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ABSTRACT 

 

Obesity is an increasing health problem worldwide, causing a tremendous amount 
of premature mortality and a wide range of morbidities, such as type 2 diabetes melli-
tus, coronary artery disease, cancer, as well as elevated blood pressure and its conse-
quences. In obese individuals, elevated blood pressure typically arises from a combi-
nation of mechanistic and biological factors, particularly hormonal and metabolic 
disturbances that promote the accumulation of visceral fat. If weight loss is achieved, 
blood pressure levels usually decrease as well. Ideally, complications could be 
avoided by preventing weight gain in the first place; however, in general practice, we 
are often faced with the need to treat obesity and its associated complications. 

The aim of this thesis was to examine the effects of a comprehensive one-year life-
style programme on blood pressure and body composition in overweight individuals. 
The aim was also to investigate the haemodynamic profiles associated with different 
categories of abdominal obesity and to evaluate the impact of sodium intake�³ , 
which is characteristically high in overweight individuals�³ on the regulation of blood 
pressure and extracellular water balance. 

In Study I, the comprehensive weight-loss programme of 134 participants included 
four visits with a medical doctor, five sessions with a dietitian offering dietary advice 
and guidance on shopping behaviour, cooking classes, exercise sessions supervised 
by a personal trainer, and group discussions. Altogether 92 individuals completed 
the one-year programme. The team-based lifestyle management programme resulted 
in a mean weight loss of 4.8 kg (intention to treat approach, p < 0.001), a reduction 
in BMI of 1.7 kg/m² (p < 0.001), a decrease in waist circumference of 5.6 cm (p < 
0.001), a reduction in body fat percentage by 5.0% (p < 0.001), and a decrease in 
visceral fat content by 6.4% (p < 0.001). Importantly, systolic blood pressure was 
reduced by 8 mmHg (p < 0.001) and diastolic blood pressure by 6 mmHg (p < 
0.001).  

In Study II, 541 volunteers not taking medications that directly affect cardiovascular 
function underwent physical examinations and laboratory analyses. They were then 
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divided into age- and sex-adjusted quartiles based on their waist-to-height ratio. 
When haemodynamically assessed, a higher waist-to-height ratio was linked to ele-
vated blood pressure, increased systemic vascular resistance, and greater arterial stiff-
ness, but was not associated with differences in cardiac sympathovagal modulation 
or activation of the circulating renin�²angiotensin�²aldosterone system. Although pre-
vious literature has characterised obesity-related hypertension as having distinct phe-
notypic features, these findings suggest that its primary haemodynamic characteris-
tics resemble those of primary hypertension. 

In Study III, the association between 24-hour urinary sodium (Na�†) excretion, hae-
modynamics, and volume status was investigated in 510 normotensive and never-
treated hypertensive individuals, to determine whether excess sodium intake is linked 
to elevated blood pressure in this population. Additionally, the findings were com-
pared with those from patients with primary aldosteronism. The results showed that 
extracellular water volume was higher in the highest tertile of sodium excretion com-
pared to the lowest tertile. However, no differences were observed in aortic systolic 
or diastolic blood pressure, heart rate, cardiac output, or systemic vascular resistance. 
In regression analysis, body surface area (reflecting individual size) and 24-hour so-
dium excretion emerged as independent predictors of extracellular water volume. 
Notably, 24-hour sodium excretion and extracellular water volume did not differ 
between normotensive and hypertensive participants. In contrast, patients with pri-
mary aldosteronism had a 6.0% increase in extracellular water volume, although their 
sodium excretion did not correlate with extracellular volume. 

In conclusion, this thesis supports the earlier evidence that blood pressure reduction 
can be achieved through weight loss. Additionally, the thesis also identifies the pre-
dominant mechanism responsible for elevated blood pressure in abdominal obesity, 
namely increased systemic vascular resistance, and greater arterial stiffness, and high-
lights the influence of sodium intake on extracellular water volume, even in the ab-
sence of changes in blood pressure. 
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TIIVISTELMÄ 

 

Ylipaino on kasvava terveysongelma maailmanlaajuisesti aiheuttaen merkittävää en-
nenaikaista kuolleisuutta sekä monia sairauksia, kuten tyypin 2 diabetesta, sepelvalti-
motautia, syöpää sekä kohonnutta verenpainetta ja siihen liittyviä komplikaatioita. 
Ylipainoisilla henkilöillä kohonnut verenpaine johtuu usein mekaanisista ja biologi-
sista tekijöistä kuten hormonaalisista ja metabolisista tekijöistä, jotka liittyvät sisäelin-
rasvan kertymiseen. Painonpudotus johtaa usein myös verenpaineen laskuun. Ihan-
teellisinta olisi ehkäistä lihominen jo ennalta, mutta käytännön työssä kohdataan 
usein tarve hoitaa ylipainoa ja sen aiheuttamia lisäsairauksia. 

Tämän väitöskirjan tavoitteena oli selvittää vuoden mittaisen, laaja-alaisen elämänta-
paintervention vaikutuksia verenpaineeseen ja kehonkoostumukseen ylipainoisilla 
henkilöillä. Lisäksi tutkittiin erilaisten keskivartalon lihavuuskategorioiden verenkier-
ron säätelyyn liittyviä profiileja ja arvioitiin natriumin saannin vaikutusta verenpai-
neen ja solunulkoisen nesteen säätelyyn �² natriumin saanti on tyypillisesti suurta yli-
painoisilla henkilöillä. 

Tutkimuksessa I elämäntapainterventio sisälsi neljä lääkärikäyntiä, viisi ravitsemuste-
rapeutin tapaamista (joissa annettiin ruokavalio-ohjausta ja neuvoja ostoskäyttäyty-
miseen), ruoanlaittokursseja, liikuntaharjoituksia henkilökohtaisen valmentajan joh-
dolla sekä ryhmäkeskusteluja. Tähän moniammatilliseen ohjelmaan sitoutuminen 
johti keskimäärin 4,8 kg:n painonpudotukseen (p < 0,001), BMI:n alenemiseen 1,7 
kg/m² (p < 0,001), vyötärönympäryksen pienenemiseen 5,6 cm (p < 0,001), kehon 
rasvaprosentin vähenemiseen 5,0 % (p < 0,001) ja sisäelinrasvan määrän vähenemi-
seen 6,4 % (p < 0,001). Systolisen verenpaineen lasku 8 mmHg ja diastolisen 6 
mmHg olivat myös tilastollisesti merkitseviä (p < 0,001). 

Tutkimuksessa II 541 vapaaehtoista, jotka eivät käyttäneet verenkiertoelimistöön 
vaikuttavia lääkkeitä, osallistui kehon koostumuksen tutkimuksiin ja laboratoriomit-
tauksiin. Heidät jaettiin ikä- ja sukupuolivakioituihin neljänneksiin vyötärö-pituus-
suhteen perusteella. Hemodynaamisessa arvioinnissa havaittiin, että suurempaan 
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vyötärö-pituussuhteeseen liittyi kohonnut verenpaine, lisääntynyt ääreisverenkierron 
vastus ja suurempi valtimojen jäykkyys, sen sijaan ei havaittu muutoksia sydämen 
autonomisessa säätelyssä tai verenkierron reniini-angiotensiini-aldosteroni �²järjestel-
män aktivaatiossa. Vaikka aiempi kirjallisuus on kuvannut lihavuuteen liittyvän ve-
renpaineen erityispiirteitä, nämä havainnot viittaavat siihen, että lihavuuteen liittyvät 
hemodynaamiset ominaisuudet muistuttavat ensisijaisesti essentiaalista (primaarista) 
hypertensiota. 

Tutkimuksessa III selvitettiin 24 tunnin virtsan natriumin erityksen, verenkierron 
säätelyn ja nestetasapainon välistä yhteyttä 510 henkilöllä, joilla oli joko normaali ve-
renpaine tai hoitamaton hypertensio. Tarkoituksena oli arvioida, liittyykö runsas nat-
riumin saanti kohonneeseen verenpaineeseen tässä väestössä. Lisäksi tuloksia verrat-
tiin primaaria aldosteronismia sairastaviin potilaisiin. Tulokset osoittivat, että so-
lunulkoinen nestevolyymi oli suurempi korkeimmassa natriumin erityksen kolman-
neksessa verrattuna alimpaan. Sen sijaan aortan systolisessa tai diastolisessa veren-
paineessa, sykkeessä, sydämen minuuttitilavuudessa tai ääreisverenkierron vastuk-
sessa ei havaittu eroja. Regressioanalyysissä todettiin, että kehon pinta-ala (henkilön 
koon mittari) ja 24 tunnin natriumin eritys olivat itsenäisiä solunulkoisen nestevolyy-
min ennustajia. Huomionarvoista oli, ettei natriumin eritys tai nestevolyymi eronnut 
normaalipaineisten ja hoitamattomien hypertensiopotilaiden välillä. Sitä vastoin pri-
maaria aldosteronismia sairastavilla oli 6,0 % suurempi solunulkoisen nesteen määrä, 
ja heidän natriumin erityksensä ei korreloinut nestevolyymin kanssa. 

Yhteenvetona tämä väitöskirja osoittaa, että verenpainetta voidaan tehokkaasti alen-
taa painonpudotuksen avulla. Lisäksi väitös paljastaa vyötärölihavuuteen liittyvän ko-
honneen verenpaineen pääasialliset mekanismit ja korostaa natriumin saannin vaiku-
tusta solunulkoiseen nestevolyymiin �² myös tilanteissa, joissa verenpaine ei ole ko-
holla. 
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1 INTRODUCTION 

Obesity is a very common health hazard and recognised as a disease already in 1948 
by WHO [1]. Obesity is a chronic and a complex disease with co-morbidities that 
increases the risk for life-altering and potentially life-threatening complications such 
as heart attacks, strokes and renal insufficiency [2]. Excess adiposity, even in preo-
besity stage, increases the risk (of other) for diseases like type 2 diabetes mellitus 
(T2DM), cardiovascular disease (CVD), hypertension, certain types of cancer and 
mental disorders [2]. Prevention of obesity by healthy lifestyle and diet would be the 
best alternative but quite often, we require methods for treating obesity. In the treat-
ment, diet and exercise have an important role and comprehensive lifestyle projects 
are effective at least in short term [3]. The most effective way to treat obesity is 
bariatric surgery, although the newest medications have also given almost identical 
results in weight loss [4].  

About half of Finns over 30 years of age suffer from high blood pressure (BP) [5]. 
Hypertension is one of the leading causes of death all over the world. The majority 
of hypertension has no known cause, but several underlying factors such as cigarette 
smoking, unhealthy eating and drinking habits as well as lack of physical activity 
contribute to its development [6]. Known causes of hypertension like primary aldos-
teronism (PA) and sleep apnoea explain only less than half of all hypertension cases 
[7]. 

 The role of salt in the diet has often been assumed to have a major role in causing 
hypertension, and studies of salt reduction have shown some effect in lowering BP 
but this has not been the case in all studies [8,9]. In addition, too little salt may be 
harmful. The best way to measure the amount of sodium intake (ingested) is contin-
uous 24h urine sampling [10]. Some recent data suggest that sodium can be stored 
in some parts of the body, and the handling of sodium is more complicated than 
what was thought earlier [11].  

Obesity and excess adiposity are also considered as factors causing hypertension. It 
is assumed that obesity causes hypertension through several mechanisms [12]. The 



 

20 

more you eat the more salt you normally ingest. Renal hyperfiltration and excessive 
sodium absorption may also be one mechanism. Several hormonal mechanisms are 
activated as well as the amount of adipose tissue increases. Nevertheless, the true 
reason why obese people have hypertension is not known with certainty [13].  

Measuring function of the heart and the circulatory system using modern methods 
like impedance cardiography and pulse wave analysis can provide more detailed in-
formation of the regulation of BP in obese people [14]. Changes in fluid balance may 
play an important role in the prevention of the BP-increasing effects of salt and 
hence also in BP regulation [15]. Thus, one potential research approach is to simul-
taneously estimate fluid balance and haemodynamic variables in lean and obese study 
participants. 

This thesis evaluated the effectiveness of a comprehensive lifestyle management pro-
gramme for treating obesity and investigated whether elevated BP associated with 
abdominal obesity exhibits distinct and specific characteristics when compared with 
primary hypertension. As sodium intake, in addition to ingestion of calories, is char-
acteristically higher in obese than in lean individuals, the relationship between so-
dium intake on BP, cardiac output, systemic vascular resistance (SVR), or extracel-
lular water (ECW) volume was examined in subjects naïve to hypertensive medica-
tions. 
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2 REVIEW OF THE LITERATURE 

2.1 Cardiovascular impact of obesity 

2.1.1 Body mass index, body roundness index, waist circumference, waist-
to-height ratio and determinants of abdominal obesity  

Abdominal obesity refers to abnormal or excessive adipose tissue accumulation in 
the central part of the body [16,17]. Severe obesity is usually obvious just by looking 
at the naked body but for scientific purposes more precise measurements are needed 
to compare different individuals and evaluate their obesity-related risk for cardiovas-
cular disease [18]. As a common, complex and costly disease, obesity has become a 
significant threat to socio-economic stability and public health worldwide over the 
past few decades. Obesity defined as body mass index (BMI) over 30 affects 800 
million people worldwide [19].  

Obesity increases the risk of several debilitating and deadly diseases including diabe-
tes, heart disease and some cancers. The risk of cardiovascular disease is often inde-
pendent of other cardiovascular risk factors associated with obesity. The amount of 
visceral fat can be considered as an autonomous endocrinological organ and through 
several mechanisms it has hazardous effects on our vascular system [20]. As a serious 
health hazard, the prevalence of obesity has doubled since 1980, and in 2015 high 
body mass index (BMI) was estimated to account for 4 million deaths worldwide 
[21]. 

Obesity among children has been lower than that among adults, while the increase 
in the incidence of childhood obesity in many countries has been greater than the 
increase in the incidence of adult obesity. High childhood measures of adiposity are 
associated with increased odds of several cardiovascular risk factors. Type 2 diabetes 
mellitus (T2DM) in children and adolescents often occurs in the presence of a strong 
family history for obesity and T2DM [22]. More than two thirds of deaths related to 
high BMI are due to cardiovascular disease, and obesity shortens the expected life-
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span in both men and women [21]. Obesity leads to multimorbidity and poor health-
related quality of life [23]. Obesity is also associated with a stigma which further 
impairs the quality of life and predisposes to increased morbidity [24]. The aggregate 
medical costs of adult obesity were almost $300 billion from 2001 to 2016 in the 
United States alone [25]. 

 The importance of body fat distribution as a risk factor for several diseases like 
cardiovascular disease (CVD), hypertension, stroke and T2DM, and increased mor-
tality has been recognized for several decades [18]. In 1956, Jean Vague was the 
first to show the importance of fat distribution in relation to various diseases, de-
�V�F�U�L�E�L�Q�J���Z�K�D�W���K�H���W�H�U�P�H�G���¶�D�Q�G�U�R�L�G�·���D�Q�G���¶�J�\�Q�R�L�G�·���W�\�S�H�V���R�I���R�E�H�V�L�W�\ [26]. These classifi-
cations were later interpreted by Kissebah and colleagues [27] as upper versus lower 
body fat accumulation as reflected by a high or low waist�²hip circumference ratio 
(WHR), respectively. The upper and lower body fat accumulation phenotypes were 
based on body morphology as assessed by external anthropometric measures such 
as skinfolds and circumferences [27]. 

�%�0�,���L�V���H�D�V�L�O�\���F�D�O�F�X�O�D�W�H�G���Z�K�H�Q���L�Q�G�L�Y�L�G�X�D�O�V�·���K�H�L�J�K�W���D�Q�G���Z�H�L�J�K�W���D�U�H���N�Q�R�Z�Q�����%�0�,���L�V��
also the most widely used anthropometric indicator to define obesity. A large 
amount of evidence exists in various populations about how high BMI already at 
young age predicts cardiovascular risk in later life. However, BMI provides only a 
crude measure of obesity and fails to fully capture the heterogenous regional body 
fat distribution [28]. The amount of visceral fat and also the amount of 
subcutaneous fat are measurable by imaging: magnetic resonance imaging (MRI) 
and computed tomography (CT) are the most accurate techniques but also dual-
energy X-ray absorptiometry (DXA) is used for this purpose [29].  

Generally, the higher the BMI the higher risk for diabetes and heart disease but 
some limitations to this do exist. BMI may overestimate body fat in athletes and 
others who have a muscular build [30]. On the other hand, it may underestimate 
body fat in older persons and others who have undergone significant loss of muscle 
mass. BMI over 25 kg/m2 is rated as overweight and BMI over 30 kg/m2 obesity. 
BMI higher than 35 kg/m2  often predisposes to distinctive features like heart failure 
with preserved ejection fraction [31].  

Compared with BMI, waist circumference is strongly associated with abdominal fat 
distribution and is a better indicator for abdominal obesity [32]. The failure of BMI 
to fully capture cardiometabolic risk is partially related to the fact that BMI in 
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isolation is an insufficient biomarker of abdominal adiposity. Waist circumference 
is a simple method to assess abdominal adiposity that is easy to standardize and 
apply clinically. Waist circumference is strongly associated with all-cause and 
cardiovascular mortality with or without adjustment for BMI [33]. However, the 
full strength of the association between waist circumference with morbidity and 
mortality is realized only after adjustment for BMI [34].  

The waist-to-height ratio (WHtR), calculated by dividing the waist circumference 
(WC) by height, has recently gained attention as an anthropometric index for 
central adiposity. It is an easy-to-use and less age-dependent index to identify 
individuals with increased cardiometabolic risk. Prospective studies and meta-
analysis in adults revealed that the WHtR is equivalent to or slightly better than 
WC and superior to BMI in predicting higher cardiometabolic risk [35,36]. In 
children and adolescents, studies have shown that the WHtR is similar to both 
BMI and WC in identifying those at an increased cardiometabolic risk. A WHtR 
cutoff of 0.5 can be used in different sex and ethnic groups and is generally 
�D�F�F�H�S�W�H�G���D�V���D���X�Q�L�Y�H�U�V�D�O���F�X�W�R�I�I���I�R�U���F�H�Q�W�U�D�O���R�E�H�V�L�W�\���L�Q���F�K�L�O�G�U�H�Q�����D�J�H�G���•�����\�H�D�U�V�����D�Q�G��
adults. Prospective studies and a meta-analysis in adults revealed that the WHtR is 
equivalent to or slightly better than WC and superior to body mass index (BMI) in 
predicting elevated cardiometabolic risk [35,36]. WHtR may be preferred as a 
screening tool because of its simplicity and because it does not require sex- and 
age-dependent cutoffs; additionally, the simple message 'keep your WC to less than 
half your height' is considered particularly useful [37]. 

Because widely used BMI misclassifies some individuals for obesity-related 
complications, a newer body shape measurement, body roundness index (BRI), 
was introduced over a decade ago to calculate a more accurate result for weight 
distribution. With BRI, weight is not part of the equation. Height, waist 
circumference and optionally hip circumference are measured and plugged into a 
formula to estimate the amount of visceral tissue. In a national cohort of 32 995 
US adults during a nearly 20-year period, a U-shaped association was found 
between BRI and all-cause mortality. Thus, BRI may provide an additional non-
invasive screening tool for mortality risk evaluation [38,39]. Recently, a commission 
of experts -representing multiple medical specialities and countries- agreed that 
excess adiposity should be confirmed by either direct measurement of body fat or 
at least one anthropometric criterion (waist circumference, waist-to-hip ratio or 
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WHtR) in addition to BMI. Only when BMI is very high, i.e., over 40 kg/m2 can 
excess adiposity be taken as confirmed [2]. 

