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Perfect divine physicians 

یا  بان     
A poem from the book Masnavi, written by Rumi (1207 – 1273), a Persian poet, jurist, theologian, 
and Sufi mystic, explains how the divine physicians detect diseases, religious and spiritual, in the 
countenance of a friend or a stranger and in the tones of his speech and the colour of his eyes, and 
even without all these (indications), by the way of the heart; "verily, they are spies on the hearts (of 
men); therefore, behave with sincerity when you sit with them." Sounds like a familiar vision 
nowadays? 1 

ش دن بان   ن ا د دا ف     ور و وا و ز  قام   د  
These physicians of the body have knowledge (of medicine): they are more acquainted with your 
malady than you are, 

روره ھ  دا     حال   ی ز  تالل ی   و از آن رو ا
So that they perceive the state (of your health) from the urine-bottle, though you cannot know your 
ailment by that means, 

ض و ھم ز رنگ و ھم ز دم  م    ھم ز  و  و   د از   و 
And from your pulse, complexion, and breath alike, they diagnose every type of disease in you, 

ھان  یا  بان پس   و         ند از  دا ن ت یون   د
How, then, should the divine physicians in the world not diagnose (disease) in you without word of 
mouth? 

ت ھم ز رنگ  ت ھم ز  م  ھم ز   نگ ی  و  صد 
From your pulse and your eyes and your complexion alike, they immediately discern a hundred 
(spiritual) maladies in you, 

ود  بان   ن ا د  وز د    وآ شانیآ ن   ود ا ت   حا
In sooth, it’s (only) these newly-taught physicians who have need of these (external) signs, 

د  و ت  د     کامالن از دور  ودت  دو     باد و 
The perfect (the divine physicians) will hear your name from afar and quickly penetrate into the 
deepest ground of your being and existence. 

ھا  بلک شیپ و سا ندت دهید  از زادن  ھا با ا  با  حا
Nay, they will have seen you (many) years before your birth — you together with all the 
circumstances (connected with you).

                                                            
1 http://www.masnavi.net/1/25/eng/4/1793/ 
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Abstract 

Heart rate variability (HRV) has received much attention lately, and several techniques for the 
analysis of HRV using time and frequency domains and non-linear methods have been developed. It 
has been shown that HRV can be used to monitor the autonomic nervous system (ANS) and to 
detect autonomic dysfunction, especially vagal dysfunction. Reduced HRV is associated with several 
diseases, e.g., diabetes, rheumatoid arthritis, depression, and chronic heart disease, and has also been 
suggested as a predictor of poor outcomes and sudden cardiac death. HRV is, however, not yet 
widely accepted as a clinical tool and is mostly used for research. Advances in neuroimmunity with 
an improved understanding of the link between the nervous and immune systems have opened a 
new potential arena for HRV applications. An example of a new potential arena is when systemic 
inflammation and autoimmune disease are primarily caused by low vagal activity; it can be detected 
and prognosticated by reduced HRV. This thesis is the result of several technical development steps 
and exploratory research where HRV is applied as a prognostic diagnostic tool with preventive 
potential. The main objectives were 1) to develop an affordable tool for the effective analysis of 
HRV, 2) to study the correlation between HRV and pro-inflammatory markers and the potential 
degree of activity in the cholinergic anti-inflammatory pathway (CAP), and 3) to develop a 
biofeedback application intended for support of personal capability to increase the vagal activity as 
reflected in increased HRV. Written as a compilation thesis, the methodology and the results of each 
study are presented in each appended paper. In the thesis frame/summary chapter, a summary of 
each of the included papers is presented, grouped by topic and with their connections. The 
summary of the results shows that the developed tools may accurately register and properly analyse 
and potentially influence HRV through the designed biofeedback game. HRV can be used as a 
prognostic tool, not just in traditional healthcare with a focus on illness but also in wellness. By 
using these tools for the early detection of decreased HRV, prompt intervention may be possible, 
enabling the prevention of disease. Gamification and serious gaming is a potential platform to 
motivate people to follow a routine of exercise that might, through biofeedback, improve HRV and 
thereby health. 

 
Keywords: Heart Rate Variability, Cholinergic Anti-inflammatory Pathway, Autonomic Nervous 
System, Vagal activity, Biofeedback, Gamification, Serious Gaming, Inflammatory Markers, 
Raspberry PI 
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Sammanfattning (Swedish) 

Hjärtfrekvensvariabilitet (HRV) har senaste tiden rönt en hel del uppmärksamhet och flera tekniker 

för analys av HRV i tids- resp. frekvensområdet samt medels icke-linjära metoder har utvecklats. 

