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in mice, rats, and hamsters are italicized, with only the first letter being in uppercase 

and the rest are in lowercase (Keap1). Proteins are not italicized and all written in 

upper case for both humans and animals (KEAP1) ( BioScience Writers, 2014). 
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Abstract 
 

Introduction: far infrared (FIR) is an invisible electromagnetic wave and a source of heat. It is involved 
in a range of biological effects which includes improvement in clinical outcomes in many pathological 
diseases especially in patients with chronic heart failure. FIR was also employed in animal and cellular 
models to further explore their effects and to conclude an understanding of its mechanistic pathways. 
However, the mechanisms behind the beneficial effects induced by FIR is still unclear. Therefore, this 
pilot study aims to investigate the effects of FIR on the vascular function in healthy subjects. This study 
will also explore some of the mechanisms including anti-oxidation and an endothelium-related gene 
that might be explained by FIR effects. Methods: in this thesis, 70 healthy, non-smoking volunteers 
(31.47 ± 11, mean ± SD) participated in this study. They received 4 sessions (40 minutes each) over 2 
weeks of either FIR, heat or placebo. Vascular assessments were performed following two testing 
protocols. Protocol 1: at baseline, immediately after single session and 24-hour after the last session. 
Protocol 2: at baseline, 4-hours after single session and 4-hours after the last session. Participants 
were assigned blindly into 6 groups (n=10, except for the first two groups where n=15). Two groups 
received FIR to the back with two different testing protocols (protocol 1 or protocol 2), two groups 
received FIR to the forearm following testing protocol 1 and protocol 2, one group received heat and 
one placebo-receiving group. The latter two interventions were delivered to the back only following 
protocol 1. FIR was delivered using a FIR ray device, a heating pad set at 38°C was used for the heat 
group and for the placebo group a switched-off FIR device was used. Endothelial function was 
assessed using Laser Doppler imaging with the iontophoresis of an endothelium-dependent agent, 
acetylcholine (ACh) and endothelium-independent agent, sodium nitroprusside (SNP). Arterial stiffness 
was measured using pulse wave analysis to determine the augmentation index (AI@75%) using a 
Sphygmocor device. Blood was obtained to look at circulatory biomarkers including cytokines, 
adhesion molecules, and oxidative stress biomarkers. Furthermore, the expression of 9 genes 
regulated by the nuclear factor erythroid 2–related factor 2 (NRF2), NFE2L2 (gene name for NRF2), 
Kelch-like ECH-associated protein 1 (KEAP1) and endothelial nitric oxide synthase (NOS3) in peripheral 
blood mononuclear cells (PBMCs) was examined. Results: in comparison with baseline, the ACh 
response was significantly improved with FIR treated back following both protocols 1 and 2. There was 
no change seen after a single session; however, greater responses were seen after repeated FIR 
sessions to the back in protocols 1 and 2 relative to baseline (mean (SD), 374064(11086) to 
458390(129347) p-value= 0.017, and 328951(105075) to 409808(101317) p-value=0.023, respectively). 
Responses to SNP remained unchanged in both protocols following FIR to the back. AI@75% 
significantly improved after one session of FIR compared to baseline following protocols 1 and 2 (mean 
(SD), 4.8(16.1) to 2.7(16.3), p-value= 0.025, and -2.3(13.2) to -7.13(13.5), p-value = 0.00, respectively) 
and further improvements were seen after the last session in protocols 1 and 2 (mean (SD) 4.8(16.1) 
to 1(17.4), p-value < 0.001 and -2.3(13.2) to -9.6(12.9), p-value < 0.001, respectively).  FIR treated 
forearm (protocol 2) showed a significant reduction in AI@75% after the last FIR session compared to 
baseline (mean (SD), 3.2(19.8) to -0.8(19.0), p=0.02). For gene expression, NFE2LE did not change 
following FIR treatment to the back; KEAP1, however, was significantly increased after the last session 
of FIR to the back (protocol 1) compared to the baseline level. Significant expression of NOS3, as well 
as some NRF2 related genes including GCLM, TXNRD1, HSP70 and PRDX1 following FIR, treated back 
(protocol 2). Forearm group showed a significant increase in KEAP1 4 hours after the last session 
(protocol2). Apart from that, forearm group, heat and placebo groups showed no change in 
endothelial function, arterial stiffness, or gene expression. Circulatory biomarkers showed no change 
in all the assigned groups. Conclusion: FIR non-thermally improves vascular function in healthy 
subjects when repeatedly given possibly through the upregulation of NOS3 and NRF2, which might be 
a promising modality to promote vascular health. 
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Preface 

This work is entirely based upon a research project carried out at the School of 

Medicine of the University of Dundee (Scotland), and funded by the Ministry of 

Education, King Abdulaziz University, Rabigh, Saudi Arabia as an awarded scholarship. 

  

Cardiovascular disease (CVD) is a significant public health issue worldwide and the 

leading cause of mortality in developed and developing countries. Efforts are directed 

to decrease the growing burden of CVD, for example, increasing the awareness of a 

healthy diet, physical activity, providing medical screening, and altered regulations on 

tobacco sales. Another approach which provides a better health outcome is 

therapeutic interventions. Certain drugs have been used widely for primary as well as 

for secondary preventions, such as statins, which have been used since the 1980s and 

are one of the most commonly prescribed medications worldwide. Despite the 

advance in pharmacological treatments in improving cardiovascular (CV) conditions, 

the side effects of these drugs are inevitable. Since the burden of CVD is prominent, 

modalities to reduce its risk might be achieved using non-pharmacological approaches 

such as far infrared (FIR). FIR is invisible heat energy that occurs naturally within the 

solar electromagnetic spectrum. Recently, FIR was employed to promote health 

problems, including CVDs and many others, as described in the following chapter. For 

instance, the noticeable effects of FIR on CV health made it considered as class I for 

treating patients with heart failure (HF) in Japanese guidelines (Tei et al. 2016). 

Furthermore, FIR was used to enhance the maturation and patency of arteriovenous 

fistula (AVF), access used for haemolysis in patients with renal failure (RF) (Chen et 

al. 2016). FIR, therefore, might be a promising adjuvant modality to improve AVF 

survival. Based on these observations, the work in this thesis aims to look at the 

potential effects of FIR on the vascular system in the normal physiology of healthy 

subjects and to draw an understanding behind the mechanisms of the effects seen. In 

this study, the effects following FIR light delivery were assessed on the peripheral 
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circulation, both micro and macro. The changes in microcirculation, particularly 

endothelial function (EF), were assessed using the technique of Laser Doppler imaging 

(LDI) combined with the iontophoresis of vasoactive agents, such as acetylcholine 

(ACh) and sodium nitroprusside (SNP). The structure of the macrocirculation was 

assessed using a technique that measures arterial stiffness and provides information 

about the elasticity of the vascular wall. Besides, circulatory biomarkers of 

inflammation and redox status were measured, which provide information about 

endothelial health and arterial stiffness. Finally, at the molecular level, gene expression 

of anti-oxidation and endothelium were examined to elaborate on some of the 

possible mechanisms behind FIR effects in these healthy subjects. These tests indicate 

the underlying mechanisms caused by FIR on vascular health, which might explain the 

beneficial effects provided by FIR. 

  

The dissertation is structured into five chapters and a final appendix: 

• Chapter 1- Literature Review on Cardiovascular system and its assessment. This 

section includes an introduction to CVD and some of the new emerging CV risk 

factors. The role of EF and arterial stiffness in health and disease will also be 

discussed in this chapter. Following that, an overview of micro and 

macrocirculation will be covered. Finally, non-invasive techniques for assessing 

EF and arterial stiffness, which is primarily used in research settings, will be 

discussed.  

• Chapter 2- Far Infrared Literature Review. This section will provide an overview 

of FIR and methods for its delivery as well as up-to-date beneficial effects on 

health with a particular emphasis on CVD. Additionally, the suggested 

molecular mechanisms explaining the health benefits will be discussed. The 

study rationale, background, aims, and objectives will also be discussed in this 

chapter. 
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• Chapter 3- Materials and Methods. This section provides a detailed description 

of the workflow for the implementation of the methodology, materials used in 

this work, and of the protocols that were applied.  

• Chapter 4- Results. This section is explaining the results of the performed 

assessments and tests. 

• Chapter 5- Discussion. This section brings together all the findings of this 

research work and an outline tracing all the points that need to be addressed in 

the future.  

• Appendix- This section contains the published manuscript, part of this doctoral 

project, other documents used in this project, and copies of the prize awards. 
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1.1 Cardiovascular disease and cardiovascular risk factors 

1.1.1 Epidemiology of cardiovascular disease 

CVD is a collective term describing a group of disorders that affect the heart and blood 

vessels. CVD includes coronary heart disease (CHD), cerebrovascular disease, and 

congenital heart disease. Although the number of deaths from CVD has declined over 

the last four decades across the globe, its burden is still growing. According to the 

World Health Organisation (WHO) statistics from 2017, CVDs are the most common 

cause of mortality globally, with an estimated 17.7 million deaths yearly: 31% of all 

global deaths. In the UK, statistics from 2018 reported by the British Heart Foundation 

publicised that CVD is the most common cause of death after cancer, representing 

26% of all-cause mortality in the UK. CVD manifests clinically in older people; however, 

silent subclinical events “atherosclerosis” start to develop as early as the first decade 

of life, indicating the necessity for early primary intervention. 

1.1.2 Cardiovascular disease risk factors 

Population-based cohort studies, such as the Framingham Heart Study, identified the 

classical risk factors for CVD: hypertension, elevated low-density lipoprotein 

cholesterol (LDL-C), smoking, diabetes mellitus (DM), obesity, and physical inactivity in 

addition to other non-modifiable risk factors such as age, sex, family history, 

socioeconomic class, and ethnicity. The probability of developing future CHD and other 

atherosclerotic CVDs can be predicted using the Framingham score (2002 and 2008), 

an algorithm which calculates an individual’s conventional risk factors and classifies 

them into low, intermediate and high-risk groups (Eichler et al., 2007; D’Agostino et 

al., 2008; Donnell and Elosua, 2008). Alternative risk scorings are available, such as 

ASSIGN from the Scottish Heart Health Extended cohort and QRISK (UK calibrated risk 

score), which are adapted from the Framingham score to include additional factors, for 

instance, social deprivation, family history and body mass index (BMI) (Woodward et 

al., 2007; Hippisley-cox and Coupland, 2007). It is conceivable that targeting risk 
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assessment is essential in clinical practice for the early prevention of CVD, for example, 

considering preventive measures such as medical treatments or lifestyle modifications. 

Atherosclerosis is a chronic progressive process causing hardening and narrowing of 

the arteries resulting in a reduction of the blood flow, the supply of nutrients, and 

oxygen to body organs. Atherosclerosis starts as early as the first decade of life and 

progresses throughout life until clinically apparent through CV insults. While 

traditional risk factors cause atherosclerosis, the exact mechanism that activates 

atherosclerotic cascade is unclear. This sheds light on many novels, non-traditional risk 

factors, which are believed to be the underlining mechanisms behind CVDs. These risk 

factors have emerged recently, most prominent of which are: adiposity, inflammation, 

oxidative stress, endothelial dysfunction (ED) and coagulation (Balagopal et al., 2011). 

1.1.2.1 Adiposity 

The prevalence of obesity has increased over the past few decades. According to the 

latest WHO statistics from 2018, the incidence of obesity has almost tripled worldwide 

since 1975. This is beyond the scope of Framingham data, where the association 

between CVD and obesity is thought to be mainly mediated by the major (traditional) 

risk factors (Wilson et al., 1998). Over the past two decades, adiposity, especially 

central (abdominal) obesity is considered to be directly associated with a 

consequential risk for CVD (Yusuf et al., 2004).  

Adipose tissue is a major endocrine organ, which plays a fundamental role in metabolic 

haemostasis by releasing bioactive substances known as adipokines. In the case of 

obesity, the function of adipose tissue is modified to alter adipokine secretion, causing 

a humoral and neuronal signal disturbance and thereby adapting cardioprotective 

effects (Katagiri et al., 2007). Furthermore, obesity is shown to be associated with 

increased inflammatory mediators LDL-C and lipid peroxidation, and reduced 

antioxidants, leading to oxidative stress and an increased risk of atherosclerosis 

(Ellulu et al., 2017; Nsonwu-Anyanwu and Agu, 2019). These observations explain the 

interplay between CV risk factors as an integrated causal factor for CVDs. 
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1.1.2.2 Oxidative stress 

Oxidative stress occurs transiently or permanently when reactive oxygen species (ROS) 

and other free radicals production exceeds the protective capacity for the endogenous 

antioxidant defence, leading to tissue damage (Sies, 1986). ROS are a family of 

molecules containing oxygen, such as superoxide anion radicals (O₂⁻) and hydrogen 

peroxide (H₂O₂). Physiologically, ROS is formed un-avoidably from biochemical 

processes as a by-product in all aerobic cells. It fluctuates in a controlled manner 

regulated by endogenous antioxidants. Within this controlled threshold, ROS plays an 

essential role in cellular signalling and vascular function (Zhang et al., 2018). However, 

beyond that, when its production outstrips the endogenous antioxidant defence in the 

cases of hypertension, harmful radiation, or sepsis, ROS causes cellular damage by 

oxidising cellular components such as lipids, proteins, and DNA, leading to vascular 

remodelling (Zhang et al., 2018). This occurs because free radicals are highly reactive 

due to the presence of an unpaired electron. This makes them unstable, seeking to 

attain stability through reacting with other non-radical macromolecules (proteins, 

nucleic acid, and lipids) (Betteridge, 2000). Consequently, this leads to the aggravation 

of the free radical chain reaction (Betteridge, 2000). 

A mounting body of evidence suggests the involvement of oxidant stress in the 

initiation and progression of several vascular diseases; therefore, it is considered as an 

emerging risk factor for CVD. The progression of atherosclerosis is caused by changes 

in cellular molecules mediated by cytokines and ROS, mainly through the interaction 

between endothelium, LDL-C, and macrophages (Pignatelli et al., 2018). Oxidized low-

density lipoprotein (oxLDL), oxidised by ROS, has been extensively studied and found 

to have a pivotal role in the early stages of atherosclerosis. oxLDL accumulates in the 

subendothelial space, contributing to endothelial activation, which is a known 

precursor of ED (Violi et al., 2017). Activated endothelium increases the production of 

adhesion molecules and proinflammatory cytokines (Violi et al., 2017). These changes 

lead to the formation of a “fatty streak” and, ultimately, atherosclerotic plaques. These 

plaques may then rupture and cause the aggregation of platelets and activation of the 
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coagulation cascade and thrombus development; ROS also indirectly activates 

platelets causing vessels to be prone to thrombosis (Zhang et al., 2018). This, in turn, 

may lead to acute artery occlusion (Pignatelli et al., 2018). In addition to the effects of 

ROS on LDL-C, the oxidation of high-density lipoprotein cholesterol (HDL-C) by ROS 

promotes atherogenesis through counteracting the antiatherogenic effects of HDL-C 

(Zhang et al., 2018). 

Furthermore, O₂⁻ reacts with nitric oxide (NO), reducing its bioavailability and 

concentration. This influences the proliferation and migration of vascular smooth 

muscle cells (VSMCs), which also mediate early atherosclerotic changes (Violi et al., 

2017). ROS plays a unique mechanistic role in atherosclerosis associated with several 

CVD risk factors. It has been shown that ROS increased in association with type 2 

diabetes mellitus (T2DM), hypertension, obesity, dyslipidaemia, and smoking 

(Pignatelli et al., 2018). 

Various oxidase enzymes produce ROS. However, the essential source for vascular ROS 

is uncoupled endothelial nitric oxide synthase (eNOS, gene name NOS3), nicotinamide 

adenine dinucleotide phosphate (NADPH)-oxidase (NOX), xanthine oxidase (XO), and 

myeloperoxidase (MPO) (Zhang et al., 2018). Under physiological conditions, eNOS, a 

vasoactive factor that produces NO, acts as an anti-oxidation system contributing to 

CV protection. Animal studies demonstrated the essential role of eNOS in CV 

protection as eNOS-deficient atherosclerosis-prone apolipoprotein E-deficient 

(Apoe−/−) mice were shown to have increased coronary atherosclerosis (Kuhlencordt 

et al., 2001). However, in a disease state such as hypertension and DM, essential co-

factors for eNOS such as 5,6,7,8-tetrahydrobiopterin (BH4), become depleted and 

eNOS, in turn, produce pro-oxidant species O₂⁻ and H₂O₂; this phenomenon is known 

as eNOS uncoupling which leads to CVDs (Cai and Harrison, 2000) (Figure 1.1). 
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Figure 1.1 Molecular structure of endothelial nitric oxide synthase (eNOS) in coupled and uncoupled 
states.  
eNOS consists of two major domains: reductase and oxygenase. Fe, BH₄, NADPH, FAD, and FMN are 
important cofactors for eNOS. Importantly, the reductase and oxygenase domains are linked by a 
calmodulin-binding sequence. CaM is important for maximal NOS activity. When intracellular [Ca2+] 
increases, the Ca2+ /calmodulin complex is formed, thereby permitting the transfer of electrons from 
the reductase to the oxygenase domains of eNOS. The oxidation of L-arginine needs BH₄ bound near a 
haem group (Fe) to transfer electrons to guanidino nitrogen of L-arginine to form nitric oxide, resulting 
in the release of NO and L-citrulline when reactive oxygen species (ROS) oxidize eNOS cofactors, such as 
BH₄. eNOS shifts to a monomeric form instead of dimeric; thus, becoming uncoupled. The superoxide 
anion (O₂⁻) is synthesised instead of NO, causing oxidative damage. L-Arg= L-arginine; CaM= calmodulin; 
L-Cit= L-citrulline; FAD= flavin adenine dinucleotide; Fe= haem; FMN= flavin mononucleotide; NADPH= 
nicotinamide adenine dinucleotide phosphate, BH₄= tetrahydrobiopterin (Maron and Michel, 2012). 

 

In addition to uncoupled eNOS, MPO is a haem protein secreted from activated 

macrophages. MPO causes inactivation of NO and serves as an enzymatic activator for 

pro-oxidant species, including hypochlorous acid, tyrosyl radicals, and nitrogen dioxide 

(Pignatelli et al., 2018; Daugherty et al., 1994). These species instigate the oxidation of 

LDL-C and HDL-C (Daugherty et al., 1994). Therefore, MPO can contribute in the 

atherogenesis process via catalysing oxidative reactions in the vascular wall (Daugherty 

et al., 1994). A study of a cohort of 156 patients with the symptomatic peripheral 

arterial disease (PAD) has shown that MPO is a strong independent predictor of 

vascular events, including myocardial infarction (MI) and stroke (Brevetti et al., 2007). 

Another enzyme that contributes to oxidative stress is NOX. NOX is the only enzyme 
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that produces ROS as a fundamental function and is the primary source of ROS 

production in vascular conditions (Zhang et al., 2018). There are several isoforms of 

NOX, of which NOX1, NOX2, NOX4, and NOX5 are expressed in the blood vessels 

(Zhang et al., 2018). NOX isoforms primarily produce O₂⁻ and H₂O₂, which are 

enhanced in pathological states like hypertension, hypercholesterolaemia, and DM 

(Zhang et al., 2018). Thus, Quesada et al. (2015) reported that specific NOX2 inhibitors 

significantly attenuate atherosclerotic plaques in mice fed with a high-fat diet 

(Quesada et al., 2015). Another source of ROS is XO, which is mainly found in 

endothelial cells (ECs), XO mediates xanthine oxidation and produces O₂⁻ and H2O2 as 

by-products (Zhang et al., 2018). Thus, it contributed to oxidative stress. 

There is evidence to signify the capacity of ROS in atherosclerosis; however, trials 

supporting the effectiveness of antioxidants are conflicting. For example, the 

WHO/MONICA project reported an inverse correlation between CV mortality and 

vitamin E plasma levels (Gey et al., 1991). However, Schürks et al. (2010), conducted a 

large meta-analysis on interventional trials in 118,765 patients using vitamins C and E, 

which demonstrated harmful effects such as enhanced haemorrhagic stroke or 

increased risk of all-cause mortality in patients treated with antioxidants, relative to 

control (Schürks et al., 2010). Therefore, randomised clinical trials are urged to test 

new treatment strategies and lifestyle modifications for oxidative stress modulation. 

1.1.2.2.1 The role of NRF2 in oxidative stress and atherosclerosis 

Nuclear factor erythroid-derived 2 p45-related factor 2 (NRF2, gene name NFE2L2) is a 

cap’n’collar transcription factor. NRF2 is an essential player in the inducible cell 

defence system (Suzuki et al., 2013). It is activated by oxidative stress and electrophilic 

compounds and mediates the activations of hundreds of genes, which represent 

approximately 1% of human genes (Mimura and Itoh, 2015; Suzuki and Yamamoto, 

2015; Cuadrado, 2015). These genes are involved in many biological effects, including 

redox homeostasis and drug metabolism (Cuadrado, 2015; Suzuki et al., 2013) (Table 

1.1). Under non-stressed conditions, the activity of NRF2 is suppressed by KEAP1 
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(Kelch Like ECH Associated Protein 1) (Mimura and Itoh, 2015). KEAP1 is an adaptor for 

Cullin 3 (Cul3) ubiquitin ligase, which is responsible for the ubiquitination and 

proteasomal degradation of NRF2 (Mimura and Itoh, 2015) (Figure 1.2). KEAP1 is also a 

redox sensor that senses harmful chemicals or ROS upon exposure (Cuadrado, 2015). 

This inhibits the activity of ubiquitin ligase of the KEAP1-Cul3 complex and stabilizes 

NRF2, causing the accumulation of NRF2 in the nucleus (Mimura and Itoh, 2015; Suzuki 

and Yamamoto, 2015). In the nucleus, NRF2 heterodimerises with small 

musculoaponeurotic fibrosarcoma proteins (sMaf) and binds to antioxidant responsive 

elements (ARE). This is leading to the transcription of cytoprotective genes (Mimura 

and Itoh, 2015). 

 
Table 1.1 A selection of NRF2 target genes.  
 (Suzuki et al., 2013; Jung et al., 2013; Rinaldi Tosi et al., 2011).  

Function  Symbol Full name 

Synthesis and conjugation of 

glutathione 

GCLC Glutamate–cysteine ligase, 

catalytic subunit 

GCLM Glutamate–cysteine ligase, 

modifier subunit 

GSR Glutathione reductase 

Antioxidant PRDX1 Peroxiredoxin 1 

TXNRD1 Thioredoxin reductase 1 

Drug metabolizing enzyme and 

transporter 

NQO1 NAD(P)H dehydrogenase, 

quinone 1 

Haem and iron metabolism HMOX1 Haem oxygenase (decycling) 1 

Drug detoxification AKR1C1 Aldo-Keto Reductase Family 1 

Member C1 

AKR1B10 Aldo-Keto Reductase Family 1 

Member B10 

Protection against stress and 

apoptosis  

HSP70 70 kilodalton heat shock protein 
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Figure 1.2 The KEAP1 and NRF2 complex.  
Under oxidative stress conditions, NRF2 mediates the expression of cytoprotective genes. In an 
unstressed state, NRF2 undergoes degradation in a KEAP1-dependent manner by the ubiquitin (Ub)–
proteasome pathway. Single NRF2 molecules bind to the KEAP1 homodimer through two binding sites 
utilising DLGex and ETGE motifs. Each motif binds individually to a pocket-like site in the DC (double 
glycine repeats and C-terminal) domain in KEAP1. Lysine residues (K), which lie between the two motifs 
represent the targets of ubiquitination. Inducers of NRF2, including drugs or ROS, modify cysteine 
residues (Cys), causing inactivation of KEAP1, and stabilisation of NRF2. NRF2 translocates to the nucleus 
and heterodimerises with small Maf proteins (sMaf) before binding to the antioxidant response element 
(ARE) and activating target cytoprotective genes. Ub= ubiquitin; DC= double glycine repeats and C-
terminal; KKK= lysine residues; Cys= cysteine residues; sMaf= small Maf protein; ARE= antioxidant 
response element. Adapted from (Suzuki and Yamamoto, 2015). 

 

NRF2 has been shown to mediate the early and late stages of atherosclerosis, as 

observed in genetically engineered animals (Mimura and Itoh, 2015). Oxidative stress 

and high blood lipid concentration cause the production of lipid peroxides, which is a 

risk factor for atherosclerosis (Mimura and Itoh, 2015). Interestingly, some of the lipid 

peroxides such as oxLDL activate NRF2 through modulation of the CD36 scavenger 

receptor expression in murine macrophages (Ishii et al., 2004). CD36 is involved in the 

initiation of atherosclerosis by enhancing the uptake of oxLDL and foam cell formation 

(Mimura and Itoh, 2015). NRF2 has also been shown to induce antithrombotic effects 

in experimental mice through its target genes, which include HMOX1, glutathione 

hormone (GSH), GCLC, GCLM, and PRDX1 (Mimura and Itoh, 2015). Therefore, NRF2 
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increases the expression of target genes, which has anti-atherogenic effects via 

decreasing oxidative damage and inflammatory process. However, in the late stages of 

atherosclerosis, NRF2 has been shown to accelerate the progression of atherogenesis 

in Apoe⁻/⁻ mice, while NRF2 deficiency in knockout mice with high LDL-C levels affects 

both the early and the late stages of atherogenesis (Mimura and Itoh, 2015). This 

suggests that NRF2 causes both pro- and anti-atherogenic effects in experimental 

animals. However, it is unknown whether this dual effect of NRF2 observed in animal 

models is conserved in humans (Mimura and Itoh, 2015). 

Additionally, NRF2 is a flow-mediated transcriptional regulator shown to be activated 

by laminar shear stress, which is an atheroprotective flow in cultured ECs. In vivo, 

Nfe2l2 is discriminatingly expressed in athero-resistant regions of the aorta (Dai et al., 

2007). Endothelial NRF2 exerts a protective role through suppression of tumour 

necrosis factor-alpha (TNF-α)-induced adhesion molecules and anti-atherogenic effects 

in response to laminar shear stress (Mimura and Itoh, 2015). This further suggests the 

critical role of NRF2 as master regulators of the protective endothelial phenotype 

(Gimbrone et al., 2016). 

Interestingly, the KEAP1–NRF2 pathway is an attractive target for drug therapy for 

diseases related to oxidative stress (Suzuki et al., 2013). NRF2⁻/⁻ mice have been 

shown to have decreased levels of cellular defence genes, making them prone to drug-

induced toxicity and oxidative stress-related diseases, including HF and cancer (Suzuki 

et al., 2013). Trials are ongoing to identify and develop NRF2 activators for therapeutic 

use. Bardoxolone methyl, an NRF2 activator, has shown promising results in phase II 

clinical trial for RF in patients with T2DM; however, a phase III trial was terminated in 

2012 due to undisclosed adverse side-effects (Suzuki et al., 2013). Contrary to this 

finding, a phase II trial for dimethyl fumarate induced NRF2 activation and has so far 

shown to be safe and effective in treating multiple sclerosis (Linker et al., 2011). Foods 

rich in sulforaphane such as broccoli, cabbage, and kale are a potent activator for 

NRF2, which can be accepted as a complementary medicine (Houghton et al., 2016). 
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1.1.2.3 Inflammation  

Oxidative stress and inflammation are closely interrelated, working hand in hand in the 

dysfunction of the endothelium. Oxidative stress induces vascular inflammatory 

mediators and mobilises inflammatory cells to the subendothelial space. Inflammation 

is associated with the increased expression of inflammatory cytokines, including TNF-α 

and Interleukin-1 (IL-1) (Ramji and Davies, 2015). These cytokines prompt ECs to 

express adhesion molecules and chemotactic molecules resulting in endothelial 

activation (reviewed in (Ramji and Davies, 2015)). Activated endothelium sequentially 

creates a positive feedback loop by promoting and releasing pro-inflammatory 

markers, including adhesion and chemotactic molecules (Geovanini and Libby, 2018; 

Siti et al., 2015). This is the point at which the classic pathophysiology of 

atherosclerosis begins. Therefore, atherosclerosis is recognised as a chronic 

inflammatory disorder initiated by CV risk factors (Ramji and Davies, 2015). 

Atherosclerosis is orchestrated by various inflammatory cytokines (Ramji and Davies, 

2015). Cytokines are groups of low-molecular-weight proteins divided into several 

classes, such as the interleukins (IL), chemokines, and TNF (Ramji and Davies, 2015) 

(Table 1.2). Cytokines are expressed in atherosclerotic plaques and cells involved in the 

disease (Ramji and Davies, 2015). Cytokines regulate all stages of atherosclerosis, 

including ED, recruitment, and migration of immune cells, modification of LDL-C, the 

formation of foam cells, foam cell apoptosis, plaque rupture, thrombosis, and 

ultimately stroke and MI (Geovanini and Libby, 2018; Ramji and Davies, 2015). For 

example, TNF-α titres have been reported to intensify the production of ROS and 

promote LDL oxidation (Bilenko et al., 2003). Chemokines play a particular role in the 

recruitment and transmigration of monocytes, where they interact with the receptors 

that are expressed on the surface of monocytes (Ramji and Davies, 2015). 

Furthermore, inflammation contributes to large arterial stiffening, which is related to 

oxidative stress, ED, and atherosclerosis (Mozos et al., 2017).  

Indeed, attenuation of cytokine-mediated inflammation and enhancing the actions of 

anti-inflammatory cytokines offer a potential therapeutic avenue. Statins, for example, 
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attenuate signalling and gene expression induced by specific cytokines, at least 

regarding its recognised beneficial effects (Li et al., 2011). Many other anti-

inflammatory therapies targeting cytokine pro-thrombogenic actions are currently 

being evaluated (Geovanini and Libby, 2018; Ramji and Davies, 2015). In a recent large 

randomized controlled trial (RCT), canakinumab, an anti-inflammatory therapy, which 

targets primarily IL-1β significantly reduced the rate of recurrent CV events relative to 

placebo (Ridker et al., 2017). 

 
Table 1.2 Examples of inflammatory cytokines. 

Cytokine Cell source Overall effect 

IL-1α Monocytes/macrophages Pro-inflammatory 

IL-1β Monocytes/macrophages Pro-inflammatory 

IL-1RA Monocytes/macrophages Anti-inflammatory 

IL-6 T cells, B cells, monocytes, polymorphonuclear cells Pro/anti-inflammatory 

IL-10 Monocytes/macrophages, T cells, B cells, Anti-inflammatory 

TNF-α Macrophages, natural killer cells, T cells Pro-inflammatory 

 

1.1.3 Current therapies to prevent cardiovascular diseases 

It is vital to maintain a low lifetime risk of CVD through preventing or controlling the 

development of CV risk factors, beginning in youth in order to enhance the quality of 

life and prolong survival. WHO estimates that approximately 80% of premature CVD is 

preventable, and amelioration of coronary risk factors can reduce the mounting CVD 

burden on both patients and health providers. Prevention is classified as primary when 

targeted to treat people with no established CVD, but who might be at risk of 

developing CV events in the future. Secondary prevention involves treating those with 

established CVD. In this section, only primary prevention will be covered as it will serve 

the scope of this project. 

Primary prevention usually targets CV risk factors, which aims to improve EF and 

therefore limits CVD risk. According to the current guidelines, these primary 

preventive measures include lifestyle modifications. This can be achieved through 
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exercise, diet, smoking cessation, weight optimisation, and alcohol intake control 

(Stewart et al., 2017). 

1.1.3.1 Lifestyle modifications 

Exercise has been continuously shown to improve endothelial vasomotor function in 

human and animal studies in healthy and diseased states (Pagan et al., 2018). 

Exercising increases wall shear stress, which then improves vascular homeostasis by 

decreasing the production of ROS and increasing the availability of NO in ECs (Durand 

and Gutterman, 2014). Recommendations by the National Institute for Health and 

Care Excellence (NICE) for exercise includes 75 to 150 minutes of vigorous to 

moderate-intensity aerobic activity per week, and at least two strengthening activities 

per week. A sedentary lifestyle, on the other hand, is associated with obesity as well as 

ED, increased oxidative stress, and increased systemic inflammatory markers 

(Widlansky et al., 2003). 

The dietary recommendation includes high fibre, fruit and vegetable intake, and a low 

sugar and salt diet. A high-fat diet, especially one high in saturated fat, was markedly 

associated with impaired EF in young overweight adults, thus increasing the risk of 

developing CVDs (Lambert et al., 2017) while a healthy diet was shown to improve EF 

and inflammatory biomarkers in subjects with CVD risk factors (Van Bussel et al., 

2015).  

Smoking cessation has short and long-term benefits regardless of smoking length or 

intensity, and nicotine replacement therapy can help achieve this. One year of smoking 

cessation was found to improve EF as measured by flow-mediated dilatation (FMD) in 

heavy smokers (Johnson et al., 2010). 

Concerning alcohol, low to moderate levels of alcohol consumption are associated 

with a lower risk for CVD (Ronksley et al., 2011). This might be explained by the 

increased metabolism of glucose, lipids, and modification of inflammation and 

haemostasis (Djoussé et al., 2009). There is no cut off level above which alcohol intake 

becomes unsafe; nonetheless, high levels are deleterious. 
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1.1.3.2 Pharmacological options 

Treatments are also available to control coronary risk factors for individuals as primary 

prevention of CVDs. Hypercholesterolaemia is an independent risk factor for future 

CVDs. 3-Hydroxy-3-methyl-glutaryl-coenzyme A reductase inhibitors, known as statins, 

are lipid-lowering drugs and are the first-choice agent to reduce plasma LDL-C, and 

therefore reduce CVD risk (Taylor et al., 2009). It is approved by the Food and Drug 

Administration (FDA) and can be used for primary prevention along with dietary 

modifications to prevent CVD events in subjects with coronary risk factors and 

abnormal lipid profiles. This drug has been used since the 1980s and is one of the most 

commonly prescribed medications worldwide. It has been shown to reduce the levels 

of LDL-C, which is an atherogenic sub-fraction of serum lipids that have a strong 

correlation with CVD risk (Stewart et al., 2017). Statins are approved to reduce the risk 

of angina, MI, and stroke. However, 5-10% of the subjects taking statins experienced 

side effects, which include arthralgia, dyspepsia, diarrhoea, nausea, nasopharyngitis, 

insomnia, urinary tract infection, and pain in the extremities (Stewart et al., 2017; 

McIver and Siddique, 2019). Statins have been extensively researched; given the side-

effects, there is controversy regarding the use of statins for the prevention of CVDs, 

resulting in a reluctance to use from medical professionals. 

In hypertension, every 20mmHg increase in systolic blood pressure (SBP), or a 

10mmHg increase in diastolic blood pressure (DBP), doubles the risk of CVD events 

(Lewington et al., 2002). Treating hypertension causes a significant decrease in CVD 

events. For the population who do not receive antihypertensive treatment, in which 

their blood pressure (BP) is in the upper range of healthy, they can maintain their BP 

by reducing the dietary salt intake. The recommended daily salt intake, according to 

the current guidelines, ranges between 2.4 – 6 g (Stewart et al., 2017). However, the 

majority of subjects with high BP require a combination of antihypertensive drugs for 

optimal control (Lewington et al., 2002). The drugs prescribed for hypertension include 

angiotensin-converting enzyme inhibitor, angiotensin receptor blocker, calcium 

channel blocker, thiazide, and beta-blocker.  
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DM is another traditional risk factor for CVD, and prediabetic individuals with impaired 

fasting glucose are at a significant risk of DM progression and CVD development 

(Sarwar et al., 2010). In the case of DM, a reduction of blood glucose is shown to 

reduce CVD risk (Stratton et al., 2000). However, there is no concrete evidence 

regarding the health benefits of early treatment in prediabetes (Bansal, 2015). Recent 

evidence has proven that oral hypoglycaemic agents from the sodium/glucose 

transporter 2 inhibitors (SGLT2) in T2DM significantly reduce all-cause mortality by 

32%, CVD deaths by 28%, and HF by 35% relative to a placebo (Zinman et al., 2015). 