2.1.2 Treatment of obesity 

The methods to decrease weight include dietary programs like meal-replacement di-
ets, commercial weight-losing programs, low energy diets, lifestyle modification and 
exercise training, as well as some effective pharmacotherapies which can help gaining 
satiety and lose weight [40�²44]. Surgical option in the form of bariatric surgery is 
also available and often considered the most effective alternative especially when it 
comes to maintenance of weight. However, it is only an option to selected patients 
usually with morbid obesity [45,46]. Operative treatment targets mostly adult and 
middle-aged patients but sometimes also teenagers can be objects for bariatric sur-
gery [47]. 

The consequences of obesity are treated in the whole health care system, but obesity-
related problems are most frequently seen in primary care [48]. Modern lifestyle 
makes treatment of obesity challenging because high-energy nutrients are easily at-
tainable. On the other hand, exercise and jobs that have a lot of physical challenge 
are quite rare in modern society. Practical and economically reasonable programs for 
weight management are needed. Comprehensive interventions targeted to weight 
loss should include three basic elements 1) reduced-calorie diet, 2) increased physical 
activity, and 3) behavioural therapy to facilitate adherence to diet and activity goals 
[19]. These interventions should have a duration of more than six months and con-
tain an adequate number of contacts with health-care professionals and go on for 
more than one year with at least monthly contacts.  

The intensity of the intervention seems to correlate to the long-term weight loss [49]. 
A review including randomized clinical trials with overweight and obese patients 
from primary care reported 0.3 to 6.6 kg mean weight loss after 6 months and even 
larger weight losses were detected in interventions that included all of the above 3 
components [3]. The more experienced the interventionists were in the groups the 
more weight loss was seen in the attendees. Successful long-term results of eight 
years in weight maintenance are possible when intensive lifestyle intervention is con-
tinued for a longer period. Most interventions are run in primary care [44,50,51].  
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Generally, weight-losing programs should not only rely on a single method but 
also apply comprehensive strategies to be effective in attaining long-term weight-
loss. Low-fat-low-calorie diets usually fail in long-term and approaches using only 
supervised exercise during a limited time are not useful in long-term, either [49,52]. 
Even pharmacological studies aiming to lose weight usually contain more than one 
method at a time to lose weight [53]. The real challenge after low-calorie diets or 
pharmacotherapy is the maintenance of weight [54].  

Two behavioural interventions in obese patients delivered either in person or by 
phone achieved corresponding average weight losses over two years (-5.1 and -4.6 
kg, respectively ), while in the self-directed control group weight loss was only -0.8 
kg [55]. Traditional behavioural counselling has multiple components including goal 
setting, self-monitoring, problem solving, relapse prevention, stimulus control, feed-
back, and support from the group leaders. Reviews on primary care programs for 
weight loss have shown that counselling methods like motivational interviews that 
do not contain specific behavioural goals for energy intake or exercise, resulted only 
in minimal weight reduction and are thus considered less useful in weight manage-
ment [56,57]. 

Operative treatment of obesity is considered the most effective treatment option 
for weight maintenance [4,58]. Patients with BMI more than 40 kg/m2, or more than 
35 kg/m2 with a co-morbidity, can be operated [45]. T2DM is considered such an 
important comorbidity that a BMI over 30 kg/m2 may be used as an indication for 
bariatric surgery when greater efficacy in diabetes management is required [59]. Sig-
nificant weight loss is often achieved in individuals who undergo bariatric surgery, 
and it should therefore be considered as an option when conservative treatment mo-
dalities fail. Due to the vast amount of morbidly obese individuals, it is impossible 
to operate them all and a strict evaluation of patients who are capable of changing 
their eating habits adequately is essential [60]. Bariatric surgery is also associated with 
a significant reduction in BP [61] and improvements in several pathophysiological 
alterations for example in the tone of sympathetic nervous system (SNS), renal func-
tion and systemic inflammation, which are precipitated by obesity [62]. Bariatric sur-
gery has also been shown to reduce mortality in the long run [63,64].In a large meta-
analysis life-expectancy was 6.1 years longer in a cohort of operated severely obese 
patients when compared with non-surgical treatment options [65]. The preventive 
effect may be even stronger if diabetes remission is achieved [66]. It is also vital to 
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combine healthy lifestyle counselling alongside with dietary guidance to bariatric sur-
gery to achieve positive results [67].  

Another surgical option for weight loss is an intra-gastric balloon that is inserted via 
endoscopy. It is considered a relatively safe option for weight loss to overweight and 
obese patients, who are usually less significantly overweight than those who are con-
sidered better candidates for bariatric surgery. In a 12-month follow up (after which 
the device was removed) the patients experienced a mean 15% weight loss in a fol-
low-up study [68]. So far, no follow-up-data after intra-gastric balloon on BP is avail-
able. The efficacy of the new-generation highly effective anti-obesity medications 
and the most prevalent surgical options have not yet been compared when consid-
ering weight loss or other endpoints [69]. Also a certain medical device delivering 
orally administered expanding hydrogel capsules is used for weight loss [70]. 

Pharmacotherapy of obesity is one option for treating obesity usually when BMI 
is more than 30 kg/m2 or more than 27 kg/m2 if the patient has an additional health 
hazard besides obesity e.g. T2DM. Many previous human studies with anti-obesity 
drugs have shown unacceptable incidences of adverse events and despite useful for 
some patients the medications have later been withdrawn from the market [71�²74]. 

Recent advances in weight-loss medications have been successful in showing 
them as a true possibility to lose and maintain weight after a reasonable loss. Orlistat, 
naltrexone/bupropion, liraglutide, semaglutide, and tirzepatide are available at the 
market for this purpose. In addition, phentermine-topiramate has been used in the 
US several years and now it is also available in EU for weight loss. Metformin has 
also in some studies like the DPP-study been useful for minor weight loss when 
added to intensive lifestyle intervention [75]. Orlistat, in spite of a relatively weak 
efficacy on weight-lowering, has a proven anti-diabetic effect [53].  

Especially glucagon-like peptide-1 receptor (GLP-1R) agonists like liraglutide and 
semaglutide are widely used to induce weight loss and several trials have shown them 
to be very effective in treating and preventing obesity [76�²78]. The mechanism by 
which these compounds induce weight loss is not yet completely understood. Loss 
of appetite is evident but also other changes in gut hormone balance are involved. 
Of note, bariatric surgery also changes postprandial GLP-1-levels markedly [79]. 
GLP-1R agonists also lower BP and promote Na+-excretion.  
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Accumulating evidence indicates that the next few years will be a period during 
which novel pharmacotherapies for obesity may revolutionize the way we treat obe-
sity with new combinations of gut-hormone stimulants (GIPR/GLP-1R dual-ago-
nists or GIPR/GLP-1R/GCGR triple agonists) [58,80]. These combinations may 
lead to greater efficacy in weight reduction. A framework for pharmacological treat-
ment of obesity and its complications was published from EASO in late 2025 [81]. 
Through improvements in body weight it is possible to successfully prevent cardio-
renal and metabolic complications of obesity including hypertension and diabetes as 
well as other cardiometabolic and liver comorbidities of obesity [82]. Whatever strat-
egy is used on weight maintenance stigmatization should be avoided [83]. Future 
obesity pharmacotherapy probably focuses more and more on the incretin hor-
mones, and bariatric surgery is predicted to play a lesser role, as the next-generation 
therapies combine multiple hormonal pathways to enhance both metabolic benefits 
and weight loss [84,85]. 

2.1.3 Benefits of weight loss on cardiovascular burden 

Decreasing body weight has usually a positive effect on BP, i.e. we can expect 
lower BP after successful weight loss [86,87]. Usually also other risk factors associ-
ated with obesity like high serum lipids will be favourably changed with subsequent 
lowering of cardiovascular risk after weight loss [88]. Several other diseases also ben-
efit from intentional weight loss including sleep apnoea [89], heart failure [90], hos-
pitalization for atrial fibrillation [91], T2DM [92] as well as several types of cancers 
[93�²95]. Best results have been shown after a long-term weight maintenance, and 
this has been usually achieved using bariatric surgical methods. Bariatric surgery has 
also presented best results for remission of diabetes as well as for the prevention of 
diabetic complications [96,97].  

Whatever method is used to treat obesity it is important that the results come from 
the loss of white adipose tissue. The excess of fat is stored in the body in specific 
places as white adipose tissue (WAT). On the contrary, brown adipose tissue con-
sumes triglycerides and glucose and produces heat [20]. Activation of brown adipose 
tissue has been hypothesized to contribute to wide-ranging health benefits in the 
cardiovascular system. As WAT in the human development has originally been use-
ful to free humans from constantly seeking food it has nowadays rather turned to a 
significant health hazard. The balance between different adipose tissues is important 
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in the regulation of human weight and has been characterized by genetic diversity 
[20].  

 If bariatric surgery was done in the prediabetic phase, most patients attained normo-
glycemia in a 4 year follow-up study [98]. Roux-en-Y gastric bypass has also long-
term efficacy in controlling BP when compared to medical therapy alone [62]. Gas-
tric bypass operation has also beneficial effect on patients�· lipid-lipoprotein profiles 
[99]. 

2.1.4 Factors predisposing to obesity 

Energy intake and physical activities vary from day to day and over months to years 
from one individual to another and still most adults maintain a stable bodyweight in 
the long run. This stability is not a result of conscious control but by regulation of 
energy intake and expenditure mediated by the control of peripheral organs (partic-
ularly adipose tissue, gastrointestinal tract, and pancreas) and brain areas involved in 
satiety signalling [58].  

Intentional weight-loss attempts lead to several neuroendocrine changes that may 
limit the results of maintaining lower body weight in the long run. Among these are 
a reduction in the adipocyte hormone leptin, reduced energy expenditure, and in-
creased hunger and reduced satiety. These changes persist after weight stabilization 
and would be expected to limit weight loss and oppose its maintenance. Positive 
energy balance leading to obesity has complex causes and many interactions between 
our biology and environmental, behavioural, sociocultural and economic factors are 
involved [100]. Environmental changes in modern societies are usually considered 
the primary reason. Proposed drivers of increased food consumption are increased 
food availability, food marketing and pricing, portion sizes, energy density, ultra-
processing of foods and other social and environmental changes including inade-
quate sleep, increased stress and exposure to endocrine-disrupting chemicals [101�²
104]. Reduced physical activity over several decades has contributed to weight gain 
in populations all over the world [105,106].  

Biobank studies have showed interesting results of genes of obese people and dis-
covered many obesity-associated loci. Despite the difficulties in validating causative 
mutations and variants, genetic studies into both rare and common obesity over the 
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past two decades have revealed two surprisingly cogent, overarching biological mes-
sages: first, the leptin�²melanocortin pathway is a key appetitive control circuit and 
second, genes that are either enriched or exclusively expressed within the brain and 
CNS have a central role in obesity [107]. 

2.1.5 Blood pressure, hypertension and obesity 

Like obesity, hypertension is also a key unfavourable health variable. Typically, 
poor health customs and adverse lifestyle characteristics are often clustered together, 
and so are these two often presented together [108]. Thera are several theories how 
obesity can cause hypertension, but the exact mechanisms how obesity causes cardi-
ovascular disease are not completely understood. The association of obesity and hy-
pertension has been known since the beginning of the twentieth century when BP 
could be measured in populations. A prospective relationship between obesity and 
BP was noticed also in the Framingham Heart Study in the 1950`s [109]. The nature 
of this link is still somewhat obscure but after 1980`s several theories have been 
presented to explain the relationship between these two complex health hazards.  

Obese people have increased SNS activity, some evidence suggesting that high 
caloric loads increase peripheral noradrenaline turnover. High carbohydrate diets can 
stimulate alpha1- and beta-adrenergic peripheral receptors which elevates the SNS 
activity [110]. Elevated free fatty acid (FFA)-levels have also been shown to increase 
vascular tone. Furthermore, distribution of body fat plays a role in autonomic regu-
lation so that central obesity is characterized by greater SNS activation when com-
pared with subcutaneous obesity. In addition, the normal sympathoinhibitory effects 
of baroreceptors are attenuated, presenting with impaired baroreflex sensitivity dur-
ing elevated BP, and this further enhances the SNS activity [111,112]. 

The present view is that adipocytes are active secretory cells that have endocrine 
secretory functions, and these cells also serve as an immune organ, producing adi-
pokines and modulating inflammation and various metabolic processes (Figure 2). 

Obesity is associated with increased risk of chronic kidney disease. Impaired na-
triuresis and diuresis favour a shift toward hypertension [113]. Mere fat accumulation 
to the kidneys can also cause renal injury, sodium retention, and hypertension [114].  
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During the onset of obesity, renal tubular fluid reabsorption and as well sodium 
retention are increased. Renal vasodilatation increases glomerular filtration initially 
leading to hyperfiltration in addition to the retention of water and electrolytes. Thus, 
the impact of obesity on renal function that favours hypertension is consistent with 
a volume overload model. Altogether, obesity predisposes the kidney to reabsorb 
sodium by neural (SNS), hormonal (aldosterone and insulin) and renovascular (an-
giotensin II) mechanisms. Obesity is associated with altered or increased renin�²an-
giotensin�²aldosterone (RAA) system function. Indeed, plasma renin, angiotensino-
gen, angiotensin II, and aldosterone are all elevated in obesity, and aldosterone levels 
may be increased out of proportion to the increase in renin activity.  

Leptin has also been suggested to stimulate aldosterone secretion in individuals with 
obesity (Figure 3) [111,114,115]. Leptin is a molecule secreted mainly by adipose 
tissue and has circulating plasma levels proportional to percentage of body fat mass 
or acute changes in caloric intake. It is considered an important regulator of metab-
olism and energy homeostasis. Research studies have investigated the impacts of 
leptin on several disease states of energy deficiency and energy excess, including obe-
sity and its comorbidities [116]. High leptin levels are expressed in obese subjects 
who also have higher prevalence of hypertension. The pathogenesis of this obesity-
related hypertension is controversial and is believed to be related to many factors, as 
demonstrated in Figure 3 [117]. 
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2.1.6 Primary and secondary hypertension 

Secondary hypertension is defined as elevated BP secondary to an identifiable cause. 
Approximately 10% of patients with hypertension are thought to have secondary 
hypertension but several forms of secondary hypertension remain significantly un-
derdiagnosed [135�²137]. PA, obstructive sleep apnoea, parenchymal renal disease, 
renal artery stenosis, thyroid disease, Cushing`s syndrome, pheochromocytoma and 
coarctation of the aorta are considered to be the most common causes of secondary 
hypertension [138]. Essential or primary hypertension refers to high BP without a 
known aetiology, and the underlying causes are multifactorial. Proper treatment of 
secondary hypertension can often control both the high BP and the condition that 
caused it. 

Obstructive sleep apnoea is often related to obesity and losing extra weight is 
recommended to the patients, but in many patients without successful weight loss 
continuous positive airway pressure (CPAP) -therapy is widely used. There is some 
evidence that CPAP decreases 24-hour mean BP and probably has the greatest low-
ering effect on nocturnal BP [139,140]. Although bariatric surgery is highly effective 
at inducing weight loss, long-term elimination of apnoea varies [141,142]. 

Renin-independent aldosterone production is usually suspected and diagnosed as 
PA (Conn`s syndrome) when evident with treatment-resistant hypertension and 
hypokalaemia, but the condition remains largely unrecognized when milder in sever-
ity [143]. Early detection and targeted therapy can effectively prevent cardiovascular 
comorbidities in many patients with hypertension [144]. The present view is that 
aldosterone-to-renin ratio should be used more frequently in the screening of hyper-
tensive patients to uncover patients eligible for the diagnosis or exclusion of PA 
[145]. Especially patients with low or low normal potassium values should be care-
fully analysed.  Even though the next diagnostic step is available it is still underuti-
lized, as adrenal venous sampling is recommended to identify the surgically curable 
unilateral cases of hyperaldosteronism [146�²149].  

Other forms of secondary hypertension are probably less frequent, but the vast 
majority of hypertensive patients are never sought for a cause of their high BP. 
Therefore, the percentage of secondary hypertension among all hypertensive pa-
tients remains significantly underestimated [135]. 
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2.2 Sodium and hypertension 

2.2.1 Intake of sodium and hypertension 

Excessive NaCl intake is associated with high BP [150,151]. Because this likely is a 
driving force to cardiovascular morbidity and mortality, excessive NaCl intake is es-
timated to cause about 5 million deaths per annum worldwide [152]. Restriction of 
dietary sodium vs. allocation to high-sodium diet has been shown to decrease BP in 
individuals at least during a one-week test period [153]. Epidemiological studies like 
the United Kingdom NaCl reduction program have observed declines in BP and 
CVD mortality when NaCl intake was reduced in the whole population and evalu-
ated from 24-hour urinary sodium excretion [154,155]. An earlier meta-analysis 
showed that dietary restriction of NaCl, at least when measured during episodes last-
ing for four-weeks or longer, resulted in a mean reduction of BP of 4.18 mmHg, but 
at the same time levels of renin and aldosterone and noradrenaline were also in-
creased [8]. 

Comparison of low- and high-sodium diets in the Cochrane database showed a 0.4 
mmHg decrease of mean arterial pressure in normotensive participants and about 
4.0 mmHg decrease of mean arterial pressure in patients with hypertension. This 
resulted in potential side-effects on hormones and lipids which were more consistent 
than the effect on BP, especially in people with normal BP [9]. There is also evidence 
that in addition to the association of high sodium intake with an increased risk of 
cardiovascular events in hypertensive populations also low sodium intake may have 
an association with increased risk of cardiovascular events and death in those with 
or without hypertension [156]. In the Prospective Urban Rural Epidemiology study 
with 95767 participants sodium intake was associated with cardiovascular disease 
and strokes only in communities where mean intake of NaCl was greater than 5 
g/day [10]. Somewhat surprisingly, in a patient group of heart failure with preserved 
ejection fraction strict NaCl restriction was associated with worse prognosis [157]. 
In a population-based cohort of 1045 subjects dietary sodium intake was an inde-
pendent predictor of cardiovascular events [158]. Combination of reduced sodium 
intake and Dietary approaches to stop hypertension (DASH)-diet has been shown 
to clearly lower BP in hypertensive individuals [159]. 
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Sodium and potassium intake can only be reliably estimated after multiple consecu-
tive 24-hour urine collections [11,160]. It is also worthwhile to remember the signif-
icance of urinary potassium excretion, because there are results showing that lower 
urinary potassium excretion is associated with higher risk of cardiovascular events 
and all-cause mortality in hypertensive patients who are already treated with anti-
hypertensive drugs [161]. 

2.2.2 Sodium intake and excretion vs. body size 

Dietary NaCl intake may be an independent risk factor for overweight and obesity 
but results from previous studies are controversial [162]. Higher sodium intake may 
reflect higher caloric intake at least in men and is associated with increased body fat 
[163]. A meta-analysis of several studies found an almost linear relationship between 
dietary Na-intake and BP levels [164]. World Health Organization (WHO) and Eu-
ropean Society of Hypertension (ESH) both recommend that in order to prevent 
cardiovascular disease we should limit the intake of NaCl to less than 5 g per day 
[165,166]. However, the amount of sodium ingested varies enormously between in-
dividuals with different body masses and sizes, thus the consumption of Na+ should 
be analysed and reported in relation to body size [167]. Higher 24-h urinary sodium 
has been associated with a greater BMI and also subclinical worsening of cardiac 
function [168�²170]. In a review of 39 observational studies, a consistent positive 
association between dietary sodium intake and obesity-related outcomes were found. 
Studies that analysed sodium intake from 24-h urine collection indicated that BMI 
was greater in those with higher sodium intake [171]. In experimental studies, high 
NaCl intake seems also to cause leptin resistance and obesity and may therefore be 
one explanation why obesity is causing hypertension [172]. 

2.2.3 Salt sensitivity 

The simplest definition of salt sensitivity of BP refers to a physiological phenomenon 
observed in rodents and other mammals, including humans, in which some individ-
uals experience changes in BP in response to alterations in NaCl intake.  In experi-
mental animals NaCl loading leads to elevated BP in salt-sensitive ones, while salt 
depletion decreases BP, but in salt-resistant animals no change is visible [173]. In 
humans, the trait is normally distributed, and the salt-sensitive phenotype is not usu-
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ally characterized by alterations in sodium balance (e.g., impaired natriuresis or ex-
panded plasma volume) but rather by a hypertensive response to increased sodium 
intake. 

