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Impact of genotypes AG and GG compared to AA (used as a reference) in patients treated with B-blockers/diuretics or diltiazem on the risk of
receiving a primary event (PE), myocardial infarction (MI) and stroke. P values are given for the difference in relative risks between the genotypes, for
the dominant model and for the additive model. All data are unadjusted (see Fig. 2 for adjusted data). ([7]) patients treated with B-blockers and/or
diuretics; (@) patients treated with diltiazem. Cl, confidence interval.
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reference) in patients treated with B-blockers and/or diuretics. P values are given for the difference in relative risks between the genotypes, for the
dominant model and for the additive model. (W) unadjusted data; ([7]) adjusted for change in blood pressure in percentage after 6 months treatment;
(A) fully adjusted (age, sex, SBP, percentage SBP change over the first 6 months of the study, smoking, diabetes, total serum cholesterol, previous
cardiovascular disease and body mass index). Cl, confidence interval.
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INTRODUCTION

General introduction

Cardiovascular disease (CVD) is a medical term that includes diseases that involves the heart and the vascular system, for instance diseases as heart failure, myocardial infarction and stroke. All over the world, both in the undeveloped and in developed countries people die because of CVD more than of any other cause. The main contributing risk factors for the development of CVD are smoking, hypertension, raised serum cholesterol, obesity and diabetes, but hypertension is the single most important risk factor for the development of CVD and also the globally leading single risk factor for death 1-3


[ ADDIN EN.CITE ]
. People with impaired renal function, also called chronic kidney disease (CKD) are at an increased risk of developing both hypertension and CVD and unfortunately the combination of CVD and CKD worsens the outcome leading to the fact that patients with CKD have a high mortality rate in CVD. Hypertension is an important risk factor for the development of CKD and CKD itself is an important risk factor of hypertension 4


[ ADDIN EN.CITE ]
. The knowledge that the two common diseases hypertension and CKD are major risk factors for CVD morbidity and mortality makes this an interesting and important area of research and one key goal is to develop methods to at an early stage identify those individuals at high CVD risk to prevent the development of CVD. 

This thesis is based on four different studies concerning and the relationship between renal function and CVD. In the first two studies we aimed to identify individuals at risk for CVD morbidity and mortality in two different populations. We tested the most commonly used blood biomarkers for estimating renal function and the mathematical equations based on these tests to improve these estimates in the prediction of CVD. In the first study all subjects had severe hypertension whereas the second study was based on large sample of the normal healthy population.

In the third paper we investigated whether or not there is a causal relationship between one plasma protein from the second study and the risk of coronary artery disease (CAD) using a Mendelian Randomization approach. Finally, in the fourth paper we analyzed common genetic variants of a sodium channel in the kidney that affects the blood pressure regulation in a large subset of hypertensive patients to see if genotypic testing could identify individuals that would be better suited for one of two compared anti-hypertensive treatments with respect to blood pressure response and also to the risk of CVD morbidity and mortality. 

The kidney and renal function

The kidneys are vital organs of the body excreting waste products by urine production, regulating the fluid and the electrolyte balance, the acid-base balance and controlling the blood pressure. Moreover, the kidneys are involved in several other life upholding homeostatic processes as hormone production e.g. the hormone erythropoietin that stimulates the production of blood cells in the bone marrow. 
Measurement of renal function

The renal function cannot be measured directly and the most accurate method to approximate the renal function is with a clearance method where an exogenous filtration marker, that is evenly distributed into the extracellular fluid and freely filtered through the glomeruli, is injected into the blood stream. With repeated blood samples the amount of fluid that is being filtered through the glomeruli per minute is calculated, called the glomerular filtration rate (GFR). The substances used for plasma clearance are for example iohexol 5


[ ADDIN EN.CITE , 6]
 or radioactive isotopes as 51Cr-EDTA or 125I-iodothalamate. For renal clearance, inulin or creatinine clearance can be used 7


[ ADDIN EN.CITE , 8]
. The disadvantages with these tests are that they are expensive, time consuming, invasive, some are radioactive and the patient must spend hours at the hospital. The mathematical definition of clearance is 

Clearance = Cx = Ux • Vx / Px
Where x = the measured substance in the urine, U = is the concentration of x in the urine, V = the urinary flow per time unit and P = the concentration of x within the blood plasma. 

The most common method for estimating renal function is a by a simple blood test where the plasma content of creatinine is measured within the plasma (p-creatinine). Creatinine is a breakdown product of creatine phosphate that is produced at a fairly constant rate by the muscles in the body. Creatinine is excreted through the urine, also at a constant rate, and with renal impairment the excretion through the kidneys decreases and the plasma levels of creatinine increases as an indirect sign of renal dysfunction 9[]
. The disadvantages with creatinine as a measure of renal functions are several. Since the production rate is dependent on the amount of muscle mass this makes well trained individuals having higher creatinine levels than the untrained and after heavy exercise the level is also temporary raised. The opposite is seen in older individuals with low muscle mass, in people with severe diseases and long standing undernourishment. Women are generally having lower creatinine levels than men and race will also affect the creatinine level where black people are having higher creatinine levels than Caucasians. In the short turn heavy exercise elevates the creatinine level and it is also elevated after indigestion of a protein rich meal, especially boiled meat. Some unwanted side effects of drugs can cause breakdown of muscle cells as seen with lipid lowering agents as statins and fibrates, casing the p-creatinine to increase but renal function is unaffected. The main part of creatinine is secreted through the glomeruli but some tubular secretion exists, which increases with declining GFR, and some drugs interfere with the tubular secretion of creatinine in the kidneys, as the very common antibiotic trimethoprim that in therapeutic doses inhibits tubular creatinine secretion giving rise to a rapid but also reversible increase in p-creatinine that is independent the true renal function. Among other bias to mention is interference with the analytical method and of course the use of different analytical methods at different laboratories. 

Even though the use of the Jaffé reaction for the analysis of creatinine was described over one hundred years ago it still remains the most vividly used method for creatinine analysis. When a sample with creatinine is mixed with alkaline picrate there is a color change that can be measured by a colorimetric method and since the color change is directly proportional to the amount of creatinine the plasma creatinine can be calculated 10


[ ADDIN EN.CITE , 11]
. Over the years there have been many different analytic methods for the Jaffé method and there has not been any international golden standard for either calibration or the reference intervals. In 2006, the Laboratory Working Group of the National Kidney Disease Education Program (NKDEP) published recommendations to standardize serum creatinine measurements to improve the accuracy of the values reported by clinical laboratories 12


[ ADDIN EN.CITE ]
, and this standardization has been globally adopted where virtually all laboratories today uses a creatinine analyze method that is traceable to a reference method based on isotope dilution-mass spectrometry (IDMS) 13[]
 making the analytic results of creatinine internationally comparable.

In recent years cystatin C, another protein that can be easily measured in plasma, has become more and more frequently used in the clinic for estimation of renal function. Cystatin C is produced at a fairly constant rate by all nucleated cells and has been detected in all human fluids that have been investigated 14


[ ADDIN EN.CITE ]
. Cystatin C is an active cysteine protease inhibitor and prevents brake down of the extracellular matrix by preventing enzymatic cleavage of connective tissues by cathepsins 15-18


[ ADDIN EN.CITE ]
. Cystatin C is less affected by age and gender but the main advantage of over creatinine is that it is less affected by muscle mass 19


[ ADDIN EN.CITE , 20]
.
Estimated Glomerular Filtration Rate (eGFR)

A for the patient and the health care provider easier and also less costly way to estimate the renal function than the clearance test mentioned above is to calculate the estimated GFR (eGFR) by adjusting creatinine for some of the common confounders in a formula that estimates the GFR. In adults the most frequently used formulae for eGFR is the 21Modification of Diet in Renal Disease (MDRD) Study equation
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 and the Cockcroft-Gault formula (CG). The MDRD formulae adjusts for the confounding factors sex, age and if relevant also black race whereas CG adjusts additionally for body weight.

MDRD GFR formulae (mL/min/1.73 m2) = 175 • (P-creatinine / 88.4) –1.154           • age –0.203 (• 0.742 if female (• 1.210 if Black). 

CG adjusted for body surface area (BSA) (mL/min per 1.73 m2) = [(140-age in years) • weight in kg • 1.73]/(plasma creatinine in µmol/L • BSA) • F, where F=0.85 if female and BSA derived from Du Bois Formula= weight in kg0.425 • height in cm0.725 • 0.007184. 

The MDRD equation was developed by using data from patients with an average measured GFR of 40 ml/minute/1.73 m2 makes this formula less suitable for subjects with a GFR above 60 ml/min/1.73 m2 where it underestimates true GFR. On the other hand, the CG equation that includes weight overestimates GFR in obese and underestimates it in underweight or very slim subjects. Since 2009 a new creatinine based formulae has been widely accepted, The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI 2009) formula. The CKD-EPI 2009 formula, in contrast to MDRD and CG, adjusts for the over and underestimation of CKD that depends on a high or low creatinine level 22


[ ADDIN EN.CITE ]
. The CKD-EPI 2009 formula is shown in Table 1.

Since 2010, after the introduction of the world calibrator, there is an international standard for the analysis of cystatin C but today there is no internationally accepted solely cystatin C based equation for calculating eGFR but it seems as if the most accurate formulae for eGFR is combining both cystatin C and creatinine, the CKD-EPI 2012 formulae (CKD-EPI-comb) 22


[ ADDIN EN.CITE ]
. The CKD-EPI 2012 formula is shown in table 2

Table1 The creatinine based CKD-EPI 2009 formula
	Gender
	Creatinine 

(µmol/L)
	eGFR equation
	Correction 

for race

	Female
	≤ 62
	144 × (creatinine × 0.0113/0.7)-0.329 × 0.993Age
	× 1.159 if black

	Female
	> 62
	144 × (creatinine × 0.0113/0.7)−1.209 × 0.993Age
	× 1.159 if black

	Male
	≤ 80
	141 × (creatinine × 0.0113/0.9)−0.411 × 0.993Age
	× 1.159 if black

	Male
	> 80
	141 × (creatinine × 0.0113/0.9)−1.209 × 0.993Age
	× 1.159 if black


Table 2 The CKD-EPI 2012 formula combining creatinine and cystatin C

	Gender
	Creatinine (µmol/L)
	Cystatin C (mg/L)
	eGFR equation
	Correction for race

	Female
	≤ 62
	≤ 0.8
	130 × (creatinine × 0.0113/0.7)−0.248 × (cystC/88.4/0.8)−0.375 × 0.995Age
	× 1.08 

if black

	
	
	> 0.8
	130 × (creatinine × 0.0113/0.7)−0.248 × (cystC/0.8)−0.711 × 0.995Age
	× 1.08 

if black

	Female
	> 62
	≤ 0.8


	130 × (creatinine× 0.0113/0.7)−0.601 × (cystC/0.8)−0.375 × 0.995Age
	× 1.08 

if black

	
	
	> 0.8
	130 × (creatinine× 0.0113/0.7)−0.601 × (cystC/88.4/0.8)−0.711 × 0.995Age
	× 1.08 

if black

	Male
	≤ 80
	≤ 0.8
	135 × (creatinine× 0.0113/0.7)−0.207 × (cystC/0.8)−0.375 × 0.995Age
	× 1.08 

if black

	
	
	> 0.8
	135 × (creatinine× 0.0113/0.7)−0.207 × (cystC/0.8)−0.711 × 0.995Age
	× 1.08 

if black

	Male
	> 80
	≤ 0.8
	135 × (creatinine× 0.0113/0.7)−0.601 × (cystC/0.8)−0.375 × 0.995Age
	× 1.08 

if black

	
	
	> 0.8
	135 × (creatinine× 0.0113/0.7)−0.601 × (cystC/0.8)−0.711 × 0.995Age
	× 1.08 

if black


Chronic kidney disease

The definition of CKD is based on renal function (GFR or eGFR) and is staged 1-5, where stage 1 is the mildest renal impairment, Table 3. In addition, the letter “T” is added after the staging 1-5 number if the patient is a kidney transplant recipient. If the patient with kidney failure is on dialysis it is classed as 5D 23


[ ADDIN EN.CITE ]
.
Table 3 Classification of chronic kidney disease

	Stage
	
	GFR (ml/min/1.73 m2)

	1
	Kidney damage but still preserved or increased GFR
	≥ 90

	2
	Kidney damage and mildly impaired GFR
	60-89

	3
	Moderately impaired GFR
	30-59

	4
	Severely impaired GFR
	15-29

	5
	Kidney failure
	< 15 (or in dialysis)


Increased susceptibility to the development of CKD is seen with increasing age, subjects with a family history of CKD, congenital or acquired reduced renal mass (i.e. polycystic kidney disease or after infection) and in patients with manifest CVD. Other risk factors for CKD are e.g. hypertension, diabetes, the metabolic syndrome, hypercalcemia, several autoimmune disorders, side effects of drugs, urinary tract obstruction as nephrolithiasis and pyelonephritis and other infections 23


[ ADDIN EN.CITE ]
. Subjects with CKD are at an increased risk of the development of end stage renal disease (ESRD) requiring dialysis or renal transplantation and the major causes of entering ESDR are diabetes and hypertension 24[]
. However, for the average CKD patient the risk of ESRD quite small and a major concern is instead the increased risk of CVD morbidity and mortality 25


[ ADDIN EN.CITE ]
. Furthermore the risk of severe infections is increased and the infections (pneumonia and septicemia) are the second leading cause of death following CVD.
Blood pressure and hypertension

Blood pressure regulation

The amount of blood pumped through the heart per time unit and the vascular resistance is directly correlated to the arterial blood pressure (BP). There are several systems within the body that, more or less dependent of each other, regulates the BP within the body. A brief overview of the BP regulation is presented here.

