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Abstract 

Background: Sedentary behaviour is associated with vascular disease, and being 

sedentary for long periods at a time is believed to be associated with the highest risk.  

The molecular mechanisms are presumed to follow metabolic and inflammatory 

pathways. Details about these pathways or the length of a clinical significant sedentary 

bout is not known.  

Aims: The primary aim of this study was to investigate the association between 

sedentary behaviour and novel blood biomarkers with potential predictive and 

explanatory properties. The secondary aim was to investigate the impact of sedentary 

behaviour bout length on these biomarkers.  

Materials and methods: Patients admitted to hospital for acute stroke were included 

in the multicentre cohort study entitled the Norwegian Cognitive Impairment After 

Stroke (Nor-COAST) study (n=815). At the three-month assessment (n=700), 

sedentary behaviour was measured using the body-worn sensor ActivPAL. Blood 

samples were drawn for analyses at the local laboratory directly, and biobank samples 

were stored and later analysed for inflammatory biomarkers at two research 

laboratories. The long-term outcomes, ischemic stroke recurrence and mortality was 

identified using national registries.  

Results: Glycated haemoglobin A (HbA1c) was positively associated with sedentary 

behaviour accumulated through bouts of 90 minutes or more. Total sedentary time was 

associated with higher levels of the inflammatory biomarkers C-reactive protein 

(CRP), interleukin-6 (IL-6), the pyridoxic acid ratio-index (PAr-index), and neopterin, 

and lower levels of kynurenic acid (KA). The study did not have enough power for 

investigating the impact of bout length on these biomarkers. There were no 

associations between the biomarkers and ischemic stroke recurrence. Mortality was 

associated with higher levels of CRP. When added to the same model, neopterin and 

KA showed positive and negative associations to mortality, respectively.  

Conclusion and implications: The results support that the impact of sedentary 

behaviour on disease progression is mediated through known vascular risk factors and 

novel biomarkers can be useful for future intervention studies.  
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1. Introduction 
 

Stroke is a leading cause of disability and mortality worldwide (1, 2). With the ageing 

society, this will continue to increase (3), and reducing the risk of stroke is imperative. 

In 1953, a study showing increased risk of coronary heart disease in London bus 

drivers was published in The Lancet (4). Almost 70 years later, the challenges of 

sedentary behaviour in high-income countries are continuously increasing, and 

sedentary behaviour has been linked to several types of age-related diseases (5, 6), 

including stroke (7). Stroke patients are more sedentary than their age-matched peers, 

independent of functional level (8-11), and the impact of sedentary behaviour is largest 

in the most sedentary (12-14). Hence, targeting sedentary behaviour in a stroke 

population as part of the secondary preventive strategy might significantly impact 

future disease progression (15). 

There are several unanswered questions regarding sedentary behaviour and disease 

development (16). How much is too much sedentary behaviour? Is long-bout sedentary 

behaviour worse than short? What frequency and intensity of physical activity are 

needed to counteract the effect of sedentary behaviour (16, 17)? Currently, the 

research methodology lacks coherence, using a broad range of different methods of 

measuring and analysing sedentary behaviour. Consequently, the results are hard to 

compare, and it is difficult to draw any conclusions (17).  

The molecular mechanisms mediating the hazards of sedentary behaviour are not 

known, but they are presumed to follow metabolic and inflammatory pathways (13, 

16, 18). Vascular disease progression happens over several years, often decades. 

During this time, several confounders occur, such as diet, smoking, alcohol 

consumption, concurrent disease and drug use, occur (16, 17). Biomarkers from the 

involved pathways with predictive properties might be useful as surrogate endpoints 

for future disease development (16, 19). Additionally, uncovering molecular pathways 

will increase our understanding of disease development in general and may serve as 

targets for preventive and therapeutic strategies (16).  
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This project investigates the association between sedentary behaviour and blood 

biomarkers associated with glucose regulation and inflammation in an ischemic stroke 

population. The predictive properties of the biomarkers, in terms of future ischemic 

stroke recurrence and mortality, have also been investigated. Finally, the importance of 

sedentary bout duration has been studied.  

The literature search for this thesis was ended at 13.10.21.  

 

1.1 Stroke 

1.1.1 Stroke definition 

Stroke is defined by the World Health Organisation (WHO) as “rapidly developing 

clinical signs of focal (or global) disturbance of cerebral function, with symptoms 

lasting 24 hours or longer or leading to death, with no apparent cause other than of 

vascular origin” (20). In societies where magnetic resonance imaging (MRI) is widely 

available, this definition is insufficient. MRI can identify ischemic lesions without 

overt symptoms, so called silent infarctions, and lesions where the clinical symptoms 

have disappeared (21). The more recent definition from the American Heart 

Association also includes findings on imaging (21). Stroke is included in the term 

cerebrovascular disease (CeVD), which has overlapping features with coronary heart 

disease (CHD). Stroke and CeVD are often used interchangeably. Both CeVD and 

CHD are included in the term cardiovascular disease (CVD) (2), often used as 

combined outcomes in studies. Stroke can be ischemic or haemorrhagic. The 

proportion of ischemic strokes depends on the population in question, but in high-

income countries, this is reported to be 90% (22). Ischemic stroke is defined as a 

central nervous system infarction due to reduced blood flow (ischemia) (21). Ischemic 

strokes are categorized into five different subtypes: 1) large-artery atherosclerosis 

(embolus/thrombosis), 2) cardioembolism, 3) cerebrovascular small vessel disease 

(lacune), 4) stroke of other determined aetiology (dissection, vasculitis, specific 

genetic disorders, and others), and 5) stroke of undetermined aetiology (23). 

Undetermined can be “unknown” or more than one underlying aetiology (23). 

Ischemic stroke will be the focus for the rest of the outline, emphasising the three main 
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subtypes: large-artery atherosclerosis, cardioembolism, and cerebrovascular small 

vessel disease.  

 

1.1.2 Stroke risk factors  

Ischemic stroke risk factors can be described through three main categories: lifestyle, 

metabolism and inflammation (24, 25). The impacts of the risk factors are different but 

overlapping between the stroke subtypes, and the main differences will be outlined 

below. Lifestyle risk factors – in addition to physical inactivity and sedentary 

behaviour – are diet, smoking and alcohol. Their effect is mediated through their 

impact on metabolic (26) and inflammatory pathways (18, 24). There are five 

metabolic risk factors: hypertension, hypercholesterolemia, dyslipidaemia, diabetes 

mellitus and obesity (24, 26). Inflammation can be acute or chronic, and in the rest of 

the thesis, the focus will be on chronic low-grade inflammation (27).  

 

1.1.3 Stroke subtypes 

Large-artery atherosclerosis 

Atherosclerosis of the carotids, vertebral arteries, and the major intracranial arteries 

are the leading causes of stroke due to large-artery atherosclerosis (19). In a population 

study, this accounted for 8.4% of ischemic strokes (28). The primary risk factors for 

atherosclerosis are dyslipidaemia, diabetes mellitus, hypertension, and smoking (29, 

30). The phenomena of “residual risk of atherosclerotic disease” despite optimal risk 

factor control are emphasised in the current literature (30). Inflammation has risen as 

one of the most important explanations for this residual risk, based on studies showing 

an effect of targeting inflammation on the risk of atherosclerotic disease (30, 31).  

 

Cardioembolism 

Cardioembolic strokes are caused by an embolus originating from the heart, and 

cardioembolism has been found to account for 23.0% of ischemic strokes (28). The 

underlying cause is most often atrial fibrillation (19, 24). The risk of atrial fibrillation-
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related thromboembolism is associated with alterations in blood flow, endothelial 

injury, and hypercoagulability (32). In the clinical setting, the assessment of these risk 

factors is done using the CHA2DS2-VASc score. This is a clinical decision-making 

tool for anticoagulant drug therapy use, which includes information about age, sex, 

and the presence of congestive heart failure, hypertension, diabetes mellitus, and prior 

vascular disease or thromboembolism (33, 34). Biomarkers indicating altered blood 

flow, endothelial injury, or hypercoagulability might be useful for additional risk 

assessment but are not used routinely (32, 33). 

 

Cerebral small vessel disease 

Cerebral small vessel disease (CSVD) is identified as lesions in subcortical grey and 

white matter (19), presenting as lacunes, small subcortical infarctions, white matter 

hyperintensities, enlarged perivascular spaces, microbleeds and atrophy in magnetic 

resonance imaging (MRI) (35). CSVD, in the form of small vessel occlusion, accounts 

for around 25% of all ischemic strokes (28). Often, they do not present like clinically 

overt strokes but as a gradual cognitive and functional decline, and findings of lacunas 

on MRI (35, 36). The risk factors of small vessel disease follow the traditional 

cardiovascular risk factors described above, but with an emphasis on hypertension and 

diabetes mellitus (37, 38). 

 

1.1.4 Stroke prevention 

The preventive strategies in stroke are organised as primary or secondary prevention 

and differ between the subtypes. The common principle for secondary prevention is 

“risk factor control”, targeting lipids, glucose regulation, blood pressure, smoking, 

diet, physical inactivity and adiposity. Also, blood thinners are essential (24).  

 

1.1.5 Measuring functional stroke outcomes 

Advances in acute stroke care and primary- and secondary preventive treatment have 

led to a need for more refined outcome measures beyond mortality and recurrence rate, 
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such as functional abilities (39). Functional abilities can be described in terms of 

impairment, activity, and participation (40), and these domains can be assessed using a 

range of tools. The tools need to be valid; measure what they are supposed to be 

measuring, and reliable; be consistent between measures (39). 

With the introduction of acute stroke treatment, the 15-item stroke scale, the National 

Institutes of Health Stroke Scale (NIHSS) was developed to measure the immediate 

effects of treatment (41). This is now the most frequently used tool to assess stroke 

severity as an expression of impairment (39). The NIHSS is valid compared to stroke 

volume and for prediction of future care needs when used as categories but not for 

functional impact when used as a continuous variable. It has high reliability between 

several measures made by the same rater (intra-rater reliability), but it is less reliable 

between raters (inter-rater reliability) (39).  

Barthel Index (BI) of function in activities of daily living and the modified Rankin 

Scale (mRS) of global disability are measures of activity and participation, 

respectively (39). The BI was first described in 1965 (42) and is a 10-item scale 

depicting different basic activities of everyday life which are crucial for independence 

(43). The validity is moderate, showing less correlation to infarct size and more to 

other measures of function, future recovery and care needs. The reliability is moderate 

(39). The mRS scale is a five-point scale measuring global disability, where 0–2 is 

defined as ‘good outcomes’, 3–5 indicates increasingly disability, and 6 is death (44). 

The validity is moderate and best compared with other measures of function and less 

compared to stroke volume. The inter-rater reliability has been found to be low (39).  

For both the BI and mRS, the validity is reduced if the assessment is made too close to 

ictus (39). The NIHSS has been found to be more sensitive to meaningful change over 

time compared to the mRS and the BI. In this study, functional outcomes were used to 

describe the population.  
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1.2 Sedentary behaviour  

Sedentary behaviour is a risk factor for stroke and is associated with vascular risk 

factors such as diabetes mellitus, dyslipidaemia, adiposity and inflammation. The 

dangers of sedentary behaviour are probably mediated through these risk factors (16). 

Sedentary behaviour has been defined as “any waking behavior characterized by an 

energy expenditure ≤1.5 metabolic equivalents (METs), while in a sitting, reclining or 

lying posture” (17). On the other hand, the term “physically inactive” refers to a 

person who is not reaching the physical activity guideline recommendations (45). 

Hence, a person can be highly sedentary but physically active. Physical exercise is a 

subset of physical activity but with the additional objective of improving or 

maintaining physical fitness. Exercise might have a higher intensity than everyday 

activities (46). Therefore, when sleep is excluded, time in sedentary behaviour and 

physically activity are inverse sizes (Figure 1) (17). This dichotomous definition does 

not capture energy expenditure. The issue of measuring energy expenditure will be 

addressed below.  

 

Figure 1: 24-hour movement and non-movement behaviours as defined by the Sedentary Behavior Research Network 

(SBRN). From Tremblay et al. 2017 (17). Reproduced in line with the terms of Creative Commons Attribution 4.0 

International Licence https://creativecommons.org/publicdomain/zero/1.0/. 



19 

 

1.2.1 Measuring and analysing sedentary behaviour 

Measuring sedentary behaviour 

The standard method for measuring sedentary behaviour has not been defined. 

However, the Sedentary Behavior Research Network (SBRN) does emphasise the use 

of objective measures, such as body-worn accelerometers or inclinometers (17). The 

accelerometer counts oscillation frequency and converts this to METs (47). The 

reliability between different devices is low, in particular for persons with low gait 

speed. The discrepancy in the frequency count might be caused by different placement 

protocols between the devices, type of task, intensity of the activity, population and the 

technical properties of the device (47). Discrepancies in energy estimation can also be 

caused by differences in the device-specific algorithms for energy expenditure 

calculation (47). Hence, the validity of the conversion norm may vary between the 

devices. Also, the standard conversion norm for energy expenditure is based on a 

healthy population and is not validated for a stroke population (48). In one study, four 

different devices, with a total of 14 placements, were validated up against the gold 

standard, indirect calorimetry, in stroke patients. Only one device which was worn on 

the arm, the SenseWear Armband ®, showed acceptable results when estimating 

energy expenditure in stroke patients doing everyday tasks (49). This device also 

measured temperature and galvanic skin response and included these in the algorithm 

for energy expenditure (50).  

Thus, differing results between the devices are probably due to the low reliability of 

the frequency measure and validity of the conversion algorithm.  

Inclinometers placed on the thigh measure position. It can identify lying/sitting, 

standing or stepping and has been validated in a stroke population (51). In healthy 

persons, the energy expenditure used when standing is found to be above the threshold 

of sedentary behaviour (52, 53), and stroke patients are found to have an even higher 

energy expenditure (48). Hence, in compliance with the SBRN definition illustrated in 

Figure 1, when excluding sleep, time in standing or stepping is non-sedentary, and the 

remaining time can be used as a measure of sedentary behaviour in patients that are 

able to be mobilised to a standing position (54). This method does not capture non-
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sedentary behaviour in a sitting/reclining/lying position, such as active sitting (55). 

Also, it does not differentiate between levels of energy expenditure during non-

sedentary behaviour (48).  

Other methods for quantifying sedentary behaviour are self- or proxy-completed 

questionnaires about sedentary behaviour in general or screen-time in particular. The 

test properties for many of the questionnaires have never been investigated. For the 

tools that are validated, the reliability has been acceptable, but the validity is low (17).  

In this project, sedentary behaviour has been measured by identifying position using a 

single thigh-worn sensor and defined as the time in a sitting or lying position. This will 

be the focus for the further discussion.  

 

Analysing sedentary behaviour data  

Sedentary behaviour can be accumulated in different ways, giving rise to a person’s 

sedentary behaviour pattern which is “the manner in which sedentary behaviour is 

accumulated” (17). When analysing the data gathered using body-worn sensors, 

sedentary behaviour patterns such as habit and bout duration are important, in addition 

to identifying sleep and non-wear time (16, 17).  

 

Habitual sedentary behaviour  

Habitual activity patterns are also called “chronic” behaviour (13). In contrast, an 

acute change is typically a one-day intervention. Habit is important when reading 

literature and designing studies because a short-term change elicits a different response 

in the body compared to a change of habit over several months (13). The definition of 

“chronic” is not uniform, but a duration of more than three months is often used in 

intervention studies (13, 56). 
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Sedentary behaviour bout duration 

Breaking up sedentary behaviour into shorter periods, or bouts has been found to be 

important to reduce the harmful effect (13). There is no consensus of what the duration 

of a clinically significant sedentary bout is. In intervention studies, 30 minutes has 

often been used as a limit for breaking up sedentary time. The actual threshold is 

unknown and might vary depending on the physiological process in question (8, 17, 

57). Different measuring methods have been used, such as the numbers of sedentary 

bouts, mean bout duration, or numbers of breaks from sedentary behaviour (17). 

Measuring time in sedentary behaviour accumulated through different bout-length 

categories is recommended because it is the only method that includes both time and 

bout duration in the same measure (17).  

 

Sleep 

Sleep is distinct from sedentary behaviour (17), but the inclinometers cannot discern 

between these two non-movement behaviours (53). Sleeping patterns change with age 

(58) and disease (59, 60), and finding a valid method for assessing sleep time is 

challenging (53). One commonly used method is to predefine a time period of assumed 

wake-time based on commonly accepted diurnal rhythms (53). Some studies also 

include the use of a diary. This method is time-consuming for the participant and the 

researcher. The information is often registered in retrospect, which reduces the 

precision of the registration and increases the risk of missing data (53). It is also 

possible to use the visual output of the individual recording to identify periods with no 

or minimal position transition, illustrated with a colour change (Figure 2) (53). 

Different processing algorithms have also been developed. They have not been 

validated in a stroke population and are often less precise in patients with deviating 

sleeping patterns (11, 61).  
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Non-wear time 

If the monitor is not attached to the patient, the device will still be recording but in a 

constant position. It has been suggested that excluding periods longer than 8 hours of 

sitting/lying as non-wear in daytime recordings could be a valid method. Visually 

evaluating the data is also possible, but this can be time-consuming in large 

populations (53).   

 

 

 

 

 

1.3 Biomarkers 

A biomarker is “a defined characteristic that is measured as an indicator of a normal 

biological process, pathogenic process or responses to an exposure or intervention” 

(62). From the perspective of sedentary behaviour and vascular disease, this can be 

measures of hyperglycaemia, hypercholesterolemia, dyslipidaemia, hypertension, 

obesity (31, 63), and inflammation (25).  

In the rest of the thesis, the focus will be on the blood biomarkers. The blood samples 

in this study were taken non-fasting, and triglycerides were therefore not available. 

The study and the outline below are therefore limited to blood biomarkers of glucose 

regulation and inflammation. 

 

Figure 2: Graphical output of activity monitoring data. Yellow colour is sitting or lying, green is standing, and red is stepping. 

Credits: PAL-Technology ®. The illustration is used with permission. 
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1.3.1 Glucose regulation, sedentary behaviour and vascular disease 

Measuring glucose regulation 

Assessment of glucose regulation has changed from estimating urine glucose levels 

either by taste or more sophisticated methods (64) to measuring plasma glucose values 

in a fasting state, fasting plasma glucose (FPG), or after oral loading with a 

standardised amount of glucose in the oral glucose tolerance test (OGTT) (65, 66). In 

recent years, measuring “long-term glucose”, representing the mean value of blood 

glucose levels in the past three months using glycated haemoglobin (HbA1c), has 

become the standard. The Hba1c is found to be less sensitive for the diagnosis of 

diabetes mellitus compared to the FPG and OGTT. Neither of these measurements can 

discern between insulin deficiency and insulin resistance. Measurements such as C-

peptide and autoantibodies are available for this purpose, but the analyses are not used 

routinely in the adult population (64, 67). The homeostatic model assessment of 

insulin resistance (HOMA-IR) measures insulin resistance using fasting plasma 

glucose and insulin values (65). This method is not used routinely in the clinical 

setting but is frequently used in research (68).  

 

Glucose regulation and sedentary behaviour 

Glucose levels are associated with sedentary behaviour (69), with the highest impact 

of sedentary behaviour on the most sedentary (14) and those with impaired glucose 

regulation (14). The effect of increasing physical activity is presumably mediated by 

the recruitment of the glucose transporter type 4 (GLUT4) in the muscle cell wall by 

muscle contraction, which otherwise is recruited by insulin (70). Hence, this can 

explain the greater importance of physical activity in patients with insulin deficiency 

and why sedentary behaviour seems to contribute less in individuals with preserved 

glucose regulation (14, 70, 71). 
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Glucose regulation and vascular disease 

Diabetes mellitus has been associated with an increased risk of CHD and stroke after 

adjusting for other risk factors, including inflammation (72). In patients with diabetes 

mellitus, FPG (72) and HbA1c (73) are associated with CVD in general and ischemic 

stroke in particular. In contrast, a recent meta-analysis of studies investigating the 

association between insulin resistance, measured by the HOMA-IR, and the risk of 

stroke, did not find any association (74). The authors emphasised, however, that the 

results should be interpreted with caution because the meta-analysis was based on a 

small number of studies (74). 

1.3.2 Inflammation, sedentary behaviour and vascular disease 

Inflammation protects us from exogenous pathogens and is crucial for tissue damage 

repair. If inflammation does not resolve as it is supposed to but sustains as chronic 

low-grade inflammation, this is associated with disease development (27, 75, 76). 

Inflammageing, the tendency towards chronic low-grade inflammation associated with 

age, is believed to be an important contributor to biological ageing (75, 76).  

 

The immune system 

The immune system has two main divisions: the innate and the adaptive. Innate 

immunity is present from birth, while adaptive immunity evolves in response to 

experience by gene recombination in lymphoid T cells and B cells (77) (Figure 3). B 

cells are responsible for producing soluble antibodies, while T cells execute the 

inflammatory response by effector T cells known as T helper cells, T killer cells and T 

regulatory cells (77). T regulatory cells are essential for immune regulation, and the 

balance between T helper cells and T regulatory cells has been used as a measure of 

immune tolerance (78).  

The innate immune system can react de novo in an unspecific manner. However, 

studies show that the responsiveness is dependent on prior triggers and the 

differentiation of monocyte-derived macrophages into a phenotypic spectrum ranging 

between two inflammatory activation patterns (79). The classic (M1) or alternative 
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(M2) activation pattern gives rise to a pro-inflammatory or anti-inflammatory 

phenotype, respectively (77, 80). In contrast to the gene recombination seen in the 

adaptive immune system, these changes are mediated through epigenetic 

reprogramming, which by nature is dynamic according to exposure (79).  

 

 

Figure 3: Innate and adaptive immunity. Simplified schematic presentation of the relevant parts of the innate and the 

adaptive immune system. M1= M1 macrophage. M2= M2 macrophage. Th= T helper cell. Tcyt= T cytotoxic cell. Treg= T 

regulatory cell. Adapted from Abbas et al., 2018 (77), made with BioRender.com.  

 

Measuring immune system activation and functioning 

In this section, there will be a short outline of a small selection of cytokines and other 

inflammatory biomarkers relevant for this thesis. A description of the biomarkers 

through their role in one of two pro-inflammatory pathways or anti-inflammation and 

immune tolerance will follow. 

 

Cytokines – general description 

Cytokines are the principal mediators of communication between cells in the immune 

system and consist of interleukins, chemokines, interferons and growth factors (81, 

82). Immune cells can secrete a range of cytokines, and different cells have different 

but overlapping cytokine profiles. The cytokines are often described as having a 

predominantly pro-inflammatory or anti-inflammatory effect (83). They are also often 
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described as part of the innate or the adaptive immune system, based on the principal 

expressing cell, even though their effect is not restricted to these borders (Figure 4) 

(77). For example, the defining cytokine of T helper 1 cells in the adaptive immune 

system, interferon-ɣ (IFN-ɣ), is the main driver of the classical activation of 

macrophages (M1) in the innate immune system (77). Cytokines are pleiotropic, and 

they also work in concert with their environment: when a cytokine is expressed in the 

tissue, the response depends on other cytokines nearby. They can act synergistically or 

antagonistically, and the response also depends on the duration and strength of the 

expression (81, 84). Hence, a short description will always be a simplification.  

The cytokines vary in their biological and analytical properties, such as diurnal and 

seasonal variations and in vivo and in vitro stability (84). Consequently, some 

cytokines are more often measured indirectly by downstream molecules more reliably 

measured in blood (85-87). These downstream biomarkers might be specific for a 

particular inflammatory pathway or capture several modes of inflammation (85). They 

can be biologically active molecules or merely indicators without biological effect 

(85).  

The cytokines used in this study are the pro-inflammatory cytokines interleukin-1β 

(IL-1β), interleukin-6 (IL-6), and IFN-ɣ, and the anti-inflammatory cytokine 

interleukin-10 (IL-10). They will be more thoroughly described below.  
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Figure 4:  Principal cell source for the described cytokines. M1=M1 macrophage. M2= M2 macrophage. Th= T helper cell. 

T cyt= T Cytotoxic cell. T reg=T regulatory cell. IL-1β=interleukin-1β. IL-6=interleukin-6. IL-10=interleukin-10. IFN-

ɣ=interferon- ɣ. Adapted from Abbas et al., 2018 (77). Graphics made with BioRender.com 

 

Indirect biomarkers of cytokine activity 

The most frequently used indirect biomarker of inflammation is the acute phase 

protein, C-reactive protein (CRP), produced in the liver in response to IL1-β and IL-6 

during a pro-inflammatory state (85). Another non-protein cellular product, the 

pteridine neopterin, is produced by macrophages in response to IFN-ɣ from activated 

T helper 1 cells (88, 89). Metabolic pathways, such as the metabolism of tryptophan 

and vitamin B6, can be affected by cytokines, and the metabolites can serve as 

inflammatory biomarkers. These two metabolic pathways will be described before the 

inflammatory pathways are presented.  