Although the criteria for identifying salt sensitivity are not standardized, it has been 
estimated that 30% to 50% of hypertensive humans are salt sensitive and about 25% 
of normotensive humans are salt sensitive [174]. So far the definition of salt sensi-
tivity in clinical settings has no real value for a practicing physician [175]. The prev-
alence of salt sensitivity is higher in women than in men and, in both, increases with 
age [176]. It is also more common in Afro-Americans and patients with chronic kid-
ney disease and insulin resistance.  

Increased NaCl intake promotes an expansion of extracellular fluid volume and in-
creases cardiac output [177]. Salt resistance was earlier connected to an individual�·s 
ability to excrete salt and retain little of it so that that the blood volume and therefore 
BP did not increase. Conversely, it is also a widely held view that salt-sensitive indi-
viduals develop salt-induced hypertension because of an impaired renal capacity to 
excrete sodium that causes greater salt retention and blood volume expansion than 
that which occurs in a normal salt-resistant individual [178,179]. However, some 
studies have shown that during NaCl loading normal salt-resistant subjects can retain 
large amounts of sodium and do not rapidly excrete it [178,180,181]. 

2.2.4 Water-free sodium storage and extracellular volume 

Our understanding of Na+ homeostasis has been reshaped by the discovery that cer-
tain tissues can serve as possible depots of Na+ accumulation in the absence of an 
increase in body water content. Although this idea was first suggested by Russian 
investigators in the 1970s [182], the concept of tissue Na+ has been more fully de-
veloped by Jens Titze and co-workers over the last 20 years [11]. Rat body compo-
sition-studies and Na+-magnetic resonance imaging (MRI) in humans pointed to the 
skin and to some extent to the muscle as the specific depots for excess Na+ accumu-
lation without a parallel increase in tissue water [183]. Some evidence has highlighted 
the possibility that the amount of total body Na+ fluctuates independent of its intake 
or body weight [184].  

The present concept is that sodium can be stored in tissues in an osmotically inactive 
form, thereby avoiding the expected water retention [185]. Thus, Na+ accumulation 
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would be a beneficial buffering phenomenon to prevent volume excess. This ex-
plains why fast changes in natriuresis and serum sodium concentrations or high ex-
tracellular volume of water are not seen when an overload of sodium is given over 
several days [181]. Also observational data and interventional studies support the 
idea of body reservoir for non-osmotic water-free sodium storage [11,186]. A study 
where hypertonic saline infusion was given to healthy individuals showed that they 
could store and �·osmotically inactivate�· significant amounts of sodium [187]. These 
findings overall suggest that tissue Na+ buffering would reduce the adverse haemo-
dynamic consequences of loading, in other words osmotic but non-osmotic Na+ ac-
cumulation could be associated with hypertension.  

Enhancers of the lymphangiogenic response that provide interstitial drainage of Na+ 
are not yet available as medical compounds, but different classes of natriuretic agents 
have shown potential in this regard. Mineralocorticoid receptor antagonists, loop 
diuretics as well as sodium-glucose co-transporter 2 (SGLT2) inhibitors have all been 
shown to reduce tissue Na+ content [188�²190]. Classic diuretics are not often con-
sidered as a first choice for treating hypertension but they are in fact as effective as 
calcium channel blockers and angiotensin receptor blockers in reducing arterial stiff-
ness and central pressure [191]. Because the beneficial effects of diuretics do not 
include improvements of endothelial function, a beneficial effect via reduction in 
tissue Na+ content seems plausible. The secondary increase in plasma aldosterone 
concentration during diuretic treatment emphasizes their use in combination with 
RAA system blockers [192]. 

A simple view of the circulation would show it as a system where a pump (heart) 
supplies a fluid (blood) via a tube (blood vessels) to the periphery (organs, tissues) 
[193]. Accordingly, BP is determined by the product of the flow through the systemic 
circulation, i.e. cardiac output (including elements of volume and cardiac perfor-
mance in its definition), and total peripheral resistance. Later this equation under-
went conceptualization by identifying sodium (Na+), aldosterone and the kidneys 
�F�R�Q�W�U�L�E�X�W�L�Q�J�� �W�R�� �´�F�L�U�F�X�O�D�W�L�Q�J�� �E�O�R�R�G�� �Y�R�O�X�P�H�µ���� �D�Q�G�� �D�Q�J�L�R�W�H�Q�V�L�Q�� �D�Q�G�� �Q�R�Q-angiotensin 
�Y�D�V�R�F�R�Q�V�W�U�L�F�W�L�Q�J���I�D�F�W�R�U�V���F�R�Q�W�U�L�E�X�W�L�Q�J���W�R���´�Y�D�V�R�F�R�Q�V�W�U�L�F�W�R�U���F�R�P�S�R�Q�H�Q�W�V�µ [194] . In the 
�O�D�V�W���I�H�Z���\�H�D�U�V�����K�R�Z�H�Y�H�U�����D���Q�R�Y�H�O���D�V�S�H�F�W���H�P�H�U�J�H�G���W�K�D�W���S�X�]�]�O�L�Q�J�O�\���H�O�X�G�H�V���/�D�U�D�J�K�·�V���G�L��
chotomous approach: the idea of tissue sodium storage. Na+, the leading player in 
�W�K�H���´�Y�R�O�X�P�H�µ���F�K�D�S�W�H�U���R�I���W�K�H���V�W�R�U�\�����K�D�V���E�H�H�Q���V�X�J�J�H�V�W�H�G���W�R���D�F�F�X�P�X�O�D�W�H���L�Q���W�K�H���H�[�W�U�D��
�Y�D�V�F�X�O�D�U���F�R�P�S�D�U�W�P�H�Q�W�����L���H�����R�X�W���R�I���W�K�H���´�W�X�E�H�V�µ���D�Q�G���P�R�U�H���S�U�H�F�L�V�H�O�\���L�Q���W�K�H���L�Q�W�H�U�V�W�L�W�L�D�O��
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space, according to the original and ongoing conceptualization) in animal models 
and patients with arterial hypertension [183,195,196].  

2.2.5 Clinical trials of NaCl and hypertension 

Several epidemiological studies have tried to prove the connection between high salt 
intake and hypertension [197]. Also, in clinical trials where high salt diets were re-
placed with low salt diets, the lowering of BP in 24-hour ambulatory BP monitoring 
has been significant [153,198]. A lot of discussion has been going on if it is even 
possible to perform a randomized clinical trial regarding sodium intake and BP in a 
controlled environment [199]. The studies of sodium intake and BPs are complicated 
by measurements of NaCl intake, differences in salt-sensitivity, medications, hyper-
tension treatment in particular, and length of interventions [200]. Additionally, in salt 
substitution studies where part of the sodium in salt was replaced with potassium to 
reduce sodium intake, there was a subsequent decline in cardiovascular mortality and 
morbidity [198,201]. In a meta-analysis of salt-restriction studies with a duration of 
at least four weeks, a clear decrease in BP and a parallel small physiological increase 
in renin activity was detected [8,164,202].  

In a study involving 10,709 adults whose data were pooled from six prospec-
tive cohort studies across the United States and Europe, with a median follow-
up of 8.8 years. The results shed that higher sodium intake, measured by multiple 
24-hour urine collections, was significantly associated with higher cardiovascular 
risk in a dose�²dependent manner with a daily sodium intake ranging from ap-
proximately 2 to 6 grams. Lower potassium intake and higher sodium-to-potas-
sium ratio were also associated with higher cardiovascular risks [203]. 

2.3 Non-invasive evaluation of the cardiovascular system  

2.3.1 Brachial versus central blood pressure and pulse wave analysis 

The systemic pressure of blood against vascular walls is partially an indicator of the 
power of the left ventricle to push blood into the arteries and partially a reflector of 
the resistance of arteries and arterioles. Large arteries receive the highest pressure of 
blood flow and are thicker and more elastic to accommodate the high pressures. 
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Smaller arteries, such as arterioles, have relatively more smooth muscle, which con-
tracts or relaxes to regulate blood flow to specific portions of the body. Left ventricle 
pushes blood into the arterial wall during systole and the relaxation period, when 
ventricles are filled with blood again, is known as diastole. Systolic and diastolic BPs 
can be measured in several ways, most commonly by wrapping an inflatable cuff 
around �D���S�D�W�L�H�Q�W�·�V arm and inflating it. Auscultating the heart sounds with stetho-
scope starting of pounding sound equals to systolic BP and stopping of the sound 
reflects diastolic BP. An oscillometric device can also be used for same purpose. 
These are the most common ways to measure brachial BP [204] .  

BP is measured in resting state and several times and during different days and the 
mean BP is calculated. Ideal BP is considered values of less than 120 mmHg in sys-
tolic pressure and values of less than 80 mmHg in diastolic pressure [78].  

More accurate methods of measuring BP include invasive BP measuring by connect-
ing the bloodstream to a pressure transducer. This is often done in intensive care 
units. Central (aortic) systolic BP is the pressure seen by the heart, the brain, and the 
kidneys. If properly measured, central systolic BP is closer associated with hyperten-
sion-mediated organ damage and prognosis, as compared with brachial systolic BP. 
Cuff methods have variable accuracy for measuring BP and better standards for de-
vices might improve cardiovascular risk management [205]. 

As it is an invasive method, direct central BP information is not available in most 
clinical situations. Non-invasive methods are needed. Pressure wave of carotid artery 
is a good representative for central aortic pressure waveform. However, the com-
monly used methodology utilizes waveforms obtained from peripheral arteries for 
non-invasive central BP estimation with either tonometry-based or cuff-based tech-
niques. The usual principles of central BP estimations include transfer function, 
pulse waveform analysis and N-point moving average (NPMA) [206,207].  

 Central pressure waveforms reflect central aortic systolic and diastolic pressures, 
augmentation index (AIx, the ratio of the extra pressure load added to wave reflec-
tion relative to the pulse pressure), central aortic pulse pressure (systolic minus dias-
tolic pressure), end-systolic pressure, mean pressures in systole and diastole, and sub-
endocardial viability ratio (the ratio of the area under the curve during diastole to 
systole) [208,209] (Figure 4).  
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Blood flow is determined by the pressure difference between the two ends of a vessel 
and vascular resistance. The relationship between those three variables �³  blood 
flow, arterial pressure, and vascular resistance �³  can be described by Darcy's law 
that is an analogy to Ohm's law [212]. There are numerous pulse wave analysis algo-
rithms to estimate cardiac output, including Windkessel models, long time interval 
analysis or multi-beat analysis, pulse power analysis, or pressure recording analytical 
method [212]. 

 

2.3.2 Arterial stiffness 

Vascular endothelium is nowadays considered a complex endocrine organ, and it 
has a vital role in vascular homeostasis. The endothelium modulates arterial stiffness, 
which precedes overt atherosclerosis, while increased large arterial stiffness is an in-
dependent predictor of cardiovascular events. Endothelial function and large artery 
stiffness can be measured noninvasively by different methods including flow-medi-
ated dilatation of the brachial artery, assessment of coronary flow reserve, carotid 
intima-media thickness, pulse wave analysis, pulse wave velocity, and venous-occlu-
sion plethysmography [214].  

The elastic properties of conduit arteries vary along the arterial tree, with more 
elastic proximal arteries and stiffer distal muscular arteries. This heterogeneity is 
caused by the molecular, cellular, and histological structure of the arterial wall, which 
differs between the various parts of the arterial tree. This variability in the arterial 
stiffness has important physiological and pathophysiological consequences. Indeed, 
a pressure wave, which is propagated along a viscoelastic tube devoid of reflection 
sites, is progressively attenuated, with an exponential decay along the tube. In con-
trast, a pressure wave which propagates along a viscoelastic tube with numerous 
branches is progressively amplified, from central to distal conduit arteries, due to 
wave reflections [215]. Also, the elastic properties of conduit arteries vary along the 
arterial tree. In humans, the pressure wave propagation varies from 4-5 m/s in the 
ascending aorta to 8-9 m/s in the iliac and femoral arteries. 

The measurement of PWV is a simple, highly reproducible and non-invasive 
method to evaluate large arterial stiffness. Arterial stiffness and wave reflections are 
now well accepted as the most important determinants of increased systolic and 
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pulse pressure in elderly people, and thus as the cause of cardiovascular (CV) com-
plications and events, including stroke and myocardial infarction. Carotid-femoral 
pulse wave velocity (PWV), which is a direct measure of arterial stiffness, is the gold 
standard, since it requires little technical expertise and is supported by the greatest 
amount of epidemiological evidence [216]. The PWV analysis provides understand-
ing about the elastic properties of the arterial system. The higher the arterial stiffness, 
the higher the speed of travel of forward and retrograde waves. Higher PWV denotes 
less compliant vessels and therefore increased large arterial stiffness. 

Aortic stiffness calculated from PWV is a good predictor of future cardiovascular 
events and all-cause mortality [210,217]. Aortic stiffness is increased with ageing and 
in metabolic syndrome as well [218]. PWV increases modestly at midlife and then 
sharply after the age of 50 years [219]. The predictive ability of arterial stiffness is 
higher in subjects with a higher baseline cardiovascular risk. AIx, a measure of wave 
reflections that is related to arterial stiffness, increases with PWV through midlife 
but then falls slightly after 60 years of age. Although these two are related, AIx might 
be a more sensitive marker of arterial aging in younger individuals, whereas aortic 
PWV might be a more sensitive marker in older individuals [220,221]. PWV has also 
an association with greater likelihood of mortality in elderly people [222]. 

Pulse pressure is the difference between systolic and diastolic BP, and it is highly 
influenced by stroke volume and arterial compliance. It is considered a measure of 
large arterial stiffness, but it is also dependant on other factors such as increased 
wave reflection. Pulse pressure (PP) and pulse wave velocity are two major indices 
of arterial stiffness, which emerge as significant predictors of cardiovascular risk and 
age-associated decline in glomerular filtration rate (GFR). Such findings are mainly 
observed in patients with hypertension and chronic renal insufficiency and in ather-
osclerotic subjects undergoing coronary angiography [223]. 

 

2.3.3 Analysis of cardiac autonomic tone using heart rate variability 

Autonomic nervous system has a strong and immediate effect on heart rate and nu-
merous other physiological functions in our body. Increased sympathetic activity re-
sults in higher and increased parasympathetic activity in lower heart rate. Oscillation 
in heart rate is seen also in longer periods of time. Heart rate variability (HRV) is the 
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fluctuation in the time intervals between adjacent heartbeats. HRV is an indicator of 
neurocardiac function and generated by heart-brain interactions and dynamic non-
linear autonomic nervous system processes. It reflects regulation of autonomic bal-
ance, BP, gas exchange, gut, heart and vascular tone [224].  

HRV can be described as 24-hour, short-term (about 5 min) and ultra-short-term 
(<5min) HRV using time-domain, frequency-domain and non-linear measurements. 
Time domain method calculates intervals between two complexes on ECG and var-
iables like mean heart rate, differences between shortest and longest intervals or 
changes in intervals due to a stimulus may be counted.  

The frequency domain method is used when data is collected from short-term re-
cordings and the time-domain method when long-term data is available [225]. The 
frequency-domain method utilizes information calculated from power spectral anal-
ysis measuring how the HRV signal is distributed in different frequency ranges also 
named as power. High frequency power (HF, 0.15-0.4 Herz) , low frequency power 
(LF 0.04-0.15 Herz) and the ratio of LF/HF power are most often utilized [226]. By 
using a mathematical algorithm total power, power in the low frequency (LF) and 
power in the high frequency (HF) range are represented. In addition, the LF/HF 
ratio is often calculated.  

HF component represents cardiac parasympathetic activity and corresponds to the 
effect of the respiratory cycle on heart rate and therefore it is not purely an index of 
vagal tone. LF component predominantly reflects sympathetic activity although par-
asympathetic activity also contributes to LF component. LF/HF ratio has been used 
to estimate sympathovagal balance in the modulation of heart rate. However, neither 
LF nor HF power are purely measures of sympathetic and parasympathetic activity. 
Changes in the activity of sympathetic and parasympathetic activity are not reciprocal 
i.e. parasympathetic activity can be increased without decrease in sympathetic activity 
[227]. Hence LF/HF ratio remains somewhat controversial [228,229]. 

Several studies have shown the clinical and prognostic value of decreased HRV as a 
predictor of risk after acute myocardial infarction and as an initial warning signal of 
diabetic neuropathy. The clinical and prognostic value in the evaluation of the risk 
of CVDs is evident even if some discrepancy exists between the study results. Large 
prospective longitudinal studies are needed to better understand the value of HRV 
as a tool to evaluate future morbidity and mortality. 



 

45 

 

2.3.4 Volume status and cardiac output measurements using bioimpedance 

Bioimpedance is defined as the ability of the biological tissue to impede (oppose) 
electrical current and is considered a passive electrical property. Bioimpedance can 
be measured by detecting the response to electric excitation (either current or po-
tential) which is applied to a biological tissue [230]. It can be used for assessing body 
composition non-invasively. It has frequently been used to assess volume status in 
patients receiving maintenance dialysis. Dry weight can be estimated by measuring 
the volume overload of the patient through the ECW/TBW and ECW-to-body 
weight ratios [231]. Bioimpedance techniques are being applied in novel ways, in-
cluding the evaluation of wound healing, cardiac output, and other clinical targets 
[232]. Different bioimpedance technics vary and inter-study heterogeneity is consid-
ered high [233].  

Invasive monitoring with a pulmonary artery catheter (PAC) was the gold standard 
for cardiac output determination in the past, but many alternative less invasive de-
vices are now available [234]. At present, cardiac output can be estimated non-inva-
sively from arterial pulse of a finger with a volume-clamp method or using applana-
tion tonometry of the radial artery, and potential serious hazards of the invasive 
methods can be avoided. 

A whole-body bioimpedance cardiography device (CircMon®, JR Medical ltd) has 
been previously used to record changes in body electrical impedance during cardiac 
cycles to determine beat-to-beat heart rate, stroke volume, and cardiac output in 
several studies [235�²237]. Measurements using 3-dimensional echocardiography 
have also been shown to have good correlation with the determination of stroke 
volume using whole-body impedance cardiography [238]. 

Thoracic bioimpedance recording has also been used to monitor changes in fluid 
status. In dialysis patients the findings obtained using this technique are strongly 
correlated with fluid shifts during haemodialysis [239]. This approach provides ad-
ditional information even when used at the same time with other indicators of fluid 
balance like plasma biomarkers and ultrasound measurements. Although previous 
data has been mostly collected from patients with kidney disease, studies have shown 
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that bioimpedance method is a relevant tool for measuring fluid status also in other 
patient groups [240]. 

Extracellular volume excess has been associated with chronic kidney disease (CKD) 
progression in T2DM. Higher extracellular volume to total body water ratio has been 
reported to show positive association between matrix metalloproteinase 2 levels, 
while excess ECW volume over time confers higher risk of CKD progression [241]. 
Matrix metalloproteinase-2, also called gelatinase A, is a zinc- and calcium-dependent 
enzyme involved in the degradation of several extracellular matrix components, in-
cluding type IV, V, VII and X collagens; basement membrane proteins laminin, fi-
bronectin and entactin; and proteoglycans and glycoproteins elastin, aggrecan, 
decorin and perlecan [242,243]. Therefore, matrix metalloproteinase-2 plays a crucial 
role in various physiological and pathological processes. An excess of matrix metal-
loproteinase 2 can have significant implications for tissue remodelling, inflammation, 
and progression of fibrosis [244�²246]. 

