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1. Abbreviations 

ACC   American College of Cardiologists 

ACS   acute coronary syndromes 

AHA    the American Heart Association 

BMI   body mass index 

BP   blood pressure 

CI   confidence interval 

CVD   cardiovascular disease 

CVDNOR  Cardiovascular Disease in Norway Project 

ESC   European Society of Cardiology 

ESH   European Society of Hypertension 

HUSK  The Hordaland Health Study 

hs-CRP  high-sensitive C-reactive protein 

ICD   International Classification of Diseases 

KTR   kynurenine tryptophan ratio  

MINOCA myocardial infarction with nonobstructive coronary arteries 

PAr   pyroxic acid ratio 

PAD   peripheral artery disease 

RAAS   renin-angiotensin-aldosterone system 
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2. Scientific environment 

The current research project was carried out within the Bergen Hypertension and 

Cardiac Dynamics group and at the Centre for research on Cardiac Disease in Women, 

both at the Department of Clinical Science, Medical Faculty, University of Bergen. The 

Bergen Hypertension and Cardiac Dynamic group consists of Chair Professor Eva 

Gerdts, one senior researcher, Helga Midtbø, one assistant professor, 1 post-doctoral 

fellow, 8 PhD candidates, 1 research-medical student, 1 research nurse and 1 engineer. 

The group has non-invasive cardiac imaging including echocardiography and MRI as 

their main research tools, and core fields of interest include valvular heart disease, 

hypertensive heart disease and sex differences in cardiovascular disease (CVD). Centre 

for Research on Cardiac disease in Women was established in 2020. The Centre 

organises network activities for researchers and groups focusing on cardiac disease in 

women and has research and building of competence on cardiac disease in women as 

its focus.  

The project was based on data from the Hordaland Health Study (HUSK) and the 

Cardiovascular Disease in Norway Project 1994-2009 (CVDNOR). The research group 

for Lifestyle Epidemiology, Department of Global Public Health and Primary Care, 

University of Bergen was the main collaborating partner. During this work the research 

group for Lifestyle Epidemiology was chaired by Professor Grethe Tell, who was also 

the leader of HUSK. Grethe Tell provided access to HUSK and CVDNOR and 

Jannicke Igland and Kari Juul contributed with statistical and data managing support, 

respectively.  
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4. Sammendrag 

Bakgrunn: Blant unge voksne har friske kvinner vanligvis lavere blodtrykk (BT) enn 

menn. Men allerede fra 20-årene har kvinner en brattere stigning i BT enn menn på 

samme alder. Målet med dette arbeidet var å identifisere faktorer assosiert med BT og 

BT-endring i 40 årene og sammenhengen mellom BT tidlig i 40 årene og risiko for 

sykehusinnleggelse eller død av akutt koronarsyndrom (AKS) i løpet av 16 års 

oppfølging hos kvinner og menn.  

Materiale og metode: Arbeidet er basert på data fra den befolkningsbaserte 

Helseundersøkelsen i Hordaland (HUSK) og «Cardiovascular Disease in Norway 

Project 1994-2009» (CVDNOR). CVDNOR inneholder informasjon om alle 

sykehusinnleggelser og dødsfall i Norge med en hjertekar- eller diabetesdiagnose i 

perioden 1994-2009. Studiedeltagerne i HUSK fikk utført standardiserte BT-målinger 

og det ble samlet inn informasjon om kardiovaskulære risikofaktorer da de var 

gjennomsnittlig 41 år gamle i HUSK1 (baseline) og 6 år senere i HUSK2. 

Informasjon om sykehusinnleggelser eller død av AKS i løpet av 16 års 

oppfølgingstid ble hentet fra CVDNOR. Inflammasjonsmarkører, inkludert 

høysensitivt C-reaktivt protein (hs-CRP), neopterin og pyridoksal syre ratio (PAr), 

ble målt i HUSK2.  

Resultat: I studie 1 var høyere BT og kroppsmasse indeks (KMI) målt ved baseline, 

og stigning i KMI, kolesterol og triglyserider fra HUSK1 til HUSK 2 de viktigste 

faktorene assosiert med stigning i BT eller nyoppstått hypertensjon ved HUSK2 hos 

både kvinner og menn. I Studie 2 økte risiko for AKS med høyere BT hos begge 

kjønn. Kvinner som hadde et lett forhøyet BT (systolisk BT 130-139 mmHg og /eller 

diastolisk BT 80-89 mmHg) tidlig i 40 årene hadde doblet risiko for AKS i løpet av 

16 års oppfølgingstid sammenlignet med kvinner som hadde normalt BT også etter 

justering for andre kardiovaskulære risikofaktorer. Tilsvarende assosiasjon fant vi 

ikke hos menn. Forskjellen ble dokumentert med signifikant interaksjonstest mellom 

BT og kjønn. I Studie 3 var hs-CRP signifikant assosiert med høyere systolisk og 

diastolisk BT i HUSK2, samt med nyoppstått hypertensjon de siste 6 år hos kvinner, 

men ikke hos menn. I tillegg var høyere serum neopterin assosiert med høyere 
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diastolisk BT kun hos kvinner, mens høyere PAr indeks var assosiert med høyere 

systolisk og diastolisk BT hos menn. Disse kjønnsforskjellene ble bekreftet med 

signifikante interaksjonstester mellom BT og kjønn i modellen for AKS, mellom hs-

CRP og kjønn i modellene for systolisk og diastolisk BT og nyoppstått hypertensjon, 

og mellom neopterin og kjønn i modellen for diastolisk BT.  

Konklusjon:   

Høyere baseline KMI, vektoppgang og stigning i serum lipider var de viktigste 

faktorene assosiert med stigning i BT og nyoppstått hypertensjon hos både kvinner og 

menn i 40 årene. Sammenhengen mellom inflammasjon og BT var sterkere hos 

kvinner enn hos menn. Å ha et lett forhøyet BT tidlig i 40 årene var en sterkere 

risikofaktor for AKS før fylte 60 år hos kvinner enn hos menn. Resultatene peker på 

et behov for kjønnsspesifikke anbefalinger for diagnostisering og forebygging av 

hypertensjon.   
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5. Abstract  

Background: Among healthy young adults, women have lower blood pressure (BP) 

compared to their male counterparts. Then, from the third decade onwards, women 

have a steeper increase in BP than men. The aim of the current project was to explore 

factors associated with BP and BP change among women and men in their forties and 

to test sex-specific associations between BP in the early forties and risk of ACS over 

16 years follow-up.  

Materials and methods: This work was performed using data from the community-

based Hordaland Health Study (HUSK) and the “Cardiovascular Disease in Norway 

Project 1994-2009” (CVDNOR). The latter includes information about all hospital 

stays and deaths in Norway with a cardiovascular disease (CVD) or diabetes 

diagnosis in the period 1994-2009. BP was measured and information about CVD 

risk factors collected when participants were 41±1 years old in HUSK1 and 6 years 

later in HUSK2. Information about hospitalizations or death from an ACS over 16 

years follow-up was obtained from the CVDNOR project. Plasma markers of 

inflammation, including high-sensitive C-reactive protein (hs-CRP), neopterin, and 

the pyridoxic acid ratio (PAr), were measured in HUSK2.  

Results: In study 1, initial BP, higher body mass index (BMI), weight-gain and 

increases in serum cholesterol and serum triglycerides were the main factors 

associated with increase in BP and incident hypertension from HUSK1 to HUSK2 

both in women and men. In study 2, having a mildly elevated BP (systolic BP 130-

139 mmHg and/or diastolic BP 80-89 mmHg) in the early forties doubled the risk of 

ACS over 16 years follow-up in women, compared to women with a normal BP, after 

adjustment for other CVD risk factors. The same association was not found in men. 

In study 3, after adjustment for BMI, higher levels of hs-CRP in the forties were 

associated with higher BP and new onset hypertension during the last 6 years in 

women, but not in men. Furthermore, higher levels of plasma neopterin was 

associated with higher diastolic BP only in women, while higher PAr was associated 

with higher systolic and diastolic BP in men. These sex differences were confirmed 

by significant interactions between BP and sex in the model on ACS, between hs-
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CRP and sex in the models on systolic and diastolic BP and incident hypertension, 

and between neopterin and sex in the model on diastolic BP. 

Conclusion: Among women and men in their early forties, initial BP, BMI, weight 

gain and increases in serum lipids were the main factors associated with increases in 

BP and new onset hypertension. Plasma markers of inflammation were particularly 

associated with higher BP level in women. Finally, having a mildly elevated BP in 

the early forties was a stronger risk factor for ACS before the age of 60 years in 

women than in men. Taken together our results suggest a need for sex-specific 

recommendations and actions for diagnosis and prevention of hypertension.  
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8. Introduction  

8.1 Blood pressure as a global health problem 

High blood pressure (hypertension) is a leading risk factor for cardiovascular disease 

(CVD) and mortality.1 Worldwide, the age standardized prevalence of hypertension 

(defined as systolic blood pressure (BP) ≥140 mmHg and/or diastolic BP ≥90 mmHg) 

was 32% in women and 34% in men aged 30-79 years in 2019.2 Systolic hypertension 

was the number 1 risk factor for death in women and accounted for 20% of all deaths 

in 2019 according to the Global burden of disease study. Among men, systolic 

hypertension was the number 2 CVD risk factor after smoking, and accounted  for 18% 

of all deaths in 2019.3 Before the age of 40 years, hypertension is uncommon, but a 

higher proportion of men than women in this age-range has hypertension.4 After the 

age of 60 years, hypertension is found in more than 60% of the population, and a higher 

proportion of women than men has hypertension.4 The global hypertension prevalence 

has been virtually unchanged over the past 20 years, reflecting that the reduction in 

hypertension prevalence in high-income countries is matched by a similar increase in 

prevalence in low and middle-income countries. Despite a stable global prevalence, the 

absolute number of subjects with hypertension has nearly doubled during this period 

due to population growth and aging.2 Thus, hypertension remains a major cause of 

CVD morbidity and mortality, and better strategies for prevention of hypertension are 

called for.  

8.2 Sex differences in BP development in midlife 

Age-associated BP development differs by sex.5 Healthy, young adult women have 

lower BP compared to men of the same age.4, 5 Then, from the 3rd decade onwards 

women have a steeper increase in all BP measures.5 A particular sharp increase in BP 

is observed in women compared to men during midlife, i.e. 40-60 years of age. 

However, underlying mechanisms of the observed sex difference in BP development 

in midlife are not fully understood. While increases in diastolic BP probably reflects 

increased peripheral resistance and small artery remodelling in young adults, increases 
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in systolic BP and pulse pressure seen from the age of 40 years are markers of central 

arterial stiffening.6 In invasive hemodynamic studies, hypertensive men aged 18-30 

years had higher cardiac output due to increased heart rate, compared to age matched 

normotensive controls, suggesting increased sympathetic nervous system activity.6 In 

further studies, age associated increases in systolic and diastolic BP in hypertensive 

men were associated with an increase in total peripheral resistance and reductions in 

cardiac output and stroke volume, particularly during exercise.6 In two small studies 

among subjects with hypertension, young women aged 18-45 years had less, while 

postmenopausal women had more autonomic dysfunction, compared to their male 

counterparts.7, 8 Autonomic function parameters including baroreceptor-sensitivity and 

heart rate variability were especially impaired in postmenopausal women with 

hypertension, compared to both women with normotension and men with hypertension 

of the same age.8 Furthermore, in women, profound changes in sex hormone production 

takes place during midlife.9 In particular, both the oestrogen-associated inhibition of 

the renin-angiotensin-aldosterone system (RAAS) and the progesterone-associated 

inhibition of aldosterone decline during midlife in women, predisposing women to BP 

increase and sodium retension.10 Finally, hypertensive pregnancy disorders including 

chronic hypertension, gestational hypertension and pre-eclampsia affect 5-10% of all 

pregnancies and increase the risk of future hypertension and CVD in these women.11, 

12  

Increasing body mass index (BMI) and obesity have been proposed as a major cause 

of the age-associated increase in BP in midlife, but sex-specific data is limited. In 2016 

11% of men and 15% of women were obese, according to the World Health 

Organization.13 Body fat distribution differs by sex, and there are known sex 

differences in mechanisms of hypertension in obesity.14 Aldosterone levels increase 

more with increasing BMI in women compared to men.14  Women have greater body 

fat mass and a larger proportion of body fat is stored subcutaneously in women 

compared to their male counterparts. Men, on the other hand, have a greater propensity 

to store fat around the internal organs, referred to as visceral obesity. Obesity is 

associated with chronic low-grade inflammation in adipose tissue.15 Furthermore, 
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adipose tissue secrets all components of RAAS and in particular visceral adiposity is 

associated with activation of RAAS.15 Likewise, visceral adipose tissue is more 

susceptible to adipose tissue inflammation compared to subcutaneous adipose tissue.15 

Among 50 years old participants in the Framingham Heart Study, visceral fat was more 

strongly associated with higher BP and hypertension in women compared to men.16 

Furthermore, in the community-based Tromsø study, higher BMI was a stronger 

predictor for systolic and diastolic BP increase in women aged 20-56 years than in 20-

62 year old men.17 

Obesity is associated with unfavourable changes in glucose and lipid metabolism.18 

Clustering of metabolic risk factors like dyslipidaemia, obesity, impaired glucose 

metabolism and hypertension, often referred to as the metabolic syndrome, is common 

in subjects with hypertension.19 Glucose and lipid metabolism are also modulated by 

oestrogen and testosterone.18 After menopause, oestrogen deficiency promotes insulin 

resistance and higher serum levels of total cholesterol and lipoprotein a, predisposing 

to a more atherogenic lipid profile in postmenopausal women.11 While the metabolic 

syndrome is more common in men, the prevalence increases considerably after 

menopause in women.20 Furthermore, in the Women’s Health Study, higher serum 

triglycerides level was associated with higher risk of CVD, particularly in young 

women.21 It is unclear whether BMI and other metabolic risk factors carry a different 

risk of BP increase and incident hypertension among women than men in early midlife 

(i.e. in 40-50 years old subjects).   

8.3 Cardiovascular inflammation in hypertension 

Hypertension is an inflammatory state, characterized by immune activation and 

dysregulation, and microvascular remodelling.22 In hypertension, immune cells, 

including T cells, accumulate in perivascular fat tissue and the end-organs (kidneys, 

brain and heart) and promote chronic cardiovascular inflammation leading to 

endothelial dysfunction, capillary rarefication, arterial remodelling, and arterial 

stiffening.23 Although most experimental research on inflammation in hypertension has 

been performed in male animals, there are known sex differences in immune 
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mechanisms, in particular in the role of T cells.23, 24  Activated T cells secrete cytokines 

including interferon-γ that stimulates production of neopterin in macrophages.25 

Likewise, higher levels of interferon-γ increases the catabolism of the essential amino 

acid tryptophan to kynurenine through the kynurenic pathway, thereby increasing the 

kynurenine tryptophan (KTR) ratio.26 Thus, in humans, the degree of T cell activation 

may be assessed from measurement of neopterin and KTR. 

High-sensitive C-reactive protein (hs-CRP) and pyridoxic acid ratio (PAr) are more 

general markers of inflammation.27, 28 Vitamin B6 homeostasis is altered in 

inflammation. The active vitamin B6 metabolite pyridoxal-5’ phosphate is decreased 

in acute and chronic disease and inversely associated with hs-CRP. As a result, the PAr 

index, which reflects the ratio between the vitamin B6 metabolites plasma 4-pyridoxic 

acid: (pyridoxal + pyridoxal-5′-phosphate), has been developed as a marker of 

inflammation.27 In former analyses from the Hordaland Health Study (HUSK), higher 

levels of neopterin, KTR and the PAr index were all associated with increased risk of 

CVD.29, 30 Among 27 939 women in the Women’s Health Study there was a strong 

association between higher levels of hs-CRP and risk of CVD.31 Furthermore, higher 

levels of hs-CRP, neopterin, KTR and PAr have been found in subjects with 

hypertension compared to normotensive subjects.29, 32, 33  Little is known about whether 

sex differences in these prognostically validated markers of inflammation may 

contribute to  sex differences in BP development in midlife.   

8.4 Blood pressure and risk of acute coronary syndromes in 

women and men 

Acute coronary syndromes (ACS), including myocardial infarction and unstable angina 

pectoris, are the leading cause of death in women and men worldwide.34 Despite the 

overall decrease in ACS incidence and mortality rates in Western countries during the 

last decades, several studies have reported an increase in hospitalizations for ACS in 

young and middle-aged women.3, 35-37 Among young adults presenting with ACS, 

women have a higher comorbidity burden, including higher prevalence of hypertension 

compared to men.36 Accumulating evidence over the past 20 years indicates that 
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hypertension defined as a systolic BP ≥140 mmHg and/or a diastolic BP ≥90 mmHg 

may be a stronger risk factor for ACS in women compared to their male counterparts.38, 

39 In The Interheart Study, a case control study including 30 000 participants from 52 

countries, hypertension was a stronger risk factor for myocardial infarction in women 

than in men.40 In this study, median age was 65 years in women vs. 56 years in men. 

In a meta-analysis of 61 prospective studies, a slightly stronger association between 

systolic BP and coronary heart disease mortality was found in women, especially in the 

age group 40-50 years, corresponding to early midlife.38 Among 35-94 years old 

participants in the Tromsø study, the relative risk of myocardial infarction increased 

more with increasing systolic and diastolic BP level in women compared to men.39 

However, the incidence of myocardial infarction remained higher in men than women 

even among subjects above the age of 75 years in the Tromsø study.41 Taken together, 

hypertension seemed to be a stronger risk factor for myocardial infarction in women 

than men.  