 

The metabolism of tryptophan – the kynurenine pathway (KP): The essential amino 

acid tryptophan is involved in protein synthesis and is a precursor of many biologically 

important metabolites (90). The KP is the quantitatively most important metabolic 

pathway (Figure 5). Here tryptophan is metabolised to kynurenine by the enzyme 

tryptophan-2,3-dioxygenase (TDO) under homeostatic conditions, accompanied by 
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indoleamine 2,3-dioxygenases (IDOs) during an inflammatory state (90). IFN-ɣ, in 

particular, induces IDO, and the ratio between kynurenine and tryptophan (KTR) has 

been used as an indirect measure of IFN-ɣ-activity (68, 90, 91). The KTR and one of 

the end products, kynurenic acid (KA), are included in this thesis. 

 

Figure 5: A simplified 

presentation of the 

kynurenine pathway. IDO 

= indoleamine 2,3-

dioxygenase. IFN-ɣ = 

interferon gamma. 

KAT=kynurenine 

aminotransferase. Acetyl 

CoA = acetyl coenzyme A. 

NAD+ = oxidized 

nicotinamide-adenine 

dinucleotide. Adapted from 

Badawy et al., 2017 (90).  

 

Metabolism of vitamin B6: Another metabolic pathway affected by inflammation is the 

metabolisation of vitamin B6. The discovery came from the observed association 

between inflammation and reduced levels of vitamin B6 (92, 93) but without any 

beneficial effect of B6 supplements on inflammatory biomarkers or clinical outcomes 

(94-96). Further research implied that the observed association was caused by an 

increased uptake and metabolisation of vitamin B6 in response to several modes of 

inflammation independent of vitamin supplement intake (97, 98). A ratio between the 

different metabolic stages of vitamin B6, the pyridoxic acid ratio index (PAr), has 

been suggested as an inflammatory biomarker (97). This biomarker seems to capture 

several modes of inflammation, measured by CRP, markers of cellular immunity such 

as KTR and neopterin, and white blood cell count and might be useful to gain 

knowledge of prognosis and pathophysiology (Figure 6) (97).  
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Figure 6: A schematic presentation of the PAr-index. PAr 

captures several modes of inflammation. CRP, kynurenine, 

white blood cell count and neopterin can describe 23% of the 

variation in PAr. CRP=C-reactive protein. Kyn = kynurenine. 

WBC= white blood cell count. Neopt = neopterin. Based on 

Ulvik.et al. (97). 

 

 

The biomarkers’ role in inflammation 

All the biomarkers described above will in the rest of the thesis collectively be called 

“biomarkers of inflammation”. For ease of the discussion, the biomarkers will be 

described through their role in the pro-inflammatory interleukin-1β pathway (IL-1β, 

IL-6, CRP) or interferon-ɣ pathway (IFN-ɣ, neopterin, KTR) (Figure 7). There will 

also be a description of the biomarkers’ role in anti-inflammation (IL-10) and immune 

tolerance (KA). The rationale for the choice of biomarkers will follow.  

 

 

Figure 7: A schematic presentation of the interleukin-1β pathway (IL-1β, IL-6, CRP) and the interferon-ɣ pathway (IFN-ɣ, 

neopterin, KTR) and their associated biomarkers. 
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The interleukin-1β pathway: IL-1β is a pro-inflammatory cytokine, mainly produced in 

macrophages and endothelial cells, with a central role in mediating many 

inflammatory responses (77, 83, 99). The IL-1β pathway also consists of the two 

downstream molecules, IL-6 and CRP (85), and is closely linked to the innate immune 

response through the macrophages (83, 99). IL-1β is not reliably measured in blood, 

but its activity can be measured by IL-6 and CRP (85). IL-6 is a pro-inflammatory 

cytokine secreted by macrophages and T helper cells  (83) in response to IL-1β and 

tumour necrosis factor-α (TNF-α) (85, 100). In concert with other cytokines, IL-6 is 

considered important for disrupting immune tolerance through the balance between T 

helper cells and T regulatory cells, thus, being a link between the innate and the 

adaptive immune system (101). Together, IL-1β, TNF-α and IL-6 induce the 

production of CRP (83). CRP is the most frequently used inflammatory biomarker in 

the clinical setting but does not have any biological effect in itself (85). The use of the 

high-sensitive CRP (hs-CRP) technique has enabled research on low-grade chronic 

inflammation. 

In addition to being a cytokine from inflammatory cells, IL-6 is produced as a 

myokine from muscle cells upon contraction. This will be described in the section 

“Anti-inflammation and immune tolerance”.  

 

The interferon-ɣ pathway 

Interferon-ɣ (IFN-ɣ) is mainly produced by activated T helper 1 cells, a subgroup of 

the T helper cells, and is a central cytokine in the adaptive immune system. The main 

role of IFN-ɣ is to activate monocytes as part of the defence against viruses (77). 

Investigations using recombinant IFN-ɣ have shown a short in-vivo halftime, and there 

is reason to believe that it cannot be measured reliably (102). Hence, IFN-ɣ activity is 

often measured indirectly by neopterin from activated macrophages (88, 89) or by the 

kynurenine/tryptophan ratio (KTR) as a measure of IDO activation (103).  
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Anti-inflammation and immune tolerance  

The most important anti-inflammatory cytokine, IL-10, suppresses unnecessary 

immune responses by inhibiting mononuclear cell functioning and preventing cytokine 

production in immune and epithelial cells (83, 104). Studies indicate a downregulation 

of IL-10 associated with IDO-deficiency and the pro-inflammatory M1 macrophage 

phenotype (105, 106). IL-6 produced as a myokine from muscle cells in response to 

muscle contraction is associated with beneficial metabolic (100) and anti-

inflammatory properties (84). Without a concurrent spike of TNF-α, this spike of IL-6 

will not induce CRP but will induce the production of IL-10 (106, 107).  

In 1998, Munn et al. published a paper indicating that IDO activity was important for 

maternal immune tolerance to the fetus by inhibiting T-cell mediated rejection (108). 

Since then, the importance of the KP in controlling inappropriate immune response has 

been a significant field of research (75, 90, 109). Kynurenine can be further 

metabolised to kynurenic acid (KA) by the enzyme kynurenine aminotransferase 

(KAT) (90). Kynurenine and KA are part of a negative feedback loop of inflammation, 

inducing immune tolerance, probably through induction of regulatory T cells (56, 90, 

91, 110-113). KA might be a useful measure of the body’s anti-inflammatory potential 

(56).  

 

Inflammation and sedentary behaviour 

Sedentary behaviour is associated with higher levels of inflammatory biomarkers. IL-6 

and CRP are the most studied (18, 114-116). The anti-inflammatory IL-10 has been 

found to be negatively associated with sedentary behaviour and to increase in response 

to physical activity (117, 118). The induction of IL-10 by muscle-derived IL-6 might 

be one of the mechanisms. Additionally, regular exercise has been associated with an 

increased number of M2 macrophages in muscle and adipose tissue, which also 

secretes IL-10 (106, 119) (Figure 8).  

There are no studies investigating the kynurenine pathway or neopterin and objectively 

measured sedentary behaviour. However, in a study using questionnaires to investigate 
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habitual physical activity levels, neopterin was increased in older persons with a 

reduced physical activity level compared to a group with normal physical activity 

levels. The KTR was not affected (120). In contrast, acute bouts of exercise have been 

associated with increased kynurenine and reduced tryptophan (121), hence, a higher 

KTR.  

There seems to be a difference between the impact of acute bouts of exercise and 

chronic exercise (106). They are both believed to contribute to immune regulation via 

the kynurenine metabolism, but the evidence for chronic exercise are diverging (56). It 

is also questioned whether the kynurenine pathway has a role in immune regulation 

only after an initial activation, for example by inflammation or exercise (122). 

Exercise has been found to induce the enzyme converting kynurenine to the end 

product KA, KAT, via peroxisome proliferator-activated receptor-gamma coactivator 

1 alpha (PGC-1α1) and the associated transcription factor, peroxisome proliferator-

activated receptor alpha (PPARα) (123). KA has never been investigated in the context 

of sedentary behaviour. 

The PAr-index seems to capture the effect of several inflammatory pathways. PAr has 

never been investigated in the context of sedentary behaviour or physical activity and 

might be sensitive to the combined effect of the different pathways (97). 

The evidence is based on a mixture results from studies of sedentary behaviour, 

physical activity and exercise, and literature from all three types of studies are used in 

this thesis (16, 18).  
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Figure 8: Three potential mechanisms mediating the beneficial effect of replacing sedentary behaviour with physical 

activity and exercise. 1) Myokine (IL-6) in response to muscle contraction inducing IL-10. 2) Phenotypic change of 

resident macrophages in adipose tissue to the anti-inflammatory M2 phenotype leading to a change in the cytokine 

expressed from adipose tissue. 3) Increased production of KA because of KAT induction by muscle contraction, leading 

to the differentiation of T regulatory cells from naïve T cells. Adapted from Joisten et al., 2020 (56) & Gleeson et al., 

2011 (106). Made with Biorender.com. 

 

Inflammation and vascular disease 

Almost 25 years ago, Attilio Maseri called the inflammatory hypothesis of vascular 

risk a “glimpse at the hidden side of the moon” (124). Over the years, this “moon” has 

revealed itself bit by bit (25, 125-129). In 2010, the Justification for the Use of Statins 

in Prevention (JUPITER) trial showed that statins reduced the risk of ischemic stroke 

independent of lipid levels in patients with elevated values for CRP in an apparently 

healthy population (130). This led to the “proof of concept study”, the Canakinumab 

Anti-inflammatory Thrombosis Outcome Study (CANTOS), in which Ridker et al. 
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targeted inflammation without affecting lipid levels using monoclonal antibodies 

against IL-1β in a group of patients with prior myocardial infarction and CRP levels 

above two. They found lower recurrence rates of cardiovascular events, including 

stroke, in the treatment group (126). The effect of anti-inflammatory drugs has also 

been shown for colchicine but not for methotrexate, investigated in populations with 

prior myocardial infarction, with a vascular outcome that included ischemic stroke 

(131, 132). The differences in effect are probably due to different inflammatory 

pathways (133). At this time, there is no routine treatment targeting inflammation to 

lower vascular risk besides statins. Also, anti-inflammatory and immunosuppressive 

drugs are associated with side effects, such as infections which need to be considered 

(133).  

 

The CANTOS trial was the final affirmation of the role of the IL-1β pathway in 

cardiovascular disease (25, 126, 129, 130). IFN-ɣ activity, measured by neopterin and 

KTR, has also been associated with coronary events and cardiovascular mortality (127, 

128, 134, 135). The particular role of KA in disease progression is not fully 

understood. KA has been found to be associated with coronary events (136-139) but 

not with stroke (137). PAr has been found to be associated with the risk of future 

stroke in a population study and long-term mortality risk in patients with CHD (127, 

140). The association was independent of CRP, suggesting that CRP does not capture 

the entire inflammatory process associated with increased stroke risk (127). It is 

argued that PAr, neopterin and KTR capture overlapping but distinct aspects of 

inflammation associated with future mortality in the group of patients with vascular 

disease (140). PAr has never been investigated in a stroke population.  

 

The underlying pathophysiology differs between the stroke subtypes. All of them are 

associated with inflammation (9, 141, 142), but more evidence exists for 

atherosclerotic disease. This is, amongst other reasons, because of the research on 

CHD. 
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Atherosclerosis and inflammation 

Atherosclerosis is a low-grade inflammatory disease (9), and higher levels of 

inflammation correspond to more unstable disease (9, 143, 144).  

A polarisation towards the pro-inflammatory M1 mononuclear cells in the circulation 

and the atherosclerotic plaque has been found to correspond with the atherosclerotic 

load (9, 143). Targeting the mononuclear cell polarisation, inducing M2 polarisation, 

could be a potential therapeutic strategy in atherosclerosis. The effect associated with 

M2 polarisation on plaque regression is believed to be mediated by, amongst others, 

the anti-inflammatory cytokine IL-10 (9).  

IL-1β, IDO activity measured by gene expression and neopterin have been found to be 

associated with plaque formation, the complexity of atherosclerotic plaques and plaque 

instability (9, 145, 146). When the associations between atherosclerosis and IDO 

activity is investigated using the KTR, the results are more diverse (147, 148). The 

upregulation of IDO is believed to be protective, and inhibition has been associated 

with plaque progression (149-152). The downstream molecule, KA, has also been 

associated with atherosclerosis and is suggested as a potential biomarker of 

atherosclerotic load (150, 153). As for IDO, KA has also been found to stabilise and 

decelerate the progression of atherosclerotic disease. Its role in disease development, 

particularly its role in immune tolerance, is under debate (150, 151).  

 

Cardioembolic strokes and inflammation 

After an acute ischemic stroke, no specific cause is found in 32% of the cases (154). 

At least a subgroup of these patients might have paroxysmal atrial fibrillation not yet 

captured by any assessment (155). Inflammation is believed to be an important part of 

the underlying pathology of arrhythmia, and IL-6 has been associated with an 

increased risk of atrial fibrillation in some studies but not all (32, 141, 156-158). It has 

been suggested that the use of inflammatory biomarkers could be useful to identify 

those patients in need of prolonged cardiac monitoring (157).  
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Inflammation is also believed to be associated with an increased thromboembolic risk 

in patients with atrial fibrillation (32, 159-161), but the findings are not entirely 

uniform (162, 163). Assessment of inflammation, anamnestic or through biomarkers, 

is currently not a part of the workup in patients with atrial fibrillation (33, 34). 

However, it has been argued that measuring systemic inflammation (e.g. by CRP) 

when assessing stroke risk and the need for anticoagulant therapy, could be useful 

(141, 161).  

 

Cerebral small vessel disease and inflammation 

Even though inflammation has been established as a risk factor of CSVD, there are 

some diverging findings (142, 164, 165). IL-6 and CRP have been found to be 

associated with the presence and the progression of cerebrovascular small vessel 

disease in two studies (166, 167). The vascular changes were assessed longitudinally, 

while the biomarkers were taken only at the start or end of follow-up. In another cross-

sectional study, no association was found (168). The cross-sectional design is often 

used, making it difficult to conclude (164). The impact of the IFN-ɣ pathway on 

CSVD is also diverging in cross-sectional studies, where neopterin has been associated 

with CSVD, but IFN-ɣ production capacity has not (166, 169).  

 

1.4 Summary and rationale for the thesis 

Sedentary behaviour is a known risk factor for stroke, and being sedentary for long 

periods is believed to be associated with the greatest risk. The hazard is believed to be 

mediated through the known risk factors of vascular disease, including glucose 

regulation and inflammation. Still, there are several questions about the details of the 

underlying molecular mechanisms and the length of a clinically significant sedentary 

bout.  

Disease progression takes several years, and to move forward and to design effective 

studies of sedentary behaviour and disease progression, valid biomarkers with 

predictive and explanatory properties are imperative 
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2. Aims 

The primary aim of this thesis was to investigate molecular mechanisms mediating the 

association between sedentary behaviour and ischemic stroke. The secondary aim was 

to investigate the impact of bout length of sedentary time on these associations.  

Four objectives further defined the aim:  

1. To investigate the association between objectively measured habitual daytime 

sedentary behaviour (total and by bout length) and glucose regulation in a 

stroke population (Study I).  

2. To investigate the association between objectively measured habitual daytime 

sedentary behaviour (total and by bout length) and traditional and novel 

biomarkers of inflammation in a stroke population (Study II). 

3. To investigate how the index stroke subtype was associated with inflammatory 

biomarkers at three months (Study III).  

4. To investigate the association between inflammatory biomarkers associated 

with sedentary behaviour measured at three months and the risk of ischemic 

stroke recurrence and mortality (Study III). 
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3. Material and methods 

3.1 The Nor-COAST study 

The Norwegian Cognitive Impairment After Stroke (Nor-COAST) study is a 

multicentre cohort study including patients admitted to hospital for acute stroke from 

18 May 2015 to 31 March 2017. The patient selection is shown in Figure 9. The 

patients (n=815) were included from five hospitals: St Olavs University Hospital, 

Trondheim (n=400); Ålesund Hospital, Møre and Romsdal Health Trust, Ålesund 

(n=33); Haukeland University Hospital, Bergen (n=142); Bærum Hospital, Vestre 

Viken Hospital Trust, Drammen (n=141); Oslo University Hospital, Ullevål, Oslo 

(n=99).  

The inclusion criteria were 1) hospital admission to one of the participating hospitals 

in the inclusion period, 2) acute stroke following the World Health Organisation 

definition or a finding of acute stroke on imaging, 3) being able to communicate in one 

of the Scandinavian languages, 4) above 18 years of age, 5) living in the catchment 

area. Patients were excluded if they had a life expectancy of less than three months.  

The baseline investigation was on day seven of the stay or at discharge if before day 

seven. The follow-up was done in the outpatient clinic or interview by phone interview 

at 3, 18 and 36 months. The assessments were performed by trained research assistants 

using a standardised case report form (170).  
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Figure 9: Patient selection for the Nor-COAST study. 
1 Other reasons: delirious patient, hearing impaired, uncertainty about the diagnosis, multi morbid, nursing home resident, 

other studies.  
2 Failed to screen: infrastructure on the ward, vacation/weekends.  
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3.1.1 Population for this sub-study 

For this sub-study, information from baseline and the three-month follow-up was used, 

in addition to the information about stroke recurrence and mortality from national 

registries. Only patients with ischemic stroke at baseline who also attended the three-

month follow-up at the outpatient clinic were included in this study. The population 

varied between the three studies and depended on the availability of activity 

recordings, blood samples and functional status.    

 

Study I: Sedentary behaviour and HbA1c 

This study investigated the association between time in sedentary behaviour and 

HbA1c measured at the three-month follow-up. Only patients who had valid activity 

monitoring data for four full days, a value for HbA1c, and were able to walk 50 meters 

with personal support (Barthel Index item 9 ≥10 points) were included (Figure 10).  

 

 

Figure 10: Patient selection for study I. The patients were excluded successively, and the number of patients reported for 

each reason is based on the remaining population.  
1 Not haemorrhagic transformation.  
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Study II: Sedentary behaviour and biomarkers of inflammation 

This study investigated the association between time in sedentary behaviour and 

biomarkers of inflammation measured three months after the acute stroke. The patients 

included had to have activity monitor data for four full days, a value for at least one of 

the relevant biomarkers, and be able to walk 50 meters with personal support (Barthel 

Index item 9 ≥10 points) (Figure 11).  

 

 

Figure 11: Patient selection for study II. 
1 Not haemorrhagic transformation.  
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Study III: Biomarkers of inflammation, stroke recurrence and mortality 

This study investigated the association between inflammatory biomarkers, found to be 

significantly associated with sedentary behaviour in study II, and long-term outcomes. 

Only patients with a value for at least one of the relevant biomarkers taken at the three-

month follow-up and who did not have stroke recurrence before the three-month 

follow-up were included (Figure 12).  

 

 

 

Figure 12: Patient selection for study III. 
1 Not haemorrhagic transformation.  
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3.1.2 Demographics and medical history 

Demographic information, weight, height, medical history (including drug use), 

information about stroke properties (lesion type, subtype, severity) and function was 

gathered at baseline. Height, weight, waist circumference, stroke severity, function and 

drug use were also assessed at three months. The diagnosis of diabetes mellitus was 

identified at baseline by medical history or/and medication use (Anatomical 

Therapeutic Chemical Classification: A10) or/and finding of HbA1c ≥6.5 %. 

Stroke properties were defined as 1) lesion type; ischemic or haemorrhagic based on 

findings from imaging; 2) ischemic stroke subgroups, as defined by the Trial of Org 

10172 in Acute Stroke Treatment (TOAST)-classification (23); and 3) stroke severity,  

measured by the NIHSS (41). Ischemic strokes with haemorrhagic transformation 

were defined as ischemic strokes after evaluation by a trained clinician. Function was 

assessed using mRS and BI. 

 

3.1.3 Outcomes 

Sedentary behaviour 

Sedentary behaviour was assessed using a body-worn inclinometer, ActivPAL, 

attached to the unaffected thigh for up to seven days. Daytime was defined as between 

08:00 am and 10:00 pm. The time boundaries were validated by identifying bouts of 

sedentary behaviour lasting less than 30 minutes during the whole 24-hour period, and 

80% of these fell within these time boundaries. The time boundaries were accepted. 

The monitor was switched on before it was attached to the patients and was still 

recording after the patient had detached the monitor themselves and returned it by 

mail. Non-wear time (intermittent or at the end) was identified by visual inspection of 

the graphical output files. The start of the recording was defined as the first registered 

activity (position transition), and the end was the last position transition. There were 

no intermittent periods of non-wear time identified in any of the recordings. The data 

from the day of attaching the device were excluded, as this was not part of the 

patient’s habitual activity. Recordings from the first four valid days were used. A 

MATLAB script was developed to identify daytime sedentary time, categorised as 
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time per day, time per day accumulated through predefined bout lengths (<30 minutes, 

30-59 minutes, 60-89 minutes and ≥90  minutes), and as numbers of bouts within each 

bout-length category.  

 

Laboratory analysis 

Non-fasting blood samples were drawn at the three-month follow-up for immediate 

analysis at the inclusion hospital laboratory and for storing at the biobank. The 

analyses made at the local hospital laboratory relevant for this project was creatinine, 

HbA1c and hs-CRP. The hs-CRP was only analysed at Ullevål University Hospital 

and St Olavs University Hospital because of limited access to the method. The samples 

for the biobank storage were instantly frozen at -80 °C in aliquots of 0.5 ml. The 

samples were later sent on dry ice for storage at BioBank1, Central-Norway Health 

Authority. In 2019, two aliquots of plasma were used to analyse inflammatory 

biomarkers at two different laboratories. The cytokines were analysed at the Research 

Laboratory, Nordland Hospital, using Bio-Plex technology kits (Bio-Rad Laboratories, 

Hercules, CA, USA). The other biomarkers were analysed as part of analytic platform 

D at Bevital A/S (Bergen, Norway) by liquid chromatography/tandem mass 

spectrometry. The samples were thawed only once. The biomarkers were part of a 

predefined kit/platform at the laboratories, and the results included in this study were 

selected based on the literature and limited to IL-6, IL-10. Pyridoxal 5'-phosphate 

(PLP), pyridoxal (PL), and 4-pyridoxic acid (PA), tryptophan, kynurenine, kynurenic 

acid (KA) and neopterin. The PAr-index (PA:(PL+PLP)) and the 

kynurenine:tryptophan ratio (KTR) were calculated.   

 

Stroke recurrence and mortality  

Recurrent stroke was identified by the National Stroke Registry (NSR), and death was 

identified using the Cause of Death Registry, including data until 31 December 2018.  
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3.2 Statistical analyses  

For continuous variables, Student’s t-test, one-way ANOVA, and the Kruskal–Wallis 

H test as a non-parametric alternative for the skewed variables were used in the 

descriptive analyses. Pearson’s chi-squared test was used for categorical variables. 

Sedentary behaviour was analysed as mean total sedentary time per day, mean time per 

day accumulated through the different bout-length categories, and mean number of 

bouts per bout-length category. Sedentary behaviour was used as a continuous 

variable. For the laboratory test, the values were logarithmically transformed. Logistic 

regressions were made for dichotomous outcomes and linear regressions for 

continuous outcomes. The results were given as standardised beta coefficients. The 

risk of ischemic stroke recurrence and mortality were investigated using a Cox 

regression, and for stroke recurrence an additional competing risk regression method 

was used (171). The variables were standardised and the results presented as hazard 

ratios (HR) per SD change in the variable. The regression models included 

confounders based on literature (172-174). A combined endpoint was made by 

combining the outcomes recurrent ischemic stroke and death. The analyses were 

performed in Stata/SE 16.1 (Stata Corp.).  

 

Statistical power 

The sample size was restricted to the available data from the main study, where it was 

estimated that approximately 400 would have available activity data. Based on the 

sample size in prior studies on cytokines in relationship to physical activity, and stroke 

recurrence rates (17%) a sample size of 400 patients was believed to be sufficient 

(175, 176).  
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3.3 Ethical considerations 

The project was performed following the institutional guidelines and was approved by 

the Regional Committee of Medical and Health Research Ethics (For the main study: 

REK no: 2017/2060/REK Midt. For this study: 2015/171/REK Midt, Ref: 12253). The 

study was registered with ClinicalTrials.gov (NCT02650531) and first posted on 08 

January 2016 (URL: https://clinicaltrials.gov/ct2/show/NCT02650531). Participation 

was voluntary, and patients gave their written informed consent. Patients who could 

not consent for themselves were included as long as their caregivers did not decline. 