Similarly, the CANVAS trial (Neal et al., 2017), has shown that subjects with DM treated 

with an SGLT2 inhibitor agent had a lower risk of CV events and mortality compared 

with the placebo group; however, they are at higher risk of amputation. Side effects of 

this medication consist of diabetic ketoacidosis, genital, and urinary tract infections, 

cancer, bone fracture, and foot and leg amputation (Singh and Kumar, 2018). 

Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) also shown to have a 

cardioprotective role through glycaemic control, weight loss, and improvement in 

blood pressure (Jia et al. 2018). Furthermore, metformin was shown to reduce CV and 

all-cause mortality in T2DM subjects (Han et al. 2019). The last two drugs are 

associated with gastrointestinal side effects (Prasad-Reddy and Isaacs 2015; 

Bouchoucha et al. 2011). 

Regarding the antiplatelet therapy, it is not recommended for primary prevention in 

individuals without comorbidities as it increases the risk of bleeding. In a recent meta-

analysis, antiplatelet therapy using aspirin was not associated with reduced CV 

mortality, and the risk of bleeding outweighs its benefits (Gelbenegger et al. 2019). 

Finally, the use of antioxidants provides a compelling argument for the decrease of 

CVD as substantial evidence has been established regarding the involvement of 

oxidative stress in the pathogenesis of atherosclerosis. Both past and current trials 

suggested the effectiveness of dietary or endogenous synthesised antioxidants 

including vitamin C, vitamin E, uric acid, GSH, phenolics, flavonoids and thiol 

compounds in detoxifying ROS and thus protecting against vascular diseases (Levine et 
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al., 1996; Timimi et al., 1998; Solzbach et al., 1997; Zhang et al., 2018; Stocker and 

Keaney, 2004; Siow et al., 2007). However, the vast majority of clinical trials studied 

over 20 years on the effect of supplemental antioxidants on CVD incidents failed to 

prove that this intervention works (Leopold, 2015; Varadharaj et al., 2017). Thus, the 

use of antioxidants to reduce CVD risk is controversial and needs further 

investigations. 

Primary prevention through lifestyle modifications is perceptively effective in lowering 

the risk of CVD. Furthermore, lifestyle adjustments are distinct and recognisable over 

time. However, subjects might not adhere to those modifications as the surrounding 

culture may not support them. Treatment use is useful, as well. Nevertheless, there is 

a lack of evidence for using certain drugs, and the debate regarding the benefit-risk 

ratio is ongoing. Research is evolving, and the prevention of CVD is an endeavour that 

must be continued. 

1.2 Micro-Circulation and Macro-Circulation 

Abnormalities in the vascular reactivity in both microcirculation and macrocirculation 

are established in CVDs. Therefore, measuring the reactivity of the circulation serves as 

a surrogate tool to examine the contribution of pathologies and to test the efficacy of 

new treatment modalities in research settings. For example, micro and 

macrocirculation can be used to measure EF, while macrocirculation itself is used to 

assess arterial stiffness.  

Blood vessels connect the heart to all body organs. Blood vessel walls generally consist 

of three layers; the inner layer (tunica intima) consists of a monolayer of ECs mounted 

on a basal lamina; the middle layer (tunica media) predominantly contains smooth 

muscle cells and elastic fibres; and the outer layer (tunica externa) almost entirely 

consists of fibro-elastic connective tissue (Figure 1.3) (Pugsley and Tabrizchi, 2000).  
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Figure 1.3 General structure of the vascular wall (cross section).  
The arterial wall consists of three layers: tunica intima, which contains endothelial cells and internal 
elastic membrane; tunica media, containing vascular smooth muscle cells and external elastic 
membrane; and tunica externa or tunica adventitia which contains perivascular adipose tissue cells, 
fibroblast cells, collagen fibres, and nerve endings. The relative ratios of elastic fibres, collagen and 
smooth muscle cells vary significantly between the arterial and venous vascular wall. Arterial walls tend 
to be `thicker' than veins. Figure adapted from (Zhao et al.,  2015). 
 

The macrocirculation consists of big vessels; they are arteries and veins. Arteries 

mainly supply organs with blood. The arterial wall is thicker than other vessels owing 

to the high pulse pressure (PP). According to function and location, arteries are divided 

into conducting arteries, conduit arteries, and resistance arteries (Sandoo et al., 2010). 

Conducting arteries such as the aorta and pulmonary artery are the largest arteries in 

the body; they are highly elastic and contain fewer collagen fibres. This serves as a 

buffering reservoir allowing the artery to expand and recoil to dampen the oscillatory 

changes in BP caused by ventricular contractions (Sandoo et al., 2010). This also helps 

to store blood during systole and expel blood during diastole, keeping continuous 

steady blood flow in the capillaries. Conducting arteries bifurcate into conduit arteries 

that are responsible for directing the blood to different body regions; examples of 
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these arteries are the brachial, radial, and femoral arteries (Pugsley and Tabrizchi, 

2000). The conduit arteries give rise to the resistance arteries, which form part of the 

microcirculation. The microcirculation is a complex network consisting of resistance 

arterioles, capillaries, and venules. It is involved in exchanging oxygen, nutrients, 

hormones, and waste between the bloodstream and the surrounding tissue (Den Uil et 

al., 2008). Arterioles branch out from larger arteries leading to capillaries, arterioles 

represent the resistive component of the microcirculation, and they are responsible 

for adequately perfusing tissues with blood (Figure 1.4). Arterioles can change their 

calibre and peripheral resistance and thus maintain mean arterial BP. Therefore, the 

arteriolar wall is enriched with smooth muscle cells, which are highly innervated by the 

sympathetic nervous system to regulate blood flow to the tissues by allowing the 

arterioles to dilate or constrict under sympathetic control (Sandoo et al., 2010). VSMCs 

are also regulated by the fractional force of the flowing blood (shear stress) and the 

metabolic need of the tissues (Den Uil et al., 2008). Capillaries, on the other hand, 

consist of a single layer of epithelium and a basement membrane; this histology 

facilitates the diffusion of molecular nutrients, gases, and other metabolic bio-

products between blood and tissues. 

The blood then flows into venules, where further gaseous exchange takes place 

(Sandoo et al., 2010). Venules also maintain capillary hydrostatic pressure ensuring a 

stable exchange of substances within the tissue and the delivery of deoxygenated 

blood back to the heart (Jackson, 2012). The venules then drain into the peripheral 

veins and then to the vena cavae. The pressure in veins is lower than in arteries, and so 

veins have a thinner wall that is more compliant than arterial walls (Sandoo et al., 

2010). It can accommodate large blood volumes with a small increase in BP (Sandoo et 

al., 2010). Venous return is regulated by several factors, including the skeletal muscle 

pump, respiratory pump, activation of sympathetic nerves, and venous valves (Sandoo 

et al., 2010). These enable the blood within the veins to return to the heart by allowing 

the smooth muscle to constrict and increase the BP while the valves maintain the 

single direction of the flowing blood and prevent backflow (Sandoo et al., 2010). 
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Figure 1.4 Structure of the microcirculation 
 

1.2.1 Endothelial structure  

The endothelium is the innermost lining of the blood vessels and the lymphatic 

system. It is composed of a thin monolayer of squamous cells referred to as ECs. 

Vascular ECs line the whole circulatory system from the heart to the smallest 

capillaries; they are typically aligned and elongate towards the blood flow direction. 

ECs form an interface between the vascular wall and bloodstream, which makes direct 

contact with the blood. Their anatomical location principally allows the interaction 

with the circulating blood components as well as with the cells in the vascular wall 

(Cahill and Redmond, 2016). 

It was once thought that the endothelium was merely a barrier separating the blood 

from the vascular wall, however, now it is viewed as an organ, of which normal 

function is essential in maintaining vascular health. Endothelium responds to humoral, 

neural, and haemodynamic stimuli. It influences the behaviour of other cell types in 

the bloodstream by regulating platelet function, inflammatory responses as well as 

within vascular wall by modulating vascular tone through synthesising and releasing 

vasoactive substances. Challenging these cells with noxious stimuli such as certain 
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bacterial products (e.g., endotoxins), initiate a coordinated programme of gene 

activation, causing a reversible alteration in many of the vital functional properties, 

presumably serving as an adaptive response (Gimbrone et al., 2016). ED, on the other 

hand, causes multiple non-adaptive alterations in the normal functional phenotype of 

ECs, which contributes to the pathogenesis of CVD, causing disease initiation and 

progression, and clinical complications. Thus, current therapies are directed toward 

improving EF. 

1.2.2 Haemodynamic forces 

The pulsatile flowing blood generates haemodynamic forces in the form of shear stress 

and cyclic strain on the vascular wall, including the endothelium. Shear stress is the 

parallel frictional force acting chiefly on the ECs surface, whereas cyclic strain 

presented by the BP acts perpendicular to the vascular wall and affects both VSMCs 

and ECs as well as the underlying matrix (Davies, 1995). Haemodynamic forces are 

indispensable physiologic stimuli for the endothelium to regulate the function of ECs, 

the behaviour of smooth muscle, and the interaction of ECs with vascular and blood 

constituents (Cahill and Redmond, 2016). Thus, disturbances in these forces are 

believed to intensely influence atherogenesis (Cahill and Redmond, 2016). Blood flow 

is substantially laminar throughout the vasculature; however, the flow pattern is not 

uniform. Steady and unidirectional blood flow is detected in straight parts of arteries, 

which also has high wall shear stress, while at bifurcation points and major curvature-

arterial geometries, blood flow is disturbed or oscillatory with low shear stress. 

Haemodynamic forces induce genetic regulatory programs that modulate EF. It is 

accepted that sections of the arterial tree with disturbed flow patterns are prone to 

atherogenic lesions, whereas those with steady high flow patterns favour the 

expression of atheroprotective endothelial genes (reviewed in (Heo et al., 2014)). 

Strikingly, ECs in the regions of laminar blood flow exhibit an elongated shape aligned 

with the long axis in the direction of the flow, whereas a round shape and non-uniform 

orientation of ECs are present in segments exposed to disturbed flow (Figure 1.5) 
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(Langille and Adamson, 1981). In addition to this morphological pattern, 

haemodynamic forces generally influence every aspect of EF, including endothelial cell 

proliferation, angiogenesis, vascular tone, anti-oxidation, anti-thrombosis, and 

prevention of platelet aggregation (Cahill and Redmond, 2016).  

 

 

Figure 1.5 Alignment of endothelial cells by blood flow in vitro.  
(A) Before exposure to blood flow. (B) After exposure to blood flow for 24 hours in the 
direction of the indicated arrow. The picture was taken from (van Setten et al., 1996). 

 

ECs thus express special mechanotransducers in order to respond to these mechanical 

forces and convert them into biochemical responses such as ion channels, cell 

adhesion molecules, and the glycocalyx (Cahill and Redmond, 2016). Endothelial 

glycocalyx, for instance, is situated on the luminal surface of the ECs, and acts as a 

mechanotransducers of the haemodynamic forces; for example, it inhibits leukocytes 

adhesion and coagulation through shear stress-induced NO release (Yilmaz et al., 

2019). Therefore, animals with mechanotransducers' deficiencies have increased 

atherosclerotic plaques compared to those without deficiencies (Cahill and Redmond, 

2016). Interestingly, an in-vitro experiment utilising human ECs found that 

atheroprotective flow robustly activated the transcription factor NRF2 (Gimbrone and 

García-Cardeña, 2013). Also, redox-related genes regulated by NRF2 were upregulated, 
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including HMOX1, ferritin heavy chain, NAD(P)H dehydrogenase, quinone 1, and 

thioredoxin reductase (TXNRD1) (Gimbrone and García-Cardeña, 2013). 

1.2.3 Endothelial function 

One of the basic functions of the endothelium is acting as a selective barrier allowing 

the permeability and transportation of macromolecules between the vascular lumen 

and vascular smooth muscle. This is achieved by transcellular vesicles and intercellular 

junctional complexes (Cahill and Redmond, 2016). Various factors, both physiological 

and pathological, seem to influence endothelial cell permeability. These include 

haemodynamic forces, inflammatory mediators, bacterial endotoxin, and a high-fat 

diet (Cahill and Redmond, 2016). Increased macromolecule permeability is found to 

reduce wall shear stress, and the tangential frictional force exerted by flowing blood 

(LaMack et al., 2005), while limitation of permeability is classified as an 

atheroprotective mechanism inducing high shear stress and laminar flow (Berk et al., 

2002). As described previously, vascular segments exposed to low, disturbed, or 

oscillating flow are recognised to develop atherosclerotic lesions, while laminar flow 

and high shear stress are atheroprotective (Berk et al., 2002). Factors known to 

maintain the endothelial barrier function include HDL-C and exercise (Whyte et al., 

2010). The effect of exercise on maintaining the endothelial barrier function comes 

from increased blood flow and shear stress, which also causes the release of the vaso-

protective molecules, NO and prostacyclin (PGI2) (Cahill and Redmond, 2016). 

The endothelium regulates vascular tone and hence BP by synthesising and releasing 

vasodilative and vasoconstrictive agents. In 1980, Furchgott and Zawadski first 

described the role of vascular ECs in vasorelaxation mediated by a potent humoral 

factor (Furchgott and Zawadzki, 1980), later known to be an endothelial-derived 

relaxing factor (EDRF). Seven years later, EDRF was identified to be chemically 

indistinguishable from endogenous NO (Palmer et al., 1987). NO is synthesised from 

the amino acid precursor L-arginine by eNOS, yielding L-citrulline as a by-product. This 

requires the presence of several cofactors, including calcium, calmodulin (CaM), 
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NADPH, and other electron donors (Moncada and Higgs, 1991; Gornik and Creager, 

2004). Substituted arginine analogues such as L-arginine methyl ester (L-NAME) act as 

competitive inhibitors of eNOS, thus are used extensively in investigating NO 

metabolism (Moncada and Higgs, 2006). ECs regulate vasomotor tone and preserve 

the non-thrombogenic status of the vascular lining by producing basal levels of NO. NO 

is metabolised rapidly into nitrite and nitrate in the presence of oxygen with a half-life 

of about 3 to 5 seconds; free radicals shorten the half-life, and conversely prolonged 

by free radical scavengers (Katz, 1995). NO rapidly diffuses across biological 

membranes to the adjacent VSMCs of conduit arteries, resistance arterioles, and veins, 

where it stimulates soluble guanylyl cyclase leading to a profound increase in 

intracellular cyclic guanosine monophosphate (cGMP), thus resulting in vascular 

relaxation and consequent vasodilation (Figure 1.6) (Moncada and Higgs, 1991; Katz, 

1995). In addition to vasodilation, NO actions extend to circulating blood platelets and 

leukocytes, causing anti-proliferative, antioxidant, and anti-inflammatory effects, thus 

protecting the vessels from atherogenesis.   
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Figure 1.6 The endothelial nitric oxide synthase pathway: production and function 
of nitric oxide. 
Endothelial cells produce nitric oxide (NO) from L-arginine via endothelial nitric 
oxide synthase (eNOS) in response to mechanical forces from blood flow and 
agonists such as acetylcholine. When NO is generated, it rapidly diffuses from the 
endothelial plasma membrane and activates guanylate cyclase within different 
blood and vascular wall components. In the platelets, this results in inhibition of its 
activation, adhesion, and aggregation. In red blood cells (RBCs), NO reacts with 
haemoglobin and enhances oxygen delivery to the surrounding tissue. Activation of 
guanylate cyclase in the leukocytes causes a reduction in adhesivity. NO induces 
vasodilation in vascular smooth muscle by dephosphorylation of myosin light chain. 
Exposure to chronic laminar shear stress results in the basal production of NO 
through transcriptional upregulation of eNOS. Adapted from (Gimbrone et al., 
2016). 

 

Other actions of NO are mediated by S-nitrosylation. S-nitrosylation has been shown to 

reversibly modify the function of target proteins, which are demonstrated to modulate 

important cellular physiological processes such as cellular proliferation, apoptosis, 

exocytosis, ion channel activity, blood flow, and oxygen delivery (Gimbrone et al., 

2016). As previously mentioned, shear stress upregulates eNOS in the endothelium, 

which is a non-receptor agonist and a potent stimulus. Other stimulants include 

receptor-mediated agonists such as bradykinin and ACh (Govers and Rabelink, 2001) 

(Figure 1.7). Physical exercise exerts a beneficial effect on CVD, which is believed to be 
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partly due to increasing NO bioavailability (Schuler et al., 2013). Contrarily, coronary 

disease risk factors such as hypercholesterolemia, smoking, and DM are linked with 

reduced NO in the arterial wall (Yetik-Anacak and Catravas, 2006). Indeed, the term 

‘endothelial dysfunction’ is synonymous with the reduced biological activity of NO. 

Therefore, therapies aim to prevent atherosclerosis via enhancing NO bioavailability 

and release. Another important endothelial-derived vasodilator is PGI2, which is 

considered as an atheroprotective agent, like NO, it is stimulated by shear stress 

(Okahara et al., 1998). PGI2 is synthesised from arachidonic acid by cyclooxygenase-2 

(COX-2). 

In contrast to NO, PGI2 does not seem to contribute to maintaining the basal vascular 

tone of large conduit arteries. Nonetheless, COX-2-derived prostaglandins play a 

compensatory role in patients with decreased NO bioavailability (Szerafin et al., 2006). 

PGI2 also exerts important platelet inhibitory effects synergistically with NO, inhibiting 

leukocyte adhesion, and VSMCs proliferation (Cahill and Redmond, 2016). A 

vasodilator response that persists when inhibiting both NO and PGI2 is attributed to 

EDHF, which causes hyperpolarisation of vascular smooth muscle via increasing 

potassium (K⁺) conductance, thereby causing a decrease in intracellular K⁺ and 

depolarisation of the cell and relaxation (Cahill and Redmond, 2016).  
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Figure 1.7 The nitric oxide pathway.  
Shear stress, a mechanical stimulus, and chemical stimuli such as ACh activate the 
eNOS pathway by releasing intracellular calcium. eNOS requires co-factors, which 
include calmodulin, NADPH, FAD, and BH₄. eNOS produces NO. NO diffuses from 
the endothelium to the vascular smooth muscle, where it acts on GC increasing 
cGMP and vasodilation. NADPH=nicotinamide adenine dinucleotide phosphate; 
FAD=flavin adenine dinucleotide; BH4=tetrahydrobiopterin; Ca⁺⁺=calcium; 
eNOS=endothelial nitric oxide synthase; NO=nitric oxide; GTP=guanosine 
triphosphate; GC=guanylate cyclase; cGMP=cyclic guanosine 3’, 5-
monophosphate. Adapted from (Gornik and Creager, 2004). 

 

Vasoconstrictors, on the other hand, include endothelin-1, angiotensin-II, and 

vasoconstrictor prostaglandins. They oppose the action of the endothelial-derived 

vasodilators (NO, PGI2, EDHFs). Crosstalk between endothelin, NO, and prostacyclin 

control vascular tone (Galley, 2004). The dominant pathway is in favour of the 

vasodilatory response, overriding the influence of vasoconstrictors. 

The endothelium also keeps the lining of the blood vessels in a non-thrombogenic 

condition. In physiologic conditions, the endothelium maintains the fluidic status of 

the flowing blood by entering an anticoagulant and fibrinolytic state; its luminal 

surface does not allow the activation of the intrinsic coagulation cascade or 

stimulation of platelet adhesion (Chesterman, 1988). However, injury to the 

endothelium causes the activation of a cascade of biochemical and molecular reactions 

favouring blood clotting and vessel wall repair (Cahill and Redmond, 2016). ED, on the 

other hand, disturbs the haemostatic balance of thrombotic and fibrinolytic states, 
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causing altered blood fluidity, which may lead to pathological bleeding or clot 

formation at sites of vascular injury (Cahill and Redmond, 2016). 

One of the main functions of the endothelium is angiogenesis, a process of new blood 

vessel formation sprouting from a pre-existing one. It is a vital process during growth, 

development, and wound healing. It includes several well-characterised stages. 

Angiogenesis is triggered by both mechanical stimuli such as shear stress and chemical 

stimuli, angiogenic proteins, including growth factors, for example, vascular 

endothelial growth factor (VEGF) (Prior et al., 2004; Sumbria and Fisher, 2017). ECs 

also play an essential role in the following physiological processes: cell survival and 

apoptosis, leukocyte trafficking, antigen presentation, and innate immunity (Aird, 

2013). 

1.3 Endothelial Dysfunction and cardiovascular diseases  

Under physiological conditions, ECs maintain normal vessel tone and fluidity of the 

blood, with little to no expression of proinflammatory factors. However, chronic 

exposure to CV risk factors increases the harmful circulating stimuli, which overwhelms 

the defence mechanisms of the vascular ECs, thus compromising their integrity leading 

to ED (Deanfield et al., 2007). There is mounting evidence defining ED as one of the 

main pathophysiological links between CV risk factors and the development of 

atherosclerosis (Yang et al., 2010). 

Förstermann and colleagues were the first to describe reduced vasodilation in 

response to ACh, an endothelial-dependent vasodilator (Förstermann et al., 1988). 

This was found in segments of the epicardial coronary artery that were removed from 

the explanted hearts of patients with cardiomyopathies at the time of cardiac 

transplantation (Förstermann et al., 1988). Following this, several studies in animal 

models with congestive heart failure (CHF) reported the decrease in agonist-mediated 

and flow-induced vasodilation in the resistance vessels of the coronary circulation 

(Kaiser et al., 1989; Wang et al., 1994). Competitive L-arginine-based inhibitors 
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increase vascular resistance and thus increase BP and decrease blood flow (Hobbs et 

al., 1999). Furthermore, eNOS-deficient mice are hypertensive and were found to 

display increased endothelial-leukocyte interactions, platelet aggregation, and 

accelerated development of atherosclerosis (Huang et al., 1995; Kuhlencordt et al., 

2004; Kuhlencordt et al., 2001). These studies suggest an alteration of the function 

offered by the endothelium “endothelial dysfunction”. The term ED describes the 

extensive alteration in endothelial phenotype in the lesion-prone areas of arteries 

causing systemic pathological conditions of the endothelium’s functional properties, 

such as altered anticoagulant and anti-inflammation; this represents an early stage of 

atherosclerosis (Gimbrone, 1995). This is commonly described by the deterioration in 

NO availability; the impaired endothelium-dependent vasodilation loses its vaso-

protective actions (Cai and Harrison, 2000). Various studies in humans have shown 

that traditional risk factors are linked to ED, causing a morphological atherosclerotic 

change that contributes to clinical complications. These traditional risk factors are 

associated with diminished production or availability of NO, producing an imbalance 

between endothelium-derived relaxing and contracting factors, partly explaining the 

predisposition to atherosclerosis in these patients.  

In a classic study, patients with advanced atherosclerosis in the coronary arteries have 

shown dose-dependent vasoconstriction in response to graded concentrations of ACh, 

while subjects with healthy coronary arteries exhibited vasodilation (Ludmer et al., 

1986). However, vasodilation, in response to nitroglycerin, was seen in all subjects 

(Ludmer et al., 1986). This study suggested a deficiency in endothelial NO production 

or its bioavailability in subjects with atherosclerosis. Decreased NO bioavailability may 

be caused by several pathways: decreased expression of eNOS (Wilcox et al., 1997), 

absence of cofactors for eNOS (Pou et al., 1992), modifications in cellular signalling as 

seen in eNOS inappropriate activation (Shimokawa et al., 1990), or increased NO 

degradation by ROS (Ogita and Liao, 2004). The traditional CV risk factors usually 

initiate these molecular mechanisms in addition to emerging risk factors such as 

inflammation, certain infections, and genomic variability (Jamaluddin et al., 2014). 
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One of the critical aspects of decreased NO bioavailability is oxidative stress. Under 

physiological conditions, endogenous antioxidants protect against oxidative stress by 

eliminating the interaction between O₂⁻ and NO. However, this balance is altered in a 

disease state. Evidence from several studies revealed that oxidative stress is involved 

in the initiation and progression of numerous vascular diseases, including 

atherosclerosis, leading to vascular remodelling. Studies show that rabbits  with 

hypercholesterolaemia have severely impaired endothelium-dependent vaso-

relaxation caused by a lack of NO production (Cai and Harrison, 2000). Treatment with 

polyethylene-glycolated-superoxide dismutase, an antioxidant, markedly enhanced 

endothelium-dependent vasodilation (Mügge et al., 1991). The same observation is 

seen when this study is implemented in humans, where antioxidant vitamins are 

shown to enhance endothelium-dependent vasodilation in subjects with vascular 

diseases (Levine et al., 1996; Timimi et al., 1998; Solzbach et al., 1997). These results 

suggest that the role of oxidative stress in ED, thus controlling ROS in a steady state, is 

critical for maintaining vascular health.  

ED extends beyond NO reduction and vascular reactivity. It further includes an 

increase in lipoprotein permeability, mononuclear leukocyte adhesion, intimal 

accumulation and proinflammation, and dysregulation of the haemostatic-thrombotic 

balance (Gimbrone and García-Cardeña, 2013). In addition to biochemical stimuli, 

disturbances in haemodynamic forces orchestrate the expression of pathologically 

relevant genes in atherogenesis through phenotypic modulation of ECs to a 

dysfunctional state. Human cultured ECs exposed to shear stresses mimicking those in 

atherosclerosis-susceptible arterial geometries acquired a proinflammatory 

phenotype, and induced a dysregulation in the expression of cytoskeletal and 

junctional proteins (Gimbrone and García-Cardeña, 2013). Further in-vitro experiments 

have shown that exposure to disturbed blood flow induces endothelial cell turnover 

(Davies et al., 1986), and a change in intercellular communication (DePaola et al., 

1999). Furthermore, observations from the “Prediction of Progression of Coronary 

Artery Disease and Clinical Outcome Using Vascular Profiling of Shear Stress and Wall 
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Morphology (PREDICTION)” Study, demonstrated a strong independent correlation 

between localised, low disturbance shear stresses and subsequent plaque 

enlargement and progression to clinical events (Stone et al., 2012). Atherosclerosis risk 

factors (e.g., hypertension, dyslipidaemia, smoking) are shown to alter local 

haemodynamic forces, and that may provide an underlying mechanism for the 

progression of atherosclerosis in these patients (Jiang et al., 2000). 

Additionally, ED directly initiates the recognised pathogenesis of atherosclerosis 

through a defect in the selective permeability function leading to a focal permeation 

and trapping of circulating monocytes into the subendothelial space. Moreover, 

several chemokines, growth factors, and endothelial proinflammatory phenotypes are 

intensified by the activated endothelium, which acts on VSMCs evoking migration and 

proliferation, thus generating a fibromuscular plaque (Tabas et al., 2015; Virmani et al., 

2000). Focal endothelial desquamation promotes platelet adhesion, platelet-derived 

growth factor release, and morphological modulation of medial smooth muscle cells 

(Virmani et al., 2000). Different stimuli of endothelial cell dysfunction are reported in 

Table 1.3. However, the initiating stimuli, underlying consequences, and mechanisms 

for atherosclerosis in ED are yet to be established (Gimbrone et al., 2016).  

 
Table 1.3 Factors inducing endothelial dysfunction 

 

Hypercholesteremia and oxidatively modified lipoproteins 

Diabetes and metabolic syndrome 

Hypertension 

Sex hormonal imbalance as in menopause 

Physiological aging  

Oxidative stress 

Inflammation and pro-inflammatory cytokines 

Infectious agents including bacterial endotoxins 

Environmental toxins as in pollution and cigarette smoking 

Disturbed haemodynamic forces 
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ED also plays a role in disease progression, and in the late stages of the disease. 

Approximately 50% of patients with angina and nonobstructive coronary artery 

disease have ED in the coronary epicardium and/or microvasculature (Corban et al., 

2019). Improving EF is associated with the improved outcome of CVD which might 

result in the reduction of CV events and attenuation of the disease process (Lerman 

and Zeiher, 2005). Furthermore, ED has been shown to be associated with increased 

plaque vulnerability in acute coronary syndrome (Lerman and Zeiher, 2005). This is 

explained by increased vasoconstriction and reduced antioxidation and anti-

inflammatory responses. This is described by Bonetti et al (2013): “evidence suggests 

that endothelial status is not determined solely by the individual risk factor burden but 

rather, may be regarded as an integrated index of all atherogenic and atheroprotective 

factors present in an individual, including known as well as-yet-unknown variables and 

genetic predisposition” (Bonetti, Lerman and Lerman, 2003). ED is a systemic disease, 

yet it affects organs and systems beyond the heart including cerebrovascular, renal, 

ophthalmic and many others (Corban et al., 2019). 

The magnified awareness of the vital functions of ECs made ED the centre of 

atherosclerosis research. ED is the building stone of atherosclerosis and it is induced by 

inflammation and oxidative stress associated with CV risk factors. Therefore, the 

measurement of EF has the potential to act as a powerful screening tool to identify 

patients at risk for developing CV events and determining the efficacy of interventions 

and treatments, thus pertinent to the work in this thesis which investigates the 

potential impact of FIR on EF. Although there is yet no gold standard treatment for ED. 

However, disease outlook can be improved by both pharmacological and non-

pharmacological methods developed over the past several years. 

1.4 Non-Invasive Techniques to Assess Endothelial Function  

The fundamental role of the endothelium in health and disease of the CV system is 

recognised by several tests currently available for the assessment of its function. 

Assessments have emerged as an accessible indicator of endothelial health by testing 
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the responsiveness to vasodilator or vasoconstrictor stimuli. The earliest clinical 

studies assessed EF and ED using methods of coronary angiography and 

catheterisation (Ludmer et al., 1986; Cox et al., 1989). They examined the vasomotor 

activity of coronaries in response to local ACh infusion or increased blood flow. This 

test remains the historical “gold standard” for assessing EF as it directly reflects the 

functionality of the clinically relevant vascular bed (Flammer et al., 2012). However, 

owing to its invasive nature and the need for specialised expertise as well as the 

equipment, the application, and reproducibility of this test in research is highly limited 

(Ellins and Halcox, 2011; Lerman and Zeiher, 2005). Another methodologically similar 

technique to the intra-coronary infusion is venous occlusion plethysmography typically 

of the forearm. It has been performed extensively to study human vascular physiology. 

This minimally invasive technique requires arterial cannulation, where changes in the 

forearm blood volume are measured following the infusion of vasoactive agents that 

modulates NO- release (Wilkinson and Webb, 2001). Alternatively, the development of 

non-invasive techniques made the assessment of the EF suitable for routine 

application. Table 1.4 summaries the most commonly used non-invasive techniques in 

the laboratory by scientific researchers. These techniques measure the EF from the 

peripheral circulation, not the coronary circulation directly. However, several studies 

confirmed that peripheral techniques for measuring changes in EF correlate 

reasonably with the invasive ones that measure the central circulation (Al-Badri et al., 

2019; Khan et al., 2008; Anderson et al., 1995). This observation confirms the notion 

that ED is a systemic disorder and, therefore, can be measured from any vascular bed. 

Non-invasive EF measurements have boosted clinical research; however, their use in 

clinical practice is yet to be established (Flammer et al., 2012). 
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Table 1.4 A summary of non-invasive techniques used to assess endothelial function in humans. 
(Thijssen et al., 2019; Storch et al., 2017; Corretti et al., 2002; Flammer et al., 2012; Deanfield et al., 
2007; Leahy et al., 2007; Bonarjee, 2018; McEniery et al., 2006; Veerasamy et al. 2015). CV= 

cardiovascular; N/A = not applicable; ED= endothelial dysfunction. 
 

Method Vascular bed Stimulus Advantage Disadvantage 

High frequency 
ultrasound with 
Flow Mediated 
Dilatation 
(FMD) 

Brachial artery 
Conduit arteries 

Reactive 
hyperaemia 

• Gold standard 

• Repeatable 

• Reproducible 

• Independently 
Predicts future 
CV events. 

• Correlate with 
invasive 
epicardial 
vascular 
function. 

• Expensive 
ultrasound 
machine 
required. 

• Need a highly 
trained 
operator. 

• Highly operator 
dependent  

• Lack of 
standardisation. 

• Easily affected 
by 
environmental 
and  
physiological 
factors 

Peripheral 
Arterial 
Tonometry 
(PAT) 

Finger 
microvasculature 

Reactive 
hyperaemia 

• Operator 
independent 

• Simple 

• Automated  

• Low inter- and 
intra-observer 
variability  

• Repeatable 

• Reproducible 

• Correlate with 
invasive 
microvascular 
vascular 
function  

• Predicts CV 
events 

• Expense of 
disposable 
finger probes 

• PAT signal 
influenced by 
variable non 
endothelial 
factor 

• Lack of 
endothelial 
independent 
testing 

Laser Doppler 
imaging (LDI) 

Skin 
microcirculation  

Various 
stimuli 

• No direct 
contact with 
the examined 
area (open 
wound or 
infection) 

• Real-time and 
continuous 

• Lack of 
standardisation 
between 
different 
laboratories 

• Long scanning 
time, which is 
not suitable for 
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measurement 
of blood flow 

• Repeatable 

• Reproducible 

• High 
resolution 

• Little operator 
training 
  

examining rapid 
changes in 
blood flow 

Full Field Laser 
Perfusion 
Imager (FLPI) 

Skin 
microcirculation 

Various 
stimuli 

• Easy to use  

• High speed of 
acquisition   

• Limited evidence 
to assess ability 
to predict CV 
outcome 

Photoplethysm
ography 

Skin 
microcirculation 
(finger and 
earlobe) 

Reactive 
hyperaemia  

Low cost 
Movement 
artifact  

Pulse Wave 
Velocity (PWV) 
or Pulse Wave 
Analysis (PWA) 

Radial, femoral 
and carotid 
arteries  

Systemic 
(sublingual 
or inhaled) 
vasoactive 
drugs 

• Non-invasive 

• Repeatable 

• Reproducible 

• Easy to use 

• Predicts CV 
events 

• Influenced by 
structural 
aspects of the 
vasculature 
beyond the 
endothelium 

• Difficult to 
attain in obese 
patients 

Circulating 
biomarkers  

N/A N/A 

Provides 
information 
about severity of 
ED 

• Can be difficult 
to measure 

• Expensive  

• Minimally 
invasive when 
obtaining the 
blood 

 

1.4.1 High Frequency Ultrasound with Flow Mediated Dilatation  

FMD of the macro-circulation of the arm is a widely used method to measure EF. FMD 

is also shown to correlate with CV risk factors in asymptomatic individuals and to 

predict CV events (Thijssen et al., 2019; Storch et al., 2017; Flammer et al., 2012). FMD 

is the current gold standard non-invasive assessment tool for EF (Deanfield et al., 

2007). The technique measures vasodilatation in an artery, most commonly the 

brachial artery, during reactive hyperaemia (flow-mediated) after 5 minutes of arterial 
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occlusion with a BP cuff placed proximally or distally to the elbow to supra-systolic 

level (Figure 1.8) (Thijssen et al., 2019).  

The mechanism that mediates FMD during reactive hyperaemia is not fully elucidated. 