Det har visats att HRV kan användas för att övervaka det autonoma nervsystemet (ANS) bland 

annat för att upptäcka särskilt vagala störningar inom ANS. Minskad HRV förknippas med flera 

sjukdomar såsom diabetes, reumatoid artrit, depression, kronisk hjärtsjukdom och har även 

föreslagits som prediktor för dålig prognos och plötslig hjärtdöd. HRV är dock ännu inte allmänt 

accepterat som ett kliniskt verktyg utan används främst inom forskning. Framsteg inom 

neuroimmunitetsområdet med ökad förståelse för sambandet mellan nerv- och immunsystem, har 

öppnat en nytt potentiell område för HRV-applikationer. Ett exempel är när systemiskinflammation 

och autoimmun sjukdom primärt orsakas av låg vagal aktivitet, vilket kan upptäckas och 

prognostiseras via minskad HRV. Denna avhandling är resultatet av flera tekniska utvecklingssteg 

och explorativ forskning där HRV tillämpas i syfte att utveckla ett prognostiskt diagnostiskt verktyg 

med förebyggande potential. Huvudsyften har varit: 1) att utveckla ett prisvärt verktyg för en 

effektiv och enkel analys av HRV 2) att studera sambandet mellan HRV och pro-inflammatoriska 

markörer och därigenom potentiellt återspegla graden av aktivitet i den kolinerga 

antiinflammatoriska effektorvägen 3) att utveckla datorprogramvara för ett biologiskt 

återkopplingssystem där individen med egen träning ökar sin vagala aktivitet vilket sedan 

återspeglas i en ökad HRV. I denna sammanläggningsavhandling finns utförlig beskrivning av varje 

ingående studies metod och resultat artikar I-VI. I ramberättelsen presenteras en kort 

sammanfattning av metoder och resultat, grupperade efter ämne och sammanhang. 

Sammanfattningsvis visar resultaten att de utvecklade verktygen adekvat registrerar och analyserar 

HRV korrekt enkelt , samt att HRV kan påverkas av spel-träning. HRV i framtaget koncept har 

potential att användas som ett skarpt prognostiskt verktyg, inte bara för traditionell vård med fokus 

på sjukdom, utan också inom friskvård. Framtagna verktyg möjliggör tidig upptäckt av minskad 

HRV, snabb intervention och prevention. Spelifiering med seriöst spelande utgör en potentiell 

plattform som motiverar en träningsrutin och som genom återkoppling kan öka HRV och därmed 

välmåendet. 
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1. Introduction	

Heart rate variability (HRV) — the variability between consecutive heart beat intervals — 
has received much attention in the last decades. The pulse as a measure of heart rate was 
well known to ancient physicians, having been reported as being used by Greek physicians 
for both diagnostics and the prediction of the prognosis of diseases (Billman, 2011). The 
accurate measurement of the beat to beat pulse variability was first conducted by Hales in 
1733 (Hales, 1733), but it was after the introduction of the electrocardiogram (ECG) in 
1895 (Einthoven, 1895) and the development of digital signal processing in the 1960s that 
a demonstration of the relation between HRV and health could accurately be performed 
(Billman, 2011).  

HRV is the result of several feedback loops to the heart through sympathetic and 
parasympathetic branches of the autonomic nervous system (ANS) and through 
hormones such as circulating catecholamine, e.g., adrenaline (epinephrine), noradrenaline 
(norepinephrine) and dopamine. The HRV is affected by, e.g., the modulation of the blood 
pressure, respiration, emotions and thermoregulation. In a simplified model, the 
sympathetic activity (fight and flight) increases heart rate (HR) and reduces HRV, while 
the parasympathetic (rest and digest or feed and breed), colloquially known as vagal, 
activity reduces HR and increases HRV. Both HRV and HR is thereby strongly affected by 
a diverse of parameters, such as gender and age (Umetani et al., 1998, Liao et al., 1995), 
emotions (McCraty et al., 1995, Lane et al., 2009), circadian rhythms (Huikuri et al., 1990, 
Massin et al., 2000), mental and physical activity, sleep depth, ethnicity, disease etc.  
(Tobaldini et al., 2013). A primary goal of the heart control mechanism is to regulate the 
blood pressure. A main component of HRV is synchronous with respiration, heart rate 
increases during the inhalation and decreases during the exhalation. This phenomenon is 
known as respiratory sinus arrhythmia (RSA).  