In 2017, the American College of Cardiology (ACC)/ the American Heart Association 

(AHA) Guideline for the Prevention, Detection, Evaluation and management of High 

Blood Pressure in Adults lowered the threshold for diagnosis of hypertension and 

defined AHA/ACC Stage 1 hypertension as systolic BP 130-139 mmHg and/or 

diastolic BP 80-89 mmHg in both sexes.42 However, whether having a mildly elevated 

BP, defined as AHA/ACC Stage 1 hypertension in early midlife carries a different risk 

for ACS in women compared to men remains unclear.  
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9. Hypothesis and study aims 

9.1 Hypothesis 

We hypothesized that CVD risk factors and inflammation are associated with BP 

development in a sex-specific manner in early midlife, and that the association of BP 

with risk of ACS differs by sex 

 

9.2 Objectives 

1. Identify the impact of lifestyle and other CVD risk factors on change in BP 

and incident hypertension over a 6-year period for women and men in early 

midlife 

2. Explore the association of BP in early midlife with hospitalization and death 

from ACS over 16 years follow-up in women and men 

3. Explore the association of markers of inflammation with BP development and 

new onset hypertension in women and men in early midlife 
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10. Materials and methods 

10.1 Data sources 

This thesis is based on data from HUSK and the “Cardiovascular Disease in Norway 

Project 1994-2009” (CVDNOR). Studies 1 and 3 are based on data from the first and 

second survey of HUSK performed in 1992-1993 (HUSK1) and in 1997-1999 

(HUSK2) (Table 2). In study 2, data from HUSK1 was linked with data from 

CVDNOR and the Cause of Death Registry.  

Table 1. Participants, study design, exposure, and outcome in studies 1-3 

 Study 1 Study 2 Study 3 

Data sources HUSK1 1992-1993 

HUSK2 1997-1999 

HUSK1 1992-1993 

CVDNOR 1994-2009 

HUSK1 1992-1993 

HUSK2 1997-1999 

Study 

participants 

2008 women and 

1610 men  

born 1950 -1951 

6381 women and   

5948 men  

born 1950-1952 

1829 women and 

1451 men  

born 1950-1951 

Study design Prospective cohort 

study 

Prospective cohort 

study 

Prospective cohort 

study 

Follow-up 6 years 16 years 6 years 

Exposure Lifestyle and 

metabolic risk 

factors 

Blood pressure 

categories 

Plasma markers of 

inflammation 

Outcome BP change, 

Incident 

hypertension 

ACS BP, BP change, 

Incident 

hypertension  



 22 

10.2 The Hordaland Health Study  

HUSK (HUSK-english – The Hordaland 

Health Studies (uib.no)) is a community-

based health study that was initiated in 

Hordaland County in Western Norway 

(Figure 1) in 1992 as a collaboration between 

the University of Bergen, the Norwegian 

Health Screening Services (now a part of the 

Norwegian Institute of Public Health) and 

local health services.43, 44 Eligible subjects 

were identified from the National Population 

Registry based on year of birth and site of 

residence. In 1992-93, all residents in 

Hordaland County born in 1950-52 were 

invited to the HUSK1 survey, which included 

17 303 subjects and an acceptance rate of 73% 

(Figure 2). (HUSK1 was initially named the 

Hordaland Homocysteine study). Cohort 

members born in 1950-51, residing in Bergen 

or the neighbouring suburban municipalities 

who participated in HUSK1 were reinvited to participate in HUSK2 in 1997-99 

(n=4849, acceptance rate 77%).  

Study population in the current project 

In Studies 1 and 3 the study population consisted of women and men born in 1950 -

1951 who were examined in HUSK1 (baseline) and 6 years later in HUSK2 (follow-

up) (Figure 2) (Table 1). The study population in Study 2 consisted of women and men 

born in 1950-1952 examined in HUSK1 (Figure 2) (Table 1). In study 2 BP 

measurements and other data from HUSK1 were coupled with outcome data from 

CVDNOR and the Cause of Death Registry for the period 1 January 1994 to 31 

 

Figure 1: The Hordaland Health Study 

was performed in Hordaland County on 

the western coast of Norway, marked in 

orange. Hordaland County is now a part 

of Vestland County. 
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December 2009. Participants taking antihypertensive medication at baseline were 

excluded in Studies 1 and 2 (n=50 and n=191). 

 

10.3 The Cardiovascular Disease in Norway (CVDNOR) Project 

1994-2009 

The CVDNOR project includes information about all hospitalizations and deaths with 

diabetes or a cardiovascular disease diagnosis in Norway during 1994-2009 (CVDNOR 

– Cardiovascular Disease in Norway 1994-2014 (uib.no)). The project was initiated as 

a collaboration between the University of Bergen and the Norwegian Knowledge 

Centre for the Health Services (now part of the Norwegian Institute of Public Health). 

For the period 1994 through 2009, CVDNOR retrospectively retrieved data from the 

electronic Patient Administrative Systems in all hospitals in Norway. All hospital stays 

with cardiovascular disease (International Classification of Disease (ICD) -9: 390-459, 

ICD-10: I00-I99, G45), congenital malformations of the circulatory system (ICD-9: 

745-747, ICD-10: Q20-Q28) or diabetes (ICD-9: 250, ICD-10: E10-E14) as a primary 

or secondary diagnosis were included in the database. Information regarding cause of 

death originated from the Cause of Death Registry, a national registry that includes 

 

Figure 2: Flowchart of the Hordaland Health Study population included in studies 1-3. 

Participants who withdrew consent and participants with incomplete measurements of 

variables used in the statistical analyses were excluded. In Studies 1 and 2 participants taking 

antihypertensive medication at baseline (n=50 and n=191) were excluded. 

Study 3
Born 1950-51
Women n=1829
Men n=1451

HUSK1 
1992-93

Attended
Women n=6485
Men n=6110 

Attended
Women n=2069 
Men n=1664 

Invited
Born 1950-1952
n = 17 303

Reinvited
Born 1950-51
n = 4849

HUSK2 
1997-99

Study 2
Born 1950-52
Women n=6381
Men n=5948

Study 1
Born 1950-51
Women n=2008 
Men n=1610
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information on date, underlying and contributing causes of all deaths in Norway 

(https://cvdnor.w.uib.no). Each patient was assigned a unique identification number 

that enables linkage to other data sources. In study 2, ACS was defined as 

hospitalization or death from an acute myocardial infarction or unstable angina pectoris 

diagnosis (ICD-9 codes 410, 411 and ICD-10 codes I20.0, I21 and I22).  

10.4 Cardiovascular risk factor assessment in the Hordaland 

Health Study 

Participants were examined by trained health care workers following standardized 

protocols.  

10.4.1 Measurement of BP 

Attended brachial BP and heart rate were measured three times with 1-minute 

intervals in the seated position. Attended BP measurement was performed with an 

appropriately sized cuff and calibrated sphygmomanometers (Dinamap 845 XT or 

Dinamap 8100 Criticon, Tampa, FL, USA) after a minimum of 10 minutes (HUSK 1) 

or 2 minutes rest (HUSK2).45 The average of the two last measurements was taken as 

the clinic BP in each survey and is used in the analyses included herein. 

10.4.2 Definitions of BP classes and hypertension 

Current guidelines do not have sex-specific definitions or treatment recommendations 

for hypertension, except for recommendations related to pregnant women.42, 46 Both the 

World Health organization and the 2018 European Society of Cardiology 

(ESC)/European Society of Hypertension (ESH) Guidelines for the management of 

arterial hypertension define hypertension as systolic BP ≥140 mmHg and/or diastolic 

BP ≥90 mmHg in both women and men (Table 2).46 The 2017 ACC/AHA Guideline 

for the Prevention, Detection, Evaluation and management of High Blood Pressure in 

Adults lowered the diagnostic threshold for hypertension to a systolic BP ≥130 mmHg 

and/or diastolic BP ≥80 mmHg (Table 1).42 An overview of BP classification by the 

current ACC/AHA and ESC/ESH guidelines is provided in Table 2. In Study 1, BP 

classes were defined in accordance with the ESC/ESH guidelines.46 High-normal BP 
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was defined as a systolic BP 130-139 mmHg and/or diastolic BP 85-89 mmHg. 

Hypertension was defined as a systolic BP ≥140 mmHg and/or a diastolic BP 

≥90mmHg, and/or self-reported use of antihypertensive medication.46 In Study 2, BP 

classes were defined in accordance with the ACC/AHA guideline.42 Normotension was 

defined as a systolic BP <130 mmHg and a diastolic BP <80 mmHg. Stage 1 

hypertension as a systolic BP 130-139 mmHg and/or a diastolic BP 80-89 mmHg and 

Stage 2 hypertension as systolic BP ≥140 mmHg and/or a diastolic BP ≥90 mmHg 

(Table 2). In study 3, new onset hypertension was defined in accordance with the 

ACC/AHA guideline as a systolic BP ≥130 mmHg and/or a diastolic BP ≥80mmHg 

and/or self-reported use of antihypertensive medication.42  
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Table 2. American and European guideline definitions of BP classification.  

ACC/AHA Guideline 2017 ESC/ESH Guidelines 2018 

Category Systolic 

(mmHg) 

 Diastolic 

(mmHg) 

Category Systolic 

(mmHg) 

 Diastolic 

(mmHg) 

Normal  <120 And <80 Optimal <120 and <80 

Elevated 120-129 and/or <80 Normal 120-129 and/or 80-84 

Stage 1 

HT 

130-139 and/or 80-89 High 

normal 

130-139 and/or 85-89 

Stage 2 

HT 

≥140 and/or ≥90 HT ≥140 and/or ≥90 

Isolated 

systolic 

HT 

≥130 and <80 Isolated 

systolic 

HT 

≥140 and <90 

Isolated 

diastolic 

HT 

<130  and ≥80 Isolated 

diastolic 

HT 

<140 and ≥90 

ACC, American College of Cardiology; AHA, American Heart Association; ESC, 

European Society of Cardiology; ESH, European Society of Hypertension; BP, blood 

pressure; HT, Hypertension   

10.4.3 Anthropometric measurements 

Height was measured to the nearest centimetre without shoes, and weight was 

measured to the nearest half kilogram with light clothing. BMI was calculated as 

weight in kg/height in meters2. Overweight was classified as BMI 25-29.9 kg/m2 and 

obesity as BMI ≥30.0 kg/m2, according to the World Health Organization 

definitions.47 
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10.4.4 Self reported health 

Information about education, physical activity and medical history including smoking 

and diabetes, was collected in self-reported questionnaires. In HUSK1, questionnaires 

collected information regarding antihypertensive medication, use of contraceptive 

pills, hormone replacement therapy and menopausal status. In HUSK2 participants 

reported the medications they had been taking the previous day, up to a maximum 

number of 20. Education was classified as primary education/lower secondary school 

(1), upper secondary school (2) and higher education (3) based on data from HUSK1 

and HUSK2. 

10.4.5 Physical activity  

In HUSK1 (studies 1 and 2), physical activity was categorized as sedentary if 

participants reported sedentary or no regular physical activity in the questionnaire, light 

if participants reported walking, cycling, or other moderate physical activity for at least 

4 hours per week, moderate if participants reported exercise, gardening with physical 

exertion, or similar degree of physical activity for at least 4 hours per week, and hard 

if participants reported heavy training or competitive sports several times per week. In 

HUSK 2 (study 3), physical activity was categorized as none, <1 hour, 1-2 hours or ≥3 

hours of vigorous physical activity per week resulting in sweating/shortness of breath.  

10.4.6 Smoking 

Smoking was defined as self-reported daily smoking in HUSK1 and as self-reported 

daily smoking or a serum cotinine ≥85 nmol/L in HUSK2. Cotinine is a nicotine 

degradation product, and cotinine level measured in blood can be used to objectively 

identify tobacco users.48   

10.4.7 Diabetes 

In HUSK1, diabetes was identified as self-reported diabetes. In HUSK2, diabetes was 

identified by any of the following: self-reported diabetes, a serum glucose level ≥11.1 

mmol/L in participants who had eaten during the last 8 hours, a serum glucose level 

≥7.0 mmol/L in participants who had been fasting for at least 8 hours, or self-reported 

use of antidiabetic medication.49 
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10.4.8 Biochemical analyses 

Non fasting blood samples were collected, kept on ice before centrifugation and stored 

at –80°C before analysis. In HUSK1 and 2 blood samples were analysed for serum 

triglycerides and serum total cholesterol. In HUSK2 analyses also included high 

density (HDL) cholesterol, serum glucose and serum creatinine.  

 

 

Figure 3: Kynurenine pathway: In the kynurenine pathway the essential amino acid tryptophan is 

metabolized to kynurenine by two enzymes; IDO and TDO. IDO is upregulated by different 

cytokines, in particular interferon-γ. Therefore, the kynurenine/tryptophan ratio (KTR) is a marker of 

interferon-γ, and T cell mediated immune response. 

 

10.4.9 Measurements of inflammatory biomarkers in biobank samples 

In HUSK2 plasma concentrations of neopterin, kynurenines, tryptophan, 4-pyridoxic 

acid, pyridoxal 5’-phosphate and pyridoxal were quantified by LC-tandem MS at 

Bevital, Bergen, Norway. (www.bevital.no). Furthermore, in HUSK2 an immuno-

Matrix-Assisted Laser Desorption/Ionization-based assay was used to measure hs-

CRP. 90% of tryptophan metabolism is directed through the kynurenic pathway, 

producing numerous metabolites, collectively named kynurenines as depicted in Figure 

3. KTR was defined as the ratio plasma kynurenine (nmol/L): tryptophan (mmol/L), 
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and the PAr index was defined as the ratio plasma 4-pyridoxic acid: (pyridoxal + 

pyridoxal-5'-phosphate). 27  

10.5 Statistical methods and data analyses 

Statistical analyses were performed using STATA, versions 15-17 (StataCorp, LP, 

College Station, TX, USA). Continuous variables are expressed as means and standard 

deviations for normally distributed variables, and medians and interquartile ranges for 

non-normally distributed variables (serum triglycerides, hs-CRP, neopterin, KTR and 

PAr). Categorical variables are expressed as numbers and percentages. Comparisons 

between groups were done using the Student’s t-test or the Chi square test, as 

appropriate. For non-normally distributed variables comparisons between groups were 

done using quantile regression. Multivariable adjusted cubic spline plots and linear 

spline plots with one knot were used to visualize the associations between explanatory 

variables and changes in systolic and diastolic BP. Factors associated with BP and 

change in BP were identified in univariable and multivariable linear regression 

analyses. Results are reported as standardized β-coefficients and p-values. For the 

analyses of incident hypertension in HUSK2, participants with hypertension in HUSK1 

were excluded (n=695 in Study 1 and n=1599 in Study 3). Factors associated with 

incident hypertension were tested in logistic regression analyses.  Results are reported 

as odds ratios (OR), 95 % confidence intervals (CI) and p-values.  

In study 2, participants were grouped into three BP categories: normotension (BP 

<130/80 mmHg), stage 1 hypertension (BP 130-139/80-89 mmHg) and stage 2 

hypertension (BP ≥140/90 mmHg). Kaplan-Meyer cumulative plots were constructed 

stratified by BP category, in women and men. Associations between BP categories and 

incident ACS were tested in Cox regression analyses, with normotension as the 

reference category.  

In all studies, separate analyses were performed for women and men. To test for 

interactions between explanatory variables and sex (effect modification), we compared 
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the model with and without the interaction term, using the likelihood-ratio test. A two 

tailed p-value of <0.05 was considered statistically significant in all analyses.  

 

  



 31 

11. Ethics 

Written informed consent was retrieved from all participants. The study was performed 

according to the declaration of Helsinki and the study protocol was approved by the 

Regional Committee for Medical and Health Research Ethics (2017/294). 
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12. Results 

12.1 Study 1: Factors associated with increase in blood pressure 

and incident hypertension in early midlife: The Hordaland 

Health Study 

A total of 2 008 women and 1 610 men, mean age 42±1 years at baseline, were followed 

for 6 years. At baseline, average BP was lower in women compared to men (122/75 

mmHg, vs. 132/80 mmHg, respectively (both p<0.05)). Women also had lower 

baseline BMI than men (23.7 kg/m2 vs. 25.1 kg/m2, p<0.001), while the prevalence of 

obesity did not differ by sex (5.0% in women vs. 5.2% in men, p=0.81). On average 

during follow-up, women had an increase in systolic BP and a decrease in diastolic BP 

to 124/72 mmHg, while on average decreases in both systolic and diastolic BP to 

130/78 mmHg were found in men (all p<0.05).  

Results from linear regression analysis are presented as standardized β-coefficients. 

In multivariable analyses in women, higher baseline BMI (β=0.11), heart rate 

(β=0.06), and increases in BMI (β=0.20), serum cholesterol (β=0.09), and serum 

triglycerides (β=0.08) were associated with a larger increase in systolic BP during 

follow-up. Increases in BMI (β=0.13), serum cholesterol (β=0.12) and serum 

triglycerides (β=0.07) were associated with a larger increase in diastolic BP in 

women. Using linear spline plots, positive associations between baseline BMI and 

systolic (β=0.13) and diastolic (β=0.06) BP were found in women with a BMI ≥21 

kg/m2 (Figure 4, panel 1 and 3). In women with a BMI below 21 kg/m2, there was no 

significant associations between baseline BMI and BP change (both p>0.05).  

In men, higher baseline BMI (β=0.10), heart rate (β=0.08) and serum cholesterol 

(β=0.05) and increases in BMI (β=0.18), serum cholesterol (standardized β=0.11) and 

serum triglycerides (β=0.09) were associated with increases in systolic BP during 

follow-up (all p<0.05). Baseline BMI (β=0.075) and increases in BMI (β=0.14), 

serum cholesterol (β=0.14) and serum triglycerides (β=0.07) were positively 

associated with increase in diastolic BP in men (all p<0.001).  
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Figure 4: Linear spline plots. Changes in systolic and diastolic BP over 6 years 

associated with baseline BMI in women and men in early midlife. The model is 

adjusted for baseline BP and education. BP, blood pressure; BMI, body mass 

index.  
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There were close to linear relationships between baseline BMI and systolic and 

diastolic BP change during follow-up in men (Figure 4, panel 2 and 4)). 

Among 2 323 participants with normotension (a systolic BP <140 mmHg and diastolic 

BP <90 mmHg) at baseline, a lower proportion of women (11%) than men (14%) 

developed incident hypertension (p<0.01). In women, having high-normal BP (OR 

5.45, 95% CI 3.94-7.54) and higher BMI (OR 1.11, 95% CI 1.06-1.16) at baseline, and 

increases in BMI (OR 1.24, 95% CI 1.13-1.25), serum cholesterol (OR 1.32, 95% CI 

1.04-1.68) and serum triglycerides (OR 1.30, 95% CI 1.07-1.58) during follow-up was 

associated with incident hypertension in multivariable logistic regression analyses. 