However, shear stress is created following cuff deflation, which induces NO, the chief 

mediator of FMD (Storch et al., 2017; Drenjancevic et al., 2016). The increase in 

diameter of the brachial artery after occlusion relative to baseline is visualised using 

high-frequency ultrasound (7-12 MHz) and calculated to indicate EF (Corretti et al., 

2002). Furthermore, most of the studies assess brachial endothelium-independent 

vasodilation by administrating an exogenous NO donor, such as nitroglycerin spray, to 

reflect vascular smooth muscle function (Corretti et al., 2002). These agents generate 

NO independently of the action of NOS (Thomson et al., 2008). It could be argued that 

FMD could also reflect the function of peripheral microcirculation as reactive 

hyperaemia following cuff deflation is dependent on the ischaemia and dilation of 

downstream resistance vessels during the occlusion period (Flammer et al., 2012; 

Deanfield et al., 2007; Corretti et al., 2002). Several studies have investigated the 

predictive value of brachial FMD on CV events and prognosis. Meta-analyses have 

indicated a significant decrease in the risk of CV events (up to 9%) per 1% increase in 

brachial FMD (Xu et al., 2014; Inaba et al., 2010). 
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Figure 1.8 Flow Mediated Dilatation (FMD) set up.  
Image from Systems Medicine Division Laboratory, University of Dundee. 
Top - a close-up of an ultrasound probe placed directly over the brachial 
artery throughout the assessment and stabilised in this position using a 
stereotactic probe holder, the cuff is placed distally around the forearm. 
Bottom - the participant’s set up; the test is undertaken while the arm is 
extended. 

 

1.4.2 Laser Doppler imaging  

LDI provides a continuous, sensitive, and real-time assessment of blood flow in the skin 

microcirculation over a relatively large surface area (Storch et al., 2017). LDI systems 

utilise a helium-neon laser (RED, 632.8 nm) capable of monitoring skin perfusion at a 

depth of approximately 1.0-1.5mm, therefore measuring the perfusion from arterioles, 

venules, and capillaries (Turner et al., 2008). Before LDI, a single point Laser Doppler 

flowmetry was used, which measures EF within a small volume (∼1mm³) and therefore 

does not account for the spatial heterogeneity of skin blood flow as offered by LDI 
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(Turner et al., 2008). However, LDI measures skin perfusion over a large surface area 

and thus generates a detailed perfusion map. The technique of LDI is based on the 

Doppler shift of the emitted monochromatic laser across the skin surface; the laser 

interacts with both static tissue and moving objects, i.e., the flowing red blood cells 

(RBCs) (Turner et al., 2008). The Doppler effect is the relative change in the frequency 

of the light between the moving object and the stationary photodetector. The 

frequency of the scattered laser from the moving RBCs is proportional to velocity and 

the amount of the flowing RBCs (Storch et al., 2017; Turner et al., 2008). A colour 

coded perfusion map is then produced, which represents the blood flow measurement 

‘flux’, which is an estimate of blood flow expressed in arbitrary perfusion units (AU) 

(Figure 1.9). This method allows skin perfusion to be assessed at a specific area of 

tissue over time during both basal and experimental conditions (Turner et al., 2008). 

Iontophoresis of vasodilative drugs is one of the techniques used in combination with 

LDI to assess skin microvascular function. Other techniques include post occlusive 

reactive hyperaemia, which is a method used to measure microvascular reactivity in 

the skin before and following reactive hyperaemia induced by cuff inflation in the 

same manner used in FMD. The last technique is through the application of local 

thermal hyperaemia (Drenjancevic et al., 2016).  

 

Figure 1.9 Laser Doppler perfusion map of the hand.  
Colours in the pictures indicate the different levels of perfusion: blue 
represents low levels of skin perfusion, green and yellow indicate 
intermediate levels of skin perfusion while red indicates high levels of skin 
perfusion. Taken from (Moor Instruments, UK). 



                                                                           Chapter 1: Cardiovascular System Literature Review 

38 
 

1.4.2.1 Iontophoresis of vasoactive drugs 

Iontophoresis is a technique used to deliver polar drugs transdermally and non-

invasively with the use of a small external electrical current. The principle of 

iontophoresis is that positively or negatively charged drugs will migrate through the 

skin in the presence of the applied current according to the principle that like charges 

repel, and opposite charges attract each other (Figure 1.10). A ring-shaped chamber is 

filled with a vasoactive drug containing an electrode connected to an iontophoresis 

controller. To complete the circuit, a counter electrode is also connected to the 

iontophoresis controller, and both are attached to the subject. The polarity of the 

electrode is adapted to the electric charge of the vasoactive agent (e.g., positive for 

ACh and negative for SNP). ACh is the standard drug used to assess EF; however, other 

drugs, such as bradykinin, can also be introduced by iontophoresis (Turner et al., 

2008). ACh mediates vasodilatation by the production of an endothelium-dependent 

vasodilator, mainly NO. Other vasodilators, such as prostanoids and EDHF, might be 

involved (Turner et al., 2008). SNP is a NO donor that reacts with the sulfhydryl groups 

in the tissues to produce NO directly, causing vasodilatation (Figure 1.11). SNP is used 

together with ACh to assess endothelial independent vasodilation, an impairment in 

response to SNP reflects the structural changes in VSMCs rather than the endothelium 

itself (Flammer et al., 2012). A reduction in vascular response to ACh without the 

concurrent decrease in SNP response indicates ED. These drugs cause non-neurogenic 

and purely endothelium-dependent effects on VSMCs when using relatively low 

iontophoretic currents over a big surface area of skin to produce a small charge density 

(Morris and Shore, 1996). 
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Figure 1.10 Iontophoresis setup.  
(A) Close-up of the iontophoresis drug chambers on a participant's forearm. (B) Cross-section of the skin 
with the ionic chambers. A polar drug fills the drug electrode if the drug is positively charged; it will be 
induced across the skin when connected to a positively charged electrode (anode). The positively 
charged drug ion is then attracted toward the negatively charged counter electrode (cathode) at 
another site on the skin, which is needed to complete the circuit and vice versa. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.11 The suggested vasodilator mechanisms of ACh and SNP.  
Endothelium-dependent production of NO is the main pathway of ACh; other possible pathways may be 
through prostaglandin I₂ and endothelium-derived hyperpolarising factor. SNP is a NO donor able to 
induce endothelium-independent vasodilation by the direct stimulation of VSMCs relaxation. PLA₂= 
phospholipase A₂, PGI₂= prostaglandin I₂, EDHF= endothelium-derived hyperpolarising factor, cGMP= 
Cyclic guanosine monophosphate, cAMP= Cyclic adenosine monophosphate. Adapted from (Turner et al., 
2008).
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The main advantage of iontophoresis over other invasive procedures that require 

intravenous drug infusion is the ability to deliver vasoactive drugs across the skin non-

invasively without the need for needles. The amount of the drug delivered is difficult 

to quantify precisely; however, it is usually negligible without significant accompanying 

side effects. Of note, drug delivery using this method can induce minor side effects in 

some individuals such as redness, itchiness, and tingling sensation of the skin surface; 

they are, however, self-limited. 

LDI assesses microvascular reactivity by measuring blood perfusion simultaneously in 

the same area. LDI, combined with iontophoresis, has been used extensively to 

measure EF in healthy young and adult populations, as well as in patients. Khan et al. 

found that healthy children had a microvascular impairment, measured by LDI and 

iontophoresis of ACh and SNP, which was negatively correlated with the percentage of 

body fat (Khan et al., 2003). The author also reported that subjects with high 2-hour 

glucose levels had decreased microvascular vasodilatation. The same group found that 

type 1 diabetic young patients had reduced responses of ACh and SNP compared to 

control subjects (Khan et al., 2000).  

Microvascular function was also assessed using this method in subjects with other CV 

risk factors (hypertension, cigarette smoking, hypercholesterolemia, and DM) showing 

a reduction in cutaneous ACh and SNP induced vasodilatation (IJzerman et al., 2003). 

Furthermore, cutaneous microvascular vasodilation in response to ACh has been 

shown to correlate to the function of coronary microcirculation (Khan et al., 2008), 

which highlights the importance of this technique and its ability to identify patients at 

risk of developing CVD. Therefore, LDI and iontophoresis is an effective method to 

measure the vasodilator function of the endothelium.  

1.4.3 Circulating biomarkers of endothelium 

A broader appreciation of the numerous functional potentials of the endothelium is 

achieved through measuring the circulatory products of the ECs. These include 
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molecules of endothelial activation and markers of endothelial damage and repair 

such as NO metabolic products, inflammatory and oxidation markers, adhesion 

molecules, and prothrombotic factors. Generally, biomarkers are measured to identify 

subjects at risk of developing CVD, diagnosis of diseases, to measure the prognosis of 

the disease, and treatment effectiveness (Storch et al., 2017). Many of the endothelial 

molecules are considered as novel biomarkers which serve to provide an essential 

insight into the pathophysiology of CVD and as an essential research tool. 

1.4.3.1 Nitric oxide 

Direct measurement of NO from the blood is extremely challenging due to its rapid 

chemical reaction and the very short half-life (Csonka et al., 2015). However, indirect 

techniques to measure NO are available. These methods measure NO end products 

such as nitrite/nitrate, NOS activities, or molecular targets of NO, such as GC-derived 

cGMP (Csonka et al., 2015). Nitrite and nitrate (NOx) are the products of oxidative 

metabolism of NO; therefore, measuring NOx is commonly used to give an estimation 

of the total NO production. However, a significant drawback of this test is that dietary 

intake of nitrite and nitrate as found in cured meat and green vegetables are rather 

significant and markedly influences the circulatory NOx level (Rassaf et al., 2014; 

Csonka et al., 2015). Thus, measuring NOx may not always reflect the endothelial 

production of NO. NO production can also be determined by NOS activity by 

measuring L-citrulline levels. However, they do not always reflect the actual NO 

concentration as other enzymes such as arginase also affect arginine metabolism 

(Csonka et al., 2015). Another method is measuring cGMP, which is considered as a 

surrogate biomarker for the rate of NO synthesis (Tsikas, 2008). However, these 

methods are expensive, labour intensive, and modified by various factors such as 

sampling time (Csonka et al., 2015).  

1.4.3.2 Cell adhesion molecules  

Cellular adhesion molecules are activated during inflammation, which is important for 

the initiation and progression of atherosclerosis. Well-recognized molecules with 
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commercial assays include E-selectin, vascular cell adhesion molecule 1 (VCAM-1), 

intercellular adhesion molecule 1 (ICAM-1), and P-selectin (Deanfield et al., 2007). The 

level of these molecules is increased with CV risk factors; these molecules also play a 

role in the structural and functional changes of atherosclerotic disease and are 

associated with adverse CV prognosis (Ridker et al., 1998; Deanfield et al., 2007; 

Brocq et al., 2008). Circulating leukocytes bind to the vascular endothelium, roll, and 

migrate into the subendothelial space, which is mediated by endothelial adhesion 

molecules (Storch et al., 2017). Soluble forms of these adhesion molecules are 

increased during inflammation and endothelial damage and can be measured using 

commercial immunoassays (Juonala et al., 2006). Therefore, an increased 

concentration of adhesion molecules is considered to indicate ED and to be related to 

future atherosclerosis (Juonala et al., 2006). 

1.4.3.3 Inflammation and oxidation markers 

As explained earlier, inflammation and ED play an essential role in the pathogenesis of 

atherosclerosis mainly. The elevation of specific inflammatory markers represents 

evidence of ED. Cytokines play an essential role in the initiation and progression of 

atherosclerosis (Ramji and Davies, 2015). Amongst the various cytokines implicated in 

atherosclerosis, IL-1, TNF-α, and IL-6 play an essential role in the inflammatory 

pathway. The IL-1 gene family consists mainly of IL-1α, IL-1β, and IL-1RA (Ridker et al., 

2011). Of these, IL-1α and IL-1β exert proinflammatory effects, and IL-1RA exerts an 

anti-inflammatory effect through prevention of the adhesion of IL-1α and IL-1β to the 

IL-1 receptor (Ridker et al., 2011). Many cohort studies have demonstrated that a 

pathological imbalance between the IL-1 gene family products contributes to CVD 

(Ridker et al., 2011). Endothelial injury leads to the production and release of 

proinflammatory cytokines IL- 1β and TNF-α, which cause the activation of ECs 

(Juonala et al., 2006). Moreover, IL-1β and TNF-α stimulate the production of IL-6, 

which leads to the activation of acute-phase reactants, such as C-reactive proteins 

(CRP) (Juonala et al., 2006). CRP affects adhesion molecule expression and fibrinolysis, 

thereby contributing to the inflammatory process of ECs dysfunction (Storch et al., 
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2017). CRP also modulates endothelial-derived NO and endothelin-1 production in 

favour of the latter (Storch et al., 2017). 

Oxidative markers also can be used to reflect EF. MPO is a member of the haem 

peroxidase superfamily that produces hypochlorous acid, tyrosyl radicals, and chloride 

anions, and react with H₂O₂ during a neutrophil’s respiratory burst. These molecules 

are produced during inflammation and used by neutrophils to kill bacteria; however, 

they are cytotoxic and cause oxidative damage. Therefore, MPO is recognised for its 

role in atherosclerosis (Pennathur and Heinecke, 2007). MPO binds to vascular walls 

and impairs the release of NO, leading to local ED (Pennathur and Heinecke, 2007). 

Therefore, MPO levels can predict the development of ED and CHD; low MPO levels 

are considered to be cardio-protective (Pennathur and Heinecke, 2007; Storch et al., 

2017). 

1.4.3.4 Circulating endothelial cells and microparticles 

Circulating mature ECs detached from the endothelium represent a novel biomarker of 

endothelial injuries (Mudau et al., 2012). Circulating endothelial cells (CECs) can be 

measured by flow cytometry or fluorescence microscopy (Storch et al., 2017). In a 

physiological state, the turnover of the endothelium is very low (Mudau et al., 2012). 

Increased levels of CECs are linked to ED and CVDs (Mudau et al., 2012). Potential 

mechanisms causing ECs detachment might be explained by mechanical injury, 

inflammatory mediators, apoptosis, and the harmful actions of CV risk factors (Mudau 

et al., 2012). Additionally, endothelial microparticles (EMPs), are small vesicles in the 

endothelial cell membrane which are released into the circulation by injured ECs 

(Storch et al., 2017). Elevated levels of EMP are associated with different conditions 

such as endothelial activation and apoptosis, and ultimately thrombogenesis and 

atheroma plaque formation (Storch et al., 2017). 
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1.5 Arterial Stiffness and cardiovascular diseases 

Arterial stiffness occurs as a result of atherosclerosis and aging-related arteriosclerosis. 

Arteriosclerosis is defined as the hardening of the arterial wall caused by the loss of 

elasticity, which is influenced by lifestyle factors. This includes the mechanical fraying 

of elastin structures within the vascular wall, which in turn increases the content of 

arterial collagen proteins, partially as a compensatory mechanism. Another major 

player of large arterial stiffness pathogenesis is inflammation (Mozos et al., 2017). 

During inflammation, several mediators and biomarkers are released, causing an 

increase in metalloproteinases (MMPs), which modulate vascular remodelling. MMP 

activation enables the fragmentation of elastin and increases levels of the uncoiled 

stiffer collagen of the vascular wall, leading to arterial fibrosis and increased stiffness 

(Park and Lakatta, 2012; Mozos et al., 2017). Also, MMPs are known to increase 

smooth muscle migration and proliferation in the intima (Park and Lakatta, 2012). 

Furthermore, inflammation contributes to large arterial stiffness, in the presence of CV 

risk factors, through atherosclerosis, ED, oxidative stress, and vascular calcification 

(Mozos et al., 2017). Evidence has shown that drugs that reduce inflammation can 

improve arterial stiffness (Park and Lakatta, 2012). In addition to structural changes, 

vascular tone, which is dependent on endothelial vasoactive substances, can 

contribute to increased arterial stiffness when the endothelium became dysfunctional 

(Janić et al., 2014). Conversely, stiff arteries cause a higher haemodynamic load to 

which endothelium is exposed, resulting in its dysfunction. Thus, ED and arterial 

stiffness can be considered as two sides of the same coin. 

The ejected blood from the left ventricle generates a pulse or energy wave that travels 

through conductive arteries. The speed of the forward travelling pulse wave (pulse 

wave velocity (PWV)) depends on the stiffness of the arteries. Arterial stiffness is an 

early sign of structural and functional changes of the vascular wall. The compromised 

arterial Windkessel effect explains the pathophysiology of increased arterial stiffness. 

Windkessel effect is a term used to describe the interaction between stroke 

https://en.wikipedia.org/wiki/Stroke_volume
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volume and the compliance of large elastic arteries and helps in damping the 

fluctuation in arterial BP. This effect is essential as it buffers the intermittent pulsatile 

ejection of the blood during systole and converts it into a steady flow, which is 

dependent on the elastic modulus of the arterial wall. Therefore, stiffened arteries, as 

seen in ageing or other pathologies, are associated with an increased PP and PWV. An 

increased PWV shortens the time of which reflected pulse waves return to the base of 

the aorta. As the pulse wave propagates through arteries, it undergoes reflections 

related to the geometry of the arterial tree; significant reflections occur mainly at sites 

of impedance mismatch (e.g., bifurcations and high-resistance arteries).  

The reflected wave travels back to the heart at the same speed of forwarding pressure. 

The speed depends on the stiffness of the arterial wall. In young, healthy subjects with 

compliant arteries, propagation of the forward pressure wave is slower, and the 

reflected wave arrived at the aortic root during early diastole. The phenomenon of the 

reflected wave is important physiologically as it causes an amplification of aortic 

pressure, which aids cardiac muscle perfusion by the coronary arteries. Wave 

reflection also protects capillaries from the damaging effect of the pulsatile blood flow 

energy (Safar et al., 2003). However, stiffer arteries, as seen with ageing or 

atherosclerosis, cause an increased velocity of the propagated forward wave, and 

consequently, the reflected wave arrives at the heart earlier in the systole, thereby 

augmenting the late systolic pressure. It has been reported that a 1.0m/s increase in 

PWV increases the risk of CV events by 14% (Vlachopoulos et al., 2010) as the cardiac 

muscles are required to generate a higher amount of force to accommodate stroke 

volume against the augmented pressure during the systole. This leads to the long-term 

development of left ventricular hypertrophy and left ventricular remodelling, which 

increases metabolic demand and eventually leads to HF (Mozos et al., 2017). In 

addition, the increase in cardiac load may also increase heart rate (HR), which reduces 

diastolic duration. This, in turn, decreases the perfusion time for cardiac tissue, which 

occurs mostly during diastole. Therefore, the hypertrophic heart has a decreased 

supply of oxygen and nutrients that may lead to MI. Furthermore, increased arterial 

https://en.wikipedia.org/wiki/Stroke_volume
https://en.wikipedia.org/wiki/Compliance_(physiology)
https://en.wikipedia.org/wiki/Elastic_artery
https://en.wikipedia.org/wiki/Damping
https://en.wikipedia.org/wiki/Blood_pressure
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stiffness may also reduce wave reflections and thus lead to transmission of the 

pulsatile pressure into the peripheral microcirculation causing end-target organ 

damage, including most importantly the heart, brain, and kidneys (Mitchell, 2015).  

Arterial stiffness has been shown to be an independent prognostic predictor of CVD 

morbidity and mortality, as well as all-cause mortality in individuals with end-stage RF 

(Blacher et al., 1999), DM (Cruickshank et al., 2002), hypertension (Laurent et al., 

2001) and in the general population and asymptomatic subjects (Hansen et al., 2006; 

Bonarjee, 2018). Furthermore, arterial stiffness is also an independent predictor of 

CHD and stroke in a healthy population, the two leading causes of death in developed 

countries (Mattace-Raso et al., 2006; Van Sloten et al., 2015). In this context, arterial 

stiffness has emerged as an independent risk factor for CV (Hack-Lyoung, 2016). 

Several meta-analyses of the impact of different treatments have found that arterial 

stiffness can be improved through non-pharmacological intervention including physical 

exercise and decrease the intake of dietary sodium (Park et al., 2017; D’Elia et al., 

2018; Rodriguez et al., 2019), beta-blockers and angiotensin-converting enzyme 

inhibitors (Niu and Qi, 2016; Shahin et al., 2012), some anti-diabetic drugs (Batzias et 

al., 2018) and statins (Upala and Sanguankeo, 2016). 

1.6 Non-Invasive Techniques to Assess Arterial Stiffness 

Arterial stiffness can be measured using several techniques, though most 

measurements are made in experimental studies rather than in clinical practice. The 

2016 European Guidelines on CVD prevention in clinical practice concluded that 

arterial stiffness might serve as a useful biomarker to improve CVD risk prediction 

(Engeli, 2016). Therefore, measuring arterial stiffness might become an essential 

diagnostic tool for risk identification and monitoring the effectiveness of therapies. 

Therefore, it might be advantageous for the early detection and prevention of CVD. 

Despite this, the assessment of PWV in general clinical practice is yet to be established. 

The gold standard tools to measure PWV are flow meters or catheter-based pressure 

probes, which are placed intravascularly (Wentland et al., 2014). While these 
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techniques provide highly accurate measurements of PWV, the invasiveness of these 

methods limits their use unless patients are otherwise undergoing cardiac 

catheterisation (Wentland et al., 2014). The commonly used measures of arterial 

stiffness and wave reflection are PWV technique and augmentation index (AI%) 

(Mozos et al., 2017) (Table 1.5). Other modalities are also available, such as magnetic 

resonance imaging (MRI) and echocardiography, both of which are capable of 

accurately measuring deep and large artery stiffness from the aorta (Hack-Lyoung, 

2016). However, these methods are generally impractical because they are expensive, 

time-consuming, and technically challenging (Hack-Lyoung, 2016). 

Another alternative is photoplethysmography, which allows the analysis of pulse wave 

amplitude from blood volume changes of the arterial microcirculation providing an 

estimation of arterial stiffness (McKay et al., 2014). This method is cost-effective, time-

effective, and operator-independent, which makes it suitable for large multicentre 

trials; furthermore, it correlates with central AI%-derived by arterial applanation 

tonometry methods (Clarenbach et al., 2012). PP, which is the difference between SBP 

and DBP, is also increased with arterial stiffness by the augmentation of the reflected 

wave during systole. Thus far, it can be used as a crude marker of arterial stiffness. 

However, PP measured in a peripheral artery does not reflect the central PP in the 

aorta (Bonarjee, 2018). This is extremely important because the pressure wave is 

progressively amplified from the central to the distal arterial tree due to wave 

reflections. Therefore, it is inaccurate to use peripheral PP as a surrogate marker for 

aortic PP (Laurent et al., 2006). 
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Table 1.5 Common non-invasive methods for assessing arterial stiffness. 
 (Laurent et al., 2006; Stoner, Young and Fryer, 2012; Wentland et al., 2014). BP = blood pressure. 
 

 Main features and advantages Limitations 
Predictive 

value 

Magnetic 

Resonance 

imaging 

(MRI) 

• Measures local arterial stiffness 

• Accurate and sensitive 

• Direct measurement for arterial 

compliance (change in pressure 

causes a change in volume) 

• Expensive equipment 

• Requires high level of 

technical expertise 

• Impractical within 

epidemiological setting 

• Procedure takes a long 

time 

-- 

Pulse Wave 

Velocity 

(PWV) 

• Measures regional arterial 

stiffness 

• Speed of travel of the pulse 

along an arterial segment (in 

m/s) 

• Gold standard for assessing 

arterial stiffness 

• Reproducible 

• Portable  

• Pressure-dependent 

• Lack of standardisation 

for distance 

measurements 

• Inaccuracy in distance 

measurement 

• Needs technical skills 

+++ 

Pulse Wave 

Analysis 

and 

reflective 

wave (PWA) 

• Measures systemic arterial 

stiffness 

• Central AI% and central pulse 

pressure 

• Reproducible 

• Simple 

• Low time required 

• Portable 

• Indirect information on 

arterial stiffness 

• Error might be 

introduced by brachial 

BP calibration 
++ 

 

1.6.1 Pulse Wave Velocity 

PWV is a validated method and is the most frequently used tool to quantify arterial 

stiffness (Asmar et al., 1995; Frimodt-Møller et al., 2008; Meyer et al., 2016; 

Vivodtzev et al., 2013). PWV measurement is relatively simple, reproducible, and a 

surrogate marker with a large amount of epidemiological evidence has shown that 

PWV is an independent, reliable predictor of CV adverse outcomes (Hack-Lyoung, 

2016; Ben-Shlomo et al., 2014; Bonarjee, 2018; Cavalcante et al., 2011). The 

Framingham heart study (2010), reported that an increased aortic PWV is associated 
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with an increased risk of a first CV event (Mitchell et al., 2010). PWV represents the 

speed of the propagated waves in an artery, which is proportional to its stiffness. 

There are different techniques to measure PWV, such as mechanotransducers 

(Complior System®) and tonometer (SphygmoCor®) (Calabia et al., 2011). PWV is 

obtained by recording pressure waves from two distinct points along an arterial 

segment, most commonly between the carotid and femoral arteries. The general 

principle of these techniques is based on the speed formula (speed=distance/time). 

The distance is measured between the two recording points of the carotid/femoral 

arteries. The distance should be measured precisely because small variations may 

influence the PWV absolute value (Laurent et al., 2006). There are different methods 

proposed in the literature for measuring the distance, yielding different results in PWV 

value. Therefore, conclusions drawn from several populations for meta-analyses 

purpose is exceptionally challenging (Laurent et al., 2006). It is therefore advisable to 

standardise the measurement technique by using the most accurate estimate of the 

body surface as calculated from the following formula (common carotid artery to 

common femoral artery x 0.8) (Van Bortel et al., 2012). More recently, MRI has been 

found to allow the accurate calculation of direct arterial path length (Weir-McCall et 

al., 2018). Regarding the travelled time, an electrocardiogram (ECG) (R-wave) can be 

used as a reference time to calculate transit time (Tr) sequentially from two different 

points; alternatively, waves from both arteries are recorded simultaneously (Figure 

1.12) (Bonarjee, 2018). Therefore, PWV is measured by dividing the distance of 

travelled wave (the distance from carotid to femoral points) by the Tr (the delay in 

time measured between the two feet of the two waveforms). A reference range for 

PWV in a CV risk-free population has been reported in a large multicentre European 

cohort of ~17,000 subjects by measuring carotid-femoral PWV (cfPWV) and stratifying 

values according to age and BP; PWV average values for individuals younger than 30 

years are ~6 m/s, and up to ~10 m/s for those >70 years, independent of BP pressure 

(Mattace-Raso et al., 2010).  
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Figure 1.12 Carotid–femoral pulse wave velocity. 
The top two figures (A) are showing the assessment of PWV at two separate times. The upper panel is 
showing the recording of the carotid pressure waveform and the time delay assessment of the 
waveform to the R wave of QRS complex on ECG recording while the lower panel is showing the 
pressure waveform from the femoral artery. The time delay of the waveform to the R wave of the QRS 
complex of the ECG. The lower figure (B) is showing the assessment of PWV simultaneously. D= 
distance, ∆T= difference between the time of the distal pulse wave and the time of the proximal pulse 
wave (Salvi, 2017). 
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cfPWV is the gold standard technique for evaluating large artery stiffness owing to its 

received reliability and its association with CVD incidents, independently of traditional 

risk factors (Mattace-Raso et al., 2010). It is the most validated and is considered as 

the reference standard technique to assess arterial stiffness in the European Society of 

Cardiology/European Society of Hypertension Guidelines for the management of 

hypertension (Williams et al., 2018). Despite its emergence as the gold standard 

technique for assessing central arterial stiffness, cfPWV is sometimes hindered by the 

required technical skills, and the acquisition of the femoral pulse might cause 

discomfort to the subject; this is time-consuming, especially in obese subjects. 

Therefore, an alternative simpler method has been developed to overcome these 

problems; brachial-ankle PWV (baPWV). baPWV has been used in many clinical studies 

and has been shown to correlate with cfPWV and data obtained by invasive methods. 

An important limitation of cfPWV is the precision of the distance measured, as it is 

approximated from a body surface measurement, which is challenging in obese 

subjects and women with a large bust size (Cavalcante et al., 2011; Segers et al., 2009). 

However, this can be solved by using an upside-down infantometer to provide a 

reliable distance measurement (Van Bortel et al., 2012). Another drawback is that the 

measured distance is typically nondimensional and thus ignores the 3-dimensional 

morphology of the arteries (e.g., anteroposterior direction), or the tortuosity, as seen 

in elderly patients (Cavalcante et al., 2011). Accurate arterial path lengths, which 

account for the anatomical variation of the arterial tree, can be achieved through a 

whole-body MRI to calculate intra-arterial path length (Weir-McCall et al., 2018). 

1.6.2 Pulse wave analysis 

Another method to assess arterial stiffness is applanation tonometry, which is the gold 

standard technique for pulse wave analysis (Stoner et al., 2012). It estimates the 

central (aortic) pulse wave from peripheral pulse waves, commonly in the carotid or 

the radial arteries. As previously described, the arterial pressure wave consists of the 

forward pressure wave produced by the contracted ventricle and a retrograde 
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pressure wave or the reflected wave. AI% can quantify the reflective wave 

phenomenon. AI% is defined as the two systolic peaks (P2 - P1) as a percentage of the 

PP (Laurent et al., 2006) (Figure 1.13). AI% has been proposed as an easy and simply 

obtainable indicator for the amplitude of wave reflections (Chen et al., 1996). The 

technique of applanation tonometry allows the recording of the peripheral pressure 

contours recorded by a high-fidelity pencil-type probe. A corresponding central 

(ascending aortic waveform) is automatically generated from the peripheral waveform 

via generalised transfer function. The radial artery is the most commonly used 

approach for tonometry because it is well supported against the radius bone, making 

the applanation easier to achieve (Laurent et al., 2006). Carotid tonometry, on the 

other hand, requires high technical skills, and it is not recommended in obese subjects 

or patients with significant atherosclerotic plaques (Laurent et al., 2006). One 

advantage, however, is that the transfer function is not required owing to its proximity 

to the aorta, and thus the carotid AI% may directly reflect the changes in aortic AI% 

(Chen et al., 1996). Before the test, brachial artery pressures are used to calibrate 

central pressures, although the SphygmoCor technique uses a radial-to-aorta 

generalised transfer function. This calibration, however, introduces some errors as it 

underestimates the central aortic PP by neglecting the amplified pressure from 

brachial to radial arteries (Verbeke et al., 2005). Despite the limitations, radial 

tonometry is used widely in research as it is simple, valid, reliable, and well-tolerated 

(Stoner et al., 2012; Laurent et al., 2006).  



                                                                           Chapter 1: Cardiovascular System Literature Review 

53 
 

 

Figure 1.13 The aortic pulse pressure waveform.  
The wave consists of systolic and diastolic pressure, which are represented by the peak and the trough 
of the waveform. Systolic pressure is composed of two peaks (P1 & P2), and the diastole is separated by 
the dicrotic notch, which represents the end of systole (closure of the aortic valve). P1 is the forward 
pressure generated by left ventricular contraction, while P2 is the reflected wave added on top of the 
systolic pressure. The difference between P1 and P2 is called augmentation pressure (AG). 
Augmentation index (AI%) is the AG as a percentage of pulse pressure (PP). Tr is the time from the onset 
of the forward wave to the reflected wave in a millisecond. PP is the difference between systolic and 
diastolic pressures. Stiff arteries have high P2 and AI%, and shorter TR. PP= pulse pressure; SBP= systolic 
blood pressure; DBP= diastolic blood pressure; Tr= transit time; P1= peak1, P2= peak2; AG= 
augmentation; DN= dicrotic notch; ∆P= change in pressure. The wave generated using Autodesk Revit 
2017 software. 

 

The speed of reflective waves is determined by PWV. However, AI% may not be used 

interchangeably with PWV in experiments as AI% might be influenced by vasoactive 

drugs independently of PWV; the intensity of wave reflection is determined by the 

diameter of the resistant arterioles (Kelly et al., 2001). Despite this, Yasmin et al. 

(1999) reported a strong correlation between AI% and PWV (Yasmin and Brown, 1999), 

and therefore, AI% measurement can be used epidemiologically owing to its simplicity 

and short time requirement.  
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Different contributing factors have been shown to influence AI%. AI% is inversely 

related to height and HR. AI% is decreased by 4% with every ten beats per minute 

(bpm) increment in HR (Wilkinson et al., 2000). For this reason, AI% should be 

normalised to HR. SphygmoCor, one of the widely used devices, automatically adjusts 

AI% at 75 bpm (AI@75%). PWA and AI% have a high intra-and interobserver 

reproducibility in both healthy controls and patients (Wilkinson et al., 1998; 

Filipovský et al., 2000; Papaioannou et al., 2007; Frimodt-Møller et al., 2008). 

This method has been validated, and AI% has been used in several clinical trials, 

establishing its pathological role in several diseases. AI% can serve as a surrogate 

marker of carotid atherosclerosis and risk of CV events in the general population and in 

patients undergoing percutaneous coronary intervention (Rosenbaum et al., 2013; 

Chirinos et al., 2012; Weber et al., 2005). Central AI% has been shown to be an 

independent predictor for all-cause and CV mortality in end-stage renal disease (ESRD) 

patients (London et al., 2001). A meta-analysis conducted by Vlachopoulos in 2010 

found that an AI% increased by 10% was associated with a risk ratio of 1.384 for all-

cause mortality (Vlachopoulos et al., 2010). Furthermore, a community-based survey 

reported that backward wave amplitude and Tr of the reflected wave independently 

predicted long-term CV mortality in normotensive subjects (Wang et al., 2010). 

Newly validated methods have emerged, showing acceptable reproducibility for 

assessing PWA obtained from peripheral waveform shape. These include finger 

photoplethysmography and 24h ambulatory monitoring devices (Laurent et al., 2006; 

Papaioannou et al., 2013). The latter assesses PWA by placing a brachial cuff-based 

ambulatory oscillometric device that yields multiple estimations of wave reflections 

and arterial stiffness during usual daily activities (Papaioannou et al., 2013).  
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2.1 What is far infrared? 

Solar electromagnetic radiation consists of three light spectra capable of reaching the 

surface of the earth. They are UV light, visible light, and infrared light (IR); all are non-

ionising radiation (Figure 2.1). IR is invisible thermal radiation with wavelengths 

between 750 nm–1000 μm and a frequency range of 400 THz–300 GHz; IR accounts for 

nearly 40% of solar radiation (Vatansever and Hamblin, 2012) and lies between the red 

edge of visible light and terahertz radiation (starting at 3 THz) spectral bands 

(Constantinides et al., 2017). IR radiation is used in many disciplines for industrial, 

military, scientific, and medical applications. For example, IR thermal imaging cameras 

are used to detect heat loss from the skin to study changes in flowing blood. IR is 

classified by the International Commission on Illumination (CIE) into three categories 

according to their wavelength measured in microns: near-infrared (NIR) 0.7– 1.4 μm, 

mid-infrared (MIR) 1.4– 3.0 μm and FIR 3.0– 1,000 μm. Another division provided in 

ISO 20473 for the sub-division of IR describes FIR as 50–1000 μm (Hamblin, 2012). The 

wavelength lying between 3-49 μm would be considered MIR in this previous 

classification; however, it is still classified as FIR, according to CIE. 

Furthermore, there are many IR classification systems for IR that serve specific areas, 

such as one used for the military community where IR detectors with limits of spectral 

bands are used (Rogalski and Chrzanowski, 2014). Each IR subdivision has a couple of 

applications, including astronomy, heaters, human body detection, and, most 

importantly, therapeutic methods. FIR energy is transferred purely as heat, which is 

perceived as a radiant heat by thermoreceptors in the skin, yielding a higher epidermal 

temperature gain when compared with other shorter wavelength thermal radiations 

(Hamblin, 2012; Chen et al., 2016). The temperature was found to be raised by up to 

4°C as deep as 10 mm in the tissue in one study (Lin et al., 2007) and another study up 

to 4 cm below the skin (Vatansever and Hamblin, 2012). However, FIR is not associated 

with adverse side-effects such as burns due to overheating that may be seen in other 

traditional thermal therapies (Shui et al., 2015). Sauna bathing by FIR is believed to be 



                                                                                               Chapter 2: Far Infrared Literature Review 

57 
 

a superior method to deliver thermal therapy to the body as it does not cause an 

increase in external hydrostatic pressure on cardiac haemodynamic, thereby 

decreasing the preload unlike other modalities of bathing such as warm water bathing 

(Tei et al., 1995). 