 The development of digital signal processing techniques, e.g., different linear and 
nonlinear methods and frequency and wavelet domain techniques, and more accessible 
collections of ECG recordings have made the measurement and analysis of HRV available 
to more researchers. Subsequently, the number of published clinical and technical HRV 
studies has increased significantly in the last decade, as shown in Figure 1-1. Despite the 
existence of several HRV indices calculated in different domains, e.g., time and frequency, 
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autoimmune diseases, e.g., rheumatoid arthritis. It can be hypothesized that HRV can 
potentially also be used to better predict the prognosis and guide the level of treatment. 
This also implies that different methods for increasing the vagal tone and HRV might be 
beneficial as complementary treatments or as early preventive interventions.  

More and more opportunities are arising with the introduction of wearable systems 
and heart rate monitors designed mostly for wellness and sport applications. However, 
existing consumer monitors are designed for specific applications and are limited by their 
sampling frequency and precision. Clinical ECG monitors are also designed for specific 
applications, e.g., screening, monitoring and diagnosis of cardiac problems, and emphasize 
specific needs such as a long battery life or a number of leads. During the research phase, 
flexibility and access to raw data are important assets to explore different possibilities. For 
instance, many compact ECG devices lack the possibility of respiratory measurement or 
inertial measurement for body orientation and activity monitoring, which are of interest for 
HRV analysis. An application-specific device might focus on lower power consumption at 
the expense of a lower sampling rate or performing specific noise reduction at the 
firmware level. Finally, the ultimate solution must be affordable to be accessible as a 
pervasive tool. 

The prevention of chronic diseases, early intervention and personalized treatment 
planning are considered essential parts of solutions to new healthcare challenges, i.e., 
arising from an ageing population and the spread of chronic diseases (Poon and Zhang, 
2008). P-Health is usually referred to as personalized health care with the ultimate goal of 
“the right treatment to the right patient at the right time” (Redekop and Mladsi, 2013). 
However, it could also include precise, pervasive, preventive and predictive healthcare 
with more emphasis on the prevention of diseases or early intervention based on the 
prognosis of diseases. This is an area that is underexplored by current healthcare systems 
with their focus on sickness rather than wellness and prevention (Haltom, 1995). This 
might be an area in which HRV might be useful by providing tools and information for 
the prognosis of diseases and treatment.  
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This research was originally motivated by previously reported observations on the 
HRV and cholinergic anti-inflammatory pathway (CAP) in rheumatoid arthritis patients 
(Bruchfeld et al., 2010). A study investigating the possibility of using HRV for monitoring 
the CAP was performed with patients suffering from end-stage chronic kidney disease 
treated with dialysis (Paper II). In parallel, we developed the required flexible tools for the 
recording and analysis of HRV (Paper I). Paper III describes the attempt to find the 
optimum length of the ECG recording for revealing the status of the CAP during nocturne 
sleep in patients with sleep apnoea from an HRV perspective, i.e., basal vagal tone. The 
preliminary results and also positive results from using vagal nerve stimulation 
(Borovikova et al., 2000, Zhang et al., 2009) were the main motivation to investigate non-
invasive neuroimmunomodulation techniques. Therefore, HRV biofeedback was 
investigated as a potential technique for improving the autonomic nervous system balance 
and vagal activity (Paper IV-VI). The development and evaluation of these techniques can 
be considered as necessary iterations before a final evaluation. However, more iterations 
would be needed to obtain more concrete results.  

1.3 Outline 

The thesis is organised as a compilation thesis where frame/summary chapters present a 
brief summary of the appended studies, grouped by topic and their connections. The 
detailed descriptions of methodologies and results of each study are presented in each 
appended paper. After a brief introduction, the objective and outline of the thesis are 
provided in Chapter 1. In Chapter 2, a summary of the development of tools for the 
measurement of electrocardiograms and respiration, i.e., the Biosignal PI, is provided 
(Paper I). Chapter 3 is a summary of findings about heart rate variability and anti-
inflammatory pathway (Paper II-III). Chapter 4 summarises the studies about HRV 
biofeedback (Papers IV-VI). Chapter 5 presents the author’s conclusions and proposes 
future work. 

Note: This summary/frame is partially adapted from the appended papers. However, one 
of the aims of this dissertation report is to encourage the audience to read the appended 
papers in detail.  
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2. Tools for HRV measurement and analysis 

This chapter is a summary of the theoretical background of HRV analysis and work published in Paper I.  