Cardiac performance may also be assessed noninvasively at the patient's bedside by 
using while-body bioimpedance or thoracic bioimpedance [235,247]. The bioimped-
ance method has been shown to be reliable in obese as well as in non-obese patients 
[247]. 
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3 AIMS OF THE STUDY 

Obesity is an ever-increasing health problem in the modern world. This thesis aimed 
to investigate the effects of a comprehensive lifestyle intervention in overweight par-
ticipants, as well as the pathophysiological mechanisms and clinical features associ-
ated with obesity and the characteristic elevation of BP. Several theories and mech-
anisms have been proposed to explain why obesity causes hypertension; however, it 
remains unclear whether hypertensive overweight individuals exhibit major haemo-
dynamic differences compared to individuals of normal weight. As subjects with el-
evated body weight generally have higher food and sodium intakes than lean indi-
viduals, the cardiovascular changes related to sodium intake were also addressed. 

The specific aims of this study were: 

1. To evaluate the effectiveness of a comprehensive lifestyle management pro-
gramme in treating obesity, with particular emphasis on adherence, fat per-
centage, visceral fat, and BP, in addition to changes in adiposity (Study I). 

2. To examine whether elevated BP associated with abdominal obesity exhibits 
distinct and specific characteristics when compared with the established fea-
tures of primary hypertension (Study II). 

3. To explore the relationship between sodium intake, as evaluated from 
24-hour urine sodium excretion, on BP, cardiac output, systemic vascular re-
sistance (SVR), or ECW volume in subjects naïve to hypertensive medica-
tions and in patients with PA (Study III). 
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4 SUBJECTS AND METHODS 

4.1 Study subjects 

All participants in the studies were volunteers. Study I, the Get-a-Grip-study (in-
itial n = 134, 42 men and 92 women), was first intended to be a clinical programme 
and before recruitment, the study plan was submitted to the ethics committee, and 
the response was that no permit was required for subject recruitment. After prelim-
inary analyses for manuscript preparation, the study protocol was for the second 
time submitted to the ethics committee and was approved providing that all partici-
pants give written informed consent. This was obtained from all but 4 subjects who 
were excluded from the analyses. For the above reasons, the study was registered to 
a database of clinical trials only after its completion (clinicaltrials.gov identifier 
NCT04003259) 

Participants for study I were recruited from the local diabetes centre and health 
care providers. One announcement was published in a newspaper. Participants from 
lower income classes were also encouraged to join in study I even though it was a 
commercial programme, as reimbursement was possible for at least for most of the 
costs. The inclusion criteria were age 18-69 years, BMI >30 kg/m2, or >25 kg/m2 

with a co-morbidity considered to benefit from weight loss. The exclusion criteria 
were physical condition preventing exercise, abuse of alcohol or drugs, medical his-
tory suggesting poor adherence, severe concurrent disease, and moderate to severe 
dementia. The study data was collected from January 2009 to December 2013 in a 
single arm design at Tampereen Terveystaito Ltd, a healthcare provider in Tampere, 
Finland. 

In studies II and III, all participants were volunteers, >18 years of age, and par-
ticipated in an ongoing study focusing on investigating haemodynamic changes in 
individuals with primary or secondary hypertension and comparing them to normo-
tensive controls without the diagnosis of elevated BP (DYNAMIC study; Eudra-CT 
2006-002065-39, ClinicalTrials.gov identifier NCT01742702). The participants were 
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subjects from the ongoing study of haemodynamics and taking part in different sub-
studies of the main study. 

In studies II and III the participants were recruited through announcements dis-
tributed to staff at Tampere University and Tampere University Hospital, patients 
treated at Tampere University Hospital, clients of Varala Sports institute, and pa-
tients of local occupational healthcare providers. Two announcements were pub-
lished in local newspaper. Volunteers were recruited in the order their contact infor-
mation was obtained by the research nurses. 

Altogether 541 participants, aged 20-72 years, without antihypertensive medica-
tions were included in study II. The following medications were used by the partici-
pants of study II (with no significant differences between the quartiles of WHtR): 
female hormones (contraception, hormone replacement therapy, n=67), intrauterine 
hormonal device for contraception (n=29), antidepressants (n=25), vitamin-D sup-
plements (n=31), thyroxin (n=16), inhaled glucocorticoids (n=14), antihistamines 
(n=12), statins (n=11), proton pump inhibitors (n=9), nonsteroidal anti-inflamma-
tory agents (n=4), anxiolytic agents (n=4), allopurinol (n=2), antiepileptics (n=2), 
coxibs (n=2), varenicline (n=2), gabapentin or pregabalin (n=2), warfarin (n=1). 

The 510 subjects in study III (263 men and 247 women) were selected as follows: 
(1) no antihypertensives and other medications with direct influences on BP, (2) 
available data on 24-hour Na+ and K+ excretion, (3) no history of cardiovascular or 
cerebrovascular disease, (4) sinus rhythm, (5) no diabetes mellitus, (6) no evidence 
of chronic kidney disease, (7) no secondary hypertension, (8) no psychiatric illness 
other than mild depression or anxiety and (9) no history of alcohol or substance 
abuse. 

In total 203 (39.8%) of the 510 participants of study III used medications. Sixty-
four women used hormones for contraception or hormone replacement, 23 had a 
hormone-releasing intrauterine device, the other medications being vitamin-D sup-
plement (n=75), antidepressant (n=24), statin (n=13), thyroxine (n=12), antihista-
mine (n=11), inhaled glucocorticoid (n=11), low-dose acetylsalicylic-acid (n=5), in-
haled beta2-agonist (n=3), allopurinol (n=2), antiepileptic (n=1), azathioprine (n=1), 
benzodiazepine (n=1), cholestyramine (n=1), etoricoxib (n=1), ezetimibe (n=1), 
mesalazine (n=1), pregabalin (n=1), tamoxifen (n=1). 
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Study III also examined 28 patients with PA, who on average used 3.3 antihyper-
tensive medications (range 0-8): calcium channel blocker (22), beta blocker (16), 
prazosin (12), angiotensin receptor blocker (11), angiotensin converting enzyme in-
hibitor (7), moxonidine (5), thiazide (4), furosemide (3), spironolactone (2), minoxidil 
(1). Their other medications were: potassium supplement (16), statin (9), low dose 
of acetylsalicylic acid (7), vitamin D supplement (6), insulin (3), proton pump inhib-
itor (3), thyroxine (3), antidepressant (2), 5-alpha-reductase inhibitor plus alpha-
blocker (2), antirheumatic (2), incretin mimetic (2), metformin (2), opioids (2), 
asthma medication (1), vitamin B12 injection (1), antihistamine (1), gabapentin (1), 
sodium-glucose cotransporter-2 inhibitor (1), benzodiazepine (1). 

4.2 Study details 

The Get-a-Grip-programme consisted of 25 different occasions and events or-
ganised by healthcare professionals. An open-label single arm method was used. If a 
scheduled meeting was missed by a participant, a new appointment was set. Months 
1-3 (the initiation phase) were highly motivational and were followed by the estab-
lishment phase (3-6 months), further leading to the maintenance phase (7-12 
months) (Table 1).  

Primary endpoint in study I was the change in weight during the intervention, 
measured as the difference between the first and the last measurement of weight. BP 
was measured during the visits to the medical doctor at months 0, 2-3, 5-6 and 11-
12 along with weight, calculation of BMI, and analysis of body composition using 
bioelectrical impedance (Omron BF 500, Omron Healthcare Co, Kyoto, Japan) (Ta-
ble 1). 

The programme in study I consisted of an educational lecture given by physician 
and personal trainer. The personal trainer tailored a personalised exercise pro-
gramme for all participants including outdoor and indoor activities and access to a 
gym with guided sessions in groups of 6-8 participants. The gym visits were moni-
tored, and if no activity was observed within two weeks, the participant was sent a 
reminder. �$�� �S�H�U�V�R�Q�D�O�L�V�H�G�� �H�[�H�U�F�L�V�H�� �S�U�R�J�U�D�P�P�H�� �F�R�Q�V�L�V�W�H�G�� �R�I�� �•�E�L�Z�H�H�N�O�\�� �P�X�V�F�O�H��
strengthening and balance train�L�Q�J���D�Q�G���•���������P�L�Q���R�I���P�R�G�H�U�D�W�H���D�H�U�R�E�L�F���S�K�\�V�L�F�D�O���D�F��
�W�L�Y�L�W�\���S�H�U���Z�H�H�N�����R�U���•�������P�L�Q���R�I���Y�L�J�R�U�R�X�V���D�H�U�R�E�L�F���S�K�\�V�L�F�D�O���D�F�W�L�Y�L�W�\���S�H�U���Z�H�H�N�����3�D�U�W�L�F�L�S�D�Q�W��
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fitness was evaluated by the use of a two-kilometre walk-test with heart rate moni-
toring (UKK Walk Test). The participants recorded their indoor and outdoor activ-
ities to a diary that was reviewed by the personal trainer during the follow-up visits 
(Table 1). 



 

52
 

T
ab

le
 1

.  F
lo

w
-c

ha
rt

: G
et-

a-
G

rip
 li

fe
st

yl
e 

m
an

ag
em

en
t p

ro
gr

am
m

e,
 2

5 
vi

si
ts

 w
ith

 p
ro

fe
ss

io
na

ls
 (

T
am

pe
re

, F
in

la
nd

,
 2

00
9-

20
13

). 
Phase 

T
im

et
ab

le
 

(m
on

th
s)

 
M

ed
ic

al
 d

oc
to

r 
P

er
so

na
l t

ra
in

er 
E

va
lu

at
io

n 
of

 
ph

ys
ic

al
 s

ta
-

tu
s 

V
ol

un
ta

ry
 

ex
er

ci
se

 
 

D
ie

tit
ia

n
 

P
ro

fe
ss

io
na

l 
ch

ef
 

G
ro

up
 d

is
cu

s-
si

on
s 

an
d 

fe
ed

-
ba

ck
 

Initiation 

0 
In

te
rv

ie
w,

 e
xa

m
i-

na
tio

n 
(1 

h)
�‚  

 
U

K
K

 in
st

itu
te

 
w

al
k t

es
t* 

 
Exercise at the gym with the training equipment.  
Exercise out-of-doors: walking, Nordic walking.  

A
dv

ic
e 

ba
se

d 
on

 
di

et
ar

y 
3-d

ay
 r

e-
ca

ll 
(1 

h)
�‚  

 
 

0-
1 

E
du

ca
tio

na
l l

ec
tu

re
 (

1 
h) 

 
 

 
T

w
o 

co
ok

in
g 

cl
as

se
s  

(3
 h

 e
ac

h) 

 

1-
2 

 
P

er
so

na
liz

ed
 e

xe
rc

is
e 

ad
vi

ce
 (

1 
h)#

, f
ou

r 
gu

id
ed

 g
ro

up
 e

xe
rc

is
e 

se
ss

io
ns

 a
t t

he
 g

ym
 

(1
 h

 e
ac

h)
, t

w
o 

gu
id

ed
 

gr
ou

p 
N

or
di

c 
w

al
ki

ng
 

se
ss

io
ns

 (
1 h
 e

ac
h) 

 
D

ie
ta

ry
 a

dv
ic

e  
(4

5 
m

in
)�‚  

 

2-
3 

E
xa

m
in

at
io

n 
(1 h

)�‚  
 

 
 

 

Establish-
ment 

4-
5 

  
 

 
S

ho
pp

in
g 

ad
vi

ce
 

on
 lo

ca
tio

n 
in

 
sh

op
s 

(1 
h)

 

 
 

5-
6 

E
xa

m
in

at
io

n 
(1 h

)�‚  
P

er
so

na
liz

ed
 e

xe
rc

is
e 

ad
vi

ce
 (

30
 m

in
)

�‚  
 

D
ie

ta
ry

 a
dv

ic
e 

(4
5 

m
in

)�‚  
 

D
is

cu
ss

io
ns

 a
nd

 
fe

ed
ba

ck
 (

1 h
) 

Maintenance 

7-
8 

 
 

 
 

 
 

9-
10

 
 

P
er

so
na

liz
ed

 e
xe

rc
is

e 
ad

vi
ce

 (
30 

m
in

)�‚  
 

D
ie

ta
ry

 a
dv

ic
e 

(1
 h

)�‚  
 

 

11
-1

2 
E

xa
m

in
at

io
n 

(1 h
)�‚  

 
U

K
K

 in
st

itu
te

 
w

al
k t

es
t* 

 
 

D
is

cu
ss

io
ns

 a
nd

 
fe

ed
ba

ck
 (

1 h
) 

*h
ttp

://
w

w
w

.u
kk

in
st

itu
ut

ti.
fi/

en
/p

ro
du

ct
s-s

er
vi

ce
s/

uk
k_

w
al

k_
te

st
.

 �‚ M
ea

su
re

m
en

t o
f w

ei
gh

t, 
B

M
I, 

bo
dy

 c
om

po
si

tio
n,

 a
nd

 B
P

.
 



 

53 

Study I also contained advice on diet, shopping behaviour, and cooking classes. 
The dietitian gave tailored advice based on the 3-day food diary and personal pref-
erences using a motivational interview approach. Rational on-location shopping ad-
vice was given by the dietitian in groups of 6-8 participants during study months 4-5, 
and preparation of healthy food was instructed during two hands-on cooking classes 
by a professional chef (Table 1). 

In study II, WHtR of 541 subjects without antihypertensive medications was 
measured and participants aged 20-72 years were divided into age-adjusted quartiles 
separately for sexes. Mean WHtR in the quartiles were 0.46, 0.51, 0.55 and 0.62. They 
went through physical examination and laboratory analyses as well as haemodynamic 
recordings using whole-body-impedance cardiography, combined with analyses of 
radial tonometric pulse wave form and heart rate variability [210,219,225].  

In study III investigating the haemodynamic relations of sodium intake, 510 nor-
motensive and hypertensive participants without antihypertensive medications had 
their 24-h urinary sodium excretion measured. They were then divided into tertiles 
corresponding to approximately 6 g, 9 g and 13 g of NaCl intake per day, respectively. 
Average tertile age ranged 43.4-44.7 years. They went through haemodynamic re-
cordings and their cardiac function and body fluid status were evaluated using bi-
oimpedance, a method recording changes in body electrical resistance [235,249].  

In studies II and III, subjects with a history of coronary artery disease, stroke, 
cardiac failure or valve disease, heart rhythm other than sinus, chronic kidney disease, 
diabetes, secondary hypertension, alcohol or substance abuse, and psychiatric ill-
nesses other than mild depression or anxiety were excluded. 

The 28 patients with PA in study III were referred to Tampere University Hos-
pital for the diagnostics of secondary hypertension. The patients were 10 women 
and 18 men, mean (SD) age 56.0 (10.6) years, height 172.3 (9.5) cm, weight 92.1 
(21.9) kg, and BMI 30.7 (4.9). 

In studies I-III , all subjects were examined by a physician, during which their 
medical history, lifestyle habits, medications, smoking status and weekly alcohol con-
sumption were recorded. BP office measurements and laboratory testing were con-
ducted in accordance with the European guidelines [192]. 
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4.3 Haemodynamic measurements 

4.3.1 Haemodynamic measurement methods 

A haemodynamic measurement protocol was used in studies II and III (flow diagram 
of laboratory sampling and haemodynamic recordings is presented in Figure 5). Sim-
ultaneous continuous recordings using pulse wave analysis and impedance cardiog-
raphy were applied in a temperature-controlled laboratory setting and conducted by 
skilled study nurses. Before measurements, the subjects were instructed to refrain 
from caffeine-containing products, smoking, and heavy meals for 4 hours before the 
recordings, and avoid alcohol consumption for at least 24 hours before all investiga-
tions. 

Supine brachial BP was measured twice by the study nurses using an auscultatory 
sphygmomanometer (Heine Gamma G7, Herrsching, Germany). Electrodes for im-
pedance cardiography were positioned on the body surface, an automatic tonometric 
sensor for pulse wave analysis was put on the left wrist positioned on radial artery 
with the arm extended at the heart level in an arm support (Colin BP508T; Colin 
Medical Instruments Corp., San Antonio, Texas, USA). A brachial BP cuff was 
placed to the right upper arm for BP calibration.  

Participants rested in a supine position for approximately 10 minutes. Data capture 
was measured during a period of 5 minutes in a supine position. Mean values of each 
one-minute recording period were computed for statistical analyses. This measure-
ment protocol has been previously used with good repeatability and reproducibility 
[237].  
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Figure 5. Flow diagram of laboratory sampling and haemodynamic recordings in 
studies II and III. 

4.3.2 Pulse wave analysis 

Radial BP and pulse wave were recorded simultaneously in a beat-to-beat fashion 
with a tonometric sensor with automatic adjustment (Colin BP508T; Colin Medical 
Instruments Corp., USA), providing a continuous pulse wave form. BP was cali-
brated approximately every 2.5 minutes by a contralateral brachial cuff measurement 
[236]. A validated general transfer function was used to derive aortic pulse wave form 
from the radial pulse wave with the SphygmoCor device (PWMx system, AtCor 
Medical, Australia) [250]. AIx (augmented pressure/pulse pressure × 100%), AIx 
adjusted to heart rate 75 beats/min (AIx@75), and the Buckberg subendocardial 
viability ratio (SEVR) were calculated with the SphygmoCor software from the aortic 
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pulse wave. Central forward wave amplitude was calculated as the difference between 
pressure at the foot of the aortic waveform and pressure at the first systolic inflection 
point [251]. 

4.3.3 Impedance cardiography 

Heart rate, cardiac output, and stroke volume as well as ECW volume and PWV 
were evaluated in a beat-to-beat fashion using a whole-body impedance cardiography 
system (CircMon®, JR Medical Ltd, Tallinn, Estonia) [235]. Whole-body impedance 
cardiography calculates differences in body impedance using electrical current ap-
plied to the body. It measures variations in whole-body impedance caused by the 
cardiac cycle. An electrical current is applied using current electrodes, while voltage 
is detected through electrodes attached to the limbs. ECG is recorded with separate 
electrodes.  

Stroke volume values were obtained by mathematical calculations based on the 
changes in whole-body impedance [252]. SVR was quantified using the cardiac out-
put measurements provided by CircMon® and radial BP measurements from Sphyg-
moCor. Cardiac output and SVR were standardized to the body surface area (cardiac 
index and systemic vascular resistance index, SVRI). Previous studies have shown 
that measurements with CircMon® correlate adequately with stroke volume meas-
urements using three-dimensional echocardiography and cardiac output evaluation 
with the thermodilution method and the direct oxygen Fick method [235,253]. 

ECW volume was evaluated using the CircMon® device, applying a formula that 
incorporates blood resistivity and the known distance between the voltage elec-
trodes. ECW volume was calculated using the formula ECW = k × (height2 / Z). 
�7�K�H���F�R�H�I�I�L�F�L�H�Q�W���N�����™�ï�F�P�����F�R�P�H�V���I�U�R�P���E�O�R�R�G���U�H�V�L�V�W�L�Y�L�W�\���D�Q�G���W�K�H���U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H��
distance of voltage electrodes and body height, while Z is the recorded impedance 
of the body. The ECW balance was calculated as ECW / ECWpredicted, the latter being 
assessed with the formula 2.4 × (0.0236 × Height0.725 × Weight0.423 �² 1.229) for males 
and 2.6 × (0.0248 × H0.725 * W0.423 �² 1.9549) for females [254�²256]. The ECW vol-
ume estimated by bioimpedance shows a strong correlation with measurements de-
rived from 51Cr-EDTA dilution [249].  

CircMon calculates pulse wave velocity (PWV) by measuring the time difference be-
tween the onset of impedance decrease in the whole-body impedance signal and that 
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in the popliteal artery signal, thereby determining aortic-to-popliteal PWV [257]. For 
this measurement, additional electrodes are placed in the popliteal and calf regions. 
PWV measured using impedance cardiography correlates well with values obtained 
through ultrasound and the tonometric SphygmoCor device [238,257]. The left car-
diac work index (LCWI) was calculated using the formula: 0.0143 × (mean aortic 
pressure-pulmonary artery occlusion pressure) × cardiac index [258]. A normal pul-
monary artery occlusion pressure (6 mmHg) was assumed. The factor 0.0143 ac-
counts for the conversion of pressure from mmHg to cm H�•O, the volume to blood 
density (in kilograms per litre), and distance from centimetres to metres. 