 

 
Figure 2.1 The composition of the solar spectrum.  
X = ultraviolet C (UVC) is blocked by the ozone layer. NIR = near infrared; MIR = mid infrared; FIR = far 
infrared. Adapted from (Barolet et al., 2016). 

 

2.2 History of far infrared as a therapeutic modality 

The practice of FIR, so-called heat therapy, or thermal therapy, to promote health is 

believed to be an old practice in many cultures. In 1989, (Inoué and Kabaya, 1989) 

published a review paper summarising the effects of FIR rays on different health 

aspects from several published and unpublished studies (Inoué and Kabaya, 1989). 

One of the reviewed effects was on the peripheral blood circulation in humans; 20 

minutes of FIR exposure increased forearm cutaneous blood flow as measured by 

mercury-in-rubber strain gauge plethysmography (Inoué and Kabaya, 1989). During 

that period, FIR was delivered by a mean of ceramic discs measuring 40 mm in 

diameter and 5 mm thickness (Inoué and Kabaya, 1989). These discs emit FIR at a peak 

wavelength of 8 – 14 µm (Inoué and Kabaya, 1989). Discs were usually embedded in 

mattresses, bed covers, or arranged in a ribbon side by side to irradiate the forearm 

(Inoué and Kabaya, 1989). Six years later, researchers in Japan studied the 

improvement of haemodynamic in CHF patients after acute exposure to FIR and a 

warm water bath (Tei et al., 1995). They found that both heat modalities decreased 

systemic and pulmonary vascular resistance and increased cardiac performance (Tei et 

al., 1995). Since 2001, research in FIR in health enhancement has been flourished. FIR 
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has been scientifically shown to augment health in various pathologies in both animal 

and human studies. In Taiwan, FIR is used in clinical practice, especially in patients with 

ESRD, to improve the maturation of arterio-venous fistulas (AVFs) created for 

haemodialysis (HD) (Chen et al., 2016; Lin et al., 2013a; Lin et al., 2007; Lin, 2016). FIR 

also served other medical practices such as pain alleviation, wound healing, and 

improving the quality of life in CHF patients (Gale et al., 2006; Chiu et al., 2016; 

Sobajima et al., 2015). 

2.3 Methods of far infrared delivery to the body 

Different approaches are used to deliver FIR in the literature; the most commonly used 

were FIR sauna (FIRS), FIR ray device, and FIR emitting ceramics (cFIR). FIR lamps are 

also available; however, pure FIR heating lamps are expensive, and the lamps available 

on the market have mixed emissions of a shorter wavelength, including MIR and NIR. 

2.3.1 Far Infrared Sauna  

FIRS uses heating by radiation to transfer heat via electromagnetic waves directly to 

the object without employing a medium such as a liquid or gas. There are no standard 

systems of FIRS used in the literature. The FIR wavelength generated by these sauna 

cabins is only indicated in one study, which gives a wide range of 5 to 1,000 µm 

(Oosterveld et al., 2009). Cabins used for FIRS (Figure 2.2A) raise air temperature to 

less than 60°C. Unlike the traditional Scandinavian sauna, where the ambient air is 

heated up to 90°C, which in turn raises the subject’s temperature, such a method is 

known as heating by convection. This makes FIRS more tolerable and comfortable, 

especially for patients with CHF (Miyamoto et al., 2005). FIRS is also called a dry sauna, 

owing to the extremely low humidity, another name also include Waon therapy (WT). 

The name WT originates from Japan and means soothing warm therapy and indicates 

the safe nature of this therapy (Miyata and Tei, 2010). WT is performed by warming 

the body in the FIRS for 15 min, at which the temperature is maintained evenly at 60 

°C. After that, subjects are wrapped with blankets and laid down to maintain warmth 
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for another 30 minutes outside the sauna chamber (Figure 2.3). Finally, the subjects 

are kept orally hydrated to replenish moisture lost by perspiration. This method can 

increase core body temperature by 1.2 °C (Tei et al., 1995). WT is used widely in Japan 

and Korea, and it has been demonstrated to be beneficial for patients with CV 

conditions (Tei et al., 2016; Ohori et al., 2012). 

2.3.2 Far Infrared ray device  

The second approach for utilising FIR is the use of FIR Ray Devices (Figure 2.2B). These 

devices are made in Taipei, Taiwan, by the WS Far Infrared Medical Technology Co. Ltd 

(WS TY-101N® and WS TY-301R®). They are used to deliver localised FIR radiation. The 

top radiator can emit FIR rays with wavelengths ranging between 3-25 µm and a peak 

of 5 µm. The emitter is composed of electrified ceramic plates, which are usually 

placed 20 – 30 cm above the surface of the skin; this machine can increase the skin 

surface temperature up to 40°C. Researchers used this device mostly, however not 

exclusively, for patients with ESRD undergoing HD though AVFs. In these patients, FIR 

was shown to facilitate maturation and patency of AVFs, which is essential, as 

maturation failure is one of the striking problems of AVFs (Bashar et al., 2014). This 

device has also been used in animal models. 

 

 

Figure 2.2 Types of far infrared devices. 
(A) far infrared sauna, (B) far infrared ray device. 
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Figure 2.3 Waon therapy. 
Taken form (Miyata and Tei, 2010) 

 

2.3.3 Far Infrared emitting ceramics 

Bioceramics irradiate a high-performance FIR ray at room temperature (RT) with an 

average emissivity of 0.98 at wavelengths of approximately 6-14 μm. cFIR is capable of 

passing through non-metallic materials, for instance, cell culture plates and skin, which 

induces physiological and biochemical effects (Leung et al., 2013a; Leung, 2011; 

Leung et al., 2011a; Leung et al., 2011b). The bioceramic powder is manufactured in 

Taiwan and is composed of micro-sized particles produced from different mineral 

oxides such as aluminium oxide, ferric oxide, and magnesium oxide (Leung, 2015; 

Leung et al., 2013a; Leung et al., 2012a). Leung et al. showed the effectiveness of FIR 

in medical applications by employing cFIR (manufactured by Bioenergy Development 

Ltd., Taoyuan, Taiwan) in several biological studies, both in vitro and in vivo (Leung, 

2015). The experiments targeted different cell lines, including MCF-7 breast cancer 

cells, macrophage cells, melanoma cells, myoblast cells, chondrosarcoma cell line, and 

human breast epithelial MCF-10A cells as well as rabbits’ knees (Leung, 2015). 
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Further to this, various garments, and accessories such as socks, gloves, and rubber 

bracelets are manufactured from fabrics and plastics to contain bioceramic 

nanoparticles that emit FIR radiation. Ceramics in these fabrics act as an absorber that 

absorbs thermal energy from the human body and reflects it in the form of FIR 

radiation, causing primarily non-thermal effects at RT (Hamblin, 2012; Leung, 2015). 

FIR emitting clothes have been shown to relieve delayed muscle pain at 48 hours after 

an intense plyometric exercise in soccer players (Ugrinowitsch et al., 2016), to reduce 

body circumference over 120 days (Conrado and Munin, 2013) and to improve pain in 

patients with Raynaud’s syndrome (Ko and Berbrayer, 2002). 

2.4 Far infrared benefits, from cell to system 

FIR might be considered as a nonpharmacological modality of enhancing health. It is 

safe, non-invasive, and cost-effective, which made it an attractive modality for 

research. It has been applied to various clinical fields such as CVDs, renal diseases, DM. 

Nevertheless, there is a massive gap in knowledge to understand the mechanisms 

behind these benefits. In this section, current knowledge on FIR related benefits will 

be reported, along with a brief discussion of the suggested mechanisms. A detailed 

discussion of FIR suggested mechanisms are explained in section. 

2.4.1 Effects of FIR on cardiovascular risk factors and diseases 

2.4.1.1 Congestive heart failure 

CHF, which is also called HF, is defined as an abnormality of cardiac function leading to 

failure of the cardiac muscle to pump blood at a rate to meet the metabolic 

requirements of the tissues. Signs and symptoms of HF include tachycardia, venous 

congestion manifested as oedema, low cardiac output, and reduced peripheral 

perfusion, causing fatigue and breathlessness. Treatment of HF is complex, requiring 

pharmacological therapies in addition to treatments for the comorbidities. Although 

nonpharmacological therapies can be helpful, physical exercise, for instance, their 

effectiveness depends upon the severity of the illness. Surgical intervention such as a 



                                                                                               Chapter 2: Far Infrared Literature Review 

62 
 

heart transplant is considered in cases with poor prognosis when end-stage HF occurs 

despite maximum medical treatment. 

It was once thought that thermal therapy is inappropriate for patients suffering from 

CHF. The concern was that cardiac work would increase and thus create an extra 

burden on the diseased heart. On the contrary, thermal therapy including FIR has been 

used safely in patients with CHF and has offered prominent favourable effects, both 

subjective and objective, without notable side effects such as arrhythmias, angina, and 

dyspnoea (Miyamoto et al., 2005; Basford et al., 2009; Miyata et al., 2008). A single-

armed preliminary study examined the safety of FIRS on 15 hospitalized patients with 

CHF (Miyamoto et al., 2005). FIRS has shown to be safe and tolerable, resulting in 

improvement in clinical symptoms, New York Heart Association (NYHA) classification, 

exercise tolerance, neurohormones, and ejection fraction after four weeks of therapy. 

A second study, a small randomised sampled size crossover pilot study, assessed the 

safety and acceptance of FIRS for four weeks (Basford et al., 2009). Although the 

improvement in exercise tolerance, neurohormone levels, and quality of life 

assessment did not reach statistical significance, the use of FIRS was well tolerated and 

safe in patients suffering from CHF, with no adverse events (Basford et al., 2009). 

Owing to its safe nature, FIRS has gained popularity in research and became an 

attractive modality to explore its effects, led by a group of Japanese researchers. 

FIR has been shown to improve many aspects of HF, from BP to neurohormonal 

imbalance. Acute and chronic effects of WT for CHF patients include amelioration of 

clinical symptoms; improving NYHA, cardiac function, quality of life by promoting 

appetite, quality of sleep and general well-being; and decreasing cardiac dimensions 

and pulmonary congestion (Tei et al., 1995; Sobajima et al., 2015; Miyata et al., 2008; 

Chuwa and Tanaka, 1996). These effects can be explained through the improvement in 

CV haemodynamic by virtue of a decrease in cardiac preload and afterload, which 

occurs as a consequence of a reduction of the pressure in the vascular tree. This 

includes DBP and mean pulmonary wedge pressure as well as the reduction in 

peripheral resistance, i.e., pulmonary vascular resistance and systemic resistance, 
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including coronary arteries (Tei et al., 1995). Despite this, WT is not suitable for CHF 

patients with severe aortic stenosis or obstructive hypertrophic cardiomyopathy, as 

the pressure gradient might increase during WT (Miyata et al., 2008). WAON-CHF 

study (Tei et al., 2016), a multi-centre prospective randomised control study, took 

place in Japan, involving 149 patients with advanced HF. They were randomised into 

two groups: the experimental group underwent FIRS treatment with a total of 10 

sessions divided into two weeks and a control group. The WT group showed a 

significant decrease in plasma brain natriuretic peptide levels (BNP, a biomarker of 

cardiac insult), NYHA classes; and improvement in the 6-minute walking distance (6-

MWD) and reduction of the cardiothoracic ratio compared to the control counterparts. 

In this study, minor side effects were observed, which include a decrease in BP, 

hypovolemia, and a decrease in body weight. These side effects were explained by the 

improvement in peripheral perfusion and can be avoided by adequate post-radiation 

management, such as hydration after the therapy. In agreement with the previous 

study, Miyata et al. performed a multi-centre randomised study (Miyata et al., 2008), 

in which the authors reported the same benefits of 2 weeks of FIRS delivery 

concerning NYHA functional class, cardiac size, and plasma concentration of BNP. 

These parameters remained unchanged in the control group. The study also showed 

an improvement in cardiac function, represented by the significant improvement in 

ejection fracture. The same results were also achieved in a single-armed preliminary 

study performed on 15 hospitalised patients with CHF after four weeks of FIRS 

(Miyamoto et al., 2005).  

Another important aspect of CHF is ED (Kubo et al., 1991). ED takes a leading role in 

the pathophysiology and progression of CHF and is considered as an independent 

predictor of poor prognosis (Rossa et al., 2004). Drugs used for treating CV conditions, 

such as statins, shown to improve EF (Trochu et al., 2003; Tourikis et al., 2014). 

Therefore, studies aim to link the benefits of FIR on EF in animals and human models 

with CHF. FIRS treatment has been shown to improve clinical symptoms in patients 

with CHF via improving EF, in the same manner, that exercise and pharmacological 
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drugs have been proven to accomplish. Kihara et al. investigated the effect of WT on 

EF in 30 patients with CHF; 20 received FIRS for two weeks, whereas the control group 

was kept on a bed in a temperature-controlled room (Kihara et al., 2002). In the 

previous study, EF, which was assessed by FMD, improved significantly after FIRS 

treatment compared to the control group. 

Additionally, clinical symptoms improved in 85% of subjects, as did NYHA classification 

and SBP; the improved EF explained these effects as the authors found a significant 

positive correlation between the change in FMD and cardiac function represented by 

the percent improvement in BNP concentrations. Moreover, repeated WT improved EF 

in subjects with coronary risk factors (Imamura et al. 2001). A mechanistic study 

(Ikeda et al., 2005) in hamsters with experimental cardiomyopathy demonstrated the 

effect of 4 weeks of daily FIRS on vascular EF. The authors reported a significant 

increase in the mRNA and the protein expression for arterial eNOS and in NO 

production measured as fasting serum nitrate compared to healthy controls. It is well 

known that HF causes a reduction in cardiac output and peripheral blood flow, which 

might downregulate eNOS expression and decrease NO production. The upregulation 

in eNOS induced by repeated FIR therapy is believed to be caused by an increase in 

shear stress as a result of increased cardiac output and blood flow; additionally, 

thermal stimulation might directly up-regulate arterial eNOS (Miyata et al., 2008).  

In CHF patients, impaired endothelium-dependent vasodilation induced via NO 

synthesis inhibition brings about the reduced capacity to exercise (Katz, 1995; 

Maxwell et al., 1998). FIRS improves exercise tolerance in patients with CHF through 

improving EF. Ohori et al. demonstrated that three weeks of FIRS significantly 

improved the 6-MWD and peak VO2 (the maximum rate of oxygen consumed during 

incremental exercise) (Ohori et al., 2012). The 6-MWD significantly correlates with 

FMD and other parameters including left ventricular ejection fraction, plasma levels of 

norepinephrine and BNP. The study also found that the improvement in EF by FMD 

was the only independent determinant of increased 6-MWD, which did, however, 

correlate with an increase in peak oxygen uptake VO2. Sobajima et al., (Sobajima et al., 



                                                                                               Chapter 2: Far Infrared Literature Review 

65 
 

2015) reported an improvement in exercise tolerance, cardiac performance, and EF in 

patients with CHF after three weeks of WT; findings were consistent with previously 

described studies (Ohori et al., 2012; Imamura et al. 2001). A WAON-CHF Study (Tei et 

al., 2016) also reported a significant improvement in the 6-MWD of treated patients 

compared to control. Furthermore, in the previously mentioned studies, clinical 

findings including cardiac function, neurohumoral factors, and EF were improved by 

WT (Sobajima et al., 2015; Tei et al., 2016; Ohori et al., 2012). These findings are 

similar to an earlier study demonstrated that six months of regular exercise in CHF 

patients rectifies EF and augments NO formation, which in turn increases exercise 

tolerance (Hambrecht et al., 1998). 

Additionally, T-shirts and silicon rubber bracelets containing bioceramic powder were 

shown to improve cardiorespiratory recovery after exercise via stimulating 

parasympathetic responses (Leung et al., 2013b). This may be helpful, especially for 

patients with arrhythmias as parasympathetic stimulation might prevent premature 

contractions during exercise. FIR itself causes effects mimicking those achieved by 

exercising, such as improving EF, decreased preload and afterload, and increased 

cardiac output (Beever, 2009). Therefore, FIR might be used as an alternative method 

to replace physical exercise, which would be of particular benefit for patients with 

sedentary lifestyles due to various medical problems, such as orthopaedic conditions, 

CV or respiratory problems, who are unable to carry out physical exercise (Beever, 

2009). Another study employed a different method of FIR delivery in a randomised 

trial for patients confined to bed due to advanced decompensated HF (Lima et al., 

2014). It is challenging to mobilise these patients, and they, therefore, cannot undergo 

sauna sessions. The authors used thermal blankets that generated FIR via 44 infrared 

pads and reported an acute increase in cardiac index and a decrease in systemic 

vascular resistance after a single use. Another alternative is partial body heating. Inoue 

et al. (Inoue et al., 2012), used localised FIR devices to warm the lower extremities 

while the patients were lying on the bed. Results from this study were comparable to 

those with WT, which provides whole-body irradiation; patients showed an acute 
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improvement in haemodynamic, vascular EF, and a reduction in oxidative stress.  

Another critical aspect of HF patients is the sympathetic nervous system activation; 

this acts as an initial compensatory response; however, it eventually leads to a further 

worsening of myocardial function and poor prognosis (Triposkiadis et al., 2009). 

Repeated WT sessions improve cardiac function through normalising cardiac 

autonomic nervous activity by decreasing sympathetic and increasing parasympathetic 

nervous activity. This was assessed through the HR variability test, which is the number 

of fluctuations of HR, a marker of autonomic nervous function (Kuwahata et al., 2011; 

Kihara et al., 2004). Furthermore, decreased HR variability is an independent predictor 

of arrhythmia in CHF (Fauchier et al., 1999). Ventricular arrhythmia is a prevalent 

complication in patients with CHF and is associated with a high risk of sudden death. 

FIR has been shown to improve cardiac arrhythmias in patients with CHF. In an RCT 

(Kihara et al., 2004), 30 subjects with CHF NYHA class II or III and that had premature 

ventricular contractions (PVCs) were randomised into treatment and control groups. 

The treatment group received FIRS for 15 minutes daily for two weeks, after which 

they showed a significant decrease in PVCs and lower BNP levels, increased HR 

variability, and a significant improvement to NYHA class, cardiothoracic ratio, and left 

ventricular ejection fraction. These results suggest that WT minimises sympathetic 

nervous activity and hence improves ventricular arrhythmias; this may be one of the 

mechanisms of improving the prognosis in patients with CHF. However, patients from 

this study were asymptomatic to PVCs. Thus, these findings cannot be generalized for 

those experiencing symptomatic PVCs.  

FIR has also shown to improve the prognosis and survival of human and animal models 

with HF. Ikeda et al. 2002, reported a significant improvement in survival in 

cardiomyopathic hamsters with CHF after 4-week of FIRS compared to the control 

group (Ikeda et al., 2002). The effect of WT on the prognosis and survival in patients 

with moderate to severe CHF has been explored in a further study. One hundred 

twenty-nine patients with CHF were assigned to either a FIRS treatment group or a 

control group (Kihara et al., 2009). The treatment group received treatment at the 
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time of hospital admission, and at least twice weekly after discharge, they were then 

followed up for five years (Kihara et al., 2009). Results from Kaplan—Meier analysis 

demonstrated that WT is associated with the reduced cardiac death rate and re-

hospitalisation significantly compared to the control group (Kihara et al., 2009). 

Further to this, Sobajima et al. found that the mental health assessed by self-

assessment of health-related QOL was improved following three weeks of WT, which is 

one of the important detectors of CHF prognosis (Sobajima et al., 2015). Finally, an 

additional study supports the benefits of FIRS therapy for neonates with CHF due to a 

congenital anomaly (Sugahara et al., 2003). However, this study is beyond the scope of 

this project as the aetiology of CHF in neonates is fundamentally different from that of 

adults.  

There are some limitations highlighted in the above-discussed studies, such as the lack 

of placebo and placebo-controlled studies, the absence of randomisation and sample 

blindness, single ethnicity groups, relatively small sample sizes, and crossover design. 

However, the consistency of the results across these studies in achieving the primary 

goal of managing CHF safely and non-invasively through improving prognosis and 

quality of life, merit the consideration of FIR as an effective nonpharmacological 

modality, and a valuable adjunct to routine pharmacological treatments.  

2.4.1.2 Coronary risk factors 

ED represents an early stage of atherosclerosis and is observed in subjects with 

traditional coronary risk factors such as hypercholesterolemia, hypertension, cigarette 

smoking, DM, and obesity (Vogel, 1997). Three studies supported the benefits of FIR 

for individuals with coronary risk factors. In an RCT, 28 subjects with at least one 

coronary risk factor were assigned to a FIRS receiving group and a control group, 

where subjects were maintained at room temperature for two weeks (Beever, 2009). 

SBP was significantly decreased in the FIR sauna group after therapy compared to the 

control group. Urinary 8-epi-prostaglandin F2α (8-epi- PGF₂α), which is a marker of 

oxidation, decreased in the FIR treated group relative to pre-FIR treatment and the 
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control group (Beever, 2009). However, there were no reductions in DBP, total 

cholesterol, HDL-C, triglyceride, BMI, or fasting plasma glucose levels (Beever, 2009). 

The second study, which is a cohort trial, consisting of 25 men with at least one 

coronary risk factor with no medications who underwent FIRS over two weeks 

(Imamura et al. 2001). Ten additional men without coronary risk factors served as a 

baseline control – these controls did not receive FIRS (Imamura et al. 2001). EF was 

significantly impaired relative to the control group, as measured by FMD (Imamura et 

al. 2001). FIRS treatment for two weeks significantly improved FMD in the at-risk 

group; SBP and DBP, body weight, and fasting blood glucose concentrations all 

decreased significantly (Imamura et al. 2001). The third study, Biro et al., found that 

FIRS for two weeks caused weight loss in 10 obese subjects following 1800 calories per 

day, but despite the loss in weight, plasma ghrelin and leptin concentrations did not 

change (Biro et al., 2003). 

As demonstrated by the discussed studies, FIR therapy was found to promote health in 

subjects with coronary risk factors, suggesting that FIR might be an effective non-

pharmacological treatment to help prevent future CVDs. 

2.4.2 Effects of far infrared in renal failure and vascular access 

ESRD, also known as RF, is a major global health problem. Approximately two-thirds of 

patients with ESRD receive HD (Davison, 2012). Efficient vascular access is imperative 

for adequate long-term HD. AVFs are the ideal form of vascular access since this is 

associated with fewer complications compared to other vascular access methods such 

as arteriovenous grafts (AVGs) (Lin et al., 2007). However, AVFs still have a high risk of 

primary failure caused by thrombosis and impaired maturation (Al-Jaishi et al., 2014). 

The patency of AVFs is affected by flow access and other two broader factors: 

mechanical factors such as surgical skill, puncture technique, and shear stress; and 

medical factors as hypercoagulability, endothelial cell injury, and genotype 

polymorphisms that give poor AVF patency (Lin and Yang, 2009). Therapeutic 

interventions that prevent access failure and considerably prolong patency are 
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unavailable (Durante and Lin, 2008). FIR is considered to be one of the novel therapies 

to prevent AVF access failure (Terry and Dember, 2013). FIR is usually delivered for 40 

minutes during HD sessions. The WS TY101 FIR emitter (WS Far Infrared Medical 

Technology Co., Ltd., Taipei, Taiwan) is the most commonly used method of delivering 

FIR rays (Figure 2.4). 

 

Figure 2.4 Application of Far Infrared therapy on arteriovenous fistula 
during dialysis. 
 Taken from (Chen et al., 2016). 
 

Metanalytical evaluation of the efficacy of using FIR irradiation on AVFs from 4 trials 

concluded that FIR was associated with both better primary (unassisted) patency and 

secondary patency following restenosis procedure, in addition to enhancement of AVF 

maturation (Bashar et al., 2014). In 2017, a larger metanalysis concluded from a 

pooled analysis of 21 studies that FIR therapy could improve primary AVFs patency, 

vascular access blood flow, increased AVFs diameter, decreased rates of AVFs 

occlusion, and needling pain level (Wan et al., 2017). 

FIR has been shown to prevent restenosis after percutaneous transluminal angioplasty 

(PTA) for treating stenosis related access failure. One study (Lai et al., 2013) reported 

that FIR improved 1-year PTA-unassisted patency in patients with only AVGs, but not 
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AVFs, who underwent repeated PTA. This was confirmed in a preclinical study; 

cholesterol-fed rabbits with balloon vascular injury following PTA showed inhibition in 

VSMCs proliferation and neointimal hyperplasia after non-ablative infrared laser 

(Kipshidze et al., 2001). These studies suggest the benefits of FIR in improving the 

quality of vascular access required for HD. Furthermore, Lin and his group published 

several studies from the bedside to bench on the effects of FIR on AVFs. In an RCT 

(Lin et al., 2007), FIR therapy was confirmed to increase access blood flow, to lower 

the incidence of AVF malformation, and to increase 1-year unassisted patency of the 

fistula in comparison to a control group. A second study (Lin et al., 2013a) also found 

that FIR therapy for one year facilitated maturation and unassisted patency of de novo 

AVFs in comparison to a control group. This explains the benefits achieved by FIR from 

human and animal experiments through a short-term thermal effect that leads to 

vasodilation, increased access flow, and non-thermal effects through four possible 

mechanisms (Chen et al., 2016). These mechanisms are inhibition of intimal 

hyperplasia (Kipshidze et al., 2001), diminished oxidative stress (Masuda et al. 2004), 

suppression of inflammation (Lin et al., 2008), and augmentation of EF through the 

eNOS (Imamura et al. 2001; Akasaki et al., 2006; Ikeda et al., 2005). 

The stress protein haem oxygenase-1 (HMOX1) is critical for AVF survival (Durante and 

Lin, 2008). In animal and cell models, HMOX1 is shown to attenuate neointimal 

hyperplasia in injured arteries and to prevent atherosclerotic plaques, whereas 

inhibition of HMOX1 activity enhances neointimal thickening and accelerates lesion 

formation (Durante and Lin, 2008). FIR has been shown to play an essential role in anti-

inflammatory responses via the production of HMOX1. More specifically, in 2006, 

Lin et al. reported that AVF failure is associated with the length of the dinucleotide 

(GT) repeat in the promoter of the HMOX1 gene (Lin et al., 2006). A long guanidine 

thymidine dinucleotide repeats [(GT)n≥30] in the HMOX1 promoter was linked with 

the susceptibility to several conditions, including a higher frequency of access failure 

and poor AVFs patency in HD patients (Lin and Yang, 2009; Lin et al., 2006). This 

suggests that HMOX1 plays a crucial role in governing the survival of AVFs. A short 
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(S/S) HMOX1 gene, on the other hand, was associated with a profound improvement 

in access flow and unassisted patency and provided the best protective effect 

following one year of FIR therapy compared to the S/L genotype (Lin et al., 2013b). The 

L/L genotype of HMOX1 length polymorphism, however, was associated with a weaker 

response to FIR therapy in HD patients. 

Patients with ESRD undergoing long-term HD usually suffer from depression associated 

with fatigue, sleep difficulties, and other somatic and cognitive features (Kimmel and 

Peterson, 2006). One study examined the effects of FIR and heat on the psychological 

perspective in 61 patients with ESRD receiving long-term and regular HD. Twelve 

weeks of FIR therapy were found to decrease the stress and fatigue levels of these 

patients, as assessed by the WHOLQOL-BREF questionnaire relative to the heat group 

(Su et al., 2009); however, the modality of FIR was not specified in this study. More 

placebo-controlled, randomised, double-blinded trials are needed to determine the 

role of FIR in quality of life in patients with ESRD. 

Pharmacotherapies such as statins and clopidogrel were not effective in making AVF 

suitable for the treatment of HD (Dember et al., 2008; Wan et al., 2018). By contrast, 

FIR was shown to be promising for AVF maturation by targeting different pathogenetic 

pathways associated with AVFs malfunction. Therefore, FIR might be considered as an 

effective non-pharmacological modality for increasing vascular access survival rates. 

However, these studies have limitations. Most notably, they have a non-blinded 

design, are from a single centre and have subjects of a single ethnicity. Finally, most of 

the morbidities and mortalities in RF patients are related to CV events; these patients 

exhibit at least one of the coronary risk factors (Gullion et al., 2006; Go et al., 2004). 

Therefore, the management for these patients should also be directed towards the 

treatment of CV risk factors that also slow the progression of RF. Further studies are 

required to look at the effects of FIR in improving comorbidities associated with these 

patients.  
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2.4.3 Effects of far infrared in ischaemia and angiogenesis 

Ischaemia is defined as an inadequate blood supply due to a blockage of the blood 

vessels with resultant tissue damage and dysfunction. Signs and symptoms include 

pain, pallor, and pulseless. Immediate intervention is pivotal otherwise ischaemia may 

progress to tissue necrosis and gangrene with eventual organ damage and paralysis. 

FIR has been shown to diminish tissue ischaemia and necrotic lesions as a result of 

trauma, DM, and PAD in clinical studies and animal models. In a case report, an 80-

year old man suffered from hand ischaemia after a surgical procedure for AVG, with 

evidence of steal phenomenon and diastolic flow reversal from a Doppler ultrasound 

(Chen et al., 2015a). Such a case makes surgical intervention inevitable to restore hand 

perfusion; however, non-invasive FIR application has been shown to improve hand 

ischaemia by restoring distal blood perfusion and decreasing vascular resistance 

(Chen et al., 2015a). Chronic limb ischaemia associated with PAD was also improved 

following FIR therapy. A study in 2007 (Tei et al., 2007) enrolled 20 patients with PAD 

who received FIRS, five days per week for ten weeks. These patients showed markedly 

increased collateral blood vessel formation and a dramatic improvement in ischaemic 

ulcers. Other symptoms were also improved, including pain score, 6-MWD, ankle-

brachial pressure index, and leg blood flow (Tei et al., 2007). One patient from this 

study reported a completely healed large toe ulcer; this patient was scheduled for 

lower limb amputation; however, following 15 weeks of WT, amputation was avoided 

(Tei et al., 2007).  

One of the molecular mechanisms by which FIR causes an improvement in EF is by 

increasing eNOS and NO production, as observed from animal models. During 

ischaemia, eNOS and NO modulate angiogenesis through the production of growth 

factors, e.g., VEGF, angiopoietin, and fibroblast growth factor (Babaei et al., 1998; 

Murohara et al., 1998). Shinsato et al. found that six weeks of WT improved limb 

ischaemia, pain score, and walking distance in patients with PAD compared to the 

control group (Shinsato et al., 2010). They also observed increased levels of mobilising 
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circulating endothelial progenitor cells (EPCs), and serum nitrate and nitrite, which 

suggests that FIR may mobilise EPC via an eNOS pathway (Shinsato et al., 2010). FIR 

was also found to augment ischaemia-induced- angiogenesis by up-regulating eNOS. 

Akasaki et al. (2006) observed the effect of daily FIRS therapy for five weeks on a 

unilateral ischaemic hind limb mouse model compared to a control group (Akasaki et 

al., 2006). The comparison revealed a significant increase in blood flow, eNOS protein 

expression, and capillary density as an angiogenesis index in favour of the FIR group 

(Akasaki et al., 2006). These findings were eliminated by L-NAME administration, an 

analogue of arginine, which is a direct inhibitor of NO synthase, which was also 

confirmed by examining eNOS-knockout mice. However, FIRS in the previous study did 

not increase the expression of VEGF (Akasaki et al., 2006). The same results were 

reported by Shi-Yau Yu et al. (Yu et al., 2006). They found that FIR improved skin 

microcirculation in rats with a microcirculation-impaired skin flap through the NO 

pathway; this effect was also abolished after L-NAME administration (Yu et al., 2006). 

These studies suggested the critical role of eNOS in the regulation of angiogenesis by 

FIR therapy. A study by Miyauchi et al. observed the effect of 5-week WT therapy on 

angiogenesis in hindlimb ischaemic mice through upregulation of heat shock protein 

90 (HSP90) compared to the control group, which contributes to Akt/eNOS/NO 

pathway activation (Miyauchi et al., 2012). Akt is known as protein kinase B (PKB), 

which plays a role in angiogenesis. Administration of 17-DMAG, an inhibitor of HSP90, 

markedly suppresses the Akt/eNOS/NO pathway induced by WT, in addition to blood 

flow and capillary density (Miyauchi et al., 2012). HSP90 is a molecular chaperone that 

plays a role in angiogenesis; it forms a complex with Akt leading to Akt 

phosphorylation, phosphorylated Akt, in turn, causes the phosphorylation of eNOS, 

which leads to the production of NO (Miyauchi et al., 2012). 

Neovascularisation requires EPCs derived from the bone marrow, which migrate into 

the peripheral circulation and differentiate into mature ECs. NO has a vital role in the 

mobilisation and differentiation of EPCs (Aicher et al., 2003). Therefore, ED and 

oxidative stress, as seen in diabetic patients, diminish the ability of neovascularisation 
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owing to a decrease in the functional capacity of EPCs. Huang et al. observed that five 

weeks FIR therapy in an ischaemic streptozotocin (STZ)-induced diabetic mouse model 

increased: collateral flow recovery by 48%, new vessels formation, bone marrow-

derived EPCs differentiation into ECs, and reduced glucose-induced oxidative stress 

compared to the control group (Huang et al., 2012). These effects were suppressed by 

L-NAME administration. Furthermore, injection of FIR-treated EPC in high glucose 

conditions into nude mice markedly induced a significant improvement in blood flow 

after tissue ischaemia compared to those without FIR therapy (Huang et al., 2012). 

Lin et al. further investigated the effects of FIR treatment on high glucose treated EPCs 

(HG-EPCs) and controlled un-irradiated cells using whole-genome gene expression 

microarrays (Lin et al., 2015). Genes responsible for fibroblast growth factors, 

Mitogen-activated protein kinases (MAPK), Janus kinase/signal transducers and 

activators of transcription and prostaglandin signalling pathways were significantly 

induced in HG-EPCs after FIR treatment (Lin et al., 2015). FIR has therefore been 

shown to counteract the deleterious effects of DM on EPC function, leading to the 

promotion of angiogenesis both directly by enhancing EPCs and indirectly by improving 

EF, eNOS, and NO, the key regulators of angiogenesis.  

Another mechanism by which FIR treats ischaemia is through anti-inflammation by 

induction of HMOX1 expression (Lin et al., 2008). Tu et al. investigated the effects of 

FIR postconditioning on ischaemia/reperfusion (I/R) induced apoptosis in rat testis 

(Tu et al., 2013). This study found that HMOX1 protein in the testis was overexpressed 

following FIR ray therapy for 30 min after a two h- I/R injury, compared with a heat 

light treated group (Tu et al., 2013). In addition, administering an HMOX1 inhibitor 

abrogated the effect of FIR treatment (Tu et al., 2013). Furthermore, FIR 

postconditioning induces protective effects against apoptosis and alleviates testicular 

tissue injury, suggesting that HMOX1 is essential in the protective mechanisms 

following FIR postconditioning (Tu et al., 2013).  

Finally, after establishing the role of FIR in angiogenesis through NO upregulation, 

Sobajima et al. found that daily FIRS treatment for three weeks significantly improved 
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myocardial perfusion in patients with chronic total coronary artery occlusion (and 

therefore who are unfit for percutaneous coronary interventions) compared to the 

control group (Sobajima et al., 2013). Furthermore, the FIRS group showed 

improvement in EF as measured by FMD and exercise time (Sobajima et al., 2013). 

These effects are likely explained by enhanced collateralisation through improving EF. 

Sobajima et al. also found that daily FIRS for four weeks in rats with MI attenuated 

cardiac remodelling and increased capillary densities of the non-infarcted myocardium 

compared to a non-sauna therapy treated group (Sobajima et al., 2011). Additionally, 

eNOS and VEGF mRNA levels were increased in the myocardium (Sobajima et al., 

2011). Therefore, FIR might induce improvements in the replacement of invasive 

procedures of revascularisation in patients not suitable for such invasive intervention.  