The short term BP regulation is mainly controlled by the central nervous system and baroreceptors in the internal carotid artery, the aorta and within the right atrium of the heart. A sudden drop in BP, as when changing body posture from sitting into standing up, causes the baroreceptors to send signals to the medulla oblongata within the brain stem which results in increased sympathetic nerve activity leading to increased cardiac output and increased peripheral vascular resistance and the PB is maintained when standing up.
The long-term BP is maintained by hormonal control that regulates the sodium and water balance and also the peripheral vascular resistance. The kidneys are centrally involved in the long-term BP control through several different mechanisms where the renin-angiotensin-aldosterone system (RAAS) is a key regulator. Low blood pressure is sentenced in the juxtaglomerular cells within the kidneys triggering the release of the hormone renin into the blood stream. Acute sympathetic nerve stimuli, as in heavy trauma, acute blood loss and other acute stress directly stimulates and triggers the juxtaglomerular cells to renin release into the blood stream. The third renin release trigger within the kidney is the macula densa cells situated within the convoluted distal tubules where they sense low sodium concentration. As the sodium chloride concentration decreases two effects are triggered, the afferent arteriole is dilated leading to an increased glomerular filtration pressure and secondly prostaglandin is released which locally within the kidney trigger the juxtaglomerular cells to renin release.

The liver produces an inactive hormone called angiotensinogen which, when in contact with renin within the blood stream, is cleaved into angiotensin I (AI). AI is then converted into angiotensin II (AII) by the angiotensin converting enzyme (ACE), predominantly within the lungs, when AI comes in contact with the endothelial cells.

AII is an active hormone affecting different cell types within the body. Smooth muscle cells within the blood vessels react with vasoconstriction when AII bind into the receptors leading to increased capillary resistance and hence an increase of blood pressure. The AII acts on the adrenal cortex and the hormone aldosterone is released. Aldosterone acts within the kidneys, leading to sodium and fluid retention which increases the blood pressure.

AII also stimulates the posterior pituitary glands to the release of vasopressin (anti-diuretic hormone) which increases the vascular resistance and it also leads to fluid retention by the kidneys and an elevation of the blood pressure.
Hypertension

The definition of blood pressure have changed over the years from focusing on the diastolic blood pressure (DBP) and accepting a high systolic blood pressure (SBP) to the guidelines of today based on the risks of both high SBP and high DBP. The European guidelines for the management of hypertension is defined by “The Task Force for the management of arterial hypertension of the European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC)” 26
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 and hypertension in adults is defined as a SPB ≥ 140 or a DBP ≥ 90. The same definition is provided by the American guidelines in the “The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure” (JNC 7) 27[]
. In high-risk patients, as in diabetes or CKD, both these guidelines use the same definition of hypertension, a SPB ≥ 130 or a DBP ≥ 80.

Causes of hypertension

Hypertension is a complex disorder which is divided into primary (or essential) and secondary hypertension, whereof 95% is classified as primary hypertension. There are several etiological factors of secondary hypertension as renal artery stenosis, pheochromocytoma, aldosteronism or rare monogenic disorders, e.g. Liddle´s syndrome. Primary hypertension is multifactorial and several contributing factors have been recognized as high alcohol intake, genetic/heredity, diet (high salt intake), obesity, insulin resistance and ageing. The SBP increases throughout life but the increase in DBP declines after the age of 55-60 years. It is believed that the genetic contribution makes some phenotypes more vulnerable to environmental factors as salt intake, obesity and high alcohol intake, causing a rise in BP 28[]
. These variants of hypertension are remediable with life style interventions, however the adherence to life-style changes are unfortunately very unsatisfying 29
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. It is believed that ~ 70% of the origin of hypertension is explained by environmental factors and that heritability accounts for the rest, ~ 30% 31
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. Heritability defines the proportion of the total variance of a phenotype that can be explained by genes. The heritability in hypertension has been investigated and determined in twin studies 33-36
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, in population studies 37[]
 and in adoption studies 38
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.

There are a number of genetic polymorphisms that are statistically significantly associated with hypertension at the population level but the impact of a single polymorphism is rather modest and the sum of the genetic variants so far identified only explains less than 2% of the population variation in BP 40
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. So far, the use of genetic risk scores is not additive in the prediction of hypertension on top of the traditional risk factors 41
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. 

Salt consumption

During the evolution the human body was adopted to survive rough times with limited access to food and water. Salt was not added to the diet and the amount of sodium digested per day has been estimated to be approximately 1 g/day. The discovery that food could be preserved with salt stretches probably back to 5000 years B.C. and findings suggests that the ancient Egypt’s started to preserve food with salt 2000 years ago but it wasn’t until in the medieval times that salt became widely available for the common man and it is believed that the salt intake peaked at about 18 g/day in the 19th century and in the 16th century in Sweden where salted herring accounted for a major part of the protein intake the salt consumption rose to 100 g/day! Today the diet contains approximately 10 g/day and that is 10 times what the body for millions of years of evolution has adapted to. Today, 75% of the indigested salt comes from the pre-fabricated food and we only add 25% of the consumed salt in our own home cooking 42
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. A high sodium intake is associated with increased CVD morbidity and mortality but it seems as if the health consequences of a high salt intake depends upon if the individual degree of salt-sensitivity 44
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. Reducing the salt consumption from a high sodium intake to a low sodium intake is associated with a lowering of the SBP of ~ 6 mmHg 45
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. In meta-analyses the effect of a salt-reduction from 10 to 5 g/ day show a significant BP lowering effect 
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[47]
 and a CVD risk reduction with 20-25% 
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[48]
.
Salt sensitivity

Individuals who respond with an increase in BP on high sodium diets are defined as salt-sensitive (SS). But unfortunately there is no international standard for the definition of SS 49[]
 but the tests refer to an individual’s BP response to an increase of sodium intake or sodium load. The tests can roughly be divided into “acute SS test” 
 ADDIN EN.CITE 
[50, 51]
 and the “chronic SS test” 
 ADDIN EN.CITE 
[51, 52]
 and there is some degree of congruity between the forms of testing 53[]
 and the testing of SS have good long-term reproducibility 
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[54]
.

The pathophysiological mechanism of SS is only partially understood and it is obvious that there are several different mechanisms involved and de Leeuw recently said that we should “consider a greater degree of salt-sensitivity as a relative failure of compensating mechanisms to keep the pressure constant” 49[]
. Among the several different mechanisms underlying this condition there is evidence of the participation of sodium channels located both in proximal and the distal tubules. 

Approximately 90 % of the sodium is reabsorbed in the proximal renal tubules and one contributing mechanism of SS that has been shown is impaired sodium handling where individuals with SS are unable to retain sufficient sodium on a low salt diet and on a high salt diet they are unable to excrete the abundant sodium giving rise to hypertension when exposed to a high salt diet 
 ADDIN EN.CITE 
[55]
.
The strongest evidence for the importance of the distal tubules in SS is evident in an autosomal dominant monogenic form of salt-sensitive hypertension, Liddle´s syndrome, giving rise to a severe hypertension caused by missense or frameshift mutations in the amiloroide-sensitive epithelial sodium channel (ENaC) causing low levels of plasma renin, aldosterone, increased potassium excretion resulting in low levels of serum potassium and metabolic alkalosis with severe hypertension. The patients are treated with, and are good responders to, inhibitors of ENaC in the distal tubules, as amiloroide.

A less severe mechanism promoting SS and involving ENaC can be seen in the carriers of the rs4149601 G-allele of the protein called “neural precursor cell expressed developmentally down-regulated 4-like” (NEDD4L). NEDD4L acts as a channel remover by binding to ENaC and down regulates the expression of these sodium channels on the cell surface and hence reduce the reabsorption of sodium and water from the primary urine 56
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. The carriers of this NEDD4L genotype have a less effective binding to ENaC which leads to a less effective removal of the ENaC in the distal convoluted tubules suggesting that there would be more active ENaC and hence higher renal sodium reabsorption through ENaC giving rise to increased BP. Fava et al reported that 24-hour ambulatory blood pressure monitoring was linked to chromosome 18q21-22, and that genetic variation of NEDD4L, located within this locus, associates with cross-sectional and longitudinal blood pressure in Swedes 58[]
. Dahlberg et al tested if genetic variation in NEDD4L (rs4149601 G/A and rs2288774 C/T) was associated with SS and found that genetic NEDD4L variation affect salt sensitivity and plasma renin in normotensive subjects where GG (rs4149601) together with the CC (rs2288774) genotype had a greater salt sensitivity and lower plasma renin suggesting that the distal tubule is involved in the pathophysiology of SS 59[]
.

Basic anti-hypertensive treatment
The drugs used for antihypertensive treatment can be divided into four main classes and the main benefit of the treatment is the BP lowering effect per se and the choice of drug is of less importance26
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. The four classes are 1) diuretics 2) β-blockers 3) calcium antagonists and 4) angiotensin-converting enzyme inhibitors (ACE inhibitors)/angiotensin receptor blockers (ARB).

The diuretics used in the treatment of hypertension are mainly of the thiazide type. Thiazides inhibit the reabsorption of sodium and chloride molecules mainly in the distal tubule and therefore increase the secretion of water accompanied by a reduction of plasma volume and cardiac output 60[]
.
β-blockers reduce plasma renin secretion, reduces heart rate and cardiac output which leads to a reduction of BP through β-1 receptor adrenergic receptor blockade 61[]
. 

The BP reducing mechanism of calcium antagonists is mainly achieved through vasodilatation, decreased tonus in the arterioles and hence decreased peripheral vascular resistance. The calcium antagonists are divided three main groups according to their binding site on the calcium channel, 1A, 1B and 1C. The group binding to the 1A receptor, called the dihydropyridines which includes amlodipine, felodipine and nifedipine, differ from the non-dihydropyridines in two major ways with greater vascular selectivity and lacking the effect on nodal tissues making the dihydropyridines suitable for the treatment of hypertension. Amongst the non-dihydropyridines the benzothiazepine class e.g. diltiazem, exerts effects of both the dihydropyridines and the non-dihydropyridines through both vascular selectivity and effect on nodal tissues with cardiac depressant effects 62[]
.
As mentioned in the section of blood pressure regulation above, the RAAS system is a key regulator of maintaining stable BP. ACE inhibitors exert their anti-hypertensive effects by inhibition ACE and hence the formation of the active angiotensin II, from the inactive angiotensin I molecule and in this way diminishes the effects of angiotensinogen II (vasoconstriction, promoting aldosterone release, facilitating sympathetic activity) and reduces the BP. After the introduction the ARB´s were released on the market. ARB exerts their effect in a later stage in the RAAS system by interacting selectively with the AT1 receptor on the blood vessel wall and prevents the binding of angiotensinogen II and hereby exerting a blockade of the RAAS system. ACE inhibitors are relatively nonspecific enzymes and also prevent other effects of ACE such as degradation of bradykinins and prostaglandins, and thus, inhibition of ACE may result in accumulation of these substrates which causes unwanted side effects, most common a dry cough and more severe side effects as angioedema 
 ADDIN EN.CITE 
[63]
.