Also in men, high-normal BP (OR 3.94, 95% CI 2.74-5.64) and higher BMI (OR 1.10, 

95% CI 1.03-1.16) at baseline, as well as increases in BMI (OR 1.41, 95% CI 1.24-

1.60) and serum triglycerides (OR 1.21, 95% CI 1.01-1.44) during follow-up were 

associated with incident hypertension 6 years later. Having serum triglycerides in the 

highest compared to the lowest quartile at baseline was associated with incident 

hypertension in women (OR 1.87, 95% CI 1.13-3.09), but not in men (OR 0.92, 95% 

CI 0.54-1.56). This sex difference was confirmed by a significant interaction between 

serum triglyceride level and sex in the model on incident hypertension (p<0.05).  

12.2 Study 2: Stage 1 hypertension, sex and acute coronary 

syndromes during midlife: The Hordaland Health Study 

A total of 6 381 women and 5 948 men, mean age 41±1 years were followed for a 

median of 16 years. During follow-up, 1.4% of women and 5.7% of men were 

hospitalized with or died from an ACS (p<0.001).  

In Cox regression analysis adjusted for diabetes, smoking, total serum cholesterol, BMI 

and physical activity, women with stage 1 hypertension had a double risk of ACS over 

16 years follow-up, compared to normotensive women (model 1) (HR 2.18, 95% CI 

1.32-3.6) (Figure 5). After adjustment for the same CVD risk factors, men with stage 

1 hypertension did not have increased risk of ACS (HR 1.30, 95% CI 0.98-1.71) (Figure 

5). Having stage 2 hypertension in the early forties increased the HR of ACS during 
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follow-up in both sexes, but more in women (HR 3.09 95% CI 1.80-5.31) than in men 

(HR 1.40 95% CI 1.40-5.31). These sex differences were confirmed by a significant 

interaction between BP category and sex in the model on ACS (p=0.01). 

 

 

 

The risk of ACS increased with increasing systolic and diastolic BP category in both 

women and men (both p for trend <0.01).  Stage 1 and 2 systolic hypertension was not 

Figure 5: Kaplan Meyer curves of ACS by baseline BP category over 16 years follow-up in 

women and men. The boxes represent results from sex-specific multivariable Cox regression 

analyses on associations between baseline BP category and subsequent ACS. In Cox regression 

analyses multivariable models are adjusted for diabetes, smoking, total serum cholesterol, BMI 

and physical activity. Results are presented as HR and 95% CI. Red curves and boxes represent 

stage 1 hypertension and black curves and boxes stage 2 hypertension. Normotension was the 

reference category. The Figure is adapted with permission from “Kringeland E, Tell GS, Midtbø 

H, Igland J, Haugsgjerd TR, Gerdts E. Stage 1 hypertension, sex, and acute coronary syndromes 

during midlife: the Hordaland Health Study. Eur J Prev Cardiol. 2022;29(1):147-154.” 

ACS, acute coronary syndromes; HR, hazard ratio; HT: hypertension 
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associated with ACS compared to systolic normotension in either sex in Cox regression 

analyses adjusted for model 1 and diastolic BP (all p>0.05).  

Stage 1 diastolic hypertension was significantly associated with increased risk of ACS 

in women (HR 2.79, 95% CI 1.62-4.82), but not in men (HR 1.24, 95% CI 0.95-1.62) 

in Cox regression analysis adjusted for model 1 and systolic BP. Stage 2 diastolic 

hypertension was associated with increased risk of ACS in both sexes, but the 

association was particularly strong in women (HR 5.74, 95% CI 2.66-12.4 in women 

and HR 1.57, 95% CI 1.09-2.26 in men). The sex-specific association between diastolic 

BP category and ACS was confirmed by a highly significant diastolic BP category-sex 

interaction in the model on ACS (p=0.002).    

12.3 Study 3: Inflammation, sex, blood pressure changes and 

hypertension in midlife: The Hordaland Health Study. 

Among 1 829 women and 1 451 men with a mean age of 48±1 years who were re-

examined in the HUSK2 survey, average BP was lower in women (124/72 mmHg) 

compared to men (130/78 mmHg) (p<0.01). Women had lower plasma levels of hs-

CRP than men, while plasma neopterin and PAr levels were higher in men than in 

women (all p<0.05). 

All regression coefficients are standardized β-coefficients. In women, higher plasma 

levels of hs-CPR were associated with systolic (β=0.09) and diastolic BP (β=0.10) and 

increases in systolic (β=0.08) and diastolic BP (β=0.09) during the past 6 years (all 

p<0.01) in multivariable analyses. Likewise, compared to hs-CRP <1 mg/L, higher 

levels of hs-CRP (hs-CRP >1-3 mg/L and hs-CRP ≥3 mg/L, respectively) were both 

associated with a nearly 2-fold higher incidence of new-onset hypertension over the 

past 6 years in women (OR 1.81, 95% CI 1.25-2.61 and OR 1.94, 95% CI 1.26-3.01) 

(Figure 6). Furthermore, higher level of plasma neopterin was associated with higher 

diastolic BP in women (β= 0.08 p<0.01), while KTR and PAr were not associated with 

BP development (follow-up systolic or diastolic BP, systolic or diastolic BP change, or 

new onset hypertension) in women (all p>0.05).  
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In men, there were no significant associations between hs-CRP and systolic (β=0.04) 

or diastolic (β=0.05) BP, or systolic (β=0.02) or diastolic BP change (β=0.01) in 

multivariable adjusted analyses (all p>0.05). Compared to hs-CRP <1 mg/L, higher 

levels of hs-CRP >1-3 mg/L and hs-CRP ≥3 mg/L were not associated with higher 

incidence of new onset hypertension in men (OR 1.24, 95% CI 0.80-1.92 and OR 0.85, 

95% CI 0.49-1.51). Higher PAr was associated with higher systolic (β=0.07) and 

diastolic (β=0.09) BP in men (both p<0.05). There were no significant associations 

between neopterin and KTR with BP development (follow-up systolic or diastolic BP, 

systolic or diastolic BP change, or new onset hypertension) in men (all p>0.05).  

Sex differences were confirmed by significant interactions between hs-CRP and sex in 

models on new onset hypertension (p<0.05) and between neopterin and sex in models 

on diastolic BP (p<0.05). 
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Figure 6: Proportion of women and men with new onset hypertension defined as a 

systolic BP ≥130 mmHg and/or a diastolic BP ≥80 mmHg or use of antihypertensive 

medication in different levels of hs-CRP at the follow-up visit. X axis demonstrates 

level of hs-CRP, and Y-axis demonstrates proportion (%) of participants with new 

onset hypertension. There was a significant interaction between level of hs-CRP and 

sex in the model on incident hypertension (p<0.05).  

hs-CRP , high-sensitive C-reactive protein 
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13. Discussion 

The current project focused on factors associated with BP and BP change among 

women and men in early midlife, participating in the Hordaland Health Study. 

Furthermore, we assessed sex-specific associations between BP in early midlife and 

risk of ACS over 16 years follow-up. The main findings of the project are: Firstly, the 

main factors associated with increase in BP and new onset hypertension during early 

midlife were baseline BP, higher BMI, weight gain and increases in serum lipids both 

among women and men. Secondly, having mildly elevated BP (ACC/AHA stage 1 

hypertension) in the early forties was independently associated with a doubled risk for 

ACS over 16 years among women, while this association was non-significant among 

men in adjusted analyses. Thirdly, circulating inflammatory markers were associated 

with BP and new onset hypertension in a sex-specific manner.  

13.1 Metabolic factors associated with BP and new onset 

hypertension in women and men 

13.1.1 BMI, obesity and risk of hypertension 

The HUSK population was relatively lean. At 42 years of age, mean BMI was 23.7 

kg/m2 in women vs. 25.1 kg/m2 in men and only 5% of the population was obese. Still, 

we found a strong association between higher baseline BMI and increase in BMI with 

both BP increase and new onset hypertension in women and men. This is an important 

finding, indicating that level of BMI and BMI change, even within the normal range, 

is associated with BP change and risk of hypertension in both women and men in early 

midlife. These results add to previous reports from the Framingham Heart Study and 

the Strong Heart Study.50, 51 Among 8 244 on average overweight participants aged 35-

64 years in the Framingham Heart study, a 5% weight gain was associated with 20-

30% increased odds of hypertension.50 Among mostly overweight or obese American 

Indians aged 54±7 years in the Strong Heart Study, obesity and diabetes were the main 

factors associated with new onset hypertension during 8 years follow-up.51 However, 

in these reports, sex-specific results were not presented. In line with our findings, 

higher BMI and increase in BMI were associated with increases in BP among 18-30 
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year old both women and men with a mean BMI of 24 kg/m2 in the CARDIA Study.52 

In contrast, in the community-based Tromsø study, higher BMI was associated with 

systolic and diastolic BP increase in women aged 20-56 years, but not in 20-62 year 

old men.17 Also in the Tromsø study, increase in BMI was associated with increases in 

BP in both sexes.   

Some former studies have suggested a stronger association between obesity and BP in 

women than in men.16, 17, 53, 54 In a population of Israelian young adults aged 25-45 

years, the association between obesity and hypertension was stronger in women than 

in their male counterparts.53 In this cross-sectional study, the association was 

particularly strong in young obese women with a BMI ≥35 kg/m2, who had a prevalence 

of hypertension comparable to that found in obese young men. In a Japanese study 

including 6 803 men and 22 800 women, obesity was a stronger risk factor for 

hypertension in women than in men.54 Furthermore, in the Framingham Heart Study, 

obesity was associated with a slightly higher relative risk (RR) for hypertension during 

follow-up in 35-65 year old women compared to men (RR 2.63 in women vs 2.23 in 

men), but no test for sex-interaction was presented.55 Because of the low prevalence of 

obesity in our study, we do not have power to draw conclusions about sex-specific 

associations between obesity and BP in early midlife.  

In Study 1, spline plots revealed a J shaped relationship between BMI and BP change 

in women, with a positive association between baseline BMI and increase in BP in 

subjects with a BMI ≥21 kg/m2 (Figure 4). Women with a BMI <21kg/m2 did not 

have a significant association between baseline BMI and BP change as opposed to 

men who had a close to linear relationship between baseline BMI and BP change 

(Figure 4). This may be caused by differences in body fat distribution between 

women and men. Women with a BMI below 21 kg/m2 probably store fat 

subcutaneously, and therefore have less metabolic activity in their adipose tissue 

compared to men who typically have a higher proportion of visceral fat than 

women.14, 15  Furthermore, adipose tissue produce oestrogen, and underweight women 

may have higher BP due to lower oestrogen levels.56 
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13.1.2 Serum lipids and risk of hypertension 

In study 1 we found an association between higher serum total cholesterol level and 

increase in systolic BP in early midlife in men. Furthermore, we found an association 

between increase in serum-total-cholesterol with increases in systolic and diastolic BP 

in both sexes and with new onset hypertension in women. These findings are in line 

with results from the Women’s Health Study and the Physicians’ Health Study.57, 58 In 

the Women’s Health Study higher levels of serum-total-cholesterol and lower levels of 

HDL cholesterol were associated with increased risk of hypertension among 16 300 

women.57 Likewise, in the Physicians’ Health Study, higher serum total cholesterol 

levels were associated with increased risk of hypertension among 3 110 men. Still, 

cholesterol lowering statin treatment did not lower BP in a meta-analysis of 18 

randomized clinical trials.59 In the Tromsø study higher serum cholesterol level was a 

stronger risk factor for myocardial infarction in men compared to women.39 In contrast, 

there are no convincing sex-differences in the association between serum cholesterol 

level and risk of hypertension. 

In our Study 1, having baseline serum triglycerides in the highest compared to the 

lowest quartile almost doubled the risk of new onset hypertension during follow-up in 

women. Increases in serum triglycerides from baseline to follow-up was associated 

with increases in BP and new onset hypertension in both sexes. In contrast, in a Finnish 

study including men only, there was a significant association between higher serum 

triglyceride level and new onset hypertension during 7 years follow-up.60 In the 

Framingham Offspring Study, baseline triglycerides and increase in serum 

triglycerides were associated with an increase in mean arterial pressure, but sex-

specific results were not presented.61 In line with our results, in the Cohort Norway 

study including 140 790 Norwegians, non-fasting serum triglycerides level was a 

stronger risk factor for myocardial infarction in women compared to men.62 

Furthermore, serum triglyceride level is a marker of increased risk of diabetes, and 

diabetes is a stronger risk factor for myocardial infarction in women than in men.62-64 

In the Women’s Health Study, the association of serum triglycerides with risk of 

myocardial infarction was particularly strong in younger age groups.21 Taken together, 
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serum triglyceride level may be a particularly important marker of unfavourable 

metabolic profile in women. However, more research is necessary to clarify this.  

13.2 Associations between inflammation and BP in women and 

men 

13.2.1 Hs-CRP 

In Study 3, after adjustment for BMI, hs-CRP was associated with BP, increases in 

BP and new onset hypertension in women, but not in men. These findings are 

supported by results from former studies.32, 65, 66 Among 20 525 women aged 45 years 

or older in the Women’s Health Study, higher levels of hs-CRP increased the risk of 

new onset hypertension during 8 years follow-up.32 In contrast, after adjustment for 

BMI there was no significant association between baseline hs-CRP level and risk of 

developing hypertension during 14 years follow-up among male physicians older than 

40 years, in the Physicians’ Health Study.65 In line with this, in a meta-analysis 

including 142 640 participants, higher levels of hs-CRP was associated with higher 

risk of hypertension in women compared to men.66 However, in this meta-analysis, 

sex-specific results adjusted for BMI were not presented.   

13.2.2 Neopterin and KTR 

In Study 3, neopterin was associated with higher diastolic BP and diastolic BP increase 

in women but not in men. On the other hand, KTR, that also reflects T cell activation 

and interferon-γ mediated inflammation, was not associated with systolic or diastolic 

BP in women, nor in men. In former analyses from HUSK, higher levels of both 

neopterin and KTR have been associated with increased risk of future ACS and CVD 

death.29, 67 In a Chinese study, among both hypertensive persons and healthy controls, 

higher levels of neopterin was associated with reduced endothelial function.68 

Neopterin levels are also elevated in pregnant women with preeclampsia, compared to 

pregnant women without preeclampsia.29, 68, 69 Equivalent to hypertension, 

preeclampsia is characterised by endothelial dysfunction and cardiovascular 

inflammation.11, 12 Finally, neopterin has been found in coronary atherosclerotic 

lesions.70 Taken together, increase in diastolic BP in early midlife may be particularly 
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associated with vascular inflammation in women. This adds to the results from study 

2, where diastolic BP was the strongest predictor of ACS risk, and a particular strong 

risk factor among women.  

PAr, reflecting vitamin B6 metabolism, is suggested as a maker of both acute phase 

reaction and cellular inflammation.27, 33 In former analyses from HUSK, higher levels 

of PAr were associated with all-cause mortality among both men and women with 

known CVD , and with increased risk of stroke in the general population.30, 67 In 

study 3, higher levels of PAr were associated with higher systolic and diastolic BP in 

men.  

The sex-specific findings in Study 3 suggest a sex-specific interaction between 

inflammation and BP in midlife. Cardiovascular inflammation may be potentiated by 

autoimmune disorders and concomitant obesity. Women are more prone to develop 

autoimmune disorders compared to men. Also more women than men develop 

obesity worldwide, but the prevalence of obesity did not differ by sex in HUSK.71 It 

is well documented in several large studies that higher levels of CRP is associated 

with higher risk of CVD.31 Still, assessment of CRP is not routinely used in clinical 

practice for CVD risk assessment.72 73 This is because CRP has little effect on 

reclassification of patients when added to established CVD risk scores, reflecting that 

most individual CVD risk factors are associated with inflammation.73 It is therefore 

unlikely that inflammatory markers will be useful as a screening tool to identify 

individuals at high risk of hypertension.  