Patients with a life expectancy shorter than three months were not included for ethical 

reasons. The patients received more follow-up than usual by comprehensive 

assessments at 3 and 18 months. If medical conditions were detected, they were 

advised to contact their general practitioner, and emergencies were handled 

immediately. All patients were treated according to national guidelines for acute stroke 

treatment and secondary prevention.  
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4. Results – summary of papers 

The baseline characteristics of the population in all three studies are shown in Table 1.  

Table 1: Baseline characteristics of the population in all three papers 

Characteristics Paper I 

N= 379 

Paper II 

N=257 

Paper III 

N=354 

Sex, male, n (%)  218 (58) 149(58) 201 (57) 

Age, mean y (SD)  72 (11) 73 (11) 73 (11) 

BMI, mean kg/m2 (SD) 26 (4.4) 26 (4.2) 26 (4.2) 

NIHSS on admission, mean (SD) 3.4 (4.2) 3.7 (4.6) 3.7 (4.7) 

Modified Rankin Scale, mean (SD) 1.9 (1.2) 2.0 (1.1) 2.0 (1.2) 

Modified Rankin Scale ≤2, n (%)  262 (70) 178 (70) 242 (68) 

Barthel Index, mean (SD) 91 (16) 92 (14) 90 (17) 

BMI=body mass index (weight/height2). NIHSS=National Institute of Health Stroke Scale. 

BI=Barthel Index. SD= standard deviation.  

 

4.1 Paper I: “Is long bout sedentary behaviour associated with long-term 

glucose levels three months after acute ischemic stroke? A prospective 

observational cohort study.”  

 

Of the 379 ischemic stroke patients included in this study, 74 had diabetes mellitus 

upon inclusion, and of these 63.5% were using anti-diabetic drugs at three months. The 

patients with diabetes mellitus had a higher BMI and HbA1c, and they more often had 

hypercholesterolemia and hypertension. The patients with diabetes mellitus were more 

sedentary than the patients without diabetes mellitus (Table 2). In patients with 

diabetes mellitus, sedentary time accumulated through bouts of 90 minutes or more 

were significantly associated with a higher HbA1c (β=0.32 (CI 0.10, 0.54) p=0.006), 

after adjustment for age, body mass index (BMI) and the use of anti-diabetic drugs.  

 

Table 2: Mean sedentary time per day (hours) total and by 

bout length category three months after stroke  

 Hours/day, mean (SD) 

No DM DM P-value 

Total sedentary time 9.6 (1.2) 10.2 (1.8) 0.008 

Bout length category    

 <30 minutes 4.0 (1.2) 3.7 (1.0) 0.097 

 30-59 minutes 2.4 (0.9) 2.7 (0.9) 0.001 

 60-89 minutes 1.4 (0.9) 1.6 (1.0) 0.118 

  ≥90 minutes 1.8 (1.7) 2.2 (1.6) 0.050 

Mean daytime sedentary behaviour per day over a period of four 

days. *Daytime: 08:00 a.m. to 10:00 p.m. DM= diabetes mellitus.  
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4.2 Paper II: “Investigating novel biomarkers of immune activation and 

modulation in the context of sedentary behaviour: a multicentre 

prospective ischemic stroke cohort study.” 
 

A total of 257 ischemic stroke patients were included in this study. A higher level of  

sedentary time was associated with higher levels of CRP (β=0.25 (CI 0.09, 0.39) 

p=0.001); IL-6 (β=0.17 (CI 0.04, 0.30) p=0.009); neopterin (β=0.12 (CI 0.00, 0.22) 

p=0.34); and PAr-index (β=0.21 (CI 0.09 - 0.30) p<0.001), and lower levels of 

kynurenic acid (β =-0.10 (CI -0.21- -0.02) p=0.045), after adjusting for age, sex, waist 

circumference and creatinine. In a model, adding all the significant biomarkers to the 

same model, except CRP because of many missing values, only the PAr-index (β=0.25 

(CI 0.10, 0.39) p=0.001) and KA (β =-0.19 (CI -0.35, -0.03) p=0.021) showed 

independent contributions (Table 3). The inverse association between KA and 

sedentary behaviour was strengthened after the adjustment for inflammation. There 

were no associations to IL-10 or KTR.  

 

Table 3: Adjusted multiple regression model of the association 

between total sedentary time and biomarkers, n=242. 
Sedentary time β 95% CI P 

 IL-6 0.12 (-0.01, 0.24) 0.069 

 Neopterin 0.08 (-0.07, 0.23) 0.280 

 PAr-index 0.25 (0.10, 0.39) 0.001 

 Kynurenic acid -0.19 (-0.35, -0.03) 0.021 

 Age 0.16 (0.03, 0.29) 0.017 

 Sex (male) 0.01 (-0.28, 0.30) 0.941 

 Creatinine 0.02 (-0.17, 0.21) 0.826 

 Waist circumference 0.21 (0.08, 0.33) 0.002 
1IL-6=interleukin-6. PAr-index=(4-pyridoxic acid/(pyridoxal 5´-

phosphate + pyridoxal). 
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4.3 Paper III: “Neopterin and kynurenic acid as predictors of stroke 

recurrence and mortality. A multicentre prospective cohort study on 

biomarkers of inflammation measured three months after ischemic stroke.”  

 

In total, 364 ischemic stroke patients were included in this study. After a mean follow-

up of 2.5 years, 16 patients had ischemic stroke recurrence after the three-month 

follow-up. Of the 28 patients who died, three patients also had ischemic stroke 

recurrence. The biomarkers included in this study were selected based on the results 

from paper II. Higher levels of CRP and neopterin were associated with mortality and 

the combined endpoint (stroke or death), respectively, adjusted for age, sex, prior 

cerebrovascular disease, and mRS at three months. In a model including both KA and 

neopterin, KA showed a reduced, and neopterin showed an increased HR for death. 

There were no associations between the PAr-index or IL-6 and the outcomes. 

Cardioembolic stroke on baseline corresponded to higher levels of the inflammatory 

biomarkers CRP, IL-6 and neopterin at three months (Table 4). There were no 

differences in the PAr-index or KA between the subtypes.  

An additional analysis using HbA1c showed no significant associations to stroke 

recurrence or mortality. This analysis was not included in the paper.   

 

 

Table 4: Biomarker values at three-month follow-up by ischemic stroke subtype at baseline1.  

 Atherosclerosis 

(N=26) 

Cardioembolic 

(N=62) 

CSVD 

(N=75) 

Unknown 

(N=141) 

P-value 

CRP2, mean (SD) 1.93 (3.29) 3.06 (3.78) 1.88 (2.56) 1.58 (3.71) 0.032 

IL-6, mean (SD) 3.71 (1.95) 5.70 (2.18) 3.97 (2.18) 4.26 (2.39) 0.038 

Neopterin, mean (SD) 16.0 (1.5) 20.3 (1.7) 16.0 (1.4) 16.0 (1.5) 0.003 

PAr, mean (SD) 0.66 (1.77) 0.73 (1.73) 0.60 (1.73) 0.60 (1.56) 0.087 

KA, mean (SD) 59.7 (1.5) 67.4 (1.4) 59.7 (1.5) 57.4 (1.5) 0.093 

1) The category “other determined” was excluded because of low sample size. The analyses were conducted on 

log-transformed variables, and the values were transformed back after analysis. 

2) For CRP: Atherosclerosis: N=20, cardioembolic: N=46, CSVD: N=50, Unknown: N=100. 

CSVD=cerebral small vessel disease. CRP=C-reactive protein, IL-6=interleukin-6, PAr=pyridoxic acid ratio-

index=4-pyridoxic acid:(pyridoxal+pyridoxal 5'-phosphate), KA=kynurenic acid. The analysis was done using a 

one-way ANOVA.  
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5. Discussion 

Main results 

In an ischemic stroke cohort, long-bout sedentary behaviour was associated with a 

higher HbA1c in patients with diabetes mellitus. Total sedentary time was associated 

with higher levels of pro-inflammatory biomarkers and lower levels of kynurenic acid 

in the entire study population. Additionally, higher levels of pro-inflammatory 

biomarkers were associated with the long-term outcomes of mortality and the 

combined outcome of ischemic stroke recurrence or mortality. Kynurenic acid was 

negatively associated with mortality after adjusting for inflammation. Finally, patients 

with cardioembolic strokes at baseline had higher levels of inflammatory biomarkers 

measured at the three-month follow-up.  

The following discussion is organised into three sections. The first section covers how 

the biomarkers were associated with sedentary behaviour. In the second section, the 

biomarkers’ association to outcomes of disease progression are discussed. Specific 

methodological issues more or less inseparable from the discussion of the results are 

reviewed in these two sections. Finally, the third section features a general discussion 

of methods not addressed previously. Literature from both sedentary behaviour and 

physical activity/exercise research is referred to in the discussion.  

 

5.1 The association between biomarkers and sedentary behaviour 

5.1.1 Glucose regulation and sedentary behaviour 

Sedentary behaviour accumulated through bouts ≥90 minutes was associated with a 

higher HbA1c in stroke patients with a diagnosis of diabetes mellitus, adjusted for age, 

BMI, and the use of anti-diabetic drugs.  

The association between objectively measured habitual sedentary behaviour and 

glucose regulation has previously been found in the general population (69), in 

patients with a risk of diabetes mellitus (14), and in a stroke population (9). In this last 

study, there was no adjustment for age, anthropometric measures or drug use (9). The 

association can, at least in part, be explained by a reduction in the contraction- 
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stimulated recruitment of GLUT4 in skeletal muscle tissue (70). Also, exercise has 

been associated with an increase in the intrinsic capacity of GLUT4. This might be 

relevant, at least if sedentary behaviour is displacing exercise (177).  

 

Behaviour pattern on glucose regulation 

The importance of bout duration 

The importance of bout duration is known from the literature (17, 57, 69, 178). In a 

large population study, Diaz et al. found that mean bout duration was dose-dependent 

associated with HOMA-IR and 2-hour blood glucose (69). They did not find the same 

association for HbA1c, but they did not stratify based on the presence of diabetes 

mellitus (69). In a scoping review by Mackie et al. of intervention studies targeting 

sedentary behaviour, the overall finding was that breaking up sedentary time with 

short periods of activity was beneficial for glucose regulation in healthy individuals, 

patients with overweight, and patients with diabetes mellitus (57).  

The novel finding in this study was the apparent 90-minute threshold for the effect of 

sedentary behaviour on glucose regulation. Corresponding to these results, a basal 

study found that the contraction-stimulated GLUT4 receptors were re-internalised 

from the cell membrane between 30 and 85 minutes after the exercise ended (179). 

The threshold used for intervention studies is mainly 30 minutes (57). The results must 

be interpreted with caution, but our findings can indicate that 90 minutes might be the 

threshold for the maximum benefit of breaking up sedentary time in the context of 

glucose regulation. However, this needs to be confirmed in future research.  

The use of bout-length categories is recommended by the SBRN (17), as it captures 

both time and bout duration in the same variable. In comparison, the number of breaks 

and mean bout duration does not differentiate between an individual who sits for a 

long time and then has many short bouts of sedentary behaviour, compared to someone 

who has medium bouts distributed throughout the day (17). The use of bout-length 

categories challenges the power of the study by adding more independent variables to 

the regressions, one for each category. The population included in the analysis 
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stratified based on the presence of diabetes mellitus was relatively low. Still, the 

results corresponded to the known physiological mechanisms described above, 

supporting the notion that the finding was not incidental. 

 

The importance of habit 

The review of acute interventions by Mackie et al. mentioned above, demonstrated a 

tendency towards less effect from breaking up sedentary behaviour with physical 

activity in the groups of individuals who had a higher habitual physical activity level 

(57). Sedentary behaviour has been found to have the most significant impact in the 

most sedentary (14). Studies show that GLUT4 messenger RNA in skeletal muscle 

returns to basal levels within 18-24 hours after exercise in both patients with and 

without type II diabetes (180, 181). Consequently, this means that when highly 

sedentary individuals finally rise, they will have fewer GLUT4 to recruit. This will 

also be the case for GLUT4 recruitment through the insulin-dependent route. The 

impact of habit is important when designing studies.  

There are two important questions when investigating habitual sedentary behaviour. 

The first question is what defines a habit? Intervention studies investigating the impact 

of habitual behaviour change are often conducted over several months (116, 117). On 

the other hand, studies of the effect of acute behavioural change are often limited to 

the past 24 hours (13). The transition between acute and chronic is probably gradual 

and somewhere in between these time limits. By using valid biomarkers associated 

with sedentary behaviour and physical activity, these thresholds can be identified as a 

flattening of the curve of the biomarker of interest. This could lead to more time-

efficient studies if the results show that the changes happen during the first days or 

weeks of the behavioural change. This will also vary between outcomes and other 

confounding factors such as weight and waist circumference in glucose regulation and 

inflammation. And, of course, for the patient, a good habit should persist for as long as 

possible.  

The second question is how can we get a valid measure of habitual activity? One study 

of older adults indicated up to three to four days when using a pedometer or 
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accelerometer (182). A study of healthy adults, where activity was measured using 

ActivPAL for seven days, they found that five days was enough to give a valid sample. 

They found an increase in validity when at least one weekend day was included (183). 

The difference between weekdays and weekends probably depends on the population 

in question. In the current study, the participants were supposed to wear the monitor 

for seven days. After excluding the day of attaching and removing the device, the 

number of days required to be included in the current study was ultimately based on 

availability and was set to four whole days.  

 

The impact of population and patient characteristics on glucose regulation 

Diabetes mellitus 

In this study, the association between sedentary behaviour and HbA1c was significant 

only for patients with diabetes mellitus. In the abovementioned article by Guy et al., 

the association to HbA1c was only significant in a patient at risk of diabetes mellitus 

(14). The population study by Diaz et al. found an association to glucose regulation in 

the whole population when using FPG and OGTT but not for HbA1c (69). The HbA1c 

is a less sensitive measure compared to FPG and OGTT (184). The contraction-

stimulated recruitment of GLUT4 receptors contributes to glucose regulation in all 

patients. However, being independent of insulin, this pathway might be more crucial 

for patients with insulin resistance or deficiency (177).  

Patients with diabetes mellitus were more sedentary than  those without diabetes 

mellitus, and there might be an unintentional stratification between the least and the 

most sedentary (14).   

 

Age 

The current study population had a high mean age, compared to other studies (14, 69). 

Even though body composition, physical activity level and nutrition can account for 

some of the changes in glucose tolerance seen with age, some age-related changes are 

still unexplained (184). Studies indicate that beta-cell function is preserved with age 
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but the pulsatile insulin secretion changes (184). In healthy adults, insulin is secreted 

in pulsations – high frequency for inhibiting hepatic glucose production and low 

frequency for peripheral glucose consumption (184). Both these pulsation patterns 

change with age, but the relevance of these changes is not known. It might increase the 

importance of the insulin independent pathway with age, which makes age relevant in 

the study design (184). In the current study, age was significantly associated with 

HbA1c only in patients without diabetes mellitus. The lack of any association in the 

diabetes group might be because of a lower sample size or that age is less important 

compared to other factors in patients with diabetes mellitus.   

 

BMI 

Sedentary behaviour is associated with higher BMI (185), and higher BMI is 

associated with higher blood glucose (186). BMI is not a confounder of the association 

between sedentary behaviour and glucose levels but a potential mediator of the effect 

of sedentary behaviour on glucose (187). In this study, the analyses were adjusted for 

BMI to bypass one of the mediators and identify the remaining association.  

 

The importance of glucose-measuring method 

In this study, HbA1c, a measure of mean glucose level the past three months, was used 

as the outcome (64). In the early phases of reduced insulin sensitivity, a pre-diabetic 

state, there is a compensatory increase in insulin levels without hyperglycaemia (184, 

188). HbA1c is not affected because the patient is still normoglycemic. In a review by 

Chia et al., they argued that the combination of FPG, OGTT and HbA1c would capture 

the different groups of individuals with reduced glucose tolerance and that combining 

these methods might be preferred (184). The HOMA-IR method might capture the 

individuals in a pre-diabetic state with reduced insulin sensitivity, expecting higher 

values for HOMA-IR to be associated with sedentary behaviour also in 

normoglycemic patients (65). Hyperinsulinemia can precede diabetes mellitus with 

more than a decade, leading to metabolic changes associated with an increased 

vascular risk (189, 190). Identifying these patients when investigating the benefits of 
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reducing sedentary behaviour is important. In short, the lack of findings in the patients 

without diabetes mellitus could be due to the method of measuring glucose levels.  

 

To summarise, the results indicate that breaking up sedentary time at least every 90 

minutes is beneficial for glucose regulation in patients with diabetes mellitus. The lack 

of association in patients without diabetes might be caused by methods of measuring 

glucose regulation or habitual sedentary level. There might also be differences 

between the type and intensity of the corresponding physical activity between the 

groups that are not investigated here.  

 

5.1.2 Inflammation and sedentary behaviour  

Main results 

Sedentary behaviour was associated with increased CRP, IL-6, neopterin, PAr, and 

reduced KA. The biomarkers were investigated individually, adjusted for age, sex, 

waist circumference, and creatinine. There were no significant associations between 

sedentary behaviour and IL-10 or KTR. In a final model, where all the biomarkers 

significant in the initial analyses except CRP were added, only the association to PAr 

and KA remained significant. The associations also showed increased strength 

compared to the initial analyses.  

 

Sedentary behaviour and pro-inflammatory biomarkers  

The interleukin-1β pathway: IL-6, CRP  

The link between sedentary behaviour and the IL-1β pathway (IL-6 and CRP) is 

known from previous studies (18, 114-116, 191), as well as when sedentary behaviour 

is replaced by low-intensity physical activity and not higher intensities (116). In this 

study, IL-6 had a slightly weaker association with sedentary behaviour compared to 

CRP. This might be explained by the different populations, as CRP was only measured 

at two of the five hospitals. It can also be explained by other factors associated with 
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the physiology and analytical properties of CRP and IL-6. IL-6 rises rapidly in 

response to inflammation and has a halftime of 15.5 hours (84). Also, when IL-6 is 

produced as a myokine, this is associated with beneficial metabolic (100) and anti-

inflammatory properties (84). IL-6 from muscle cells has been found to return to basal 

level within an hour (106). The biobank samples were taken at the end of the 

consultation, which included some physical tests, and there is often some walking 

distance between the outpatient clinic and the laboratory. The contribution of myocyte 

derived IL-6 is unclear, but it could reduce the strength of the association between 

sedentary behaviour and IL-6. Approximately 30% of IL-6 is produced in adipose 

tissue. Only a small amount comes from adipocytes, and the rest comes from resident 

macrophages (106). In the regression model, waist circumference was included as an 

independent variable. Sedentary behaviour is associated with the pro-inflammatory 

(M1) phenotype of the resident macrophages (106), and changing this polarisation 

towards the M2 phenotype in adipose tissue is believed to be one of the benefits of 

reducing sedentary behaviour (106).  

IL-6 is a pleiotropic cytokine, and its production and functioning in inflammation and 

metabolism is a good example of the complexity of cytokine signalling and 

inflammatory pathways (100). In this setting, CRP, as a measure of the pro-

inflammatory activity of IL-6, might be more useful (85). 

 

The IFN-ɣ pathway: neopterin, KTR 

We found higher levels of neopterin but not KTR to be associated with sedentary 

behaviour. This is in line with a study in older adults, where sedentary behaviour 

assessed by questionnaire was associated with higher neopterin levels but not KTR 

(120). Neopterin was used as an indirect measure of IFN-ɣ activity and should 

correspond to a higher level of IFN-ɣ. This seems to be in contrast with a study by Noz 

et al., where a reduction in the IL-1β pathway after a 16-week physical activity 

intervention was accompanied by increased IFN-ɣ production capacity. This was 

interpreted as a compensatory response from the adaptive immune system (116). There 

was also a relative reduction in circulating monocytes and an increase in the 
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lymphocyte:monocyte ratio (116). Neopterin is produced by activated macrophages 

(88, 89). It can be hypothesised that the association found to neopterin is an expression 

of changes in the mononuclear cells, either quantitatively or as phenotypic changes, 

followed by an increased response to IFN-ɣ, and not in an increased IFN-ɣ activity per 

se. This should be investigated further. It is necessary to point out that the confidence 

interval for the association between neopterin and sedentary behaviour included the 

number zero. Hence, the results must be interpreted with caution.  

The KTR is often used as a measure of IFN-ɣ activity (68, 90, 91). In a review, Joisten 

et al. argued that KTR should instead be used as a general indicator of kynurenine 

pathway activation (56). The metabolites from the kynurenine pathway are important 

contributors to immune tolerance, which might explain the lack of congruence in the 

results (75, 90). The role of kynurenine as part of a negative feedback loop of 

inflammation (56) will be described in the discussion of immune tolerance.  

 

There are, to our knowledge, no studies investigating the association between 

objectively measured sedentary behaviour and neopterin or KTR. This study indicates 

that neopterin might be a more useful measure of inflammation associated with the 

IFN-ɣ pathway than KTR.  

 

The PAr-index 

The PAr-index was associated with sedentary behaviour at the same level as CRP, but 

the model seems to explain more of the variation in PAr. When included in a 

regression model together with IL-6, neopterin and KA, only the PAr-index and KA 

remained significantly associated with sedentary behaviour, and the associations were 

strengthened.   

The results illustrate and support the prior findings of PAr capturing the effect of 

several inflammatory pathways (97). In the context of sedentary behaviour, it seems 

several inflammatory pathways are involved, and PAr could be useful as a sensitive 

biomarker capturing the combined changes between the pathways. The PAr-index will, 
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to a lesser extent, be useful for understanding the underlying mechanisms, and more 

useful in monitoring and prediction.  

The regression model (sedentary behaviour, age, sex, waist circumference and kidney 

function) explained 37% of the variation in PAr compared to 16% of the variation in 

CRP. This might be due to the role of age, sex and kidney function in the variation of 

PAr (97, 127). The abovementioned missing data of CRP, must be considered when 

comparing the biomarkers, even though the missing values were perceived as “missing 

completely at random” and should not lead to a selection bias. The explanatory value 

does not change the strength of the association between sedentary behaviour and PAr. 

It was also somewhat surprising that the association was not stronger compared to 

CRP.  

 

Sedentary behaviour and anti-inflammation – IL-10 

A negative association between IL-10 and sedentary behaviour was expected (116-

118). IL-10 is found to be produced following a spike of IL-6 from skeletal muscle 

cells in response to exercise (106). A higher level of IL-10 was associated with 

exercise in an intervention study including an older population (117). It was also 

associated with walking time, investigated in a group of individuals older than 55 

years with an elevated vascular risk (116). The lack of association in this study might 

be explained by the intensity of the corresponding physical activity. A study by Rodas 

et al. found an independent effect of sedentary behaviour on IL-10 after adjusting for 

physical activity level (118). The participants in that study were healthier and younger 

than the stroke patients in the current study, and the measurements were made using 

questionnaires.  

A more thorough discussion of energy expenditure can be found in section 5.3.2.  

 

Sedentary behaviour and immune tolerance 

KA has been identified as an important contributor to immune tolerance, increasing 

the body’s anti-inflammatory potential (56). Based on the assumption that sedentary 
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behaviour increases inflammation, it can be argued that the novel finding in this study 

of an inverse association between KA and sedentary behaviour is not sporadic but a 

potential mechanism mediating the hazards of sedentary behaviour.  

KA has never been investigated using objective measures of sedentary behaviour, but 

an increase in KA is known to be associated with exercise (56). The expression and 

activity of the metabolic enzyme for kynurenic acid, KAT, is induced by muscle 

contraction (123). The mechanism is via contraction stimulation of peroxisome 

proliferator-activated receptor-ɣ coactivator-1α1 (PGC-1α1) and the associated 

transcription factor, peroxisome proliferator-activated receptor-α (PPAR-α) (123). 

Both acute and chronic exercise is believed to contribute to the induction of the KA 

pathway. However, the association between chronic exercise and increased levels of 

KA has been challenging to show in studies. This is either because the blood sample is 

taken too late after the last activity or obscured by the acute event. This finding of an 

inverse association supports the impact of chronic physical activity (56).  

Kynurenine is believed to induce immune tolerance through the same mechanisms as 

KA (56, 91). The correlation with inflammation might obscure the effect of KA and 

kynurenine. This might explain the discrepancies in the results for KTR, compared to 

neopterin as a measure of IFN-ɣ activity, in the current and other studies described 

above.  