Determinants of the blood pressure response in antihypertensive treatment

The aim with adequate blood pressure control is to prevent morbidity and mortality from CVD and renal disease. A huge problem with chronic asymptomatic diseases as hypertension is to achieve adherence (that the patient takes his medication properly, defined as percent of doses taken during a specified time) and persistence (that the patients continue to take his medication properly continuously over time). Burnier et al have shown in a database study 64[]
 and also in reviews 
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[65, 66]
 that there is an urgent need to improve the patient drug taking behavior, the likelihood that a newly diagnosed patient with primary hypertension will continue taking the prescribed drug at six months is in the magnitude of 65% and after one year only about 50% are still taking the prescribed drug.

Other factors affecting blood pressure control that are independent of drug taking behavior is the individual biological differences in the cytochrome P450 enzymes that are essential for the metabolism of a majority of administered drugs. Cytochrome P-450 enzymes, mainly in the liver but also in the intestines, both reduce and alter the pharmacologic activity of many drugs and facilitate their elimination. Since there is a large genetic variation in these enzymes there is also a large individual variation in drug response and drug elimination. For some drugs with a narrow therapeutic window these individual differences might be important 
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[67, 68]
. The Cytochrome P-450 enzymes are also inhibited by various substances and hence the pharmacological behavior of drugs might be changed, for instance intake of grapefruit juice potently inhibits of the CYP3A4 enzyme and the plasma concentrations increases for most of the calcium antagonist leading to eventually unwanted hypotension 69[]
.

Individual genetic variations in the antihypertensive drug target, as genetic variants of a receptor, opens up the possibility for genetically designed drugs 
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[70]
. For instance it has been shown that the individual antihypertensive response of hydrochlorothiazide is dependent on different genotypes 
 ADDIN EN.CITE 
[71, 72]
. This is yet another area of research that opens up possibilities for tailor made drug therapies adjusted to the individual genotype.

Importantly, there are environmental factors that affect the BP and the first line of treatment for hypertension is to recommend preventive lifestyle changes even when drug therapy is initiated. In mild hypertension life style changes should be tried out before the initiation of pharmacological treatment. For instance, weight loss in obesity effectively lowers the BP significantly but unfortunately the compliance to the diet and maintaining the lost weight is poor73[]
. Other suggested treatments in hypertension except the pharmacological that affects the BP are e.g. reduced dietary sodium intake, regular exercise and a limited alcohol intake 
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[44, 74]
. There is also some evidence that Mediterranean diets and low-fat diets should have positive effects on the BP 75[]
.
Renal function and cardiovascular disease

Patients with manifest CKD are at an increased risk of CVD morbidity, CVD mortality and of all-cause death 
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. This risk by far overwhelms the risk of developing end stage renal disease (ESRD) either ending up with dialysis or awaiting renal transplantation 25
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. As the GFR falls the risk of CVD and death increases and when the eGFR is reduced to ≤ 45 ml/min per 1.73 m2 the risk of cardiovascular events rises sharply 
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.

eGFR and CVD risk

However, regarding mildly and moderately impaired renal function in the general population without any known renal disease there has been conflicting result in different prospective population-based cohorts investigating the relationship between mildly impaired creatinine based eGFR and CVD morbidity and mortality with some reporting positive results for creatinine based eGFR as a risk factor 
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[77-79]
 whereas others conclude that their results do not support mild renal insufficiency as an independent risk factor for CVD in the general population 80[]
. Another group found that in men that mild renal insufficiency was only related to all-cause mortality but not to incident CVD, whereas in women there were no relationships at all with outcomes 81[]
. 

Cystatin C and CVD risk

One problem with all studies that investigates the association between CVD and renal function is that the measure of renal function is based upon eGFR and not with the use of clearance method. This is simply because it would be impractical and too costly to perform clearance testing in the large number of subjects that needs to be included in such studies. In the majority of these studies the eGFR is based upon creatinine and the MDRD formula. In recent years cystatin C has been suggested to be a better marker of CVD risk than the creatinine based eGFR formulas. However the studies performed to investigate the differences in prognostic impact between creatinine based eGFR and cystatin C have almost exclusively been performed in different sets of patients with established CVD or signs of atherosclerosis and not in healthy subjects. For instance, Jernberg et al found cystatin C to better discriminate between survivors and non-survivors than creatinine in patients with non-ST elevation or acute coronary syndromes 
 ADDIN EN.CITE 
[82]
. Cystatin C predicted mortality but not the risk of subsequent myocardial infarction. These results were later confirmed by Taglieri et al 
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[83]
 who showed that cystatin C was predictive of a composite end-point comprising cardiovascular death, non-fatal myocardial infarction (MI) and documented unstable angina whereas creatinine and MDRD not were predicitive of the combined end point. Koenig et al made similar findings after a follow-up of 33 months in patients admitted to hospital for acute coronary syndrome or revascularization where cystatin C, but not creatinine or eGFR estimated with the CG formula, were predicitive of CVD death, non-fatal MI or ischemic cerebrovascular events
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. Hoke et al found cystatin C to be superior to creatinine in predicting CVD defined as a composite end-point of MI, stroke and death in patients with verified carotid artery disease without prior stroke or TIA 
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[85]
. Ix et al found that in patients with manifest coronary heart disease, cystatin C was a strong risk factor for all-cause mortality and a combined endpoint of CVD death, MI or stroke, but not for the individual endpoints 
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[86]
. Shlipak et al tested and compared the agreement of three different cystatin C assays in the Heart and Soul study and compared the associations of theese measures and MDRD with mortality CVD events. They showed that cystatin C was more strongly associated with mortality and CVD than MDRD 87[]
.

There are some studies that compares cystatin C with creatinine based eGFR as predictors of CVD risk in previous healthy populations without any known renal disease, e.g. Shlipak et al have shown in elderly populations that cystatin C is the better estimate of CVD risk 
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[88-91]
.

Potential causes of CKD related CVD risk

Since several publications adjusted for the classical CVD risk factors and still showed that there is an independent increase in the risk of CVD in subjects with CKD it is adequate to ask “why are they at an increased risk of CVD?” There are probably several explanations to why declining eGFR is associated with CVD and mortality. Despite the multivariate adjustment for risk factors in these studies it is difficult to exclude associations with poor renal function as a consequence of age, hypertension, and other CVD risk factors, as well as subclinical CVD. Other theoretical explanations for the relationship between reduced renal function and CVD might be explained by non-classical CVD risk factors, not adjusted for in these studies, e.g. inflammation, anemia, malnutrition - hypo albuminuria, metabolic and related to disturbances in the electrolytic balance. Additional explanation might be that there is a residual confounding effect if CKD is a marker of long duration and severity of other causes of CVD, as hypertension. Furthermore, it might be possible that impaired renal function aggravates other CVD risk factors, e.g. that CKD potentiate the negative effect of hypertension, as for instance heart failure 
 ADDIN EN.CITE 
[76]
.
Albuminuria and CVD

Albumin is a large protein not being freely filtered through the glomeruli and the normal rate of urine albumin excretion is less than 30 mg/day. Persistent albumin excretion between 30 and 300 mg/day is defined as microalbuminuria and an excretion rate > 300 mg/day is defined as albuminuria. Albumin in the urine is seen in renal disease as a sign of glomerular damage and increasing albuminuria is a strong indicator of the progression of CKD and development of CVD. In severe hypertension microalbuminuria is associated with renal damage and progression of CKD and an increased risk of CVD and for individuals with albuminuria the blood pressure target in hypertension is set at < 130/80 mmHg 
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.
In individuals with CKD albuminuria and declining eGFR are independently associated with both mortality and the development of ESRD. With increasing albuminuria or decreasing eGFR the risk of mortality and ESRD increases. The combination of albuminuria and impaired eGFR increases the risk in a synergistic way 
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.
The two key markers for CKD are eGFR and the testing for albuminuria. However, in patients with diabetes (type I and type II) the guidelines says that the patients should be followed yearly and tested for Urine Albumin-to-Creatinine ratio (UACR). UACR estimates 24-hour urine albumin excretion and is mainly used in diabetic patients to detect the development, or progression of, CKD. The formula of UACR is:

Albumin excretion in mg/day ≈ UACR in mg/g = Urine Albumin (mg/dL) / Urine Creatinine (g/dL) 

As for albuminuria there is evidence that increased UACR is associated with an increased risk of CVD even in non-diabetic patients 
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.

Genetics

The candidate gene approach

The candidate gene approach is a method which seeks associations between pre-specified gene variants and a certain phenotype, e.g. where you suspect a genetic variant to cause a certain disease. The candidate gene approach is typically used when the gene’s function already is known and the association with a phenotype can be tested, usually in case-control study design. This method has been successfully used in the identification of rare genetic variants.
An example of a disease that was found to be caused by a specific mutation is Liddle´s syndrome. The syndrome was first described by Liddle et al in 1963. It is inherited in an autosomal dominant fashion and was defined as a familial disorder with severe hypertension and the onset usually before the age of 40. The patients have hypokalemia, metabolic alkalosis and low levels of renin and aldosterone and can be successfully treated with blockers of ENaC´s in the distal tubule, e.g. amiloroide 98[]
. It was later shown that the syndrome was caused by mutations in subunits of the ENaC in the distal convoluted tubule of the nephron in the kidney leading to an aldosterone independent activation causing increased reabsorption of sodium in the exchange of potassium and chloride ions causing hypertension and electrolytic disturbances 
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. The hyperactive ENaC is independent of the RAAS leading to sustained hypertension. This is the reason why aldosterone blockers as spironolactone are ineffective in the treatment of Liddles´s syndrome and why, on the contrary, specific blocking of the ENaC with e.g. amiloroide lowers blood pressure.

Genome-Wide Association Studies

Another approach to determine the associations between phenotypes and genotypes is through Genome-Wide Association Studies (GWAS). In a GWAS the whole genome is analyzed in a selected population with a certain phenotype of interest and compared to a control group but in contrast to the candidate gene approach there is no need for a prior hypothesis of which genes that might be associated with the investigated disease. If one allele is more frequent among the subjects with the studied phenotype, the single nucleotide polymorphism (SNP) is said to be "associated" with the disease. GWAS is suitable for investigating genetic variants of common complex diseases, e.g. hypertension, CKD and diabetes.

GWAS has been performed in large population samples to identify susceptible loci in different common complex disorders to provide new insights in the pathogenesis of these disorders. In CKD familial studies have provided evidence for a genetic component in the development of the disease but it has been difficult to detect reproducibility by the candidate gene approach 101[]
. However, with GWAS several previously unknown common SNP’s associated with declining renal function have been identified and now further studies are needed to understand the functions of the involved genes which might lead to new insights in the pathogenesis of CKD and eventually new possibilities for prevention or treatment 
 ADDIN EN.CITE 
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. 

In the pathogenesis of hypertension GWAS have identified new SNP´s in the UMOD locus where the G-allele carriers are associated with a lower risk of hypertension, reduced urine uromodulin excretion, better renal function and also a reduced risk of CVD. UMOD encodes uromodulin (also called the Tamm-Horsfall protein) that is expressed within the kidney in the thick ascending limb of Henle suggesting that there might be an effect on sodium homeostasis. Further studies on the role of uromodulin in BP regulation might offer new drug targets for the treatment of hypertension 40
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.
In the near future, with large scale GWAS, several new loci associated with common diseases will be discovered where further research on the functional variants of theses alleles hopefully will reveal new pharmacological targets for treatment of these diseases.
AIMS OF THE THESIS
Study 1 
A) To test if renal function (estimated with creatinine and the MDRD and CG equations) predicts CVD independently of classical CVD risk factors

B) To test whether microalbuminuria predicts CVD independently of renal function and classical risk factors 

C) To test whether renal function and MA interact regarding prediction of CVD in hypertensive patients
Study 2 
To compare the predictive value of cystatin C and creatinine-based eGFR with respect to CVD, CVD mortality, all-cause mortality, and heart failure

Study 3 
To test whether or not there is a causal relationship between cystatin C and risk of CAD using a Mendelian Randomization approach

Study 4
To test if genotypic testing could identify individuals that would be better suited for treatment with β-blockers and/or thiazide diuretics compared to treatment with the calcium channel blocker diltiazem with respect to blood pressure response and to the risk of CVD

METHODS

The study populations used in this thesis is presented in Figure 1 and in the text below.
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Figure  1

The study populations in this thesis.

