Papanas N, Stakos DA, Chatzikyriakou SV,
Maltezos E. Circulating levels of collagen type | degradation marker depend on the type of
atrial fibrillation. Europace. 2007;9(8):589-96.

155. Waldenhjort D, Mejhert M, Edner M, Rosengvist M, Persson H. Congestive
heart failure with and without atrial fibrillation - different patient populations? Scand
Cardiovasc J. 2009;43(3):169-75.

156. Duprez DA, Heckbert SR, Alonso A, Gross MD, Ix JH, Kizer JR, et al.
Collagen Biomarkers and Incidence of New Onset of Atrial Fibrillation in Subjects With No
Overt Cardiovascular Disease at Baseline: The Multi-Ethnic Study of Atherosclerosis. Circ
Arrhythm Electrophysiol. 2018;11(10):e006557.

157. Zannad F, Alla F, Dousset B, Perez A, Pitt B. Limitation of excessive
extracellular matrix turnover may contribute to survival benefit of spironolactone therapy in
patients with congestive heart failure: insights from the randomized aldactone evaluation
study (RALES). Rales Investigators. Circulation. 2000;102(22):2700-6.

158. Barthelemy O, Beygui F, Vicaut E, Rouanet S, VVan Belle E, Baulac C, et al.
Relation of high concentrations of plasma carboxy-terminal telopeptide of collagen type |
with outcome in acute myocardial infarction. Am J Cardiol. 2009;104(7):904-9.

159. Manhenke C, Orn S, Squire I, Radauceanu A, Alla F, Zannad F, et al. The
prognostic value of circulating markers of collagen turnover after acute myocardial
infarction. Int J Cardiol. 2011;150(3):277-82.

57