The importance of population must be addressed in this section as well. An 

intervention study including healthy males older than 65 years found that a 12-week 

physical exercise intervention increased KAT expression in muscle tissue, but it did 

not raise the level of KA significantly (122). It has been questioned if the upregulation 

of KA in response to chronic exercise is more important in a disease population where 

the KP is already activated due to an inflammatory state (56). Inflammation increases 

with age, and reducing sedentary behaviour might contribute to reducing 

inflammageing (75).  
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To summarise, the findings suggest that CRP, neopterin, the PAr-index and KA are 

useful biomarkers when investigating inflammation and sedentary behaviour. The 

results for KA are unique and open exciting paths for sedentary behaviour research.  

 

Going from observations to explanations 

At the end of section 1.3.2, three potential mechanisms explaining the association 

between sedentary behaviour and inflammation, derived from physical activity and 

exercise research, were described (Figure 8). The results will now be summarised 

through these three potential mechanisms (56, 106).  

 

Myokine production 

As described above, IL-6 from the contracting skeletal muscle (100) induces IL-10 and 

interleukin-1β receptor antagonist (IL-1βRA) (106). The impact of reducing sedentary 

behaviour might be mediated by the IL-6 production associated with the corresponding 

physical activity, but it might depend upon the energy expenditure during this activity. 

This might explain the lack of association between sedentary behaviour and IL-10 in 

the current study and the weaker association to IL-6 compared to CRP.  

 

Trained immunity 

 “Trained immunity”, the functional reprogramming of innate immune cells, such as 

the polarisation of monocytes and macrophages to either a pro- or an anti-

inflammatory phenotype, is believed to be an important contributor to chronic low-

grade inflammation (79, 80). Inflammageing, the tendency towards low-grade chronic 

inflammation associated with age, has been described as “the dark side of trained 

immunity” (9, 75, 76, 79, 143). Studies indicate that physical activity can push the 

phenotype toward the less inflammatory phenotype, M2 also called the “healing 

subtype” (106, 116). The mechanism for this is not known. A polarisation towards the 

M1 phenotype might partly cause the increase in inflammatory biomarkers associated 
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with sedentary behaviour, illustrated by the associations to both the IL-1β pathway and 

the neopterin response in the IFN-ɣ pathway in the current study.  

 

The kynurenine pathway 

The metabolites kynurenine and KA have been found to stimulate the differentiation of 

naïve T cells to T regulatory cells. The alteration of the ratio between regulatory T 

cells and the T helper cells increases immune tolerance (56, 106). The link between 

KA and the T cells is the aryl hydrocarbon receptor (AhR) (56, 123). Kynurenine is 

also an AhR agonist, but in contrast to KA, kynurenine can be further metabolised to 

other substances, and KA has a higher affinity to AhR (91). Physical activity induces 

the enzyme producing KA (123), and downregulation of KA and impaired immune 

tolerance can be part of the explanation of the association between sedentary 

behaviour and inflammation.  

 

There are most likely many different and interrelated pathways between sedentary 

behaviour and inflammation. Likewise, there are known interactions between 

metabolic risk factors of vascular disease and inflammation.  

 

5.1.3 The interface between inflammation and metabolic risk factors of 

vascular disease 

Nothing in human physiology exists in a vacuum, and discussing inflammation from a 

vascular disease perspective without mentioning the interaction with metabolic risk 

factors would be an obvious omission. Even though an exhaustive description of all 

the crossing pathways is beyond the scope of this thesis, a short outline with some 

examples of the interaction between inflammation and metabolic risk factors – is 

required.  

Vascular risk factors, such as hypertension, can contribute to increased inflammation 

(192). Reducing inflammation by targeting the IL-1β-pathway has been beneficial for 

glucose regulation (184). IL-6 has been found to increase the translocation of GLUT4 

receptor to the cell membrane, thus facilitating glucose transportation into the muscle 
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cells, reducing insulin resistance (100). In basal research, administering KA has 

reduced hyperlipidemia-induced insulin resistance (193), and KA has been associated 

with increased energy metabolism (194). The expression of KAT mRNA, the enzyme 

producing KA, has been found to be modestly reduced in skeletal muscle in patients 

with diabetes mellitus type II (195).  

Another link between metabolism and inflammation is adipose tissue. Adipose tissue 

is a source of inflammatory signals, and having a healthy diet and physical activity is 

believed to reduce both the adipose cell size and the number and phenotype of the 

resident inflammatory cells (106). BMI attenuates but does not eliminate, the 

relationship between physical activity and inflammation (18). In this study, the 

regression model included waist circumference, as this is believed to be more closely 

associated with cardiovascular mortality (196).  

 

5.2 Biomarkers, stroke subtype and long-term outcomes 

Main results 

Patients with cardioembolic stroke at baseline had higher CRP, IL-6 and neopterin at 

the three-month follow-up. The biomarkers were investigated individually. CRP and 

neopterin at three months were associated with mortality and the combined endpoint 

stroke recurrence and mortality, respectively. In the model where KA and neopterin 

were included simultaneously, KA was associated with a reduced risk and neopterin 

with an increased risk for mortality.  

We did not find any association between any of the biomarkers and the risk of 

ischemic stroke recurrence. We did not find any association between HbA1c, the PAr-

index or IL-6 and mortality.  

 

5.2.1 Glucose, stroke recurrence and mortality 

A large amount of literature supports a causal relationship between circulating glucose 

and vascular disease development (72, 184). Although not sensitive, the HbA1c is 
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associated with future CVD and can be used in risk assessment (184). We did not find 

any association between HbA1c and ischemic stroke recurrence or mortality. HbA1c 

was primarily included in this project to investigate the association to sedentary time, 

including the impact of bout length. Because of the existing knowledge on this subject, 

a thorough discussion of the relationship to long-term outcomes is not made in this 

thesis. The general discussion about statistical power and sensitivity of the diagnosis 

of ischemic stroke recurrence outlined in section 5.3.5, also applies to these results.  

 

5.2.2 Inflammation, stroke recurrence and mortality 

Pro-inflammatory biomarkers, ischemic stroke recurrence and mortality 

There were no associations between the biomarkers and ischemic stroke recurrence. In 

the literature, the impact of metabolic risk factors, such as glucose and lipids, on 

vascular disease progression are augmented by the presence of inflammation in 

general (133). The associations between IL-6, CRP and vascular disease are 

established (25, 133), and drug interventions targeting IL-1β and IL-6 – and indirectly 

CRP – have been shown to affect vascular disease recurrence, including stroke 

recurrence (126, 130, 197, 198). Neopterin and PAr have also been associated with 

stroke and stroke recurrence (127, 199). Prior studies are often based on a healthy 

population or populations with prior coronary heart disease. The role of inflammation 

in stroke recurrence might be different, not least because of the diagnostic workup, 

including Holter monitoring for paroxysmal atrial fibrillation and the secondary 

prophylaxis with anticoagulation (24). Because of the low power, a type II error could 

be made, and the biomarkers should be investigated in a larger study. A more general 

discussion of power in this project will be made in section 5.3.5. 

There was a significant association between CRP and mortality and between neopterin 

and the combined endpoint. This is in congruence with current literature (25, 128, 

163). The concurrent lack of finding to IL-6 was surprising (163), but might be caused 

by factors associated with test properties and the role of IL-6 in metabolism, outlined 

in section 5.1.2. Based on the assumption that the PAr-index captures the effect of the 

other pathways and prior association to mortality in patients with CHD, the lack of 
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association to PAr was more surprising (140). Because of the relatively low sample 

size, IL-6 and the PAr-index should not be discarded as predictors in stroke 

populations. However, the results support that CRP and neopterin are robust predictive 

biomarkers, representing two different inflammatory pathways through their 

association to the innate and adaptive immune systems, respectively.     

 

Kynurenic acid and ischemic stroke recurrence and mortality 

The novel finding in this study was the negative association between KA and mortality 

after adjusting for inflammation by adding neopterin to the model. KA has been 

associated with vascular disease progression in general (153) and with cardiovascular 

events in patients with stable angina pectoris (136, 150), but not with stroke (137). KA 

has also been associated with mortality and length of stay in an intensive care unit 

after cardiac surgery in infants (200). As described in the subsection of “Anti-

inflammation and immune tolerance” in section 1.3.2., KA is part of a negative 

feedback loop inducing immune tolerance. Hence, these results from the literature are 

not in contrast to the finding in the current study (56, 91) but fit the assumed protective 

effect of a concurrent rise in KA under inflammatory conditions (56, 91). Such effects 

are easily obscured because of the correlation with inflammation. The model that was 

adjusted for inflammation was based on the biological rationale described above, in 

addition to the results from study II, showing that KA was negatively associated with 

sedentary time with increased strength after adjusting for the other biomarkers of 

inflammation. To reduce the number of explanatory variables in the regression, only 

one pro-inflammatory biomarker was added to the model. Neopterin was chosen 

because of the association to the combined outcome in the primary analyses and 

because both KA and neopterin are part of the IFN-ɣ pathway and expressions of 

adaptive immune system activation (77, 88, 89).  

 

The results are in congruence with known physiological mechanisms, supporting that 

the result is not sporadic. KA might have an important role in chronic low-grade 

inflammation, disease progression and biological ageing. Studies aiming at increasing 
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the KA response to inflammation, in particular in the perspective of sedentary 

behaviour, should be investigated further.  

 

5.2.3 Stroke subtype and inflammatory biomarkers 

Patients with cardioembolic stroke at baseline had higher levels of CRP, IL-6 and 

neopterin. Blood samples were taken three months after the stroke, which is not 

necessarily representative of the inflammatory status pre-stroke. Still, it says 

something about the subgroup characteristics.  

Based on results from prior studies investigating the inflammatory response in the 

acute phase of stroke, the further discussion is based on the assumption that the acute 

inflammatory response associated with the index stroke lesion has been normalised 

(201).  

 

Besides being sporadic, there can be four possible explanations of the results:  

1) The cardioembolic strokes were larger and associated with more complications 

resulting in an increased unresolved inflammation post stroke.  

2) The inflammation is merely a surrogate marker of other comorbidities 

associated with an increased risk of atrial fibrillation.  

3) Inflammation increases the risk of atrial fibrillation.  

4) Inflammation increases the risk of thromboembolism in patients with atrial 

fibrillation.  

 

On the group level, the patients in this study had mild strokes and a high functional 

level. Even though the initial stroke severity and comorbidity might contribute to the 

result, the following discussion will be limited to the role of inflammation as a risk 

factor for atrial fibrillation and thromboembolism.  
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Inflammation as a risk factor of atrial fibrillation 

In a population-based study among patients with transient ischemic attacks or ischemic 

stroke, 30% of the events were defined as cryptogenic (154). Some of them might be 

caused by undetected paroxysmal atrial fibrillation. Both randomised trials and 

observational studies have shown that prolonged or sequential cardiac monitoring can 

increase the detection rates. The optimal duration of monitoring is not defined (24). 

Prolonged cardiac monitoring demands considerable resources, and it has been 

questioned whether blood biomarkers could be used for targeting the patient group in 

need of prolonged monitoring (157, 202). In a prospective study, Schnabel et al. 

identified B-type natriuretic peptide and CRP to be associated with future atrial 

fibrillation (202). In a small study of acute ischemic stroke patients, Lambert et al. 

found that patients with cardioembolic stroke had higher levels of IL-6 in the acute 

phase of stroke compared to the other subtypes. They argued that IL-6 might be useful 

for identifying those in need of long-term cardiac monitoring to capture paroxysmal 

atrial fibrillation after acute stroke (157). Whether or not the inflammation contributes 

to the pathophysiology or is merely an indicator of the underlying disease contributing 

to the atrial fibrillation remains unanswered (141). 

 

Inflammation as a risk factor for thromboembolism 

In the context of ischemic stroke, the hazard of atrial fibrillation is the associated risk 

of thromboembolism. The risk is believed to be caused by the hemodynamic changes 

of the blood flow in the atriums, endothelial injury, and hypercoagulability (32). At 

present, the assessment of thromboembolic risk associated with atrial fibrillation is 

done using a clinical decision-making tool called the CHA2DS2-VASc score (33, 34). 

Biomarkers associated with altered blood flow, endothelial injury, or 

hypercoagulability might be useful for additional risk assessment but are not used 

routinely (32, 33). There is a scientific rationale for using inflammatory biomarkers in 

the risk prediction of atrial fibrillation-induced thromboembolism (32, 203). In a large 

study entitled the ARISTOTLE trial investigating the effect of the direct anticoagulant 

apixaban, the role of inflammatory biomarkers for risk prediction were studied. The 
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study found that biomarkers of inflammation improved the risk prediction for 

mortality but not for stroke (162, 163). This population was already treated with anti-

coagulation, and it is impossible to draw any conclusion regarding the risk associated 

with inflammation in an untreated cohort. There are apparent ethical obstacles with 

investigating the impact of inflammatory biomarkers in patients with known atrial 

fibrillation in an untreated cohort.  

The result supports the importance of inflammation in patients with atrial fibrillation 

and stroke. Future studies of the role of inflammatory biomarkers should clarify if this 

is useful as a supplement in the workup for identifying atrial fibrillation and the 

associated thromboembolic risk. The results also underline the importance of 

stratifying by stroke subtype when studying stroke risk to avoid overlooking 

associations to one subtype by the lack of association to the others.  

 

5.3 Discussion of methods 

This study has several strengths but also some limitations. Some of the strengths and 

weaknesses have already been addressed in the discussion of the results above. The 

following section features a more general methodological discussion of issues not 

addressed in the previous sections.  

 

5.3.1 Study design and population 

Study design 

One of the strengths of this study is the prospective longitudinal multicentre design, 

including patients from both university hospitals and local hospitals. The investigation 

of the association between sedentary behaviour and biomarkers is cross-sectional, 

while the analysis of the association to the long-term outcome is longitudinal. The 

Nor-COAST study was designed to investigate cognitive impairment after stroke, and 

this sub-study was developed after the main study was established. Hence, the study is 

prospective for the main aim but not for the current sub-study.  
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Observational studies in general are prone to confounding, and it is not possible to 

conclude a direction of the associations. However, there is evidence from intervention 

studies supporting an association in the direction from sedentary behaviour to glucose 

regulation and inflammation (57, 135). Drug interventions targeting inflammation 

showing reduced risk of vascular events supports the causal relationship from 

inflammation to vascular disease (133, 192), and suggests that the associations found 

in this study can be an expression of a cause-and-effect relationship.  

 

Population 

The Nor-COAST population has been found to have a better pre-stroke health 

condition than the general stroke population. However, the sample is representative of 

the group of patients suffering mild strokes, which makes up the largest group (65%) 

(204). The subpopulation in the current study, which had activity monitoring and/or 

biobank samples, was more fit than the remaining part of the Nor-COAST population. 

Hence, the results are not representative of the whole stroke population.  

 

5.3.2. Measuring and analysing sedentary behaviour  

The large sample of stroke patients with objectively measured sedentary behaviour is a 

strength of the study. The algorithm used to estimate the sedentary bouts is also in line 

with the current recommendation (17) and captures both time and bout length. 

 

Measuring sedentary behaviour using one sensor 

When using only one sensor, it is not possible to discern between lying and sitting. 

Use of two sensors (thigh and back/chest) makes it possible to discern between the 

positions, but not between active and passive sitting. To differentiate between active 

and passive sitting, accelerometers are sometimes used. Active sitting is often defined 

as an accelerometer count >100 counts per minute while in a sitting position. This is 

typical while working on a computer. Active sitting has been found to have a higher 

energy expenditure than inactive sitting and lying and has been found to be inversely 
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associated with inflammation in contrast to non-active sitting and lying (185). The 

inclusion of active sitting in total sedentary time in our study might have led to a type 

II error. 

 

The importance of energy expenditure 

By using position to identify sedentary behaviour, as is done in this study, the impact 

of energy expenditure of the corresponding physical activity could not be investigated. 

Measuring energy expenditure in a stroke population is challenging because of the 

heterogeneity in the patient group, ranging from hemiparesis to negligible sensory 

deficits (48). The problem lies in the reliability of the sampling and the validity of the 

conversion algorithm. Preferred walking speed has been found to be highly correlated 

with oxygen cost in a stroke population (205). Using walking speed to individualise 

the energy expenditure equations could increase the validity of the conversion 

algorithms. Also, adding other parameters to the measure, such as temperature and 

galvanic skin response, seem to increase the validity (49, 131).  

 

Sleep and non-wear time 

In this study, sleep time was predefined as the time between 10.00 pm and 08:00 am. 

We might have underestimated sedentary behaviour at night that has been falsely 

defined as sleep and overestimated sedentary behaviour during the daytime that is 

actually sleep. The low amount of short bout sedentary behaviour in the defined night-

time indicates that we have actually captured sleep. Additionally, we might have 

underestimated long bout sedentary behaviour because sedentary bouts were cut in 

half when crossing these time boundaries.   

 

Sleeping patterns, including sleep duration, varies in stroke patients (58-60, 206). 

Algorithms for identifying sleep time (61) should be validated in different populations. 

Patient characteristics, such as cognitive impairment, nocturia or pain, associated with 

deviating sleeping patterns might increase the validity of the algorithms. In a study by 

van der Berg et al., the development of the algorithm was based on machine learning, 
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with rules and thresholds being set and adjusted by inspecting outputs (61). Machine 

learning and artificial intelligence might enable more complex algorithms, capturing a 

greater diversity of activity patterns. This could also be used in the validation and 

customization of the algorithm to different populations. In addition to algorithms, 

technical developments, such as enabling the patient to mark the recording when going 

to bed, rising up from bed or detaching the device, could increase the validity of the 

data. Also, it might be more valid to investigate the sum of all behaviours during a 24-

hour period (sedentary behaviour, physical activity and sleep), and this should 

probably be preferred in future studies.  

 

5.3.3 Properties and selection of inflammatory biomarkers 

The large sample of traditional and novel biomarkers of inflammation carefully 

selected based on the current literature is a strength of this study. The following 

section contains a general discussion about cytokine properties, the selection of 

biomarkers and the role of acute inflammation. 

  

Cytokine properties 

Cytokines have a short biological halftime, dynamic secretion, and diurnal variations 

and are found to be unstable in the sample – some more than others. Standardisation of 

the blood sampling, handling and storage are important (84). In this study, the blood 

samples were taken non-fasting at a random time of the day, and the patients were 

included consecutively throughout the year, which are factors that can affect the 

results. Consequently, there might be variations in the results due to other factors than 

the persons’ inflammatory state. Beyond that, there has been a standardised protocol 

for handling the samples, and there is no reason to believe that they have not been 

treated similarly.  
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The selection of biomarkers 

The selection of biomarkers was based on the current literature describing biomarker 

properties, such as in vivo and in vitro stability, their role in physiology, and known 

associations to disease, sedentary behaviour and physical activity. In an effort to try to 

limit the number of biomarkers and reduce the multiple testing bias, the biomarkers 

were also prioritized based on their role in different pathways or in a mechanism, such 

as the IL-1β and IFN-ɣ pathways, anti-inflammation and immune tolerance. 

Immunology is complex, and it is proper to question whether these forms of 

simplification and investigation of a limited number of biomarkers individually are 

useful. In comparison, by adding several biomarkers to the same model, nuances like 

synergy and feedback mechanisms could have been elucidated. This challenges the 

power of the sample. In this thesis, such jointed analyses, on a small scale, were made 

in studies II (KA and PAr) and III (KA and neopterin) by carefully selecting the most 

important biomarkers based on a combination of prior knowledge, results of initial 

analyses and availability of data. In this study, the joint analyses seem to have 

uncovered/strengthened the role of KA in sedentary behaviour and disease 

progression.  

Many relevant biomarkers have not been included in this investigation. TNF-α is 

central in the inflammatory response, in particular in concert with IL-1β and IL-6. We 

did not prioritize to include TNF-α based on the sample output where it was not 

detectable in a large number of samples. This corresponds to the reported biological 

halftime of 18.2 minutes (84). It has been reported that IL-1β has an in vivo halftime 

of 21 minutes and that it is not reliably measured in blood (84, 85). Corresponding to 

this, IL-1β was often not detectable in this study. In comparison, IL-6 has a reported 

halftime of 15.5 hours and was detectable in all of the patients (84). The half-life of 

IFN-ɣ is not clear (84); but based on a study of recombinant IFN-ɣ, it is short, and it 

was often not detectable in the current population (102). TNF-α, IFN-ɣ and IL-1β are 

also more sensitive to any delay before freezing compared to IL-6 (84). Although 

relevant, these biomarkers were not included in this study.  
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The impact of acute inflammation 

The aim of this investigation was to identify chronic low-grade inflammation, but 

there is a possibility that the patients had concomitant subtle acute disease affecting 

the inflammatory response. Therefore, a modest increase in the acute inflammatory 

parameters can be an expression of an acute infection rather than chronic low-grade 

inflammation. This could lead to a type II error because it is independent of their 

habitual activity level and their future risk of disease. The biomarkers could have been 

measured several times over a given time period to bypass these random variations. It 

is also possible to exclude extreme outliers. Extreme outliers were not a big issue in 

this patient group.  

 

5.3.4 Ischemic stroke recurrence and mortality 

The validity of the outcome measure of disease progression is important.  

Ischemic stroke recurrence was identified by the NSR, a registry including all patients 

admitted to hospital for acute stroke (207). The registry has been found to be highly 

specific; the patients included have actually had stroke but have low sensitivity 

because only acute strokes in patients admitted to hospital are included (208). Hence, 

strokes with negligible or non-overt symptoms might not be identified. Also, some 

patients do not seek medical help, and patients living at nursing homes with adequate 

secondary prophylaxis and small strokes are sometimes not admitted to hospital. 

Mortality was measured using the Cause of Death Registry. The registry is highly 

sensitive for mortality, but the quality of the information about the cause of death is 

not reliable (209). Some of the patients were registered with stroke as the cause of 

death. However, it was not possible to determine if the stroke in question was the 

index stroke or a recurrence, especially without any corresponding registration in the 

NSR. Patients who died without recurrent stroke registered in the NSR were recorded 

as having no recurrence.  

Also, stroke subtype was not identified upon recurrence. When investigating per 

subtype, the study needs to be powered to do the stratified analyses. Stroke subtype 
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was not part of the data from the NSR, and this study was not powered for stratified 

analyses.  

The incidence of ischemic stroke recurrence is most likely too low, increasing the risk 

of falsely accepting the null hypothesis and making a type II error. Using MRI to 

identify stroke recurrences is a more sensitive method (36), but it takes a great deal of 

resources and is demanding for the patients. We also lose the timing of the recurrence. 

On the other hand, it reduces the sample size needed (36, 166). The use of MRI would 

enable a more sensitive outcome of CeVD progression other than stroke, such as 

chronic circulatory dysfunction, appearing as white matter changes in the MRI (19, 

35). Assessments to identify other signs of disease progression or risk factors for 

stroke can also be useful. This could be through ultrasound for identifying carotid 

intima-media thickness and plaque progression (29) or 24-hour Holter monitoring to 

identify atrial fibrillation (24, 210). Currently, there is a paucity of evidence regarding 

the risk of cardiovascular events and incidental findings of atherosclerotic carotid 

plaques and screening for this to estimate cardiovascular risk in the clinical setting is 

not recommended (29).  

 

5.3.5 Statistics 

Statistical power 

The sample size was restricted to the size of the main study. The evaluation of power 

was done by comparing the size to other studies with similar outcomes. A formal 

power calculation was not made. To do a post hoc power analysis based on the results 

is not recommended (211) and has not been done.  

  

Studies I and II 

One of the aims of this study was to investigate the impact of bout length on the 

association between sedentary behaviour and biomarkers. Dividing the sedentary 

behaviour variable into four subgroups increased the number of independent variables 

in the regression and challenged the power of the study. As described in section 3.1.1, 
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papers I and II had slightly different populations because of varying availability of the 

data for the individual patients. The population in study I was the largest, and it was 

possible to include the bout-length categories here. However, fewer patients had 

additional samples for biobank storage, and even fewer had both activity recordings 

and the biobank sample needed for study II. The smaller samples enabled us to 

investigate sedentary behaviour and the biomarker with sufficient power, only when 

using total sedentary time as the independent variable. We added the results from the 

stratified analyses to the supplementary material of paper II, but we have not 

emphasised the results in the discussion. This was because of a lack of internal 

congruence in the results.  