* = The complete NORDIL cohort 

† = MDC-CC (n=6103) with complete covariates for the current study in subjects without prevalent CVD

ǂ

= Individuals from MDC-CC with cystatin C analyzed and genotyped for rs13038305

§

= Part of MDC (n=30477) with DNA and successfully genotyped for rs13038305

II = CARDIoGRAM population 22233 cases with CVD and 64762 controls

# = The Swedish cohort of the NORDIL study genotyped for rs4149601


Material and design in study I

The NORDIL study

The Nordic Diltiazem Study (NORDIL study) was a medical multi-center trial that included 10881 Swedish and Norwegian hypertensive patients recruited from the first of October 1992 to the 31 of October 1999 from 1032 health centers in Norway and Sweden. The patients were randomized, through a randomization center, to receive either a calcium antagonist (diltiazem) based (n=5410) or β-blocker and/or diuretic based (n=5471) antihypertensive treatment in order to compare the two treatment regimens with regard to development of cardiovascular events during a mean follow-up time of 4.5 years. In the diltiazem group there were 403 endpoints and in the β-blocker and/or diuretics group there were 400 endpoints (Figure 2). 
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Trial profile of the NORDIL study 

Reprinted from The Lancet, Vol. 356 Author: Hansson et al, Randomised trial 

of effects of calcium antagonists compared with diuretics and β-blockers on 

cardiovascular morbidity and mortality in hypertension: the Nordic Diltiazem 

(NORDIL) study, Pages 359-365, Copyright (2000), with permission from Elsevier.


The study design of NORDIL was a prospective, randomized, open trial with blinded-endpoint evaluation (PROBE) with the aim to compare the treatment response of diltiazem (a non-dihydropyridine calcium antagonist) with diuretics, β-blockers, or both in middle-aged patients with hypertension.
Blood pressure was measured and therapy changes recorded every 6 months during the trial. In the diltiazem group, as step one, patients in the diltiazem group was given 180–360 mg diltiazem daily. To reach the target BP (DBP < 90 mmHg), as a second step an ACE inhibitor was added, and in step three, a diuretic or β-blocker was added to the ACE inhibitor. Any other antihypertensive compound could be added as step four. In the β-blockers and/or diuretics group the first step was the addition of a thiazide diuretic or a β-blocker, respectively. The second step was the addition of an ACE-inhibitor or α-blocker. Finally, as a third step any drug could be added, except a calcium antagonist.
By the end of the trial 77% of the patients randomized into diltiazem remained on their randomized treatment (with eventual additions) and in the β-blocker and/or diuretics group 93% remained in their randomized treatment (with eventual additional drugs therapy), Table 4. By the first six months visit 77.1% were on monotherapy on diltiazem, β-blocker or thiazide diuretics.
	Table 4 Antihypertensive treatment at final visit 

	Class of drug
	Diltiazem group
	Diuretics and β-blocker group

	Thiazide diuretics
	222
	726

	Loop diuretics
	369
	458

	Potassium-sparing diuretics
	60
	138

	Fixed-ratio thiazides plus potassium-sparing diuretics
	265
	1044

	Non-selective β-blockers
	56
	177

	β1-selective β-blockers
	590
	3336

	α-blockers and β-blockers
	40
	122

	Diltiazem
	3849
	77

	Dihydropyridine calcium antagonists
	261
	375

	Verapamil
	22
	18

	ACE inhibitors
	806
	618

	Fixed-ratio ACE inhibitors plus thiazide
	167
	221

	AT1 antagonists
	391
	418

	Fixed-ratio AT1 antagonist plus thiazide
	96
	124

	α-blockers
	183
	241

	Hydralazine or similar vasodilators
	233
	167

	α-methyldopa or clonidine
	2
	3

	No antihypertensive treatment
	292
	200

	AT1=angiotensin II, type 1 antagonist. Patients could take more than one drug.
Reprinted from The Lancet, Vol. 356 Author: Hansson et al, Randomised trial of effects of calcium antagonists compared with diuretics and β-blockers on cardiovascular morbidity and mortality in hypertension: the Nordic Diltiazem (NORDIL) study, Pages 359-365, Copyright (2000), with permission from Elsevier.


Clinical characteristics and assays in the original NORDIL study

The inclusion criteria were age 50-69 years (during the study extended to 74 years), DBP ≥ 100 mmHg and no prior treatment for hypertension. Subject prior treated for hypertension could be included if they had a wash-out period of hypertensive drugs and during that time displayed two consecutive DPB ≥ 100 mmHg > one week apart. The baseline characteristics are shown in Table 5.

The BP was similar in both treatment allocations, as were the prevalence of previous CVD and diabetes. Before inclusion to the study BP was measured twice in the recumbent position after 5-10 minutes of rest with a manual sphygmomanometer and hypertension was defined as a DPB ≥ 100 mmHg. Diabetes was defined as a fasting B-glucose level ≥ 6.7 mmol/L on at least two occasions, or history of previous diabetes diagnosis and/or anti-diabetic treatment. Cigarette smoking was elicited from the questionnaire and defined as current cigarette smoking. At study inclusion the patients self-reported on a standardized form if they had previous CVD. Plasma creatinine was analyzed with the Jaffé method before the introduction of the isotope dilution mass spectrometry (IDMS) standard. Whole blood was frozen and stored and we successfully extracted DNA from 5152 Swedish patients (72.4% of the Swedish sub-cohort of the NORDIL study). In the NORDIL study diabetes was based on repeated (≥ 2) fasting blood glucose values of ≥ 6.7 mmol/L or history of previous diabetes diagnosis and/or anti-diabetic treatment.

	Table 5 Baseline characteristics in the NORDIL study

	
	Diltiazem group (n=5410)
	Diuretics and blocker group (n=5471)

	Demography

	Number of women
	2786 (51·5%)
	2805 (51·3%)

	Age (years)
	60·5 (6·5)
	60·3 (6·5)

	Clinical characteristics

	Body-mass index (kg/m2)
	27·8 (4·4)
	27·8 (4·3)

	Systolic blood pressure (mm Hg)
	173·5 (17·7)
	173·4 (17·5)

	Diastolic blood pressure (mm Hg)
	105·8 (5·3)
	105·7 (5·3)

	Heart rate (beats/min)
	74·6 (10·4)
	74·9 (10·4)

	Serum cholesterol (mmol/L)
	6·45 (1·20)
	6·40 (1·19)

	Serum triglycerides (mmol/L)
	1·78 (1·20)
	1·80 (1·09)

	Blood glucose (mmol/L)
	5·24 (1·49)
	5·27 (1·49)

	Serum creatinine (mmol/L)
	86·6 (17·9)
	86·8 (16·9)

	Previously untreated patients*
	3070 (56·7%)
	3062 (56·0%)

	Smokers
	1237 (22·9%)
	1205 (22·0%)

	Other disorders

	Previous myocardial infarction
	112(2·1%)
	118 (2·2%)

	Previous other IHD
	125 (2·3%)
	141 (2·6%)

	Previous stroke
	74 (1·4%)
	88 (1·6%)

	Previous TIA
	61 (1·1%)
	64 (1·2%)

	Previous atrial fibrillation
	46 (0·9%)
	55 (1·0%)

	Diabetes mellitus
	351 (6·5%)
	376 (6·9%)

	Data are mean (SD) unless shown otherwise. IHD=Ischaemic heart disease; 
TIA=transient ischaemic attacks. * No antihypertensive medication for at least 6 months before enrolment.
Reprinted from The Lancet, Vol. 356 Author: Hansson et al, Randomised trial of effects of calcium antagonists compared with diuretics and β-blockers on cardiovascular morbidity and mortality in hypertension: the Nordic Diltiazem (NORDIL) study, Pages 359-365, Copyright (2000), with permission from Elsevier.



Endpoints in the original NORDIL study 

All endpoints were defined by an independent endpoint committee, using pre-specified criteria. The members of the committee were blinded to treatment status and blood-pressures of the subjects with reported endpoints. The combined primary endpoint (PE) in the NORDIL study was fatal and non-fatal stroke, fatal and non-fatal myocardial infarction (MI) and other CVD deaths. At the end of the study there were no differences in the incidence of primary endpoints between the two treatment allocations, P=0.97. In total there were 403 PE in the diltiazem group and 400 PE in the β-blocker and/or diuretics group. 
Material and design in study II-III

Malmö Diet and Cancer Study

Between the years 1991-1996 30447 of the 234599 inhabitants (population data 1995) of the city of Malmö Sweden were enrolled into a community-based prospective epidemiological cohort study. The Malmö Diet and Cancer Study (MDC) was initiated and planned in collaboration with the International Agency for Research on Cancer (IARC), a World Health Organization agency in Lyon, France, the Swedish Cancer Society and the city of Malmö. The main aim of the MDC was to explore and identify links between diets and development of cancer. 104[]
. A total of 74138 individuals were randomly invited to participate by letter and 30477 were included, corresponding to a total participation rate of ∼40%. Women born 1923 to 1950 and men born 1923-1945 living in Malmö were selected for invitation to the study. Non-Swedish speaking subjects were not included and not handling the Swedish language was the only exclusion criterion 
 ADDIN EN.CITE 
[105]
. A full set of data, blood samples, all questionnaires and physical examination was eligible in 28449 individuals.
Clinical characteristics and assays in MDC

30447 individuals (18326 females) were included into MDC. At the baseline exam BP was measured twice in the right arm (using a mercury sphygmomanometer after ten minutes of rest in the supine position). Weight and height was measured and registered. Waist circumference was measured at the level of the umbilicus. Obesity was defined by waist > 102 cm in men and > 88 cm in women. The clinical characteristics of the original MDC cohort are presented in Table 6.

Table 6 Clinical characteristics
	Clinical characteristics of MDC study population (n=30447)

	Age (years)
	58.0 ± 7.6

	Female gender (%)
	60.2 

	Height (cm)
	168.6 ± 8.9

	Weight (kg)
	73.6 ± 13.8

	Waist (cm)
	84.5 ± 14.7

	BMI (kg/m2)*
	25.8 ± 4.0

	Diabetes (%)
	4.3

	SBP (mmHg)
	141.1 ± 20.1

	DBP (mmHg)
	85.6 ± 10.0

	Current smoker (%)
	26.6


Values are presented in mean ± 1 standard deviation (SD) if not in percent.

*=Body Mass Index=Weight in kg/Height in meters2= kg/m2

28 ml heparinized blood and 10 ml of blood without anticoagulant for serum preparation was taken from each included subject after overnight fasting. Samples were fractionated, prepared in 2 ml vials and frozen for storage 
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. A questionnaire that included heredity, demographic and socio-economic variables, social network and support, previous and current occupation, worksite related exposure to carcinogens, both physical and psychical worksite related conditions, physical activity, smoking habits, alcohol use, previous and current diseases, symptoms and medication. Current smoker was defined as any smoking during the last year. The dietary information was recorded in separate questionnaire, a one week food and beverage registration and included also a structured interview 104[]
. Diabetes mellitus was defined as a fasting whole blood glucose >109 mg/dl (6.0 mmol/L), a self-reported physician diagnosis of diabetes, use of anti-diabetic medication or having been diagnosed in local or national Swedish diabetes registries, as described previously 
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[107]
.

A random sub-sample of the MDC cohort screened year 1991 - 1994 was invited to participate in the Cardiovascular Cohort (MDC-CC). The baseline characteristics are shown in Table 7. 

Table 7 Clinical characteristics of the MDC-CC cohort

	Clinical characteristics of MDC-CC cohort (n=6103)

	Age (years)
	57.5 ± 5.9

	Female gender (%)
	57.9 

	Height (cm)
	169.0 ± 9.0

	Weight (kg)
	73.8 ± 13.7

	Waist (cm)
	84.2 ± 13.0

	BMI (kg/m2)*
	25.8 ± 4.0

	Diabetes (%)
	4.4

	SBP (mmHg)
	141.1 ± 20.1

	DBP (mmHg)
	85.6 ± 10.0

	Current smoker (%)
	26.5

	Total Cholesterol 
	6.2 ± 1.1

	LDL
	4.2 ± 1.0

	HDL
	1.4 ± 0.4

	Triglycerides
	1.4 ± 0.8


Values are presented in mean ± 1 standard deviation (SD) if not in percent.