FIR has been shown to enhance ischaemic injury in animal and cell models through a 

few suggested mechanisms. However, the exact mechanism has not been elucidated. 

Therefore, further studies are necessary to investigate the effects mechanistically 

offered by FIR in ischaemia. Besides, more translational studies in humans are needed 

to examine the effects seen in the preclinical studies and to verify the applicability in 

medical practice. Finally, further studies are mandatory to elaborate on the effects of 

WT-induced improvement in myocardial perfusion and to define the duration of the 

beneficial effects of WT after discontinuation. 

2.4.4 Effects of far infrared in wound healing 

Wound healing is a complex process starting with blood clotting leading to maturation 

and remodelling of the wound. This process is susceptible to failure, leading to an 

impaired or a non-healing chronic wound, as seen in DM, infection, and vascular 

diseases. Patients suffering from chronic wounds have a poor quality of life, and the 

management schedule imposes a substantial health economic burden (Olsson et al., 

2019). 

Thermal laser therapy using FIR facilitates wound healing through the upregulation of 

HSP70, which in turn coordinates the expression of growth factors such as 
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transforming growth factor β (Capon and Mordon, 2003). Transforming growth factor 

β is a critical element in the fibrogenic process and inflammatory response and has a 

potential role in wound healing. A full-thickness skin lesion was excised from the dorsal 

skin of rats and then exposed to FIR or maintained at RT for the control group 

(Toyokawa et al., 2003). Compared to the control group, the FIR treated lesion 

exhibited rapid wound healing achieved by collagen regeneration and fibroblast 

infiltration that expressed transforming growth factor-β1 (Toyokawa et al., 2003). 

Furthermore, in a rat model with wounds induced by a second-degree burn, FIR 

promoted healing by suppressing the NLRP3 (NLR family pyrin domain containing 3) 

inflammasome through enhancement of autophagy (Chiu et al., 2016). More recently, 

the effects of FIR radiation by isotropic high-density carbon on the oral mucosal 

epithelium have shown increased: HSP27 and HSP70 proteins production, granulation, 

and fibrosis in oral mucosal injuries relative to the control. Therefore, it can be said 

that FIR promotes wound healing of oral mucosal injuries in animal and cell models 

(Kimura et al., 2018). Although these studies suggest that FIR promotes wound 

healing, for a sold conclusion to be drawn, further investigations are required. 

2.4.5 Effects of far infrared in other conditions 

FIR effects on other medical conditions have been studied in human, animal, and cell 

models, as listed in Table 2.1. 
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Table 2.1 The effect of FIR in other medical conditions 
FIR= far infrared; FIRS= far infrared sauna; cFIR= far infrared emitting ceramic powder; H₂O₂= hydrogen peroxide; RCT= randomized controlled trail; WT= Waon 

therapy; NA= not applicable. Critical appraisal was done using: Critical Appraisal Skills Programme (CASP) for RCT and Cohort study, Specialist Unit for Review 
Evidence (SURE). NA= not-applicable, NS= not significant  

 

Study design  Condition 
Number 

of 
subjects 

Intervention(s) 
Duration of 

the 
treatment 

Outcome 

 
p-value 

 
Quality 
of the 
study 

Reference 

Prospective 
clinical trial 

Unspecified 
chronic pain 

46 

FIRS with 
multidisciplinary 
pain 
management or 
multidisciplinary 
pain 
management 
only. 

5 days/ week 
for 4 weeks 

• FIR and multidisciplinary groups 
had decreased pain levels (6 to 
3.2 and 6 to 4).  

• Anger score was significantly 
lower in FIRS group capered to 
the other group (4.5 to 2.2 vs. 
4.3 to 3.2 respectively) 

• NS 
 
 
 

• < 0.05  
Fair 

(Masuda et al., 
2005a) 

RCT 
Chronic lower 
back pain 

39 
FIR waistband 
or placebo 
waistband. 

Weekly for 7 
weeks 

Pain score for FIR decreased from 
6.9 to 3 while placebo group fell 
from 7.4 to 6 (of 10). 

 
< 0.001 Good 

(Gale et al., 
2006) 

Prospective 
clinical trial 

Work-related 
upper extremity 
and shoulder 
musculoskeletal 
pain  

32 

cFIR in 
computer 
device (mouse) 
and bracelet 
rubber. 

Once 

• Soreness of shoulder improved 
by 8.75 %, 

•  soreness of finger improved by 
10.31%,  

• soreness of forearm improved 
by 16.88%.  

• NS 
 

• 0.04 
 

• < 0.005 

Fair 
(Loong Lin, 
2014) 

RCT (Pilot 
study) 

Chronic myofascial 
neck pain and 
stiffness 

48 
cFIR in necklace 
or sham 
necklace. 

1 week 

• Reduced chronic neck pain in in 
FIR and placebo groups (5 to 4 
and 5 to 3.4 respectively).  

• Significant decrease in muscle 
stiffness in cFIR group 

• NS 
 

 

• 0.025 

Good 
(Chang et al., 
2013) 
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compared to sham group 
(Under the force-displacement 
curve: 16.1 to 17.6 kg.mm vs. 
16.4 – 16.7 kg.mm 
respectively). 

RCT 
Myofascial pain 
syndrome 

125 
FIR patch or 
placebo patch. 

24 hours 

• Visual analogue scale improved 
in FIR and placebo groups (4.66 
± 1.72 to 4.28 ± 1.82 and 4.78 ± 
1.73 to 4.37 ± 1.80 
respectively).  

• Pressure pain threshold 
significantly decreased in FIR 
group compared to placebo 
(3.26 to 2.90 kg/cm2 vs. 2.93 to 
2.87 kg/cm2 respectively). 

• NS 
 
 
 
 

• < 0.05 
Good (Li et al., 2017) 

Case report Ischaemic pain 1 FIR ray device. 4 months 
Improved signs and symptoms of 
ischaemia and increased 
perfusion. 

Not decumented NA 
(Chen et al., 
2015a) 

Prospective 
clinical trial 

Needling pain  50 
FIR ray device or 
control. 

3 times 
weekly for 
12 months. 

Improved needling pain within FIR 
group (4 to 2). 

0.002 Fair 
(Choi et al., 
2016) 

Single-armed  Fibromyalgia 13 WT 

10 sessions 
then 
maintained 
up to 6 
months. 

Decrease in pain after single 
session which plateaued following 
10 sessions and maintained 
throughout the end of the study 
(pain decreased by 20-78%). 

<0.01 Fair 
(Matsushita et 
al., 2008) 

Case report 
Phantom limb 
pain. 

1 

FIR ray device. 
Applied to the 
phantom limb 
pain sites  

Twice weekly 
for 6 
months. 

Reduced pain score and muscle 
twitching attacks. 

Not documented NA 
(Huang et al., 
2009) 

Pilot Rheumatoid 34 (17 FIRS Twice weekly Significant improvement in *<0.05 Fair (Oosterveld et 
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arthritis (RA)and 
ankylosing 
spondylitis (AS). 

patients 
from each 
condition) 

for 4 weeks. stiffness after FIRS session in both 
conditions (RA* 25 to 12 and AS** 
40 – 16), pain (RA* 25 to 15, AS** 
26 to 11). 

**<0.001 
 

al., 2009) 

RCT 
Raynaud’s 
syndrome 

93 
FIR emitting 
gloves or 
placebo gloves. 

3 months 

Decreased pain, discomfort, and 
reduced episodes of Raynaud’s 
attacks after FIR compared to the 
subjects who used placebo gloves 
(57 to 51 vs.  55 to 58 
respectively). 

< 0.001 Good 
(Ko and 
Berbrayer, 
2002) 

RCT Dysmenorrhea 104 

FIR-emitting 
sericite belt 
with a hot pack 
or placebo belt. 

5 menstrual 
cycles 

Decreased pain in both groups. 
However, 
Pain returned to baseline in the 
control group while it the 
decreased in pain was maintained 
for FIR group resulting in 
significant difference between FIR 
and placebo groups (5.08±0.31 vs. 
6.47±0.31 respectively, difference 
−1.39 [95% CI, −2.25 to −0.53]). 

0.0017 Good 
(Lee et al., 
2011) 

Case report 

 
 
 
 
 
 
Chronic fatigue 
syndrome 
Depression 

2 WT 

5 days per 
week for six 
weeks, and 
subsequently 
twice weekly 
for a year. 

Improvement in fatigue, pain, 
disturbances in sleep, and low-
grade fever. 

Not documented NA 
(Masuda et al., 
2005b) 

Pilot 10 
WT 
WT or non-
thermal 
treatment 

five days per 
week for 
four weeks. 

Decrease in fatigue (6.7 to 4.8), as 
well as anxiety and depression.  

0.002 Fair 
(Soejima et al., 
2015) 

RCT 28 5 Times Improvements in somatic < 0.001 Good (Masuda et al., 
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weekly for 4 
weeks. 

complaints in FIR group compared 
to non-thermal group (39 to 23 vs. 
40 -37). 
Improvement in hunger, plasma 
ghrelin concentrations and 
relaxation scores did not show a 
significant improvement relative 
to non-thermal group. 

2005c) 

Prospective 
clinical trial 

Postmastectomy 
lymphedema in 
breast cancer. 

63 

FIR ray device or 
compression 
bandage 
treatment for 
control arm 

4 weeks and 
followed up 
for 1 year. 

No evidence of breast cancer 
recurrence or metastasis during 
the 1 year follow up as measured 
by breast cancer biomarkers for 
both groups. 

NS Fair 
(Constantinides 
et al. 2017) 

Experimental 

Lipopolysaccharide 
(LPS)-induced 
arthritis in rabbits’ 
knee. 

6 
cFIR or placebo 
powder 

Once 

• Positron emission tomography 
showed a significant 
improvement in the arthritis of 
the bioceramic treated group 
compared to the control group. 

• Stimulation of bone recovery 
under inflammatory conditions 
by inhibiting the inflammatory 
effect of prostaglandin E₂, 
enhancing cell survival and 
osteoblast differentiation 
against cytotoxic H₂O₂-
mediated oxidative stress. 

• <0.01 
 
 
 
 

• <0.05 
Good 

(Leung et al., 
2012b) 

Experimental 
Rat model of 
sciatic nerve 
injury. 

18 
FIR ray device or 
sham 
treatment. 

5 times per 
week for 2 
weeks. 

Sciatic functional index for FIR 
vs sham treatment was (−66.91 
vs. −71.43 vs.) which reflect the 
improvement in motor 
function, acceleration recovery 
muscle atrophy and modulation 

<0.05 Good 
(Chen et al., 
2015b) 
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of the inflammatory process 
during sciatic nerve injury 
compared to control. 

Experimental Depression 17 
FIR ray device or 
without 

Daily for 4 
weeks. 

Reduced depression in animal 
model as shown in the reduction 
of immobility times (in sec) 
following forced swim test (75.4 
vs. 174 for FIR vs. control) 

0.012 Good 
(Tsai et al., 
2007) 

Experimental  

Several cancer cell 
lines including lung 
tongue and 
gingiva.  

NA cFIR 4 days 
Inhibition of cell proliferation and 
induction of cell hypertrophy 
without apoptosis. 

NA Good 
(Yamashita et 
al., 2010) 

Experimental  
Murine melanoma 
cells 

NA cFIR 48 hours 
Decreased cell proliferation by 
11.8% relative to the control but 
did not affect cell apoptosis. 

NA Good 
(Leung et al., 
2012a) 
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2.5 Complications of far infrared therapy  

Burns are not uncommon when using traditional thermal therapy. However, FIR 

therapy is not associated with burn injuries. A possible side effect of FIR therapy is 

hypotension due to vasodilatation. However, this can be prevented by controlling the 

FIR therapy duration and hydration (Chen et al., 2016). 

2.6 Far infrared mechanisms 

FIR has been proven to be effective and safe with various medical conditions. The 

mechanisms behind the beneficial effects of FIR are, however, unclear so far. Different 

mechanisms have been suggested from an animal, and in vitro studies, however, none 

are fully understood. A review article has been published from our laboratory that 

summaries the mechanisms proposed in the literature (Shemilt et al., 2018). 

In this context, the mechanisms explained in the current literature are highlighted into 

four broad categories (Shemilt et al., 2018):  

1. eNOS upregulation and the increased bioavailability of NO 

2. Enhancement of the redox status and reduction of oxidative stress 

3. Anti-inflammatory and anti-thrombogenic effects 

4. Promotion of angiogenesis 

2.6.1 Endothelial nitric oxide synthase upregulation and the increased 
bioavailability of nitric oxide  

FIR may improve EF through the upregulation of eNOS. FIR causes vasodilation as it 

transfers heat to the skin, this, in turn, increases peripheral blood flow and increases 

cardiac output (Shemilt et al., 2018; Tei et al., 1995), leading to an increase in shear 

stress, which is one of the primary stimuli for eNOS (Ziegler et al., 1998). However, the 

beneficial effects of FIR on EF measured on the next day persist beyond the temporary 

rise in skin temperature. This is backed up by cell culture studies where non-thermal 

cFIR was used, contributing to the beneficial effects. This suggests that the increase in 
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eNOS pathway is caused by mechanisms other than heat and shear stress. 

There is evidence from animal and cell models that the increase in NO bioavailability is 

caused by the induction of eNOS directly. A single session of FIR delivered to a rat 

model with a microcirculation-impaired injury of a skin flap; superficial blood flow was 

measured during and after FIR treatment with a continuous Laser Doppler flowmeter; 

this showed no change in skin blood flow during FIR treatment (Yu et al., 2006). 

However, skin blood flow increased significantly after the end of the FIR session when 

the emitter was removed (Yu et al., 2006). This effect was suppressed by L-NAME 

administration (Yu et al., 2006). FIRS also found to reduced cardiac remodelling after 

induced MI in rats, as well as to improve perfusion and neovascularisation in mice with 

hindlimb ischaemia through increasing NO bioavailability (Sobajima et al., 2011; 

Miyauchi et al., 2012). In these experiments, there was an upregulation of HSP90, 

phosphorylated Akt/PKB, and phosphorylated eNOS in arterial ECs from the dissected 

ischaemic muscle. The increased angiogenesis induced by FIR irradiation was reduced 

by an HSP90 inhibitor, suggesting that HSP90 is integral to this mechanism. HSP90 is a 

chaperone protein produced in response to stressful conditions. It forms a complex 

with Akt/PKB and causes the phosphorylation of eNOS, increasing NO production, and 

improving EF (Brouet et al., 2001). FIR inhibited the proliferation in VEGF-induced ROS 

generation in human umbilical vein endothelial cells (HUVECs) via eNOS 

phosphorylation and NO production (Hsu et al., 2012). Non-thermal FIR exposure 

caused nuclear translocation of the promyelocytic leukaemia zinc finger protein (PLZF), 

which increases the expression of phosphoinositide 3-kinase (PI3K) to activate Akt and 

activated eNOS to induce NO generation. The generated NO combined with VEGF-

induced ROS generation and inhibited VEGF-induced proliferation in HUVECs. 

Furthermore, these effects were abolished when PI3K was inhibited. This suggests that 

FIR maintains endothelial health through the PLZF-mediated pathway. However, this 

mechanism was not replicated in other studies, therefore, it is difficult to generalise 

the importance of this mechanism in the apparent effects of FIR (Shemilt et al., 2018). 
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Moreover, the eNOS pathway has been shown to influence FIR-induced angiogenesis 

during ischaemia. FIR treatment for five weeks significantly improved the ischaemic 

limb/normal side blood perfusion ratio compared with the control group, with a higher 

capillary density seen in the FIR group; this was associated with the upregulation of 

eNOS. L-NAME administration abolished angiogenesis induced by FIR; additionally, FIR 

did not promote angiogenesis in eNOS-deficient mice (Akasaki et al., 2006). 

Park et al. irradiated bovine aortic ECs with cFIR, and reported an increase in eNOS 

phosphorylation, specifically of serine 1179, which was accompanied by an increase in 

intracellular Ca2+ levels (Park et al., 2013). FIR increased intracellular Ca2+, which 

caused an increase in calmodulin-dependent protein kinase II (CaMKII) activity, and 

this, in turn, increased eNOS phosphorylation of serine 1179 (Park et al., 2013). Several 

specific sites of phosphorylation have been studied in eNOS, phosphorylation of eNOS-

Ser1179 increases NO production, mediated by various protein kinases (Fulton et al., 

1999; Bae et al., 2003). Treatment with a Ca2+/CaMKII inhibitor and a protein kinase A 

inhibitor caused an inhibition of FIR radiation-stimulated eNOS-Ser1179 

phosphorylation, suggesting that they play an integral role in the mechanism (Park et 

al., 2013). It was speculated that FIR increases intracellular Ca2+ through TRPV 

(transient receptor potential cation channels), a thermo-sensitive Ca2+ channel that is 

expressed throughout the body; however, this requires further investigations. 

Similarly, Leung observed the significant increase in NO production and CaM protein in 

LPS-treated RAW 264.7 macrophages by Western blotting following cFIR, and an 

additional increase in inducible NO concentrations using flow cytometry in MCF-7 

breast cancer cells (Leung, 2015). Current literature is unclear regarding eNOS pathway 

mechanisms, and further research to understand this potential mechanism is required. 

2.6.2 Enhancement of the redox status and reduce oxidative stress 

ROS play an essential role in the pathogenesis of CVDs such as atherosclerosis (Heistad 

et al., 2009) through the inactivation of NO, leading to ED and CVD (Förstermann and 

Münzel, 2006). FIR was found to improve EF as measured by FMD while decreasing the 
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surrogate biomarkers of systemic oxidation in subjects with CVDs (Masuda et al. 2004). 

Subjects with at least one coronary risk factor (E.g., hypertension, hyperlipidemia, or 

DM) had significantly reduced levels of urinary of 8-epi- PGF₂α after two weeks of FIRS 

compared to the control group (Masuda et al. 2004). 8-epi-PGF2α is a product of lipid 

peroxidation, which was found to oppose NO-mediated vasodilation leading to 

vasoconstriction; thus, the decrease in the urinary marker suggests that FIR may 

induce vasodilatation and increase vascular flow. Partial body warming through 

delivering localised FIR irradiation to the legs of patients with HF significantly improved 

hemodynamics and vascular EF as measured by FMD (Inoue et al., 2012). These effects 

brought about the significant increase in concentrations of biomarkers and enzymes of 

antioxidants, including thiol and glutathione peroxidase, and reduced levels of urinary 

8-hydroxy-2-deoxyguanosine, a marker of oxidative DNA damage (Inoue et al., 2012). 

In animal models, WT significantly improved cardiac function and dimensions 

compared with the control through decreasing cardiac expression of 4-hydroxy-2-

nonenal, a marker of oxidative stress (Ikeda et al., 2010). Levels of the antioxidants 

manganese-superoxide dismutase and HSP27 were also increased (Ikeda et al., 2010).  

Another possible mechanism of FIR benefit is via HMOX1. HMOX1 belongs to the heat 

shock protein family HSP32, it mediates the first step of haem catabolism and cleaves 

it to biliverdin, free iron, and carbon monoxide (CO) (Ryter et al., 2006). The enzyme 

biliverdin reductase subsequently metabolises biliverdin into bilirubin, which is a 

potent antioxidant (Stocker et al., 1987). CO acts as an intracellular messenger by 

increasing guanylyl cyclase, which exerts vasodilatory effects similar to those caused 

by NO (Morita et al., 1995). HMOX1 was found to be inducible under stress conditions 

such as exposure to free radicals, which is implicated in antioxidation defence 

mechanisms (Keyse and Tyrrell, 2006). It is also found to modulate the vascular 

function and exert potent anti-inflammatory, anti-proliferative, and anti-thrombotic 

effects in the circulation through the generated end products CO and bilirubin (Ryter 

et al., 2006). Therefore, HMOX1 fits into many mechanisms as it can be classified as an 

antioxidant, anti-inflammatory, or vasodilative. FIR employs HMOX1 to treat ischaemia 
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(Tu et al., 2013), vascular endothelial inflammation (Lin et al., 2008), and vascular 

access patency (Chen et al., 2016). It may be that FIR causes the all in one effect 

through HMOX1 to treat these conditions. FIR irradiation increased the expression of 

HMOX1 protein and mRNA in HUVECs in a time-dependent manner, with the effect 

peaking between 4–6 hours (Lin et al., 2008). This increase was suggested to be 

mediated by the thermal activation of the NRF2/ARE complex. Further to this, a 

mutation to ARE eliminates NRF2 activation, abolishing the effect of FIR on HMOX1 

activation; this suggests the central role of the NRF2/ARE pathway in which FIR induces 

HMOX1 (Lin et al., 2008). 

HMOX1 is found to be one of the genetic factors that influences the patency of AVFs 

and AVGs (Chen et al., 2016). Lin et al. observed the beneficial effect brought about by 

FIR on AVF for patients with ESRD receiving HD, through the induction of HMOX1 (Lin 

et al., 2007; Lin et al., 2008; Lin et al., 2013b). 

HMOX1 is a critical factor of AVF survival (Durante and Lin, 2008); as explained earlier, 

the longer (GT)n repeats in the proximal promoter region of HMOX1 gene elicits lower 

transcriptional activity. This increases susceptibility to AVF failure, CHD, and restenosis 

after coronary stenting (Chen et al., 2002; Chen et al., 2004; Lin et al., 2006). The L 

allele indicates a (GT)n more than 30, and an S allele means a (GT)n ≤30. Patients 

receiving HD with L/L or L/S genotypes have a higher hazard ratio of 2.04 of AVF failure 

than S/S genotype patients, and a higher prevalence of coronary artery disease (Chen 

et al., 2016; Lin et al., 2006). Interestingly, FIR provides the best protection against this 

by improving access flow and patency of AVF in HD patients with the HNOX1 S/S 

genotype, while patients with the L/L genotype had lower patency of AVF and a 

weaker response to FIR (Lin et al., 2013b). This result provides further evidence that 

HMOX1 induction is involved in the mechanism of FIR, at least in patients with AVF. 

A series of studies on bioceramic material (cFIR) application by Leung and his group 

show that bioceramics promote microcirculation in patients (Leung, 2015), treat 

inflammation induced by LPS in animal and cell models (Leung et al., 2012b; Leung et 
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al., 2013a), and up-regulate calcium-dependent NO and CaM in cells (Leung, 2015). 

cFIR has also been demonstrated to block ROS-mediated cytotoxicity by increasing 

H2O2 scavenging processes in several cell lines and animal experiments (Leung et al., 

2012b; Leung, 2011; Leung et al., 2011a; Leung et al., 2011b). Bioceramic applications 

on a mouse macrophage cell line increased cell viability and inhibited intracellular 

peroxide levels and LPS-induced peroxide production, as determined by measuring the 

increase in intracellular changes in cytochrome c levels and the ratio of NADP⁺/NADPH 

compared to the control group (Leung, 2011). Other H2O2 scavenging effects of cFIR 

include strengthening myoblast cells under oxidative stress and delayed onset of 

fatigue induced by muscle contractions of amphibian skeletal muscle (Leung et al., 

2011a). cFIR also increased the force of cardiac contractility in isolated frog hearts 

under oxidative stress (Leung et al., 2012c) and protected against ionising radiation 

through H2O2 scavenging and COX-2-inhibiting activities in human breast epithelial 

cells (Leung et al., 2014). In a recent review, it was stated that “The exact interplay 

between FIR and oxidative stress remains unclear, and while some potential 

mechanisms for this have been identified, including the potential induction of HMOX1, 

there are other aspects of this mechanism which require further study, such as the 

role of NRF2/ARE. Clinical studies of FIR therapy in populations with high oxidative 

stress levels such as smokers and CVD, with a focus on a broad range of measures of 

redox status as well as clinical outcomes, could increase the credibility of this 

mechanism, while further molecular studies are needed to fully understand it” 

(Shemilt et al., 2018). 

2.6.3 Anti-inflammatory and anti-thrombogenic 

Inflammation is considered a CVD risk factor that plays a role in all stages of 

atherosclerosis (Zakynthinos and Pappa, 2009). As discussed in the previous section, 

FIR upregulates HMOX1, which in addition to antioxidant effects, also exerts anti-

inflammatory actions via the end products of haem metabolism. Lin and colleagues 

found that the anti-inflammatory effect of FIR is mediated by HMOX1 and NRF2 
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activity, leading to inhibition of the expression of TNF-α-stimulated inflammatory 

cytokines and adhesion molecules in HUVECs (Lin et al., 2008). Leung et al. applied 

cFIR in two cell lines; murine macrophage and human chondrosarcoma, each with 

acute inflammation induced by LPS. Both cell lines exhibited significant levels of 

inflammatory mediators, including cyclo-oxygenase-2, prostaglandin E2, and inducible 

NO synthetase (Leung et al., 2013a). Furthermore, cFIR produced an anti-inflammatory 

effect by reversing LPS-induced arthritis in an animal model and inhibiting PGE2 in 

human chondrosarcoma and murine osteoblast cell lines under oxidative stress. FIR 

was shown to mediate anti-inflammation only in preclinical studies, so further 

investigations are required to understand the anti-inflammatory mechanisms of FIR in 

patients with inflammatory diseases. 

Another critical pathological process in atherosclerosis and thrombosis is platelet 

aggregation. Only one study looked at the effect of FIR on thrombosis. This showed a 

reduction in the expression of 19 genes related to platelet aggregation in HUVECs 

through reduced expression of thromboxane A2 receptor (Chen et al., 2015c). Platelet 

aggregation has an essential role in thrombogenesis, however, measuring the function 

of the platelets is not shown to accurately predict the onset of ischaemic heart 

disease, making the potential clinical benefits of this mechanism limited (Shemilt et al., 

2018). 

2.6.4 Promoting angiogenesis 

Angiogenesis is the process of new blood vessel formation from pre-existing blood 

vessels through EPCs. EPCs are precursor cells that able to differentiate into functional 

ECs (Asahara et al., 1997). It is a crucial physiological process in growth and wound 

healing, as well as in tumour growth. Experimental studies have shown that FIR might 

reduce the risk of angiogenesis-related-cancer through inhibiting in-vitro migration 

and tube formation in HUVEC (Hwang et al. 2014). FIR also directly inhibits cell 

proliferation and induces cell hypertrophy without apoptosis in different cancer cells 

line (Ishibashi et al. 2008; Yamashita et al. 2010), FIR also causes a cytotoxic effect to 
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cancerous cells and decreases cell viability (Peidaee et al. 2013). 

Apart from oncological studies, several studies determined the effect of FIR on 

angiogenesis. Angiogenic effects were assessed in human microvascular EPCs derived 

from the skin following FIR irradiation (Rau et al., 2011). FIR induced tube formation in 

the EPCs, which is an early marker of angiogenesis (Rau et al., 2011). This was achieved 

via the activation of extracellular signal-regulated kinase (ERK), one of the three 

mitogen-activated protein kinases involved in regulating angiogenesis (Rau et al., 

2011). Inhibition of ERK significantly attenuated the effect of enhanced angiogenesis 

(Rau et al., 2011). However, in this study, there was no induction of the 

VEGF/Akt/eNOS-dependent signalling pathways (Rau et al., 2011). It was, however, 

found that the eNOS pathway plays a vital role in mobilising EPCs during angiogenesis, 

eNOS knock out mice showed impaired neovascularisation (Aicher et al., 2003). 

Shinsato et al. demonstrated that WT improved limb ischaemia in patients with PAD by 

the mobilisation of circulating CD34+ cells (the precursor to EPCs) via an eNOS-

dependant mechanism (Shinsato et al., 2010). As NO bioavailability is defined by EF, 

thus the contradiction can be justified by the inadequate repair of the endothelial 

damage in PAD patients, resulting in atherosclerosis. Therefore, increasing NO 

bioavailability through eNOS may improve the already damaged vessels’ inherent 

ability for self-repair (Shemilt et al., 2018). In the same context, Miyauchi et al. 

demonstrated that WT for five weeks promoted angiogenesis in mice with unilateral 

hindlimb ischaemia through the activation of the HSP90/Akt/eNOS pathway; the 

effects of FIR were attenuated by the administration of an HSP90 inhibitor 

(Miyauchi et al., 2012). 

Huang et al. demonstrated that FIRS for five weeks significantly increased the 

ischaemic limb/normal side ratio blood perfusion, measured by LDI beyond that in 

controls in STZ-induced diabetic mice (Huang et al., 2012). Bone marrow-derived EPCs 

that had differentiated to ECs were significantly increased in ischaemic tissue in 

diabetic mice that had received FIR radiation, leading to an increased capillary density 

(Huang et al., 2012). Furthermore, cultured EPCs treated with FIR radiation markedly 
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augmented high glucose-impaired EPC functions and reduced H2O2 production 

(Huang et al., 2012). A novel approach was taken by extracting human EPCs from 

blood and treating with FIR irradiation in high glucose medium before injecting into 

nude mice. This significantly improved collateral flow recovery in the ischaemic limb 

compared to those not treated by FIR (Huang et al., 2012). This study suggests the 

potential of FIR to improve collateral perfusion during ischaemia by increasing EPC 

activity. 

In one study, as discussed earlier, EPCs were obtained from peripheral venous blood 

samples of healthy subjects and treated with high glucose (Lin et al., 2015). EPCs were 

then treated with FIR for 30 minutes and microarray analysis conducted to assess 

expression levels of several genes. FIR significantly upregulated eNOS and genes 

coding for MAPKs, Janus kinase/signal transducer and activator of transcription 

(JAK/STAT), and prostaglandin signalling pathways. Furthermore, FIR down-regulated 

genes involved in cardiac fibrosis. The activation of the proinflammatory pathway 

MAPK/ERK and the JAK/STAT signalling pathways may not be beneficial to CV health as 

it has proinflammatory actions (Grote et al., 2005) for which further FIR studies 

explaining the involvement of these pathways are needed. However, FIR upregulated 

prostaglandin signalling pathways, which could lead to increased production of 

prostacyclin, and this may result in vasodilation and improvement EF (Park and Park, 

2015). 

FIR improved the angiogenic activity of endothelial colony-forming cells (ECFCs) 

isolated from diabetic subjects by suppressing microRNA-134 (Wang et al., 2016). 

Micro-RNAs are non-coding RNA molecules involved in post-transcriptional gene 

regulation; this was increased in hyperglycaemic states resulting in impaired 

angiogenic activity in ECFCs. ECFCs are a subtype of EPCs with reparative angiogenic 

capabilities that were isolated from HUVECs (Wang et al., 2016). Dysfunctional ECFCs 

were treated with FIR and re-injected into mice with an ischaemic hindlimb; the 

overexpressed microRNA-134 was reduced, and limb perfusion significantly improved 

(Wang et al., 2016). 



                                                                                                           Chapter 3: Materials and Methods 

91 
 

This represents the potential mechanism for the effects of FIR irradiation on 

angiogenic activity in ECs during ischaemia, and this may be significant if the results 

are replicated in human studies. More clinical research is required to establish the 

effects of FIR on EPCs in humans and to implement FIR induced improvement in clinical 

settings in CVD. Finally, the gaps in the understanding of the mechanistic pathways 

behind the promotive effects of FIR provide plenty of room for research. 

2.7 Study rationale 

It is plausible that FIR possesses a potential therapeutic effect in many health 

problems, particularly in CVD. Current studies are showing an improvement in the 

signs and symptoms of patients with HF and an improvement of vascular access in 

patients undergoing HD. To the best of our knowledge, no study has investigated the 

effect of FIR in a healthy human population as the literature has focussed on the effect 

of FIR in pathological states. One study, however, examined the effect of the far-

infrared emitting outfit on exercise capacity and delayed anaerobic metabolism in 

healthy subjects, which showed an improvement in these parameters (Mantegazza et 

al. 2018). However, this study did not investigate the benefits of FIR on vascular 

function. In the current study, examining the effect of FIR on vascular function in 

healthy subjects will provide valuable information about the degree of the 

improvement conferred by FIR to the vascular system; and will help to conclude its 

mechanism(s) of action in the physiological state. Furthermore, most of the studies 

lack a placebo-controlled element, and the populations studied were exclusively 

Chinese, Japanese, and Taiwanese. These drawbacks necessitate a further 

investigation of FIR on other ethnicities and with a placebo-controlled study arm. 

Therefore, if FIR is found to be beneficial on the vascular function of healthy subjects, 

it could be utilised as a non-pharmacological therapeutic tool for the prevention of 

CVD. 
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2.8 Aims and objectives 

The primary aim of this study is to investigate the effect of localised FIR on vascular 

function, in particular, EF and arterial stiffness in healthy subjects. EF was examined 

using LDI combined with the iontophoresis of ACh and SNP, and using circulatory 

biomarkers for ECs and oxidation, while arterial stiffness was assessed through the 

AI@75%. 

Additionally, the following objectives were examined: 

• As FIR is a source of heat, traditional thermal modality was used to compare 

the effects seen by FIR on the vascular system and deduce whether these 

effects are thermally related or due to other mechanistic effects related to FIR 

waves itself. FIR effects will also be compared to a placebo-controlled group. 

• The effects of FIR/heat and placebo after both single and repeated sessions 

were examined. This is to assess the extent of vascular changes induced by a 

single session of the given intervention (especially FIR) as well as after relatively 

long-term exposure of the intervention by delivering repeated sessions. 

• The effect of FIR across different time points was also assessed; that is the 

effect following one session at 0 and 4 hours as well as after the repeated 

session at 4 and 24 hours. 

• Furthermore, the effect of FIR on different skin surface areas was explored. The 

back region was chosen to represent a large skin surface area while the 

forearm was representing a smaller surface area. 

• Finally, gene expression was done to evaluate the expression of NOS3, NFE2L2, 

KEAP1, and various genes related to NRF2 activity molecular components. This 

was done to justify the effect induced by FIR. 

The fundamental hypothesis of this study is that FIR exerts beneficial effects on EF and 

arterial stiffness through antioxidation and anti-inflammatory mediated mechanisms. 
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3.1 Literature search 

A search of the literature was done from the following databases: Medline, Embase, 

CINAHL, Cochrane, PubMed, and Google Scholar. Additional studies were also 

searched from the bibliographies of the included studies. 

3.2 Recruitment  

The study was approved by the Research Ethics Committee of the University of 

Dundee (UREC, Study Protocol n. 012/16) and conducted according to the Declaration 

of Helsinki. Recruitment took place from August 2016 to May 2018 in the researcher’s 

laboratory-based at Ninewells Hospital, Division of Systems of Medicine, School of 

Medicine, University of Dundee. Different approaches were used to invite people to 

participate in this project: distributing posters in university departments and public 

places, placing advertisements in the weekly university newsletter and on social media 

(Facebook, Twitter, and Instagram), and emails were circulated to students and staff at 

the University of Dundee and NHS staff at Ninewells Hospital (Figure 3.1). Participants 

who were interested in taking part in the study were given the participant information 

sheet and given time to read it before making their decision regarding participation. 

This document gives detailed information about the aims of the project and study 

procedures. Volunteers who decided to participate in this study were scheduled to 

visit the laboratory for 4 or 5 visits over two weeks for the procedures to be carried 

out. Written informed consent was obtained from all participants before enrolment at 

the time of the first visit. Because the project was time-consuming, each participant 

received a remuneration of £40- £45 at the end of the study as a token appreciation of 

their time and support for this project. The cost of the remuneration was funded by 

the University of Dundee (bench fees paid by The Cultural Bureau of Saudi Embassy 

Scholarship Program). 
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Figure 3.1 recruitment flowchart  
 

3.3  Study sample 

Seventy subjects were recruited, mostly students and staff members from the 

University of Dundee and NHS staff at Ninewells Hospital. All participants were healthy 

and non-smokers. Health status was assessed verbally, were subjects confirmed their 

complete physical, mental, and social well-being status. Participants with any one of 

the following conditions were excluded from the study: symptomatic CVD, renal 

disease, or any other chronic illnesses; diagnosed CV risk factors. Also, abnormal 

vascular health or inflammatory diseases such as rheumatoid arthritis, systemic 

sclerosis, and Raynaud’s phenomenon; health problems that could affect the ability to 

carry out adequate testing, for example, skin conditions around the site of testing on 

the forearm; lastly, smokers and ex-smokers. There were no restrictions regarding 

ethnicity; however, most participants were white, with the rest of the participants 

falling under the ethnic groups Asian, African, or Arab. Participants were assigned non-

randomly; it was challenging to randomise the participants into the different groups. 