 

Study III 

The power estimation was based on an estimated recurrence rate of 17% in 12 months 

(176), and similar studies using cytokines had found significant results with a lower 

sample size (175). A sample of 400 patients was expected when this study was 

planned, and this number was perceived as enough for the study question. The overall 

recurrence rate was lower than expected (all strokes 8.3%; infarction 7.4%), probably 

due to the Nor-COAST population being more fit compared to the general stroke 

population (204). Also, the NSR only includes patients admitted to hospital because of 

stroke. The ischemic stroke recurrence rates in the whole Nor-COAST population and 

the subsample having biobank samples were similar (7.3%). The goal of this study was 

to investigate chronic low-grade inflammation, and the blood samples were therefore 

taken at the three-month follow-up. Many of the stroke recurrences happened between 

baseline and three-month follow-up and had to be excluded. The final ischemic stroke 

recurrence rate in the population included in study III was 4.5%. The low power 

increases the risk of a type II error, and the lack of findings between inflammation and 

outcomes must be interpreted with caution.  
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6. Conclusion 

The study supports the role of glucose regulation and inflammation as the links 

between sedentary behaviour and disease progression and mortality. Novel biomarkers 

can increase the understanding of this link and can be useful when designing studies in 

the future. In particular, the results for kynurenic acid are unique. The results also 

illustrate the importance of long-bout sedentary behaviour in disease progression. 

Finally, the results underline the importance of ischemic stroke as a group of different 

diseases that need to be investigated separately. 

 

7. Future perspectives  

Clinical implications 

The results support that reducing – or at least breaking up – sedentary time is 

beneficial for patients after stroke. For those who do not reach the recommended 

amount of physical activity, reducing sedentary behaviour could be a more tangible 

goal, and this should be communicated to the public.  

 

Scientific implications 

When designing studies, there is always room for improvement. The strengths and 

limitations of the study are discussed above, and the following outline will include 

some of the reflections made throughout the discussion, in addition to the direct impact 

of the results. 

 

Study design 

Compared to observational studies, intervention studies targeting habitual sedentary 

behaviour will be the most useful design to investigate the current findings further. 

Sequential biomarker monitoring could help identify the sufficient duration of a 

behaviour change in the study setting and might enable more time-effective trials in 

the future. Additionally, it will reduce the bias of intermittent acute disease when 
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investigating biomarkers of inflammation. The studies should be powered to 

investigate the subtypes separately.  

 

Measuring and analysing sedentary behaviour 

The method for analysing bout duration, including both time and bout length 

information, used in this study seems feasible for studies with sufficient size. 

However, more research is needed to achieve consensus on appropriate bout lengths 

for the different physiological processes. Increased use of machine learning, enabling 

more complex and individualised algorithms, could be a solution for getting valid 

measures of energy expenditure and sleep in disease populations. The use of two 

sensors for details about position in combination with accelerometer could be useful, 

but conversion algorithms needs to be validated.  

 

The choice of biomarkers 

The importance of hyperinsulinemia with or without hyperglycaemia should be 

acknowledged. Using a combination of fasting glucose, oral glucose tolerance test, or 

the HOMA-IR technique might be useful for this.  

When investigating inflammation, neopterin and the PAr-index seem to be useful 

biomarkers, adding nuances from other pathways to the already established CRP. They 

seem to be more reliable compared to cytokines and might be preferred.  

The kynurenine pathway should be investigated further. The results in this study 

illustrate that biomarkers’ role in feedback systems, such as immune tolerance, can be 

obscured when investigated separately. The use of more complex statistical models 

could be useful. There are obvious problems with using KTR as a measure of 

inflammation, and this should be addressed in future studies.  

 

Measures of disease progression 

The use of other outcome measures of disease progression or risk factors such as MRI, 

carotid atherosclerosis and atrial fibrillation could give an increased sensitivity 

compared to clinical stroke recurrence and increase the specificity compared to all-
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cause mortality. In particular, MRI will increase the sensitivity of the stroke diagnosis. 

In addition, MRI will also capture other signs of increased vascular damage and should 

be the standard for future studies. Functional outcomes could give additional 

sensitivity, but is unspecific in terms of the underlying cause.  
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ABSTRACT
Background and purpose  Sedentary behaviour is a risk 
factor for vascular disease and stroke patients are more 
sedentary than their age-matched peers. The association 
with glucose levels, as a potential mediator, is unclear, and 
we have investigated the association between long-bout 
sedentary behaviour and long-term glucose levels in stroke 
survivors.
Methods  This study uses data from the Norwegian 
Cognitive Impairment After Stroke study, a multicentre 
cohort study. The patients were recruited at hospital 
admission for acute stroke, and the follow-up was done 
at the outpatient clinic. Sedentary behaviour—being in 
a sitting or reclining position—was registered 3 months 
after stroke using position transition data from the 
body-worn sensor activPAL attached to the unaffected 
thigh. A MATLAB script was developed to extract activity 
data from 08:00 to 10:00 for 4 days and to categorise 
the data into four bout-length categories. The primary 
outcome was glycated haemoglobin (HbA1c), analysed 
at 3 months. Regression models were used to analyse 
the association between HbA1c and sedentary behaviour 
in the whole population and stratified based on a 
diagnosis of diabetes mellitus (DM). Age, body mass 
index and the use of antidiabetic drugs were added as 
covariates into the models.
Results  From a total of 815 included patients, 379 
patients fulfilled the inclusion criteria for this study. 
We found no association between time in sedentary 
behaviour and HbA1c in the whole stroke population. 
We found time in sedentary behaviour in bouts of 
≥90 min to be associated with a higher HbA1c in 
patients with DM.
Conclusion  Long-bout sedentary time is associated 
with a higher HbA1c in patients with DM 3 months after 
ischaemic stroke. Future research should investigate the 
benefit of breaking up sedentary time as a secondary 
preventive measure.
Trial registration number  NCT02650531, https://​
clinicaltrials.​gov/​ct2/​show/​NCT02650531

INTRODUCTION
Sedentary behaviour is associated with nega-
tive health outcomes, especially when accu-
mulated in long bouts and in the least active 
individuals. Hence, introducing ‘sedentary 
breaks’ as an interventional measure has 
gained interest.1–3 Sedentary behaviour is 
associated with vascular disease, like stroke, 
presumably through metabolic and inflam-
matory pathways.4–7 Stroke patients are more 
sedentary than their age-matched peers 
from the general population,8 and targeting 
sedentary behaviour as a secondary preven-
tive strategy after stroke is recommended.9 
However, details about how different patterns 
of sedentary behaviour relate to vascular 
risk factors in different populations are not 
entirely understood and need to be more 
thoroughly explored.9 10

One unresolved issue is the relationship 
between sedentary behaviour and glucose 
metabolism.4 5 11–14 The relationship is 

Strengths and limitations of this study

►► The study investigates the association between 
long-bout sedentary behaviour and long-term glu-
cose levels in a large cohort.

►► Sedentary behaviour is measured objectively, in-
cludes information about bout lenght and the meth-
od is valid for the stroke population.

►► The outcome is a valid measure for long-term glu-
cose levels.

►► We have included information about diabetes melli-
tus, body mass index and medication use.

►► Information about diet, details of medication use and 
the type of diabetes mellitus including level of insu-
line resitance would have increased the explanatory 
abilities of the model, but were not accessible.
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complex and is dependent on the characteristics of the 
target population with respect to food intake, habitual 
activity level, age, body composition, dominating muscle 
fibre type, diseases (such as diabetes mellitus (DM)) and 
medication use.2 4 15–18 Sample size, choice of methods 
of measuring and analysing sedentary time, and how 
and when to measure markers of glucose metabolism 
vary between studies and make it difficult to synthesise 
the available evidence.4 11–14 19 Also, many prior studies 
have relied on questionnaire-based measures of seden-
tary behaviour.13 More recently, the use of accelerometer-
based technology is increasing, and this allows for more 
reliable and detailed information about sedentary 
behaviour, as opposed to self-reported activity.13

In this study, we have investigated habitual sedentary 
behaviour and the association to long-term glucose levels, 
measured by glycated haemoglobin (HbA1c), in a stroke 
population, using objective measures of activity. The 
primary aim was to investigate the association between 
long-bout sedentary behaviour and glucose levels in stroke 
survivors. The secondary aim was to investigate how this 
association was altered in the presence of prestroke DM.

Our hypotheses were that sedentary behaviour in long 
bouts was associated with long-term glucose levels in an 
unselected stroke population and that the association 
would be more pronounced in the subgroup of patients 
suffering from DM.

MATERIALS AND METHODS
The patients were part of the Norwegian Cognitive 
Impairment After Stroke (Nor-COAST) study, a prospec-
tive cohort study recruiting acute stroke patients from five 
contributing hospitals from May 2015 to March 2017.20 
The patients were assessed at hospital admission and 
after 3, 18 and 36 months. Inclusion criteria were (1) 
acute stroke, according to the WHO criteria, arriving at 
hospital within 1 week after symptom onset; (2) above 18 
years of age; (3) ability to understand Norwegian; and (4) 
ability to give informed consent. For patients unable to 
provide consent for themselves, the next of kin may give 
oral consent. Exclusion criteria were (1) not living in the 
catchment area of one of the inclusion hospitals, (2) the 
symptoms explained by other diagnosis than stroke, (3) 
short life expectancy (<3 months) or a modified Rankin 
Scale (mRS) score of 5, except for patients included at 
the main centre, St. Olavs Hospital.

Some additional criteria were made for this substudy: 
patients were included only if they attended the 3-month 
follow-up, had ischaemic stroke (including those with 
haemorrhagic transformation), were able to walk 50 m 
with a walker or personal support (Barthel Index (BI) 
item 9: ≥10 points), had blood samples taken and valid 
activity data, all at 3 months.

Assessment at baseline was performed on day 7 after 
symptom onset or at discharge from hospital if this 
occurred earlier. The assessments were performed by 

trained research assistants at the outpatient clinic, using a 
standardised case report form.20

Sedentary behaviour was measured at 3 months by regis-
tering position transition with a single thigh-worn sensor 
(activPAL3, Model 20.2; PAL Technologies, Glasgow, UK) 
on the unaffected thigh for seven consecutive days. Only 
patients with recordings from at least four full days were 
included. Activity was analysed during daytime, defined as 
between 08:00 am and 10:00 pm. Sedentary events were 
divided if they crossed these time boundaries. Manual 
inspection of the output to identify non-wear time was 
performed. Sedentary behaviour was defined as sitting 
or lying. The threshold for noise was 1.5 s and seden-
tary events were merged if they were broken by events of 
standing of ≤3 s.

A custom-made MATLAB script (V.R2016b Math-
Works, Natick, Massachusetts, USA) was developed to 
extract frequency and duration of sedentary bouts into 
predefined bout categories (see Statistics section).

Stroke severity was measured by the National Insti-
tutes of Health Stroke Scale on admission and at the 
three month follow-up, global function by the mRS21 
and basic activities of daily living by the BI.22 Non-fasting 
blood samples were analysed for HbA1c %. Body mass 
index (BMI, kg/m2) was calculated from height and 
weight. Medications were analysed based on the Anatom-
ical Therapeutic Chemical (ATC) classification system. 
The diagnosis of DM was defined at baseline by medical 
history or medication use (ATC: A10) or finding of 
HbA1c≥6.5% at baseline. Hypercholesterolaemia at base-
line was defined by medication use (ATC: C10) or total 
cholesterol of >6.2 mmol/L or/and low-density lipopro-
tein of ≥4.1 mmol/L at baseline. Hypertension at baseline 
was based on medication use (ATC: C02, C03, C04, C07, 
C08 and C09) on admission.

Statistics
Differences between patients who were included and 
not included, and between those with and without DM 
with respect to characteristics at baseline and 3-month 
follow-up and sedentary behaviour were analysed using 
t-test and χ2 test. The results are shown as frequency and 
per cent or mean and SD. The use of the t-test was based 
on the central limit theorem.

Sedentary behaviour is displayed as daily averages 
(hours/day) of total sedentary time and number of bouts 
by bout length (<30, 30–59, 60–89 and ≥90 min).

A linear regression was used to analyse the association 
between the dependent variable, HbA1c and the inde-
pendent variables total sedentary time, sedentary time at 
different bout lengths, BMI, age and the use of antidia-
betic drugs. A multiple linear regression model was made 
using the same dependent and independent variables, 
except total sedentary time because of collinearity. The 
model was tested for multicollinearity. The covariates 
were added by forced entry based on literature.17 The 
analysis was done using the whole population and strati-
fied based on the presence of a diagnosis of DM, because 

B
M

J. P
rotected by copyright.

 on D
ecem

ber 4, 2020 at H
elsebiblioteket gir deg tilgang til

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2020-037475 on 26 N
ovem

ber 2020. D
ow

nloaded from
 



3Alme KN, et al. BMJ Open 2020;10:e037475. doi:10.1136/bmjopen-2020-037475

Open access

of the alterations in glucose metabolism in the patients 
with DM.17 A standardised regression coefficient, CI and 
p value are presented. The residuals of the regressions 
were not normally distributed; thus, for the significance 
test, we used a cubic transformed version of the depen-
dent variable, giving a normal distribution of the resid-
uals of the regressions.

Missing data were not imputed as this was limited to 
10.8% of the population (HbA1c missing in 4.5% of the 
patients and in BMI for 6.9% of the patients).

The significance level was set to 0.05, but since we have 
not made any formal correction for multiple comparison, 
p values above 0.01 should be interpreted with caution.

The power calculation was made for the main study. 
For this study, we made a post hoc power calculation for 
the stratified multiple regression. For the smallest group, 
n=70, R2=0.37; probability level was 0.05; and calculated 
beta was 0.99.

Collinearity was checked using the Pearson product–
moment correlation coefficient with a cut-off of ≥0.6. 
The significance level was set to p<0.05. Multicollinearity 
was checked by investigating the variance inflation factor 
(VIF), with a tolerance level of 1/VIF>0.1.

The statistical analyses were conducted in Stata/SE 
V.16.0 for Windows, revision 01 Aug 2019.

Patient and public involvement
The Nor-COAST study has included one stroke 
patient and three spouses representing the national 
unions for patients with stroke and dementia. The 
user representatives have been actively participating 
in the planning and performance of the Nor-COAST 
study, including the choice of analytical approach and 
the dissemination of results to the users. They have 
been invited to meetings for the Nor-COAST research 
group, and we have held separate meetings with them 
two to three times per year where substudies, such as 
this study, are presented.

RESULTS
A total of 815 patients were included in the study, 700 
assessed at 3 months, 636 who had ischaemic stroke. Of 
these, 379 fulfilled the inclusion criteria for this study 
(figure 1).

Details are shown in table  1. There were 218 men 
(57.8%); the mean age was 71.5 (SD 11.4) years, and they 
had mean BI scores of 90.9 (SD 15.8) and 97.5 (SD 6.7) 
points at baseline and 3 months, respectively.

At baseline, a diagnosis of DM was registered in 74 
(19.5%) patients, and these patients had a higher 
mean BMI (27.6 kg/m2 (SD 4.3) vs 25.8 kg/m2 (SD 
4.3), p=0.002) and more often had hypercholestero-
laemia (73.0% vs 50.8%, p=0.001) and hypertension 
(79.7% vs 48.5%, p<0.001). The groups were other-
wise similar at baseline. At 3 months, patients with DM 
still had a higher mean BMI (28.3 kg/m2 (SD 4.7) vs 
26.3 kg/m2 (SD 4.3), p=0.001) and HbA1c (7.0% (SD 

1.6) vs 5.6% (SD 0.4), p<0.001). Of the patients with 
DM, 47 (63.5%) used antidiabetic drugs, and of these, 
16 (21.6%) used insulin.

The distribution of sedentary behaviour is presented 
in table 2 and figure 2. Patients with DM spent more 
time (mean hours/day) in sedentary behaviour (10.2 
(SD 1.8) vs 9.6 (SD 1.2), p=0.008), more time (mean 
hours/day) in sedentary bouts of 30–59 min (2.7 (SD 
0.9) vs 2.4 (SD 0.9), p=0.001) and a higher number 
of bouts of 30–59 min (3.8 (SD 1.2) vs 3.4 (SD 1.2), 
p=0.017) and ≥90 min (1.0 (SD 0.7) vs 0.8 (SD .7), 
p=0.026) per day, respectively.

The results from the unadjusted regressions are 
found in table  3 and figure  3. The adjusted analysis 
is found in table 4. There was a significant association 
between total sedentary time and sedentary time in 
bouts lasting 60–89 min and ≥90 min and HbA1c in the 
whole population. It was also a significant association 
between total sedentary time and sedentary time in 
bouts of ≥90 min in the subgroup of patients with DM 
in the unadjusted analysis. In the adjusted analyses, 
sedentary time in bouts of ≥90 min (β=0.43, CI 0.17 
to 0.72, p=0.008) was associated with a higher HbA1c 
in patients with DM. The model explained 38% of the 
variance in HbA1c (R2=0.38).

Figure 1  Flowchart for inclusion to the Norwegian 
Cognitive Impairment After Stroke-study (Nor-COAST).*Not 
haemorrhagic transformation.
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For the other covariates in the unadjusted analyses 
(table  3), BMI and antidiabetic drugs were seen to be 
significantly associated with a higher HbA1c in the whole 
population. BMI and age were associated with HbA1c in 
the non-diabetic group, while in the group of patients 
with DM, only antidiabetic drugs were associated with 
HbA1c. In the adjusted analyses (table 4), we found the 
same pattern except that the BMI was not being signifi-
cantly associated with HbA1c in the whole population.

DISCUSSION
The primary aim of this study was to investigate the asso-
ciation between long-bout sedentary behaviour and long-
term glucose levels, measured by the HbA1c in stroke 
survivors. We found no significant associations. The 
secondary aim was to investigate any differences in the 
association between the patients with or without DM. We 
found sedentary behaviour in bouts of ≥90 min to be asso-
ciated with a higher HbA1c in patients with DM.

Table 1  Baseline and 3 months characteristics

Characteristics
Not included 
(n=321)

Included 
(n=379) P value

No DM 
(n=305) DM (n=74) P value

Gender, male, n (%) 181 (56.4) 218 (57.8) 0.710 174 (57.1) 45 (60.8) 0.557

Age at baseline (years), mean (SD) 74.0 (12.2) 71.5 (11.4) 0.005 71.3 (11.8) 72.0 (9.4) 0.625

 � At 3 months 74.8 (12.2) 72.3 (11.4) 0.004 72.1 (11.8) 72.8 (9.3) 0.656

BMI (kg/m2), mean (SD) 25.6 (4.0) 26.2 (4.4) 0.101 25.8 (4.3) 27.6 (4.3) 0.002

 � At 3 months 26.4 (3.8) 26.7 (4.4) 0.370 26.3 (4.3) 28.3 (4.7) 0.001

NIHSS score on admission, mean (SD) 4.8 (6.0) 3.4 (4.2) <0.001 3.4 (4.3) 3.4 (4.0) 0.981

 � At 3 months 1.3 (2.3) 0.7 (1.3) <0.001 0.7 (1.3) 0.6 (1.1) 0.579

mRS, mean (SD) 2.5 (1.4) 1.9 (1.2) <0.001 2.0 (1.3) 1.9 (1.1) 0.728

 � At 3 months 2.2 (1.5) 1.4 (0.9) 0.000 1.4 (0.5) 1.4 (0.9) 0.448

mRS score ≤2, n (%) 154 (48.1) 262 (69.5) <0.001 207 (68.1) 55 (74.3) 0.297

 � At 3 months 194 (60.4) 334 (88.4) <0.001 267 (87.5) 67 (91.8) 0.310

BI, mean (SD) 79.4 (26.6) 90.9 (15.8) <0.001 90.3 (16.4) 93.4 (12.5) 0.130

 � At 3 months 86.8 (22.9) 97.5 (6.7) <0.001 97.5 (7.1) 97.4 (5.1) 0.908

BI score ≥95, n (%) 165 (51.4) 260 (68.6) <0.001 203 (66.6) 57 (77.0) 0.082

 � At 3 months 211 (65.7) 341 (90.0) <0.001 275 (90.5) 66 (89.2) 0.802

BI item 9≥10 points at baseline, n (%) 273 (85.3) 366 (96.6) <0.001 293 (96.1) 73 (98.7) 0.598

 � At 3 months 292 (91.0) 379 (100.0) <0.001 – – –

Living conditions before stroke, n (%) 0.000 0.427

 � At home 314 (97.8) 379 (100) 304 (99.7) 74 (100)

 � Without home nursing care 261 (81.3) 358 (94.5) 290 (95.1) 68 (91.9)

 � With home nursing care 49 (15.3) 20 (5.3) 14 (4.6) 6 (8.1)

 � Residential care* 4 (1.3) 1 (0.3) 1 (0.3) 0

 � Nursing home 7 (2.2) 0 0 0

DM at baseline, n (%) 54 (16.8) 74 (19.5) 0.357 – – –

HbA1c %, mean (SD)

 � At 3 months, mean (SD) 5.7 (0.8) 5.9 (0.8) 0.102 5.6 (0.4) 7.0 (1.6) <0.001

Antidiabetic drugs, (%)

 � All at 3 months, n (%) 35 (10.9) 47 (12.4) 0.529 0 47 (63.5) <0.001

 � Insulin use at 3 months, n (%) 15 (4.7) 16 (4.2) 0.772 0 16 (21.6) <0.001

Hypercholesterolaemia baseline, n (%) 145 (45.2) 209 (55.2) 0.009 155 (50.8) 54 (73.0) 0.001

Hypertension baseline, n (%) 175 (54.5) 207 (54.6) 0.979 148 (48.5) 59 (79.7) <0.001

Prior cerebrovascular disease, n (%) 84 (26.2) 80 (21.1) 0.115 64 (21.0) 16 (21.6) 0.904

BMI=weight/height2.
*Residental care: own customised apartment with home nursing care.
BI, Barthel Index; BMI, body mass index; DM, diabetes mellitus; HbA1C, glycated haemoglobin; mRS, modified Rankin Scale; NIHSS, 
National Institute of Health Stroke Scale.
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Results from studies investigating the associations 
between level of activity and glucose metabolism in 
general have varied.5 11 12 14 For stroke in particular, 
Moore et al found an association between energy expen-
diture and glucose and insulin sensitivity (HOMA), not 
adjusted for BMI, age, DM or medication use.23 Beyond 
that, high quality studies on the impact of sedentary 
behaviour in the stroke population are scarce. Much of 
the discrepancies seen in the literature can be explained 
by differences in applied methodology. We will therefore 
make an outline of the results in the context of (1) study 

population, (2) methods for measuring and analysing 
sedentary behaviour and (3) methods for measuring 
glucose metabolism.

The population in this study are people with ischaemic 
stroke who are relatively old. We also have a subgroup 
of patients with DM. All these factors are relevant in the 
context of sedentary behaviour and glucose metabolism. 
As expected from our knowledge of sedentary behaviour 
patterns in stroke patients, we find that our patients are 
more sedentary than their age-matched peers from the 
general population.8 24 The negative impact of sedentary 
behaviour is found to be stronger for the most seden-
tary.2 It is also important to keep in mind the age related 
changes in glucose metabolism and altered glucose 
metabolism due to DM when interpreting our results.17 25 
Physical activity is known to increase both the transcrip-
tion of and the translocation of glucose transporter type 
4 (GLUT-4), responsible for the transportation of glucose 
into muscle and fat cells. Contraction-stimulated GLUT-4 
reallocation can, in part, counter-act the down-regulation 
seen in patients with reduced insulin sensitivity, such as 
patients with diabetes type 2.25 26 Hence, the association 
between sedentary behaviour and a higher HbA1c in the 
participants with DM might be partly explained by these 
mechanisms.26 27

Historically, sedentary behaviour has been measured 
and analysed using a variety of tools and methods.1 5 11 13 28 
In this study, we used time in sedentary behaviour in a given 
bout-length category, as recommended by the Sedentary 
Behaviour Research Network (SBRN).13 The combined 
effect of time and bout length gives a more nuanced 
measure of the exposure compared with mere bout 
frequency, number of breaks or mean bout duration.

In a consensus guideline, the SBRN in 2017 presented 
a phenomenological definition of sedentary behaviour 
as ‘any waking behaviour characterised by an energy 
expenditure ≤1.5 metabolic equivalents (METs) while in 
a sitting or reclining posture’.13 How to measure energy 
expenditure is not defined, but body-worn sensors are 
preferred.13 One common method is to convert acceler-
ometer counts into metabolic equivalents (METs).13 This 
conversion is based on healthy norms and the method 

Table 2  Mean sedentary time per day (hours) total and by bout length category 3 months after stroke

Hours/day, mean (SD) Bouts/day (n), mean (SD)

No DM DM P value No DM DM P value

Total sedentary time 9.6 (1.2) 10.2 (1.8) 0.008 43.3 (14.3) 40.4 (12.0) 0.107

Bout-length category (min)

 � <30  4.0 (1.2) 3.7 (1.0) 0.097 37.8 (15.0) 34.2 (12.8) 0.056

 � 30–59  2.4 (0.9) 2.7 (0.9) 0.001 3.4 (1.2) 3.8 (1.2) 0.017

 � 60–89  1.4 (0.9) 1.6 (1.0) 0.118 1.2 (0.7) 1.3 (0.8) 0.142

 � ≥90  1.8 (1.7) 2.2 (1.6) 0.050 0.8 (0.7) 1.0 (0.7) 0.026

Mean daytime sedentary behaviour per day over a period of 4 days.
Daytime: 08:00–10:00.
DM, diabetes mellitus.