*=Body Mass Index=Weight in kg/Height in meters2= kg/m2

Subjects included in MDC-CC underwent a carotid ultrasound examination with determination of carotid intima-media thickness and registration of eventual plaques. 6103 individuals accepted the invitation (3531 women) and 5540 participated in an extended examination, including laboratory analyses. The aim with the MDC-CC study was to explore the associations between cardiovascular risk factors and ultrasound-determined degree of carotid atherosclerosis. Subject enrolled into MDC-CC had another set of overnight fasting blood samples taken, including insulin, glucose, total cholesterol, high density lipoprotein (HDL) and triglycerides (TG). Low Density Lipoprotein was calculated from the Friedwald formula. In Study II we excluded 143 of these participants because of prior myocardial infarctions or strokes. Of the remaining 6060 participants, data on conventional CVD risk factors, fasting plasma samples, and successful analysis of baseline P-cystatin C, P-creatinine, and creatinine-based-GFR estimates according to MDRD, CKD-EPI-2009, and CKD-EPI-comb equations (see Methods) were available in 4650.
Endpoints in study II

We examined a composite endpoint of coronary events and stroke (incident CVD), whichever came first. Coronary events were defined as a fatal or non-fatal myocardial infarction or death due to ischemic heart disease. Incident CVD was defined as a coronary event or fatal or non-fatal stroke, whichever came first. Incident CVD was identified through record linkage of the 10-digit personal identification number of each Swedish citizen with three registries (Swedish Hospital Discharge Register [SHDR], Swedish Cause of Death Register [SCDR], and the Stroke in Malmö Register) 
 ADDIN EN.CITE 
[108]
. Myocardial infarction was defined on the basis of the 9th and 10th revisions of the International Classification of Diseases (ICD9 and ICD10), codes 410 and I21, respectively. Death due to ischemic heart disease was defined on the basis of codes 412 and 414 (ICD9) or I22-I23 and I25 (ICD10). Fatal and non-fatal stroke was defined using codes 430, 431, 434, and 436 (ICD9) and I60, I61, I63, and I64 (ICD10) 
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. The classification of outcomes using these registries has been previously validated 109[]
. Heart failure was defined using codes 428 (ICD9) and I50 and I11.0 (ICD10).

CVD deaths were retrieved from the SCDR and defined according to ICD9 codes 390–459 or ICD10 codes I00-I99. All-cause mortality was defined as death regardless of cause. The follow-up for all outcomes extended to 1 January 2007. All study participants were followed from the baseline examination until the specific endpoint or death or emigration from Sweden or until the end of the study.

Endpoints in study III

Coronary artery disease (CAD) was used as the primary endpoint in Study III and the cases of the study was retrieved from the MDC-CC. Retrieval of prevalent (occurring before the baseline exam of the MDC) and incident (occurring after the baseline exam of the MDC) cases of CAD were identified through linkage of the 10-digit personal identification number of each Swedish citizen with three registers: the Swedish Hospital Discharge Register, Swedish Coronary Angiography and Angioplasty Registry (SCAAR) and the Swedish Cause of Death Register. The registers have been described and validated previously for classification of outcomes CAD was defined as fatal or non-fatal myocardial infarction (MI), death from ischemic heart disease, CABG or PCI, whichever came first. MI was defined on the basis of International Classification of Diseases 9th and 10th Revisions (ICD9 and ICD10) codes 410 and I21, respectively. Death due to ischemic heart disease was defined on the basis of codes 412 and 414 (ICD9) or I22–I23 and I25 (ICD10). CABG was identified from national Swedish classification systems of surgical procedures, the KKÅ system from 1963 until 1989 and the Op6 system since then. CABG was defined as a procedure code of 3065, 3066, 3068, 3080, 3092, 3105, 3127, 3158 (Op6) or FN (KKÅ97). PCI was defined based on the operation codes FNG05 and FNG02. The follow-up for all outcomes extended in study III to June 30 2009. All study participants were followed from the baseline examination until the specific endpoint or death or emigration from Sweden or until the end of the study.

CARDIoGRAM

With GWAS several common genetic variants that associate with CAD have been identified and each variant only explains a small fraction of the hereditability of CAD 
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. However, it is difficult to get enough power in studies to detect these kinds of very modest effect sizes and after the need of larger studies the transatlantic Coronary ARtery DIsease Genome wide Replication and Meta-analysis (CARDIoGRAM) consortium was formed. The CARDIoGRAM study is a meta-analysis of 14 GWAS compromising 22233 individuals with CAD (CAD cases) and 64762 controls, all of European ancestry. Of note, 185 participants (86 CAD cases and 99 control subjects) of the MDC were also participants in the Myocardial Infarction Genetics Consortium 
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, later included in the CARDIOGRAM study. These 185 subjects remained included in the CARDIOGRAM analyses but were excluded in all MDC analyses in Study III of this thesis. The studies included in the CARDIoGRAM meta-analysis are presented in Table 8.

Material and design in study IV

The Swedish sub-cohort of the NORDIL study

In study IV a cohort retrieved from the NORDIL study was investigated. Only the Swedish cohort was included where we obtained whole blood and extracted DNA from 5152 Swedish patients (72.4% of the Swedish cohort) of who 2594 were randomized to β-blockers and/or diuretics-based treatment and 2558 were randomized into diltiazem-based treatment. As most of the treatment-induced blood pressure reduction had occurred at the first 6-month visit 
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 and as the proportion of patients who had add-on antihypertensive therapy increased after the 6-month visit and during the rest of the trial, we analyzed blood pressure changes from baseline until the first 6 months in the analyses of blood pressure change in relation to genotype. Furthermore, in order not to introduce bias in analyses of drug-specific blood pressure changes, we only included patients on monotherapy with either b-blockers (n=1372) or diuretics (n=532) or diltiazem (n=2067) in these analyses. Of these patients, complete blood pressure data at the 6-month follow-up visit was available in 1337 patients on monotherapy with β-blockers, 526 with diuretics and 2036 with diltiazem.

Endpoints in study IV

The endpoints in Study IV were the combined PE (fatal and non-fatal stroke, fatal and non-fatal MI and other CVD deaths). The risk of stroke and MI was analyzed as secondary endpoints separately.
In the β-blockers and/or diuretics treatment allocation there were 189 incident PE, 96 incident myocardial infarctions (MI) and 94 incident strokes. In the diltiazem-based treatment allocation there were 181 incident primary endpoint, 96 incident MIs and 79 incident strokes. On the average, 11.8% of strokes were hemorrhagic and 88.2% ischemic. All endpoints were defined by an independent endpoint committee, using pre-specified criteria. The members of the committee were blinded to treatment status and blood-pressures of the subjects with reported endpoints.
Table 8 Studies included in the CARDIoGRAM meta-analysis
	Study
	Full Study Name

	ADVANCE
	Atherosclerotic Disease, VAscular functioN, and 

genetiC Epidemiology

	CADomics
	Coronary Artery Disease and Omics

	CHARGE
	Cohorts for Heart and Aging Research in 

Genomic Epidemiology

	deCODE
	

	GERMIFS I
	German Myocardial Infarction Family Studies I

	GERMIFS II
	German Myocardial Infarction Family Studies II

	GERMIFS III (KORA)
	German Myocardial Infarction Family Studies III 

(Cooperative Research in the Region of Augsburg)

	LURIC/ AtheroRemo 1
	Ludwigshafen Risk and Cardiovascular Health Study

	LURIC/ AtheroRemo 2
	Ludwigshafen Risk and Cardiovascular Health Study

	MedStar
	

	MIGen
	Myocardial Infarction Genetics Consortium

	OHGS
	Ottawa Heart Genomics Study

	PennCATH
	

	WTCCC
	Wellcome Trust Case Control Consortium


Laboratory analyses

Microalbuminuria

In the NORDIL study MA was tested in morning urine samples with a semiquantitative immunologic dipstick, using the MICRAL test (Roche Diagnostics). MA was defined as ≥ 20 mg/L in the absence of confounding factors, e.g. menstruation, heavy exercise and urinary tract infections all well known to cause a temporary increase urinary albumin.

Creatinine

Creatinine obtained in the NORDIL study (Study I) was analyzed with the Jaffé method before the introduction of the IDMS standard and the 186.3 coefficient was used in the four-variable (or abbreviated) MDRD equation. In the NORDIL study creatinine was analyzed at several different laboratories due to the multicenter design. Creatinine in the MDC-CC study (Study II-III) was analyzed at the Department of Clinical Chemistry, Skane University Hospital in Malmö according to the national standardization and quality control system. Creatinine from MDC/MDC-CC was analyzed with the Jaffé method and the IDMS-traceable standard was used and hence, the coefficient used in the four-variable MDRD equation was 175.
Cystatin C

Cystatin C was analyzed from plasma and the levels of cystatin C were measured using a particle-enhanced immunonephelometric assay (N Latex Cystatin; Dade Behring, Deerfield, Illinois) and presented in mg/L 
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. The values of cystatin C are not standardized since they were analyzed before the introduction of the world calibrator in 2010. The reference value for the method is 0.53-0.95 mg/L. 

Genotyping
The NORDIL study: We obtained whole blood and successfully extracted DNA from 5152 Swedish patients (72.4% of the Swedish sub cohort of the NORDIL study) of who 2594 were randomized to β-blockers and/or diuretics-based treatment and 2558 were randomized into diltiazem-based treatment. Total genomic DNA was extracted and the SNP rs4149601 was localized within the NEDD4L gene and genotyped.

MDC/MDC-CC: DNA was extracted from frozen granulocyte or buffy coat with the use of QIAamp-96 spin blood kits (QIAGEN, Stockholm, Sweden) at the DNA extraction facility supported by SWEGENE. We successfully genotyped the plasma cystatin C associated SNP rs13038305 at the cystatin C locus on chromosome 20 in 27618 subjects of the MDC. Primers and probes were custom synthesized by Applied Biosystems (Foster City, CA) according to standard recommendations for the AB Prism 7900HT analysis system, and genotyped with polymerase chain reaction-based TaqMan method
Statistics

Statistics in study I

Statistical calculations were performed using the Stata software version 8.0 (Stata Corp). Tests were considered significant if the 2-sided P value was < 0.05.

In order not to introduce bias in analyses of drug-specific blood pressure changes, we only included patients on monotherapy with either β-blockers (n=1372) or diuretics (n=532) or diltiazem (n=2067) in these analyses.

Mean follow-up time of 4.5 years. The Cox proportional hazards model was used to calculate relative risks for PE in crude and adjusted models. The following covariates were included in the adjusted models: previous CVD (MI and/or stroke), age, sex, systolic blood pressure, smoking, diabetes, serum cholesterol and treatment allocation (diltiazem versus β-blocker/diuretic-based treatment). Covariates were included in the model if the P value was < 0.10.

In contrast to creatinine and eGFR calculated with the CG formula, MDRD did not fulfill the assumption of linearity in the Cox proportional hazards model (P=0.2) and hence, MDRD was analyzed as a dichotomized variable instead of a continuous variable.

Analyses of interaction between the effects of eGFR (G), (eGFR defined by the CG formula), and an indicator of MA (M) (1=present and 0=not present) on time to PE were performed using the following Cox proportional hazards model: h(t)=h0(t)exp(β1M+β2G+β3MxG), h(t) being the hazard function and h0(t) the baseline hazard function, with β1 and β2 measuring the main effects and β3 measuring the interaction. If there is an interaction (β3≠0), the hazard ratio (HR) for those with MA versus those without will be HR=exp(β1+β3xG). Thus, the HR will be a function of GFR, as visualized in Figure 5, page 44.
Statistics in Study II

The measures of renal function were related to incident CVD, CVD mortality, all-cause mortality and heart failure during 13.9 years of follow-up (interquartile range, 13.2-14.6) in the 4650 participants using multivariable Cox proportional hazards models. Continuous variables of renal function were log-transformed before analysis and all analyses were adjusted for baseline age, gender, use of antihypertensive drugs, systolic blood pressure, diastolic blood pressure, diabetes, body mass index, waist circumference, HDL-C, LDL-C, and smoking; the results are expressed as hazard ratios (HR, 95% CI) per 1 standard deviation increase of renal function. To evaluate if estimates of renal function which were significantly related to endpoints in continuous analysis could be used to reclassify 10-year risk when added to the standard risk factors (<5%, 5-10%, 10-20% and ≥20%), we followed methods previously described to calculate a net reclassification improvement (NRI) [20].