This is because some of the volunteers did not want to expose their back region for 

treatment or did not want to be assigned to specific protocols. For example, protocol 2 

has a 4-hour gap within the visiting hours, which might not be feasible for some 

participants. Therefore, subjects were assigned to the group that serves their 

convenience. Participants, therefore, were assigned blindly (single-blinded) in which 
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they were not aware of the treatment given (FIR, heat, or placebo). 

There were six different groups, as listed below. A seventh group was cancelled due to 

difficulty in recruiting. 

3.4 Groups 

Participants were blindly assigned into six groups, as shown in Figure 3.2. These groups 

differed in the interventions given (FIR, heat, or placebo) and in the protocols of 

measuring EF, arterial stiffness, blood biomarkers, and gene expression. All the 

interventions (FIR/heat or placebo) were given in 4 separate sessions over two weeks, 

and each session lasted for 40 minutes. Vascular assessments (LDI and iontophoresis of 

ACh and SNP, PWA, circulatory biomarker, and gene expression of antioxidant 

and NOS3) were carried out on all groups. The participant was assigned as follows: 

1. Group 1: n = 15, FIR applied to the upper part of the back, assessment followed 

protocol 1 (refer to section 3.5 for protocols details). 

2. Group 2: n = 15, FIR applied to the upper part of the back, assessment followed 

protocol 2. 

3. Group 3: n = 10, FIR applied to the right forearm, assessment followed protocol 

1. 

4. Group 4: n = 10, FIR applied to the right forearm, assessment followed protocol 

2. 

5. Group 5: n = 10, heat only applied to the upper part of the back, assessment 

followed protocol 1. 

6. Group 6: n = 10, placebo applied to the upper part of the back, assessment 

followed protocol 1. 

A seventh group which included four sessions of FIR every day for one week with 

vascular assessments following protocol 1, was planned. This group had to be 
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cancelled due to difficulty in recruiting as a result of the time commitment required. 

 

 
Figure 3.2 The final assigned experimental groups. 
Six groups were assigned in this study with three interventions: FIR, heat, or placebo. The highlighted 
areas represent the region where interventions were delivered. 
 

3.4.1 FIR receiving groups  

FIR was delivered directly to the skin on the upper part of the back region or the right 

forearm according to the assigned group using the FIR therapy units TY-102N and TY-

102F from Stunningly Pharmaceuticals, Nottingham, UK (WS Far Infrared Medical 

Technology Co, Ltd, Taipei, Taiwan); both deliver FIR within the same spectrum range. 

The only difference is that the TY-102F operated a showing timer for delivery even 

when the FIR wave was not delivered; this property was necessary for study blinding 

(Figures 3.3 and 3.4). The electrified ceramic plates from the top radiator generate 

electromagnetic FIR waves between approximately 3-25 µm, with a peak of 5µm. The 

top radiator is set at a distance between 25 - 30 cm above the skin surface. The exact 

distance was determined individually to ensure that the skin surface temperature did 

not exceed 40 °C, starting at 25 cm. 

Subjects received 4 FIR therapy sessions over two weeks, each of which lasted for 40 

minutes. Participants were asked to position themselves either laying on a bed or 

sitting down, and FIR was applied at full intensity. During the FIR application, the 

temperature of the skin increased, gradually reaching a plateau of 38-39°C. The 
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temperature was recorded before FIR delivery then monitored regularly every 10 

minutes during FIR delivery and toward the end of the session, which represents the 

peak temperature. Temperatures taken before and toward the end of each session 

were documented. The temperature was monitored to ensure that skin surface 

temperature will not rise beyond 40 °C and to set up a personalised distance between 

the ceramic plates and skin surface; however, this step was done only in the first visit. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 3.3. Far infrared therapy units. 
Model TY-102F delivers far infrared red radiation within the spectrum range of 3 ~ 25 µm. There are 
three intensities setting (low, medium, and high). This model has a fan on the top radiator for safety 
purposes and a switch button to allow or block FIR delivery while the device is running, making it 
suitable for treating the placebo group. 
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Figure 3.4 FIR set up.  
FIR is delivered while the subject is sitting upright. Subjects in an upright position with the ceramic 
plates of FIR top radiator was positioned above 25 cm away from the subject’s skin surface of the back. 
(A) showing a switch button on the side of the top radiator to allow or block FIR delivery. (B) FIR screen 
showing the power options and the timer. 
 

3.4.2 Heat receiving group 

The reason subjects receive heat only is to understand the non-thermal effects of FIR 

better and determine whether the effects are due to the heat itself or other FIR 

properties. The heat was delivered directly to the skin of the upper part of the back 

region in the same manner as the group which received FIR. Four 40-minute sessions 

of heat were given over two weeks. A heating pad was used (Dreamland Intelliheat 

Heat pad), and the temperature set at full power (Figure 3.5A). One layer of tissue was 

placed between the pad and the skin for hygiene purposes, and the pad applied while 

the subject was laid face down on a bed (Figure 3.5B). The pad was switched on at the 

start of the session allowing the temperature to rise steadily to reach 38 – 39°C in the 

same manner as FIR treatment. The temperature was also documented before and at 

the end of the session. Before applying the heat to participants, the temperature set 

up was tested on five healthy subjects. Based on these results, the most appropriate 

temperature that matched the FIR temperature was determined. 
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Figure 3.5. Heat delivery set up.  
(A) showing the heating pad used in the heat group. It comes with five temperature intensities. At the 
beginning of the heat session, the heating pad was switched on to full intensity allowing the gradual 
increase in skin surface temperature. (B) while the subject was laying down (face down), the heating 
pad was positioned on top of a single tissue layer on the upper part of the back region while the lower 
part was isolated by a thick black cloth that prevents heating of the underneath skin. 
 

3.4.3 Control group 

In this group, participants received four sessions of placebo using FIR therapy unit TY-

102F in the same manner as the FIR receiving group. However, no actual FIR was 

delivered. The top radiator was positioned 25 cm above the skin surface of the back. 

The decrease in the temperature was assessed before and toward the end of each 

session. 

3.5 Study procedures  

Participants were invited to complete four or five visits to the laboratory over 14 days 

and were instructed altogether to avoid exercise (for >24 hours) and to refrain from 

consuming food and drinks (except for water) for at least 2 hours before testing. 

Caffeine (including caffeinated food and drinks) and alcohol were avoided for 12 hours 

before the visits; these might affect vascular tone and cause physiological changes, 

which would, therefore, affect the results. These restrictions were only required on the 

first and last visits as these visits included vascular testing. The procedure was 



                                                                                                           Chapter 3: Materials and Methods 

101 
 

explained to all participants to make sure the subjects were fully aware of the protocol 

and to answer any queries raised. After the written, signed consent of the participants, 

anthropometric measures, including height and weight, were taken. General 

information was collected from the subjects, for example, age, nationality, family 

history, allergies. Once completed, subjects were comfortably positioned on bed in a 

temperature-controlled room (24 ± 1°C) and allowed an acclimatisation period of at 

least 15 minutes before testing began. All the tests were performed while the subjects 

were resting in a supine position, and the importance of remaining still while the tests 

were running was explained. On the first visit, the following tests and investigations 

were performed. Firstly, BP was measured from the left arm using an electronic BP 

monitor to ensure that the participant has a normal BP; however, this was not 

documented. Secondly, venous blood samples were collected from the antecubital 

area of either arm depending on the subject’s preference, after disinfecting the area 

with an alcohol swab. Thirdly, LDI combined with iontophoresis of ACh and SNP was 

performed; data from this test was collected from the volar aspect of the left forearm 

as it rested comfortably on the bed (Figure 3.6) more details are explained under 

section 3.6.1. The temperature was measured from the forearm just before ACh and 

SNP application and after their removal to ensure a nearly constant temperature 

throughout the test. Fourthly, BP was measured from the left arm, and three readings 

were recorded. Fifthly, PWA was performed using an applanation tonometer on the 

right radial artery. Sixthly, subjects had a 40-minute session of either FIR, heat, or 

placebo, delivered to the upper back region, or the right forearm according to the 

assigned treatment group. Skin temperature was recorded before and towards the 

end, each intervention. Finally, all the tests (blood samples, LDI with iontophoresis of 

ACh and SNP, and PWA) were repeated again either immediately after the first session 

for those that received FIR, heat or placebo (protocol 1) or after 4 hours from the 

conclusion of the first session for those that received FIR to either the back or forearm 

(protocol 2). The second to the fourth visits consisted of 40-minute sessions of FIR, 

heat, or placebo; subjects were instructed not to fast as no tests were carried out. 
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Tests (blood, LDI and Iontophoresis, and PWA) were performed on the day following 

the last session as in protocol 1 or four hours after the last session, as in protocol 2 

(Figure 3.7). 

 

Figure 3.6 Subject position during vascular tests.  
The subject is lying on supine position during tests, for example, LDI and iontophoresis test. The subject 
is wearing a goggle to protect the eyes from the laser emitted by (A) LDI. The anterior aspect of the left 
forearm is shown with the iontophoresis chambers (B) drug electrode and (c) counter electrode, both 
being attached with (D) the iontophoresis controller. LDI= Laser Doppler imaging. 

 
Figure 3.7. Summary of study procedures and the difference in the two protocols.  
LDI & IONTO=Laser Doppler and iontophoresis; PWA= pulse wave analysis; hr= hour. The following 
characters indicate the fasting protocol: * = fasting 2 hours before the visit, ¥ = fasting 2 hours before 
the visits at 6 am and then break the fast after FIR delivery (at around 10:30 am) and fast again 2 hours 
before starting the tests at around 12:30 pm, ₸ = fast 2 hours before the repeated tests at around 12:30 
pm. 
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3.6 Protocols to assess the effect of FIR, heat, and placebo: 

The effect of FIR, heat, and placebo on vascular function, particularly EF, was assessed 

using LDI combined with iontophoresis of both ACh and SNP. Arterial stiffness was 

assessed using the radial PWA method. To further understand the systemic vascular 

effects as well as to clarify the mechanistic action of FIR on circulation, biomarkers 

were measured in addition to the expression of NOS3 and NRF2 target genes. These 

assessments were done on three different occasions, following two protocols with two 

different timing scales. The reason for these protocols is to assess the effect of the 

interventions over different time points after one and repeated sessions. Also, to 

determine the effect of FIR over time when measured 4 hours after FIR delivery. One 

study has shown the maximum effect of FIR on gene expression was reached after 4 

hours from FIR delivery (Lin et al. 2008); therefore, in protocol 2, effects were 

measured 4 hours after FIR to determine the extent of its effects. 

3.6.1 Protocol 1 

This protocol was followed by the participants that received either FIR (both back and 

forearm), heat, or placebo. The protocol included five visits over two weeks (Figures 

3.7 and 3.8): 

• On the day of the first visit, subjects arrived at the laboratory at 10 am and 

finished at around 2 pm. Participants were requested to fast for 2 hours before 

the start of the visit. Two rounds of tests were carried out: one before the 

session (FIR/heat or placebo) and the second, which took place immediately 

after the session. The first set represented the baseline measurements of each 

participant, and while the second set represented the degree of the effect after 

one treatment session on vascular function, circulatory biomarkers, and gene 

expression, compared to the baseline measurements. Each set of tests was 

carried out in the following order after the acclimatisation period: acquisition 

of a venous blood sample, iontophoresis of ACh and SNP, and measurement of 
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BP and PWA. After the first round of testing, 40 minutes of the assigned 

intervention was given to either the back or forearm, followed immediately by 

the second round of testing, which was identical to the first round. The 

temperature was measured multiple times (refer to section 3.7). 

• During the second and third visits, volunteers were given a 40-minute session 

of the assigned intervention anytime during the day. However, the fourth 

session was at 10 am. Tests were not done; therefore, fasting was not required. 

The temperature was measured before and during the sessions. 

• The fifth (final) visit was scheduled on the day following the fourth session 

(usually 24-hours), the visit started at 10 am and finished at 11:30 pm. Testing 

was carried out during this visit; therefore, volunteers were required to fast for 

2 hours before the visit. The information generated from these tests 

represented the effect after repeated delivery of FIR/heat and placebo. After 

an acclimatisation period, venous blood samples were taken, skin temperature 

recorded, and iontophoresis of ACh and SNP repeated skin temperature 

measurements, BP and PWA tests were performed. 

 

 

Figure 3.8. Timings of tests during protocol one.  
Participants had five visits over two weeks. During these visits, four sessions of either FIR, heat, or 
placebo were delivered to either the back or forearm depending on the assigned group. Assessment of 
the vascular system and blood taking were done on three different occasions, as shown in the 
numbered stars. The baseline measurements were taken before the first session, and further 
measurements were taken immediately after session one and on the next day after the final session (24 
hours after). 
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3.6.2 Protocol 2 

This protocol was conducted on subjects who received FIR only (both back and 

forearm), and it is similar to the previous protocol. However, the timing of the tests 

was different. This protocol was adapted from a study that found that specific genes 

and protein expression were increased progressively up to 6 hours after FIR exposure 

(Lin et al., 2008). This protocol, therefore, evolved from the previous protocol at the 

beginning of this study. Subjects were invited to complete four visits over two weeks 

(Figure 3.7 and 3.9). 

• On the morning of the first visit, subjects arrived at the laboratory at 8 am, the 

experiment finished at around 4 pm. Fasting for this visit was required 2 hours 

before the starting time. Two sets of testing were done: one before the first FIR 

session to acquire baseline measurements, and the second one was 4 hours 

after the first FIR delivery; this reflects the effect of FIR over time, after 4 hours. 

The order of each round of tests was as follows: acquisition of venous blood 

sample, iontophoresis of ACh and SNP, BP, and PWA. After the recording of 

baseline measurements, 40 minutes of FIR was given to either the back or 

forearm, and this stage of the protocol was usually accomplished before 10:30, 

at which the participants were given a 4-hour break. Subjects were allowed to 

eat and drink during this time, but only light meals and caffeinated drinks were 

not allowed. Participants were then required to fast again 2 hours before the 

second round of testing. The second set of testing started at around 2:30 pm, 

which was the same as the first protocol, and finished around 4 pm. The 

temperature was documented throughout (refer to section 3.7). 

• During the second and third visits, volunteers had a 40-minute session of FIR to 

either the back or forearm anytime during the day, and no tests were done. 

Therefore, fasting was not required. The temperature was measured before 

and during the sessions. 
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• In the final visit, subjects received one session of FIR to the back or forearm at 

9:30 am. Testing began 4 hours after the treatment session at approximately 

2:30 pm and finished at 4 pm. After an acclimatisation period, venous blood 

samples were acquired, skin temperature recorded, iontophoresis of ACh and 

SNP conducted, repeated skin temperature measurements taken, and BP and 

PWA recorded. Subjects were requested to fast for 2 hours before the test, 

beginning at 12:20 pm. 

 

Figure 3.9. Timings of tests for protocol 2.  
Participants had four visits over two weeks. During these visits, four sessions of FIR were delivered 
to the back or forearm according to the participants’ assigned group. Assessment of the vascular 
system and blood taking were done on three different occasions, as shown in the numbered 
stars—baseline before the first treatment, 4 hours after session one, and 4 hours after the last 
session. 
 

3.7 Non-invasive assessment of vascular function  

3.7.1 Endothelial function: LDI with the iontophoresis of ACh and SNP 

Assessment of the EF of the microcirculation in the superficial skin was carried out 

using LDI (Moor Instruments, Devon, UK) (Figure 3.10) with iontophoresis of the 

vasoactive agents ACh (Miochol-E, ACh chloride intraocular solution from Bausch and 

Lomb) and SNP (Nitroprussiat Fides, 50 mg, powder and solvent for injection, 

ROTTAPHARM, S.L., Barcelona). The LDI was calibrated periodically every two weeks 

using the calibration block provided by moor instruments following their instructions. 
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Figure 3.10. Laser Doppler imager (Moor Instruments Ltd). 

 

The principle underlying this approach of microvascular assessment was previously 

discussed in the literature review chapter 1, sections 1.4.2 and 1.4.2.1. In all subjects, 

20 scans of microvascular flow were taken by LDI in conjunction with drug 

iontophoresis; the setup of this procedure was shown previously in Figure 3.6. 

Iontophoresis noninvasively introduced a small amount of ionic molecules (vasoactive 

agents) transdermally by applying a local electrical current of 100 µA. The drug 

solutions were prepared one week in advance and stored at -20°C, where 0.1 g of both 

ACh and SNP were measured using an analytical scale and then dissolved in 10 ml of 

deionised water yielding a final concentration of 1% for both ACh and SNP. SNP was 

always protected from light using foil until the start of the experiment. Vasoactive 

agents were thawed and allowed to reach RT 15 minutes before starting the 

experiment. In this procedure, the anterior aspect of the left forearm was used in all 

subjects. Participants were asked to wear protective eyewear throughout the whole 

procedure to protect the eye from the red laser emitted by LDI. A black neoprene mat 
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(IMAGER-MAT, moor instruments, Devon, UK) was placed underneath the tested arm 

to keep the bed clean. The entire skin of the volar aspect of the left forearm was gently 

cleaned: firstly, by using micropore adhesive tape to remove surface keratinocytes; 

secondly, with an alcohol swab to ensure cleanliness and to remove any applied 

topical creams; and finally by deionised water to clear out any charged particles that 

might interfere with the iontophoresis. The chosen region of the measurements 

avoided, when possible, areas with excessive hair, large veins, and injuries. ACh and 

SNP were delivered separately, starting with ACh. Therefore, two separate MIC-

ION6+CAP (Moor Instruments Ltd, Devon, UK) iontophoresis chambers were fixed into 

two different sites at a time. The chamber consisted of a Perspex ring which has an 

internal diameter of 20 mm with a wire electrode running around the inner surface. 

These chambers were washed carefully with deionized water before and after each 

use to avoid cross-contamination between iontophoresis chambers. ACh chamber was 

fixed to the skin 4 cm away from the antecubital crease by employing a double 

adhesive tape and filled with 2 ml of 1 % ACh. A cover was placed to seal the chamber. 

After scanning that area with LDI, a new chamber was fixed 1.5 cm distal from the ACh 

chamber, after which the ACh chamber was removed. 2 ml of 1 % SNP was used to fill 

the newly placed chamber, and this region was scanned with LDI. A conductive hydro-

gel pad was attached distally onto the anterior surface of the wrist, which served as a 

reference (counter) electrode while ACh and SNP were delivered (Figure 3.11). The 

chambers (electrodes) were connected by the corresponding leads to the 

iontophoresis controller. The protocol lasted for 20 minutes for each vasoactive agent 

(40 minutes in total). LDI was scanning every 62 seconds; each scanned image lasted 

for 60 seconds, followed by a 2-second gap; this was repeated for a total of 20 minutes 

resulting in a total of 20 scans. The total scanning time was 1200 seconds without the 

gap time between the scans. The first two scans were a baseline measurement of the 

flowing blood with no current passing through the electrodes. After that, six doses of 

ACh were introduced to the superficial layers of the skin iontophoretically using an 

anodal current of 100 µA for 60 seconds. Drug-free skin perfusion was recorded for a 
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total of 120 seconds (two scans) between each given dose; in this case, the counter 

electrode was connected to a cathodal current. Once completed, the same 20-minute 

protocol was used to deliver SNP using a cathodal current, with the counter electrode 

connected to an anodal current (Figure 3.12). The resulting changes in microvascular 

skin blood flow were analysed using moorLDI LDI software version 5.3. This test gives 

information about the superficial microcirculation, which is affected by skin surface 

temperature; therefore, the surface temperature was monitored regularly: before 

filling each chamber with a solution, and after removing the solution, to ensure 

temperature stability and to eliminate any possible confounding effects. 

 

 
Figure 3.11. Close-up of iontophoresis chambers on a participant's forearm 
(a) iontophoresis of ACh, which is transparent. The chamber is placed 4 cm 
away from the antecubital crease. (b) iontophoresis of SNP that has a light 
orange colour. The SNP chamber is placed approximately 1.5 cm away from 
the ACh chamber after it has been removed. The counter electrode is 
connected distally at the anterior aspect of the wrist. 
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Figure 3.12. Perfusion map 
The perfusion map shows the ascendant increase in skin perfusion after concurrent iontophoresis of 
ACh at 100 μA, which was delivered automatically. The circles represent the area of the interest, which 
is the area inside the ACh or SNP chamber. Each scan represents 60 seconds. The resulting colour-coded 
image represents skin blood flow over the scan area, which indicates different levels of perfusion; blue 
indicates low levels of skin perfusion, green and yellow indicate intermediate levels of skin perfusion, 
and red indicates high levels of skin perfusion. The first two scans represent a baseline measurement, 
while the third scan represents the first dose of ACh that was introduced into the skin. The fourth and 
fifth scans are drug-free scans representing the effect of the introduced ACh on superficial 
microcirculation. The sixth scan is another dose of ACh; this cycle repeats until the 6th (final) dose of 
ACh, which was recorded by scan number 18. These perfusions were analysed using moorLDI Laser 
Doppler imager software version 5.3, and the regions of interest were chosen manually from the above-
generated map. The blood flow (256 x 256 pixels) is then automatically calculated from each scan using 
the software into a numerical value (arbitrary units of perfusion AU). These absolute values are 
representing the mean blood flow. 
 

3.7.2 Arterial stiffness: Pulse wave analysis and augmentation index 

The principle and background of this test were explained in chapter 1, section 1.6.2. 

The measurement of the arterial stiffness was done by one operator H.B. (principal 

investigator). Furthermore, groups were done in parallel to reduce the chance of bias 

related to the learning curve. Arterial stiffness was measured through the assessment 

of radial arterial pressure waveform and wave reflection via applanation tonometry 

using a SphygmoCor (AtCor Medical, West Ryde, Australia) connected to a computer 
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running the SphygmoCor Software Package (SphygmoCor© SCOR-2000 Version 7.1, 

License 00323, AtCor Medical Pty. Ltd.) (Figure 3.13). A profile was created for each 

participant that contains general information, including the participant’s project ID 

number, BP, age, and sex. SBP and DBP were needed to calibrate the radial pressure 

waveform, which was measured immediately before the test. Left brachial BP was 

measured in triplicate at rest by a digital BP monitor (Omron 705IT); the mean of the 

last two BP measurements was recorded. A high-resolution tonometer probe was 

placed on the skin overlaying radial artery over the maximum pulsation. Gentle 

pressure was applied to applanate (flatten) the artery against the radius until a high-

quality signal was detected. After acquiring a well-defined and consistent waveform, 

the assessment was captured manually using a pedal. The report was automatically 

displayed, and the operator index was evaluated; it was considered acceptable if it was 

above 85 %, the measurement was repeated below this threshold. An averaged radial 

waveform was generated, and a corresponding ascending aorta waveform was 

automatically calculated using a validated generalised transfer function (Figure 3.14). 

AI% is the marker of arterial stiffness, which is defined as the difference between the 

second and first systolic peaks (P2 - P1) expressed as a percentage of PP, that is, 

(Central P2-P1/central PP) X 100. This was automatically normalised at HR 75 beats per 

min since it is strongly influenced by HR. A minimum of 3 recordings were performed, 

and the mean of those with a higher operation index was considered. 
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Figure 3.13. SphygmoCor device (AtCor Medical, West Ryde, Australia). 

 

 

 

Figure 3.14. Radial artery applanation tonometry recording and its corresponding aortic waveform. 
The left upper panel shows the radial pressure waveforms—the overlaid radial waveforms, which also 
includes the operator index (top right). The upper middle panel provides quality control indices, which 
are supposed to be green. The bottom left panel shows a magnified averaged radial arterial waveform. 
Peripheral systolic and diastolic pressures are 135/68 mmHg. The bottom right panel shows a magnified 
derived central (aortic) pressure waveform. Central blood pressure is 114/69 mmHg. Augmentation 
index at heart rate 75 beats per minute (AI@75%) is also showing as 2%. Other indices are also shown, 
including heart rate, augmentation pressure (AP) and augmentation index (AI). 
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3.8 Skin surface temperature  

It was crucial to control skin surface temperature during the LDI test since superficial 

micro-vessels are affected by ambient temperature. For this reason, this was 

monitored using three different approaches. Firstly, the air conditioner was switched 

on before testing began so that the targeted RT was achieved before the test took 

place. Secondly, an LCD electronic temperature and humidity meter (HTC-1) was 

checked to ensure that the controlled RT was at 24°C ± 1°C. Finally, skin surface 

temperature was periodically checked from the left forearm using a Mini IR 

Thermometer (RS, 438-3365) to ensure steady temperature throughout the LDI test 

(Figure 3.15). Skin surface temperature was measured before the application of 

vasoactive drugs (ACH and SNP) and then after removing the drugs from the chambers; 

this was done each time LDI was performed. The temperature was also documented at 

the exposed area before any intervention was given, including FIR, heat, or placebo 

(baseline skin surface temperature) and 1-2 minutes before the end of the session 

(peak temperature). Since FIR is a source of heat, the temperature was measured for 

two reasons. The first reason was to ensure that the surface temperature did not 

increase beyond 40 °C, and so that in such a case the distance of the FIR ceramic plates 

from the skin surface could be adjusted to reduce the surface temperature and avoid 

overheating. The second reason was to match the skin temperature between the FIR 

treatment group and the heat group, so an equal amount of heat is given to those 

receiving only heat energy treatment. 

 

 

 

 

 



                                                                                                           Chapter 3: Materials and Methods 

114 
 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 3.15. Apparatus used to measure temperature. 
Left: LCD electronic temperature and humidity meter. Right: Mini IR Thermometer (non-contact 
thermometer by using infrared laser). 

 

3.9 Ex-vivo and in-vivo treated blood  

For the overall study, a total of ~78 ml of venous blood was obtained from each 

participant from the antecubital fossa after disinfecting the area with an alcohol swab 

(Figure 3.16). Blood was usually taken from the non-dominant arm or the subject’s 

preferred side. On the first visit, and before any treatment was given, a total of ~38 ml 

of blood was taken. A BD Vacutainer® Safety-Lok™ blood collection kit was used to 

collect blood into three 9 ml Purple Cap Vacuette® K3E K3EDTA Blood collection tubes, 

a 6 ml of Purple Cap Vacuette® K2E K2EDTA and a 5 ml of yellow Cap Vacuette® Z 

Serum Sep Clot Activator Tube. The three 9 ml tubes were treated as follows: 

• One served as a control that was left at RT. 

• One was treated with FIR irradiation while it was rotating on a Tube Roller 

Shaker (DENLEY, SPIRAMIX 10, England) for 40 minutes. 

• The third was treated with heat using a water bath, allowing a gradual increase 

in temperature in a similar manner as FIR treatment reaching 38 °C. 

These tubes were kept at RT until ready for peripheral blood mononuclear cells 

(PBMCs) extraction, which was started 4 hours after treatment. The other two tubes (6 

ml of Purple Cap Vacuette® K2E K2EDTA and 5 ml of yellow Cap Vacuette® Z Serum Sep 
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Clot Activator Tube) were used for plasma and serum extraction, respectively. 

Separating the blood into plasma and serum was done while the subjects were 

receiving their 40-minute session of FIR, heat, or placebo. Tubes were centrifuged at 

high speed for 10 minutes, then the serum and plasma were separated into three 

aliquot bottles and frozen and stored at -80 °C. Once all study experiments were 

completed, the blood samples were defrosted and tested for biomarkers. The plasma 

was used to assess endothelial biomarkers, which included adhesion molecules and 

cytokines using a Magnetic Luminex Assay, Human Premixed Multi-Analyte Kit (R&D 

systems a biotechne® brand). The markers included E-Selectin, ICAM-1, VCAM-1, IL-1ꭤ, 

MMP-12, and MMP-8. Pro-inflammatory and anti-inflammatory markers (IL-1β, IL -10, 

IL-6, and TNF-ꭤ) were also assessed using a Magnetic Luminex Performance Assay, 

Human High Sensitivity Cytokine Premixed Kit (R&D systems a biotechne® brand). 

Serum was used for measuring the oxidative marker Human MPO utilising Quantikine® 

Elisa (R&D systems a biotechne® brand) (refer to ELISA/Luminex section 3.8.6). The 

remaining blood samples (40 ml) were obtained on another two occasions: after the 

first treatment session and after the last session. The same kits were used to collect 

blood on each occasion: one 9 ml Purple Cap Vacuette® K3E K3EDTA Blood collection 

tube (for PBMCs extraction), one 6 ml of Purple Cap Vacuette® K2E K2EDTA, and 5 ml 

of yellow Cap Vacuette® Z Serum Sep Clot Activator Tube. The second and third tubes 

were used for plasma and serum extraction, respectively. The analytes above were 

assayed using the same kits. It was planned that GSH, a marker for anti-oxidation, 

would be measured. However, the samples for this assay should be free from platelets 

that require processing from fresh blood. Blood in this study was frozen immediately 

after separation of plasma or serum, which rendered removal of platelets impossible. 

 

 

 



                                                                                                           Chapter 3: Materials and Methods 

116 
 

 

Figure 3.16. Blood extracted during the study and how it was processed. 
A total of 78 ml of venous blood is obtained from each participant throughout the experiment. In the 
first visit before any treatment session was given, a total of 38 ml of blood was taken into three 9 ml 
tubes, one 6 ml tube, and one 5 ml tube. The three 9 ml tubes were treated as indicated for 40 minutes; 
the control tube was kept at RT. After this, PBMCs were extracted after 4 hours. Plasma and serum were 
separated from the 6 ml tube and 5 ml tube, respectively. After the first and final treatment sessions, 20 
ml of blood was collected in a 9 ml tube for PBMC extraction, a 6 ml tube for plasma extraction, and a 5 
ml tube for serum collection. LDI & IONTO= Laser Doppler imaging and iontophoresis of vasoactive 
agents; PWA= pulse wave analysis; PBMCs= peripheral blood mononuclear cells. 
 

3.9.1 Extraction of PBMCs from the blood samples 

This procedure was carried out in a fume hood (Clean Air ® Techniek B.V.). A total of 5 

tubes were used to extract PBMCs. As described previously, three tubes of blood were 

collected before any treatment was administered and were treated ex-vivo with FIR, 

heat, or RT. Four hours were allowed before the extraction of PBMCs (in the case of 

protocol 2, this was done towards the end of the 4 hours gap). Blood samples were left 

for 4 hours to represent the intensity of the effect provided by FIR and heat over that 

time (Lin et al., 2008). The fourth tube was obtained after delivering the first 40-

minute treatment session of FIR/heat or placebo to the participant (in-vivo effect) and 

was used for extraction immediately after the visit was finished. This can provide data 
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about the effects of a single session of treatment. On the final visit, a fifth 9 ml of 

blood was obtained after the last given treatment session (in-vivo effect); PBMCs were 

extracted immediately after the visit. 

The blood from each tube was diluted with phosphate-buffered saline (PBS) 1X ph7.4 

(SIGMA tablet dissolved in sterile water) to give a total volume of 20 ml in a sterile 50 

ml conical tube (Greiner bio-one) and mixed gently. In a separate 50 ml sterile conical 

tube, 20ml of Ficoll-Paque™ PLUS (FPP) (GE Healthcare Co.) was added before the 

diluted blood was gently layered onto the FPP. This was centrifuged at 470 g for 30 

minutes at RT with the acceleration and brake being set to 1 and 0, respectively. The 

cap was carefully removed, and 3 ml of the separated plasma was taken from the 

supernatant, aliquoted into three labelled Eppendorf tubes, and stored at -80°C; the 

same analytes were looked at in these samples except for MPO (refer to 

ELISA/Luminex section 3.8.6), as this kit needed blood serum instead of plasma. A 3 ml 

Pastette® (Alpha Labs Ltd.) was used to collect PBMCs from the buffy coat layer 

located at the diluted plasma/FPP interface. The cells were transferred to a 30 ml 

sterile universal container (Sterilin) (Figure 3.17). PBS was added to the cells to a total 

volume of 30 ml and mixed gently before being centrifuged at 100 g for 10 minutes at 

RT. PBS was removed, and the cells were resuspended with 1 ml of RNAlater™ Solution 

(Invitrogen by Thermo Fisher Scientific) and stored at 4 °C overnight to allow thorough 

penetration of the solution into the cells. The following day the sample was 

transferred to -80 °C for more extended storage until RNA isolation. 
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Figure 3.17. PBMC extraction process. 
The left tube shows the diluted blood layer on top of the Ficoll before centrifugation. The right tube 
(after centrifugation) shows different layers of blood components after differential migration, 
depending on their densities. The bottom layer contains red blood cells; the layer above contains 
granulocytes. Lymphocytes, along with platelets and monocytes, have a lower density and are therefore 
found at the interface between the Ficoll and the plasma; this layer was recovered and washed with 
phosphate-buffered saline (PBS) to remove any platelets, Ficoll, and plasma. Plasma was taken for 
further biomarkers evaluations. 
 

3.9.2 RNA isolation from PBMCs 

All centrifugation steps were carried out at 4 °C. RNA was extracted under RNase-free 

conditions by using RNaseZap™, an RNase decontamination Solution, (ThermoFisher 

scientific) on the bench surface, pipettes, and gloves. RNA extraction was carried out 

using TRIzol (Ambion, Life Technologies) and an RNeasy kit (Qiagen, UK) as this mixture 

yielded high quantities of pure total RNA (Gasparian et al., 2015). Samples were 

thawed at RT for 20 minutes before RNA extraction. RNAlater was removed before 

extraction by centrifuging at 2000 g for 5 minutes, from which the supernatant was 

removed. 1 ml of TRIzol reagent was added, mixed by pipetting and vortexed. The lysis 

reaction was allowed to proceed for 5 minutes on the bench at RT. To the resulting 

lysate, 0.2 ml of chloroform was added, and the sample shaken vigorously for 15 

seconds. The mixture was left to stand on the bench at RT for a further 15 minutes 

before being centrifuged at maximum speed (≥ 8000) for 15 minutes. 400 µl of the 

upper aqueous phase (lysate) was carefully collected and transferred to a new RNase 

free Eppendorf tube, then an equal volume of 70% ethanol (400 µl) was added and 
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mixed using a pipette. From here, total RNA was extracted using the RNeasy kit 

according to the manufacturer’s instructions, with slight modifications. 700 µl of the 

mixture, including any precipitate, was immediately transferred to an RNeasy Mini spin 

column in a 2 ml collection tube and centrifuged at maximum speed for 1 minute. The 

RNA binds to the RNeasy membrane and is retained; the flow-through was discarded. 

At this stage, DNase treatment was carried out using an RNase-free DNase set (Qiagen, 

UK). First, the RNA was washed by adding 350 µl of RW1 buffer to the RNeasy column. 

This was centrifuged for 1 minute at maximum speed, and the flow-through discarded. 