Figure 2  Differences in accumulation patterns of sedentary 
behaviour by bout length categories in per cent of mean 
sedentary time between patients with or without DM. DM, 
diabetes mellitus.
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is not validated for the older and frailer population in 
general. Stroke patients in particular have been shown 
to have a higher energy expenditure when walking,29 
and there is no valid conversion norm for this patient 
group. In a healthy population, the energy expenditure 
of standing has been estimated to be 1.59 METs,30 and 
data regarding position change from sitting to standing 
has shown to be accurate for the stroke population.31 We 
have therefore chosen to use sitting and lying position as 
an approximation for sedentary behaviour.

Finally, methods for measuring glucose metabolism 
have changed, following the revised diagnostic criteria 

for DM, towards using HbA1c instead of fasting and 
2 hour glucose. In this study we have used HbA1c as it 
represents the mean glucose level in a 3 month period 
and is not affected by recent changes in diet or activity. 
Compared with other measures of glucose metabolism, 
HbA1c is more convenient in regard to fasting state, with 
better analytic stability and less day-to-day variation. Any 
potential difference in regards to predictive value for 
future vascular disease is not entirely clear.32 The homeo-
stasis model assessment of insulin resistance could have 
been a useful supplement, as one might suspect the 
relative importance of sedentary behaviour on glucose 

Table 3  Unadjusted linear regressions investigating the associations between HbA1c and sedentary time*, BMI, age and use 
of antidiabetic drugs in patients with or without DM

All patients (n=379) No DM (n=305) DM (n=74)

β CI P value β CI P value β CI P value

Total sedentary time 0.18 0.08 to 0.29 <0.001 −0.03 −0.15 to 0.08 0.598 0.38 0.16 to 0.60 0.001

Bout-length category (min)

 � <30 −0.07 −0.20 to 0.00 0.059 −0.06 −0.18 to 0.05 0.273 −0.08 −0.31 to 0.15 0.510

 � 30–59 0.09 −0.01 to 0.20 0.075 0.03 −0.09 to 0.14 0.616 0.04 −0.20 to 0.27 0.754

 � 60–89 0.14 0.04 to 0.25 0.005 0.06 −0.06 to 0.17 0.326 0.24 −0.02 to 0.44 0.067

 � ≥90 0.07 −0.03 to 0.17 0.007 −0.03 −0.15 to 0.08 0.595 0.32 0.10 to 0.54 0.006

BMI 0.15 0.04 to 0.25 0.002 0.16 0.04 to 0.28 0.009 −0.10 −0.34 to 0.14 0.427

Age 0.08 −0.02 to 0.19 0.110 0.17 0.06 to 0.29 0.003 0.05 −0.18 to 0.29 0.657

Antidiabetic drugs 0.72 0.50 to 0.93 <0.001 – – – 0.51 0.10 to 0.93 <0.001

BMI=weight/height2.
Antidiabetic drugs are defined as Anatomical Therapeutic Chemical A10.
*Sedentary time is analysed as total time (mean hours/day) and by bout-length category (mean hours/day).
.BMI, body mass index; DM, diabetes mellitus; HbA1c, glycated haemoglobin.

Figure 3  Association between the amount of sedentary time (hours) and HbA1c (%) by different sedentary time bout-length 
categories and HbA1c value shown for patients with our without a diagnosis of DM. DM, diabetes mellitus; HbA1c, glycated 
haemoglobin.
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metabolism to be higher in those with insulin resis-
tance than in those with insulin deficiency. This was not 
included in the laboratory work-up in the study, among 
other reasons because fasting blood samples were not 
feasible.33

In our study, the diagnosis of hypercholesterolaemia 
and hypertension is, among others, based on the use of 
medications. Thus, in line with national guidelines34 for 
primary protective strategies in DM, we found a higher 
rate of patients defined as having hypercholesterolaemia 
and hypertension in patients with DM.

The aim of this study was to investigate daytime seden-
tary behaviour. Hence, sleep time, predefined as 10 hours 
from 10:00 pm until 08:00 am, was excluded from the 
analysis. A study by Ezeugwu and Manns has shown an 
average sleep duration of 8.9 hours (range 6.6–11.6) in 
stroke patients .35 By making this assumption with regard 
to sleep patterns, we might have underestimated seden-
tary behaviour. However, a quality check of the daytime 
data against the 24-hour data showed that more than 80% 
of the short sedentary bouts (<30 min) occurred between 
08:00 pm and 10:00 am, indicating that we actually have 
succeeded in capturing daytime activity and excluding 
sleep time. Nevertheless, future research should focus on 
developing algorithms that are able to extract sleep time 
from the 24-hour data in order to capture a greater diver-
sity of activity patterns.

With the exception of one hospital, patients with a mRS 
score of 5 were not included in the NorCOAST study. 
In this subsample, patients had to be able to walk 50 m 
with walking aids or personal support and be fit enough 
to come to the outpatient clinic. Thus, this population is 
healthier and fitter than the general stroke population, 
reducing the generalisability of our results.

Strengths and limitations
This study has several strengths. It was done on a 
large sample of stroke patients, and all of the assess-
ments were done at 3 months poststroke. We have 

objective registrations of sedentary behaviour, reflecting 
the habitual level of physical activity of the patient. We have 
considered the contribution of potential confounders, 
factors associated with glucose metabolism, such as age, 
medication use, DM and BMI. We have investigated the 
impact of sedentary behaviour at different bout lengths, 
hence getting a more nuanced evaluation of sedentary 
behaviour.

There are some limitations to our study. Diet, details 
about medication, the relative contribution of insulin defi-
ciency versus insulin resistance and the intensity of phys-
ical activity are not accounted for. These factors would be 
associated with the outcome, but not with the explanatory 
variable, and hence were not real confounders. Informa-
tion about these factors would have increased the explan-
atory abilities of the model, but would not have changed 
the association.

SUMMARY
This study did not find an association between sedentary 
behaviour and HbA1c in a stroke population 3 months 
after stroke. However, we identified an association 
between long-bout sedentary behaviour and a higher 
HbA1c in patients with DM. The results are in agreement 
with knowledge about glucose consumption in general 
and in patients with DM in particular. Reducing long-bout 
sedentary behaviour in patients with DM might be an 
important target for secondary prevention, but the results 
need to be verified by experimental studies. If confirmed, 
this will increase our understanding of the causative path-
ways between sedentary behaviour and vascular risk.
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Table 4  Adjusted relationship between HbA1c and sedentary time by bout-length categories (mean hours/day), BMI, age and 
use of antidiabetic drugs in patients with or without DM

All patients (n=338) No DM (n=270) DM (n=68)

β CI Pvalue β CI P value β CI P value

Bout-length category (min)

 � <30  0.02 −0.08 to 0.12 0.725 −0.08 −0.25 to 0.08 0.311 0.24 −0.03 to 0.50 0.052

 � 30–59  0.01 −0.06 to 0.09 0.734 0.01 −0.13 to 0.12 0.910 0.06 −0.15 to 0.27 0.292

 � 60–89  0.04 −0.05 to 0.13 0.363 0.01 −0.15 to 0.13 0.899 0.16 −0.05 to 0.38 0.214

 � ≥90  0.04 −0.05 to 0.13 0.417 −0.12 −0.27 to 0.02 0.105 0.43 0.17 to 0.72 0.008

BMI 0.06 0.02 to 0.14 0.127 0.20 0.08 to 0.33 0.001 −0.2 −0.37 to 0.04 0.202

Age 0.05 −0.03 to 013 0.198 0.20 0.07 to 0.33 0.002 −0.1 −0.28 to 0.15 0.978

Antidiabetic drugs 0.71 0.48 to 0.93 <0.001 – – – 0.4 −0.04 to 0.84 <0.001

BMI=weight/height2.
Antidiabetic drugs are defined as Anatomical Therapeutic Chemical A10.
BMI, body mass index; DM, diabetes mellitus; HbA1C, glycated haemoglobin.
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Investigating novel biomarkers of immune
activation and modulation in the context of
sedentary behaviour: a multicentre
prospective ischemic stroke cohort study
Katinka Nordheim Alme1,2*, Torunn Askim3, Jörg Assmus4, Tom Eirik Mollnes5,6,7, Mala Naik2,8, Halvor Næss1,9,10,
Ingvild Saltvedt3,11, Per-Magne Ueland12, Arve Ulvik12 and Anne-Brita Knapskog13

Abstract

Background: Sedentary behaviour is associated with disease, but the molecular mechanisms are not understood.
Valid biomarkers with predictive and explanatory properties are required. Therefore, we have investigated traditional
and novel biomarkers of inflammation and immune modulation and their association to objectively measured
sedentary behaviour in an ischemic stroke population.

Methods: Patients admitted to hospital with acute ischemic stroke were included in the multicentre Norwegian
Cognitive Impairment After Stroke (Nor-COAST) study (n = 815). For this sub-study (n = 257), sedentary behaviour
was registered 3 months after stroke using position transition data from the body-worn sensor, ActivPal®. Blood
samples were analysed for high sensitive C-reactive protein (hsCRP), the cytokines interleukin-6 (IL-6) and 10 (IL-10),
neopterin, tryptophan (Trp), kynurenine (kyn), kynurenic acid (KA), and three B6 vitamers, pyridoxal 5′-phosphate
(PLP), pyridoxal (PL), and pyridoxic acid (PA). The kynurenine/tryptophan ratio (KTR) and the pyridoxic acid ratio
index (PAr = PA: PL + PLP) were calculated.

Results: Of the 815 patients included in the main study, 700 attended the three-month follow-up, and 257 fulfilled
the inclusion criteria for this study. Sedentary time was significantly associated with levels of hsCRP, IL-6, neopterin,
PAr-index, and KA adjusted for age, sex, waist circumference, and creatinine. In a fully adjusted model including all
the significant biomarkers except hsCRP (because of missing values), sedentary time was independently positively
associated with the PAr-index and negatively with KA. We did not find an association between sedentary
behaviour, IL-10, and KTR.

Conclusions: The PAr-index is known to capture several modes of inflammation and has previously shown
predictive abilities for future stroke. This novel result indicates that the PAr-index could be a useful biomarker in
future studies on sedentary behaviour and disease progression. KA is an important modulator of inflammation, and
this finding opens new and exciting pathways to understand the hazards of sedentary behaviour.
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Background
Sedentary behaviour is associated with an increased risk
of vascular disease, amongst others, through inflamma-
tory pathways [1–5]. The impact depends on the proper-
ties of the sedentary behaviour and the corresponding
physical activity, which can vary in bout length, intensity,
and habit [1, 6–9]. To increase the understanding of the
link between sedentary behaviour and vascular disease,
valid biomarkers with predictive and explanatory proper-
ties are required.
Cytokines can be predominantly pro- or anti-

inflammatory, but their downstream effect also depends
on other contextual factors. Also, cytokines vary in their
biological and analytical properties, and some of them,
such as interleukin 1β (IL-1β) and interferon ɣ (IFN-ɣ),
are therefore often measured indirectly by other more
stable downstream molecules [5, 10, 11]. The inflamma-
tory biomarker C-reactive protein (CRP) is a down-
stream marker of interleukin 6 (IL-6) and IL-1β [10].
The inflammation associated with this pathway has been
shown to increase with age and to be associated with
sedentary behaviour and disease development [1, 2, 10,
12–14]. Interleukin-10 (IL-10) is a predominantly anti-
inflammatory cytokine found to be induced by acute
bouts of moderate to vigorous physical activity (MVPA)
and in response to chronic exercise [4, 15–17]. The as-
sociation to sedentary behaviour is not clear.
The inflammatory pathway associated with IFN-ɣ can

be measured by the ratio between kynurenine and tryp-
tophan—the kynurenine tryptophan ratio (KTR)—and
neopterin secreted by activated macrophages. Kynure-
nine is a metabolite of the amino acid tryptophan and is
the first metabolic step of the kynurenine pathway (KP)
[18, 19]. KTR and neopterin have been shown to predict
future coronary events [11, 20], but the association to
sedentary behaviour is unclear [21, 22].
A novel and sensitive biomarker of inflammation, the

pyridoxal acid ratio index (PAr-index = (pyridoxic acid
(PA): (pyridoxal (PL) + pyridoxal 5-phosphate (PLP)),
represents several modes of inflammation and captures
the effect of the inflammatory pathways associated with
CRP, white blood cell count, neopterin, and KTR [23,
24]. The PAr-index has been shown to predict future
stroke with better precision than high sensitive C-
reactive protein (hsCRP) [25] but has never been studied
in the context of sedentary behaviour.
Kynurenic acid (KA), a side-product in the KP, is not

an inflammatory biomarker but part of a negative feed-
back mechanism inducing immune tolerance [26, 27].

The role of KA in health and disease is not fully under-
stood [26] and KA has never been investigated in rela-
tion to sedentary behaviour. KA has been found to
increase following physical exercise and KA can poten-
tially be one of the molecular links between sedentary
behaviour and inflammation [22, 28–32].
The primary objective of the present study was to in-

vestigate the association between novel biomarkers of in-
flammation and immune modulation and objectively
measured habitual sedentary behaviour in a stroke popu-
lation. The secondary objective was to investigate the
impact of bout duration on these associations. Our hy-
pothesis was that sedentary behaviour would be posi-
tively associated with a pro-inflammatory profile.

Material and methods
Subjects
The prospective cohort study, the Norwegian Cognitive
Impairment After Stroke Study (Nor-COAST), included
815 adults admitted for acute stroke at one of five con-
tributing hospitals from May 2015 through March 2017.
Details of the Nor-COAST study, including inclusion
and exclusion criteria and patient selection, have been
published elsewhere [33, 34]. In the current study, only
patients with ischemic stroke who attended the three-
month follow-up, had blood samples drawn for direct
analyses at the local laboratory and for storage in the
bio-bank, were able to walk 50m independently or with
support from a person/walker (Barthel index item 9, ≥10
points), and had valid activity data were included.

Clinical data and laboratory analyses
Demographic information, as well as information about
risk factors of vascular disease, stroke severity, and func-
tional outcomes were collected during the index stay
and at the three-month follow-up. Stroke severity was
measured by the National Institute of Health Stroke
Scale (NIHSS) at the time of hospital arrival and at
three-month follow-up [35]. Functional state was mea-
sured by the Barthel index and the modified Rankin
scale at discharge or day seven. The Barthel index is a
10-item assessment for basal activities of daily living,
with a maximum score of 100 points indicating no func-
tional deficits [36]. The modified Rankin scale is a five-
point scale measuring global disability, where 0–2 is de-
fined as ‘good outcomes’, 3–5 indicates increasingly dis-
ability, and 6 is death [37].
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Laboratory markers
Non-fasting blood samples were collected at the three-
month follow-up at the outpatient clinic.

Routine clinical-chemical analyses The blood samples
were analysed for high sensitive C-reactive protein
(hsCRP, mg/L) and creatinine (μmol/L) at the local la-
boratory directly. The estimated glomerular filtration
rate (eGFR) was calculated with the Chronic Kidney Dis-
ease Epidemiology Collaboration formula [38] using a
dedicated STATA software package.

Sample collection of research analyses Aliquots of
serum and plasma were immediately frozen at − 80 °C at
the inclusion hospital. The samples were transported on
dry ice and stored at BioBank1, Central Norway Health
Authority. In 2019, two aliquots of plasma were trans-
ported on dry ice to the Research Laboratory Nordland
Hospital (Bodø, Norway) and Bevital A/S (Bergen,
Norway), respectively, and were thawed only once.

Cytokines Interleukin (IL)-6 and IL-10 were measured
as the classical cytokines previously shown to be of
interest in these patients (see Introduction). They were
analysed at the Research Laboratory Nordland Hospital
using the Bio-Plex technology kits obtained from Bio-
Rad Laboratories Inc., Hercules, CA. The assay was per-
formed according to the manufacturer’s procedure.
Values below the lower detecting limit (n = 36 for IL-10,
none for IL-6) were replaced by random values below
the lower detecting limit when statistics were performed.

Other biomarkers The three vitamin B6 forms pyri-
doxal 5′-phosphate (PLP), pyridoxal (PL), and 4-
pyridoxic acid (PA) were measured along with trypto-
phan, the two tryptophan metabolites kynurenine and
kynurenic acid (KA), and neopterin as novel biomarkers
of interest (see Introduction) as part of analytic platform
D at Bevital A/S (Bergen, Norway) by liquid chromatog-
raphy/tandem mass spectrometry using EDTA-plasma.
The PAr-index was calculated as PA:(PL + PLP) [23].

Sedentary behaviour
Sedentary behaviour was defined as sitting or lying.
Time in sedentary behaviour was given as total time per
day and as time accumulated through pre-defined bout-
length categories (< 30min, 30–59min, 60–89min,
and ≥ 90 min). Sedentary behaviour was measured by
registering position transition with a single thigh-worn
sensor (ActivPal3®, Model 20.2, PAL Technologies Ltd.,
Glasgow, United Kingdom); in patients with hemiparesis,
the sensor was attached to the unaffected side. The
monitor was attached when the patient visited the out-
patient clinic and returned by mail.The threshold for

noise was 1.5 s, and sedentary events were merged if
they were interrupted by events lasting ≤3 s. Measure-
ments were performed for seven consecutive days/nights
and analysed using a custom-made MATLAB® script
(version R2016b, MathWorks, Natick, MA, USA) to ex-
tract periods of sedentary behaviour from the recordings.
The recordings were analysed for daytime sedentary be-
haviour, defined as occurring from 08:00 am through 10:
00 pm, and a registered period of sedentary behaviour—
a sedentary bout—was divided into two periods if it
crossed these time boundaries. Only patients with re-
cordings from at least four full 24-h periods starting
from 08:00 am were included. As a final control, manual
inspection of the output to identify non-wear time was
performed.

Statistics
Laboratory results and characteristics at baseline and
three months were given in means and standard devia-
tions, numbers with percentages, and medians with
interquartile range. Differences between groups were
tested with the chi-squared test, t-test, and Wilcoxon-
Mann-Whitney test.
Sedentary behaviour was given as a continuous vari-

able of mean hours per day, both as total time of seden-
tary behaviour and as time accumulated through
different bout-length categories (< 30 min, 30–59min,
60–89min, and ≥ 90 min).
Associations between variables were assessed using

multiple linear and Tobit regressions using the bio-
marker as the dependent variable and sedentary behav-
iour as the independent variable adjusted for age, sex,
waist circumference, and kidney function [27, 39–41].
The results were given as standardised beta coefficients
with confidence intervals and p-values. One final regres-
sion was made to investigate the independent association
between the biomarkers significant in the initial analyses
and sedentary behaviour. Here sedentary behaviour was
used as the dependent variable, while age, sex, waist cir-
cumference, and kidney function were independent vari-
ables, in addition to the biomarkers with significant
results in the primary analyses, with the exception of
hsCRP because of missing values (see below). A sensitiv-
ity analysis including only those patients with values for
hsCRP was added. The residuals of the regressions did
not follow a normal distribution, and the value of the
biomarkers were log-transformed. For the cytokines, the
significance test was performed using a Tobit regression
with left censoring [41], applying the highest value
amongst the lower detection limits as cut-off (see labora-
tory analyses for details). The analyses were performed
in STATA/SE 16.1.
In the final population, 88 cases had missing values for

hsCRP because this analysis was not available at two of
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the inclusion centres; 12 had missing values for waist
circumference and 4 for eGFR.

Results
Patient characteristics and laboratory values
Out of 700 patients attending three-month follow-up,
257 fulfilled the inclusion criteria (Fig. 1). Of the in-
cluded patients, 149 (58%) were men; mean age was 73
(±11) years; they had a mean body mass index (BMI) of
27 (±4.3) and a waist circumference of 95 (±13). Com-
pared to the rest of the Nor-COAST population, our
subgroup had a lower NIHSS on admission (3.7 (4.6) vs.
5.0 (6.5), p = 0.004) and at 3 months (0.7 (1.3) vs. 1.0
(2.0), p = 0.022), had more favourable functional out-
comes (Barthel index 98 (6.1) vs. 90 (21), p < 0.001) and
scores for global disability (modified Rankin scale (1.5
(0.9) vs. 2.0 (1.4), p < 0.001) at 3 months. There were no
differences in the laboratory results between the patient
groups, except for the PAr-index, which was higher in
included patients (0.64 (0.44, 0.91) vs. 0.52 (0.39, 0.73),
p = 0.005) (Table 1).

Sedentary behaviour
The patients in our study had a mean total sedentary
time of 9.7 (1.9) hours per day. Of the total time spent
sedentary, 4.0 (1.1) hours were accumulated through
bouts of less than 30min, 2.5 (0.9) hours through bouts

of 30–59min, 1.4 (0.9) hours through bouts of 60–89
min, and 1.3 (1.5) hours through bouts ≥90 min (Fig. 2).

Regression analyses
In the adjusted analyses we found hsCRP (0.25, p =
0.001), IL-6 (0.17, p = 0.009), neopterin (0.12, p = 0.034),
and the PAr-index (0.21, p < 0.001) to be positively asso-
ciated with total sedentary time (Table 2). The KA (−
0.10, p = 0.045) showed an inverse association with sed-
entary time. No significant associations were found for
IL-10 and KTR.
In the final model, where all biomarkers significantly

associated with sedentary time were added, only the
PAr-index (0.25, p = 0.001) and KA (− 0.19, p = 0.021)
remained independently associated with total sedentary
time (Table 3). In a sensitivity analyses (Table 4) re-
stricted to those with data on hsCRP, only the PAr-
index (0.31, p = 0.001) were significantly associated. Add-
ing hsCRP to this model did not change the results
(numbers not shown).
There was a tendency towards an increased association

with longer sedentary bout lengths for hsCRP, IL-6,
neopterin, and PAr-index (Supplementary Table 1).