Statistics in study III

SPSS statistical software (version 20.0; SPSS Inc, Chicago, IL, USA) was used for all calculations except for the power calculations which were performed using the PS Power and Sample Size Calculations software version 3.0 (Department of Biostatistics, Vanderbilt University,TN, USA) and the meta-analysis which was performed by Inverse-variance-weighted meta-analysis using STATA 11 (STATACorp LP, College Station, TX, USA).

Due to a tendency of skewness to the right Cystatin C was transformed with the natural logarithm before analysis. We first estimated the effect size of the association between plasma cystatin C (expressed as per 1 SD increase) and risk of incident CAD, after exclusion of prevalent CAD cases, using logistic regression in the MDC-CC.
Two models adjusting for confounding factors were applied, model 1 (adjusted for age and sex) and model 2 (full risk factor adjustment with age, sex, hypertension, smoking, diabetes, LDL- and HDL-cholesterol.
Thereafter, again in the MDC-CC, we used linear regression to test the association between the rs13038305 (additive models with the major allele, which previously has been shown to be associated with higher plasma cystatin C, coded C) and standardized values of LN-transformed cystatin C (dependent variable) adjusting both according to model 1 and model 2 (see above).

Based on the plasma cystatin C vs. CAD and the rs13038305 vs. plasma cystatin C relationships we then calculated the power to detect association between rs13038305 and CAD in MDC + CARDIoGRAM, assuming that the rs13038305 genetic effect on plasma cystatin C would be independent of renal function and that the relationship of the rs13038305 genetic plasma cystatin C elevation on CAD would be proportional to the over-all relationship between plasma cystatin C and CAD.

Finally, we performed logistic regressions testing the association between rs13038305 and CAD (including both prevalent and incident cases of CAD) in a model adjusted for age and sex, in the entire MDC (3200 CAD cases and 24418 control subjects) and in CARDIoGRAM (22233 CAD cases and 64762 controls subjects) and meta-analysed the results of the two studies.

Statistics in study IV

All statistics was performed using SPSS version 16.0 (SPSS Inc., Chicago, Illinois, USA) except for survival analyses which were performed using STATA software version 8.0 (STATA Corp., College Station, Texas,USA). Tests were considered significant at P less than 0.05. The rs4149601 was related to the difference between baseline blood pressure and 6-month blood pressure (ΔSBP and ΔDBP), change in percent from baseline (%ΔSBP and %ΔDBP) in additive (AA=0, AG=1 and GG=2) and dominant (AA=0 and AG+GG=1) models using linear regression and t test.

Furthermore, we tested if the likelihood of achieving a SBP below 160mmHg (SBP160), SBP below 140mmHg (SBP140) and DBP below 90mmHg (DBP90) after 6 months of treatment was related to genotype using logistic regression. In the analyses of CVD events, the rs4149601 was related to the incidence of primary endpoint, MI and stroke during the entire follow-up period among patients randomized to β-blockers/diuretics and diltiazem, respectively, using crude and adjusted Cox proportional hazards models.

RESULTS

Study I

Renal Function in Prediction of CVD

Analyzed as continuous variables creatinine and eGFR estimated with the CG formula and as a dichotomized variable MDRD (dichotomized at 40ml/min/1.73m2) all predicted PE, MI and stroke in a crude and a model adjusted for classical CVD risk factors (age, sex, systolic blood pressure, smoking, diabetes, previous CVD, cholesterol and treatment allocation), Table 9.
	Table 9 Renal Function in Relation to Future Cardiovascular Events

	Renal Function Parameter
	Hazard Ratio
	95% CI
	P

	All patients (n=10 881;

 No. of PEs=803)
	
	
	

	    Creatinine crude*
	1.10
	1.08 to 1.12
	<0.001

	    Creatinine adjusted*
	1.05
	1.02 to 1.08
	<0.001

	    GFRCRG crude†
	1.13
	1.10 to 1.17
	<0.001

	    GFRCRG adjusted†
	1.06
	1.02 to 1.10
	0.001

	    GFRMDRD crude‡
	4.21
	2.43 to 7.28
	<0.001

	    GFRMDRD adjusted‡
	2.63
	1.51 to 4.58
	0.001

	Nondiabetic patients 

(n=10 155; No. of PEs=715)
	
	
	

	    Creatinine crude*
	1.10
	1.08 to 1.12
	<0.001

	    Creatinine adjusted*
	1.05
	1.02 to 1.08
	<0.001

	    GFRCRG crude†
	1.15
	1.11 to 1.19
	<0.001

	    GFRCRG adjusted†
	1.06
	1.02 to 1.11
	0.002

	    GFRMDRD crude‡
	4.74
	2.74 to 8.21
	<0.001

	    GFRMDRD adjusted‡
	2.73
	1.57 to 4.75
	<0.001

	Adjusted models include adjustment for age, sex, systolic blood pressure, smoking, diabetes, previous cardiovascular disease, cholesterol, and treatment allocation.

	*Data are per 10-µmol/L increase.

	†Data are per 10-mL/min per 1.73 m2 decrease.

	‡Data are GFRMDRD expressed as a dichotomized variable with cutoff at 40 mL/min per 1.73 m2 of body surface.
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The numbers of PEs that occurred per 1000 patient-years in our study population when they were categorized into groups according to various degrees of renal function show that the relationship between decline in renal function and increased risk of CVD starts well within the reference range of serum creatinine and GFR estimated with the CG formula, whereas this is not the case for MDRD, Figures 3a-3b.
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To exclude the possibility that the relationship between renal function and PE was driven only by patients with severely impaired renal function, we performed a stepwise exclusion of groups of patients with the poorest renal function, and comparisons were made between patients with various ranges of moderately reduced renal function and patients having renal function better than this range. The results from these analyses showed that we could exclude that the relationship among the 3 continuous indices of renal function and CVD risk was driven solely by patients with severely impaired renal function. The mildest ranges of impairment in renal function that significantly (P≤0.05) predicted PE after full adjustment for classical cardiovascular risk factors, including diabetes, were for creatinine 90 to 111 µmol/L versus <90 µmol/L, for GFR estimated with CG 52 to 80 mL/min/1.73 m2 versus > 80 mL/min/1.73 m2 and for MDRD 57 to 70 mL/min/1.73 m2 versus >70 mL/min/1.73 m2.

Microalbuminuria in Prediction of CVD

In both the crude and fully adjusted models, including diabetes, the presence of MA significantly predicted future risk of PE. This was also true when non-diabetic patients (n=4929) were analyzed separately (Table 9). The proportion of patients free from PE as a function of follow-up time in patients with and without MA is shown in Figure 4 (note, only crude analysis).
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The risk associated with MA corresponded approximately with the risk associated with a decline of 50 mL/min/1.73 m2 in eGFR. There was a significant interaction between MA and GFR estimated with CG regarding future CVD risk (Table 10 and Figure 5). As shown in Figure 5, the relative risk of CVD in hypertensive patients with MA, relative to those without MA, increased steeply with decreasing GFR estimated with CG. Because MDRD did not meet the assumption of linearity in the Cox proportional hazards model, we did not include this index of renal function in interaction analyses. There was no significant interaction between creatinine and MA regarding CVD risk (Table 10). 
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The curve shows the relative risk for the PE (in patients with MA as compared with patients without MA) as 

a function of GFRCRG, illustrating the interaction between MA and GFRCRG.
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Results Study II

Cystatin C and eGFR as predictors of endpoints

Based on continuous analyses, cystatin C significantly and independently predicted incident CVD, CVD mortality, all-cause mortality, and heart failure, whereas MDRD and CKD-EPI-2009 were significantly and independently related to risk of CVD mortality, but not incident CVD or all-cause mortality or heart failure, Table 11.
Table 11 Relationship between  continuous estimates of renal function (per 1 standard deviation increase in log-transformed data) and incident CVD, CVD death, all-cause mortality, and incident heart failure in fully adjusted models*in the MDC-cohort

	
	HR (95% CI) per 1 SD increase
	P-value
	NRIǂ
	P-value

	
	Incident CVD (n=435/4650)†
	
	
	

	MDRD§ 
	0.98 (0.89-1.09)
	0.76
	N.A.
	

	Cystatin C
	1.22 (1.11-1.33)
	<0.0001
	4.9%
	0.01

	CKD-EPI II
	0.98 (0.89-1.09)
	0.72
	N.A.
	

	CKD-EPI-comb#
	0.88 (0.80-0.96)
	0.005
	2.1%
	0.18

	
	
	
	
	

	
	CVD mortality (n=125/4650)†
	
	
	

	MDRD§
	0.79 (0.66-0.93)
	0.006
	4.0%
	0.27

	Cystatin C
	1.44 (1.24-1.66)
	<0.0001
	8.8%
	0.04

	CKD-EPI II
	0.78 (0.66-0.92)
	0.003
	4.9%
	0.20

	CKD-EPI-comb#
	0.73 (0.65-0.82)
	<0.0001
	6.5%
	0.13

	
	
	
	
	

	
	All-cause mortality (n=486/4650)†
	
	
	

	MDRD§
	0.99 (0.90-1.09)
	0.81
	N.A.
	

	Cystatin C
	1.15 (1.05-1.26)
	0.002
	3.6%
	0.03

	CKD-EPI II
	0.97 (0.88-1.07)
	0.58
	N.A.
	

	CKD-EPI-comb#
	0.89 (0.81-0.97)
	0.007
	2.6%
	0.06

	
	
	
	
	

	
	Heart failure (n=90/4650)†
	
	
	

	MDRD§ 
	1.01 (0.81-1.27)
	0.92
	N.A.
	

	Cystatin C
	1.27 (1.05-1.55)
	0.02
	0.0%
	0.92

	CKD-EPI II
	1.01 (0.80-1.28)
	0.93
	N.A.
	

	CKD-EPI-comb#
	0.87 (0.72-1.05)
	0.15
	N.A.
	


* Cox regression analysis adjusted for baseline age, gender, use of antihypertensive treatment, systolic blood pressure, diastolic blood pressure, diabetes, body mass index, waist circumference, P-HDL, P-LDL, and smoking  expressed as hazard ratios (HR, 95% CI) per 1 standard deviation increase in renal function.

†=Denotes number of number of first events / number of study subjects

ǂ= Net reclassification improvement analysis was performed when the relationship between an estimate of renal function and endpoint was significant

§= Estimated glomerular filtration rate using the Modification of Diet in Renal Disease (MDRD) formula

II= Estimated glomerular filtration rate with the creatinine-based CKD-EPI 2009 formula

#= Estimated glomerular filtration rate with the combined formula based on creatinine and cystatin C (the CKD-EPI 2012 formula)
Adapted with permission from John Wiley and Sons: [J. of Internal Medicine] (Accepted manuscript online: 26 NOV 2013: DOI: 10.1111/joim.12169), Copyright © 1999-2013 John Wiley & Sons, Inc.

CKD-EPI-comb (including creatinine and cystatin C) performed better than creatinine-based eGFR alone (MDRD and CKD-EPI-2009), but not as well as cystatin C itself, Table 11.
The NRI was significant for cystatin C and all endpoints, except heart failure, whereas no other measure of renal function resulted in significant improvement of the NRI, Table 11.
Quartiles of estimated renal function (best renal function quartile as the reference) were related to the endpoints. The relationships between the different measures of renal function and the endpoints were not linear. However, despite the significant p-value for linear trend, individuals within the top quartile of cystatin C appeared to account for most of this association. 

Due to the overall lack of linear associations, we hypothesized that any relationship between estimated renal function and increased risk of cardiovascular morbidity and mortality begins within the worst quartile of estimated renal function. To determine if there was any threshold effect among the subjects with the poorest renal function, we sub-divided the fourth quartile (Q4) into subgroups (Q4a-Q4d), see Tables 5a-5d in Study II. Cystatin C was significantly associated with increased risks of incident CVD and CVD mortality, regardless of which cut-off in quartile 4 (Q4a-Q4d) of cystatin C was used. The relationship between cystatin C and all-cause mortality was significant when the cut-off was set at Q4c (see Table 5a in Study II).