4.3.4 Heart rate variability 

Heart rate variability (HRV) analysis was conducted to assess the modulation of car-
diac autonomic activity. Electrocardiogram (ECG) signals were recorded using the 
CircMon® device at a sampling rate of 200 Hz. The data were analysed using 
MATLAB software (MathWorks Inc.). To identify normal R-R intervals, any beat 
with an interval differing by more than 20% from the preceding R-R interval was 
classified as ectopic. Artifacts were corrected using cubic spline interpolation. Due 
to the short measurement duration (5 minutes in the supine position and 5 minutes 
upright), only frequency domain analysis was performed. The variables computed 
included power in the low-frequency (LF) range (0.04�²0.15 Hz), high frequency (HF) 
range (0.15�²0.4 Hz), and the low-frequency to high-frequency (LF:HF) ratio [225]. 

 

4.3. Laboratory analyses 

Blood and urine samples were collected in the morning following an overnight fast 
of approximately 12 hours. Plasma levels of sodium, potassium, glucose, cystatin-C, 
total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, C-reactive protein 
(CRP), uric acid, and creatinine, along with urinary concentrations of sodium and 
potassium, were measured using either the Cobas Integra 700/800 (F. Hoffmann-
La Roche Ltd, Basel, Switzerland) or the Cobas 6000, module c501 (Roche Diagnos-
tics, Basel, Switzerland). Blood cell counts were analysed using the ADVIA 120 or 
2120 systems (Bayer Health Care, Tarrytown, NY, USA). Routine laboratory anal-
yses were performed in Fimlab Laboratories, Tampere and Seinäjoki Central Hospi-
tal, Seinäjoki, Finland. 
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Plasma renin activity was measured using GammaCoat Plasma Renin Activity assay 
(Diasorin S.p.A., Saluggia, Italy). Due to a change in clinical analysis methods direct 
plasma renin concentration was determined in 6 aldosteronism patients according to 
the instructions of the assay manufacturer (LIAISON immunoanalyzer, DiaSorin, 
Saluggia, Italy) [259].  

For aldosterone analyses in the 510 participants of study II without antihypertensive 
medications, active aldosterone radioimmunoassay (RIA) (Diagnostics Systems La-
boratories, Beckman Coulter, Webster, Texas, USA) was used. In the aldosteronism 
patients plasma and urine aldosterone concentrations were analysed using liquid 
chromatography�²mass spectrometry (API 4000 LC�²MS/MS System, AB Sciex PTE 
Ltd, Singapore), which allows a high degree of specificity in complex biological sam-
ples [260].  

To rule out overt kidney disease, automated urine dipstick analysis was performed 
using a refractometer (Siemens Clinitek Atlas or Advantus, Siemens Healthcare 
GmbH, Erlangen, Germany). Urine albumin was determined using a nephelometric 
analysis (BN Prospec, Siemens Healthcare GmbH, Erlangen, Germany). 

Concentrations of leptin and adiponectin in plasma samples were determined using 
enzyme-linked immunosorbent assay (DuoSet ELISA; R&D Systems Europe Ltd, 
Abingdon, United Kingdom). Plasma N-terminal pro-atrial natriuretic peptide and 
N-terminal pro-B-type natriuretic peptide were determined using enzyme-linked im-
munosorbent assays (NT-ProANP DuoSet ELISA, R&D Systems Europe Ltd, Ab-
ingdon, United Kingdom; NT-proBNP ELISA, Abcam, Cambridge, UK). Plasma 
calcidiol (25(OH)D3) and calcitriol (1,25(OH)2D3) were analysed using enzyme im-
munoassay (Immunodiagnostic Systems, Boldon, UK), and parathyroid hormone 
(PTH) and insulin using electrochemiluminescence immunoassay (Cobas e411, 
Roche Diagnostics). 

The estimated glomerular filtration rate (eGFR) was calculated using the CKD-EPI 
equation based on creatinine and cystatin-C levels (Inker et al., 2012). Insulin sensi-
tivity was evaluated by calculating the Quantitative Insulin Sensitivity Check Index 
(QUICKI) [261]. 
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4.4. Statistical analyses 

In study I the primary endpoint was the change in weight during the intervention, 
examined as the difference between the first and the last measurement of weight. 
The Wilcoxon paired test was applied for the unadjusted analyses, and an L1-regres-
sion for the adjusted analyses. 

Power calculations for study I: a related study determined that at least 71 participants 
�Z�H�U�H�� �Q�H�H�G�H�G�� �W�R�� �G�H�W�H�F�W�� �D�� �P�H�D�Q�� �Z�H�L�J�K�W�� �O�R�V�V�� �R�I�� ���������� �I�U�R�P�� �E�D�V�H�O�L�Q�H�� ���¡�� � �� ������������ ��������
power, population mean ± SD: 4.7 ± 5.4%) using a one-sample t-test power analysis 
[3,92]. This suggests that the sample size was sufficient, even when applying nonpar-
ametric methods, which were used due to the heavy-tailed nature of the data. 

Since not all participants completed the 1-year program in study I, a logistic regres-
sion was used to assess whether adherence was influenced by age, baseline weight, 
�R�U���H�F�R�Q�R�P�L�F���V�W�D�W�X�V�����)�L�V�K�H�U�·�V���H�[�D�F�W���W�H�V�W���Z�D�V���H�P�S�O�R�\�H�G���W�R���D�Q�D�O�\se dropout rates. To 
model changes in each outcome variable, we applied a linear L1-regression model, 
which is less sensitive to outliers than an ordinary regression analysis [262], that in-
cluded sex, age, economic status, and the baseline value of the respective variable as 
predictors. A backward stepwise selection method, with a p-value threshold of 0.05, 
was used to eliminate non-significant variables. The Wilcoxon test was used to eval-
uate results from the UKK walk test. For intention-to-treat analysis, the �¶last obser-
vation carried forward�· [263] method was used to impute missing values, provided 
the initial measurement was available. R statistical programme was used in the anal-
ysis (R Development Core Team, 2020). 

In studies II and III, analysis of variance (ANOVA) was used for variables with 
normal distribution, while the Kruskal�²Wallis and Mann�²Whitney U tests were ap-
plied for non-normally distributed data. Bonferroni correction was used for all post-
hoc comparisons. Statistical analyses were conducted using IBM SPSS Statistics ver-
sion 26 (IBM Corp., Armonk, NY, USA). P�×<�×0.05 was considered significant. 

In study II, mean haemodynamic values from minutes 3 to 5 were used, correspond-
ing to the period of most stable signal. Due to skewed distributions, LF power, HF 
power, and the LF/HF ratio were log-transformed (natural logarithm) prior to anal-
ysis, which was adjusted for heart rate. Participants were categorized into sex-spe-
cific, age-adjusted quartiles (Q) based on WHtR. Stepwise linear regression analysis 
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was used to investigate factors associated with aortic systolic and diastolic BP, SVRI, 
and PWV. Smoking was categorized (current smokers, previous smokers, never 
smokers) using two discrete variables, alcohol consumption using three discrete var-
iables (category either 0 or 1); cut-points for women 0, 1-7 (low), 8-14 (moderate), 
�D�Q�G���•�������G�R�V�H�V���S�H�U���Z�H�H�N�����K�L�J�K�������I�R�U���P�H�Q����������-14, 15-���������D�Q�G���•�������G�R�V�H�V���S�H�U���Z�H�H�N����
respectively, according to the Finnish Guidelines [265]. The regression analyses in-
cluded age, sex, WHtR, smoking status, categorized alcohol intake; plasma leptin, 
adiponectin, CRP, triglycerides, HDL and LDL cholesterol, sodium, calcium, PTH, 
uric acid, renin activity, aldosterone; QUICKI and eGFR as independent factors. In 
the analyses of aortic systolic and diastolic BP the model also included PWV, and in 
analyses of PWV the model also included mean aortic BP [266].  

In study III, participants were divided into sex-specific tertiles based on 24-hour 
urinary sodium (Na�†) excretion. Body surface area (BSA) was estimated using the 
formula: 0.007184 × Height^0.725 × Weight^0.425 [267]. The Levene�·s test was ap-
plied to evaluate the homogeneity of variances. Spearman correlation coefficients 
(r�<) were calculated. Haemodynamic variables across the Na�†excretion tertiles were 
compared using repeated measures ANOVA. Results were adjusted for BSA, recog-
nizing that food intake, and consequently sodium intake, intake is influenced by body 
size. Analyses of PWV were further adjusted for mean aortic pressure, in line with 
recommended guidelines [266]. Comparisons were also made between hypertensive 
and normotensive participants, based on their seated office BP measurements. 

Variables for the linear regression analysis with stepwise elimination in study III were 
�L�Q�L�W�L�D�O�O�\���V�H�O�H�F�W�H�G���E�D�V�H�G���R�Q���6�S�H�D�U�P�D�Q�·�V���Q�R�Q�S�D�U�D�P�H�W�U�L�F���F�R�U�U�H�O�D�W�L�R�Q���Z�L�W�K���(�&�:�����X�V�L�Q�J���D��
significance threshold of p<0.05 for inclusion. The regression model assessing ex-
planatory factors for ECW included the following variables: age, sex, BSA, smoking 
status, alcohol consumption; fasting plasma levels of glucose, insulin, potassium, so-
dium, uric acid, calcium, phosphate, renin activity, and aldosterone; 24-hour urinary 
sodium excretion, nocturnal urinary albumin excretion, eGFR, SVR, and cardiac out-
put. Smoking status was encoded using two binary variables to differentiate current, 
former, and never smokers.  

Data in the studies were reported as mean ± standard error of the mean (SEM), 
mean ± SD, mean ± 95% confidence interval of the mean, or median [25th�²75th 
percentile] and range. 
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4.5. Ethical aspects 

In all studies, subjects gave written informed consent. In study I, informed consent 
was given afterwards according to the instructions of the ethical committee. All stud-
ies complied with the declaration of Helsinki, were approved by the ethics committee 
of the Tampere University Hospital (code for study I R12099 and for studies II-III 
R06086M) and were executed according to the principles of the declaration of Hel-
sinki. The Clinicaltrials.gov identifier of study I was NCT04003259. Studies II-III 
were a part of a broader ongoing investigation on haemodynamics, aimed at explor-
ing haemodynamic patterns in primary and secondary hypertension versus normo-
tensive controls (Eudra-CT 2006-002065-39, Clinicaltrials.gov NCT01742702). 
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5 RESULTS 

5.1 Lifestyle management programme in the treatment of 
overweight and obesity (study I) 

Of the 134 participants initially enrolled, 92 completed the one-year follow-up. Base-
line body weight showed no significant association with programme completion (p 
= 0.133). Socioeconomic status was classified as average in 100 individuals, low in 
15, and 19 participants were unemployed. The corresponding dropout rates were 
26%, 27%, and 63%, respectively (p = 0.0015). Although attrition rates were similar 
between those with average and low income, participants in the lower-income group 
tended to discontinue earlier in the programme. Younger individuals were more 
likely to withdraw at 3 and 6 months, showing a trend toward lower overall retention 
(p = 0.061). After one year, 75% of employed participants remained in the pro-
gramme, compared with only 43% of those unemployed (p = 0.049). Moreover, un-
employment was statistically significantly more common among individuals who dis-
continued participation (63% vs. 26% in completers, p = 0.025). 

The 92 completers had a median age of 51.5 years, a median BMI of 35 kg/m², a 
mean BP of 138/91 mmHg, an average muscle mass of 25%, and a mean body fat 
percentage of 44% (Table 2). Among these participants, 57% achieved a weight loss 
of at least 5%, while 27% lost 10% or more of their baseline weight. The most sub-
stantial reductions occurred during the first quarter of the intervention. Changes in 
body weight, BMI, waist circumference, and body fat percentage over the study pe-
riod are illustrated in Figure 6. Over the course of one year, median weight decreased 
by 6.2 kg (6.7%), BMI by 2.2 kg/m², waist circumference by 6 cm, and body fat 
percentage by 2.1 points. 

During the one-year period, changes in visceral fat, muscle percentage and systolic 
and diastolic BP were recorded. These changes are shown in Figure 7. On average, 
visceral fat area was reduced by 10 cm2, muscle mass was increased by 1 percentage 
point, while BP was reduced by 8/5 mmHg. No sex-interaction was observed. 
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Fat (percentage points)    

Month 5-6 -2.4 2.8 <0.001 -1.8 2.7 <0.001 

Month 11-12 -2.7 2.9 <0.001 -2.1 2.9 <0.001 

Visceral fat (cm2)     

Month 5-6 -11.0 12.8 <0.001 -8.2 12.1 <0.001 

Month 11-12 -12.5 15.6 0.002 -9.4 14.3 <0.001 

Muscle (percentage points)     

Month 5-6 1.0 1.3 <0.001 0.7 1.3 <0.001 

Month 11-12 1.2 1.4 <0.001 0.9 1.4 <0.001 

 

5.2 Characteristics of elevated blood pressure in obesity (study II) 

In Study II, we analysed a cohort of 541 participants aged 20�²72 years who un-
derwent physical examination, laboratory testing, and haemodynamic assessment. 
Participants were stratified into age- and sex-adjusted quartiles based on their WHtR. 
Only individuals not receiving antihypertensive medication were included in the 
analysis. 

The mean WHtR values across quartiles were 0.46, 0.51, 0.55, and 0.62 (Table 4). 
The difference in adiposity between groups was pronounced, with a 9.0 kg/m² 
higher BMI in Q4 compared to Q1. The overall mean BMI among all participants 
was 26.8 (0.2) kg/m². Smoking prevalence and average alcohol consumption did not 
differ significantly across the WHtR quartiles. Office systolic BP was higher in Q3 
than in Q1, and in Q4 compared with both Q1 and Q2. Office diastolic BP reached 
its highest values in Q4 and was also elevated in Q3 relative to Q1 and Q2. ECW 
balance was reduced in Q3 and Q4 compared with Q1 (Table 4). 

Mean plasma concentrations of sodium, potassium, and calcium remained within 
normal limits across all quartiles (Table 5). Plasma parathyroid hormone (PTH) and 
C-reactive protein (CRP) levels were highest in Q4, while uric acid concentrations 
were elevated in Q3 and Q4 compared with Q1 and Q2. Estimated glomerular fil-
tration rate (eGFR), based on cystatin C, was slightly lower in Q4 than in Q1.  
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Plasma leptin levels increased progressively across the quartiles, peaking in Q4, 
whereas adiponectin concentrations were reduced in Q3 and Q4 relative to Q1. No 
statistically significant differences were observed in plasma renin activity, aldoste-
rone concentration, or the aldosterone-to-renin ratio among the quartiles (Table 5). 
Q3 and Q4 of WHtR had less favorable lipid profiles than Q1 and Q2. Fasting 
plasma insulin and glucose were higher in Q3 than in Q1, while both insulin and 
glucose were highest in Q4. Based on QUICKI, insulin sensitivity was highest in Q1 
and lowest in Q4 (Table 5). 

Radial systolic and diastolic BPs were elevated in Q4 compared with Q1 and Q2 
(Figure 9). Aortic systolic BP was also higher in Q3 relative to Q1, and both aortic 
systolic and diastolic pressures were increased in Q4 compared with Q1 and Q2 
(Figure 9). 

Aortic pulse pressure and forward wave amplitude were greater in Q4 than in Q1 
and Q2 (Figure 10). Conversely, aortic compliance, assessed as the ratio of stroke 
volume to central pulse pressure, was reduced in Q4 relative to Q1 and Q2. Aortic�²
popliteal pulse wave velocity (PWV) was higher in Q4 than in Q1 and Q2, and also 
elevated in Q3 compared with Q1 (Figure 10). No significant differences were de-
tected in AIx or heart rate�²corrected AIx (AIx@75) (Figure 10). 

Heart rate was increased in Q4 compared with Q1 and Q2, while stroke index 
differed across most quartiles but not between Q2 and Q3 (Figure 11). Cardiac index 
was lower in Q4 than in Q1, whereas the systemic vascular resistance (SVR) index 
was higher in Q4 compared with Q1 and Q2, and in Q3 relative to Q1 (Figure 11). 
Heart rate variability (HRV) parameters, including low-frequency (LF) and high-fre-
quency (HF) power and the LF/HF ratio, showed no significant differences between 
quartiles (Figure 12). 

Linear regression analyses (Table 6) revealed that aortic systolic and diastolic BPs 
were independently associated with WHtR, PWV, eGFR, QUICKI, LDL choles-
terol, and triglycerides. Plasma sodium and age were additional predictors of aortic 
systolic BP, while male sex and high alcohol intake were linked to aortic diastolic BP. 
WHtR, eGFR, LDL cholesterol, current smoking, and age were associated with sys-
temic vascular resistance (SVR) index. Furthermore, age, uric acid, mean aortic pres-
sure, WHtR, leptin, aldosterone, current smoking, and triglycerides were inde-
pendently related to PWV. Collectively, these findings indicate that abdominal obe-
sity is independently associated with higher aortic BP, SVR, and arterial stiffness.
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Figure 13. Box plots show heart rate variability in age-adjusted sex-specific quartiles 
of waist-to-height ratio divided separately for sexes. Low frequency (LF) power (A), 
high frequency (HF) power (B), and LF/HF ratio (C); median (thick line), 25th-75th 
percentile (box), and range (whiskers). 
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Table 6. Linear regression analyses with stepwise elimination of explanatory factors 
for aortic blood pressure, systemic vascular resistance index, and pulse wave velocity 

Aortic systolic BP (mmHg) 
R2 �×=�×0.398 

Unstandardized 
coefficient B 

Standardized co-
efficient Beta 

P 
value 

(constant) -4.147 
 

0.935 

Pulse wave velocity 2.218 0.225 <�×0.001 

eGFR -0.219 -0.198 <�×0.001 

LDL cholesterol 3.469 0.165 <�×0.001 

Waist-to-height ratio 32.486 0.119 0.006 

Age 0.201 0.117 0.016 

Plasma sodium 0.785 0.078 0.024 

QUICKI  -42.355 -0.092 0.016 

Triglycerides -1.934 -0.092 0.019 

Aortic diastolic BP (mmHg) 
R2 �×=�×0.346 

Unstandardized 
coefficient B 

Standardized co-
efficient Beta 

P 
value 

(constant) 92.850 
 

<�×0.001 

eGFR -0.200 -0.266 <�×0.001 

Pulse wave velocity 1.276 0.190 <�×0.001 

LDL cholesterol 2.334 0.163 <�×0.001 

QUICKI  -36.109 -0.115 0.003 

Male sex 3.071 0.113 0.002 

Triglycerides -1.828 -0.127 0.003 

High alcohol consumption cat-
egory 

8.757 0.091 0.014 

Waist-to-height ratio 17.861 0.096 0.031 

SVRI (dyn*s/cm  5 *m 2 ) 
R 2 �×=�×0.219 

Unstandardized 
coefficient B 

Standardized co-
efficient Beta 

P 
value 

(constant) 1659 
 

<�×0.001 

Waist-to-height ratio 1911 0.235 <�×0.001 

eGFR -4.981 -0.151 0.002 

LDL cholesterol 77.992 0.125 0.006 
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Present smoking -178.938 -0.099 0.011 

Age 5.297 0.103 0.037 

Pulse wave velocity (m/s) 
R 2 �×=�×0.553 

Unstandardized 
coefficient B 

Standardized co-
efficient Beta 

P 
value 

(constant) -0.736 
 

0.127 

Age 0.074 0.475 <�×0.001 

Uric acid 0.005 0.196 <�×0.001 

Mean aortic pressure 0.018 0.152 <�×0.001 

Waist-to-height ratio 4.895 0.199 <�×0.001 

Leptin -0.013 -0.113 0.001 

Aldosterone 3.86�××�×10�î �×4 0.081 0.008 

Present smoking -0.479 -0.087 0.003 

Triglycerides 0.135 0.071 0.031 

 

5.3 Urine sodium excretion, extracellular water and blood pressure 
and haemodynamics in normotensive and never-treated 
hypertensive subjects (study III) 

In study III, haemodynamic measurements were obtained from 510 participants, in-
cluding normotensive individuals and those with untreated hypertension, using 
whole-body impedance cardiography and tonometric analysis of the radial artery 
pulse wave. All subjects had available data of 24-hour Na+ and K+ excretion, and the 
results were analysed across sex-stratified tertiles of 24-hour Na�† excretion, with 
comparisons also made between normotensive and hypertensive groups. Regression 
analyses were performed to identify factors related to volume status. The results were 
further compared with the data from 28 patients diagnosed with PA.  