Discussion
In this study, we have explored novel biomarkers associ-
ated with inflammation and immune modulation and
their association to objectively measured sedentary time

Fig. 1 Patient selection
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in an ischemic stroke population 3 months after the
acute stroke. We have also replicated known associations
between traditional biomarkers of inflammation and sed-
entary behaviour. We found hsCRP, IL-6, neopterin,
PAr-index and KA (invers) to be significantly associated
with sedentary time. The PAr-index and KA also showed
an independent association in a model including IL-6
and neopterin.
The PAr-index has never been studied in the context

of sedentary behaviour. The PAr-index reflects several
modes of inflammation and has been shown to be asso-
ciated with CRP, white blood cell count, and markers of
cellular immune activation such as neopterin and KTR
[23]. In accordance to this, the independent association
in the fully adjusted model illustrates that the PAr-index
captures the effect of the other pathways by attenuating
the association to IL-6 and neopterin when included in
the same model. As the PAr-index has recently found to
be associated with the risk of future stroke, it might be a
valid and clinically relevant biomarker for future inter-
vention studies on sedentary behaviour [25].
The association between sedentary time, hsCRP and

IL-6 confirms prior findings, both from observational

and intervention studies [1, 2, 8, 40, 42]. The results
from intervention studies imply a causal relationship be-
tween sedentary behaviour and inflammation, and Noz
et al. found a phenotypic shift in the innate immune sys-
tem towards a less inflammatory phenotype of circulat-
ing monocytes in vitro when sedentary time was
replaced with physical activity [1]. Other studies have
found a change in the inflammatory phenotype of infil-
trating inflammatory cells in adipose tissue in addition
to a reduction in total adipose tissue volume in response
to exercise [4, 5, 8, 40].
Neopterin and KTR are indirect measures of IFN-ɣ ac-

tivity, which plays a central role in activating cellular im-
mune response [19, 43]. Neopterin and KTR have been
found to be associated with future major vascular events
and all-cause mortality [11]. We found a significant asso-
ciation between sedentary behaviour and neopterin, but
not KTR. A less convincing association between seden-
tary behaviour and biomarkers associated with IFN-ɣ-
mediated inflammation might be explained by findings
from the above-mentioned intervention study by Noz
et al., where increased walking time altered innate im-
mune function towards a less pro-inflammatory state in

Table 1 Baseline and three-month characteristics of the study population compared to the remaining Nor-COAST population

Total n = 700

Not included (n = 443) Included (n = 257) p

Sex, male, n (%) 251 (57) 149 (58) 0.734

Age at three months, mean y (SD) 74 (12) 73 (11) 0.162

BMI at three months, mean kg/m2 (SD) 27 (4.2) 27 (4.3) 0.797

Waist at three months, mean cm (SD) 97 (13) 95 (13) 0.283

NIHSS on admission, mean (SD) 5.0 (6.5) 3.7 (4.6) 0.004

At three months 1.0 (2.0) 0.7 (1.3) 0.022

Modified Rankin scale, mean (SD) 2.5 (1.5) 2.0 (1.1) < 0.001

At three months 2.0 (1.4) 1.5 (0.9) < 0.001

Modified Rankin scale ≤2, n (%) 269 (49) 178 (70) < 0.001

At three months 304 (68) 224 (88) < 0.001

Barthel index, mean (SD) 79 (28) 92 (14) < 0.001

At three months 90 (21) 98 (6.1) < 0.001

Laboratory values at three months*, median (IQR)

eGFR (N = 272/253) 77 (60, 89) 76 (63, 88) 0.696

hsCRP (N = 98/169) 1.9 (0.7, 3.6) 1.6 (0.8, 3.7) 0.513

IL6 (N = 111/257) 4.6 (2.5, 6.7) 4.6 (2.9, 7.4) 0.438

IL10 (N = 111/257) 18 (8.6, 32) 20 (8.6, 36) 0.304

Neopterin (N = 109/257) 16 (12, 22) 16 (12, 22) 0.998

PAr-index (N = 109/257) 0.52 (0.39, 0.73) 0.64 (0.44, 0.91) 0.005

KTR (N = 109/257) 32 (28, 40) 34 (29, 42) 0.062

KA (N = 109/257) 55 (44, 75) 59 (46, 76) 0.276
*Number of patients attending baseline and three months: A total of 558 patients had blood samples taken at three months. Of these, 368 had biobank samples
taken. The N for each individual biomarker is shown for each group (not included/included)
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combination with an increased IFN-ɣ production cap-
acity upon stimulation [1]. The implication of this in the
context of inflammation and vascular disease, is not
clear. This is the first study to investigate sedentary be-
haviour and its association with neopterin and KTR
using objective measures for monitoring daytime

activity. Prior investigations were predominantly based
on questionnaire information and investigated the asso-
ciation to physical activity rather than to sedentary be-
haviour. The results were inconclusive [21, 22, 31].
We found an inverse association between KA and sed-

entary behaviour, and the association was strengthened
after adjustment for inflammation. KA is metabolised
from kynurenine by kynurenine amino transferases
(KATs) [27] and is part of a negative feedback loop
where chronic inflammation induces immune tolerance
via the aryl hydrocarbon receptor (AhR) and the G-
protein-coupled receptor 35 [18, 26, 27, 44, 45]. In a re-
cent review, Joisten et al. argued for the relevance of KA
in disease prevention [26]. KAT expression and activity
has been found to be induced by chronic exercise via
peroxisome proliferator-activated receptor-gamma coac-
tivator 1 alpha (PGC1α) and the associated transcription
factor, peroxisome proliferator activated receptor alpha
(PPARα) [28–31]. The inverse relationship found in our
study suggests a reduced KAT expression during seden-
tary behaviour. PPARα has been found to be negatively
associated with IL-6 in older adults, and Lustgarten et al.
observed that PPARα activation was related to decreased
inflammation [12]. Kynurenic acid could be a molecular
link between sedentary behaviour, inflammation, and
vascular diseases such as stroke. The KA association was
significant only after adjustment for kidney function. KA
is eliminated in urine, and lower muscle mass is associ-
ated with lower creatinine and higher levels of sedentary

Fig. 2 Mean distribution of daytime sedentary time (from 08:00 am
to 10:00 pm)

Table 2 The association between biomarkers and total sedentary time

Crude Adjusteda

β 95%CI P β 95%CI P

hsCRP R2 = 0.16

Total sedentary time 0.32 (0.18, 0.47) < 0.001 0.25 (0.09, 0.39) 0.001

IL-6b R2 = 0.12

Total sedentary time 0.26 (0.14, 0.38) < 0.001 0.17 (0.04, 0.30) 0.009

IL-10b R2 = 0.04

Total sedentary time 0.04 (−0.09, 0.16) 0.509 0.01 (− 0.12, 0.14) 0.841

Neopterin R2 = 0.35

Total sedentary time 0.24 (0.12, 0.36) < 0.001 0.12 (0.00, 0.22) 0.034

PAr-index R2 = 0.37

Total sedentary time 0.33 (0.22, 0.45) < 0.001 0.21 (0.09, 0.30) < 0.001

KTR R2 = 0.45

Total sedentary time 0.21 (0.09, 0.33) 0.001 0.06 (−0.05, 0.15) 0.238

KA R2 = 0.48

Total sedentary time 0.04 (−0.08, 0.16) 0.512 −0.10 (−0.21, − 0.02) 0.045

hsCRP = high sensitive C-reactive protein. IL-6 = interleukin-6. IL-10 = interleukin-10, PAr-index = (4-pyridoxic acid/(pyridoxal 5′-phosphate + pyridoxal).
KTR = kynurenine/tryptophan ratio = (kynurenine nM/tryptophan μM), KA = kynurenic acid
aModel: biomarker is the dependent variable. Sedentary time, age, sex, waist circumference, and creatinine are independent variables
bFor IL-6 and IL-10, Tobit regressions were used for the significance test and regular linear regressions to calculate the beta coefficients
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behaviour [46]. This can explain the observed change
after the adjustments. In the sensitivity analyses re-
stricted to those with a value for hsCRP, the association
to KA was no longer significant, probably due to lower
sample size. The strengthened association between sed-
entary behaviour and KA, independent of inflammation
in the final model, can be seen as a ‘proof of concept’ of
the connection between sedentary behaviour and im-
mune modulation.
Prior studies have found increased levels of the anti-

inflammatory cytokine IL-10 in response to exercise [4,
15–17]. A single bout of MVPA has been associated with
an increased expression of IL-6 from the myocytes, and
this spike of IL-6 is believed to induce IL-10 [4]. We ex-
pected an inverse association between sedentary behav-
iour and IL-10. The lack of association between
sedentary time and IL-10 in our study might be ex-
plained by the distinction between physical activity in
general (the inverse of sedentary behaviour) and MVPA,
which has a higher level of energy expenditure. This also
illustrates how duration and intensity of cytokine expres-
sion is important for the downstream effects. IL-6 falls

to basal levels within an hour after exercise [4], and this
dual role of IL-6 prompts caution when designing inter-
vention studies.
From our results, it seems that all sedentary behaviour

was associated with increased inflammation, but that
there was a trend towards stronger associations to sed-
entary time accumulated through longer bouts. In some
cases, the association between sedentary behaviour and
the biomarker was no longer significant when stratified
for bout length because of reduced statistical power,
which also potentially explain the spread in the results.
The strength of this study lies in the sample size, the

carefully characterised population of older patients with
vascular disease, and the objective measure of sedentary
behaviour over several days in a habitual setting. The
Nor-COAST population is representative of the group of
patients who have suffered mild strokes [34]. The use of
both traditional and novel biomarkers has enabled us to
confirm prior findings, contributing to filling in the gaps
of uncertainties and to opening new and interesting
paths and new perspectives. Information about other ex-
planatory variables such as age, waist circumference, and
kidney function have increased the validity of the results.
Because of the observational nature of the study, we

can only identify associations and not any causal direc-
tion. Methods of measuring, defining, and analysing sed-
entary behaviour were thoroughly discussed in a prior
study [47], however, because sedentary bouts were cut if
they crossed the day/night timeline, some overrepresen-
tation of shorter bout lengths and concordant underesti-
mation/to the expense of longer bout lengths may have
occurred. As shown in the baseline table, the stroke pa-
tients in this study were fitter compared to the entire
Nor-COAST population, and the findings cannot be
generalised to the entire stroke population.

Conclusion
This novel result indicates that the PAr-index is a poten-
tially useful biomarker in future studies on sedentary be-
haviour and disease progression. The association to KA
opens fresh interesting pathways to understanding dis-
ease progression in general, the hazards of sedentary be-
haviour in particular, and should be further investigated.
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Table 3 Adjusted multiple regression model of the association
between total sedentary time and biomarkers, n = 242

Sedentary time β 95% CI P

IL-6 0.12 (−0.01, 0.24) 0.069

Neopterin 0.08 (−0.07, 0.23) 0.280

PAr-index 0.25 (0.10, 0.39) 0.001

Kynurenic acid −0.19 (−0.35, − 0.03) 0.021

Age 0.16 (0.03, 0.29) 0.017

Sex (male) 0.01 (−0.28, 0.30) 0.941

Creatinine 0.02 (−0.17, 0.21) 0.826

Waist circumference 0.21 (0.08, 0.33) 0.002

IL-6 = interleukin-6. PAr-index = (4-pyridoxic acid/(pyridoxal 5′-phosphate
+ pyridoxal)

Table 4 Adjusted multiple regression model of the association
between total sedentary time and biomarkers restricted to
those with a value for hsCRP, n = 161

Sedentary time β 95% CI P

IL-6 0.10 (−0.06, 0.26) 0.229

Neopterin 0.09 (−0.11, 0.29) 0.374

PAr-index 0.31 (0.13, 0.49) 0.001

Kynurenic acid −0.17 (−0.38, 0.04) 0.110

Age 0.11 (−0.05, 0.27) 0.195

Sex (male) 0.05 (−0.31, 0.40) 0.803

Creatinine −0.05 (−0.30, 0.20) 0.692

Waist circumference 0.15 (−0.01, − 0.31) 0.062

IL-6 = interleukin-6. PAr-index = (4-pyridoxic acid/(pyridoxal 5′-phosphate
+ pyridoxal)
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Supplementary table 1: Crude and adjusted linear regression analyses of the 

association between biomarkers and time in sedentary behaviour by bout-length 

category.  

 Crude Adjusted 

 β 95% CI P   β 95% CI P 

hsCRP    R2=0.12  R2=0.19 

 <30 minutes  0.15 (-0.02, 0.33) 0.092 0.12 (-0.05, 0.30) 0.171 

 30-59 minutes 0.21 (0.06, 0.36) 0.006 0.11 (-0.04, 0.27) 0.143 

 60-89 minutes 0.00 (-0.16, 0.17) 0.979 -0.06 (0.06, -0.18) 0.493 

 >90 minutes 0.32 (0.15, 0.49) <0.001 0.34 (0.17, 0.51) <0.001 

IL6    R2=0.07   R2=0.13 



 <30 minutes  0.17 (0.01, 0.32) 0.032 0.15 (-0.01, 0.30) 0.053 

 30-59 minutes 0.12 (0.00, 0.25) 0.044 0.07 (-0.06, 0.20) 0.231 

 60-89 minutes 0.06 (-0.07, 0.20) 0.338 0.00 (-0.14, 0.14) 0.985 

 >90 minutes 0.27 (0.12, 0.41) 0.001 0.22 (0.07, 0.37) 0.005 

          

IL10    R2=0.01   R2=0.05 

 <30 minutes  0.11 (-0.05, 0.27) 0.204 0.13 (-0.03, 0.29) 0.114 

 30-59 minutes -0.02 (-0.15, 0.11) 0.876 -0.04 (-0.18, 0.09) 0.837 

 60-89 minutes 0.04 (-0.11, 0.18) 0.947 0.03 (-0.11, 0.18) 0.888 

 >90 minutes 0.06 (-0.09, 0.21) 0.331 0.04 (-0.13, 0.19) 0.535 

       

Neopterin    R2=0.07   R2=0.38 

 <30 minutes  0.22 (0.06, 0.37) 0.006 0.20 (0.07, 0.33) 0.002 

 30-59 minutes 0.16 (0.04, 0.29) 0.008 0.07 (-0.07, 0.22) 0.178 

 60-89 minutes 0.08 (-0.06, 0.21) 0.285 -0.03 (-0.15, 0.09) 0.610 

 >90 minutes 0.20 (0.05, 0.34) 0.008 0.16 (0.04, 0.29) 0.012 

         

PAr-index   R2=0.12   R2=0.38 

 <30 minutes  0.21 (0.06, 0.36) 0.007 0.20 (0.07, 0.33) 0.003 

 30-59 minutes 0.16 (0.04, 0.28) 0.008 0.07 (-0.04, 0.18) 0.201 

 60-89 minutes 0.27 (0.13, 0.40) <0.001 0.17 (0.05, 0.29) 0.005 

 >90 minutes 0.18 (0.04, 0.32) 0.013 0.14 (0.01, 0.26) 0.032 

         

Kynurenine/tryptophan 

ratio 
   R2=0.06   R2=0.46 

 <30 minutes 0.07 (-0.09, 0.22) 0.405 0.03 (-0.09, 0.15) 0.596 

 30-59 minutes 0.21 (0.08, 0.33) 0.001 0.11 (0.01, 0.21) 0.041 

 60-89 minutes 0.11 (-0.02, 0.25) 0.105 0.00 (-0.11, 0.11) 0.978 

 >90 minutes 0.07 (-0.08, 0.22) 0.345 0.01 (-0.10, 0.13) 0.823 

          

Kynurenic acid    R2=0.01   R2=0.49 

 <30 minutes -0.01 (-0.17, 0.15) 0.907 -0.02 (-0.14, 0.10) 0.724 



 30-59 minutes -0.00 (-0.13, 0.12) 0.945 -0.13 (-0.22, -0.03) 0.012 

 60-89 minutes 0.12 (-0.03, 0.26) 0.112 0.02 (-0.09, 0.13) 0.744 

 >90 minutes -0.03 (-0.18, 0.12) 0.658 -0.07 (-0.19, 0.04) 0.209 

1hsCRP=high sensitive C-reactive protein. IL6=interleukin-6. IL10=interleukin-10. PAr-index= 4-pyridoxic acid 

divided/(pyridoxal 5´-phosphate + pyridoxal).  
2Model: biomarker is the dependent variable. Sedentary time, age, sex, waist circumference, and creatinine are independent 

variables.  
3For IL-6 and IL-10, Tobit regressions were used for the significance test and regular linear regressions to calculate the beta 

coefficients. 
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Abstract (max. 300 words) 

Background 

Chronic low-grade inflammation is associated with both ischemic stroke and sedentary 

behaviour. The aim of this study was to investigate the predictive abilities of biomarkers of 

inflammation and immune modulation associated with sedentary behaviour for ischemic 

stroke recurrence and mortality in a stroke population.  

Methods  

Patients admitted to hospital for acute stroke were recruited to the prospective multicentre 

cohort study, the Norwegian Cognitive Impairment After Stroke (Nor-COAST) study, from 

May 2015 until March 2017. Patients with ischemic stroke, blood samples available from the 

three-month follow-up, and no stroke recurrence before the three-month follow-up were 

included. Serum was analysed for C-reactive protein (CRP) with high-sensitive technique, 

and plasma for interleukin-6 (IL-6), neopterin, pyridoxic acid ratio index (PAr-index: 4-

pyridoxic acid: [pyrioxal+pyridoxal-5´-phosphate]) and kynurenic acid (KA). Ischemic stroke 

recurrence and death were identified by the Norwegian Stroke Registry and the Cause of 

Death Registry until 31 December 2018.  

Results  

The study included 354 patients, 57% male, mean age 73 (SD 11) years, mean observation 

time 2.5 (SD 0.6) years, and median National Institute of Health Stroke Scale of 0 (IQR 1) at 

three months. CRP was associated with mortality (HR 1.40, CI 1.01, 1.96, p=0.046), and 

neopterin was associated with the combined endpoint (recurrent ischemic stroke or death) 

(HR 1.52, CI 1.06, 2.20, p=0.023), adjusted for age, sex, prior cerebrovascular disease, 

modified Rankin Scale, and creatinine. When adding neopterin and KA to the same model, 

KA was negatively associated (HR 0.57, CI 0.33, 0.97, p=0.038), and neopterin was 



4 
 

positively associated (HR 1.61, CI 1.02, 2.54, p=0.040) with mortality. Patients with 

cardioembolic stroke at baseline had higher levels of inflammation at three months.  

Conclusion 

Neopterin might be a valuable prognostic biomarker in stroke patients. The use of KA as a 

measure of anti-inflammatory capacity should be investigated further.  

Trial registration 

The study was registered at Clinicaltrials.gov (NCT02650531). First posted on 08/01/2016.  

URL: https://clinicaltrials.gov/ct2/show/NCT02650531 

Keywords: sedentary behaviour, inflammation, immune modulation, vascular disease, 

kynurenine pathway, stroke 
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Background 

Ischemic stroke is associated with chronic low-grade inflammation, and there is a need for 

more knowledge about mechanisms and management (1-4). Prognosis, outcomes, and 

management of stroke depends on stroke subtype, defined by the assumed aetiology of 

atherosclerosis, cardioembolism, or small vessel disease (5, 6). In the context of 

inflammation, atherosclerosis is the most studied subtype, but inflammation has been found to 

contribute to all three categories (7-10). Despite the evidence, clinical trials using drugs 

targeting inflammation have so far been inconclusive, and there are to date no established 

preventive treatment strategies that target inflammation in particular (4, 11), possibly related 

to the challenge of obtaining an optimal balance between potential benefits and an increased 

risk of (fatal) infections (4). Obviously, treatment strategies that minimise severe side effects 

are desired. 

Reducing chronic low-grade inflammation by targeting sedentary behaviour has shown 

promising results (12). Still, there is a need for valid biomarkers associated with inflammation 

with explanatory and predictive properties for outcomes like vascular disease and mortality 

(3). In a prior study, we investigated plasma biomarkers of inflammation and immune 

modulation in a stroke population measured three months after the acute ischemic event and 

their association to objectively measured sedentary time. We identified the biomarkers C-

reactive protein (CRP), interleukin-6 (IL-6), neopterin, and the pyridoxal acid ratio-index 

(PAr-index) to be positively associated, and kynurenic acid (KA) to be negatively associated 

with objectively measured sedentary behaviour (13). CRP (14), IL-6 (15), neopterin (16, 17) 

and PAr-index (18) are inflammatory biomarkers associated with vascular disease. KA is part 

of a negative feedback loop inducing immune tolerance (19, 20). Hence, even though it will 

rise in response to inflammation, this response is believed to be beneficial for disease 
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progression during an inflammatory state (20). The association to vascular disease 

progression is unclear.  

 

In this study, we investigated the associations between biomarkers of inflammation and stroke 

recurrence and all-cause mortality. Finally, given the above-mentioned clinical importance of 

the stroke subtypes, we also investigated the association to the stroke subtype at baseline.  

 

Material and methods 

Subjects 

The patients were included in the prospective multicentre cohort study, the Norwegian 

Cognitive Impairment After Stroke (Nor-COAST) study, at admission for acute stroke 

between May 2015 and March 2017. The inclusion criteria were 1) hospital admission to one 

of the five participating hospitals, 2) acute stroke following the World Health Organisation 

definition or finding of acute stroke on imaging 3) being able to communicate in one of the 

Scandinavian languages, 4) above 18 years of age, 5) living in the catchment area. Patients 

were excluded if they had a life expectancy of less than three months. Details about the Nor-

COAST population are described in prior studies (21, 22). For this study, only patients with 

ischemic stroke at baseline who participated at the three-month follow-up and with data on at 

least one of the relevant biomarkers were included. To avoid the acute inflammatory response 

associated with the acute stroke event, we chose the three-month follow-up after the acute 

stroke as the baseline for this study, assuming the inflammatory biomarkers were not affected 

by the acute event at this time point  (Figure 1) (23).  
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Included in this study 

N=354 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Patient selection. 1 Other reasons: i.e.: delirious patient, hearing, uncertainty about the diagnosis, multi 

morbid, nursing home resident, infrastructure on the ward, vacation/weekends, other studies.  
2 Failed to screen: infrastructure on the ward, vacation/weekends. 3 Not haemorragic transformation. 

Diagnosed with stroke at the  

participating hospitals,  

N=2505 

Included in Nor-COAST,  

N=815 

Assessed at 3 months,  

N=700 

Not Eligible, n=559 

Admittance>7 days after onset of symptom, n=149 

Living outside the catchment area, n=108 

Not fluent in Scandinavian language, n=54 

Unable to give consent, no family proxy, n=3 

Severe illness/death, n=245 

Eligible, but not included, n=1131 

Declined participation, n=143 

Early discharge, n=92 

Other reasons1, n=143 

Failed to be screened2, n=753 

Not assessed at 3 months, n=115 

Deceased, n=36 

Withdrawn, n=2 

Refused testing, n=44 

Lost to follow-up, n=16 

Other reasons, n=17 

Assessed at three months but not included in this study because 

of one or more of the following reasons, n=346 

Recurrent ischemic stroke before 3 month assessment, n=25 

Haemorrhagic3 stroke at baseline, n=64 

Not assessed on at least one of the following variables, n=277 

- hs-CRP, n=433 

- Biobank samples, n=334 
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Clinical data  
 

Demographic data and information about stroke properties, namely lesion type and stroke 

subtype, and stroke risk factors, were collected at baseline. Waist circumference, smoking 

status, stroke severity and functional outcomes were assessed at the three-month follow-up. 

Stroke severity was measured using the National Institute of Health Stroke Scale (NIHSS), 

global function by use of the modified Rankin Scale (mRS), and basic activities of daily 

living (ADL) by the Barthel Index (BI). The diagnosis of diabetes mellitus was defined at 

baseline by medical history and/or medication use (Anatomical therapeutical chemical 

Classification (ATC): A10) and/or HbA1c ≥6.5% at baseline. Hypercholesterolemia at 

baseline was defined by medication use (ATC: C10) and/or total cholesterol >6.2 mmol/L 

and/or LDL≥4.1 mmol/L at baseline. Hypertension at baseline was defined by medication use 

(ATC: C02, C03, C04, C07, C08, C09).  

 

Laboratory analyses 

At the three-month follow-up, non-fasting blood samples were collected for routine analysis 

and for storage in the biobank. 

Routine clinical–chemical analyses: serum C-reactive protein (CRP) – measured using a high-

sensitive technique (mg/L) – and serum creatinine (µmol/L) were analysed at the local 

laboratories of the inclusion centres.  

Sample collection of research analyses: Aliquots of serum and plasma were immediately 

frozen at -80°C, and sent on dry ice to BioBank1, Central Norway Regional Health Authority 

for storage. The inflammatory biomarkers were analysed in 2019. Two aliquots of plasma 

were used, one for each of the two laboratories. The samples were thawed only once. The 

selection of biomarkers for this study was based on prior findings (13) and included CRP 

(mg/L), interleukin-6 (IL-6, pg/ml), neopterin (nmol/L), 4-pyridoxic acid (nmol/L), pyridoxal, 
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pyridoxal 5´-phosphate (nmol/L), and kynurenic acid  (KA, nmol/L). The pyridoxic acid ratio 

index – PAr-index: 4-pyridoxic acid (pyrioxal+pyridoxal 5´-phosphate) (24) was calculated. 

The cytokines were analysed at Research Laboratory Nordland Hospital using the Bio-Plex 

technology kits obtained from Bio-Rad Laboratories Inc., Hercules, CA.. The other 

biomarkers were analysed as part of analytic platform D at Bevital A/S (Bergen, Norway) by 

liquid chromatography/tandem mass spectrometry. Because of the sample size, IL-6 was 

analysed using multiple trays. The upper and lower detection limit varied among the trays 

according to the standard curve. There were no values above or below the detection limits for 

IL-6. For the biomarkers from BeVital AS (neopterin, kynurenic acid, and the B6 vitamers), 

the performance of the method has been published previously (25). There were no values out 

of range.  

 

Outcomes 

Recurrent ischemic stroke was identified by the Norwegian Stroke Registry. The coverage 

was 84–87% in the period from 2015–2018, and stroke was defined according to the WHO’s 

definition (26). Death was identified by the Norwegian Cause of Death Registry, which has a 

general coverage of 98% of deaths of Norwegian citizens within the country or abroad 

(27)(Pedersen 2015). The data extraction was performed on 31 December 2018.  

 

Patient outcomes were defined based on the first event: recurrent ischemic stroke, death or no 

event. Some of the patients died during the follow-up period after first having a stroke 

recurrence. In the regression analyses, these patients were included in both groups. A third 

outcome was defined as the composite of recurrent ischemic stroke and death. The patients 

with both outcomes were counted only once.  
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Statistics 

For the baseline and three-month descriptions, patients were stratified by first event and 

analysed using the chi-squared test for categorical variables (numbers and percentages), one-

way ANOVA for continuous variables, and Kruskal–Wallis H-test for the continuous 

variables that were not normally distributed. Data were presented as means with standard 

deviations (SD) and medians with interquartile range (IQR).  