Of the creatinine-based eGFR, MDRD was significantly related to CVD mortality at all cut-offs, whereas CKD-EPI-2009 was significant at the cut-off defined by Q4c (upper GFR boundary of 61 mL/min/m2). Similar to the continuous analyses and analyses of quartiles, none of the cut-off levels within Q4 of MDRD and CKD-EPI-2009 stratified the population into significantly different risks of incident CVD and all-cause mortality.
Clinical cut-offs for eGFR

In an attempt to define clinical cut-off values of creatinine based eGFR we created new cut-off values of creatinine-based eGFR beginning at 60 mL/min/1.73 m2, i.e., a suggested cut-off defining CKD, and at 5 mL/min/1.73 m2 increments < 60 mL/min/1.73 m2 (see Table 6a-6c in Study II). MDRD was significantly related to CVD mortality at values ≤60 mL/min/1.73 m2, but did not achieve statistical significance for incident CVD and all-cause mortality until the eGFR was ≤45 mL/min/m2. Similar relationships were noted for CKD-EPI-2009. As in continuous analyses, CKD-EPI-comb performed better than CKD-EPI-2009 because CKD-EPI-comb includes cystatin C, which had the strongest relationship with most endpoints, in the eGFR equation, see Table 6a-6c within Study II.
Results Study III

Plasma cystatin C and CAD in MDC-CC

Among MDC-CC subjects free from CAD at the baseline exam each standard deviation (SD) increment of plasma cystatin C was significantly related to increased risk of CAD during follow-up (Odds Ratio, 95% confidence interval) 1.28, 1.16-1.42 (P=1.8x10-6) after age and sex adjustment and 1.20, 1.07-1.34 (P=0.001) after full risk factor adjustment according to model 2.
rs13038305 in relation to plasma cystatin C and eGFR

In the MDC-CC, each copy of the major allele of rs13038305 was associated with a highly significant (P<1 x 10-35) approximately one third of a standard deviation (SD) increase of plasma concentration of cystatin C. On the contrary, there was no significant association between rs13038305 and creatinine based estimated of renal function (CG and MDRD).
rs13038305 and CAD

At an α=0.05 and based on the plasma cystatin C vs CAD and rs13038305 vs plasma cystatin C relationships we had 100% power to detect an association between rs13038305 and CAD in the pooled MDC + CARDIoGRAM analysis if we applied the model 1 (age and sex adjusted) effect estimates from the plasma cystatin C vs CAD (OR=1.28 for CAD per 1 SD increase of cystatin C) whereas the corresponding power estimate was 98 % if we applied the model 2 (age, sex, hypertension, smoking, diabetes, HDL and LDL-cholesterol adjustment) effect estimates from the plasma cystatin C vs CAD (OR=1.20 for CAD per 1 SD increase of cystatin C). However, among the total of 25433 CAD cases and 89081 control subjects, the rs13038305 had an odds ratio of 1.00 (95% confidence interval 0.97-1.03) in the pooled analysis and similar effect size in the two studies analyzed separately, Table 12 and Figure 6.
Figure 6 Forest plot of MDC, CARDIoGRAM and the pooled analysis
[image: image8.emf]
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Odds ratio 95% CI * P *

MDC 1.00 (0.94-1.07 0.92

CARDIoGRAM 0.99 (0.96-1.03) 0.84

Meta-analysis 1.00 (0.97-1.03) 0.83

Table 12

Risk of coronary artery disease (CAD) according to rs13038305 in MDC, CARDIoGRAM and the 

pooled data as a meta-analysis.

*= Logistic regression analysis, adjusted for age and sex.


Results Study IV

Blood pressure reduction and genotype

Among patients treated with β-blockers or diuretics in monotherapy, the G-allele of rs4149601 of NEDD4L was associated with greater SBP reduction for both ΔSBP and %ΔSBP in additive models and in dominant models (GG+GA vs. AA) In addition, in dominant models (GG+GA vs. AA), also ΔDBP and %ΔDBP were significantly more pronounced in carriers of the G-allele. After full adjustment of baseline covariates this adjustment procedure, the significant associations found in the crude models were strengthened rather than attenuated, Table 13. In contrast to the patients treated with β-blockers or diuretics, blood pressure reduction over the first 6 months of the trial in patients treated with diltiazem did not differ between carriers of different rs4149601 genotypes.

Likelihood of being a blood pressure responder according to genotype

G-allele carriers had a greater likelihood to reach a SBP < 160mmHg, a SBP < 140 mmHg and a DBP < 90 mmHg after 6 months of treatment compared to the AA-allele carriers if they were treated with β-blockers or diuretics. The likelihood of being a responder among patients treated with diltiazem was not affected by rs4149601 genotype, Table 14. 
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Cardiovascular outcome in relation genotype and randomization group
Among patients randomized to β-blockers and/or diuretics, those who carried the G-allele of rs4149601 had markedly better cardiovascular outcome (PE, MI but borderline significant for stroke) than carriers of the AA genotype in the unadjusted model (Figure 7) and with adjusted data (Figure 8).

As for the relationship between rs4149601 and blood pressure response, the genotypic association was dominant rather than additive and the relative risk of primary endpoint and of MI was about half in carriers of the G-allele as compared to carriers of the AA genotype, whereas the relative risk of stroke was 0.62 and of borderline significance, Figure 8. There was no association between rs4149601 and cardiovascular outcome in patients randomized to diltiazem, Figures 7 and 8.
Figure 7 
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Adapted with permission from Lippincott Williams and Wilkins/Wolters Kluwer Health: [J. OF HYPERTENSION] (2011;29;388-395), Copyright © 2011
DISCUSSION

Microalbuminuria and CVD

Although the presence of MA is a marker for increased glomerular permeability, its association with CVD has been suggested to be caused by a general increase in blood vessel permeability, possibly linked to low-grade systemic vascular inflammation 113[]
. This would indicate that MA is a consequence of an early inflammatory state in the atherosclerotic disease process. Because increasing blood pressure and the presence of diabetes are both strongly related to the presence of MA, another potential explanation could be that more severe hypertension and glucose intolerance may contribute to the link between MA and risk of CVD. However, although our statistical adjustments cannot control day-to-day and within day variations in blood pressure and different degrees of glycaemia, the independent relationship between MA and CVD risk after inclusion of all of the classical cardiovascular risk factors, as well as of renal function in our model, makes this second explanation less likely. Similar to MA, the relationship between renal function and CVD was independent of classical cardiovascular risk factors, as well as of MA, in patients with severe hypertension. 
The results from Study I showing increasing risk of CVD with declining renal function and with the presence of MA, independently of each other but also interacting in the CVD risk, strongly indicates that hypertensive patients should routinely be investigates with regards to renal function and MA. Hypertensive patients with the combination of MA and mild CKD should be more vigorously treated to reach their target BP and other CVD risk factors should be aggressively treated.
Estimated renal function and CVD

In Study I we clearly demonstrate that creatinine and creatinine based eGFR are strong predictors of CVD in patients with severe hypertension. However in Study II, where we investigated the relationship between cystatin C and creatinine based eGFR (MDRD, CKD-EPI 2009 and CKD-EPI-comb) the relationship between CVD and the creatinine based eGFR was much weaker. This lack of, or weak, association in Study II strengthens the hypothesis that the risk seen with mild renal impairment is caused by a co-morbidity of other CVD risk factors that either are caused by or are contributing factors to the development of the renal impairment. Even though we adjusted for covariates in our analyses and conclude that the risk seen with increasing cystatin C and declining eGFR are independent of classical risk factors it is impossible to rule out the effects of e.g. long standing pre-diabetes, long standing BP elevation before it reaches the level of hypertension, unknown cases of previous smoking and so forth.
The CKD-EPI and CKD-EPI-comb equations for estimating GFR have developed to improve the accuracy in the diagnosis of CKD, most importantly in subjects with only mild renal impairment (eGFR > 60 ml/min/1.73m2). However in the prediction of CVD in the general population the prognostic impact of these formulas are quite similar with a small advantage to CKD-EPI-comb as shown in Study II where cystatin C is superior to the creatinine based eGFR equations and since CKD-EPI-comb combines cystatin C and creatinine there was as expected a small advantage with CKD-EPI-comb compared to CKD-EPI 2009 in the CVD prediction. However, cystatin C seemed to be superior to CKD-EPI-comb in the prediction of CVD.
The most striking difference between cystatin C and purely creatinine-based measures of GFR was their ability to predict incident CVD. Whereas belonging to the top 25% of the population distribution of cystatin C was independently and significantly associated with risk of CVD, MDRD only became a significant predictor of incident CVD at eGFR below 45 mL/min, corresponding to as little as <1% of the study population. The reason for the superiority of cystatin C in prediction of CVD may either be explained by its better accuracy of estimating the true renal function compared to creatinine-based measures of GFR 
 ADDIN EN.CITE 
[114, 115]
 or that cystatin C correlates with CVD even in the absence of chronic kidney disease or that cystatin C itself may possess detrimental properties for the cardiovascular system. 
Thus, if estimated renal function is to be used in prediction of CVD in the primary preventive setting, it is clear that cystatin C is superior to creatinine-based estimates of GFR.
Causality between reduced eGFR, elevated cystatin C and CVD?
As mentioned in the above section, it is not known if there is a causal role of reduced renal function in CVD development but, even though we cannot assess causality in the current study, we believe that the non-linear relationship between all investigated measures of renal function and the endpoints argues against it. Instead we suggest that despite the multivariate adjustment for risk factors, poor renal function as a consequence of age, hypertension, and other CVD risk factors, as well as subclinical CVD, explains the relationship with CVD. 
Mendelian randomization approaches testing whether or not genetically-determined levels of assumed risk factors are in fact related to disease (e.g. CVD) development has already been successfully applied for blood pressure and LDL-C, two risk factors known to have continuous relationships with CVD morbidity and mortality in which Mendelian randomization studies have confirmed causality 
 ADDIN EN.CITE 
[116-118]
. In Study III we challenged the question of causality of cystatin C in the development of CVD using a Mendelian randomization approach and tested whether there is a causal relationship between cystatin C and risk of CAD by testing whether genetic elevation of cystatin C, measured by a SNP at the cystatin C locus on chromosome 20 robustly associated with plasma cystatin C (rs13038305), alters the risk of CAD in more than 25000 cases of CAD and almost 90000 control subjects. The results show that cystatin C, which not is confounded by environmental exposures, not is associated with altered risk of CAD, in contrast to over-all plasma concentration of cystatin C. Again we argue that this strongly implies that cystatin C does not have a causal relationship with risk of CAD and instead the epidemiological relationship between plasma cystatin C and CAD, despite being statistically independent from CVD risk factors, is likely to be explained by correlation between cystatin C and long-term exposure to CVD risk factors such as hypertension, diabetes and impaired renal function. Furthermore, albeit without any “Mendelian Randomization” evidence to support it in the current thesis, it is likely that the same is true for the association between the creatinine based eGFR and CVD.

Although all epidemiological studies points at direct relationship between elevated cystatin C and risk of CVD, there is mechanistic evidence that cystatin C could in fact be protective by inhibiting cathepsins and thus theoretically to reduce matrix degradation and vascular structure and function 16[]
. This has led to the hypothesis that high cystatin C before CVD events may result from a compensatory increase in cystatin C production in attempts to inhibit an ongoing disease process. In fact, there are previous examples from cardiovascular biomarkers, which turned out to be protective but are elevated before CVD presents due to such compensatory increase of secretion. One of those examples relates to natriuretic peptides which consistently are high in individuals at high risk, however, Mendelian randomization studies revealed that genetic atrial natriuretic peptide deficiency instead seems to be a risk factor 
 ADDIN EN.CITE 
[119]
. Still, if cystatin C instead would be causally protective against CAD, our study would likely have unmasked that relationship as well as we had 80% power to detect an odds ratio for CAD of 0.96 in the analyses associating rs13038305 with CAD.
Pharmacogenetics