HR can be extracted via several different technologies, e.g., ECG and photoplethysmography (PPG). 
While an ECG records the bio-potentials generated from the electrical activity of the heart, PPG 
uses optical techniques to measure changes in the blood flow as an indirect measurement of the 
mechanical activity of the heart. Wrist-based PPG is becoming more popular in smart-watches and 
smart-bands. It has been shown that the variability of the PPG signals is highly correlated with 
HRV (Lu et al., 2008). However, the ECG is the direct measurement of the cardiac electrical activity 
and is considered the golden standard. HRV analysis is reserved for patients mainly in sinus 
rhythm, where ectopic beats are omitted. The recording of ECGs for HRV analysis is not 
necessarily different from routine ECG recordings e.g., for monitoring or diagnostics; however, a 
high sampling frequency, e.g., greater than 1 kHz, and length of 5 minutes to 24 hours is 
recommended.  

Commercial systems typically do not provide access to the raw data, they have a limited 
sampling frequency and might include signal conditioning, i.e., analogue or digital filters at the 
firmware level. Because HRV is influenced by confounding factors e.g., respiration, physical activity, 
and emotions properly eliminating their effect might improve the specificity of the HRV indices. 
Therefore, including more biosignals, e.g., thoracic bioimpedance for respiration or inertial sensors 
for activity monitoring, should be beneficial in a not-application specific measurement system. In 
addition, a system intended for individual P-Health have to be very affordable to be used at home. 
These requirements motivated the development of an own recording system. The intended aim was 
to initiate a flexible open-source, open-hardware and multi-modal sensing platform for researchers 
interested in performing the recording and analysis of biosignals for home healthcare, pervasive 
monitoring and e-health applications. Flexibility and open access to the platform can help to avoid 
non-necessary technical development, thereby saving time and resources in the completion of 
similar projects.  

The Raspberry Pi™ (Raspberry Pi Foundation, Cambridge, UK) — a credit card-sized 
computer — was selected as the platform for implementing the first version of the hardware for the 
recording of the ECG and thoracic bioimpedance as a measure of respiration. The ADAS1000™ 
(Analog Devices, Inc., Norwood, MA, USA), an analogue front-end chip, was used for the ECG 
recording. Figure 2-1 illustrates the system architecture of our final design presented in Paper I. 
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The detection of R-Peaks and the calculation of the RR tachogram is the beginning of the HRV 
analysis steps. First, premature beats, also known as ectopic beats, that reflect local 
phenomena/problems in the heart rather than the control of heart rate, should be removed by 
visual inspection or automatic thresholding. The achieved NN, normal to normal, tachogram can 
be used for analysis in the time and frequency domains or by using non-linear methods. Time 
domain analysis essentially reflects different statistical or geometrical properties of the NN 
tachogram. Frequency domain analysis is based on the distribution of power in different frequency 
bands. In the NN tachogram there is one sample per heart beat and the tachogram is thus not 
sampled evenly in time. Therefore interpolation and resampling might be required, except for the 
Lomb-Scargle periodogram, which does not need evenly sampled time series (Moody, 1993). 
Details of the standard HRV analysis methods can be found in the Task Force of the European 
Society of Cardiology and the North American Society of Pacing and Electrophysiology (Malik et 
al., 1996).  The first version of BiosignalPI2 software was capable of collecting and visualizing the 
signals and storing them as European data format (EDF) files (Kemp and Olivan, 2003), as seen in 
Figure 2-3. Further details about this platform have been published (Abtahi et al., 2015a, Abtahi et 
al., 2014b). The software architecture was revised and updated later to increase the flexibility and 
versatility of the platform, including the extraction of the time and frequency HRV indices. More 
details about the development and potential applications can be found in Paper I.  

                                                            
2 The hardware design and software source codes are published as BiosignalPI project and are accessible 
through www.BiosignalPI.org.  
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3. Heart Rate Variability and Inflammation 

This chapter is a summary of the work published in Papers II-III.  

To study the potential of HRV as a prognostic and interventional tool, we focused on inflammation 
and in particular the anti-inflammatory response. This formed the second research objective “To 
assess the correlation between HRV and pro-inflammatory markers and the relation to the degree of 
activity in the cholinergic anti-inflammatory pathway”. A simplified model of infection-induced 
inflammatory reactions starts with the detection of lipopolysaccharide (LPS), a substance present in 
the cell membrane of some bacteria, or other pathogens interacting with immune cells, e.g., 
macrophages. Immune cells produce pro-inflammatory cytokines, which might lead to classical 
inflammation symptoms, e.g., redness, swelling and loss of function. These local responses can grow 
to systemic responses, such as anorexia and fatigue, controlled by the central nervous system 
(CNS). The main function of inflammation is to clear pathogens and eventually restore the health. 
However, extreme inflammation and cytokine production might also damage the tissue, and an 
unregulated inflammatory response might do more harm than good. The regulatory mechanism is 
described herein as the cholinergic anti-inflammatory pathway (CAP). Cholinergic refers to the fact 
that a cholinergic agent, i.e., acetylcholine, acts as a neurotransmitter between the vagal nerve, 
spleen and immune cells (Tracey, 2007, Sundman and Olofsson, 2014, Martelli et al., 2014), and we 
intended to study this mechanism through HRV as a vagal tone level instrument. 