13.3 CVD risk factors in women and men 

The decrease in ischemic heart disease morbidity and mortality in western countries 

during the last decades is caused by improvements in CVD prevention, and by 

improved treatment of ACS. It is unclear why this favourable trend is less pronounced 

in young women.35, 74-76  Sex differences in CVD risk factors are not well incorporated 

in current CVD risk scores. Women and men share many traditional CVD risk factors,  

including hypertension, dyslipidaemia, diabetes, obesity, sedentary lifestyle and 
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smoking.77 Particularly diabetes and hypertension are stronger risk factors for ischemic 

heart disease in women compared to men.40 In addition to these established CVD risk 

factors, premature menopause, gestational diabetes, hypertensive disorders of 

pregnancy, preterm delivery and polycystic ovarian syndrome increase the risk of CVD 

in women.77 Finally, migraine, autoimmune disorders, chronic anxiety, and depression 

are CVD risk factors that disproportionally affects women.77 In men, androgenic hair 

loss and erectile dysfunction are associated with increased risk for ischemic heart 

disease.78 The lack of communication about sex differences in CVD risk factors, may 

contribute to underestimation of CVD risk in women both by health care providers and 

by women themselves.40, 77 Among all CVD risk factors, elevated BP and hypertension 

are leading risk factors for CVD morbidity and death. According to The Lancet women 

and cardiovascular disease commission report 2021, hypertension is the most 

substantial and neglected health burden in women.77 

13.4 Associations between BP and ACS in women and men 

13.4.1 Hypertension and ACS in women and men 

At present, the definition of hypertension differs between international guidelines 

(Table 2). 42, 46 While the ESC/ESH 2018 guidelines defines hypertension as systolic 

BP ≥140 mmHg and/or a diastolic BP ≥90 mmHg, the ACC/AHA 2017 guideline 

lowered the threshold, and defined ACC/AHA stage 1 hypertension as systolic BP 

≥130-139 mmHg and/or a diastolic BP ≥80-89 mmHg.42, 46 Despite known sex-

differences in adult BP development, current guidelines do not have sex-specific 

definitions of hypertension. As first demonstrated in the Interheart study, hypertension, 

defined as a systolic BP ≥140 mmHg and/or a diastolic BP ≥90 mmHg, has emerged 

as a stronger risk factor for ACS in women than in men.40 In HUSK, having a mildly 

elevated BP (ACC/AHA stage 1 hypertension) in early midlife was associated with a 

doubled risk of ACS during 16 years follow-up in women, even after adjustment for 

other CVD risk factors (Study 2). In contrast, in adjusted analysis there was no 

significant association between having ACC/AHA stage 1 hypertension and risk of 

ACS in men. Few former studies have explored sex-specific associations between 
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ACC/AHA stage 1 hypertension and ACS.79, 80 In the UK Biobank study, following 

471 988 participants, mean age 56 years, for 7 years, ACC/AHA stage 1 hypertension 

was associated with a 40% higher risk of myocardial infarction in women than in 

men.79 In another publication based on the same cohort, ACC/AHA isolated diastolic 

hypertension (systolic BP <130 mmHg and diastolic BP ≥80mmHg) was associated 

with higher risk of combined myocardial infarction, stroke and CVD death in women 

and subjects younger than 60 years, but not in men and older subjects.80 Two Korean 

studies have reported sex-specific associations between ACC/AHA stage 1 

hypertension and CVD, defined as hospitalization for myocardial infarction, stroke and 

heart failure.81 82 In a  nationwide cohort including more than 15 million Koreans aged 

20-94 years, ACC/AHA stage 1 hypertension was associated with CVD in both women 

and men.83 Among subjects below 65 years of age, ACC/AHA stage 1 hypertension 

had higher HR for CVD in women compared to men, but no test for sex interaction was 

reported. In a population-based study following 6 424 090 Korean subjects with a mean 

age of 30 years, ACC/AHA stage 1 isolated diastolic hypertension was associated with 

a comparable increased risk of CVD in women and men over 13 years follow-up. In 

the same study, ACC/AHA stage 1 isolated systolic and stage 1 combined systolic and 

diastolic hypertension were associated with a 6-22 % higher risk of CVD in women 

compared to men. In contrast, a pooled analysis based on three Chinese cohorts found 

a comparable association between AHA/ACC stage 1 hypertension and CVD death in 

women and men during approximately 12 years follow-up.81  

13.4.2 Systolic and diastolic BP and ACS in women and men 

In Study 2, diastolic BP was a stronger indicator of ACS risk compared to systolic BP 

in early midlife. In line with our results, diastolic BP was a stronger predictor of 

coronary heart disease risk before the age of 50 years among both women and men in 

the Framingham Heart Study.84 In the same report, systolic BP and pulse pressure were 

better indicators of coronary heart disease risk after the age of 60 years. On the other 

hand, systolic BP was a stronger predictor of peripheral artery disease (PAD) risk than 

diastolic BP in subjects with an initial age of 45-64 years, and the association between 

BP and PAD was particularly strong in women.85 Taken together, which BP component 

that best identifies CVD risk varies by age and type of CVD assessed. 
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Furthermore, in Study 2, diastolic BP was a stronger indicator of ACS risk in women 

in early midlife, compared to their male counterparts. Few former studies have reported 

sex-specific associations between diastolic BP and risk of ACS.39 Among 33 859 

subjects aged 35-94 years in the community-based Tromsø study both systolic and 

diastolic BP were stronger risk factors for myocardial infarction in women compared 

to men.39 In a meta-analysis on 61 prospective studies published in Lancet in 2002, 

higher levels of BP was associated with increased risk of coronary heart disease 

mortality, without any evidence of a threshold down to at least 115/75 mmHg.38 In this 

large meta-analysis, a slightly stronger association between systolic BP and coronary 

heart disease was found in 40-50 year old women compared to their male counterparts. 

Unfortunately, sex-interaction analyses were not presented. In contrast, a meta-analysis 

and systematic review including participants between 19-104 years of age found 

comparable associations between systolic BP and risk of coronary heart disease in 

women and men.86 In this last analysis, the authors did however report heterogeneity 

across studies that could not be fully adjusted for. A Finnish study with participants 

aged 25-64 years also failed to demonstrate any sex difference in the association 

between systolic BP and risk of coronary heart disease.87  

13.4.3 Absolute vs relative risk of myocardial infarction 

In Study 2, a higher proportion of men than women (5.7% vs 1.4%) developed ACS 

over 16 years follow-up, and the incidence of ACS per 10 000 person years was 8.8 for 

women and 35.6 for men. In both sexes, the incidence of myocardial infarction 

increases with increasing age.41 In women, myocardial infarctions occur on average 

approximately 9 years later in life than in men.40 Still, at all ages men have a higher 

incidence of myocardial infarctions.40, 41, 79 Among 33 997 35–102-year-old individuals 

followed for 17.6 years in the Tromsø study, men had roughly twice the risk of 

myocardial infarction compared to women. The sex difference in risk of MI was highest 

in the age group 35-65 years and then diminished with increasing age. To sum up, 

although the relative risk of myocardial infarction increases more with increasing BP 

category in women, the absolute risk of myocardial infarction is higher in men, at all 

ages. Likewise, the relative risk of myocardial infarction increases more with 
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increasing BP category in younger compared to older persons, but the absolute risk of 

myocardial infarction is higher in older individuals.79, 80, 88   

13.4.4 Potential mechanisms for the stronger associations between BP in 

midlife and ACS in women than in men 

Sex differences in arterial function in hypertension 

In early midlife, healthy women have lower BP compared to men.5 Thus, among 

individuals with ACC/AHA stage 1 hypertension in early midlife, women have had a 

relatively larger increase in BP, compared to men. In the Enigma Study, including 

18–40-year-old individuals, cardiovascular phenotypes in hypertension differed 

markedly between sexes.89 Among subjects with ACC/AHA stage 1 hypertension 

cardiac output was increased in both sexes, whereas peripheral vascular resistance 

was increased only in women. These results suggest that young adult women with 

ACC/AHA stage 1 hypertension have more advanced BP associated arterial changes 

compared to their male counterparts.  

Sex differences in coronary heart disease  

Hypertension is associated with small artery remodeling, including remodeling in  the 

coronary arteries.90 Furthermore, hypertension and small artery remodeling have been 

particularly associated with  reduced coronary flow reserve and coronary 

microvascular dysfunction in women.90-93 In ACS, women have less extensive and 

less obstructive coronary artery disease than men on angiograms and a larger 

proportion of women than men with ACS have myocardial infarction in the absence 

of obstructive coronary arteries (MINOCA).94, 95 In addition, relative to men, women 

have smaller epicardial coronary arteries and higher baseline blood flow.94  

Pregnancy complications 

Hypertensive pregnancy disorders increase the risk of maternal CVD, even after 

adjustment for other CVD risk factors, including hypertension.96 Most pregnancy 

disorders, including preeclampsia, fetal growth restriction, and spontaneous preterm 

birth are associated with placenta dysfunction, characterized by endothelial 

dysfunction. Furthermore, it has been suggested that pregnancy complications lead to 

inflammation and damage in the arterial wall that persists after birth.97 Among 45-55 
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years old women, 60% of women with former preeclampsia had hypertension, 

compared to 26% in the control group.98 In the same publication, 30% of women with 

former preeclampsia had signs of coronary atherosclerosis on cardiac computer 

tomography angiography, compared to 18% of women from the control group. In 

women, pregnancy complications are important risk factors for both hypertension and 

coronary artery disease in midlife.12, 96, 98 This may be one of the reasons why 

hypertension is a particularly strong risk factor for ACS in young women.   

Sex differences in hypertensive heart disease and arterial stiffening 

Hypertension leads to structural and functional damages in the heart, collectively 

named hypertensive heart disease. Left ventricular hypertrophy (LVH), defined as an 

abnormal increase in the left ventricular mass, is the hallmark of hypertensive heart 

disease. Previous epidemiologic studies and clinical trials have demonstrated that both 

middle aged and older women have higher prevalence of hypertensive heart disease 

than men with hypertension at similar age.99-103 Also, among patients hospitalized for 

ischemic heart disease, LVH was more often found in women than in men.78 With 

increasing age, hypertension is also associated with arterial stiffening, which leads to 

augmentation of systolic BP and pulse pressure.46 Women have a steeper increase in 

arterial stiffness with aging and hypertension compared to men.89 Further, both LVH 

and increased arterial stiffness are associated with increased risk of CVD in 

hypertension. The higher propensity to develop LVH and increased arterial stiffness, 

may contribute to explain why hypertension is a particularly strong risk factor for ACS 

in women.  

13.5 Methodological considerations- strenghts and limitations 

13.5.1 Study design 

Studies 1-3 were prospective cohort studies, considered to be the strongest 

observational study design. In prospective studies, within person variability of a risk 

factor may cause underestimation of the association between the risk factor and 

disease because of regression dilution bias.104 In Study 2 participants were examined 

only once, before they were followed until censoring or end of follow-up. We do not 
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have information about BP or CVD risk factors between these timepoints, which may 

have caused weakening of associations. Still, our Study 2 clearly demonstrated the 

association between a standardized BP measurement in early midlife and risk of ACS 

over 16 years follow-up. Furthermore, inflammatory markers were measured only at 

follow-up in Study 3. Therefore, associations between inflammatory markers and 

subsequent BP development could not be tested. 

 

13.5.2 Precision 

Precision, the relative lack of random error in a study, can be improved by increasing 

the study population or improving the study design.105 Although our study population 

was relatively large, only 89 women experienced an ACS in Study 2, and therefore 

the confidence intervals in women were relatively wide. In Studies 1-3, the precision 

could have been improved by measuring 24-hours BP. 24-hours BP is a more precise 

measurement of BP compared to office BP measurements.46 On the other hand, 

standardized office BP measurements have high prognostic value are widely used in 

the clinic.46 Our results are therefore of great clinical importance.  

 

13.5.3 Validity 

Internal validity is the degree to which a study is free from systematic error.105 

Possible systematic errors include selection bias, information bias and confounding.  

Selection bias 

Participants in health screenings are usually healthier and have higher health 

awareness than non-participants.106 However, self-selection in cohort studies mainly 

affect prevalence of estimates, rather than associations between exposure and 

outcome.107 Because Studies 1-3 are all prospective cohort studies, we do not think 

that self-selection into HUSK have caused important bias. 
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Information bias 

Information bias is a flaw in measuring variables that results in different accuracy of 

information between comparison groups.105  

Self-reported health 

Women and men may report health variables differently, which could have been a 

source of information bias in this work.77 Medical history, including information 

regarding physical activity, smoking and diabetes was collected in self-reported 

questionnaires in HUSK 1 and 2. However, adjustment for these self-reported health 

variables (physical activity, smoking and diabetes) did not alter the main results in 

Studies 1-3. Thus, we do not think that use of self-reported health variables has 

caused important bias in this work.  

Definition of ACS 

Study 2, ACS was defined as hospitalization or death with acute myocardial 

infarction or unstable angina pectoris. There was a change in the definition of 

myocardial infarction in Norway from the 1979 WHO criteria to the 2000 ESC/ACC 

criteria  during  follow-up.108 Implementation of the 2000 ESC/ACC criteria and 

measurements of troponins have probably caused a larger proportion of  myocardial 

infarctions to be diagnosed after year 2000.108 Coding for cause of death may have 

been more unreliable in persons dying outside hospitals. Because these possible 

classification errors are not related to the exposure (BP measured in midlife), we 

think that the probability of systematic bias is low.  

Confounding 

Confounding is what happens when the effect for the exposure is mixed with the 

effect of another variable.105 Confounding can be defined as “the distortion of the 

measure of the effect of an exposure on an outcome due to the association of the 

exposure with other factors that influence the occurrence of the outcome”.105 In our 

studies we tried to minimize the effect of confounding by adjusting for known risk 

factors for hypertension in studies 1 and 3, and for known ACS risk factors in study 

2. In all studies we adjusted for education as a marker of socioeconomic status. 

Unfortunately, we did not have information regarding creatinine, LDL and HDL 
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cholesterol levels or use of cholesterol lowering drugs at baseline. Furthermore, sex 

hormones were not measured in HUSK. Sex hormones affect BP development 

through several mechanisms, and women experience a transition in sex hormones 

during midlife.9 However, mean age at baseline was 41 years, 10 years younger than 

average menopausal age in Norwegian women.109 Also, we did not have information 

regarding pregnancy complications.77 Finally, in epidemiological studies there is 

always a risk of residual confounding, i.e., confounding that persist after adjustment 

for recognized confounders.105  

External validity; Generalizability of results 

Use of the unique Norwegian personal identification number to identify all habitants 

within a geographic area and the high attendance rate above 70%, are strengths in the 

studies reported herein. The study sample is relatively large, HUSK is a community-

based study, and the participants were not invited based on specific criteria. Still, 

HUSK included relatively lean, primarily Caucasian participants in early midlife, 

living in a small geographical area on the western coast of Norway. Generalizability 

of results to other ethnic groups, age groups and obese populations should be done 

with caution. On the other hand, this work adds important knowledge regarding 

community dwelling women and men in early midlife with a large potential for 

prevention of future CVD.  

Effect modification 

Effect modification, also referred to as an interaction between factors, means that the 

association of an independent variable with a dependent variable varies with the value 

of a third variable.105 In this work this could mean that the associations between 

metabolic risk factors and BP, between BP and ACS or between inflammatory 

markers and BP vary in different strata of a third variable, for example sex. In 

Studies 1-3 analyses stratified by sex combined with interaction analyses revealed 

effect modification by sex for several explanatory variables. These findings support 

our hypothesis: Inflammation is associated with BP development in a sex-specific 

manner in early midlife, and the association of BP with risk of ACS differs by sex. 
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13.5.4 Classification of hypertension 

At present, international guidelines differ in their definition of hypertension.42, 46  In 

Study 1 we chose to use the ESC/ESH definition of hypertension. In Study 2, our 

aim was to assess sex specific associations between having a mildly elevated BP in 

early midlife and risk of ACS in women and men. To increase power, we chose to use 

ACC/AHA stage 1 hypertension instead of the ESC/ESH high normal BP (Table 2). 

Then finally, in Study 3 we continued to define hypertension according to the 

ACC/AHA guideline.   

13.5.5 Inflammatory markers 

Previous exploration of the association of inflammatory markers with CVD within 

the Hordaland Health Study has focused on neopterin, KTR, hs-CRP and PAr.30, 67 

Because these are all prognostically validated, we chose to include neopterin, KTR, 

hs-CRP and PAr as markers of inflammation in Study 3.  

13.6 Other limitations 

Echocardiography and measurement of arterial stiffness was not performed in 

HUSK1/HUSK2. We were therefore not able to assess the associations between 

mildly elevated BP and hypertensive heart disease or arterial stiffness in the current 

project. In HUSK1, fasting blood glucose was not measured, and prevalence of 

diabetes may therefore have been underreported. Because the questionnaires were 

different in HUSK 1 and 2, classification of physical activity was different in Study 3 

compared to Studies 1-2 
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14. Conclusions     

We hypothesized that CVD risk factors and inflammation are associated with BP 

development in a sex-specific manner in early midlife, and that the association of BP 

with risk of ACS differs by sex. 

 

In Study 1 the aim was to identify the impact of lifestyle and other CVD risk 

factors on change in BP and incident hypertension over a 6-year period for 

women and men in early midlife. 

We found that higher BMI, weight gain and increases in serum lipids were the main 

factors associated with increases in systolic and diastolic BP, and incident 

hypertension in both women and men in early midlife.  

 

In Study 2 the aim was to explore the association of BP in early midlife with 

hospitalization and death from ACS over 16 years follow-up in women and men. 

We found that among women in early midlife, having a mildly elevated BP (systolic 

BP 130-139 mmHg and/or diastolic BP 80-89 mmHg) was associated with a doubled 

risk of ACS over 16 years follow-up in adjusted analysis, compared to normotension. 

In adjusted analysis in men, there was no significant association between having a 

mildly elevated BP and risk of ACS. 

 

In Study 3 the aim was to explore the association of markers of inflammation with 

BP development and new onset hypertension in women and men in early midlife. 

We found that in early midlife, associations between plasma markers on inflammation 

and both BP and new onset hypertension differed between women and men. After 

adjustment for BMI, higher hs-CRP was associated with higher BP and with new onset 

hypertension only in women. Likewise, higher plasma neopterin was associated with 

higher diastolic BP only in women. In contrast, higher PAr index was associated with 

higher systolic and diastolic BP in men.                                                                                         
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15. Future perspectives 

 

The sex-specific mechanisms contributing to the multifactorial pathogenesis and 

varying consequences of hypertension in women and men are not well understood. 

There is a need for increased knowledge on BP and associated cardiac disease in 

women.  

 

Early detection and management of CVD risk factors is of great importance to 

improve cardiovascular health. Not only physicians, but also women themselves 

underestimate CVD risk in women. Furthermore, sex differences in CVD risk factors 

are not well incorporated in current CVD risk scores.  Increased awareness on BP 

and cardiac health in women is necessary. 