With pharmacogenetics the role that different genotypes play in in human drug metabolism, toxicity and drug response is investigated. Understanding the genetic polymorphism of the genes encoding drug transporters, drug metabolizing enzymes and drug targets offers the possibility to identify which drug, and at what dose, that will be the most effective and with least unwanted side effects for a certain genotype carrier.
In Study IV we demonstrated that antihypertensive drugs affecting renal salt reabsorption, such as β-blockers and diuretics, lower blood pressure significantly more and are about twice as effective in prevention of CVD in hypertensive patients who carry the G-allele of the functional rs4149601 polymorphism of the NEDD4L gene as compared to carriers of the rs4149601 AA genotype. This year McDonough et al replicated our study and confirmed that there was a significantly greater BP response and fewer CVD events in rs4149601 G-allele carriers treated with thiazide diuretics than in the AA-allele carriers but they were however not able to replicate our results regarding the β-blocker therapy and the G-allele carriers
 ADDIN EN.CITE 
[72]
.
In the future prior to treatment start a genotype testing to elucidate e.g. the individual treatment response, risk of life-threatening adverse drug effects may be meaningful to perform. This is especially important for drugs with severe side effects or where the costs are very high and the treatment response is depending on the individual genotype. 
Clinical implications and perspectives
In hypertensive patients with MA the risk of CVD is increased with ~30% and if they have concomitant reduced renal function the risk is increased in a synergistic way with a manifold increase of the CVD risk when the eGFR is severely impaired compared to subjects without MA. We argue that MA should be routinely tested in patients with hypertension and if eGFR is impaired an even more aggressive antihypertensive treatment regime should be applied. 
However, in the general population, the use of cystatin C or eGFR as predictors of CVD risk will be limited. Thus, even though we have shown that cystatin C has a stronger relationship with CVD morbidity and mortality than the creatinine-based measures of GFR, we do not believe that the strength of the association in the primary preventive setting of middle-aged individuals was large enough to motivate introduction of cystatin C as a biomarker for assessing CVD risk.
Furthermore, our results suggest that high level of cystatin C before CAD occurs is a result of co-variation with CVD risk factors and impaired renal function and the lack of a causal relationship of cystatin C in the development of CAD does not encourage further interventions targeted at the cystatin C system in attempts to prevent CAD.
In conclusion, in clinical context, it is important not to forget the already known and treatable CVD risk factors and as stated by Canto and Iskandrian in an editorial in JAMA, “to reduce the burden of cardiovascular disease, physicians should have even greater vigilance in identifying conventional coronary heart disease risk factors and must redouble efforts to control them effectively” 120[]
.
SUMMARY IN SWEDISH 

Populärvetenskaplig sammanfattning
Kardiovaskulär sjukdom (CVD) är ett i vårt samhälle växande problem där allt fler insjuknar i akuta hjärtinfarkter, stroke eller hjärtsvikt. Överlevnaden efter insjuknandet har förbättrats med åren med hjälp av nya mediciner och invasiva ingrepp såsom stentning av kranskärlen vid svår kärlkramp och direkt i det akuta skedet vid vissa typer av akut hjärtinfarkt. De bakomliggande orsakerna till CVD är delvis orsakat av miljön, det vill säga till viss del av påverkbara faktorer såsom fetma, rökning och inaktivitet. Bakomliggande medicinska orsaker är diabetes och framför allt högt blodtryck (hypertoni). Hypertoni är den i världen viktigaste orsaken till insjuknande och död i kardiovaskulär sjukdom. Uppkomsten av hypertoni kan till en liten del (< 10 %) förklaras av bakomliggande faktorer såsom åderförkalkning i blodförsörjningen till njurarana (njurartärstenos), hormonell rubbning orsakat av sjudommar i binjurebarken eller märgen men i de allra flesta fallen känner man ej till de bakomliggande orsakerna till hypertonin. Den vanligaste formen (> 90 %) av hypertoni är således den vi inte kan förklara och den kallas essentiell hypertoni. Med studier inom familjer, tvillingar och adopterade barn har man kunnat uppskatta att ärftlighet är en viktig del av uppkomsten av essentiell hypertoni. Ärftlighet utgör c:a 30-50% av grundorsaken till hypertoni.
Kroniskt nedsatt njurfunktion (CKD) är en vanlig åkomma och drabbar cirka 10 % av befolkningen. Endast ett fåtal av de med CKD får så kraftigt nedsatt njurfunktion att de behöver gå i dialys eller njurtransplanteras. Den största risken med nedsatt njurfunktion är den påtagligt ökade risken för CVD. Det finns ett distinkt samband mellan hypertoni och CKD där hypertoni ökar risken för CKD men även det omvända gäller där patienter med CKD har ökad risk för att även drabbas av hypertoni. Ju mer nedsatt njurfunktion desto större är risken för CVD. Det har utförts många studier på olika patientgrupper med redan etablerad CVD där man idag vet att det finns ett samband mellan redan lätt nedsatt njurfunktion och ökad risk för hjärtinfarkt, stroke eller död men vad det innebär för en individ utan andra sjukdomar att bara ha ett avvikande laboratorieprov som visar lätt nedsatt njurfunktion vet man mycket lite om.

Inom sjukvården uppskattar man grovt njurarnas funktion med ett blodprov, kreatinin. Man kan uppskatta hur mycket av blodet som filtreras igenom njurarna per minut med olika formler baserat på kreatininvärdet där ålder och kön inkluderas (MDRD formelen) och Cockroft-Gault (CG) formeln inkluderar även vikt och kroppsyta. I båda formlerna justerar men även för ras. Uppskattning av eGFR används bland annat för att ställa diagnostisera njursjukdom och inför läkemedelsdosering som kan vara beroende av njurfunktionen. På senare år har ett nytt blodprov börjat användas för att uppskatta njurfunktionen, cystatin C. Cystatin C har fördelar över kreatinin då det till mindre grad påverkas av bland annat muskelmassa, kön och ålder. Det har även dykt upp en ny kreatininbaserad formel för eGFR som kallas CKD-EPI 2009 samt CKD-EPI-2012 som kombinerar både kreatinin och cystatin C. Den sistnämnda formeln kallar vi CKD-EPI-comb i avhandlingen.
Denna avhandling baseras på fyra delarbeten och syftet med denna avhandling var bland annat att närmare undersöka och jämföra olika variabler för att mäta njurfunktion och utröna vad lätt nedsatt njurfunktion innebär med avseende på risken för att insjukna i eller att dö i CVD, både i den ”vanliga befolkningen” och studerat specifikt hos de med känd hypertoni (Studie I-II). Vi studerade även ett specifikt mått på njurfunktion (cystatin C) för att utreda om det finns att kausalitetssamband mellan förhöjt cystatin C och CVD (Studie III) och avslutningsvis, att med genetiska analyser se om man kan identifiera individer som är bättre lämpade att erhålla en av två behandlingsstrategier mot högt blodtryck med avseende på den blodtryckssänkande effekten men även sett utifrån risken att insjukna i eller att dö i CVD.
Delarbete I

Hos 10881 individer med högt blodtryck jämförde vi olika mått på njurfunktion och hur de kunde användas som riskmarkörer för att förutspå risken att drabbas av hjärtinfarkt, stroke eller död av detta. Vi analyserade ett blodprov för kreatinin och två olika matematiska formler baserat på kreatininvärdet för att beräkna njurarnas filtrationsförmåga, estimerad glomerulär filtrationshastighet (eGFR). Vidare undersökte vi vad mindre mängder äggvita i urinen, mikroalbuminuri (MA) har för betydelse avseende risk för hjärtinfarkt, stroke eller död av detta. Slutsaten var att hos patienter med mycket högt blodtryck är nedsatt njurfunktion och mikroalbuminuri starka indikatorer för ökad risk för CVD och död. T.ex. ger varje ökning av kreatininvärdet med 10 µmol/L en ökning av risken för CVD med 5 % och var 10 ml/min/1.73m2 sänkning av eGFR ger 13 % riskökning. Vidare visade vi att förekomsten av MA ger en ~ 30 % riskökning och att riskökningen är beroende av eGFR där tilltagande sänkning av eGFR ger kraftigt ökad MA relaterad risk. Det föreligger således en synergism mellan eGFR och MA avseende risken för CVD. Slutsatsen är att hos patienter med grav hypertoni är mått på njurfunktion och MA viktiga riskmarkörer och de bör ingå i rutinkontrollerna hos patienter med pågående hypertonibehandling. Samtidig förekomst av nedsatt njurfunktion och MA bör föranleda en ännu mer aggressiv behandling för att få ned blodtrycket till acceptabla nivåer.
Delarbete II

I Studie II har vi tagit del av Malmö Kost-Cancer studien (MKC) där man har inkluderat drygt 30000 Malmöbor mellan åren 1991 och 1996 för att studera bland annat orsaker till uppkomsten av tumörsjukomar och CVD. Drygt 6000 av dessa individer blev dessutom inkluderade i en delstudie (den kardiovaskulära kohorten) där man tog mer blodprover och undersökte halskärlen med ultraljud för att studera förekomsten av åderförkalkning. Vi analyserade blodprovet cystatin C hos 4650 individer från den kardiovaskulära kohorten i MKC och jämförde cystatin C med MDRD, CKD-EPI 2009 samt CKD-EPI-comb och utredde vilken metod som bäst förutspår risken för CVD. Slutsaten är att cystatin C överlägset förutspår risken för CVD. Dock krävs det väldigt hög precision när man skall använda ett test som riskmarkör vid en vanlig åkomma och där kan man säga att trots att cystatin C är betydligt bättre än de kreatininbaserade formlerna för eGFR så tillför det begränsad tilläggsinformation i förhållande till de idag använda riskmarkörena för CVD, t.ex. ålder, kön, hypertoni, diabetes, rökning och blodfetter.
Delarbete III

Förhöjda nivåer i blodet av cystatin C har i vissa studier visat sig förutspå CVD risk även vid normal njurfunktion och det har spekulerats i om cystatin C kan ha direkt skadliga effekter på hjärta och kärl. I den tredje delstudien undersökte vi om genetiskt förhöjda nivåer av cystatin C är associerat med risken för CVD för att utröna om det föreligger ett orsakssamband mellan cystatin C och CVD. Vi började med att genotypa en variant av cystatin C genen och kunde konstatera att de som bär på ett anlag av genotypen (C-allel bärare) har betydligt högre cystatin C nivåer än de som bär på det andra anlaget (T-allel bärare). 
För att få tillräcklig statistisk styrka i studien slog vi samman data från MDC (3200 fall med CVD och 24428 kontroller) och CAARDIoGRAM (en meta-analysis som utgörs av 14 sammanslagna genetiska studier utgörandes av 22233 individer med CVD och 64762 individer som utgör kontroller, samtliga med europeiskt påbrå). Vi konstaterade att genetiskt förhöjda nivåer av cystatin C ej är korrelerade med CVD och att ett orsakssamband mellan cystatin C och CVD därför är mycket osannolikt.
Slutsatsen är att förhöjda nivåer av cystatin C är en markör för ökad risk av att drabbas av CVD. Dock orsakas denna risk inte av cystatin C i blodet utan utav att cystatin C återspeglar nedsatt njurfunktion och andra riskfaktorer som är associerade med nedsatt njurfunktion.

Delarbete IV

I sista arbetet i avhandlingen studerade vi genetisk variation av ett protein som kontrollerar återupptaget av salt (natrium) genom en kanal i njurarna (”NEDD4L”) och hur två olika behandlingsregimer av hypertoni påverkas av denna genetiska variation med avseende på sänkning av blodtrycket och risken för insjuknande och död i hjärtinfarkt och stroke. De två behandlingsregimerna var betablockad och/eller vätskedrivande (tiaziddiuretika) samt behandling med en calciumantagonist (diltiazem) och effekten av dessa behandlingar undersöktes hos 5152 svenska individer med känd hypertoni. Patienterna följdes upp i ett genomsnitt av 4.5 år. Slutsatsen är att individerna som är bärare av en G-allel (AG eller GG genotyp) av NEDD4L genen och behandlas med betablockad/diuretika har ett bättre blodtryckssvar samt drabbas/dör i mindre utsträckning av hjärtinfarkt och stroke än de som inte bär på en G-allel (AA genotyp) eller om de istället behandlas med diltiazem.
Sammanfattning

Cystatin C är en bättre riskmarkör för CVD än de kreatininbaserade eGFR formlerna och vi har uteslutit att det skulle finnas ett kausalsamband mellan cystatin C och CVD. Som riskmarkör hos tidigare friska medelådlers individer tillför dock cystatin C inget nytt jämfört med redan kända väletablerade riskfaktorer för CVD. Däremot hos patienter med svår hypertoni är nedsatt njurfunktion, framförallt med samtida förekomst av äggvita i urinen, en betydande riskfaktor som bör få större uppmärksamhet vid behandlingen av hypertoniker än vad den har idag och vi föreslår att hos patienter med höga blodtryck bör njurfunktion och äggvita i urinen ingå i rutinkontrollerna. Vidare konstaterar vi att med genetisk testning kan individer identifieras som svarar bättre på en typ av behandling än en annan. Vi tror att framtida forskning kommer att leda till genetiskt designade läkemedel där man skräddarsyr behandlingen beroende på individens genotyp och att detta kommer att leda till både säkrare och effektivare behandlingsmetoder.
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