Patients suffering from chronic kidney disease (CKD) were reported to have autonomic 
dysfunction (Ranpuria et al., 2008, Oikawa et al., 2009) and were considered suitable candidates to 
study their CAP functionality compared to healthy controls. Elevated circulating levels of 
inflammatory markers are common in dialysis patients and are associated with poor prognosis 
(Stenvinkel et al., 2005, Honda et al., 2006). In addition, decreased HRV has repeatedly been 
reported to be predictive of survival in CKD patients (Ranpuria et al., 2008, Oikawa et al., 2009). 
The aim of the first study was to investigate if the functionality of the CAP in these patients was 
decreased and mirrored in HRV. At resting conditions at baseline, higher levels of C-reactive 
protein (CRP), tumour necrosis factor (TNF) and other pro-inflammatory markers and lower levels 
of the anti-inflammatory marker interleukin-10 (IL-10) were found in the patients compared to the 
controls. As shown in Paper II, the response of the immune cells after ex vivo stimulation with 
lipopolysaccharide (LPS) simulating a bacterial attack leads to a higher inflammatory response, i.e., 
higher pro-inflammatory cytokine levels. The addition of GTS-21, a selective α7 nicotinic 
acetylcholine receptor (α7nAChR) cholinergic agonist, resulted in the reduction of TNF interleukin-6  
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(IL-6) and interleukin-1b (IL-1b). An increase in interleukin-10 (IL-10), an anti-inflammatory 
cytokine, was detected only in the patients. The HRV analysis results show low HRV, which implies 
a lower vagal activity in the patients compared to the controls, which is in line with previous 
studies. These results suggest a functional CAP in these patients, where immune cells are 
responding to a stimulation of α7nAChR. This may entail the modulation of the 
neuroimmunological system, e.g., as seen in vagal nerve stimulation (Koopman et al., 2012, 
Koopman et al., 2016) or by pharmacological stimulation (Bernik et al., 2002), which might be a 
potential treatment of the disorder. A more thorough explanation can be found in Paper II.  Figure 
3-1 summarizes the hormonal and cholinergic anti-inflammatory pathway. This illustration can be 
used to hypothesize other potential interventions, i.e., acupuncture (Kavoussi and Ross, 2007), 
mindfulness, biofeedback and yoga (Tracey, 2007). I hypothesize that HRV biofeedback might also 
be a potential non-invasive intervention to improve outcomes. 

 The role of the efferent vagal nerve in the CAP and the autonomic control of the heart 
suggest that the estimation of the vagal tone through HRV may also reflect the degree of activity in 
the CAP, see Figure 3-1. However, the vagal control of the heart and inflammation might have 
different fibres and even different activation thresholds. In addition, as is depicted in Figure 3-2, 
heart rate is influenced by several feedbacks that make the estimation of the basal vagal activity 
challenging. A primary target of the cardiovascular neurohormonal regulation is to stabilize the 
blood pressure and thus to regulate the required cardiac output to maintain homeostasis. This is 
conducted through the neural and hormonal control of heart rate, the strength of ventricular 
contractions, and the vasodilatation (widening) and vasoconstriction (narrowing) of blood vessels 
where two reflexes are of utmost importance: the carotid and aortic sinus reflex, also known as the 
baroreflex, and atrial reflex, also known as the Bainbridge reflex. I) an increase in blood pressure is 
sensed by baroreceptors in the aorta, carotid artery and left ventricle connected by the afferent 
vagus to the cardiac control centre in the brainstem. The brain stem activates the cholinergic release 
at the SA and AV nodes, which slow down heart rate. In parallel, peripheral blood vessels are 
dilated to reduce the peripheral resistance. As result, the reduction of heart rate and peripheral 
resistance reduce the blood pressure. II) On the other hand, the increased atrial pressure and 
venous return are sensed though baroreceptors in the atrium and great veins, which increases the 
sympathetic activity. This will increase the heartrate and contraction force, which leads to an 
increase in the cardiac output and higher blood pressure.  
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The Bainbridge reflex also contributes to the phenomenon known as respiratory sinus 
arrhythmia (RSA) which, as mentioned earlier, refers to a change in heart rate synchronously with 
respiration. During inspiration, the internal pressure of the thorax decreases, which leads to an 
increase in venous return, while expiration increases the thorax internal pressure and reduces 
venous return. Consequently, this increase in heart rate and cardiac output will be corrected by the 
baroreflex. Thus, heart rate increases by inspiration and decreases by expiration. RSA is known as 
the strongest modulator of heart rate, resulting in a distinct peak in power spectrum of the RR 
intervals in HRV analysis. As Figure 3-2 implies, there are more reflexes influencing heart rate and 
HRV. For instance, a rise in the partial pressure of carbon dioxide (PCO2) and an anaerobic 
metabolism, both lead to acidosis, reduced pH, sensed by chemoreceptors, which leads to a higher 
heart rate and cardiac output. The cardiac control centre in the brain stem is also interconnected by 
the hypothalamus and brain cortex. Thus, heart rate is also influenced by more factors such as the 
temperature and emotions, e.g., anger, pleasure, fear.  