Next, a DNase mix was prepared by adding 10 µl of DNase I stock solution to 70µl RDD 

buffer (per sample). This solution was mixed gently by inversion and centrifuged 

briefly. 80 µl of the prepared DNase stock was added directly to the RNeasy column 

membrane and incubated on the bench at RT for 15 minutes. DNase was removed by 

adding 350 µl of RW1 buffer to the RNeasy column and centrifuging for 1 minute at 

maximum speed; the flow-through was discarded. A solution of RPE buffer was 

prepared by diluting the RPE stock 1:5 with 100 % ethanol; this step was done once 

when first using a new kit. 500 µl of this buffer was then added to the RNeasy spin 

column, and the column centrifuged at maximum speed for 1 minute. The flow-

through was discarded, and centrifugation was repeated, this time for 2 minutes to 

ensure the complete removal of any residual ethanol. RNeasy spin columns were then 

placed in a new 2 ml collection tube and centrifuged at full speed for 3 minutes to 

remove any flow-through attached to the outside of the column. The RNeasy spin 

column was placed in a new 1.5 ml collection tube, and 30 µl of RNase-free water 

added directly to the membrane of the spin columns and left to stand on the bench at 

RT for 5 minutes, and RNA was eluted by centrifugation for 1 minute at maximum 

speed. The previous step was repeated using the eluted RNA. RNA samples were 

placed on ice before being stored at -20 °C. Quantification of RNA and cDNA synthesis 

was conducted the following day. 
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3.9.3 Quantification of RNA 

RNA was quantified using a NanoDrop™ 8000 Spectrophotometer (ThermoFisher 

Scientific Inc.) connected to a computer running the NanoDrop™ 8000 software 

package (Version 2.3.2 Thermo Fisher Scientific Inc). Before measurements, the 

spectrophotometer pedestals were washed twice with distilled water and blank 

spectra recorded of 1.5 μl diethylpyrocarbonate (DEPC)-treated water (ThermoFisher 

Scientific Inc). 1 μl of RNA was analysed by the spectrophotometer in duplicate using 

the RNA-40 option selected on the software package. The spectral image and the 

A260/A280 and A260/A230 ratios were reviewed to assess sample quality. Although an 

A260/A280 ratio of 2.0 is generally accepted as “pure” RNA, values of as low as 1.8, if 

any, were also accepted. 

3.9.4 Complementary DNA synthesis from isolated PBMC RNA 

All the following procedures were performed on ice. Complementary DNA (cDNA) was 

synthesised using an Omniscript® Reverse Transcription Kit (Qiagen, UK); random 

primers were not provided in this kit and so were purchased separately (Invitrogen™, 

ThermoFisher scientific). RNA samples were thawed on ice before the mass of RNA 

was normalised by dilution to 1000 ng for subsequent cDNA synthesis; the final 

volume of diluted RNA was 10 µl in a 0.2 ml PCR tube (DNA, DNase and RNase free). 

Before preparing the master mix, all reagents were thawed on ice and then briefly 

vortexed and centrifuged to collect residual liquid from the tube’s sides. Master mix 

was prepared by combining 0.33 µl random primers, 2 µl deoxynucleotide 

triphosphates (dNTPs), 2 µl 10x Buffer RT, 4.67 µl RNase-free water, and 1 µl RT 

enzyme per sample. The mix was vortexed for 5 seconds and centrifuged briefly. 10 µl 

of the master mix was added to the diluted RNA yielding a total volume of 20 µl per 

sample. This was centrifuged for 5 seconds and incubated at 37 °C for 60 minutes. 

cDNA samples were allocated into another PCR tube (10 µl), yielding two cDNA 

samples each 10µl and stored in a concentrated form at -20 °C freezer until being used 

for gene expression assays. 
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3.9.5 RT-PCR using (TaqMan)  

cDNA samples and TaqMan Fast Advanced Master Mix (Applied Biosystems) were 

thawed on ice for 20 minutes. A customised 384-well TaqMan Low-Density Array card 

(life technologies, ThermoFisher Scientific) was used after being allowed to reach RT 

for 10 minutes before carefully being removed from its packaging (Figure 3.18A). The 

array card enabled eight samples to be run in parallel. Sixteen targeted assays, 

including housekeeping genes, were allocated in the array card in triplicate (Table 3.1). 

Table 3.1 Summary of preloaded assays. 
 

Gene Symbol Gene name Product ID 

NFE2L2 nuclear factor, erythroid 2 like 2 Hs00975961_g1 

KEAP1  kelch like ECH associated protein 1 Hs00202227_m1 

NQO1  NAD(P)H quinone dehydrogenase 1 Hs01045993_g1 

HMOX1  haeme oxygenase 1 Hs01110250_m1 

AKR1C1  aldo-keto reductase family 1 member C1 Hs04230636_sH 

NOS3  nitric oxide synthase 3 Hs01574665_m1 

AKR1B10  aldo-keto reductase family 1 member B10 Hs00252524_m1 

GCLC  glutamate-cysteine ligase catalytic subunit Hs00155249_m1 

GCLM  glutamate-cysteine ligase modifier subunit Hs00978072_m1 

GSR  Glutathione reductase Hs00167317_m1 

TXNRD1  thioredoxin reductase 1 Hs00917067_m1 

HSPA1A or HSP70 heat shock protein family A member 1A Hs00359163_s1 

PRDX1 peroxiredoxin 1 Hs00602020_mH 

GAPDH  glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1 

TBP  TATA-box binding protein Hs99999910_m1 

ACTB actin beta Hs99999903_m1 

 

Each sample consisted of 40 μl (DEPC)-treated water, which is a nuclease-free diH2O, 

and 50 μl of TaqMan Fast Advanced Master Mix added to 10 µl of cDNA (500 ng of 

cDNA). The mixture was vortexed for a few seconds and centrifuged briefly. 100 µl of 

the sample was loaded slowly into the fill port located in the reservoir of a card until it 

was filled (Figure 3.18B). The array card was centrifuged at 333 g for 1 minute in an 

upright position utilizing an array cardholder to distribute the cDNA samples to the 
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reaction wells. The array card was then examined to determine whether filling was 

completed; when adequately filled, a small volume of cDNA should be in the fill 

reservoirs, and the volume should be consistent from reservoir to reservoir (Figure 

3.18C). The previous two steps were repeated twice. The TaqMan Array card was 

sealed using a TaqMan® Array Card Sealer (Applied Biosystems) to seal the main fluid 

distribution channels and thus isolate the loaded wells that now contained cDNA 

samples and master mix (Figure 3.18D). The edge of the TaqMan array’s carrier was 

used as a guide to trim the reservoirs from the TaqMan Array (Figure 3.18E-F). The 

TaqMan Array now ready to be analysed. 

 

 

Figure 3.18. Preparation of a TaqMan array card 
(A) 384-well TaqMan Low-Density Array card with eight reservoirs for samples with 16 preloaded 
primers in triplicate. (B) TaqMan array card after filling the reservoirs with a mixture of samples and 
master mix. (C) the plate after centrifuging, showing the remaining volume of cDNA, which is consistent 
between reservoirs. (D) TaqMan® Array Card Sealer used to seal the main fluid distribution channels. (E) 
the edge of the TaqMan array card showing the line to trim the filled reservoirs. (F) The TaqMan Array is 
ready for analysis. 
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Real-time PCR (RT-PCR) was carried out using a QuantStudio™ 7 Flex RT-PCR System 

(Thermo Fischer Scientific Inc.). Cycling conditions were: 95 °C for 10min, followed by 

40 cycles of 95 °C for 1 second and 60 °C for 20 seconds. Expression was shown 

relative to the mean of both ACTB and GADPH mRNA using the 2-ΔΔCt method; control 

samples were set at a value of 1, and results for all experimental samples were 

calculated as relative expression compared to control. TBP was not used as a 

housekeeping gene since the cycle threshold (Ct) values were not consistent across 

different treatments. 

3.9.6  ELISA/Luminex 

The following procedures were performed as detailed in the manufacturer’s 

instructions. Assays were conducted under the supervision of Dr. Gwen, and technical 

assistance was provided from Mrs. Lesley McFarlane in the Core Facility, Ninewells 

Hospital, Dundee.  

1. Quantikine ELISA for Human MPO (R&D SYSTEMS, a biotechne brand),  

2. Magnetic Luminex Assay, Human Premixed Multi-Analyte kit (R&D SYSTEMS, a 

biotechne brand) for E-selectin, IL-1 α, MMP-8, MMP-12, ICAM-1 and VCAM-1,  

3. Magnetic Luminex Performance Assay, Human High Sensitivity Cytokine 

Premixed Kit A (R&D SYSTEMS a biotechne brand) for IL-1 β HS, IL-6 HS, IL-10 

HS and TNF-α.  

3.9.6.1 Quantikine ELISA for Human Myeloperoxidase MPO 

The serum was used to measure MPO levels. Blood samples treated with FIR, heat, or 

placebo from which plasma was taken from the upper interface after adding FPP 

(section 3.8) (PBMC extraction method) were not analysed. Samples were thawed and 

allowed to reach RT, then vortexed briefly before preparation. 

All reagents were brought to RT before commencing with the assay protocol. Human 

MPO standard solution was reconstituted with deionised water to form a stock 

solution at 100 ng/ml, which was then mixed and allowed to sit on the bench for a 
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minimum of 15 minutes. During this period, serum samples were prepared in 1.2 ml 

reaction tubes. Samples were centrifuged at maximum speed for 5 minutes 

immediately before dilution. After that, samples were diluted 100-fold by adding 190 

µl buffer Diluent RD6-58 to 10µl of the sample, before being vortexed briefly, followed 

by a further dilution that mixed 25 µl of 1:100 diluted samples with 100 µl of diluent. 

Samples that yielded a high concentration beyond the range of the standard curve 

were repeated with a 150-fold dilution (10 µl of sample + 290 µl of diluent, followed by 

25 µl of diluted sample + 100 µl of diluent). The human MPO standard was used to 

create a standard curve (8 standards) via serial dilution. Each well in a 96-well, R&D 

specialised ELISA plates were filled with 100 μl of assay diluent RD1-27. After that, 50 

μl of standard, control (standard four was used as a control), and samples were added 

into the respective wells in duplicate. The plate was sealed with an adhesive strip and 

incubated at RT on a horizontal orbital shaker at 550 rpm  (0.12   ̎orbit) for 2 hours. The 

wells were aspirated and washed four times with the wash buffer provided in the kit 

using an automated plate washer (BIOHIT PIc, Finland); any remaining wash buffer was 

removed by aspiration. 200 μl of Human MPO Conjugate was added to each well, the 

plate was covered with adhesive strip and incubated on the shaker for another 2 hours 

at RT. The wells were rewashed in the same manner as described above. 200 μl of 

substrate solution was added to each well and the plate incubated for 30 mins at RT, 

protected from light. Then, 50 μl of stop solution (2N Sulfuric acid) was subsequently 

added to each well and mixed by pipetting, and the optical density of each well was 

ascertained within 30 minutes using a microplate reader (VARIOSKAN FLASH, Thermo 

Electron Corp.) set to 450 nm.  The average of the replicates was calculated for each 

standard, control, and sample and was subsequently subtracted from the readings 

obtained from the blank standard. A standard curve was created using computer 

software capable of generating a four-parametric logistic (4-PL) curve-fit (SkanIt 

Software Version 2.4.3.37, Thermo Fisher Scientific®). The unknowns (samples) were 

compared against the standard curve to obtain the relevant MPO concentrations 

found in each sample. The concentrations of MPO plotted from the standard curve 



                                                                                                           Chapter 3: Materials and Methods 

125 
 

were multiplied by the dilution factor to calculate the actual concentrations. 

3.9.6.2 Magnetic Luminex Assay, Human Premixed Multi-Analyte kit 

This 6-plex kit analyses E-selectin, IL-1 α, MMP-8, MMP-12, ICAM-1, and VCAM-1 levels 

in plasma samples by multiplex sandwich ELISA. Samples were thawed and allowed to 

reach RT. 

The technique is similar to the MPO ELISA, but with slight differences. All reagents 

were allowed to reach RT before starting the assay protocol. Two unique standard 

cocktails were reconstituted with a specific diluent (Calibrator Diluent RD6-52) 

provided in the kit, then allowed to equilibrate at RT on the bench for a minimum of 15 

minutes. Samples were centrifuged at maximum speed for 5 minutes immediately 

before dilution. Plasma samples were prepared in a 1.2 ml reaction tube. Samples 

required a 2-fold dilution - 75 µl sample was mixed thoroughly with 75 µl of the buffer 

Calibrator Diluent RD6-52. Standard 1 was prepared by combining 100 µl of each 

standard cocktail with 800 µl of Calibrator Diluent RD6-52. Seven standards were made 

by serial dilution to create a standard curve on analysis. A 96-well, R&D specialised 

plate was filled with 50 μl of standard, control (2 controls, standards 2 and 5), and 

samples into the respective wells in duplicate. A Microparticle Cocktail was prepared 

by centrifuging the vial for 1 minute at 1000 x g, and then vortexed gently to 

resuspend the microparticles. The Microparticle Cocktail was diluted in a light 

protective bottle (provided) by adding 500 µl of Microparticle Cocktail to 5 ml of 

diluent RD2-1. Then, 50 µl of diluted Microparticle Cocktail was added to each well, 

and the plate was sealed with a foil plate cover. The plate was incubated for 2 hours at 

RT on a horizontal shaker at 800 rpm (0.12  ̎ orbit). A plate washer with a magnetic 

platform (BIO-RAD, Bio-Plex Pro™, Wash Station) was used to wash and aspirate the 

liquid in each well with the wash buffer provided in the kit; this step was performed 

three times. A Biotin Antibody Cocktail was prepared by first being centrifuged for 1 

min at 1000 x g, then vortexed gently; this was then diluted with diluent RD2-1 by 

adding 500 µl to 5 ml diluent. 50 µl diluted Biotin Antibody Cocktail was added to each 
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well. The plate was covered with a foil plate sealer and incubated on the shaker at 800 

rpm for an hour at RT. The wells were washed once more, as described above. 

Streptavidin-PE concentrate (streptavidin-phycoerythrin conjugate) was centrifuged at 

1000 x g for 1 min and vortexed, and then diluted in a light protective bottle by adding 

220 µl Streptavidin-PE Concentrate to 5.35 ml of wash buffer. Next, 50 µl was added to 

each well; the plate was sealed with a foil cover and incubated for 30 min on the 

shaker at 800 rpm at RT. The wash step was repeated. 100 µl Wash buffer was added 

to each well and incubated at RT on the shaker at 800 rpm for 2 minutes. The Median 

Fluorescence Intensity of each well was measured within 90 minutes using a Bio-Rad 

analyser (Bio-Plex ™ 200 system).  An average of the replicates was calculated for each 

standard, control, and sample, and was subsequently subtracted from the readings 

obtained from the blank. A standard curve was created by using computer software 

capable of generating a five-parametric logistic (5-PL) curve-fit (Bio-Plex Manager™ 

software, version 6.1). The unknown samples were compared against the standard 

curve to obtain the relevant analyte concentrations found in each sample, and the 

resulting concentrations multiplied by the dilution factor. 

3.9.6.3 Magnetic Luminex Performance Assay, Human High Sensitivity 
Cytokine Premixed Kit A 

A high sensitivity kit was used to detect the following analytes owing to their low 

concentrations IL-1 β HS, IL-6 HS, IL-10 HS, and TNF-α. Plasma samples were thawed 

and allowed to sit on a bench to reach RT. 

All reagents were brought to RT before starting the assay protocol. Standard Cocktails 

were reconstituted with 0.95 ml of Calibrator Diluent RD6-40 as provided in the kit and 

allowed to sit for a minimum of 15 minutes at RT. Samples were centrifuged maximum 

speed for 5 minutes immediately before dilution. Plasma samples were prepared in a 

1.2 ml reaction tube. Samples required a 2-fold dilution - 125 µl of the sample was 

added to 125 µl of Calibrator Diluent RD6-40 and mixed thoroughly. The reconstituted 

standard was used to prepare eight standards by serial dilution to create a standard 
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curve for analysis. A 96-well, R&D specialised plate was filled with 100 μl of standard, 

control (standard 4), and samples into the respective wells in duplicates. A 

Microparticle Cocktail vial was centrifuged for 1 minute at 1000 x g, and then vortexed 

gently to resuspend the microparticles. The Microparticle Cocktail was diluted in a light 

protective bottle (provided) by adding 1000 µl of Microparticle Cocktail to 2 ml of 

Microparticle diluent. 25 µl of diluted Microparticle Cocktail was added to each well, 

and the microplate was securely covered with a foil plate sealer as provided. The plate 

was incubated for 3 hours at RT on a horizontal orbital shaker at 800 rpm (0.12   ̎orbit). 

A plate washer with a magnetic platform was used to wash and aspirate the liquid in 

each well with the wash buffer provided in the kit. This step was performed three 

times. Biotin Antibody Cocktail was prepared by centrifugation for 1 minute at 1000 x 

g, and gentle vortexing before 1000 µl cocktail was diluted with biotin antibody diluent 

2 (4.5 ml). 50 µl Diluted Biotin Antibody Cocktail was added to each well, and the plate 

was covered with a new foil plate sealer and incubated on the shaker at 800 rpm for 

an hour at RT. The wells were rewashed as described above. Streptavidin-PE 

(streptavidin-phycoerythrin conjugate) was vortexed, and 50 µl was added to each 

well, after which the plate was sealed with a foil cover and incubated for 30 min on the 

shaker at 800 rpm at RT. The wash step was repeated. Microparticles were 

resuspended by adding 100 µl wash buffer to each well and the plates incubated at RT 

on the shaker at 800 rpm for 2 minutes. The same technique to determine the Median 

Fluorescence Intensity was used as in the previous section (Magnetic Luminex Assay, 

Human Premixed Multi-Analyte kit). 

3.10  Cell culture of stimulated PBMCs with nitric oxide donor or 
sulforaphane 

To examine if NO induces the activation of NRF2, PBMCs were treated with NO donor 

or sulforaphane, which is an NRF2 activator. For each treatment, NO donor and 

sulforaphane, a total of 18 ml of venous blood was obtained from 5 volunteers (not 

from the 70 participants) using BD Vacutainer® Safety-Lok™ blood collection kit to 



                                                                                                           Chapter 3: Materials and Methods 

128 
 

collect blood into two 9 ml Purple Cap Vacuette® K3E K3EDTA Blood collection tubes. 

PBMCs were isolated as described in section 3.8.1 except for the final step where 

PBMCs were suspended in 6.5 ml of Dulbecco's Modified Eagle Medium (DMEM) 

instead of RNAlater™ Solution. All cell culture procedures were performed under a 

sterile tissue culture cabinet hood to prevent contamination. Personal safety 

equipment, such as gloves and a sterile lab coat, were worn during cell culture and 

were sprayed with 70% ethanol to prevent exposure of the inner cell culture hood to 

external contaminants. All solutions were pre-warmed in a water bath to 37°C unless 

otherwise stated and stored at 4°C when not in use for a maximum of 1 month. 

3.10.1 Stimulation of PBMCs with nitric oxide donor 

Cells were seeded in 6 well plates (9.5cm² surface area) at 1 ml per well. As 

appropriate, freshly dissolved NO donors S-nitroso-N-acetyl-d-penicillamine (SNAP), 

non-NO-releasing compounds N-acetyl-d-penicillamine (NAP) or control medium 

Dimethyl Sulfoxide (DMSO) (all from Sigma-Aldrich, Poole, U.K.) were added in 

duplicate (1 µl /well). All used compounds were used at a final concentration of 250 

μM. PBMCs were maintained in a sterile, 5% (carbon dioxide) CO₂-gassed incubator at 

37°C and 90% humidity. These cells were left to settle for 3 hours. The cell-rich 

medium collected from each well and transferred into a sterile Eppendorf tube then 

centrifuged at 400 g for 5 minutes. The supernatant was then carefully removed. The 

adherent cells were lysed using 1 ml of TRIzol, and the lysates were collected and 

added to the corresponding palettes in the Eppendorf tube tubes and gently mixed by 

pipetting up and down, this step was done on ice. The samples were first frozen in 

liquid nitrogen before being transferred to a -80 freezer until being used for RNA 

extraction and cDNA synthesis, as described previously in sections 3.8.2, 3.8.3, and 

3.8.4. Samples were then stored at -20 after cDNA synthesis until being used for gene 

expression assays. 

3.10.2  Stimulation of PBMCs with sulforaphane 

The same NO donor protocol was followed to stimulate PBMCs with sulforaphane with 
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a 2 µM used for a final concentration (sulforaphane obtained from Sigma-Aldrich, 

Poole, U.K.). 

3.10.3 Gene expression analysis using TaqMan Assays  

RT-PCR was carried out with a final volume of 20μl per well of a MicroAmp® Fast 96-

well 0.1mL reaction plate (Applied Biosystems® by life technologies™). A mixture of 1μl 

probe (each probe done separately), 10μl TaqMan 2X Universal PCR MasterMix 

(Applied Biosystems® by life technologies™) and 6.5μl DEPC-treated water was 

prepared per sample for each gene target. Typically, samples were run in triplicate 

with the gene targets in a MicroAmp® Fast 96-Well Reaction Plate (0.1ml) (Applied 

Biosystems® by life technologies™). Non-template controls containing DEPC-treated 

water were loaded as negative controls. 2.5μl of sample cDNA was loaded into each 

well followed by 17.5μl of the prepared probe solution, which was loaded in each well. 

A sealing film was attached over the top of the plate before loading it onto the 

QuantStudio™ 7 Flex qPCR machine. (Thermo Fischer Scientific Inc.). As previously 

mentioned, ACTB and GAPDH were chosen as an ideal reference gene. Some TaqMan 

Gene Expression assay probes mentioned in Table 3.1 were used to assess the effect of 

antioxidation and EF. These probes included NFE2L2, KEAP1, NOS3, GSR, and TXNRD1. 

The RT-PCR machine initially enters the holding stage before starting to cycle. This 

comprises increasing the sample temperature from 25°C to 95°C before holding at this 

temperature for 10 minutes to denature the DNA fully. The second stage involves the 

cycling stage, where samples are reheated to 95°C for 15 seconds and cooled to 60°C 

for 1 minute. Amplification data was only collected when the samples are at 60°C. This 

is repeated 40 times before the reaction ceases. The data was automatically analysed 

using the QuantStudio™ Real-Time PCR System (version 1.3, Applied Biosystems®) and 

exported for further analysis. Ct was obtained from the RT-PCR machine for each gene 

target. The average Ct values obtained from the ΔΔCt method.  
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3.11  Statistical analysis  

All statistical analysis and graphics were carried out and generated using IBM® SPSS® 

Statistics (Version 22, IBM Corp.), and Microsoft® Excel. Several statistical analyses 

were conducted on the data and applied as appropriate. Before analysis, all numerical 

data was handled using Microsoft Excel 2013. All figures were generated using 

PowerPoint and Autodesk Revit 2017 software. 

3.11.1  Sample Size Calculation 

A power calculation was not provided because the current project is a pilot study. 

Normality was determined by the Shapiro-Wilk test, together with a visual inspection 

of the Normal Q-Q Plot. Development of baseline table involved presenting distributed 

continuous variables as means with standard deviations (SD). Comparison within the 

same group at the three different time points was done by using two-way analysis of 

variance (ANOVA) with repeated measures with post hoc Bonferroni analysis which 

examine the difference between two different time points. While the comparison 

between the groups was made using one-way ANOVA. Skewed data was presented as 

a median and interquartile range [IQR]. In such case, the comparison within the same 

group was made by using Friedman test while comparison between groups was made 

by using Kruskal Wallis. Categorical variables were expressed as percentages; Chi-

square test was used to identify significant differences between the various groups. 

3.11.2  Data analysis for vascular function, blood analysis and skin surface 

temperature 

Data from dose-response curves for ACh and SNP were presented as mean (SE), 

Logarithmic transformation (log10) was applied for skewed data. Values for the area 

under the curve (AUC) in response to ACh and SNP were presented as means with 

standard deviations (SD), skewed data was presented as a median and interquartile 

range [IQR]. Data from gene expression is presented as fold change (SEM). Statistical 

differences between the three different time points within the same group as 



                                                                                                           Chapter 3: Materials and Methods 

131 
 

measured by LDI, arterial stiffness, gene expression (∆Ct), BIOplex and ELISA were 

examined by using a two-way (ANOVA) with repeated measures with post-hoc 

Bonferroni analysis which examine the difference between two different time points. 

When the assumption of normal distribution was violated, Logarithmic transformation 

(Log10) was used, and a parametric test was used. However, when the logarithmic 

transformation was not applicable, non-parametric tests were used to compare 

between different time points within the same group. They are Friedman combined 

with post-hoc Bonferroni analysis which examine the difference between two different 

time points. For skin surface temperature difference within the same group (baseline 

to peak) paired samples t-test was used as well as Wilcoxon signed-rank test if the data 

was skewed. 

3.11.3  Significance tests used for comparing between groups. 

The normality and nature of parameters were taken into account when deciding which 

significance tests to use. When continuous variables exhibited normal distribution, a 

one-way ANOVA with post-hoc Bonferroni analysis which examine the difference 

between two different time points was used to compare between three groups or 

more (for example, FIR, heat, and placebo). While a comparison between two different 

groups, an independent t-test was used. However, when continuous variables 

exhibited skewed distribution, a Kruskal Wallis test was used to compare three or 

more different groups with post-hoc Bonferroni analysis which examine the difference 

between two different time points. Comparison between two different groups, a 

Mann-Whitney U test was used to gain significance values. 

3.11.4  Correcting for Covariates (Linear Regressions)  

Linear regression models were drafted for all vascular function results to locate 

confounding variables, including age and BMI. 

3.11.5  Correlation Analysis  

Pearson correlation coefficients (parametric test) and Spearman’s correlation 
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coefficients (non-parametric test) were calculated between the delta change from 

baseline measurements to after treatment with FIR; these measurements include 

AI@75%, AUC and gene expression (∆AI@75% and ∆AUC). Furthermore, correlations 

were carried out between baseline AI@75%, AUC, gene expression, and circulatory 

biomarkers. These parameters were collected from endothelial function data, arterial 

stiffness data, TaqMan data, BIOplex data, and ELISA data. 
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4.1 General findings  

A total of 70 recruited participants completed the study successfully. This was despite 

four volunteers from four different groups not consenting to venesection due to 

needle phobia. To compensate for this, four new participants were recruited in their 

place for venesection (with no additional vascular assessments). All participants in this 

study had no current or past history of diagnosed illnesses, including CVDs, CVD risk 

factors, or dermatological conditions that may confound test results – in particular LDI 

and iontophoresis tests. Baseline characteristics for all recruited participants, as well as 

within groups, are presented in Table 4.1. Of the 70 participants, 45% were male. The 

median age was 28 years with an interquartile range (IQR) of 13. Median [IQR] BMI 

was 24.3[5.5] kg/m². Arterial BP and HR were within the normal range. Participants 

represented four main ethnic groups (Figure 4.1). 63% of all participants were white 

(British, Irish or European ancestry), 18% were of Asian ancestry (China, Singapore, 

Pakistan, or India), 16% were of Arab ancestry (Saudi Arabia, Libya, and Syria) and 2% 

were of African ancestry (Sudan and Nigeria). In terms of fitness, 31.4 % of the 

participants performed exercise regularly (~ 5 times a week) that consisted 

of endurance, strength, and flexibility training. The remaining participants exercised 

minimally. Regarding alcohol consumption, most of the participants were mild or social 

drinkers – defined by the NHS as consumption of less than 14 units per week. None of 

the participants reported being heavy drinkers; moreover, some reported to be 

abstinent from alcohol for religious or health reasons. None of the participants were 

smokers or ex-smokers. Lastly, 63% of participants reported a family history of CVDs or 

CV risk factors in first- or second-degree relatives. 

https://go4life.nia.nih.gov/exercise-type/endurance/
https://go4life.nia.nih.gov/exercise-type/strength/
https://go4life.nia.nih.gov/exercise-type/flexibility/
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Table 4.1 Baseline characteristics of all recruited participants and between group differences. 

Comparison between the groups using one-way ANOVA for normally distributed continuous variables (a), Kruskal Wallis test for non-normal variables (b), and Chi-

square test used for categorical data (c). 

 
Variables 

All participants 
(n=70) 

Group 1 
(n=15) 

Group 2 
(n=15) 

Group 3 
(n=10) 

Group 4 
(n=10) 

Group 5 
(n=10) 

Group 6 
(n=10) 

Overall p-value 
(between 
groups) 

Age, years, (median [IQR]) 28[13] 30[21] 28[17] 26[12] 29[18] 27[12] 30[13] 0.8b 

Sex:        0.8c 

Male % 45.7 46.7 60 40 50 40 30  

female % 54.3 53.3 40 60 50 60 70  

Height, cm, (median [IQR]) 169[18.0] 164[12.0] 175[23.0] 167[16.0] 170.5[15.0] 168[16.0] 167[15.0] 0.5b 

Weight, kg, (median [IQR]) 70.2[16.0] 67[22.0] 74[23.0] 69.5[22.0] 73[12.0] 65[18.0] 71[15.0] 0.3b 

BMI, kg/m², (median [IQR]) 24.3[5.5] 22.6[5.7] 25.3[5.8] 23.3[6.7] 25.6[4.9] 23.8[3.6] 24.6[5.7] 0.5b 

SBP, mmHg, (mean (SD)) 115(11.6) 114.7(12.3) 118.7(10) 111.9(9.4) 114.9(11.4) 111.6(13.7) 119.3(13.3) 0.5a 

DBP, mmHg, (mean (SD)) 68.2(8.2) 68.5(6.7) 68.9(7.7) 66.4(9) 68.3(7.4) 66.1(10.4) 70.7(9.4) 0.8a 

HR, beats/min, (median [IQR]) 57.5[11] 56[13] 55[12] 57[13] 60.5[21] 56.5[16] 58.5[10] 0.9b 
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Figure 4.1 Ethnic background distribution of the participants. 
 

4.2  Safety of thermal interventions: FIR and heat 

Thermal irradiation, including FIR and a heating pad, were safely used during the study 

period with no reported side effects from participants. No complications such as 

burns, or hypotension were reported during these sessions. 

4.3  Effect of FIR, heat, and placebo on the endothelial function  

The following sections present the results on the EF of microcirculation, as assessed by 

LDI and iontophoresis of ACh and SNP.   

4.3.1  Group 1: FIR irradiation of the back region (protocol 1): 

The FIR protocols are described in sections 3.4.1 and 3.6.1. Briefly, four sessions of FIR 

were delivered to the back region over two weeks. Vascular measurements were 

obtained at baseline before any session of FIR was given, immediately after a single 40-

minute session of FIR to the back and finally 24 hours after the last given FIR session to 

the back. This intervention aimed to study the effect of irradiating the body’s largest 

surface area (the back) using a local FIR device.  
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As shown in Table 4.2 below, BP (systolic and diastolic) did not change from baseline 

with FIR treatment. The HR also remained constant after FIR irradiation, relative to 

baseline.   

Table 4.2 Group 1: Recorded vital signs of the FIR irradiated back (protocol 1): 
comparison between different time points.  
The vitals measured were systolic blood pressure (SBP), diastolic blood pressure (DBP), 
and heart rate (HR). These were taken at baseline (before FIR sessions), immediately 
after a single 40-minute session and on the next day after the last session (the fourth 
session was done on the 2nd week). Two-way analysis of variance (ANOVA) for repeated 

measures was used for normally distributed continuous variables (a), and Friedman test 

was used to compare non-normally distributed variables (b). 

Variables Group 1 (n=15) Overall P-value 

SBP, mmHg, (mean (SD)) 
 

0.9a 

   Baseline 114.7(12.3) 
 

   After single session 115(9.3) 
 

   After last session 115(12.0) 
 

DBP, mmHg, (median [IQR])  
 

0.5b 

   Baseline 66.0[13] 
 

   After single session 65[11.0] 
 

   After last session 65.0[12.0] 
 

HR, beats/min, (mean (SD)) 
 

0.7a 

   Baseline 60.4(9.5) 
 

   After single session 61.5(10.5) 
 

   After last session 61.1(9.6) 
 

 

4.3.1.1 Skin surface temperature 

Temperature measurement is described in section 3.8. For FIR, the temperature was 

recorded from the back before each FIR session and 1-2 minutes before the end of 

each 40-minute session of FIR (Table 4.3). The recordings showed skin surface 

temperature increasing significantly after FIR delivery from 34.3°C[0.7] to 38.8°C[0.14], 

(median [IQR]), (p<0.001). 
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Table 4.3 Group 1: Baseline and peak skin surface temperatures during FIR delivery. 
Skin surface temperature was taken from the back before FIR irradiation (baseline) and then 1-2 
minutes before the end of each FIR session (peak). Wilcoxon signed-rank test was used for 
comparison of data.  

Variable Group 1 (n=15) P-value 

Skin surface temperature, °C, (median [IQR]) 

   Baseline 

   Peak 

 

34.3[0.7] 

38.8[0.1] 

 

0.001 

 

4.3.1.2 LDI and iontophoresis of ACh and SNP: dose-response curve 

The effect of FIR irradiation on the back on EF was measured using the LDI technique 

combined with iontophoresis of ACh and SNP. The immediate effect of a single 40-

minute-session of FIR was assessed on Visit 1 by measuring the response to ACh and 

SNP in comparison to baseline. The aim was to examine the extent of vascular 

improvement after delivering one session of FIR to the back. Furthermore, the effect 

of four sessions FIR (administered over two weeks) was examined and compared to 

baseline. The aim was to administer the maximum amount of feasible sessions to 

participants over a relatively long period. The vascular analysis and iontophoresis 

protocols are detailed in section 3.6.1. The LDI and drug delivery protocols are 

explained in section 3.7.1. Briefly, LDI generated a total of 20 scans. Each scanned 

image lasted for 60 seconds, with a total of 20 minutes for all scans. The results are 

shown below; colour-coded images generated by LDI represent skin blood flow over 

the scanned area (Figure 4.2). The total scanning time was 1200 seconds. The first two 

scanned images were a baseline measurement of blood perfusion with no current 

passing through the electrodes (no drugs being introduced). The baseline blood flow is 

also demonstrated in the curve provided in Figure 4.3 as scan numbers 1 and 2 for the 

three different time points (baseline, after one session and after the last one). After 

that, six doses of ACh and SNP were introduced separately to the superficial layers of 

the skin iontophoretically using an anodal or cathodal current, respectively, of 100 µA 

for 60 seconds (scan numbers 3, 6,9,12,15 and 18 as shown in the generated map and 

curve). Drug-Free skin perfusion was recorded for a total of 120 seconds (two scans) 

between each given dose. The resulting changes in microvascular skin blood flow were 
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analysed using moorLDI LDI software version 5.3, where the area of the interest was 

chosen manually from the generated map. The blood flow is then automatically 

calculated from the software into numerical value as the mean of the blood flow from 

each scan. The absolute values (presented in the curve) are representing the average 

of the mean blood flow calculated from all subjects within the same group, which then 

were plotted against each scan, creating a curve, as shown in Figure 4.3. This was done 

for the three different time points. 

 

Figure 4.2 Blood perfusion map. 
Baseline blood perfusion (first two scans). And the increased skin perfusion after iontophoresis of ACh at 
a current of 100 μA. The colour-coded images represent skin blood flow over the scan area. 
 

The effects of FIR on EF, as assessed by the response to ACh (Figure 4.3A), shows an 

increasing trend, compared to baseline (before FIR delivery) and immediately after a 

single 40-minute session of FIR delivery to the back in response to ACh on the first visit 

(p= 0.3). The longer-term effects of four repeated FIR irradiation sessions over two 

weeks (measured on the next day); showed a significant increase in blood flux in 

response to ACh (p=0.014). However, with SNP (Figure 4.3B), there was no change in 
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blood flux recorded immediately after one session of FIR to the back (p=1). Although 

there was a small increase in response to SNP 24 hours after the repeated sessions of 

FIR to the back, it did not reach statistical significance compared to the baseline 

(p=0.6) 

 

 
Figure 4.3 Group 1: Dose-response curves of ACh and SNP iontophoresis at different time points.  
The curve is showing a total of 20 scans; the first two scans are representing the baseline blood flow 
with no drugs being introduced. Scan numbers 3,6,9,12,15 and 18 are when the drugs are being 
introduced and in between are drug-free scans. The lines represent the increase in blood flow after the 
introduction of (A) ACh and (B) SNP; measurements taken at baseline, immediately after a single session 
of FIR to the back and 24 hours after the last FIR session. ACh showing an increase in blood flux from 
baseline to after the last session *p-value <0.05 while responses to SNP showed no change. ACh and 
SNP iontophoresis curves were compared between the different time points using two-way ANOVA for 
repeated measures and Bonferroni post-hoc analysis. Logarithmic transformations (log10) to normalise 
the distribution was applied. Data is mean (SE). 
 