 

Hypertension is particularly deleterious for the female heart. Still, current guidelines 

do not have sex-specific definitions or treatment recommendations for hypertension, 

except for recommendations related to pregnancy in women.42, 46 The findings of this 

thesis indicates that the risk of ACS starts at a lower BP level in women compared to 

men, and having ACC/AHA stage 1 hypertension in early midlife doubles the risk of 

ACS in women. Whether antihypertensive treatment may reduce the risk of CVD in 

ACC/AHA stage 1 hypertension in women is not known, because adequately 

powered prospective clinical studies are lacking. Future CVD treatment trials need to 

both include young women and present sex-specific results. Based on current 

knowledge, sex-specific recommendations for diagnosis and treatment of 

hypertension in women should be developed.  
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Factors associated with increase in blood pressure and incident
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ABSTRACT
Purpose: We aimed to identify sex-specific factors associated with increase in blood pressure
(BP) and incident hypertension in early midlife.
Materials and methods: 2,008 women and 1,610 men aged 40-43 years were followed for six
years in the Hordaland Health Study. Participants taking antihypertensive medication at baseline
were excluded. High-normal BP was defined as baseline BP 130-139/85-89 mmHg, and incident
hypertension as BP�140/90 mmHg or use of antihypertensive medication at follow-up.
Results: During follow-up, an increase in systolic (SBP) and diastolic (DBP) BP was observed in
54% and 30% of women vs. 44% and 41% of men, respectively (both p<0.001). In both sexes
higher baseline body mass index (BMI) and increases in BMI and serum lipids were associated
with increases in SBP and DBP during follow-up (all p<0.05). Incident hypertension was more
common in men (14 vs.11%, p<0.01), and predicted by higher BMI and high-normal BP at base-
line in both sexes, and by higher serum triglyceride level in women (all p<0.01).
Conclusion: In the Hordaland Health Study, BP development differed between women and men
in early midlife. The main factors associated with BP increase in both sexes were higher BMI,
weight gain and increases in serum lipids.
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Introduction

The World Health Organization has defined hyper-
tension as the leading risk factor for cardiovascular
(CV) disease (CVD), and currently, 1 in 4 men and 1
in 5 women have hypertension worldwide [1]. The
global obesity epidemic has been identified as a major
driver for the increasing incidence and prevalence of
hypertension [2,3]. As demonstrated both in the
Framingham Study and the Strong Heart Study, the
main risk factors for incident hypertension in 50-
year-old subjects were obesity and diabetes [2,3].
However, sex-specific results were not presented. In
contrast, in the Tromsø Study, high body mass index
(BMI) was a more important predictor of blood pres-
sure (BP) increase in women than in men [4].

Although the prevalence of hypertension rises with
increasing age in both sexes, there is a striking differ-
ence in BP changes between women and men [5,6].
While the rate of increase in BP attenuates in men after
40years, the rates of increase in both systolic BP (SBP)

and diastolic BP (DBP) remain constant with ageing in
women [6]. As a consequence, hypertension is more
common in men than in women before the age of
40 years, while after the age of 60 years more women
have hypertension [5,7]. Even in the very elderly above
90 years of age, a larger proportion of women than
men have hypertension [8]. Thus, there is a need for
further sex-specific knowledge on factors associated
with BP increase and incident hypertension, in particu-
lar in early midlife. The aim of the current study was
to identify sex-specific factors associated with increases
in SBP, DBP and incident hypertension in women and
men in their forties, using data from the community-
based Hordaland Health study in Western Norway.

Methods

Study population

The Hordaland Health study is a community-based
study in Hordaland County in Western Norway,
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initiated as a collaboration between the National
Health Screening Service, the University of Bergen
and local health services in 1992 (https://husk-en.w.
uib.no/) [9,10]. Eligible subjects were identified from
the National Population Registry based on year of
birth and site of residence. The current study focused
on the 2050 women and 1650 men, born 1950–1951
who had participated at both the 1992–1993 (baseline)
and 1997–1999 (follow-up) surveys [9]. Participants
who lacked data on BP (n¼ 6), BMI (n¼ 7), serum
lipids (n¼ 3), salt intake (n¼ 2) and level of educa-
tion (n¼ 14) were excluded, as well as participants
that used antihypertensive treatment at baseline
(n¼ 50), leaving 2,008 women and 1,610 men eligible
for the present analysis. For the analysis of incident
hypertension, 254 women and 441 men who had SBP
�140mmHg and/or DBP �90mmHg at baseline,
were excluded. All participants provided written
informed consent. The present study was performed
according to the declaration of Helsinki, and the
study protocol was approved by the Regional
Committee for Medical and Health Research Ethics
(2017/294).

Blood pressure measurement

Heart rate, SBP and DBP were measured by trained
health workers after at least 2min of rest in the sit-
ting position using calibrated sphygmomanometers
(Dinamap 845 XT or Dinamap 8100, Criticon,
Tampa, FL) [10]. Brachial BP was measured at the
heart level on the right arm. The BP was measured in
triplets with one-minute intervals during staff attend-
ance, and the average of the two last measurements
was taken as the clinic BP and used for the analyses.
High-normal BP was defined as SBP 130–139mmHg
and/or DBP 85–89mmHg in accordance with
European guidelines [11]. Hypertension was defined
as BP �140/90mmHg. Incident hypertension was
defined as a reported use of antihypertensive medica-
tion or hypertension at the follow-up examination.

Other cardiovascular risk factors

Height and weight were measured without shoes,
height to the nearest centimeter, and weight with light
clothing to the nearest half-kilogram on a calibrated
scale. BMI was calculated as weight in kg/height2.
Overweight was defined as BMI 25.0–29.9 kg/m2 and
obesity as BMI �30.0 kg/m2 [12]. Information about
medical history, CV risk factors including smoking,
alcohol intake, use of extra table salt on food,

education, menopausal status, contraceptive pills, hor-
mone replacement therapy, antihypertensive medica-
tion and time since last meal was collected in self-
reported questionnaires at both surveys. Smoking was
defined as current daily smoking and education was
classified as (1) primary education/lower secondary
school, (2) upper secondary school and (3) higher
education. Non-fasting blood samples were analyzed
for serum triglycerides and total cholesterol.

Outcome

The following outcomes were assessed (1) change in
SBP during follow up, (2) change in DBP during fol-
low up and (3) incident hypertension, defined as
recorded BP �140mmHg systolic and/or 90mmHg
diastolic or reported use of antihypertensive medica-
tion at the follow-up examination.

Statistical analyses

Statistical analyses were done using STATA, version
15 (StataCorp LP, College Station, TX). Continuous
variables are expressed as means and standard devia-
tions (SD) or medians and interquartile ranges (IQR)
and categorical variables as numbers and percentages.
Comparisons between groups were done using the
Student’s t-test or the Chi-square test. For non-
normally distributed variables (serum triglycerides)
comparison between groups was done by quantile
regression. Factors associated with changes in SBP
and DBP from baseline to the follow-up survey were
identified in uni- and multivariable linear regression
analyses. Results are reported as standardized b-coef-
ficients and p-values. Factors associated with incident
hypertension were identified using uni- and multivari-
able logistic regression analyses. Results are presented
as odds ratios (OR), 95% confidence intervals (CI)
and p-values. Cubic spline plots with multivariable
adjustments were performed to visualize the associ-
ation between continuous independent variables and
changes in SBP or DBP. Non-linear associations
detected in cubic spline plots were further tested in a
linear spline plot. Linear spline plots with one knot
(the point at which the linear slope changed) and
multivariable adjustments were performed for the
association between baseline BMI and change in SBP
and DBP. The knot was placed based on a visual
assessment of the cubic spline plot. All multivariable
models were adjusted for baseline BP (SBP, DBP or
presence of high-normal BP, respectively), BMI and
education. Adjustment for time since last meal at
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baseline was done in models on serum triglycerides,
while adjustment for time since last meal at baseline
and follow-up was done in models on change in tri-
glycerides. Adjustment for change in BMI was done
in models on change in serum cholesterol and serum
triglycerides. Additional adjustment for baseline
serum cholesterol and triglycerides was done in mod-
els on change in serum cholesterol and triglycerides,
respectively. Separate analyses were performed for
women and men. Covariates of incident hypertension
were explored also in the total study population. To
test for interactions between explanatory variables and
sex in the total study population, we compared a
model with an interaction term with a model without
an interaction term using the likelihood-ratio test. A
two-tailed p-value of <0.05 was considered statistic-
ally significant.

Results

Baseline characteristics

At baseline, SBP and DBP were lower in women than
in men, and high-normal BP and hypertension were
both less prevalent in women (all p< 0.001) (Table
1). Compared to men, women also had a lower base-
line BMI, serum total cholesterol and triglycerides,
and lower prevalence of overweight (all p< 0.001)
(Table 1). Obesity was rare, found in 5.0% in women
and 5.2% in men (p¼ 0.81) (Table 1). Alcohol intake
was lower in women than in men 1.8 vs. 4.1 units per
week (p< 0.01). The use of contraceptive pills and
hormone replacement therapy was reported by 48
(2.5%) and 57 (2.8%) women, respectively. Only 1.1%
of women were postmenopausal at baseline.

When tested by the likelihood-ratio test we found
significant interactions between baseline SBP and
DPB with sex and changes in SBP and DBP, respect-
ively. Similarly, there were significant interactions
between quartiles of serum triglycerides and change
in serum cholesterol with sex in the model on inci-
dent hypertension.

Factors associated with BP development in
women during follow-up

On average women had a significant increase in SBP
and a decrease in average DBP during follow-up (all
p< 0.001) (Table 1). An increase in SBP and DBP
was seen in 54% and 30% of women, respectively.

Higher BMI was associated with a larger increase
in SBP both in uni- and multivariable linear

regression analysis (p< 0.001) (Table 2). A J-shaped
relationship between baseline BMI and change in
SBP was demonstrated in a cubic spline plot
(Figure 1a). Using linear spline plot, a positive asso-
ciation between baseline BMI and increase in SBP
was demonstrated in women with BMI >21 kg/m2

(b¼ 0.13, p< 0.001), while no significant association
between baseline BMI and change in SBP was
found in women with lower BMI (b ¼ �0.04,
p¼ 0.07). The baseline heart rate was positively
associated with a change in SBP in multivariable
linear regression analysis (p¼ 0.014) (Table 2).
During follow-up, larger increases in BMI, serum
cholesterol, and triglycerides were all associated with
a larger increase in SBP (all p< 0.001) (Table 2).
Adding the use of contraceptive pills and hormone
replacement therapy to the multivariable model did
not alter the positive association between increase
in serum triglycerides and increase in SBP in
women (b¼ 0.086, p< 0.001).

A J-shaped relationship was also found between
baseline BMI and change in DBP (Figure 1b). In lin-
ear spline plot, baseline BMI was associated with an
increase in DBP in women with BMI above 21 kg/m 2

(b¼ 0.060, p¼ 0.01), while no significant association
was found in those with lower baseline BMI.
Increases in BMI, serum cholesterol and triglycerides
during follow-up were all associated with an increase
in DBP (all p< 0.01) (Table 3) (Figure 2b). Adding
the use of contraceptive pills and hormone replace-
ment therapy to the multivariable model did not alter
the positive association between increase in serum tri-
glycerides and increase in DBP in women
(b¼ 0.071, 0.003).

Factors associated with BP development in men
during follow-up

On average both SBP and DBP decreased from base-
line to follow-up in men (both p< 0.001) (Table 1).
However, an increase in SBP and DBP was seen in 44
and 41% of men, respectively. Thus, an increase in
SBP was more common in women, while an increase
in DBP was more common in men (both p< 0.001
between sexes).

Higher BMI, heart rate and serum cholesterol at
baseline were identified as predictors of SBP
increase in men in multivariable linear regression
analyses (all p< 0.05) (Table 2). There was a close
to the linear relationship between baseline BMI and
change in SBP in men in the cubic spline plot
(Figure 1c). Furthermore, increases in BMI, serum
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cholesterol, and triglycerides in men during follow-
up were all associated with an increase in SBP (all
p< 0.01) (Table 2).

There was a close to the linear relationship
between baseline BMI and change in DBP in men
(Figure 1d). Higher baseline BMI and larger increases

Table 1. Characteristics of the study population at baseline and follow-up.

Variables

Baseline 1992–93 Follow-up 1997–99 Change

Women
(n¼ 2,008)

Men
(n¼ 1,610) p�

Women
(n¼ 2,008)

Men
(n¼ 1,610) p� Women Men p�

Age, years 42 ± 1 42 ± 1 0.311 48 ± 1 48 ± 1 0.084 6.0 ± 1 6.0 ± 1 0.414
SBP, mmHg 122± 14 132 ± 13 <0.001 124 ± 16 130 ± 14 <0.001 1.8 ± 12 �1.2 ± 11 <0.001
DBP, mmHg 75 ± 10 80 ± 9 <0.001 72 ± 11 78 ± 10 <0.001 �3.7 ± 8 �1.5 ± 8 <0.001
Hypertension, n (%) 254 (13) 441 (27) <0.001 300 (15) 391 (24) <0.001
High-normal BP, n (%) 319 (16) 446 (28) <0.001 330 (16) 411 (26) <0.001
Heart rate, beats per minute 75 ± 13 70 ± 13 <0.001
BMI, kg/m2 23.7 ± 3.4 25.1 ± 2.9 <0.001 24.8 ± 4.0 26.1 ± 3.2 <0.001 1.1 ± 1.7 1.0 ± 1.4 0.078
Overweight, n (%) 438 (22) 669 (42) <0.001 603 (30) 814 (51) <0.001
Obesity, n (%) 100 (5.0) 83 (5.2) 0.811 185 (9.2) 179 (11) 0.058
Serum cholesterol, mmol/L 5.4 ± 1.0 5.7 ± 1.0 <0.001 5.7 ± 1.0 5.8 ± 1.0 <0.001 0.3 ± 0.8 0.1 ± 0.8 <0.001
Serum triglycerides, mmol/L 1.0 (0.7-1.4) 1.6 (1.1-2.4) <0.001 1.2 (0.9–1.7) 1.8 (1.2–2.5) <0.001 0.21

(�0.1 to 0.5)
0.12

(�0.4 to 0.7)
<0.001

Mean time since last meal, hours 3.0 ± 1.8 3.1 ± 2.0 0.31 2.6 ± 1.7 2.8 ± 2.1 0.003
Extra table salt on food, n (%) 540 (27) 593 (37) <0.001
Alcohol intake, units/week 1.8 ± 2.7 4.1 ± 1.4 <0.001
Diabetes mellitus, n (%) 6 (0.3) 9 (0.6) 0.226 9 (0.5) 20 (1.2) 0.015
Daily smoker, n (%) 743(37) 604(37) 0.751 687 (34) 550 (34) 0.646
Cardiovascular disease, n (%) 4 (0.20) 2 (0.12) 0.58 5 (0.25) 18 (1.1) 0.001
Thyroid disease, n (%) 51 (3.0) 8 (0.59) <0.001
Kidney disease, n (%) 63 (3.1) 31 (1.93) 0.023
Education, n (%) <0.001
Primary/lower secondary school 534 (27) 290 (18)
Upper secondary school 862 (43) 674 (42)
Higher education 612 (30) 646 (40)

SBP: systolic blood pressure; DBP: diastolic blood pressure; BP: blood pressure; BMI: body mass index; Overweight: BMI 25.0–29.9 kg/m2; Obesity: BMI
�30.0 kg/m2; Cardiovascular disease: self-reported stroke or myocardial infarction.
Data are given as median (IQR) for serum triglycerides, as mean ± SD for other continuous variables and as n (%) for categorical variables.�p-Values for differences between women and men.

Table 2. Factors associated with change in systolic blood pressure over 6 years in midlife.

Variable

Women Men

Univariate Multivariable Univariate Multivariable

b p b p b p b p

Baseline
Baseline SBP, mmHg �0.273 <0.001 20.298 <0.001 �0.353 <0.001 20.373 <0.001
Baseline BMI, kg/m2 0.052 0.021 0.109 <0.001 0.014 0.562 0.104 <0.001
Baseline heart rate beats/minute �0.035 0.120 0.055 0.014 �0.0003 0.991 0.082 0.001
Serum cholesterol, mmol/L �0.027 0.232 �0.014 0.537 0.017 0.508 0.049 0.040
Serum triglycerides, mmol/L �0.013 0.566 �0.013a 0.582 �0.010 0.675 0.022a 0.390
Smoking 0.003 0.909 �0.007 0.739 �0.007 0.784 �0.007 0.782
Diabetes 0.024 0.290 0.017 0.430 0.014 0.566 0.019 0.410
Adding table salt on food 0.024 0.285 0.021 0.325 0.059 0.017 0.039 0.094
Education

Primary/lower secondary school (ref) (ref) (ref) (ref)
Upper secondary school 0.064 0.018 0.058 0.026 �0.013 0.716 �0.016 0.621
Higher education 0.010 0.712 �0.018 0.498 0.055 0.110 0.023 0.482

Changes during follow-up
D BMI, kg/m2 0.208 <0.001 0.199 <0.001 0.172 <0.001 0.176 <0.001
D Serum cholesterol, mmol/L 0.116 <0.001 0.094a <0.001 0.094 <0.001 0.106a <0.001
D Serum triglycerides, mmol/L 0.114 <0.001 0.084a <0.001 0.095 <0.001 0.090a 0.001

SBP: systolic blood pressure; BMI: body mass index.
b: coefficients for factors significantly associated with increase in SBP in multivariable analysis are written in bold.
Distinct multivariable models were built for each explanatory variable. All multivariable models were adjusted for baseline systolic BP, education and
baseline BMI.
aAdjustment for time since last meal at baseline was done in models on serum triglycerides, while adjustment for time since last meal at baseline and
follow up was done in models on change in triglycerides. Adjustment for change in BMI was done in models on change in serum cholesterol and serum
triglycerides. Additional adjustment for baseline serum cholesterol or triglycerides was done in models on change in serum cholesterol or triglycerides,
respectively.
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in BMI, serum cholesterol and triglycerides during
follow-up were all positively associated with an
increase in DBP in men (all p< 0.01) (Table 3)
(Figure 2d).

Incident hypertension during follow-up

Among the 1754 women and 1169 men who were
normotensive at baseline, a lower proportion of
women than men developed incident hypertension
during 6 years follow-up (185 [11%] vs. 161 [14%],
respectively, p< 0.01). Among these, 51 (15%) sub-
jects were classified as having incident hypertension
based upon antihypertensive drug use alone. In a uni-
variate analysis in the total study population, women
were less prone to develop incident hypertension

compared to men (OR 0.74, 95% CI: 0.59–0.93,
p¼ 0.008). After multivariable adjustments for base-
line high-normal BP, BMI and education, women had
a comparable risk of incident hypertension to that
observed in men (OR 1.20, 95% CI: 0.93–1.52,
p¼ 0.17). If baseline high-normal BP was replaced by
baseline SBP in this model, women had a higher risk
of incident hypertension than men (OR 1.42, 95% CI:
1.11–1.82, p¼ 0.005).