One-way ANOVA were used for the analyses of laboratory values according to stroke 

subtype at baseline. The subgroup “other determined” was excluded.  

The associations between the individual biomarkers and the outcomes stroke, mortality and 

the composite endpoint were analysed using Cox regressions. The start of the follow-up time 

was defined as the date of the three-month visit to the hospital. For the outcome “recurrent 

ischemic stroke”, an additional analysis using a competing-risk Cox regression based on the 

method of Fine and Grey (28) as an alternative to the regular Cox regression was used (29), 

with death as a competing outcome for ischemic stroke. All the biomarkers were right-

skewed. After log-transformation, regression residuals approached normal distribution. The 

variables were standardised, and the hazard ratios are given per standard deviation change of 

the variable value. To account for potential confounders, we added modified Rankin scale and 

prior cerebrovascular disease as independent variables, because they have been found to be 

associated with both stroke recurrence (30) and with inflammation (mRS (31), prior 

cerebrovascular disease (before the baseline stroke in this study) (32)). We also added age and 

sex. Creatinin was included because some of the biomarkers had renal clearance (Model 1). 

As the blood samples were taken at the three-month follow-up, we used the results of the 

mRS recorded at this time point. To account for the different pathophysiology of the stroke 

subtypes, we did a second analysis where we added the Trial of Org 10172 in Acute Stroke 
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Treatment (TOAST) criteria to the model (Model 2), defining five stroke subtypes (large 

artery atherosclerosis, cardioembolic, cerebral small vessel disease, other determined, 

undetermined). The stroke subtype “other determined” is used when the cause of stroke is 

determined (i.e. dissection, vasculitis). This group was excluded from this analysis because of 

low sample size. Because KA is part of a feedback loop in response to inflammation, a third 

regression model including both KA and neopterin in addition to the same covariates as in 

Model 1 was made.  

The significance level was set to 0.05, but p-values >0.01 should be evaluated with caution 

due to a high number of tests. The analyses were performed in STATA/SE 16.1 (Stata Corp 

LLC, College Station, TX, USA).       
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Results 

Patient characteristics and laboratory values 

Of the 700 patients attending the three-month follow-up, 354 were included in this sub-study. 

The remaining 346 patients were excluded due to at least one of the following reasons: stroke 

before three months (n=25), haemorrhagic stroke at baseline (n=64), or no relevant biomarker 

available (n=277).  

The mean follow-up time from baseline for the whole group was 2.5 (0.6) years, and the mean 

time-to-event was 1.5 (1.0) and 1.6 (0.7) years for stroke and death, respectively. From the 

three-month follow-up and throughout the follow-up time, 16 (4.5%) patients had ischemic 

stroke recurrence. In total, 28 (7.9 %) patients died, and 25 (7.1 %) of them died without 

being registered as having stroke recurrence. 

The baseline and three-month data are presented in Table 1, stratified by the first event. The 

patients who died were older compared to those with no event. Patients with no events had a 

higher Barthels Index (p 0.007) and a lower mRS (p<0.001). There were overall differences 

between the groups in the presence of prior ischemic stroke (p<0.001), prior coronary artery 

disease (p=0.007), and atrial fibrillation at baseline (p=0.034), the patients experiencing no 

events showing the lowest prevalence. There were overall differences between the groups in 

the values for IL-6, neopterin, and the PAr-index, where the patients who died had the highest 

values. 
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Table 1: Baseline and three-month characteristics according to the first event after three-month 

follow-up. 

 All 

N=354 

New IS 

N=16 

Death 

N=251 

No event 

N=313 

P-value 

Age2,3, mean years (SD) 73 (11) 73 (10) 82 (9) 73 (11) <0.001 

Male4 sex, n (%) 201 (57) 11 (69) 16 (64) 174 (56) 0.439 

Observation time3, mean years (SD) 2.5 (6) 1.5 (1.0) 1.6 (0.7) 2.6 (0.5) <0.001 

Baseline      

TOAST4 subtype6, n (%)     0.661 

 Large artery 30 (9) 1 (6) 0 29 (10)  

 Cardioembolic 72 (21) 5 (31) 6 (24) 61 (20)  

 Small vessel disease 83 (24) 4 (25) 6 (7) 73 (24)  

 Other determined 10 (3) 1 (6) 0 9 (3)  

 Undetermined 128 (43) 5 (31) 13 (52) 128 (43)  

Prior IS4, n (%) 72 (20) 7 (44) 13 (52) 52 (17) <0.001 

Prior CHD4, n (%) 61 (17) 3 (19) 10 (40) 48 (13) 0.007 

Atrial fibrillation4, n (%) 89 (25) 6 (37) 11 (44) 72 (23) 0.034 

Hypertension4, n (%) 202 (57) 11 (69) 19 (76) 172 (60) 0.077 

Hypercholesterolemia4, n (%) 178 (50) 8 (50) 16 (64) 154 (46) 0 363 

Diabetes mellitus4, n (%) 60 (17.0) 0 6 (24) 54 (17) 0.124 

      

Three-months      

NIHSS5 median (IQR) 0 (1) 1 (1) 0.5(3) 0 (1) 0.122 

BI5 median (IQR) 100 (0) 100 (0) 95 (17) 100 (0) 0.017 

mRS5 median (IQR) 1 (1) 2 (1) 3 (2) 1 (1) <0.001 

Waist2, 3, mean cm (SD) 95 (13) 89 (15) 98 (15) 95 (13) 0.137 

Current smoking2, 4, n (%) 31 (9) 1 (7) 4 (17) 26 (9) 0.597 

Laboratory measures2,5      

 CRP, median (IQR), n=267 1.6 (2.9) 1.1 (5.3) 3.0 (26.5) 1.6 (2.9) 0.053 

 IL-6, median (IQR), n=334 4.6 (4.5) 4.8 (4.1) 6.1 (6.1) 4.2 (4.2) 0.038 

 Neopterin, median (IQR), n=334 16 (10) 17 (12) 24 (17) 16 (9) <0.001 

 PAr-index, median (IQR), n=334 0.62 (0.46) 0.57 (0.80) 1.0 (0.8) 0.60 (0.42) 0.002 

 Kynurenic acid, n=334 58 (30) 56 (35) 65 (52) 59 (29) 0.522 

IS=ischemic stroke. TOAST=Trial of Org 10172 in Acute Stroke Treatment. CHD=coronary heart disease. NIHSS=National 

Institute of Stroke Scale. IQR=interquartile range. BI=Barthels Index. mRS=modified Rankin Scale. CRP= C-reactive protein. IL-

6=Interleukin-6. PAr-index=pyridoxic acid ratio-index=4-pyridoxic acid:(pyridoxal+pyridoxal 5'-phosphate).  

1) Additionally, three patients died after having recurrent strokes. 

2) At three months. 

3) The one-way ANOVA was used for the continuous variables.  

4) The chi-squared test was used for the categorical variables.  

5) For the continuous variables with non-normal distribution, the non-parametric Kruskal–Wallis H-test was used.  

6) TOAST subtype of index stroke. 
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Stroke subtype 

The biomarker levels by stroke subtype at baseline are presented in Table 2. There was a 

significant overall difference between the groups in the level of CRP, IL-6, and neopterin. 

Patients with cardioembolic stroke at baseline showed the highest values.  

 

 

Regression analyses 

The crude and adjusted hazard ratios (HR) for the outcome’s ischemic stroke recurrence, 

death, and the composite endpoint of stroke and death, investigated for each of the biomarkers 

individually, are presented in Table 3. We did not find any associations with stroke 

recurrence. In the crude analyses, all biomarkers except for KA were significantly associated 

with the risk of death or the composite endpoint. In the adjusted analyses, we found that CRP 

was associated with death (Model 1: HR 1.40, (CI 1.01, 1.96), p=0.046) and neopterin with 

the combined endpoint (Model 1: HR 1.52, (CI 1.06, 2.20), p=0.023. Model 2: HR 1.55, (CI 

1.06, 2.27), p=0.025).  

 

 

Table 2: Biomarker values at three-month follow-up by ischemic stroke subtype at baseline1.  

 Atherosclerosis 

(N=26) 

Cardioembolic 

(N=62) 

CSVD 

(N=75) 

Unknown 

(N=141) 

P-value 

CRP2, mean (SD) 1.93 (3.29) 3.06 (3.78) 1.88 (2.56) 1.58 (3.71) 0.032 

IL-6, mean (SD) 3.71 (1.95) 5.70 (2.18) 3.97 (2.18) 4.26 (2.39) 0.038 

Neopterin, mean (SD) 16.0 (1.5) 20.3 (1.7) 16.0 (1.4) 16.0 (1.5) 0.003 

PAr, mean (SD) 0.66 (1.77) 0.73 (1.73) 0.60 (1.73) 0.60 (1.56) 0.087 

KA, mean (SD) 59.7 (1.5) 67.4 (1.4) 59.7 (1.5) 57.4 (1.5) 0.093 

1) The category “other determined” was excluded because of low sample size. The analyses were conducted on log-

transformed variables, and the values were transformed back after analysis. 

2) For CRP: Atherosclerosis: N=20, cardioembolic: N=46, CSVD: N=50, Unknown: N=100. 

CSVD=cerebral small vessel disease. CRP=C-reactive protein, IL-6=interleukin-6, PAr=pyridoxic acid ratio-index=4-

pyridoxic acid:(pyridoxal+pyridoxal 5'-phosphate), KA=kynurenic acid, The analyses were done using a one-way ANOVA.  
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Table 3: Crude and adjusted Cox regressions of the association between the individual biomarkers and 

ischemic stroke recurrence, death and the composite endpoint (ischemic stroke recurrence and death).  

  Crude  Model 1  Model 2 

 HR CI P  HR CI p  HR CI P 

Recurrent ischemic stroke, N=16       

 CRP1) 0.90 (0.44, 1.83) 0.772  0.86 (0.41, 1.77) 0.674  0.92 (0.44, 1.90) 0.816 

 IL-6 1.11 (0.67, 1.86) 0.686  1.19 (0.52, 1.97) 0.578  1.10 (0.30, 2.02) 0.754 

 Neopterin 1.34 (0.85, 2.11) 0.209  1.45 (0.82, 2.57) 0.201  1.39 (0.80, 2.41) 0.244 

 PAr 1.16 (0.71, 1.90) 0.553  1.13 (0.61, 2.10) 0.692  1.24 (0.67, 2.31) 0.494 

 KA 0.91 (0.55, 1.50) 0.710  0.82 (0.41, 1.61) 0.563  0.89 (0.43, 1.86) 0.761 

             

Death2, N=28           

 CRP1) 1.81 (1.29, 2.53) 0.001  1.40 (1.01, 1.96) 0.046  1.41 (1.00, 1.99) 0.053 

 IL-6 1.74 (1.20, 2.51) 0.003  1.34 (0.87, 2.07) 0.181  1.36 (0.87, 2.12) 0.173 

 Neopterin 1.93 (1.43, 2.61) <0.001  1.44 (0.89, 2.33) 0.136  1.55 (0.91, 2.64) 0.104 

 PAr 1.69 (1.15, 2.49) 0.008  1.11 (0.68, 1.82) 0.666  1.13 (0.67, 1.90) 0.641 

 KA 1.12 (0.75, 1.66) 0.577  0.64 (0.38, 1.07) 0.088  0.69 (0.41, 1.14) 0.145 

             

Stroke and death, N=41          

 CRP1) 1.59 (1.16, 2.18) 0.004  1.27 (0.92, 1.74) 0.140  1.27 (0.93, 1.74) 0.135 

 IL-6 1.47 (1.08, 2.02) 0.016  1.23 (0.85, 1.77) 0.274  1.23 (0.85, 1.77) 0.275 

 Neopterin 1.79 (1.39, 2.31) <0.001  1.52 (1.06, 2.20) 0.023  1.55 (1.06, 2.27) 0.025 

 PAr 1.62 (1.19, 2.22) 0.002  1.28 (0.86, 1.90) 0.224  1.34 (0.89, 2.01) 0.162 

 KA 1.27 (0.58, 2.79) 0.555  0.55 (0.19, 1.54) 0.252  0.60 (0.21, 1.71) 0.339 

Each biomarker was investigated individually.  

Model 1: Age, sex, prior cerebrovascular disease, modified Rankin Scale at three months, creatinine.  

Model 2: As in model 1 + TOAST-classification at baseline (TOAST=Trial of Org 10172 in Acute Stroke Treatment) 

1) For CRP, N=212, 8 and 13 for all, recurrent IS and death, respectively.  

2) Includes both those with and without ischemic stroke recurrence prior to death.  

HR=hazard ratio. CI=confidence interval. CRP=C-reactive protein. IL-6=Interleukin-6. PAr=PAr-index=pyridoxic acid ratio-index=4-

pyridoxic acid:(pyridoxal+pyridoxal-5`-phosphate). KA=kynurenic acid.  

 

In the additional competing risk regression analyses, where we used death as a competing 

event for stroke recurrence, the risk of ischemic stroke recurrence did not change significantly 

(see Supplementary Table 1).  
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The regression analyses, including both KA and neopterin in addition to the variables in 

Model 1, are shown in Table 4. KA was negatively associated with mortality (HR 0.57, (0.33, 

0.97), 0.038), and neopterin was positively associated with mortality (HR 1.61, (1.02, 2.54), 

0.040). Neopterin was also associated with the composite endpoint (HR 1.59, (1.11, 2.27), 

0.011).  

Table 4: Adjusted Cox regression (Model 1) of the combined contributions of kynurenic acid and neopterin 

in stroke, mortality and the composite endpoint (stroke and death). 

 Stroke recurrence  Death  Stroke and death 

 HR CI p  HR CI p  HR CI p 

KA 0.78 (0.39, 1.57) 0.492  0.57 (0.33, 0.97) 0.038  0.72 (0.46, 1.10) 0.131 

Neopterin 1.48 (0.83, 1.57) 0.177  1.61 (1.02, 2.54) 0.040  1.59 (1.11, 2.27) 0.011 

Age 0.98 (0.51, 2.61) 0.949  1.11 (0.60, 2.06) 0.746  1.09 (0.68, 1.76) 0.720 

Sex 1.39 (0.73, 2.66) 0.314  1.61 (1.00, 2.62) 0.052  1.43 (0.97, 2.10) 0.071 

Prior CeVD 1.37 (0.87, 2.17) 0.175  1.56 (1.10, 2.22) 0.012  1.44 (1.08, 1.91) 0.012 

mRS 0.97 (0.46, 2.05) 0.945  3.25 (1.77, 5.96) <0.001  2.24 (1.40, 3.57) 0.001 

Creatinine 1.31 (0.20, 3.38) 0.583  2.23 (1.12, 4.42) 0.022  1.65 (0.93, 2.92) 0.085 

The analyses includes KA, neopterin and Model 1: Age, sex, prior cerebrovascular disease, modified Rankin Scale at three months, 

creatinine.  

HR=hazard ratio. CI=confidence interval. KA=kynurenic acid. CeVD=cerebrovascular disease. mRS=modified Rankin Scale. 

 

Discussion 

In this study, we showed that higher levels of C-reactive protein (CRP) measured three 

months after acute ischemic stroke were associated with an increased risk of death. Neopterin 

was associated with the composite endpoint of stroke and death. In a model including both 

neopterin and kynurenic acid, neopterin and kynurenic acid were associated with an increased 

and a reduced risk of death, respectively. Furthermore, patients with cardioembolic stroke at 

baseline and those who died during follow-up had higher levels of pro-inflammatory 

biomarkers at three months. 
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Stroke recurrence 

We did not find any association between inflammatory biomarkers and stroke recurrence. 

This could be due to low sample size, the relatively short time of follow-up, or not all 

recurrent strokes being clinically acknowledged leading to a statistical type II error. The role 

of inflammation in stroke recurrence, investigated by traditional biomarkers such as IL-6 and 

CRP, has been well established (14, 15, 33, 34). The novel biomarkers; neopterin, PAr-index, 

and KA, are less studied. Neopterin has shown to predict future coronary events (16, 17) and 

stroke recurrence (35). Neopterin has also been associated with complex carotid plaques in 

patients with stable angina pectoris (36), with the extent of cerebral small vessel disease 

(CSVD) in stroke patients (37) and with the presence, but not the future risk, of atrial 

fibrillation (38). The PAr-index has been associated with future stroke in a population study 

(18) but has never been studied in a stroke population nor in the context of stroke recurrence. 

The role of KA in stroke recurrence is not clear, but KA has been found to be associated with 

coronary events (39, 40) and aortic stiffness, which in turn is associated with atrial fibrillation 

(41). In a recent study, Baumgarten et al. found that the branch of the kynurenine pathway, 

leading to the formation of KA, was downregulated in atherosclerotic plaques, and this 

downregulation was associated with an increased risk of cerebrovascular events (19).  

 

Mortality 

We found that inflammation, in general, was significantly associated with mortality in the 

unadjusted analyses. In the adjusted analyses, only CRP and neopterin showed added value as 

predictors compared to traditional parameters such as prior vascular disease and mRS (30). 

The lack of association to the remaining biomarkers could again be explained by statistical 

type II error due to the low sample size and short time of follow-up. 
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Several inflammatory biomarkers have been found to be independent predictors of all-cause 

and cardiovascular mortality. Both IL-6 and CRP have been found to be associated with 

increased mortality (34, 42), and neopterin has been identified as an independent predictor of 

all-cause and cardiovascular mortality (16). The PAr-index has been associated with all-cause 

mortality in patients with coronary artery disease (43).  

 

KA was negatively associated with mortality first after adjusting for inflammation. We did 

this analysis based on the increasing evidence of KA as a contributor to the body’s anti-

inflammatory capacity, as part of a negative feedback loop (19, 20, 44). KA increases in 

response to inflammation, and our hypothesis, that a higher level of KA in response to 

inflammation, measured by neopterin (45) would be associated with a beneficial outcome, 

was supported as we found a higher value of KA to be associated with reduced risk of 

mortality when adjusted for inflammation. In fact, both risk estimates were strengthened after 

adjustment, indicating that they mutually camouflaged some of their individual contributions.  

Our current finding is in concordance with KA’s role in vascular disease, amongst others, by 

inhibiting leukocyte recruitment to atherosclerotic plaques (19). The result is in contrast to 

findings of KA being associated with mortality after coronary artery disease when being 

analysed without adjusting for inflammation (39). Although exploratory, our results indicate 

that downregulation of KA might be one of the molecular pathways mediating the hazards of 

sedentary behaviour in disease progression. This should be further investigated.  

 

Stroke subtype 

We found that patients with cardioembolic strokes at baseline had higher levels of CRP, IL-6, 

and neopterin at three months, indicating a difference in the inflammatory profile between 
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these subgroups. The link between stroke and inflammation has primarily been investigated in 

all the subtypes combined (14, 46) or in stroke caused by the progression of atherosclerosis 

(47) or CSVD (48). The role of inflammation in cardioembolic strokes, in particular, is less 

studied. However, increasing evidence exists of the importance of inflammation for the 

presence of atrial fibrillation and the associated cardioembolic risk (7, 8, 49). It can be argued 

that concurrent vascular disease might mediate the increased risk of stroke associated with 

inflammation found in patients with atrial fibrillation. However, Packer argued in a review for 

the contribution of inflammation as a risk factor independent of vascular disease, as the risk 

exceeded that predicted by cardiovascular risk factors (50). Inflammatory biomarkers might 

be important for identifying those in need of prolonged ECG monitoring to identify 

paroxysmal atrial fibrillation, and when evaluating stroke risk in patients with atrial 

fibrillation (7, 38, 50-52). Altogether, these observations indicate that the stroke subtype is 

relevant when studying inflammation in stroke and underlines the importance that such 

studies are powered for stratified analyses.  

 

Strength and weaknesses 

The information about stroke recurrence was based on the Norwegian Stroke Registry, which 

identifies patients with stroke admitted to hospital. The registry reports coverage of 84-87% in 

this period (26) and has been shown to be reliable(53). The registry includes only patients 

admitted to hospital and where the recurrent stroke has been clinically recognised. Not all 

patients are admitted to hospital, and not all strokes are clinically overt. Zeestraten et al. found 

a recurrence rate of 3% based on clinical judgement, while 27% had new lacunas on imaging 

at the five-year follow-up (54). These strokes might be more clinically subtle but are still of 

clinical importance. The use of imaging, such as MRI, could increase the sensitivity of the 
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stroke diagnosis, and this has been included in the updated stroke definition (55). Hence, we 

might have underestimated the incidence of ischemic stroke recurrence. 

The mean follow-up time of the patients was 2.5 years, and for the patients included at the 

end of the study, the follow-up was limited to 16 months after the three-month follow-up. 

Khanevski et al. studied patients with ischemic stroke and transient ischemic attack and found 

that 5.4% had stroke recurrence after 1 year, 10.7% after 5 years, and 14.2% at the end of the 

study (mean 5.6 years) (30). In addition, we had to exclude half of the stroke recurrences 

because they occurred before the three-month follow-up. The short follow-up and the low 

number of stroke recurrences in our study increase the risk of a type II error, and in particular 

negative findings should be evaluated with caution.  

To avoid the acute inflammatory response associated with the acute stroke event, we chose 

the three-month follow-up after the acute stroke as the baseline for this study, assuming the 

inflammatory biomarkers were not affected by the acute event at that point in time-point(16). 

The correlation between the inflammatory biomarkers before and three months after is not 

known. Still, it characterises these subgroups of patients and could be valuable for prospective 

studies. Stroke subtype is based on clinical judgement of the most likely cause of the stroke in 

question and may be challenging to determine (6). Also, several causes of stroke in a single 

patient are common, i.e. a combination of large artery atherosclerosis, CSVD, and atrial 

fibrillation. These patients are often included in the category “unknown”.  

 

Conclusion 

Neopterin seems to be a useful prognostic biomarker in stroke populations. The novel finding 

of a potential protective effect of KA in response to inflammation in disease progression 

should be investigated further. The results also underline the importance of stroke subtypes 
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when investigating the impact of inflammation in ischemic stroke. The results highlights the 

importance of inflammation in cerebrovascular disease. Measures should be made to reduce 

inflammation as a secondary preventive strategy, i.e. by reducing sedentary behaviour. In 

addition, patients with undetected atrial fibrillation are receiving suboptimal drug treatment, 

and investigating the usefulness of inflammatory biomarkers to identify these patients could 

have significant therapeutic consequences for these individuals.  
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ATC: anatomical therapeutic chemical classification  

ADL: Activities of daily living 

BI: Barthel Index 

CI=confidence interval 

CRP: C-reactive protein 

CSVD: cerebral small vessel disease  

eGFR: estimated glomerular filtration rate 

ECG: electro cardiogram  

HR=hazard ratio 

IL-6: interleukin-6 

IL-10: interleukin-10 

IQR=interquartile range 

KA: kynurenic acid 

LDL: Low density lipoprotein  

mRS: Modified Rankin Scale 

MRI: magnetic resonance imaging  

NIHSS: National Institute of Stroke Scale 

Nor-COAST: Norwegian Cognitive Impairment After Stroke Study 

PAr-index: pyridoxal acid ratio index 

PLP: pyridoxal-5-phosphate 

PL: pyridoxal 

PA: pyridoxal acid 

REK: regional ethics committee 

SD=standard deviation 

TOAST= Trial of Org 10172 in Acute Stroke Treatment 

WHO: World Health Organization 
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Supplementary table 1: Adjusted competing event (death) regression of the 

associations between biomarkers and the outcomes ischemic stroke recurrence. 
  Model 1  Model 2 

  SHR CI p  SHR CI p 

CRP 0.83 (0.40, 1.71) 0.613  0.89 (0.43, 1.84) 0.745 

IL-6 1.17 (0.67, 2.04) 0.578  1.09 (0.60, 2.00) 0.771 

Neopterin 1.42 (0.82, 2.47) 0.215  1.36 (0.81, 2.29) 0.245 

PAr-index 1.11 (0.59, 2.10) 0.748  1.20 (0.64, 2.23) 0.587 

Kynurenic acid 0.81 (0.42, 1.58) 0.544  0.88 (0.41, 1.89) 0.737 

 
Model 1: age, sex, prior cerebrovascular disease, modified Rankin scale at three months, creatinine.  

Model 2: As model 1 + TOAST-classification at baseline (TOAST=Trial of Org 10172 in Acute 

Stroke Treatment) 

For CRP n was 212, 8 and 13 for all, recurrent IS and death, respectively. 

SHR=subdistribution hazard ratio, CI=confidence interval, CRP= C-reactive protein, IL-6=Interleukin 

6, IL-10=Interleukin 10, PAr-index=4-pyridoxic acid:(pyridoxal+pyridoxal-5`-phosphate), 

KA=kynurenic acid.  
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