The ages of the 510 participants ranged from 19 to 72 years, while those in the group 
with PA were aged 34 to 70 years. Based on seated office BP measurements, 231 
participants (45.3%) were normotensive (90 men and 141 women), and 279 (54.7%) 
were hypertensive (157 men and 122 women, of whom 82 were postmenopausal). 
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Among the hypertensive participants, 21 women and 36 men had isolated diastolic 
hypertension, and 21 women and 28 men had isolated systolic hypertension (cut-off 
value: 140/90 mmHg) [166].  

In the aldosteronism group, the mean seated office BP was 162/93 mmHg, and the 
mean supine laboratory BP was 158/89 mmHg. 

Of the 510 participants, 263 (51.6%) were men. The mean age across sex-specific 
tertiles of 24-hour Na�† excretion ranged from 43.4 to 44.7 years (Table 7). Body 
weight was lowest in the lowest tertile and highest in the highest tertile, while BMI 
was also highest in the highest tertile of Na�† excretion. BSA was greater in the highest 
compared with the lowest tertile. There were no differences in the prevalence of 
smoking or alcohol consumption between tertiles. Seated office BP, supine labora-
tory BP, and aortic-to-popliteal PWV did not differ between tertiles (Table 7). 

The 24-hour urine volume was greatest in the tertile with the highest Na�† excretion 
(Table 8). The 24-hour urinary Na�† amount, Na�†/BSA ratio, K�† excretion, and uri-
nary Na�†/K �† ratio differed significantly among tertiles, with the highest values ob-
served in the highest tertile. Laboratory analyses revealed no other differences be-
tween tertiles, and the mean values of all variables remained within normal reference 
ranges (Table 8). 

In the analyses of supine non-invasive haemodynamics, results were presented as 
BSA-adjusted tertiles of 24-hour urinary Na�† excretion to control for body size dif-
ferences [8]. Supine aortic BP did not differ between the tertiles (Figure 14). Heart 
rate, stroke volume, cardiac output, and SVR were also similar across the tertiles 
(Figure 15). However, ECW volume and ECW balance were higher in the highest 
compared with the lowest tertile (Figure 16) 

Among all 510 participants, 24-hour Na�† excretion (r�< = 0.436, p < 0.001) and 24-
hour Na�† excretion/BSA (r�< = 0.242, p < 0.001) correlated statistically significantly 
with ECW volume. In the linear regression analyses with stepwise elimination, inde-
pendent explanatory factors for ECW volume were BSA (�¢ = 0.733) and 24-hour 
Na�† excretion (�¢ = 0.118) (Table 9).  
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Figure 15. Heart rate (A), stroke volume (B), cardiac output (C) and systemic vas-
cular resistance (D) in tertiles of 24-h urinary Na+ excretion adjusted for body sur-
face area; mean (circle) with standard error of the mean (whiskers); ANOVA for 
repeated measurements, Bonferroni correction in post-hoc analyses. 
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All patients with PA (10 women and 18 men) were receiving antihypertensive med-
ication, but only two were treated with a mineralocorticoid receptor antagonist. 
Their lowest plasma K�† values were within the hypokalaemic range, the aldoste-
rone-to-renin ratio was elevated, and 24-hour urinary aldosterone excretion ex-
ceeded the normal range (Table 11). In these patients, serum aldosterone was 
measured using tandem high-performance liquid chromatography�²mass spectrom-
etry (HPLC�²MS), which yields lower values than radioimmunoassay (RIA) [270] 
the method used in the analyses of the 510 participants described above. RIA tends 
to overestimate aldosterone concentrations due to cross-reactivity with aldosterone 
metabolites [270]. 

Table 9. Linear regression analyses with stepwise elimination of explanatory factors for 

ECW volume in 510 subjects. 

Extracellular water volume (L) B Beta P 

R2=0.627    

(constant) 0.219  0.681 

Body surface area 6.276 0.733 <0.001 

24-hour Na+ excretion 0.003 0.118 0.001 

Included variables in regression: age, sex, smoking status (never, present, previous), al-
cohol consumption (standard doses per week); fasting plasma concentrations of glu-
cose, insulin, K+, Na+, uric acid, calcium, phosphate, renin activity, aldosterone; 24-
hour Na+ excretion to the urine, nocturnal urine albumin excretion; estimated GFR 
rate (cystatin C and creatinine ��based CKD-EPI formula); systemic vascular resistance, 
cardiac output. 

Patients with PA demonstrated a mean (95% CI) excess of 0.58 L  (0.14�²1.03 L) in 
ECW volume (p = 0.01) and a 6.0% (2.6�²9.8%) excess in ECW balance (p = 
0.003) compared with the 510 subjects described above.  

In the aldosteronism group, neither 24-hour Na�† excretion (r�< = 0.250, p = 0.199) 
nor 24-hour Na�† excretion normalized to BSA (r�< = 0.09, p = 0.654) correlated 
with ECW volume. Plasma NT-proANP [mean (SD): 5.81 (3.81) ng/mL] and NT-
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proBNP [224 (237) pg/mL concentrations were significantly higher in the aldoste-
ronism patients than in both the normotensive and hypertensive subjects (p < 0.01 
for all comparisons). 

 

Table 10. Normotensive versus hypertensive subjects: demographic data, and laboratory 
results adjusted for differences in sex distribution, age, and body mass index. 

 Normotensive 
(n=231) 

Hypertensive  
(n=279) 

Male / female (n) 89 / 138 157 / 122* 

Age (years) 41.0 (11.5) 46.7 (11.9)* 

Body mass index (kg/m2) 24.6 (3.4) 27.6 (4.3)* 

Seated brachial office BP (mmHg) 122 (9) / 79 (7) 150 (15) / 96 (8)* 

Supine brachial laboratory BP 
(mmHg) 

120 (11) / 73 (16) 143 (15) / 88 (9)* 

Extracellular water volume (l) 12.9 (1.8) 12.8 (1.8) 

Extracellular water balance 1.0 (0.1) 1.0 (0.1) 

Urine Na+ (mmol/24h) 156.9 (64.8) 151.2 (59.8) 

Urine Na+/BSA (mmol/24-h/m 2) 79.3 (32.5) 78.8 (27.0) 

Urine K+ (mmol/24-h) 85.3 (28.4) 82.7 (27.3) 

Urine Na+/K + ratio 1.90 (0.78) 1.96 (0.79) 

Estimated GFR (ml/min/1.73m2) 100 (15) 99 (14) 

Fasting plasma   

Na+ (mmol/l) 140.2 (1.8) 140.6 (2.0)* 

K+ (mmol/l) 3.8 (0.3) 3.8 (0.3) 

Renin (ng Ang I/ml/h) 0.9 [0.5-1.4] 0.6 [0.4-1.1] 

Aldosterone (pmol/l)# 441 [340-636] 422 [311-531] 

N-terminal proANP (ng/ml) 3.66 (4.42) 3.41 (2.41) 

N-terminal proBNP (pg/ml) 61.9 (69.9) 85.6 (95.0)* 

�&�U�H�D�W�L�Q�L�Q�H�����¬�P�R�O���O�� 74 (13) 74 (14) 

Cystatin C (mg/l) 0.82 (0.16) 0.84 (0.13) 

Results shown as mean (SD), or median [25th-75th percentile]; estimated GFR from cre-
atinine and cystatin C based CKD-EPI formula; #aldosterone determined using RIA; 
*p<0.05 vs. normotensive subjects.
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6 DISCUSSION 

6.1 Study subjects and protocols 

The population in study I comprised a total of 134 men and women aged 18-69 
years. The participants were overweight or obese, and aimed to lose weight during a 
comprehensive weight-loss programme. As an inclusion criteria BMI was required 
to exceed 30 or exceed 25 if the participant had a comorbidity that would benefit 
from weight loss (e.g. T2DM) existed. With a BMI of 35.1 [32.1 �¤ 38.2] kg/m2, the 
study population can be considered to represent well the real-life population of over-
weight individuals.  

The programme included four medical doctor visits, five sessions by a dietitian (ad-
vice on diet and on-location shopping behaviour), cooking classes, exercise super-
vised by personal trainer, and group discussions. A motivational interview method 
was applied. All major components of successful weight loss were used together with 
a lower-calorie diet, increased physical activity, and behavioural therapy to support 
adherence to dietary and exercise goals. Good adherence can be achieved using in-
tensive follow-up and motivational attitude of the guiding personnel [271,272]. 

In the cross-sectional study II, 541 male and female volunteers aged 20 to 72 years, 
none of whom were taking medications that directly affect cardiovascular function, 
underwent physical examinations and laboratory tests. They were divided into age 
and sex-adjusted quartiles of WHtR. The WHtR was used to evaluate the amount of 
visceral fat because it has a clearly better predictive value to show early health risks 
than BMI [35]. Supine haemodynamic measurements were obtained using whole-
body impedance cardiography, along with assessments of radial tonometric pulse 
waveforms and HRV.  

The participants in the study II represented both normal weight, overweight and 
obese people, and not only individuals suffering from overweight or its complica-
tions. Hence, a good overview of the haemodynamics in different body sizes was 
obtained. Exclusion of individuals already taking cardiovascular medications can be 
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considered a strength of the study as such a participant selection not always carried 
out in haemodynamic studies [273]. 

In the cross-sectional study III, 510 normotensive and hypertensive subjects without 
antihypertensive medications aged 19-72 years were studied. Thorough laboratory 
testing and medical examination were included in the protocol. The laboratory test-
ing included 24-h sodium excretion to the urine, which is a commonly applied indi-
cator of dietary NaCl intake [274]. We divided the participants into tertiles according 
to their 24-h sodium excretion. Haemodynamic measurements and extracellular vol-
ume were recorded, and associations with different cardiovascular variables were an-
alysed. None of the participants were previously diagnosed with diabetes, cardiovas-
cular or cerebrovascular disease, or renal insufficiency, and none had any direct car-
diovascular medications.  

Additionally in study III, we examined 28 patients with confirmed PA in compari-
son to the normotensive and never-treated essential hypertensive population. They 
are known to have increased ECW volume when compared with patients with pri-
mary hypertension and normotensive subjects [275,276]. This group of patients 
had increased ECW volume reflecting disruption of normal Na+ and water homeo-
stasis because of mineralocorticoid excess. The results utilizing a known and con-
firmed form of secondary hypertension tested our hypothesis and strengthened the 
obtained results. 

6.2 Methodological aspects: demographics, blood pressure level, 
haemodynamic variables, and heart rate variability 

In study I, the participants were tested, and the changes in weight, height, BMI, and 
waist circumference were recorded. Body fat content was estimated using bioelectri-
cal impedance. Office BP was recorded according to the guidelines prevailing at the 
time of the study [277].  

A significant proportion of research regarding the haemodynamics of hypertension 
has been performed in the laboratory [278�²281]. However, no cut-off values for 
hypertension in laboratory measurements are available. BP is characterized with high 
variability depending on measurement conditions [282�²285]. As the documented 
mean resting ambulatory heart rate in more than 92,000 individuals was 65/min 
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[286], there are probably about 100,000 systolic and diastolic BP values within 24 
hours. Therefore, the definition of the cut-off point for hypertension is not straight-
forward. 

6.2.1 Tonometric measurement of blood pressure 

In studies II and II, we used the contralateral brachial cuff to calibrate the radial 
artery tonometer, but we did not address arm to arm differences in BP. Although 
the pulse waveforms were captured from the radial artery, the actual values thus 
represent the level of the brachial values. Of note, cuff-based methods can also be 
applied to capture pulse waveforms from the brachial artery [287,288]. However, 
continuous non-invasive recording of the brachial waveforms for five successive 
minutes is not a feasible option, as with this approach the pressure in the cuff would 
exceed the diastolic BP for the whole of this period. 

Clark et al. examined 230 hypertensive patients and found that an interarm difference 
in office systolic BP of 10 mmHg or more, and 15 mmHg or more, were both asso-
ciated with >2-fold hazard ratio for cardiovascular events and >3-fold hazard ratio 
for mortality [289]. In this population mean systolic BP was 1.5 mmHg higher in the 
right arm, while mean diastolic BP was 1.7 mmHg higher in the left arm [289]. There-
fore, the average inter-arm differences in BP were not major, and BP calibrated from 
the right arm can be assumed to reflect BP in the left arm rather well in studies II 
and III. Importantly, the above inter-arm differences in BP are also much smaller 
than the inherent errors in the cuff-based brachial BP measurement that underesti-
mates systolic BP by 6 mmHg and overestimates diastolic BP by 6 mmHg [283,290]. 
Therefore, indirect measurement of BP always carries some inherent inaccuracy. 

The tonometric sensor on the radial artery pulsation was calibrated twice during each 
5-minute period. Previously, the tonometric device by Colin was found to record 
accurate data throughout a wide BP range and the method satisfied the Association 
for the Advancement of Medical Instrumentation standards for mean systolic and 
diastolic BP measurements, but minimally exceeded the allowable SD [291]. In an-
other study, BP monitoring with the Colin tonometry was associated with low arti-
fact rating and high accuracy of BP measurement during reactivity testing [292].  

Weiss et al. compared radial artery tonometry with invasive radial artery pressure 
recordings from the opposite wrist in 22 high-risk patients [293]. They found that 
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tonometric BP measurement provided accurate arterial pressure monitoring and a 
reliable trend indicator of pressure changes during induction of anaesthesia and an 
alternative to invasive measurements. Langwieser et al. evaluated the performance 
of radial artery applanation tonometry in comparison with a radial arterial catheter 
in 30 cardiac intensive care unit patients [294]. They found that tonometric BP meas-
urement showed reasonable accuracy and precision in comparison with radial arterial 
catheter-derived BP values.  

In studies II and III, auscultatory BP measurements in the office and, in study III, 
also BP measurements carried out by research nurses, corresponded well to the re-
sults obtained with the tonometric recordings. 

6.2.2 Whole-body impedance cardiography 

In studies II and III, whole body impedance cardiography was used along with sim-
ultaneous radial pulse wave analysis as a non-invasive measurement protocol. In 
study II, also HRV analyses were carried out. The continuous nature of the variables 
in these calculations can be considered as the strength of these analyses. Cardiac 
output and PWV measurements using whole-body impedance cardiography corre-
late well with conventional measurements [235,253]. The good reproducibility and 
repeatability of the recordings has been shown previously [237].  

ECW volume was evaluated using whole-body impedance cardiography, a method 
used by our research group in several previous studies [249,252,257]. In previous 
experiments, the ECW volume estimated by the present method has shown a strong 
correlation with measurements derived from the 51Cr-EDTA dilution method [249]. 

6.2.3 Heart rate variability 

In a relatively large group of subjects like in the present study, direct recordings of 
sympathetic nerve activity using microneurography are not a feasible option. HRV 
is a non-invasive method used to assess autonomic nervous system effects on heart 
rate [295]. Reduced HRV has been previously reported to predict cardiovascular dis-
eases [296] and heart failure [297].  
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Parasympathetic and sympathetic modulation of HR can be evaluated using time and 
frequency domain HRV assessments [298]. The present study examined the fre-
quency domain variables that are well suited for recordings lasting for about 5 
minutes [295,299�²301]. 

There are no gold standards for assessing sympathetic or parasympathetic tone using 
non-invasive methods. LF power of HRV provides insight into cardiac autonomic 
activity, but the results must be interpreted with caution. LF power is influenced by 
sympathetic and parasympathetic activity, whereby it is an imperfect measure of car-
diac autonomic balance [295,299]. There is also individual variation in the relation-
ship between LF power and sympathetic activity [299], while changes in respiration 
also affect LF power [295,299]. In addition, baroreceptor reflexes [300] and ther-
moregulation influence LF power [295]. LF power of HRV may sometimes more 
reflect modulation of cardiac autonomic outflow by baroreflexes than by sympa-
thetic tone [300]. 

Broad evidence supports vagal origin of the HF component [295,299�²301]. The par-
asympathetic nervous system modulates heart rate during respiration, leading to HF 
oscillations in HRV, and HF power is thus influenced by breathing patterns 
[295,299,301]. Of note, during low levels of induced physical stress, like the stress 
induced by passive head-up tilt, heart rate is mainly subject to parasympathetic con-
trol [299]. Altogether, the LF/HF ratio is not without problems and thus represents 
an evaluation of the modulation cardiac sympathovagal balance [295,299,300]. 

6.3 Lifestyle management of obesity 

Adherence to weight-loss interventions is often poor [302,303], hence programmes 
should apply a comprehensive approach, as was the case in the � Ǵet-a-G�U�L�S�µ���S�U�R��
gramme. Subsequently, 92 of the 134 recruited subjects stayed with the programme 
for the whole year. The results were calculated both from subjects that initiated and 
completed the programme (i.e. intention-to-treat and on-treatment analyses).  

Lifestyle intervention is widely recognized as the first-line treatment for obesity and 
its associated cardiovascular risk factors. Multicomponent interventions that com-
bine dietary modification, increased physical activity, and behavioural support have 
demonstrated better outcomes when compared with single-component approaches 
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[16,304]. Even moderate weight loss can lead to clinically meaningful improvements 
in BP, glucose metabolism, and lipid profiles, particularly when abdominal adiposity 
is reduced. 

Weight maintenance is normally achieved by balancing energy intake with expendi-
ture, primarily through a combination of consistent physical activity and a healthy 
diet [3]. In modern societies obesity usually results from an interaction between en-
vironment/lifestyle and genetic susceptibility. Several hypotheses have been put for-
ward to explain the existence of obesity susceptibility genes [305]. While the brain 
primary regulates food intake, as a behaviour, it relies on information from the rest 
of the body and from the environment to make the decision to eat or not to eat 
[3,16].  

In general, prevention of obesity would be the optimal solution to avoid its devious 
consequences. However, usually obesity is only treated after the problem already 
exists. Primary care clinicians play a vital role in management of overweight individ-
uals and they have an important role in the implementation of proven treatments for 
overweight and obesity [51]. All efforts to achieve permanent weight loss require 
guidance from several professionals e.g. dieticians, specialized nurses, physiothera-
pists, psychologists and physicians. At present, antiobesity medications provide ef-
fective adjunctive therapies to lifestyle changes for improved weight loss and health 
outcomes [306]. 

Obesity increases the likelihood of many diseases and serious health conditions. 
These include T2DM, heart disease, high BP, and certain cancers [21]. Preventing 
overweight and obesity is the best way to handle this health hazard but weight-losing 
programmes are also needed. These should include comprehensive and motivational 
programmes with a duration of at least one year [50], and such programmes should 
be readily available in primary health care [24]. For some obese individuals bariatric 
surgery is the best option to achieve good results in weight maintenance and survival 
[64].  

When weight-losing is successful the results can be measured not only in kilograms 
lost but also in lowered BP, diminished amount of visceral fat, and increase in muscle 
mass [307]. Reduction in waist circumference is relevant, as it reflects a decrease in 
metabolically active adipose tissue. Already a modest reduction in body weight (5�²
10%) can improve endothelial vasodilator function and lower BP [308,309]. The 
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above observations support the notion that the cardiovascular benefits of lifestyle 
modification extend beyond absolute weight loss. 