Factors associated with incident hypertension
in women

In women, higher BMI and high-normal BP at base-
line predicted a higher incidence of hypertension
(Table 4). In addition, increases in BMI, serum chol-
esterol and triglycerides during follow-up, were all
associated with a higher risk for incident hypertension
in multivariable logistic regression analysis (all
p< 0.05) (Table 4). Women in the highest quartile of
serum triglycerides had a higher risk of incident
hypertension compared to women in the lowest quar-
tile (p¼ 0.016) (Table 4). Additional adjustment for
use of contraceptive pills and hormone replacement
therapy in the multivariable analyses did not alter the
association between having serum triglycerides in the
highest compared to the lowest quartile with incident
hypertension in women (OR 1.87, 95% CI: 1.14–3.10,
p¼ 0.014), nor the association between increase in
serum triglycerides and incident hypertension in
women (OR 1.30, 95% CI: 1.07–1.58, p¼ 0.009).

Factors associated with incident hypertension
in men

Also in men, higher BMI and high-normal BP at
baseline predicted incident hypertension at follow-up
(Table 4). In multivariable logistic regression analysis,
the presence of high-normal BP and higher BMI at
baseline, and larger increases in BMI and serum tri-
glycerides during follow-up, were all associated with a
higher risk of incident hypertension (all p< 0.05)
(Table 4). Having serum triglycerides in the highest
compared to the lowest quartile was not associated
with incident hypertension in men.

Discussion

It has been demonstrated that BP trajectories differ
between women and men [6]. While rates of increase
in SBP and DBP decline in men from 40 years and
onward, rates of SBP and DBP increase remain

Figure 1. (a–d) Change in SBP and DBP over 6 years associ-
ated with baseline BMI in women and men in their forties.
Median BMI at baseline is the reference point. The model is
adjusted for baseline blood pressure and education. BMI: body
mass index; SBP: systolic blood pressure; DBP: diastolic
blood pressure
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constant with increasing age in women [6]. The pre-
sent analysis from the Hordaland Health study aimed
at identifying factors associated with an increase in
BP and incident hypertension over 6 years in women
and men in their forties. We found that although BP
development significantly differed between women
and men in early midlife, higher BMI, weight gain
and increases in serum lipids were the main factors
associated with an increase in BP in both sexes. As
expected, a lower proportion of women than men
developed incident hypertension during 6 years fol-
low-up. However, after adjustments for baseline BP
category, BMI and education, the risk of incident
hypertension was similar in women and men. The
presence of high-normal BP at baseline was an
important predictor of incident hypertension in
both sexes.

Our sex-specific analysis expands previous results
from the population-based Framingham Heart Study
and Strong Heart Study that both were based upon
on average overweight subjects with a mean age of
around 50 years, and that did not present sex-specific
results [2,3]. In the Framingham Heart Study, the
presence of high-normal BP was associated with a 12-
fold higher risk of incident hypertension over 4 years
compared to those with optimal initial BP.
Furthermore, a 5% weight gain was associated with
an additional 20–30% increased risk of incident
hypertension during follow-up [2]. In a sub-study of

967 mostly obese North-American Indians with initial
optimal BP in the Strong Heart Study, higher SBP
and waist circumference at baseline and increases in
these factors were associated with incident hyperten-
sion after 8 years follow-up [3].

It is of particular interest that an association
between baseline BMI and increases in SBP and DBP
was evident in both sexes in our population that
mostly included non-obese subjects. Our results indi-
cate that level of BMI, even within the normal range
is associated with a change in BP in early midlife.
While a positive association between baseline BMI
and change in SBP and DBP was evident over the
whole BMI spectrum in men, the association between
baseline BMI and increase in BP was J-shaped in
women. The lowest increase in BP was seen in
women with a BMI of around 21 kg/m2. Previous
studies on the association of BMI with BP change
have reported diverging results [4,13,14]. In a study
by Liu K et al., including both black and white young
adults, similar associations between higher baseline
BMI and BMI increase with increases in SBP and
DBP were found in both sexes [15]. In contrast, in
the community-based Tromsø study, higher baseline
BMI was associated with larger increases in SBP and
DBP over 8 years in women than men in a population
with an initial mean age of 39 years [4]. However, in
the Tromsø study, adjustment for baseline BP was
not performed, although the initial SBP was

Table 3. Factors associated with change in diastolic blood pressure over 6 years in midlife.

Variable

Women Men

Univariate Multivariable Univariate Multivariable

b p b p b p b p

Baseline
Baseline DBP, mmHg �0.303 <0.001 20.308 <0.001 �0.396 <0.001 20.411 <0.001
Baseline BMI, kg/m2 �0.026 0.249 0.038 0.083 �0.019 0.453 0.075 0.001
Baseline heart rate beats/minute �0.143 <0.001 �0.030 0.197 �0.136 <0.001 0.004 0.886
Serum cholesterol, mmol/L �0.097 <0.001 20.051 0.019 �0.045 0.074 0.012 0.600
Triglycerides, mmol/L �0.045 0.043 �0.006 a 0.807 �0.046 0.062 �0.005 a 0.843
Smoking �0.026 0.244 �0.010 0.637 �0.014 0.578 �0.011 0.646
Diabetes �0.009 0.690 �0.003 0.873 �0.039 0.118 �0.022 0.345
Adding table salt on food 0.037 0.097 0.032 0.133 0.032 0.201 0.027 0.240
Education

Primary/lower secondary school (ref) (ref) (ref) (ref)
Upper secondary school 0.028 0.312 0.021 0.421 �0.006 0.869 0.005 0.869
Higher education 0.067 0.014 0.030 0.246 0.038 0.271 0.029 0.363

Changes during follow-up
D BMI, kg/m2 0.118 <0.001 0.125 <0.001 0.123 <0.001 0.138 <0.001
D Serum cholesterol, mmol/L 0.154 <0.001 0.119a <0.001 0.153 <0.001 0.136a <0.001
D Serum triglycerides, mmol/L 0.065 0.003 0.068a 0.004 0.049 0.050 0.067a 0.011

DBP: diastolic blood pressure; BMI: body mass index.
b: coefficients for factors significantly associated with increase in DBP in multivariable analysis are written in bold.
Distinct multivariable models were built for each explanatory variable. All multivariable models were adjusted for baseline DBP, education and base-
line BMI.
aAdjustment for time since last meal at baseline was done in models on serum triglycerides, while adjustment for time since last meal at baseline and
follow up was done in models on change in triglycerides. Adjustment for change in BMI was done in models on change in serum cholesterol and serum
triglycerides. Additional adjustment for baseline serum cholesterol or triglycerides was done in models on change in serum cholesterol or triglycerides,
respectively.
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10mmHg lower in women than in men. Also in a
Japanese cohort study including 6803 men and 22,800
women aged 40–79 years, incident hypertension was
more strongly associated with obesity in women than
in men [14].

Resting heart rate has been suggested as a marker
of sympathetic activity [16]. In a Chinese study,
higher resting heart rate was associated with a higher
risk of incident hypertension, however, separate anal-
yses in women and men were not presented [17]. In
the present sex-specific analysis, we found a positive
association between higher resting heart rate and
increase in SBP in women and men, but not with
incident hypertension.

Our results suggest a stronger association of ele-
vated serum triglycerides with incident hypertension
in women than in men. In contrast, elevated serum
triglycerides predicted development of hypertension
during 7 years follow-up in 311 Finnish men [18]. In
the Framingham offspring study, baseline BMI, serum
triglycerides, and increase in these factors were associ-
ated with an increase in mean BP over 6 years follow-
up, but sex-specific results were not reported [19].
The Copenhagen city study recently demonstrated a
positive association between higher levels of non-fast-
ing serum triglycerides and plasma C-reactive protein
(CRP) levels, suggesting that elevated serum triglycer-
ides is a marker of inflammation [20]. It has been
proposed that the presence of elevated serum trigly-
cerides may identify those at risk for diabetes devel-
opment [21,22]. Diabetes mellitus is a stronger risk
factor for coronary heart disease in women than men
[21,23]. Likewise, higher serum triglyceride levels
appear to be a more important risk factor for ischae-
mic heart disease in women than in men [21,23].
Because of the low prevalence of diabetes, we were
not able to test the association between diabetes and
incident hypertension in the present cohort.

We demonstrated an independent association of an
increase in serum cholesterol during follow-up with
increases in SBP and DPB in both sexes, and with
incident hypertension particularly in women. These
findings are in line with results in the Women’s
Health Study [24]. Furthermore, similar findings were
reported for men in the Physicians’ Health Study and
a Japanese cohort study of 14,215 male workers
[25,26]. Despite these findings, a meta-analysis of 18
randomized clinical trials assessing the effect of chol-
esterol-lowering treatment on BP reduction found no
evidence of substantial BP-lowering effect of statin
treatment [27].

Some study limitations should be outlined. The
Hordaland Health Study was performed in a small
region in Western Norway in an ethnically homogen-
ous study sample with a very low prevalence of obes-
ity. Thus, our results add to previous observations in
overweight and obese cohorts. However, the general-
isation of results should be done with caution. The
relatively large study sample and prospective design
are major strengths of this study. Furthermore, par-
ticipation rates were high, above 70% both at the
baseline and the follow-up survey [9]. Out of office
BP measurements were not included in the
Hordaland Health Study. Although only 51 (15%)
study participants were classified as having incident
hypertension at follow-up based solely on

Figure 2. (a–d) Change in SBP and DBP over 6 years in midlife
associated with change in BMI in women and men in their
forties. Median change in BMI is the reference point. The
model is adjusted for baseline blood pressure, BMI and educa-
tion. BMI: body mass index; SBP: systolic blood pressure; DBP:
diastolic blood pressure
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antihypertensive drug use, we cannot exclude that
some of these participants may have had another
indication for use of these drugs, and therefore were
misclassified. Information on the use of steroid hor-
mones and statin treatment was not included in the
baseline survey in 1992–1993. Serum triglycerides
were measured in non-fasting blood samples. Non-
fasting serum triglycerides probably have an even
stronger association with CVD than fasting triglycer-
ides level [28,29]. Finally, serum glucose, creatinine,
and thyroid hormones were not measured at baseline
in the present cohort. Medical history was collected
in self-reported questionnaires. Prevalent diabetes,
CVD, thyroid, and kidney disease may therefore be
underreported.

Conclusion

In the Hordaland Health Study, BP development dif-
fered between women and men in early midlife.
Higher BMI, weight gain, and increases in serum lip-
ids were the main factors associated with increases in
SBP and DBP and incident hypertension during
6 years follow-up both in women and men in their
forties. As initial blood pressure was lower in women
than in men, women were less prone to develop
hypertension during follow-up. The presence of high-
normal BP at baseline was an important predictor of
incident hypertension in both sexes.
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Aims Hypertension has been suggested as a stronger risk factor for acute coronary syndromes (ACS) in women than
men. Whether this also applies to stage 1 hypertension [blood pressure (BP) 130–139/80–89 mmHg] is not known.

...................................................................................................................................................................................................
Methods and
results

We tested associations of stage 1 hypertension with ACS in 12 329 participants in the Hordaland Health Study
(mean baseline age 41 years, 52% women). Participants were grouped by baseline BP category: Normotension
(BP < 130/80 mmHg), stage 1 and stage 2 hypertension (BP >_140/90 mmHg). ACS was defined as hospitalization or
death due to myocardial infarction or unstable angina pectoris during 16 years of follow-up. At baseline, a lower
proportion of women than men had stage 1 and 2 hypertension, respectively (25 vs. 35% and 14 vs. 31%,
P< 0.001). During follow-up, 1.4% of women and 5.7% of men experienced incident ACS (P< 0.001). Adjusted for
diabetes, smoking, body mass index, cholesterol, and physical activity, stage 1 hypertension was associated with
higher risk of ACS in women [hazard ratio (HR) 2.18, 95% confidence interval (CI) 1.32–3.60], while the associ-
ation was non-significant in men (HR 1.30, 95% CI 0.98–1.71). After additional adjustment for systolic and diastolic
BP, respectively, stage 1 diastolic hypertension was associated with ACS in women (HR 2.79 [95% CI 1.62-4.82]),
but not in men (HR 1.24 [95% CI 0.95-1.62]), while stage 1 systolic hypertension was not associated with ACS in ei-
ther sex.

...................................................................................................................................................................................................
Conclusion Among subjects in their early 40s, stage 1 hypertension was a stronger risk factor for ACS during midlife in women

than in men.
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Keywords Stage 1 hypertension • Acute coronary syndromes • Myocardial infarction • Hypertension • Sex

Introduction

Acute coronary syndromes (ACS), including myocardial infarction
(MI) and unstable angina pectoris, are major causes of morbidity and
mortality worldwide.1 While overall incidence rates and ACS mortal-
ity rates have decreased in Western countries over the last decades,
these favourable trends do not appear to include younger women.2–5

In fact, an increase in hospitalizations for ACS in young and middle-
aged women has been observed in several countries.2,3,6–8

Emerging evidence suggests that hypertension may be a particularly im-
portant risk factor for ACS in women.9 In the Norwegian Tromsø study,
the associations between higher systolic and diastolic blood pressure (BP)
and risk of MI were stronger for women aged 35–94years than for
men.9,10 Similarly, in the UK Biobank study, stage 1 and 2 hypertension

* Corresponding author. Tel: þ47 93098296, Email: ester.kringeland@uib.no
VC The Author(s) 2021. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com
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were both associated with higher hazard ratios (HRs) for MI in women
with a mean age of 56years at baseline than in their male counterparts.10

However, these studies did not focus on younger women.
Healthy women in their 40s have significantly lower BP and preva-

lence of hypertension compared to men.11,12 In contrast, young women
with MI are more likely than their male counterparts to have hyperten-
sion.2 In an analysis based upon four large US cohorts, Ji et al.11 demon-
strated that women have a steeper increase in BP measures during the
life course compared to men that begins already in the third decade.
Their findings suggest that certain arterial changes develop earlier and
progress faster in women, including small artery remodelling, which in
turn has been associated with coronary microvascular dysfunction and
increased risk of ACS.13,14 Taken together, it may be hypothesized that
even mildly elevated BP in young women may contribute more strongly
as a risk factor for ACS than in men. The current study therefore aimed
to test whether mildly elevated BP in the early 40s carried a different
risk of ACS during midlife for women than for men.

Methods

Study population
The population-based Hordaland Health Study was initiated in
Hordaland County in Western Norway as a collaboration between the
national health screening services, local health authorities, and the
University of Bergen in 1992 (https://husk-en.w.uib.no/ (15 March 2021)
).15 All residents in the county born in 1950–52 were identified in the
National Population Registry and invited to attend the first survey in
1992–1993. Overall acceptance rate was 73% and 12 597 persons partici-
pated. For the present analysis, participants with incomplete BP (n= 28),
body mass index (BMI) (n= 19) or serum cholesterol measurements
(n= 2), a history of MI (n= 28) or medically treated hypertension
(n= 191) were excluded, leaving 6381 women and 5948 men for analy-
ses. The study was performed according to the declaration of Helsinki.
All participants provided written, informed consent and the study proto-
col was approved by the Regional Committee for Medical and Health
Research Ethics (2017/294). The dataset used in this study contains po-
tentially sensitive patient information. The Regional committee for medic-
al and health research ethics does not allow for public deposition of the
data. Application for access to the data can be done on the Hordaland
Health Study website: https://husk-en.w.uib.no/how-to-apply-for-data-ac-
cess/. (15 March 2021).

Baseline examinations
The baseline visit was performed during 1992–93. Attended brachial BP
was measured in triples with 1 min intervals by trained healthcare work-
ers after the participant had been seated for at least 10 min, using cali-
brated sphygmomanometers (Dinamap 845 XT, Criticon, Tampa,
USA).16 The average of the two last measurements was used for analyses.
BP categories were identified in accordance with the 2017 ACC/AHA
hypertension guidelines: Normotension was defined as systolic BP
<130 mmHg and diastolic BP <80 mmHg, stage 1 hypertension as systolic
BP 130–139 mmHg and/or diastolic BP 80–89 mmHg and stage 2 hyper-
tension as systolic BP >_140 mmHg and/or diastolic BP >_90 mmHg.17

Height was measured without shoes to the nearest centimetre, and
weight was measured with light clothing to the nearest half-kilogram on a
calibrated scale. BMI was calculated as weight in kg/height in metres.2

Information about physical activity, smoking, use of antihypertensive
drugs and medical history including diabetes mellitus was collected in self-
reported questionnaires. Physical activity was categorized as sedentary

(sedentary or no regular physical activity), light (walking, cycling, or other
moderate physical activity for at least 4 h per week), moderate (exercise,
gardening with physical exertion, or similar degree of physical activity for
at least 4 h per week) or hard (heavy training or competitive sports sev-
eral times per week). Smoking was defined as daily smoking. Non-fasting
blood samples were analysed for serum total cholesterol.

Outcome
The present study assessed incident ACS, defined as hospitalization or
death with an acute MI or unstable angina pectoris diagnosis during
16 years of follow-up. Data from the Hordaland Health Study survey in
1992–93 were linked with outcome data from the CardioVascular
Disease in NORway (CVDNOR) project and the Cause of Death
Registry for the period 1 January 1994 to 31 December 2009. The
CVDNOR project includes information about all hospitalizations with a
cardiovascular (CV) disease-related diagnosis in Norway for the period
1994–2009 (https://cvdnor.w.uib.no/ (15 March 2021)).3 The Cause of
Death Registry is a national registry including information on date and
underlying cause of death in Norway. For the present study data on inci-
dent ACS, defined as hospitalization or death with an acute MI or un-
stable angina pectoris diagnosis [International Classification of Diseases
(ICD)-9 codes 410, 411 and ICD-10 codes I20.0, I21 and I22], was taken
from these sources.