A reverse relation between HRV and pro-inflammatory markers, i.e., CRP and TNF, was 
previously reported (Haensel et al., 2008, Cooper et al., 2015, Stein et al., 2008, Janszky et al., 2004, 
Lampert et al., 2008, Madsen et al., 2007). Due to the relatively small number of patients in Paper 
II, we decided to investigate this further with a larger database. The main idea was to not only to 
investigate this relation but also to investigate the required length of an ECG recording in order to 
reveal the baseline of the vagal tone that might be correlated to the CAP in the presence of high-
frequency fluctuations of HRV e.g., due to stress and emotions, respiratory sinus arrhythmia. A 
database called “heart biomarker evaluation in apnea treatment (HeartBEAT)” (Dean 2nd et al., 
2015) was made available to us through a data access and use agreement (DAUA) with national 
sleep research resource (NSRR; sleepdata.org). The database contains ECG signal recordings and 
several blood inflammatory markers, i.e., CRP, TNF, IL-6, E-Secretin, from 318 patients, at baseline, 
of which 301 were attending a 3-month follow-up. The relatively long (duration 6±2 hours) ECG 
recordings during nocturnal sleep in this database were ideal for finding the minimum required 
length of an ECG recording where a strict correlation between HRV indices and inflammatory 
blood markers could be found. Even apnea is highly influencing the HRV i.e., reducing the HRV 
(Tobaldini et al., 2013), apnea episodes were not excluded and instead was considered as a strong 
confounding factor.  By repeating the calculation of the HRV indices from the ECG epoch of 5-360 
minutes, statistical analysis was performed to study the correlation of the pro-inflammatory 
cytokines. A between-group comparison of the HRV indices for patients with CRP above or below 
5 μg/ml, selected empirically, show significant differences for HR and standard deviation of all 
normal to normal heart beat intervals (SDNN). The lowered HR in patients with lower pro-
inflammatory cytokine levels seems to be persistent, independent of the length used in the ECG 
recording. On the other hand, the SDNN and other HRV indices seem to benefit from the longer 
ECG recordings. In conclusion, HRs and SDNNs extracted from longer ECG recordings e.g., longer 
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than 2 hours, might have a greater potential to reflect the basal vagal tone even in presence of a 
strong confounding factor i.e., apnea. Further studies are needed to see if applicable also during 
awake and without the apnea disease.  See Paper III. 

In the assessment of the inflammatory response through HRV, the baseline of the vagal 
activity is the main area of interest. Despite assessing several different HRV indices in Paper III, the 
time-domain index mean of the RR intervals and SDNN were found to be the best representatives 
of the basal vagal activity. The SD23 from Poincare analysis, which represents long-term HRV, is 
another potential representative of the basal vagal activity. Because time-domain indices calculated 
from longer recordings can be considered as an average, the contribution of the short-term 
variations in such HRV indices, caused by transient confounding factors, e.g., stress or sleepiness, will 
be reduced. Therefore, the long-term analysis by using time-domain indices is suitable for 
capturing the baseline of the vagal activity and is less prone to confounding factors and might have 
a higher chance to work in less controlled settings. The short-term analysis of HRV is highly 
challenging due to confounding factors, and more advanced techniques might be needed to reveal 
the potential information encoded into HRV. As partly introduced in a new position statement by 
the e-Cardiology ESC Working Group and the European Heart Rhythm Association, several 
advanced signal processing techniques for non-linear analysis or using different transforms have 
been proposed and used in different studies (Sassi et al., 2015). However, despite the encouraging 
technical achievements, their success in clinical applications has been questioned (Wessel et al., 
2016, Sassi et al., 2015).  