To achieve weight-losing goals, individuals should reduce their overall fat intake and 
replace saturated fats with healthier unsaturated fats. They should also eat more 
fruits, vegetables, legumes, whole grains, and nuts, while cutting back on sugar con-
sumption. Additionally, increasing physical activity, aiming for at least 30 minutes of 
moderate-intensity exercise on most days, can help burn more calories. Successful 
weight loss often requires individualized treatment options to maximize patient out-
comes [54]. 

In study I, a team-based strategy was planned for every participant so that they re-
ceived dietary advice, cooking classes, exercise counselling by personal trainer or lec-
tures, and follow-up by physician helping them to adhere to healthy lifestyle. Partic-
ipants from low-income population groups were also encouraged to join, while the 
adherence to the programme varied. Some of the participants had supportive grants, 
however, everybody paid at least some part of the costs. 

The main result was the change of weight from point zero to one year and analyses 
from BP and fat mass were done simultaneously. At close of the study, mean reduc-
tion in weight was 4.8 kg (4.8%). Of note, 44% and 21% of the participants lost at 
least 5% and 10% of their initial body weight, respectively. The amount of lost 
weight can be considered clinically significant and acceptable because no medica-
tions, specialized diet formulas or devices were used to help. Weight loss was not 
only statistically but also clinically significant when the data was analysed by inten-
tion-to treat-fashion [50,75]. 

In those 41 subjects who participated in both walk-tests, the fitness index in the 
walk-test was significantly improved by 13.8 units (27%). Achieving an increase of 
at least 2 metabolic equivalents in fitness has previously been associated with a sig-
nificant reduction (adjusted HR 0.77) in the composite end-points [50]. 

As usual in this kind of weight-loss programmes, retention to all planned activities 
was not optimal, and here 68.7% completed the one-year programme. Therefore, 
intention-to-treat analysis was also made. Better retention rates have been reported 
in some lifestyle interventions in primary care settings [3,304], but lower participation 
rates to the study visits study have also been published [302,303]. 



 

95 

Structured programmes with regular follow-up and professional support are more 
likely to achieve sustained behavioural change than self-directed interventions [50]. 
The clinical practicality and general feasibility of this kind of programmes need to be 
�H�Y�D�O�X�D�W�H�G�����7�K�H���U�H�V�X�O�W�V���L�Q���´�*�H�W-a-�*�U�L�S�µ���K�D�Y�H���V�L�J�Q�L�I�L�F�D�Q�W���L�P�S�O�L�F�D�W�L�R�Q�V���I�R�U���S�X�E�O�L�F���K�H�D�O�W�K��
as obesity-related health hazards are often underdiagnosed and undertreated despite 
guideline recommendations [166].  

6.4 Abdominal obesity and hypertension 

Obese people have higher risk for hypertension, and these two conditions are closely 
linked. The cascade of obesity-related pathophysiologic habits is believed to create a 
clear path to hypertension [108]. Elevated BP in abdominal obesity should not be 
regarded as a benign or transient state but as a clinically significant condition requir-
ing appropriate management. 

The exact mechanism how obesity leads to hypertension is not completely under-
stood, but several theories exist. Obesity-related hypertension is considered to result 
from complex mechanisms, including SNS overactivation, hormonal changes from 
the RAA system, and altered kidney function. SNS overactivity, especially in the 
kidneys, may be an important mechanism linking obesity to hypertension. Enhanced 
SNS activity precedes BP elevation in hypertensive animal models and humans [310]. 
The sympathetic nervous system regulates vascular tone, which is crucial for main-
taining BP and blood flow.  

A central question addressed in the thesis was whether elevated BP associated with 
abdominal obesity represented a distinct pathophysiological condition or whether it 
largely mirrored primary (essential) hypertension. The results in study II support  the 
latter interpretation. In our study, modulation of cardiac sympathetic tone was eval-
uated using HRV analyses, and no significant differences could be seen between lean 
and obese subjects. Altogether, individuals with abdominal obesity and elevated BP 
exhibited haemodynamic and functional vascular characteristics that closely resem-
bled those observed in primary hypertension, including elevated systemic vascular 
resistance and increased arterial stiffness [311].  
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Insulin resistance, adipose-derived hormones and inflammation, kidney compres-
sion, [115] and obstructive sleep apnoea are possible mechanisms behind hyperten-
sion in obesity [310]. In study II, higher WHtR and lower insulin sensitivity, as eval-
uated using QUICKI, were parallel independent explanatory factors for higher BP.  

Although adipose tissue�²derived factors such as leptin and adipokines may modulate 
these systems, they do not fundamentally alter the hypertensive phenotype. In study 
II, when people with different stages of overweight and obesity were studied hae-
modynamically, neither of the above mechanisms were apparent explanations for 
elevated BP. In the regression analyses, leptin was not a BP-related hormone in this 
study, although increasing fat mass is known to result in higher leptin values [312].  

The RAA system has been considered to play a key role in both obesity and hyper-
tension [115]. Kidney compression can be anticipated to results in RAA system, but 
such findings were absent in overweight and obese participants in study II.  A step-
wise increase in BP was related to increasing body weight but at the same time, no 
association to renin activity or aldosterone concentration was observed. Thus, in 
abdominal obesity, the circulating RAA system was not activated. We found that the 
predominant mechanisms of hypertension in the obese were like those in essential 
hypertension: obesity was related with elevated systemic vascular resistance, similarly 
to essential hypertension. 

Low-grade systemic inflammation is a hallmark of obesity and has been implicated 
in the pathogenesis of hypertension [313]. Elevated circulating levels of inflamma-
tory markers such as CRP and pro-inflammatory cytokines are frequently observed 
in obese individuals and correlate with vascular dysfunction [314]. In studies on in-
flammation, high-sensitivity CRP is often determined, with values <1.0 mg/l denot-
ing low risk, 1.0�²3.0 mg/l intermediate risk, and values > 3.0 mg/l indicating high 
cardiovascular risk [315]. However, inflammation alone may not fully explain the 
elevation of BP in abdominal obesity. In study II, CRP was elevated in parallel with 
higher WHtR, but it was not an independent explanatory factor of BP in the regres-
sion analyses. Rather than acting as a primary driver, inflammation appears to func-
tion as a modifier that exacerbates existing haemodynamic and vascular abnormali-
ties. This interpretation is consistent with experimental and clinical data showing that 
anti-inflammatory interventions have limited BP�²lowering effects unless accompa-
nied by changes in volume status or vascular tone [316]. 
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Obese people typically ingest more sodium compared to lean ones. Several studies 
have shown how excess sodium intake, when followed via the excretion of sodium 
to the urine preferably for several days or weeks, is associated with high BP 
[184,317,318]. Kidney function was slightly lower in the study groups with higher 
WHtR, but based on ECW analyses, no signs of excess volume load were detected. 
Taken together, higher WHtR was independently associated with higher aortic BP, 
systemic vascular resistance, and large arterial stiffness in study II. 

The present results indirectly suggest that treating hypertension in the obese subjects 
can be carried out with standard hypertension treatment strategies including lifestyle 
intervention and pharmacotherapy, but probably even more intensely than when 
treating lean patients. Delaying treatment on the assumption that obesity-related hy-
pertension is reversible or less harmful may expose patients to unnecessary cardio-
vascular risk 

6.5 Sodium balance, extracellular water volume, and blood 
pressure 

Dietary intake of high amounts of sodium has long been linked to hypertension, yet 
the relationship between sodium consumption and BP at the individual level remains 
complex [192]. Although the population-based studies support a positive association 
between sodium intake and BP, interindividual variability is substantial [8]. Epidemi-
ological studies have shown how large amounts of sodium in the diet, but also par-
adoxically too little sodium, may be harmful [156]. Of note, BP is a variable measure, 
that cannot straightforward be divided into the presence or absence of hypertension 
based on measurements on a single occasion [192]. 

The relationship between BP, sodium intake and extracellular volume has not yet 
been completely solved. some of the previous studies have been performed in hy-
pertensive patients [319], but in study III we had a study population presenting nor-
motensive and hypertensive people, none of whom had medication for hyperten-
sion.  

Most often the amount of ingested sodium is evaluated by determining daily urinary 
Na+ excretion, which is not always an accurate method for this purpose. Urine 
Na+ measurements for several days, or even weeks, represent more accurately the 
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amount of sodium ingested [320]. The theory of water-free sodium deposits in the 
body could be an explanation to this [183�²185]. Excess salt ingested may be stored 
in deposits in the skin and muscle and is excreted in the urine periodically [183�²185]. 
Despite the possible inaccuracies, we applied urinary 24-hour Na+ measurement in 
our study, because it is a feasible measure of evaluating Na+ intake in larger groups 
of subjects. 

In study III, there were no differences between the tertiles in age, routine labora-
tory testing, BP, large arterial stiffness, amount of blood pumped by the heart, and 
resistance to the blood flow in the arteries. Furthermore, the highest vs. the lowest 
tertile had no differences in their BP values, but the amount of ECW volume was 
higher in the highest tertile of Na+ excretion. Based on the regression analysis, the 
amount of extracellular fluid was almost completely determined by body size, so 
that larger body size was also related with larger ECW volume in the body, proba-
bly also reflecting the amount of sodium deposits. Importantly, the only additional 
variable that determined ECW volume, was 24-hour sodium excretion. The expla-
nation may be that the direct association between 24-hour Na+ excretion and ECW 
volume in study III refers to the possibility that tissue Na+ excess following high 
Na+ intake reflects accumulation of water-paralleled Na+ in the extracellular space 
and in the Na+ storing tissues. 

In study III, the results between normotensive and hypertensive subjects were also 
compared. The participants were classified as hypertensive based on the seated office 
cut-off pressure 140/90 mmHg [192]. However, no differences in the sodium bal-
ance were detected between the normotensive and hypertensive participants, except 
for slightly higher plasma sodium concentration in the hypertensive group. This 
small difference may be since the prevalence of PA among hypertensive patents ex-
ceed 5% [321], and these individuals were not screened for PA. Our group has re-
peatedly found that plasma sodium concentration is higher in PA than in essential 
hypertensive patients [275,276,322]. 

In addition to the normotensive and hypertensive participants, 28 patients with PA 
were examined in study III. Of note, all of these PA diagnoses were confirmed by 
adrenal venous sampling (AVS) [149]. Patients with primary aldosteronism are 
known to present with increased ECW volume when compared with patients with 
primary hypertension and normotensive subjects [275,276]. The present aldosteron-
ism group was characterized by 6.0% excess in ECW, and no relation was found 
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between 24-hour Na+ excretion and ECW volume in them. The plasma N-Terminal 
pro-brain natriuretic peptide NT-proBNP and N-Terminal pro-atrial natriuretic pep-
tide NT-proANP concentrations were clearly elevated among the aldosteronism pa-
tients when compared with normotensive and hypertensive participants. The con-
clusion seems obvious that increased ECW volume reflected the disruption of nor-
mal Na+ and water homeostasis due to mineralocorticoid excess in the PA patients. 

The amount of sodium in the diet is probably a key player in hypertension patho-
physiology but Na+ excretion via urine varies from day to day. One possible mech-
anism how SGLT2-inhibitors lower BP is their ability to increase sodium excretion 
or handling in the body and, in this way, diminish sodium reservoirs. Rather than 
lowering, glucose their main role in lowering cardiovascular risk may be a result 
from diminishing sodium deposits from the body [323,324]. 

Randomized trials have demonstrated that lowering sodium intake reduces BP and 
cardiovascular events at the population level [325]. Sodium intake reduction remains 
an important public health strategy. The present results indicate that sodium intake 
alone is an insufficient predictor of BP without considering volume status and indi-
vidual compensatory mechanisms. This perspective helps reconcile inconsistencies 
in the literature and cautions against overly simplistic dietary recommendations. The 
present findings do not contradict the present recommendations but rather refine 
their interpretation by emphasizing the mediating role of extracellular fluid volume. 
Altogether, the results of study III emphasize that urinary sodium excretion is more 
closely related to extracellular fluid volume than directly to BP. 

6.6 Directions for future research 

Based on the findings of this thesis, future studies should explore the comparative 
effects of intensive lifestyle modification, pharmacotherapy, and bariatric surgery on 
haemodynamics and metabolic outcomes in obesity, elucidating the mechanisms un-
derlying possible differences in blood pressure and cardiovascular responses 
[63,97,326]. Long-term follow-up studies are warranted to assess the prognostic im-
plications of these interventions on cardiovascular morbidity, mortality, and survival 
[327].  
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Investigating haemodynamic patterns across waist-to-height ratio categories could 
clarify how central adiposity predicts long-term cardiovascular risk, guiding person-
alised risk stratification [327�²329]. Additionally, establishing normative values for so-
dium intake and excretion adjusted for the body size of individuals, preferably for 
lean body mass, may refine dietary recommendations and clarify the relationship be-
tween sodium load, extracellular fluid volume, and cardiovascular outcomes [330]. 
Integrating these approaches could advance precision strategies in obesity manage-
ment, linking metabolic and haemodynamic phenotypes to long-term prognosis. 

6.7 Study limitations 

The study I was not intended to be a clinical programme; hence the design was single 
arm, and no reference group existed. This is a limitation of the study and comparison 
between individual treatments cannot be done. Beneficial changes in body compo-
sition were observed, but the metabolic status was not monitored with laboratory 
testing, and we have no data about possible changes in the lipid status or insulin 
resistance in these subjects. It can also be considered as a limitation of study I that 
follow-up of the group after one year was made only by telephone contact and no 
secure data of weight-maintenance was collected. Moreover, the study did not in-
clude dietary and physical activity data of the participants. 

In study II, abdominal fat content was evaluated by WHtR. This is a more relevant 
evaluation of visceral fat than for example BMI or plain waist circumference [331]. 
Subcutaneous fat is measurable by imaging: magnetic resonance imaging (MRI) and 
computed tomography (CT) are the most accurate techniques and dual-energy X-ray 
absorptiometry (DXA) is used for this purpose as well. For study purposes imaging 
methods are expensive and simple manual measurements usually give estimates good 
enough [29]. 

We applied non-invasive methods for haemodynamic recordings, and aortic BP was 
mathematically derived from the radial artery tonometric signal [332]. PWV was eval-
uated from the time-difference between sequential impedance changes in the whole-
body and popliteal region, while evaluations of stroke volume and cardiac output 
were derived from the bioimpedance signal [333�²335]. Nevertheless, these methods 
have been validated by comparing the results to invasive measurements, three-di-
mensional ultrasound, and tonometric PWV recordings [333,334,336,337].  
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The present haemodynamic recordings lasted for 5 minutes, which is a relatively 
short time-window for examining haemodynamics. However, when compared with 
single measurements of BP and HR, the present calculations were based, on average, 
on data from over 300 cardiac cycles in each study subject.  

Criticism regarding the reliability of tonometric BP recordings has been published 
[293,338]. Nevertheless, we recently found that the tonometric BP values closely 
matched the ambulatory daytime BP among 410 subjects [339]. Changes in the hor-
monal profile during the menstrual cycle may also have affected the HRV results in 
the female participants [340]. Occlusion of the brachial artery by means of a BP cuff 
used for calibration of the tonometric system may also influence HRV measures.  
However, the occlusion procedures were matching in all participants. Finally, the 
cross-sectional design in studies II and III do not allow conclusions about causality. 
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7 SUMMARY AND CONCLUSIONS 

Obesity, particularly when characterized by abdominal adiposity, is a significant 
global risk factor for hypertension and other cardiometabolic disorders. Understand-
ing the mechanisms connecting lifestyle factors, adiposity, BP, and sodium/volume 
regulation is essential for effective clinical and public health strategies. The present 
studies support the conclusion that obesity-related hypertension is neither a separate 
entity nor a harmless condition. Instead, it shares core pathophysiological mecha-
nisms with primary hypertension. Broad lifestyle interventions represent effective 
and practical strategies for lowering cardiometabolic risk, while extracellular fluid 
volume emerges as a central link between obesity, sodium regulation, and BP rather 
than hormonal or SNS-related mechanisms. Collectively, these findings provide a 
strong scientific basis for early, comprehensive intervention in individuals with ab-
dominal obesity to prevent the development of hypertension and its associated car-
diovascular complications. 

The principal findings of this thesis were as follows: 

1. In line with the view that comprehensive lifestyle interventions are required 
for effective obesity management, the study I showed that an intensive team-
based lifestyle intervention could moderately but significantly reduce body 
weight and beneficially influence body composition and fitness during one-
year follow-up in overweight and obese subjects. 

2. Elevated BP related to abdominal obesity in study II was characterized by 
increased systemic vascular resistance and arterial stiffness, but not by in-
creased cardiac sympathovagal modulation, volume retention, or activation 
of the circulating RAAS. Although high BP in obese subjects has been char-
acterized by distinct phenotypic features including increased sympathetic 
tone, impaired endothelium-mediated vasodilatation and RAAS upregula-
tion, the present results suggest that the most characteristic features related 
with elevated BP during higher WHtR are corresponding to those in primary 
hypertension. 
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3. An independent direct association between 24-hour Na+ excretion and ECW 
was observed in 510 normotensive or never-treated hypertensive subjects 
aged 19-72 years in study III. All subjects were free of diabetes, cardiovascular 
or renal comorbidities, and cardiovascular medications. The present results 
indicate that in the absence of mineralocorticoid excess, dietary Na+ intake 
predominantly influences ECW regulation, and this effect is observed with-
out parallel changes in BP. 
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Abstract
Background  Obesity-related hypertension and the associated metabolic abnormalities are considered as a distinct 
hypertensive phenotype. Here we examined how abdominal fat content, as judged by waist:height ratio, in�uenced 
blood pressure and hemodynamic pro�le in normotensive subjects and never-treated hypertensive patients.
Methods  The 541 participants (20�72 years) underwent physical examination and laboratory analyses and were 
divided into age and sex-adjusted quartiles of waist:height ratio. Supine hemodynamics were recorded using 
whole-body impedance cardiography, combined with analyses of radial tonometric pulse wave form and heart rate 
variability.
Results  Mean waist:height ratios in the quartiles were 0.46, 0.51, 0.55 and 0.62. Radial and aortic blood pressure, 
systemic vascular resistance, pulse wave velocity, markers of glucose and lipid metabolism, leptin levels and C-reactive 
protein were higher in quartile 4 when compared with quartiles 1 and 2 (p < 0.05 for all). Cardiac index was lower 
in quartile 4 versus quartile 1, while no di�erences were seen in heart rate variability, augmentation index, plasma 
renin activity, and aldosterone concentration between the quartiles. Linear regression analyses showed independent 
associations of abdominal obesity with higher aortic systolic and diastolic blood pressure, systemic vascular resistance, 
and pulse wave velocity (p < 0.05 for waist:height ratio in all regression models).
Conclusion  Higher waist:height ratio was associated with elevated blood pressure, systemic vascular resistance, 
and arterial sti�ness, but not with alterations in cardiac sympathovagal modulation or activation of the circulating 
renin-angiotensin-aldosterone system. Although obesity-related elevation of blood pressure has distinct phenotypic 
features, these results suggest that its main characteristics correspond those of primary hypertension.
Trial registration  ClinicalTrails.gov NCT01742702 (date of registration 5th December 2012).
Keywords  Abdominal obesity, Hypertension, Hemodynamics, Impedance cardiography, Pulse wave analysis

The characteristics of elevated blood pressure 
in abdominal obesity correspond to primary 
hypertension: a cross-sectional study
Jyrki Taurio1, Elina J. Hautaniemi2, Jenni K. Koskela1,2, Arttu Eräranta2, Mari Hämäläinen3, Antti Tikkakoski2,4,  
Jarkko A. Kettunen2, Mika Kähönen2,4, Onni Niemelä2,5, Eeva Moilanen3, Jukka Mustonen1,2 and Ilkka Pörsti1,2*



Page 2 of 12Taurio et al. BMC Cardiovascular Disorders          (2023) 23:161 

Background
Obesity is a major global health risk, and the preva-
lence of obesity has doubled since 1980 [1]. In 2015, 
high body mass index (BMI) was estimated to account 
for 4� million deaths predominantly from cardiovascu-
lar diseases [1]. BMI has been the gold standard in the 
estimation of excess body fat, but it does not discrimi-
nate between fat and fat-free mass, which may lead to 
�awed results on body composition [2]. In 1996, Ashwell 
et al. reported that the correlation between tomography-
measured intra-abdominal fat with BMI was 0.69, but 
for waist:height ratio (WHtR) the correlation was 0.83 
(p � 0.001 for the di�erence). WHtR was concluded to be 
the better anthropometric predictor of intra-abdominal 
fat in both sexes [2]. High waist circumference that indi-
cates excess abdominal fat content is also a predictor of 
future hypertension [3].