Statistical analyses
Statistical analyses were done using STATA, version 16 (StataCorp LP,
College Station, TX, USA). Continuous variables are expressed as means
and standard deviations and categorical variables as proportions.
Participants were grouped into three BP categories: normotension, stage
1, and stage 2 hypertension. Comparisons of characteristics between BP
categories were done in sex-specific analyses, using linear or logistic re-
gression analyses with BP category as an independent variable, followed
by a test for linear trend using the contrast command in Stata. Kaplan–
Meier cumulative plots were constructed separately for women and men
stratified by BP category. Associations between BP categories and inci-
dent ACS were tested in Cox regression analyses adjusted for diabetes,
smoking, BMI, serum total cholesterol, and physical activity (model 1). In a
secondary analysis, use of contraceptive pills was added to model 1 in
women. Normotension was used as the reference group. Separate analy-
ses were performed for women and men. Results are presented as HR,
95% confidence intervals (CIs), and P-values. Linear trend over BP catego-
ries were tested using linear contrast after Cox regression analyses. To
test for interactions between BP category and sex, we compared a model
with and without an interaction term using the likelihood-ratio test. In fur-
ther analyses, the cohort was grouped according to systolic BP categories
(systolic normotension, stage 1 and stage 2 systolic hypertension) and dia-
stolic BP categories (diastolic normotension, stage 1 and stage 2 diastolic
hypertension), respectively. Associations between systolic BP category and
ACS were tested in Cox regression multivariable model 1, using systolic nor-
motension as the reference group. In a second multivariable model, addition-
al adjustment for diastolic BP as a continuous variable was included (model
2). Similar models were tested for diastolic BP categories with adjustment
for systolic BP as a continuous variable in model 2. A two-tailed P-value of
<0.05 was considered statistically significant in all analyses.

Results

Baseline characteristics
A lower proportion of women than men had hypertension at base-
line (25% vs. 35% for stage 1 and 14% vs. 31% for stage 2
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.
hypertension, respectively) (P< 0.01 for difference between sexes)
(Table 1). Among subjects with hypertension, a lower proportion of
women than men had isolated systolic hypertension (25% vs. 36% in
stage 1 and 38% vs. 50% in stage 2 hypertension, respectively), while
a higher proportion of women than men had isolated diastolic hyper-
tension (42% vs. 24% in stage 1 and 19% vs. 11% in stage 2 hyperten-
sion, respectively) (both P< 0.01 for difference between sexes).

Compared to men, women had lower BMI and serum total choles-
terol (both P< 0.001) and a lower proportion of women than men
reported daily smoking (P= 0.002) (Table 1). Across the different BP cat-
egories, stepwise higher BMI and serum cholesterol levels were found
with higher BP category for both women and men (all P< 0.01 for linear
trend). Likewise, a stepwise higher prevalence of diabetes was found
with higher BP category (P< 0.01 in women and P= 0.09 in men).

Hypertension stage and sex-specific risk
of ACS
During a median of 16 years of follow-up (interquartile range 16–
16 years), (in total 192 251 person years), 89 women (1.4%) and 341
men (5.7%) were hospitalized with or died from ACS (P< 0.001 be-
tween sexes).

Women with stage 1 hypertension had twice the risk of ACS com-
pared to normotensive women (Table 2). In women with stage 2
hypertension, the risk of ACS was tripled compared to normotensive
women (Table 2). These results remained statistically significant after
adjustments for diabetes, smoking, BMI, serum total cholesterol, and
physical activity (Table 2). Additional adjustment for use of contracep-
tive pills did not alter the results (HR 2.09, 95% CI 1.21–3.61 for stage
1 hypertension and HR 2.72, 95% CI 1.47–5.05 for stage 2 hyperten-
sion, respectively).

Men with stage 1 and stage 2 hypertension had an about 40% and
70% higher risk of ACS, respectively, compared to normotensive
men (Table 2). In adjusted models, the association between stage 1
hypertension and ACS in men became statistically non-significant,
while the association between stage 2 hypertension and ACS
remained significant (Table 2).

A significant interaction between BP category and sex was found in
the model on ACS both in univariate and adjusted analyses (P= 0.03
and 0.01, respectively) (Figure 1) (Table 2), confirming that hypertension
stage 1 and stage 2 affected the risk of ACS in a sex-specific manner.

Systolic BP and sex-specific risk of ACS
The risk of ACS increased with increasing systolic BP category, both
in women and men (Table 2) (both P< 0.01 for linear trend).

Compared to women with normal systolic BP, the risk of ACS was
about 80% higher in women with stage 1 systolic hypertension and
two-fold higher in women with stage 2 systolic hypertension in un-
adjusted and adjusted analyses (model 1, Table 2). After additional ad-
justment for diastolic BP, there was no significant association
between systolic BP category and ACS in women (model 2, Table 2).

Compared to normotensive men, men with stage 1 systolic hyper-
tension did not have an increased risk of ACS, while men with stage 2
systolic hypertension had an about 50% higher risk of ACS in un-
adjusted analyses (Table 2). In adjusted analyses, stage 2 systolic
hypertension was not associated with significantly increased risk of
ACS in men (Table 2).

There was no significant sex-interaction between systolic BP cat-
egory and risk of ACS (Table 2).

Diastolic BP and sex-specific risk of ACS
With increasing diastolic BP category the risk for ACS increased in
both sexes (both P< 0.001 for linear trend) (Table 2).

Compared to women with normal diastolic BP, women with stage
1 diastolic hypertension had an almost three-fold and women with
stage 2 diastolic hypertension a five-fold increased risk of ACS both
in unadjusted and adjusted analyses (Table 2).

Compared to men with normal diastolic BP, men with stage 1 dia-
stolic hypertension had an almost 50% higher, and men with stage 2
diastolic hypertension a two-fold higher risk of ACS in unadjusted
analysis (Table 2). In adjusted analyses in men, these results remained
significant (model 1, Table 2), but after additional adjustment for base-
line systolic BP, only stage 2 diastolic hypertension was associated
with higher risk of ACS (model 2) (Table 2).

There was a highly significant sex-interaction on the association of
diastolic BP category and risk of ACS both in univariate and adjusted
analyses (Table 2).

Discussion

This study adds important information on sex-differences in the BP
mediated risk of ACS in midlife. Having BP 130–139/80–89 mmHg
(stage 1 hypertension by American guidelines) in the early 40s
doubled the risk of ACS during midlife in women, while the associ-
ation was non-significant in men when adjusted for confounding CV
risk factors. Diastolic hypertension was a stronger indicator of risk
than systolic hypertension.

Hypertension stage and sex-specific risk
of ACS
In the Interheart Study, self-reported hypertension, defined as
BP >_ 140/90 mmHg, was a stronger risk factor for MI in women than
in men.18 However, few studies have so far explored sex-specific
associations between stage 1 hypertension and ACS.10,19,20 In the UK
Biobank study, including 471 998 participants (56% women, mean age
56 years) with no history of CV disease, both stage 1 and 2 hyperten-
sion were associated with a 40% higher risk of combined fatal and
non-fatal MI over 8 years in women than in men.10 In a subsequent
publication by Li et al.19 based upon the same cohort, having isolated
diastolic hypertension was associated with higher risk of combined
MI, stroke, and CV death in women than men younger than 60 years
of age, but not in older subjects. However, their analysis did not sep-
arate between stage 1 and stage 2 isolated diastolic hypertension, and
results from sex interaction analysis were not presented. In contrast,
in a pooled analysis grouping three prospective Chinese studies,
including 154 407 participants aged 40–80 years, both stage 1 and
stage 2 hypertension were associated with higher risk of CV death
both in women and men. In stratified analysis, the results were stron-
ger in subjects younger than 65 years and in those without pre-exist-
ing CV disease, while no difference between sexes was found.20

Similarly, stage 1 isolated diastolic hypertension was associated with a
comparable increased risk of CV disease (combined hospitalization
for MI, stroke, and heart failure) in a Korean study following 30 years
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..old women and men for 13 years.21 In this study, both stage 1 isolated
systolic hypertension and stage 1 combined systolic and diastolic
hypertension were associated with a 16–22% higher risk in women.
However, sex-specific results for the association of BP categories
with MI were not reported. Thus, the present study adds important
new knowledge by demonstrating that having BP 130–139/80–
89 mmHg in the early 40s was particularly associated with increased
risk of ACS during midlife in women, and that diastolic stage 1 hyper-
tension was the strongest indicator of risk. These findings were not
explained by higher burden of traditional CV disease risk factors in
women or use of contraceptive pills. Our results support the growing
evidence indicating that hypertension has particularly unfavourable
effects on womens’ heart.22,23

Systolic and diastolic BP and risk of ACS
In former studies, which BP component that best identifies risk for
CV disease has varied by age and by the type of CV disease
assessed.24,25 In the Framingham Heart Study, diastolic BP was a
stronger indicator of incident coronary heart disease in women and
men younger than 50 years, whereas systolic BP and pulse pressure
were stronger predictors after the age of 60 years.24 In the
Norwegian Tromsø study including 33 859 subjects, 35–94 years of
age, the associations between higher systolic and diastolic BP and risk
of MI were both stronger for women than for men.9 Likewise, in a
meta-analysis of 61 studies by Lewington et al.,26 a slightly stronger
association between systolic BP and ischaemic heart disease mortality
was reported for women than for men, especially in the age group
40–50 years. Importantly, no sex interaction analysis was presented.
Finally, in the Atherosclerosis Risk in Communities study, systolic BP
was a stronger predictor of peripheral artery disease (PAD) than dia-
stolic BP in subjects with an initial age of 45–64 years followed for

more than 25 years, and the association between higher BP and PAD
was a particularly strong in women.25 In contrast, a Finnish study
including 14 786 subjects aged 25–64 years found comparable associ-
ations between systolic BP and risk of coronary heart disease in
women and men.27 Furthermore, a meta-analysis and systematic re-
view by Peters et al.28 including data from 56 cohorts, found no sex
difference in the relationship between systolic BP and the risk of is-
chaemic heart disease. However, this meta-analysis included a broad
age spectrum (19–104 years), and as reported, there was heterogen-
eity across studies that could not be fully adjusted for. The present
study adds to this previous knowledge by demonstrating that among
subjects in their early 40s, diastolic BP was the strongest indicator of
ACS risk during midlife, and more strongly for women than for men.

The current sex-specific findings probably reflect differences in
vascular biology between young women and men.11 In particular,
changes in small artery compliance and remodelling related to ele-
vated diastolic BP have also been linked to impaired coronary flow
reserve and coronary microvascular dysfunction which dispropor-
tionally causes ACS in women.13,29–31 Still, current American and
European guidelines do not provide sex-specific definitions and rec-
ommendations for management of hypertension, and antihyperten-
sive drug treatment of BP <140/90 mmHg is not recommended in
subjects without CV disease, diabetes or renal failure.17,32 Thus,
whether antihypertensive treatment may reduce the demonstrated
BP effects in women is not known.

Study limitations
Some limitations in our study should be outlined. The Hordaland
Health Study included primarily Caucasians living in a small geograph-
ic area in Western Norway. Generalization of results to other ethnic
groups should be done with caution. We did not have information

Figure 1 Kaplan–Meier analyses of acute coronary syndromes by age in baseline blood pressure categories in women and men during 16 years of
follow-up. Stage 1 and stage 2 hypertension affected the risk of acute coronary syndromes in a sex-specific manner, confirmed by a significant inter-
action test (P= 0.03). ACS, acute coronary syndromes; BP, blood pressure; HT, hypertension.
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.
about hypertensive disorders during pregnancy. BP classes were
derived from baseline BP measured in triplets at a single visit, and the
prevalence of hypertension at baseline may therefore have been
overestimated. We did not have information on BP or antihyperten-
sive treatment during follow-up. Some subjects with stage 2 hyper-
tension may have initiated antihypertensive treatment. However, the
powerful, independent information on ACS risk during midlife from a
standardized BP measurement in young subjects in their early 40s is
clearly demonstrated. Fasting blood sugar was not measured, and the
prevalence of diabetes may therefore have been underreported. Still,
study participants were in their early 40s and obesity was rare in our
cohort, reducing the probability of type 2 diabetes. Finally, we did not
have information regarding LDL and HDL cholesterol levels or use of
cholesterol lowering drugs. The relatively large study sample, pro-
spective design and high participation rate are all strengths of the
study.

Conclusion

In the Hordaland Health Study, BP 130–139/80–89 mmHg (stage 1
hypertension by American guidelines) in the early 40s doubled the
risk of ACS during midlife in women, while the association was non-
significant in men when adjusted for confounding CV risk factors.
Stage 1 diastolic BP was a stronger indicator of ACS risk than stage 1
systolic BP. Our results may contribute to explain why ACS incidence
rates have declined less in young and middle-aged women than in
their male counterparts.
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Summary table 

What is known about the topic 

• Age-associated blood pressure (BP) development differs between women and men. 

Among young adults, women have lower BP than men. Then, starting from the 3rd 

decade, women have a steeper increase in BP than men.  

• BP is a stronger risk factor for coronary heart disease in women than men, and this 

risk initiates at a lower BP level in women than men. 

• Inflammation is associated with higher risk of hypertension. 

What this study adds 

• Among 48-year-old participants in the Hordaland Health study, higher markers of 

vascular inflammation were associated with higher BP and new-onset hypertension in 

a sex-specific manner. 

• Higher levels of plasma CRP and neopterin were associated with new onset 

hypertension and higher BP only in women. Our results suggest a sex-specific 

interaction between BP and vascular inflammation in midlife.    
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Abstract:  

Aim: To test sex-specific associations of markers of inflammation with blood pressure (BP) 

and incident hypertension in midlife.  

Methods: Participants in the Hordaland Health study, (n=3280, 56% women, mean age 48 

years) were examined at baseline and followed for 6 years. Circulating levels of inflammatory 

markers including high-sensitive C-reactive protein (hs-CRP), neopterin, and pyridoxic acid 

ratio (PAr) index were measured at follow-up. The associations with systolic/diastolic BP and 

incident hypertension were tested in sex-specific linear- or logistic- regression analyses 

adjusted for body mass index, total- and high-density lipoprotein cholesterol, triglycerides, 

creatinine, physical activity, smoking and diabetes. 

Results: At follow-up, women had lower mean BP than men (124/72 vs. 130/78 mmHg, 

p<0.001). Higher hs-CRP was significantly associated with greater systolic and diastolic BP 

(standardized β=0.09 and β=0.10, both p<0.01) in women, but not in men. Higher neopterin 

was associated with higher diastolic BP only in women (standardized β=0.08) and higher PAr 

index was associated with higher BP in men (all p<0.01). Compared to hs-CRP <1 mg/L, 

higher levels of hs-CRP 1-<3 mg/L and hs-CRP ≥3 mg/L were associated with new-onset 

hypertension in women (odds ratio (OR) 1.81, 95% CI 1.25-2.61 and OR 1.94, 95% CI 1.26-

3.01), but not in men. Sex-interactions were found for hs-CRP and neopterin in models on 

incident hypertension and diastolic BP, respectively (both p<0.05). 

Conclusion: Higher plasma levels of inflammatory markers were associated with higher BP 

and incident hypertension in a sex-specific manner. Our results suggest a sex-specific 

interaction between cardiovascular inflammation and BP in midlife. 
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Introduction 

Elevated blood pressure (BP) is the leading risk factor for cardiovascular disease and 

mortality.(1) Sex differences in BP development over the life course have been identified, 

where women have a steeper increase in BP with aging, starting already in the third decade of 

life.(2) Further, we recently reported that the risk for acute coronary syndromes 

increased at a lower BP level in women than in men participating in the community-based 

Hordaland Health Study.(3) The underlying causes for these sex-differences in BP 

development have not been established; however, evidence from experimental studies 

indicates that sex-specific activation of the immune system may contribute.(4)(5) In 

particular, vascular activation of T cells in response to stimuli like angiotensin 2 and high salt 

intake seems to be central for BP development in animal studies.(4) These activated T cells 

may modulate the BP response through production of pro-inflammatory cytokines such as 

interferon gamma (IFN-γ) that stimulates production of neopterin by activated macrophages, 

and activates metabolism of the essential amino acid tryptophan through the kynurenine 

pathway.(6)(7) The degree of T cell activation may be assessed through measurement of 

neopterin and the kynurenine-tryptophan ratio (KTR).(8)  

Previous studies in community-based cohorts have documented that elevated high-sensitive 

C-reactive protein (hs-CRP), neopterin, KTR and the pyridoxic acid ratio (PAr index), the 

latter reflecting altered vitamin B6 catabolism during inflammation, are associated with high 

BP.(9)(10)(11)(12)(13)(14) Furthermore, elevated plasma levels of these inflammatory 

markers have been reported to be associated with risk of cardiovascular 

disease.(11)(12)(15)(16)(14) However, there is a paucity of clinical information on the sex-

specific associations between these prognostic inflammatory markers and BP development. In 

the present analysis, we explored the sex-specific associations of prognostically validated 
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markers of inflammation with systolic and diastolic BP and new onset hypertension over the 

past 6 years in middle-aged women and men participating in the Hordaland Health Study.(17)  

 

Methods 

Study population 

The community-based Hordaland Health Study was initiated in Hordaland County in Western 

Norway as a collaboration between the National Health Screening Service, the University of 

Bergen and local health services in 1992 (https://husk-en.w.uib.no/). Eligible subjects were 

identified from the National Population Registry based on year of birth and site of residence. 

The cohort used in the present analysis includes 3 700 women and men born in 1950-51 

participating in the 1st and 2nd Hordaland Health Survey in 1992-93 and 1997-99, 

respectively.(17) Participation rate was above 70 % in both surveys. We excluded participants 

with missing data on BP (n=6), biomarkers of inflammation (n=264) body mass index (BMI) 

(n=4), serum creatinine (n=1) and physical activity (n=164), leaving 1 829 women and 1 451 

men eligible for the present study. The study was performed according to the declaration of 

Helsinki, and the study protocol was approved by the Regional Committee for Medical and 

Health Research Ethics (2017/294). 

Blood pressure measurement 

Study participants were examined following standardized protocols in 1992-93 and 1997-99. 