The documented potential for the modulation of the neuroimmunological system motivates further 
work on the HRV biofeedback as a potential tool (Tracey, 2007) for increasing the vagal activity. If 
it is beneficial as an anti-inflammatory intervention for patients with low vagal activity, as seen in, 
e.g., CKD patients, or as a preventive interventional method for people at risk of developing 
autoimmune diseases or systematic inflammation, however, has to be further studied. 

                                                            
3 Dispersion of points along the axis of line-of-identity in Poincaré plot; represents long-term variability 
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4. Heart Rate Variability Biofeedback 

This chapter is a summary of work published as Papers IV-VI.  

Mindfulness and paced breathing exercises have been used for over a millennium for relaxation, 
and what is called the “mind-body technique” claims to influence the physical health (Moss, 1999). 
Biofeedback, also called the “yoga of the West” by Dr. Elmer Green (Hartley, 1974), is based on the 
collection and visualization of biological activities, e.g., brain activity, muscle activity, heart rate and 
state of skin sweat glands. The typical procedure for biofeedback involves relaxation and a positive 
state of mind before the actual training. Biofeedback can empower users to control their 
physiological processes in conjunction with changes to their psychological state, e.g., emotions. 
Recent advances in psychoneuroimmunology, especially in light of the cholinergic anti-
inflammatory pathway stimulation (Tracey, 2007), can be used to hypothesize mechanisms behind 
the reported effectiveness of biofeedback for the management of different diseases, i.e., by 
increasing the vagal activity and improving the autonomic nervous system (ANS) balance.  

HRV biofeedback based on resonant frequency training (Sutarto et al., 2010) inspires users to 
control their breath at a specific respiratory rate, called the resonant frequency. It has been shown 
that due to the nature of the baroreflex, each person has a resonance frequency for breathing where 
the blood pressure and heart rate oscillate in synchronization, which maximizes HRV (Lehrer and 
Vaschillo, 2008). The baroreflex is a reflex that regulates the blood pressure through a negative 
feedback loop to the heart. A rise in the blood pressure will be signalled to the brainstem, which will 
lower the HR through both branches of the ANS to lower the blood pressure. Conversely, a lowered 
blood pressure will lead to an increase in heart rate through the same reflex, inducing the ANS to 
restore the blood pressure. This effect of an increase or decrease in HR, because of the baroreflex 
feedback, occurs with a delay of approximately 5 seconds due to inertia in the cardiovascular 
system. In other words, in the absence of any other feedback to the heart, e.g., stress or breathing, 
the HR will oscillate at approximately 6 times per minute i.e., 0.1 Hz. However, through the 
respiratory sinus arrhythmia (RSA), HR is also constantly affected by respiration; each inhalation 
increases and each exhalation decreases HR. It is commonly accepted that RSA is the result of the 
cardiac vagal efferent modulation created by respiration (Lehrer and Vaschillo, 2008, Hayano et al., 
1996). By breathing at the pace of the oscillations in blood pressure, heart rate and blood pressure 
will oscillate at the same frequency with a 180 degree difference in phase. This will enhance the 
amplitude of the blood pressure variations and increase HRV (Lehrer et al., 2003).   
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improving the usability of the measurement system by avoiding the use of cables and sticky 
Ag/AgCl electrodes and ensuring accurate electrode placement. Paper V describes the use of an 
intarsia technique for connecting the recording device to textile electrodes, textrodes (Abtahi et al., 
2015b). This solution, which can also facilitate the manufacturing process of a wearable garment, is 
evaluated for the biofeedback application involving the measurement of the ECG and thoracic 
bioimpedance for recording of respiration.  

Another challenge of HRV biofeedback is the users' willingness to play and exercise. Like any 
other exercise, e.g., a fitness workout, many people may not do it or lose their motivation with time. 
It may be especially problematic for HRV biofeedback because of the monotony and boringness of 
paced breathing exercises. The design of a serious game or the use of gamification i.e., use of game 
elements in a non-game context, can be a motivator to overcome the boring nature of this exercise 
and engage users in the long term. To our knowledge, none of the available biofeedback systems 
have been evaluated for their usability, hence, subjects may not be able to use them efficiently 
without becoming tired and losing interest. Paper VI describes a user-centred design and usability 
evaluation of a biofeedback game to influence HRV. The game is a 3D flight simulator setting 
(Figure 4-2), which was selected through a survey of several game concepts, i.e., a balloon game, a 
balancing game, a car racing game, a shooting game and a flight simulator. The plane is on a 
parabolic (sinusoidal) flight path, and the user must inhale and exhale at the pace of the parabola to 
keep the plane stable. The game has three modes. The plane is controlled by breathing in 
visualization, first, mode. The second and third modes allow the user to steer the plane by buttons 
or tilting the gaming device, respectively. The user collects points by breathing correctly. In 
addition, user can collects coins; coins appear around the plane’s pathway by steering the plane in 
the second and third mode to collects more points.   