Excess visceral fat is associated with changes in glu-
cose and lipid homeostasis that predispose to the devel-
opment of hypertension [4]. Increased perivascular fat 
content and the associated changes in synthesis and 
release of adipokines may in�uence the recruitment of 
in�ammatory cells in the vasculature, vascular smooth 
muscle proliferation, and the control of arterial tone [5]. 
Obesity related adipokines like leptin have been linked 
with several cardiovascular risk factors, but previous 
results about the association of leptin with arterial sti�-
ness are inconsistent [6, 7]. Impaired endothelial func-
tion and increased arterial sti�ness have been associated 
with obesity [8]. Elevated sympathovagal balance [9] and 
upregulation of the renin-angiotensin-aldosterone sys-
tem (RAAS) [10] may also contribute to the cardiovascu-
lar changes in obesity. Obese subjects may have increased 
cardiac output, while systemic vascular resistance may 
be low in obese normotensives and normal or elevated in 
obese hypertensives [11].

Although the underlying mechanisms are not com-
pletely understood, elevated blood pressure (BP) in 
obese subjects is considered to have distinct pheno-
typic features [9, 12]. Obesity predisposes to impaired 
nocturnal BP dipping, increased prevalence of masked 
hypertension, higher exercise related increase in systolic 
BP, and treatment resistant hypertension [13]. However, 
when compared with essential hypertension, no de�nite 
instructions for the treatment of obesity-related hyper-
tension in addition to weight reduction are included in 
the guidelines regarding e.g. the choices of antihyperten-
sive medications [13].

To evaluate the hemodynamic features associ-
ated with abdominal obesity, we examined the in�u-
ence of visceral fat content, de�ned as WHtR, on BP 
and hemodynamic pro�les in normotensive and pre-
viously undiagnosed hypertensive subjects without 

antihypertensive medications. Cardiac autonomic modu-
lation was evaluated utilizing analyses of heart rate vari-
ability (HRV).

Methods
Study subjects
�e participants were recruited as previously described 
[14, 15]. All underwent physical examination and labora-
tory analyses for elevated BP [16]. Medical history and 
lifestyle habits including alcohol consumption and smok-
ing were documented. Subjects with a history of coronary 
artery disease, stroke, cardiac failure or valve disease, 
heart rhythm other than sinus, chronic kidney disease, 
diabetes, secondary hypertension, alcohol or substance 
abuse, and psychiatric illnesses other than mild depres-
sion or anxiety were excluded.

Altogether 541 participants, aged 20�72 years, with-
out antihypertensive medications were included. �ey 
were divided into age-adjusted quartiles of WHtR sepa-
rately for sexes. �e following medications were regularly 
used by the participants with no signi�cant di�erences 
between the quartiles of WHtR: female hormones (con-
traception, hormone replacement therapy, n � 67), intra-
uterine hormonal device for contraception (n � 29), 
antidepressants (n � 25), vitamin-D supplements (n � 31), 
thyroxin (n � 16), inhaled glucocorticoids (n � 14), anti-
histamines (n � 12), statins (n � 11), proton pump inhibi-
tors (n � 9), nonsteroidal anti-in�ammatory agents (n � 4), 
anxiolytic agents (n � 4), allopurinol (n � 2), antiepileptics 
(n � 2), coxibs (n � 2), varenicline (n � 2), gabapentin or 
pregabalin (n � 2), warfarin (n � 1).

Signed informed consent was obtained from all partici-
pants. �e study complies with the Declaration of Hel-
sinki and was approved by the Ethics Committee of the 
Tampere University Hospital (study code R06086M) and 
the Finnish Medicines Agency (Eudra-CT registration 
number 2006-002065-39) and was registered in a data-
base (ClinicalTrails.gov NCT01742702).

Laboratory analyses
Blood and urine samples were drawn after � 12�h of fast-
ing. Concentrations of leptin and adiponectin in plasma 
samples were determined using enzyme-linked immu-
nosorbent assay (DuoSet ELISA; R&D Systems Europe 
Ltd, Abingdon, United Kingdom). Interassay coe�cient 
of variation was 4.0% for leptin and 3.9% for adiponec-
tin. �e other laboratory analyses were performed as 
described previously in detail [15, 17].

Experimental protocol
Hemodynamics were recorded as described previously 
[14, 15]. Electrodes for impedance cardiography placed 
on body surface, tonometric sensor on left radial pulsa-
tion, and oscillometric cu� to the right upper arm. �e 
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left arm was �xed to 90 degrees in a support. Hemody-
namic data was captured continuously for 5� min, and 
mean values of each 1-minute period were calculated. 
�e good repeatability and reproducibility of the mea-
surements has been demonstrated [14, 15].

Pulse wave analysis
As in our previous reports, radial pulse wave form was 
continuously captured using a tonometric sensor (Colin 
BP-508T, Colin Medical Instruments Corp., USA) [14, 
16]. Aortic BP was derived with the SphygmoCor system 
(SpygmoCor PWMx, Atcor Medical, Australia) [18]. Aor-
tic pulse pressure, augmentation index (AIx, augmented 
pressure/pulse pressure*100), AIx adjusted to heart rate 
75/min (AIx@75), and central forward wave amplitude 
were determined [19]. Large arterial compliance was 
evaluated as the ratio of stroke volume to aortic pulse 
pressure [20].

Whole-body impedance cardiography
Whole-body impedance cardiography (CircMonR, JR 
Medical Ltd., Tallinn, Estonia) was used to determine 
heart rate, stroke volume, cardiac output, pulse wave 
velocity (PWV), and extracellular water balance, as pre-
viously described [21�23]. Systemic vascular resistance 
was calculated from the tonometric BP and cardiac out-
put by CircMonR. Stroke volume, cardiac output and 
systemic vascular resistance were related to body sur-
face area and presented as indexes � SI, CI, and SVRI, 
respectively. �e measured stroke volume and cardiac 
output values are in good agreement with 3-dimensional 
echocardiography [15] and the thermodilution and direct 
oxygen Fick methods [21], and the recorded PWV values 
show good correlation with ultrasound and tonometric 
values [22, 24].

Frequency domain analysis of heart rate variability
Recorded electrocardiograms (sampling rate 200� Hz) 
were analyzed using Matlab (MathWorks Inc., Natick, 
Massachusetts, USA). Normal R-R intervals were recog-
nized, and a beat was considered ectopic if the interval 
di�ered � 20% from previous values. Artefacts were pro-
cessed using cubic spline interpolation method, and the 
frequency domain variables were calculated using Fast 
Fourier Transformation: (i) power in low frequency (LF) 
range (0.04�0.15�Hz), (ii) power in high frequency (HF) 
range (0.15�0.40�Hz), and (iii) LF/HF ratio [25].

Statistics
Analysis of variance was applied for normally distrib-
uted variables and the Kruskal-Wallis and Mann-Whit-
ney U-tests for non-normally distributed variables. �e 
Bonferroni correction was applied in all post-hoc analy-
ses. IBM SPSS Statistics Version 26 (IBM Corporation, 

Armonk, NY, USA) was used. �e mean hemodynamic 
values from the minutes 3�5 were used when the sig-
nal was most stable. �e LF power, HF power, and LF/
HF ratio were transformed to natural logarithm for sta-
tistics due to skewed distributions, and the analyses were 
adjusted for heart rate [26]. �e participants were divided 
to age-adjusted quartiles (Q) of WHtR separately for 
sexes.

Stepwise linear regression analyses were used to inves-
tigate factors associated with aortic systolic and diastolic 
BP, SVRI, and PWV. Smoking was categorized (current 
smokers, previous smokers, never smokers) using two 
discrete variables, alcohol consumption using three dis-
crete variables (category either 0 or 1); cut-points for 
women 0, 1�7 (low), 8�14 (moderate), and � 15 doses per 
week (high); for men 0, 1�14, 15�24, and � 25 doses per 
week, respectively, according to the Finnish Guidelines 
[27]. �e regression analyses included age, sex, WHtR, 
smoking status, categorized alcohol intake; plasma leptin, 
adiponectin, C-reactive protein (CRP), triglycerides, 
high-density lipoprotein (HDL) and low-density lipo-
protein (LDL) cholesterol, sodium, calcium, parathyroid 
hormone (PTH), uric acid, renin activity, aldosterone; 
quantitative insulin sensitivity check index (QUICKI) 
[28] and estimated glomerular �ltration rate (eGFR) as 
independent factors. In the analyses of aortic systolic and 
diastolic BP the model also included PWV, and in analy-
ses of PWV the model also included mean aortic blood 
pressure. P � 0.05 was considered signi�cant.

Results
Study population and laboratory values
Mean weight, waist circumference, and BMI were dif-
ferent in all quartiles of WHtR (Table�1). �e di�erence 
in adiposity was substantial, as BMI was 9.0 (0.3) kg/m2 
[mean (standard error)] higher in Q4 than in Q1. Mean 
BMI in the study participants was 26.8 (0.2) kg/m2. �e 
Spearman correlation between WHtR and BMI was 
0.895. Average height was slightly lower in Q4 of WHtR 
than in Q1 (Table�1).

No di�erences were observed in the prevalence of 
smoking and average alcohol intake between the quartiles 
of WHtR. O�ce systolic BP was higher in Q3 than in Q1, 
and in Q4 than in Q2 and Q1 (Table�2). �e di�erence in 
o�ce systolic BP between Q4 vs. Q1 was 15 (3) mmHg. 
O�ce diastolic BP was highest in Q4, and higher in Q3 
than in Q2 and Q1. �e di�erence in o�ce diastolic BP 
between Q4 vs. Q1 was 10 (1) mmHg. Extracellular water 
balance was lower in Q3 and Q4 than in Q1 (Table�1).

Average blood hemoglobin and plasma concentra-
tions of sodium, potassium, and calcium were within the 
normal range in all quartiles (Table�2). Plasma PTH and 
CRP were highest in Q4, while uric acid was higher in 
Q3 and Q4 than in Q1 and Q2. Creatinine and cystatin 
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C concentrations presented with minor di�erences 
between the quartiles, while eGFR derived from cystatin 
C was slightly lower in Q4 than in Q1. Less than 4% of 
the subjects presented with values of the above variables 
that were outside the normal range (Table�2).

Plasma leptin concentration was clearly highest in 
Q4, and higher in Q3 than in Q1, while adiponectin was 
lower in Q3 and Q4 than in Q1. Plasma renin activity, 
aldosterone concentration, and aldosterone:renin ratio 
did not di�er between the quartiles (Table�2).

Q3 and Q4 of WHtR had less favorable lipid pro�les 
than Q1 and Q2. Plasma total cholesterol, LDL choles-
terol, and triglycerides were above the normal range in 
53%, 47%, and 15% of the subjects, respectively. Plasma 
HDL cholesterol was below the normal range in 9% of 
the subjects. Fasting plasma insulin and glucose were 
higher in Q3 than in Q1, while both insulin and glucose 
were highest in Q4. Insulin was above the normal range 
in 2% and glucose in 13% of the participants. Based on 

Table 1  Study participants shown in age adjusted quartiles (Q) of waist:height ratio
Variable Q1 (n = 132) Q2 (n = 137) Q3 (n = 138) Q4 (n = 134) Range (all quartiles)
Male / Female 68 / 64 71 / 66 71 / 67 68 / 66
Age (years) 44.7 (12.4) 45.4 (11.6) 45.8 (11.0) 45.4 (11.4) 20�72
Waist:height ratio 0.46 (0.04) 0.51 (0.04)* 0.55 (0.04)*� 0.62 (0.05)*�� 0.38�0.76
Weight (kg) 70.6 (12.7) 76.5 (13.6)* 82.1 (12.2)*� 94.1 (15.0)*�� 45�135
Waist circumference (cm) 80.2 (9.6) 88.4 (10.1)* 95.6 (8.4)*� 106.5 (10.1)*�� 63.0-132.0
Body mass index (kg/m2) 22.8 (2.5) 25.1 (2.5)* 27.4 (2.6)*� 31.9 (3.7)*�� 17.9�42.1
Height (cm) 175.0 (10.0) 173.8 (9.6) 172.8 (8.2) 171.5 (9.0)* 150�203
Current smokers (%) 12 10 15 13 10�15
Alcohol (standard drinks/week) 2 [1�4] 2 [1�5] 2 [1�7] 3 [1�7] 0�42
O�ce systolic BP (mmHg) 134 (20) 137 (20) 142 (22)* 149 (20)*� 100�216
O�ce diastolic BP (mmHg) 85 (11) 86 (11) 90 (13)*� 95 (13)*�� 54�135
Extracellular water balance 1.00 (0.09) 0.98 (0.10) 0.96 (0.09)* 0.97 (0.09)* 0.63�1.55
Results shown as mean (standard deviation)�or median [25th -75th percentile]; *P < 0.05 vs. Q1; �P < 0.05 vs. Q2; �P < 0.05 vs. Q3

Table 2  Clinical characteristics and laboratory results in age adjusted quartiles (Q) of waist:height ratio
Variable Q1 Q2 Q3 Q4 Range (all 

quartiles)
Hemoglobin (g/l) 142 (12) 144 (12) 146 (11) 145 (12) 113�177
Sodium (mmol/l) 140.7 (2.0) 140.2 (2.1) 140.3 (1.9) 140.3 (1.9) 134�146
Potassium (mmol/l) 3.82 (0.27) 3.75 (0.26) 3.83 (0.26) 3.85 (0.30)� 3.2�4.9
Calcium (mmol/l) 2.30 (0.11) 2.29 (0.10) 2.32 (0.12) 2.30 (0.10) 2.07�2.74
Parathyroid hormone (pmol/l) 4.4 (1.7) 4.3 (1.4) 4.5 (1.6) 5.0 (2.1)*�� 1.4�9.9
 C-reactive protein (mg/l) 0.6 [0.5-1.0] 0.6 [0.5�1.3] 1.0 [0.5�1.7]* 1.9 [0.8�3.1]*�� 0.1�17.9
Uric acid (µmol/l) 277 (73) 287 (72) 313 (76)*� 328 (77)*� 103�600
Creatinine (µmol/l) 76 (14) 75 (14) 74 (13) 71 (14)* 42�116
Cystatin C (mg/l) 0.82 (0.14) 0.82 (0.16) 0.86 (0.14)* 0.87 (0.13)*� 0.47�1.31
Estimated GFR (ml/min/1.73m2) 102 (17) 102 (19) 97 (18) 96 (17)* 53�152
Leptin (ng/ml) 8.6 (8.5) 12.1 (9.2) 15.9 (12.8)* 28.0 (20.1)*�� 0.2�92.3
Adiponectin (µg/ml) 4.3 (2.4) 3.9 (1.6) 3.4 (1.7)* 3.5 (1.7)* 0.5�18.2
Renin activity (ng Ang I/ml/h) 0.8 [0.5�1.3] 0.8 [0.4�1.3] 0.7 [0.4�1.3] 0.6 [0.4�1.1] 0.1�10.0
Aldosterone (pmol/l) 436 [306�636] 434 [329�581] 459 [338�595] 416 [304�539] 68-1704
Aldosterone:renin ratio 597 [398�791] 634 [383�884] 640 [430�948] 632 [389�979] 45-2701
Fasting plasma
   Total cholesterol (mmol/l) 4.9 (1.0) 4.9 (1.0) 5.3 (1.1)*� 5.4 (1.0)*� 2.5-9.0
   Triglycerides (mmol/l) 0.9 [0.6�1.2] 1.0 [0.7�1.3] 1.1 [0.8�1.5]* 1.2 [1.0�2.0]*� 0.3�5.5
   HDL cholesterol (mmol/l) 1.8 (0.5) 1.6 (0.4)* 1.5 (0.4)* 1.4 (0.4)*� 0.7�3.1
   LDL cholesterol (mmol/l) 2.8 (0.9) 2.8 (0.9) 3.2 (0.9)*� 3.3 (0.9)*� 0.8�5.8
   Insulin (mU/l) 6.0 (3.6) 6.9 (4.7) 8.2 (5.3)* 11.5 (7.9) *�� 1.0-51.8
   Glucose (mmol/l) 5.3 (0.5) 5.4 (0.5) 5.5 (0.5)* 5.7 (0.8)*�� 4.1�7.5
QUICKI 0.380 (0.056) 0.366 (0.036)* 0.354 (0.032)* 0.338 (0.033)*�� 0.268�

0.740
Results shown as mean (standard deviation) or median [25th -75th percentile]; BP, blood pressure; estimated GFR, estimated glomerular �ltration rate based on 
cystatin C (CKD-EPI) [45]; QUICKI, quantitative insulin sensitivity check index [28]; *P < 0.05 vs. Q1; �P < 0.05 vs. Q2; �P < 0.05 vs. Q3
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QUICKI, insulin sensitivity was highest in Q1 and lowest 
in Q4 (Table�2).

Blood pressure, arterial sti�ness, cardiac variables, and 
heart rate variability
Radial systolic and diastolic BP were elevated in Q4 when 
compared with Q1 and Q2 (Fig.� 1A and B). Aortic sys-
tolic BP was higher in Q3 when compared with Q1, and 
aortic systolic and diastolic BP were higher in Q4 than in 
Q1 and Q2 (Fig.�1�C and 1D). �e di�erence in aortic sys-
tolic / diastolic BP between Q4 vs. Q1 was 11 (2) / 7 (2) 
mmHg.

Aortic pulse pressure and forward wave amplitude 
were higher in Q4 than in Q1 and Q2 (Fig.� 2A and B). 
Evaluated aortic compliance (stroke volume to central 
pulse pressure ratio) was lower in Q4 than in Q1 and Q2 

(Fig.�2C), while aortic to popliteal PWV was higher in Q4 
than in Q1 and Q2, and in Q3 than in Q1 (Fig.�2D). �e 
di�erence in PWV between Q4 vs. Q1 was 1.0 (0.2) m/s. 
No di�erences were observed in AIx or AIx@75 (Fig.�2E 
F).

Heart rate was higher in Q4 than in Q1 and Q2 
(Fig.�3A), while SI was di�erent in all other quartiles but 
not between Q2 and Q3 (Fig.� 3B). CI was lower in Q4 
than Q1 (Fig.�3C), while SVRI was higher in Q4 than in 
Q1 and Q2, and in Q3 than in Q1. �e di�erence in SVRI 
between Q4 vs. Q1 was 391 (71) dyn*s/cm5*m2 (Fig.�3D).

�e HRV measurements consisted of LF and HF power 
and LF/HF ratio determinations (Fig.� 4). No di�erences 
were observed between the quartiles in these analyses.

Fig. 1  Radial systolic (A) and diastolic (B) blood pressure, and aortic systolic (C) and diastolic (D) blood pressure during laboratory measurements in 541 
subjects divided separately for sexes into age-adjusted quartiles of waist/height ratio; mean – con�dence interval of the mean; signi�cant di�erences 
shown between groups (P < 0.05)
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Fig. 2  Aortic pulse pressure (A), forward wave amplitude (B), stroke volume to aortic pulse pressure ratio (C), pulse wave velocity (D), augmentation index 
(E), and augmentation index adjusted to heart rate of 75 beats per minute (bpm) (F); statistics as in Fig. 1
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