Attended brachial BP was measured in seated position after a minimum of 2 minutes rest with 

calibrated sphygmomanometers (Dinamap 845 XT or Dinamap 8100, Criticon, Tampa, FL, 

USA). BP was measured three times by trained health care workers, and the average of the 

two last measurements was used for analyses. Hypertension was defined as  BP≥130/80 

mmHg or self-reported use of antihypertensive drugs. (18) 

Other cardiovascular disease risk factors 
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Information about use of antihypertensive medication in 1992-93 (baseline) was collected in 

self-reported questionnaires. Likewise, information about physical activity, smoking, medical 

history and use of medication in 1997-99 (follow-up) was collected in self-reported 

questionnaires. Physical activity was categorized as none, <1 hour, 1-2 hours or ≥3 hours per 

week of vigorous physical activity resulting in sweating or shortness of breath. Smoking was 

defined as self-reported daily smoking or serum cotinine ≥85 nmol/L.(19) Diabetes was 

defined as self-reported diabetes, use of antidiabetic medication, a serum glucose level ≥11.1 

mmol/L in participants who had eaten during the last 8 hours and/or a serum glucose level 

≥7.0 mmol/L in participants who had been fasting for at least 8 hours. Weight was measured 

with light clothing to the nearest half-kilogram, and height was measured without shoes to the 

nearest centimeter. Body mass index (BMI) was calculated as weight in kg/height in meters2 

and obesity was defined as BMI ≥30 kg/m2. 

Biochemical analyses 

Non-fasting blood samples were collected at follow-up, kept on ice before centrifugation (for 

less than 3 hours), and stored at –80°C before analysis. Plasma concentrations of tryptophan, 

kynurenine, neopterin, 4-pyridoxic acid, pyridoxal 5’-phosphate, pyridoxal, cotinine, and 

creatinine were quantified by LC-tandem MS at Bevital, Bergen, Norway 

(www.bevital.no).(20) Plasma hs-CRP was measured with an immuno-Matrix-Assisted Laser 

Desorption/Ionization–based assay.(21) KTR was calculated by dividing the plasma 

concentration of kynurenine (nmol/L) by the concentration of tryptophan (mmol/L), and the 

PAr index was defined as the ratio plasma 4-pyridoxic acid: (pyridoxal + pyridoxal-5'-

phosphate).(10) 

Statistical analyses 

Statistical analyses were done using STATA, version 17 (Stata Corp LP, College Station, TX, 

USA). Continuous variables are expressed as means and standard deviations (SD) or medians 
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and interquartile ranges (IQR) for variables (CRP, neopterin, KTR and PAr ) not normally 

distributed. Categorical variables are presented as numbers and percentages. Comparisons 

between groups were done using the Student’s t-test or the Chi-square test. For non-normally 

distributed variables comparisons of medians between groups were done using quantile 

regression. Cross-sectional associations between inflammatory markers and systolic and 

diastolic BP measured at follow-up were tested in univariable and multivariable linear 

regression analyses. Likewise, associations between inflammatory markers measured at 

follow-up with changes in systolic and diastolic BP during the past 6 years were tested by 

linear regression analyses. Results are reported as standardized β-coefficients and p-values. 

For the analysis of new onset hypertension at follow-up, participants with hypertension at 

baseline were excluded (n=1599). Associations between inflammatory markers and new onset 

hypertension at follow-up were tested by logistic regression analyses. Results are reported as 

odds ratios (OR), 95% confidence intervals (CI) and p-values. The inflammatory markers 

were all non-normally distributed and log-transformed before inclusion in linear or logistic 

regression analyses. Separate analyses were performed for women and men. To test for 

interactions with sex in the associations between biomarkers of inflammation and blood 

pressure/hypertension, we compared a model with and without an interaction term, using the 

likelihood-ratio test.  Multivariable model 1 was adjusted for BMI. Model 2 was adjusted for 

BMI, serum creatinine, physical activity, daily smoking, and diabetes. In addition, 

multivariable models on changes in systolic and diastolic BP were adjusted for systolic or 

diastolic BP measured at baseline, respectively. We performed sensitivity analyses after 

exclusion of participants taking antihypertensive medication at baseline (n=169) and of 

participants with prior myocardial infarction and stroke (n=32). 

 

Results 
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Characteristics of the study population in the Hordaland Health Study 

At follow-up, women had lower systolic and diastolic BP and lower prevalence of 

hypertension compared to men (all p<0.001) (Table 1). In participants with hypertension, 

13% of women and 9% of men were taking antihypertensive medication (p=0.03). Women 

had lower hs-CRP and higher neopterin and PAr levels than men (all p<0.05), while KTR did 

not differ according to gender (p<0.05) (Table 1). Women also had lower BMI and serum 

creatinine (both p<0.001) (Table 1).  

 

Association of BP with markers of inflammation in women and men 

Women  

Higher hs-CRP was significantly associated with higher systolic and diastolic BP both in 

univariable analyses (Figure 1 and 2), after adjustments for BMI (Table 2, model 1), and after 

further adjustment for creatinine, physical activity, daily smoking, and diabetes (Table 2, 

model 2) (β=0.17, β=0.08 and β=0.09 for systolic, and β=0.17, β= 0.10 and β=0.10 for 

diastolic BP, respectively, all models p<0.01). In adjusted analysis, higher plasma neopterin 

was associated with higher diastolic BP (β=0.08, p<0.01) (Table 2, model 2), while no 

significant association with systolic BP (β=-0.01, p=0.66) was found. No significant 

associations between KTR and systolic (β =-0.04) or diastolic (β=0.008) BP was found (both 

p>0.05) (Table 2). Likewise, there were no associations between PAr index and systolic 

(β=0.002) or diastolic (β=0.04) BP in women (both p>0.05). 

Men 

Higher hs-CRP was associated with higher systolic (β=0.10) and diastolic (β=0.09) BP in 

univariable analysis (both p<0.01) (Figure 1 and 2), but not in adjusted analyses (β=0.04 and 

β=0.05, respectively, both p>0.05) (Table 2, model 2). A higher plasma PAr index was 

associated with higher systolic (β=0.07) and diastolic (β=0.09) BP in adjusted analyses (both 
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p<0.01) (Table 2). There were no significant associations between plasma neopterin with 

systolic (β=-0.05) or diastolic (β=-0.004) BP (both p>0.05) (Table 2, model 2). Further, there 

were no associations between KTR with systolic (β=-0.04) or diastolic (β= 0.009) BP in men 

(both p>0.05) (Table 2, model 2).  

Significant interactions between plasma hs-CRP and sex were found in univariable 

analyses for systolic and diastolic BP (both p<0.05). A significant sex-interaction with 

neopterin was found in the model on diastolic BP (p=0.01) (Table 2), indicating that neopterin 

has a significantly stronger association with diastolic BP in women compared to men.   

 

Association of BP changes over the prior 6 years with markers of inflammation in 

women and men 

Over 6 years follow-up, women had an increase in systolic BP and a decrease in diastolic BP, 

while men had decreases in both systolic and diastolic BP (both p<0.01 for sex-difference) 

(Table 1). 

Women 

Univariable results are presented in Table 3. In adjusted analysis, higher hs-CRP at follow-up 

was associated with larger increases in systolic (β=0.08) and diastolic (β=0.09) BP over the 

prior 6 years (both p<0.01) (Table 3, model 2). Higher plasma neopterin was associated with a 

larger increase in diastolic BP (β=0.07) over the prior 6 years (p<0.01) (Table 3). Neither PAr 

index nor KTR ratio were associated with changes in systolic or diastolic BP over the prior 6 

years (all p>0.05). 

Men 

Univariable results are presented in Table 3. In contrast to findings in women, hs-CRP was 

not associated with increases in systolic (β=0.02) or diastolic (β=0.008) BP over the prior 6 

years in men (p>0.05) (Table 3, model 2). Neopterin was also not associated with prior 



 

10 
 

increases in systolic (β=0.008) or diastolic (β=0.02) BP. After multivariable adjustments in 

model 2, higher PAr index was associated with a larger increase in diastolic BP (β=0.07) over 

the prior 6 years, while higher KTR was associated with a decrease in systolic BP (β=-0.05) 

(both p<0.05) (Table 3).   

 A significant sex-interaction with hs-CRP was found in univariable analyses for 

changes in systolic and diastolic BP (both p<0.05).  

Associations of new onset hypertension with markers of vascular inflammation in 

women and men 

Among 1 155 women and 526 men who were normotensive and free from antihypertensive 

medication at baseline, 17% of women and 30% of men developed new-onset hypertension 

during 6 years follow-up (p<0.01). Among women, new-onset hypertension was associated 

with higher serum hs-CRP (OR 1.20 95 % CI 1.06-1.35) (Model 2, Table 4). Both women 

with hs-CRP >1-3 mg/L (OR 1.81, 95% CI 1.25-2.61) and hs-CRP >3 mg/L (OR 1.94, 95% 

CI 1.26-3.01) had an increased risk of new-onset hypertension compared to women having hs-

CRP <1 mg/L (Model 2, Table 4). Neopterin, KTR or the PAr index were not associated with 

new onset hypertension in women. Among men, neither hs-CRP, neopterin, KTR nor the PAr 

index were associated with new onset hypertension (all p>0.05) (Table 4). A significant 

interaction between hs-CRP and sex was found in models on incident hypertension, 

confirming a sex-specific association between hs-CRP and hypertension (all p<0.05).  

 

Sensitivity analysis 

In sensitivity analysis excluding participants with previous myocardial infarction or stroke 

and participants taking antihypertensive medication, the associations between hs-CRP and 

neopterin with BP, BP change and new-onset hypertension did not change significantly.  
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In sensitivity analysis excluding participants with previous myocardial infarction or stroke, 

higher KTR was associated with lower systolic BP in women (β -0.050, p=0.03) after 

multivariable adjustments as in model 2. Likewise, when excluding participants taking 

antihypertensive medication, higher KTR was associated with lower systolic BP in women (β 

-0.053, p=0.03), while higher PAr index was associated with higher diastolic BP in women (β 

0.048, p=0.046).   

 

Discussion 

The present study adds novel information on sex-specific associations between prognostically 

validated markers of inflammation and BP in early midlife. Among women, higher hs-CRP 

levels were independently associated with higher BP, larger 6-year BP increase and new-onset 

hypertension in early midlife. Likewise, higher neopterin, a marker of T cell activation, was 

associated with both higher diastolic BP and higher 6-year increase in diastolic BP in women. 

In contrast, a higher PAr index was associated with higher systolic and diastolic BP in men. 

The role of inflammation in BP development has been reported in experimental 

studies.(22)(5) Common hypertensive stimuli like angiotensin II and high dietary salt intake  

activate pro-inflammatory T cells which infiltrate the arterial wall and promote peripheral 

arterial dysfunction, resulting in increased vascular resistance which contributes to BP 

elevation.(22)(23) However, there is a paucity of clinical studies of this topic, in particular of 

studies using a sex-specific approach. Although healthy young women have lower average 

systolic and diastolic BP than their male counterparts,(24) with increasing age, women have a 

steeper increase in BP than men, starting already in the third decade.(2) Our study expands 

earlier findings by demonstrating that markers of inflammation are associated with BP and BP 

change in early midlife in a sex-specific manner. Taken together these results suggests a sex-

specific interaction between inflammation, vascular injury, and BP increase.  
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Chronic low grade cardiovascular inflammation is a hallmark of obesity.(25) Obesity 

is a common co-morbidity in hypertension, particularly in women.(26) It is therefore of 

special interest that the associations of higher hs-CRP with BP-increase and new onset 

hypertension in early midlife were independent of BMI and only found in women in the 

present study. These results add to knowledge from previous studies.(27)(28) In the Women’s 

Health Study, higher levels of CRP was associated with incident hypertension in 20 525 

women aged 45 years or older.(29) However, in the Physician’s Health Study performed in 

men only, CRP was not associated with a higher risk of hypertension among individuals age 

40-84 years.(28) Taken together these findings are in line with results from the present study, 

where the association between hs-CRP and systolic and diastolic BP in men was explained by 

higher BMI. In contrast, the association between hs-CRP and systolic and diastolic BP was 

independent of BMI in women. 

Higher plasma neopterin was associated with higher diastolic BP, and increase in 

diastolic BP in women only, suggesting that T-cell-mediated inflammation may be involved 

in diastolic BP increase in middle-aged women. Increased levels of plasma neopterin have 

been associated with vascular dysfunction and atherosclerosis.(30) In a small study by Zhang 

et al.in 24 middle-aged subjects with hypertension, higher neopterin was associated with 

endothelial dysfunction and higher arterial stiffness.(31) Furthermore, in 121 patients with 

diabetes type 2, higher serum neopterin concentrations were associated with higher 

prevalence of carotid plaques.(32) In the Hordaland Health study, we recently demonstrated a 

strong association between stage 1 diastolic hypertension in early midlife and risk of acute 

coronary syndromes during 16 years follow-up in women.(3) In line with this, in the UK 

biobank study, isolated diastolic hypertension was associated with increased risk of 

myocardial infarction and CVD death in women, but not in men.(33) Taken together, these 
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results indicate that vascular inflammation may contribute to increased risk for acute coronary 

events through diastolic BP elevation in middle aged women.(3)  

Systemic inflammation leads to altered metabolism of vitamin B6.(10) The newly 

developed PAr index reflects impaired vitamin B6 metabolism and is both a marker of acute 

phase reaction and cellular inflammation.(10) This marker has been associated with increased 

risk of stroke and all-cause mortality in community based cohorts.(11)(34)(35) In the present 

study, the PAr index was positively associated with both systolic and diastolic BP in men, 

contrasting our findings related to neopterin, and pointing to a sex-specific activation of the 

adaptive immune system in human hypertension.  

Limitations and strengths 

Our study has some important limitations. Sex hormones influence BP development and 

regulation through a number of mechanisms. In midlife, women experience a transition in 

female sex hormones. Sex hormones were not measured in our study cohort. However, the 

average age was 41 years at baseline, 14 years less than the average menopausal age in 

Norwegian women. Furthermore, inflammatory markers were only measured at the end of the 

6 years follow-up. Thus, the prospective associations between circulating levels of 

inflammatory markers and subsequent BP development could not be tested. The strengths of 

the study include the wide selection of  inflammatory markers, the relatively large and 

unselected community-based study population and the sex-specific analysis approach. 

 

Conclusion 

In the Hordaland Health study, higher plasma levels of markers of inflammation, including 

hs-CRP, neopterin and the PAr index, were associated with higher BP, BP change and new 

onset hypertension in a sex-specific manner. After adjustment for BMI, higher hs-CRP was 

associated with higher BP and new onset hypertension only in women. Neopterin was 
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associated with diastolic BP in women, while PAr was particularly associated with BP in 

men. Our results suggest that there is a sex-specific interaction between vascular 

inflammation and BP in midlife.  
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Figure 1. GAM plots demonstrating univariable associations of hs-CRP with systolic and 

diastolic blood pressure in 46-49 years old women and men in the Hordaland Health Study. 

The solid lines indicate blood pressure and the shaded areas 95% confidence intervals. 

Density plots indicate distributions, and the vertical white lines indicate the 5th, 20th, 50th, 80th 

and 95th percentiles of hs-CRP. CRP, high sensitive C-reaktive protein. 
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Figure 2. Associations of 4 markers of inflammation (hs:CRP, neopterin, PAr index and 

KTR) with systolic and diastolic blood pressure in 46-49 years old women and men in the 

Hordaland Health Study. Red (women) and blue (men) diamonds indicate standardized beta 

coefficients and lines 95% confidence intervals from univariable linear regression analysis, 

respectively.  

 

p, p for interaction between biomarker and sex; CRP, high-sensitive C-reactive protein; PAr, 

the ratio plasma 4-pyridoxic acid: (pyridoxal + pyridoxal-5'-phosphate); KTR, 

kynurenine:tryptophan ratio 
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Table 1. Characteristics of the study population at follow-up in 1997-1999: The 

Hordaland Health Study 

 Women 

n= 1,829 

Men 

n= 1,451 

P for sex 

difference 

Age, years 48±1 48±1 0.36 

Systolic BP, mmHg 124±16 130±14 <0.01 

Diastolic BP, mmHg 72±11 78±10 <0.01 

Δ systolic BP during 6 years follow-

up 

1.8±12 -1.3±11 <0.01 

Δ diastolic BP during 6 years follow-

up 

-3.8±8.4 -1.7±8.6 <0.01 

Hypertension, n (%) 670 (37) 836 (58) <0.01 

Patients with treated hypertension, n 

(%)  

85 (13) 77 (9) 0.03 

Body mass index, kg/m2 24.8±4.0 26.1±3.1 <0.01 

Obesity, n (%) 195 (10) 184 (11) 0.13 

Creatinine, mmol/L 82±9 95±11 <0.01 

Smoking, n (%) 673 (37) 552 (38) 0.46 

Diabetes, n (%) 10 (0.55) 26 (1.8) <0.01 

Physical activity, n (%)   <0.01 

     None 554 (30) 336 (23)  

     <1 hour/week 480 (26) 443 (31)  

     1-2 hours/week 580 (32) 425 (29)  

     ≥3 hours/week 215 (12) 247 (17)  

    

Myocardial infarction, n (%) 1 (0.06) 16 (1.11) <0.01 

Stroke, n (%) 10 (0.55) 5 (0.34) 0.56 

    

hs-CRP, median (IQR) mg/L 1.01 (0.43-2.56) 1.15 (0.53-2.62) 0.02 

Neopterin, median (IQR) nmol/L 7.07 (6.02-8.36) 6.69 (5.72-7.86) <0.01 

Kynurenine, median (IQR) µmol/L 1.39 (1.23-1.57) 1.53 (1.36-1.71) <0.01 

Tryptophan, median (IQR) µmol/L 68.2 (60.8-76.6) 75.8 (67.5-84.1) <0.01 

KTR, median (IQR) nmol/µmol 20.1 (18.0-22.6) 20.3 (18.0-22.5) 0.38 

PAr, median (IQR) 0.36 (0.28-0.47) 0.31 (0.25-0.41) <0.01 

Values are given as means (SD) unless otherwise indicated 

BP, blood pressure; Hypertension, BP ≥130/80 mmHg or use of antihypertensive medication; 

hs-CRP, high-sensitive C-reactive protein; KTR, kynurenine:tryptophan ratio; PAr index: 

ratio 4-pyridoxic acid / (pyridoxal 5’-phosphate + pyridoxal); SD, standard deviation; IQR, 

interquartile range   
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