The results show that video games have the potential to motivate people to engage in HRV 
training. On the first try, a higher training performance was observed for pure visualisation than for 
games with interaction. However, most participants preferred activities with interaction, which 
leads to increased engagement. The reported usability evaluation demonstrates that users can 
perform the presented biofeedback exercises without any coaching and gain an understanding of 
their training progress from a playful presentation. Further information can be found in Paper VI.  
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Because HRV is correlated with several confounding factors, interpreting HRV should be 
conducted with caution. A low HRV might, in specified patients, result in excessive inflammation, 
i.e., by not sufficiently stimulating the cholinergic anti-inflammatory response. The traditional 5-
minute HRV analysis does not seem to provide enough information about the baseline vagal 
activity, and the results from Paper III suggest that longer recordings of more than 120 minutes are 
needed already during nocturnal sleep. Therefore, longitudinal health monitoring using wearable 
systems might be a perfect platform to collect the required information to reveal the vagal tone. 
Further studies are required to determine the best sampling frequency, considering the battery life. 
Because the baseline of the vagal activities the target of this monitoring, sampling with random 
intervals but over a longer time can be equally beneficial. A more advanced technique to reduce the 
power consumption is to use compressed sensing (Donoho, 2006) instead of  adhering to the 
requirements of the sampling theorem. The digital implementation of an ECG compressed sensing 
has already been evaluated (Mamaghanian et al., 2011), and analogue to digital convertors based on 
compressed sensing are emerging (Trakimas et al., 2013, Ma et al., 2016). The successful integration 
of compressed sensing for the measurement of biosignals, i.e., ECGs into wearable systems enables 
longitudinal health monitoring without compromising the battery life or sampling frequency.  

The potential of the HRV biofeedback for relaxation and the achievement of an increased 
vagal activity, e.g., by enhancing the baroreflex, has been hypothesized and reported before (Lehrer 
et al., 2003, Lehrer, 2007, Nolan et al., 2005, Sakakibara et al., 1994, Tracey, 2007). However, there 
are controversial results, which we found is partly due to the low usability of the system and 
difficulties with engaging people in tasks such as paced breathing, which can be boring by its 
nature. Therefore, a user-centric development and usability evaluation should be performed before 
a real clinical trial, to evaluate effectiveness of HRV biofeedback e.g., for treatment or prevention of 
systemic inflammation, can be performed. Gamification was hypothesized as a solution to improve 
engagement, and a user-centric biofeedback game was subsequently developed (Papers IV and VI). 
The results suggest that gamified biofeedback can successfully engage people to individually 
perform biofeedback exercises without coaching, and users can follow the training progress through 
a playful presentation. The natural next step is to perform a pilot study with specific patient groups 
to evaluate the study protocol and system and subsequently evaluate the final system through a 
clinical trial.  

Putting the results into the context of P-Health, Biosignal PI as an affordable and powerful 
platform can be used for the pervasive, ubiquitous, recording and analysis of biosignals, i.e., ECG 
recording and HRV analysis. The platform fulfils all requirements to support the development of p-
health solution at rural point-of-care and remote areas, as well as home settings. The HRV analysis 
and in particular HR and SDNN indices calculated from longitudinal, long-term, recordings have 
shown their potential to be used as a prognostic tool for the level of vagal activity and thereby pro-
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inflammatory markers. Such a prognostic tool might benefit from trend analysis and 
personalization profiling of each individual. Biofeedback-enabled games, i.e., the designed HRV 
biofeedback game, might not only help to collect data to extract personalized baselines but also 
serve as a preventive purpose or complementary treatment approach i.e., by increasing the vagal 
activity. See Figure 5-1. 

There is a trend in healthcare policy to pay more attention to wellness, prevention and public health 
(Majette, 2011). The development of the internet of things, wearable technology, smartphones and 
smartwatches has provided platforms for lifelogging and collecting health and lifestyle related data. 
The ultimate vision is to use such data to forecast people’s medical conditions and prevent illness 
through early interventions. However, for the successful analysis to make sense of these data is 
likely to need more years of research and development (Kay, 2014). HR and HRV are tools that will 
become more and more pervasive, ubiquitous, in the future. Having access to the long-term logs of 
HR and HRV may eventually help in the development of personalized algorithms for trend analysis 
in combination with other lifestyle data, e.g., physical activity, diet and even medication. This might 
open the doors for a wider use of HR and HRV in P-Health i.e., pervasive, personalized and 
preventive health.   
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