4.3.1.3 LDI and iontophoresis of ACh and SNP: Area under the curve 

LDI is a relative measurement that determines the change in microvascular skin blood 

flow. Therefore, the area under the curve (AUC) adjusts the differences in blood flow 
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from baseline to after drug delivery. The overall microvascular response was 

determined for the total drug delivery period for both ACh and SNP was measured by 

calculating AUC: mean area under the perfusion (after introducing ionic agents) 

multiplied by time curve, in seconds and then subtracting the mean baseline perfusion 

multiplied by time curve (in seconds). The first two scans from the dose-response 

curves, as shown in Figures 4.2 and 4.3, represent the baseline perfusion before ACh or 

SNP introduction; the area under the perfusion (after agents’ introduction) is shown 

from Scan 3 onward. The time curve is shown from the beginning of Scan 1 up to Scan 

20 with a total of 1200 seconds. The AUC was calculated for both ACh and SNP at 

different time points as described in the previous section, baseline, immediately after 

the first FIR session to the back and on the next day after the last FIR session. To 

determine the effect of FIR on EF, the AUC was compared between different time 

points. As illustrated in Table 4.4 and Figure 4.4, there was an increasing trend in the 

AUC in response to ACh immediately after the first FIR session compared to baseline 

ACh response (mean (SD), 374064(110861) to 429344(151317), p=0.2). After 24 hours 

of the full FIR protocol, the increase in the AUC in response to ACh was significant; 

(mean (SD), 374064(110861) to 458390(129347), p=0.017) compared to baseline. AUC 

responses to SNP were unchanged after one or repeated sessions of FIR to the back 

(overall p-value=0.3). These results are consistent with the dose-response curve data 

and therefore, will be used for between-group comparison in the following sections. 4 

participants have shown no change in EF following FIR delivery.  
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Table 4.4 Group 1: Values for area under the curve for ACh and SNP iontophoresis at different time 
points.  
Measurements at baseline, immediately after a single session of FIR to the back and 24 hours after the 
last FIR session in response to ACh and SNP. Data was compared using the two-way ANOVA for repeated 

measures for normally distributed continuous variables (a), and Friedman was used to compare non-

normally distributed variables (b). 

Variables Group 1 (n=15) Overall p-value 

ACh, AUC (AU x SEC), (mean (SD))  0.015 a 

Baseline 374064(110861)  

Immediately after one session 429344(151317)  

On the next day after the last session 458390(129347)  

SNP, AUC (AU x SEC), (median [IQR])  0.3b 

Baseline 221047[110520]  

Immediately after one session 221753[51385]  

On the next day after the last session 248580[138713]  

 

 

Figure 4.4 Group 1: Area under the curve for ACh iontophoresis at different time points.  
The bars represent the measurements taken at baseline, immediately after a single session of FIR to the 
back and 24 hours after the last FIR session in response to ACh. Data was compared using the two-way 
ANOVA for repeated measures, with Bonferroni post-hoc analysis. Data is mean (SD). * p-value < 0.05. 
AUC = area under the curve. 

4.3.2  Group 2: FIR irradiation of the back region (protocol 2) 

A detailed protocol of FIR sessions and their timing can be found in section 3.6.2. In 

brief, four sessions of FIR were delivered to the back over two weeks period, and the 

assessments were done at baseline, 4 hours after the first and the last FIR sessions to 

the back. This protocol aimed to measure the amount of the effect after four hours of 
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FIR delivery to the back on vascular function.  

Although administering FIR to the back did not significantly alter BP four hours after 

the first and last FIR sessions; a small decrease in both SBP and DBP were noted 

compared to baseline (SBP, median [IQR], 122[17] to 119[8] and 120[14], p=0.7, 

respectively) and (DBP, mean (SD), 68.9(7.7) to 67.9(6.3) and 66.9(6.9), p=0.3, 

respectively), (Table 4.5). In contrast, HR increased significantly with an overall p=0.04. 

This increase was noted four hours after the first FIR session compared to baseline 

(mean (SD), 58.5(7.1) to 62.1(9.1), p=0.02) and the last one (mean (SD), 58.5(7.1) to 

62.9(6.4), p=0.017) compared to the baseline. Importantly, even when HR increased, it 

remained within the normal range for a healthy adult which is between 60 to 100 bpm. 

Table 4.5 Group 2: vital signs between different timepoints.  
The vitals measured included systolic blood pressure (SBP), diastolic blood pressure (DBP), 
and heart rate (HR). These were measured at baseline (before the first FIR session to the 
back), four hours after a single FIR session, and four hours after the last session. Data was 
compared using the two-way ANOVA for repeated measures for normally distributed 

continuous variables (a), and Friedman was used to compare non-normally distributed 

variables (b). 

Variables Group 2 (n=15) Overall P-value 

SBP, mmHg, (median [IQR]) 
 

0.7b 

   Baseline 122[17] 
 

   After single session 119[8] 
 

   After last session 120[14] 
 

DBP, mmHg, (mean (SD)) 
 

0.3a 

   Baseline 68.9(7.7) 
 

   After single session 67.9(6.3) 
 

   After last session 66.9(6.9) 
 

HR, beats/min, (mean (SD)) 
 

0.04a 

   Baseline 58.5(7.1) 
 

   After single session 62.1(9.1) 
 

   After last session 62.9(6.4) 
 

 

4.3.2.1 Skin surface temperature 

Notably, protocol 2 differed from protocol 1 in the timing of the measurements. The 

mean peak skin surface temperature taken from the back 1-2 minutes before the end 

of each FIR session increased significantly from baseline (recorded before the start of 
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each session), from 33.9°C(1.1) to 38.9°C(0.3), mean (SD), (p<0.001; Table 4.6).  

Table 4.6 Group 2: baseline and peak skin surface temperature after FIR irradiation of 
the back.  
Skin surface temperature was taken from the back before FIR sessions (baseline) and 1-2 
minutes before the end of each session (peak). A paired t-test was used for comparison 
between the two timepoints. 

Variables Group 2 (N=15) P-value 

Skin surface temperature, °C, (mean (SD)) 

Baseline 

Peak 

 

33.9(1.1) 

38.9(0.3) 

 

<0.001 

 

4.3.2.2 LDI and iontophoresis of ACh and SNP: dose-response curve 

The detailed LDI and iontophoresis protocol for both drugs is provided in section 3.6.2.  

The effect of FIR on EF in response to ACh after 4 hours was assessed by LDI and 

shown in Figure 4.5A. There was no change, compared to baseline, in response to ACh, 

4 hours after a single 40-minute FIR session (p=3). However, the increase was 

significant after 4 hours of the fourth session of FIR to the back (p=0.024). Endothelial-

independent responses induced by SNP were unchanged 4 hours after one or repeated 

sessions of FIR to the back, compared to the baseline (overall p-value = 0.07), (Figure 

4.5B). 
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Figure 4.5 Group 2: dose-response curves of ACh and SNP iontophoresis at different time points.  
The lines represent the measurements taken at baseline, 4 hours after a single session of FIR to the 
back, and 4 hours after the last FIR session (A) Ach and (B) SNP iontophoresis. ACh showing a significant 
increase in blood flux after the last session compared to baseline. *p-value <0.05. Data was compared 
using a two-way ANOVA for repeated measures with Bonferroni post-hoc analysis. Logarithmic 
transformations (log10) were applied to normalise the distribution. Data is mean (SE). 

 

4.3.2.3 LDI and iontophoresis of Ach and SNP: area under the curve 

In comparison to baseline, there was no significant change in the AUC in response to 

ACh 4 hours after one session of FIR to the back (mean (SD), 328951(105075) to 

362281(122703), p=0.5). In contrast, the AUC was significantly improved over two 

weeks of repeated FIR sessions compared to baseline (mean (SD), 328951(105075) to 

409808(101317), p=0.023); as shown in Table 4.7 and Figure 4.6. Responses to SNP, 

however, were unchanged 4 hours after one or all FIR treatments (overall p-

value=0.052). 
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Table 4.7 Group 2: Values for area under the curve for ACh and SNP iontophoresis at different time 
points.  
Measurements at baseline, 4 hours after a single session of FIR to the back, and 4 hours after the last FIR 
session in response to ACh and SNP. Data was compared using the two-way ANOVA for repeated 
measures. 

Variables Group 2 (n=15) Overall p-value 

ACh, AUC (AU x SEC), (mean (SD)) 
 

0.005 

Baseline 328951(105075) 
 

4 hours after one session 362281(122703) 
 

4 hours after the last session 409808(101317) 
 

SNP, AUC (AU x SEC), (mean (SD)) 
 

0.052 

Baseline 182810(55947) 
 

4 hours after one session 196571(51792) 
 

4 hours after the last session 219892(74240) 
 

 

 

Figure 4.6 Group 2: Area under the curve ACh iontophoresis at different time points.  
The bars represent the measurements taken at baseline, 4 hours after a single 
session of FIR to the back, and 4 hours after the last FIR session in response to ACh. 
Data were compared using two-way ANOVA for repeated measures with Bonferroni 
post-hoc analysis. Data is mean (SD). * P-value < 0.05. AUC = area under the curve. 

 

4.3.3  Group 3: FIR irradiation of the forearm (protocol 1) 

The protocol for this participant group is discussed in detail in section 3.6.1. In protocol 

1, vascular assessments are taken at baseline, immediately after single 40-minute FIR 

session and on the next day after the last FIR session. This test aimed to examine the 
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effect of FIR on EF when delivered to a smaller body surface area (forearm).  

FIR delivered to the forearm did not affect vital signs across the different time points 

(Table 4.8). 

Table 4.8 Group 3: Vital signs of the  participants at different timepoints.  
The vitals measured included systolic blood pressure (SBP), diastolic blood pressure (DBP), 
and heart rate (HR). These were measured at baseline (before the first FIR delivery to the 
forearm), immediately after a single session and on the next day after the last session to the 
forearm. Data was compared using the two-way ANOVA for repeated measures for normally 

distributed continuous variables (a), and Friedman was used to compare non-normally 

distributed variables (b). 
 

Variables Group 3 (n=10) Overall P-value 

SBP, mmHg, (mean (SD)) 
 

0.4a 

   Baseline 111.9(9.4) 
 

   After single session 114.6(9.0) 
 

   After last session 114.5(13.1) 
 

DBP, mmHg, (median [IQR]) 
 

0.1b 

   Baseline 66.5[15] 
 

   After single session 64.5[13.0] 
 

   After last session 65.0[10.0] 
 

HR, beats/min, (mean (SD)) 
 

0.4a 

   Baseline 57.1(9.0) 
 

   After single session 59.2(12.2) 
 

   After last session 59.6(12.1) 
 

 

4.3.3.1 Skin surface temperature  

Skin surface temperature taken from the right forearm (where FIR was delivered) at 

the end of each FIR session peaked at 38.6°C(0.2) compared to baseline at 32°C(0.8), 

(mean(SD)); this increase in temperature was statistically significant (p<0.001), (Table 

4.9). 
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Table 4.9 Group 3: baseline and peak skin surface temperature during FIR irradiation to the 
forearm.  
Skin surface temperature was taken from the forearm before FIR delivery to the same forearm 
(baseline) and 1-2 minutes before the end of each FIR session (peak). A paired t-test was used 
to compare data. 

Variables Group 3 (n=10) P-value 

Skin surface temperature, °C, (mean (SD)) 

Baseline 

   Peak 

 
32.0(0.8) 
38.6(0.2) 

 
<0.001 

 

4.3.3.2  LDI and iontophoresis of ACh and SNP: dose-response curve 

The effects of FIR to the forearm on the EF, as assessed by the LDI to responses for 

both ACh and SNP were unchanged from baseline to after one FIR session as well as 24 

hours after multiple FIR sessions (Figure 4.7); (overall p=0.9 and p=0.4, for ACh and 

SNP, respectively). 
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Figure 4.7 Group 3: Dose-response curves of ACh and SNP iontophoresis at different time points.  
The lines represent the measurements taken at baseline, immediately after a single delivery of FIR to 
the forearm and 24 hours after the last FIR session. (A) ACh and (B) SNP iontophoresis. Data was 
compared using a two-way ANOVA for repeated measures. Logarithmic transformations were applied to 
normalise the distribution. Data is mean (SE). 
 

4.3.3.3 LDI and iontophoresis of ACh and SNP: area under the curve  

The effect of FIR on the forearm showed no change. Table 4.10 shows the values for 

AUC at baseline, immediately after a single delivery of FIR to the forearm and 24 hours 

after the two-week FIR schedule. There was no change in the AUC in response to both 

ACh and SNP after one or repeated sessions of FIR delivery to the forearm, in 

comparison to baseline.  
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Table 4.10 Group 3: Values for area under the curve ACh and SNP iontophoresis at different time 
points.  
Measurements at baseline, immediately after a single session of FIR to the forearm and 24-hours 
after the last FIR session in response to ACh and SNP. Data were compared using two-way ANOVA 
for repeated measures. AUC= area under the curve. 

Variables Group 3 (n=10) Overall p-value 

ACh, AUC (AU x SEC), (mean (SD)) 
 

0.6 

Baseline 353591(78716) 
 

Immediately after one session 363154(121244) 
 

On the next day after the last session 381860(118457) 
 

SNP, AUC (AU x SEC), (mean (SD)) 
 

0.4 

Baseline 233181(79339) 
 

Immediately after one session 240062(87555) 
 

On the next day after the last session 219584(99899) 
 

 

4.3.4  Group 4: FIR irradiation of the forearm (protocol 2) 

The protocol for this group is detailed in section 3.6.2. Briefly, the measurements in 

protocol two were taken at baseline, 4 hours after a single and last session of FIR. This 

test aimed to evaluate the extent of improvement 4 hours after FIR irradiation to the 

forearm.  

As shown in Table 4.11, FIR delivery to the forearm did not affect BP or HR either 

immediately after the first FIR session or on the next day after the last of repeated 

sessions. 
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Table 4.11 Group 4: Vital signs of the participants at different timepoints.  
The vitals measured were systolic blood pressure (SBP), diastolic blood pressure 
(DBP), and heart rate (HR). These were measured at baseline (before the first FIR 
delivery to the forearm), 4 hours after a single FIR session, and 4 hours after the last 
session to the forearm. Two-way ANOVA for repeated measures. 

Variables Group 4 (n=10) Overall P-value 

SBP, mmHg, (mean (SD)) 
 

0.9 

   Baseline 114.9(11.4) 
 

   After single session 114.2(11.6) 
 

   After last session 114.4(11.9) 
 

DBP, mmHg, (mean (SD)) 
 

0.3 

   Baseline 68.3(7.4) 
 

   After single session 67.3(5.7) 
 

   After last session 69.4(6.1) 
 

HR, beats/min, (mean (SD)) 
 

0.9 

   Baseline 61.8(10.4) 
 

   After single session 61.3(9.8) 
 

   After last session 61.4(8.4) 
 

 

4.3.4.1 Skin surface temperature 

Temperature from the surface of the forearm was recorded as described previously. 

During FIR delivery to the right forearm, skin surface temperature was measured from 

the same area; this was shown to increase significantly from a baseline of 32°C [1.3] to 

a peak of 38.8°C [0.3], (median [IQR]), measured 1-2 minutes just before the end of 

each FIR session (p=0.005; Table 4.12). 

Table 4.12 Group 4: Baseline and peak skin surface temperature at the time of FIR irradiation to 
the forearm.  
Skin surface temperature was taken from the forearm before the first FIR delivery to the forearm 
(baseline) and 1-2 minutes before the end of each FIR session (peak). The non-parametric 
Wilcoxon signed-rank test was used to compare non-normally distributed data.  

 

Variables Group 4 (n=10) p-value 

Skin surface temperature, °C, (Median [IQR]) 

Baseline 

   Peak 

 
32.4[0.9] 
38.8[0.4] 

 
0.005 

 

4.3.4.2 LDI and iontophoresis of ACh and SNP: dose-response curve 

The effects of FIR on the EF – as assessed by LDI measurement of the responses to 
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both ACh and SNP iontophoresis – were shown to be unchanged from baseline to the 

4-hour mark after one or repeated sessions of FIR delivery to the forearm, (overall 

p=0.5 and p=0.7, for ACh and SNP, respectively). (Figure 4.8).  

 

Figure 4.8 Group 4: Dose-response curves to ACh and SNP iontophoresis at different time points.  
The lines represent the measurements taken at baseline, 4 hours after a single FIR delivery to the 
forearm, and 4 hours after the last FIR session. (A) ACh and (B) SNP iontophoresis. Data was compared 
using a two-way ANOVA for repeated measures. Data is mean (SE). 
 

4.3.4.3  LDI and iontophoresis of ACh and SNP: area under the curve  

Table 4.13 shows the values for both AUC for ACh and SNP at baseline, 4 hours after a 

single FIR delivery to the forearm, and 4 hours after the last of the repeated FIR 

sessions. The AUC for ACh showed no change 4 hours after the first session compared 

to baseline; this then remained constant until 4 hours after the last FIR delivery to the 

forearm. SNP elicited no change compared to baseline.  
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Table 4.13 Group 4: Values for area under the curve for ACh and SNP iontophoresis 
at different time points.  
Measurements were taken at baseline, 4-hours after a single session of FIR to the 
forearm and 4-hours after the last FIR session in response to ACh and SNP. Two-way 
ANOVA for repeated measures. AUC = area under the curve. 

Variables Group 4 (n=10) Overall p-value 

ACh, AUC (AU x SEC), (mean (SD)) 
 

0.3 

Baseline 396484(131398) 
 

4 hours after one session 430975(161717)  

4 hours after the last session 432616(165182) 
 

SNP, AUC (AU x SEC), (mean (SD)) 
 

0.6 

Baseline 196164(101201) 
 

4 hours after one session 190184(93681) 
 

4 hours after the last session 201002(91673) 
 

 

4.3.5  Group 5: heat applied to the back region 

The protocol relevant to this section is described in section 3.6.1. For this group, the 

heat was delivered to the back using a heating pad. Tests were done following protocol 

1, at baseline, immediately after a single heat session and on the next day after the 

last heat session to the back.  

Thermal energy delivered via a heating pad to the back did not affect BP or HR both 

immediately after the first session and 24 hours after the last session (Table 4.14). 
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Table 4.14 Group 5: Vital signs of the participants at different timepoints.  
The vitals measured were systolic blood pressure (SBP), diastolic blood pressure (DBP), 
and heart rate (HR). These were measured at baseline (before heat sessions to the 
back), immediately after a single heat session and on the next day after the last 
session. Two-way ANOVA for repeated measures was used for comparison of data.  

Variables  Group 5 (n=10) overall P-value 

SBP, mmHg, (mean (SD)) 
 

0.1 

   Baseline 111.6(13.6) 
 

   After single session 115.8(10.2) 
 

   After last session 112.5(12.2) 
 

DBP, mmHg, (mean (SD)) 
 

0.5 

   Baseline 66.1(10.4) 
 

   After single session 69.2(7.6) 
 

   After last session 66.6(7.9) 
 

HR, beats/min, (mean (SD)) 
 

0.9 

   Baseline 59.6(9.9) 
 

   After single session 59.3(6.3) 
 

   After last session 59.3(8.5) 
 

 

4.3.5.1  Skin surface temperature 

During the heat sessions, the skin surface temperature measured from the heated 

back increased significantly from 33.7°C(0.6) to 38.6°C(0.4), mean (SD), (p< 0.001; 

Table 4.15). 

 

Table 4.15 Group 5: Baseline and peak skin surface temperature during heat irradiation of the 
back.  
Skin surface temperature was taken from the back before delivery of heat to the back (baseline) and 
after each heat session (peak). A paired t-test was used to compare data. 

Variables Group 5 (n=10) p-value 

Skin surface temperature, °C, (mean (SD)) 

Baseline 

   Peak 

 
33.7(0.6) 
38.6(0.4) 

 
<0.001 

 

4.3.5.2  LDI and iontophoresis of ACh and SNP: dose-response curve 

The effect of thermal energy on EF was not altered in response to ACh or SNP from 

baseline to immediately after one session and on the next day after the last session of 

heat to the back, (overall p=0.6 and p=0.7, for ACh and SNP, respectively), (Figure 4.9). 
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Figure 4.9 Group 5: Dose-response curves of ACh and SNP iontophoresis at different time points.  
The lines represent the measurements taken at baseline, immediately after a single session of heat to 
the back and 24 hours after the last heat session. (A) ACh and (B) SNP iontophoresis.  Data was 
compared using a two-way ANOVA for repeated measures. Logarithmic transformations were applied 
to normalise the distribution. Data is mean (SE). 
 

4.3.5.3  LDI and iontophoresis of ACh and SNP: area under the curve  

Table 4.16 shows the AUC responses to ACh and SNP after thermal delivery to the back 

via a heating pad; these responses are in keeping with the dose-response curves 

showing no change when compared to the AUC measured at baseline.  
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Table 4.16 Group 5: Values for area under the curve for ACh and SNP iontophoresis at 
different time points.  
Measurements were taken at baseline, immediately after a single session of heat to the 
back and 24 hours after the last heat session in response to ACh and SNP. Data was 
compared using the two-way ANOVA for repeated measures for normally distributed 

continuous variables (a), and Friedman was used to compare non-normally distributed 

variables (b). AUC = area under the curve. 

Variables Group 5 (n=10) Overall p-value 

ACh, AUC (AU x SEC), (median [IQR]) 
 

0.4b 

Baseline 334596(82862) 
 

Immediately after one session 344427(160101) 
 

On the next day after the last 
session 

319993(137526) 
 

SNP, AUC (AU x SEC), (mean (SD)) 
 

0.8a 

Baseline 208822(86857) 
 

Immediately after one session 200572(95704) 
 

On the next day after the last 
session 

206791(94228) 
 

 

4.3.6  Group 6: placebo-controlled applied to the back region 

In this placebo group, sham FIR treatment was delivered to the back region according 

to protocol 1 (section 3.6.1).  

Table 4.17 shows the changes in BP and HR in response to placebo at different time 

points. Sham treatment to the back did not affect BP or HR measured immediately 

after the first given placebo session to the back and on the next day after the last 

session of the four repeated sessions of the placebo over the two weeks. 
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Table 4.17 group 6: Vital signs of the participants at different timepoints.  
The vitals measured were systolic blood pressure (SBP), diastolic blood pressure (DBP), 
and heart rate (HR). These were measured at baseline (before placebo delivery to the 
back), immediately after a single session and on the next day after the last session. 
Two-way ANOVA for repeated measures was used to compare data. 

Variables Group 6 (n=10) Overall P-value 

SBP, mmHg, (mean (SD)) 
 

0.2 

   Baseline 119.3(13.3) 
 

   After single session 118.1(12) 
 

   After last session 116.6 (10.4) 
 

DBP, mmHg, (mean (SD)) 
 

0.2 

   Baseline 70.7(9.4) 
 

   After single session 70.3(7.4) 
 

   After last session 67.9(5.8) 
 

HR, beats/min, (mean (SD)) 
 

0.2 

   Baseline 58.5(5.7) 
 

   After single session 60.2(8.4) 
 

   After last session 57.0(5.2) 
 

 

4.3.6.1 Skin surface temperature 

During the placebo sessions, the skin surface temperature measured from the back 

dropped significantly from baseline to 1-2 minutes before the end of placebo (from 

33.1°C(1.8) to 32.1°C(1.4), mean (SD); p=0.001; Table 4.18).  

 
Table 4.18 Group 6: Skin surface temperature during placebo delivery to the back.  
Skin surface temperature was recorded from the back before placebo delivery to the same 
area (baseline) and 1-2 minutes before the end of each placebo session (peak). A paired t-
test was used to compare data. 

Variables Group 6 (n=10) P-value 

Skin surface temperature, °C, (mean (SD)) 

Baseline 

   Peak 

 
33.1 ± 1.8 
32.1 ± 1.4 

 
<0.001 

 

4.3.6.2 LDI and iontophoresis of ACh and SNP: dose-response curve 

The effects of sham treatment on EF following ACh and SNP treatment were not 

altered from baseline to either immediately after a single session of placebo or on the 

next day after the last placebo delivery to the back, (overall p=0.1 and p=0.6 for ACh 

and SNP respectively),(Figure 4.10).  



                                                                                                                                         Chapter 4: Results 

158 
 

 

Figure 4.10 Group 6: dose response curves of ACh and SNP iontophoresis at different time points.  
The lines represent the measurements taken at baseline, immediately after a single session of placebo 
to the back and 24 hours after the last placebo session. (A) ACh and (B) SNP iontophoresis.  Data was 
compared using two-way ANOVA for repeated measures. Logarithmic transformations were applied to 
normalise the distribution of data. Data is mean (SE). 
 

4.3.6.3 LDI and iontophoresis of ACh and SNP: Area under the curve (AUC) 

Placebo sessions to the back elicited no effect on the AUC in response to both ACh and 

SNP compared to baseline (overall p-value=0.3 and p=0.5, respectively; Table 4.19).  
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Table 4.19 Group 6: Values for area under the curve for ACh and SNP iontophoresis at 
different time points.  
Measurements were taken at baseline, immediately after a single session of placebo to 
the back and 24-hours after the last placebo session in response to ACh and SNP. 
Repeated measures, two-way ANOVA. AUC= area under the curve. 

Variables Group 6, (n=10) Overall p-value 

ACh, AUC (AU x SEC), (mean (SD)) 
 

0.3 

Baseline 340447(179460) 
 

Immediately after one session 329914(200545) 
 

On the next day after the last session 306950(164945) 
 

SNP, AUC (AU x SEC), (mean (SD)) 
 

0.5 

Baseline 210511(103523) 
 

Immediately after one session 201572(120901) 
 

On the next day after the last session 186310(98750) 
 

 

4.3.7  The effects of FIR, heat, and placebo on endothelial function 

A comparison between the effects of FIR, heat, and placebo delivery to the back on 

microcirculatory EF was carried out. This comparison aimed to clarify whether the 

thermal properties of FIR underlie its beneficial effect on EF.  

The baseline characteristics for all three groups (FIR, heat, and placebo) are presented 

in Table 4.20. FIR group has a slightly older participant sample compared to heat and 

placebo groups, although this was not different from the other groups (median [IQR], 

30[21] vs 27[12] and 28[13], overall p-value=0.5, respectively). Other participant-

specific factors, including height, weight, and BMI, were not significantly different 

between the three groups. There was also no difference between the three groups in 

BP and HR measured at baseline, immediately after one session of FIR/heat/placebo 

and on the next day after the last session. Peak skin surface temperature in the 

placebo group, showed a significant decrease compared to the FIR and heat groups 

(median [IQR], 32.1[2.4] vs 38.8[0.1], p<0.001 and 32.1[2.4] vs 38.6[0.7], p=0.002, 

respectively). However, there was no statistical difference in the peak temperatures 

between the FIR and heat groups (median [IQR], 38.8[0.1] and 38.6[0.4], respectively, 

p=0.9). The baseline temperature taken just before the start of the sessions showed a 

significant change across the three groups (median [IQR], FIR 34.3[0.7], heat 34.0[0.9] 



                                                                                                                                         Chapter 4: Results 

160 
 

and placebo 33.3[3.1], overall p-value=0.04). However, post-hoc analysis showed no 

difference in baseline akin surface temperature between the three groups (placebo 

33.3[3.1] vs FIR 34.3[0.7], p=0.05; placebo 33.3[3.1] vs heat 34.0[0.9], p=1; FIR 

34.3[0.7] vs heat 34.0[0.9], p=0.2). 

Table 4.20 Participants’ characteristics between the FIR, heat and placebo groups.  
One-way ANOVA was used for normally distributed continuous variables (a), the Kruskal Wallis test used 
for non-normal variables (b), and Chi-Squared test used for categorical data (c). BMI = body mass index, 
SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate.  

Variables FIR  Heat Control  p-value 

(n=15) (n=10) (n=10) 

Age, years, (median [IQR]) 30 [21] 27 [12] 28 [13] 0.5b 

Sex: 
   

0.7c 

Male % 46.7 40.0 30.0 
 

Female % 53.3 60.0 70.0 
 

Height, cm, (median [IQR]) 164 [12] 168 [16] 168 [17] 0.6b 

Weight, kg, (mean (SD)) 64.9 (10.6) 66.1 (10.6) 70.7 (13.1) 0.4a 

BMI, kg/m², (mean (SD)) 23.6 (3.5) 23.4 (2.4) 25 (4.3) 0.5a 

SBP, mmHg, (mean (SD)) 
    

   Baseline 114.7 (12.3) 112 (13.7) 119.3 
(13.3) 

0.4a 

   Immediately after single session 115.1 (9.3) 115.8 (10.2) 118.1 (12) 0.8a 

   24 hours after last session 115 (12.0) 112.5 (12.3) 116.6 
(10.4) 

0.9a 

DBP, mmHg, (median [IQR]) 
    

   Baseline 66.0 [13] 62.0 [17] 69.0 [13] 0.5b 

   Immediately after single session 65.0 [11] 70.5 [13] 69.0 [13] 0.8b 

   24 hours after last session 65.0 [12] 65.7 [12] 66.0 [12] 0.9b 

HR, beats/min, (mean (SD)) 
    

   Baseline 60.4 (9.5) 59.6 (9.9) 58.5 (5.7) 0.9a 

   Immediately after single session 61.5 (10.5) 59.3 (6.3) 60.2 (8.4) 0.8a 

   24 hours after last session 61.1 (9.6) 59.3 (8.5) 57.0 (5.2) 0.5a 

Skin surface temperature, °C, 
(median [IQR]) 

    

   Baseline 34.3 [0.7] 34.0 [0.9] 33.3 [3.1] 0.04b 

   Peak 38.8 [0.1] 38.6 [0.7] 32.1 [2.4]  <0.001b 
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4.3.7.1 Comparison between FIR, heat and placebo on the delta change in 
AUC 

The most significant effect of FIR was reported after giving multiple sessions of FIR, as 

shown in section 4.3.1.3. The delta change in EF was, therefore, measured from 

baseline to 24 hours after the last session. The AUC was chosen for this comparison 

instead of the dose-response curve since both show similarities in their effects. 

Furthermore, the response to ACh was more prominent than to SNP – which was 

negligible. Thus, the difference in AUC in response to ACh between baseline and 24 

hours after the last given session was calculated and compared between the three 

groups. Table 4.21 and Figure 4.11 show that FIR is superior to both placebo and heat 

on improving EF (mean (SD), FIR 84325(100209) vs placebo -33497(44850), p=0.003; 

FIR 84325(100209) vs heat -10241(73137), p=0.02). 

 
Table 4.21 Delta change in AUC: Values for FIR, heat and placebo-controlled groups. 
The ∆AUC calculated from baseline to the last given intervention (FIR, heat, and placebo). One-way 
ANOVA. AUC= area under the curve; FIR= far infrared. 

Variable FIR (n=15) Heat (n=10) 
Placebo 
(n=10) 

p-value 

∆AUC, AU x SEC, (mean (SD)) 
84325.0 
(100209) 

-10241 
(73137) 

-33497 
(44850) 

<0.001 
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Figure 4.11 Delta change in AUC: comparison between FIR, heat and placebo-controlled groups. 
Data is given in mean (SD). One-way ANOVA with Bonferroni post-hoc analysis was used for intergroup 
comparison. * p-value < 0.05. ** p-value < 0.01. AUC= area under the curve; FIR= far infrared. 
 
 

4.3.7.2 The impact of age and BMI on the induced changes in endothelial 
function 

Individual factors, including age and BMI, may affect vascular function even in healthy 

participants. A minority of the subjects in this study were obese or old. Therefore, the 

impact of these factors on the functional changes of the endothelium following FIR 

irradiation/heat or placebo to the back was examined. The ∆AUC in response to ACh 

from baseline to the 24-hour after the last FIR/heat or placebo session were 

calculated. As explained earlier, ACh responses were bigger than endothelial 

independent responses induced by SNP; thus, the delta changes induced by ACh were 

used for this analysis. Furthermore, as the effect observed after repeated sessions of 

FIR was bigger than after a single session, the change in AUC was calculated from 

baseline to the last session. Linear regression of these factors showed no effect on the 

∆ change in AUC following FIR/heat or placebo delivery (R= 0.1, p=0.7). 
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4.3.8 The effect of FIR delivery to the back over different timepoints on 
endothelial function 

The effect of multiple FIR sessions at different time points was investigated by 

comparing measurements taken 4 hours after the last FIR session to the back vs. 24 

hours after the last session (of FIR to the back). Additionally, the effect of FIR 

irradiation of the back on EF immediately after a single session was compared to the 

effect seen 4 hours after a single session. In other words, a comparison between 

protocol 1 and protocol 2 for those received FIR to the back. The baseline 

characteristics of the two groups (Table 4.22) showed no significant difference in age, 

vitals, height, BMI, or skin surface temperature. Participants included in protocol 2 

were found to be significantly heavier compared to those in protocol 1 (mean (SD), 

77.7(18.5) vs 64.9(10.6), p=0.028, respectively); however, BMI was similar (mean (SD),  

25.9(5) and 23.6 (3.5), p=0.1, respectively). 
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Table 4.22 Charactarestics of participants receiving FIR to the back: comparison between protocol 1 
and 2.  
Independent t-test was used for normally distributed continuous variables (a), Mann-Whitney test was 
used for non-normal variables (b), and Chi-Squared test used for categorical data (c). P-1 = protocol 1, P-
2 = protocol 2, BMI = body mass index, SBP = systolic blood pressure, DBP = diastolic blood pressure, HR 
= heart rate.  

Variables 
FIR irradiated back P-1 

(n=15) 
FIR irradiated back P-

2 (n=15) 
p-value 

Age, years, (median [IQR]) 30 [21] 28 [17] 0.6b 

Sex: 
  

0.5c 

Male % 46.7 60.0 
 

Female % 53.3 40.0 
 

Height, cm, (median [IQR]) 164 [12] 175 [23] 0.07b 

Weight, kg, (mean (SD)) 64.9 (10.6) 77.7 (18.5) 0.028a 

BMI, kg/m², (mean (SD)) 23.6 (3.5) 25.9 (5) 0.1a 

SBP, mmHg, (median [IQR]) 
   

   Baseline 114 [15] 122 [17] 0.3b 

   After single session 114 [12] 119 [8.0] 0.4b 

   After last session 111 [17] 120 [14] 0.7b 

DBP, mmHg, (median [IQR]) 
   

   Baseline 66.0 [13] 69.0 [9.0] 0.9b 

   After single session 65.0 [11] 67.0 [10] 0.6b 

   After last session 65.0 [12] 68.0 [9.0] 0.5b 

HR, beats/min, (mean (SD)) 
   

   Baseline 60.4 (9.5) 58.5 (7.1) 0.5a 

   After single session 61.5 (10.5) 62.1 (9.1) 0.9a 

   After last session 61.1 (9.6) 62.9 (6.4) 0.6a 

Skin surface temperature, 
°C, (median [IQR]) 

   

   Baseline 34.3 [0.7] 34.0 [1.5] 0.4b 

   Peak 38.8 [0.1] 38.8 [0.2] 0.06b 
 

4.3.8.1 Comparison between protocol 1 and protocol 2 on the delta change 
in AUC 

Multiple FIR sessions significantly increased EF. While it was found that a single session 

did not significantly increase the AUC in response to ACh, however, this timepoint will 

be compared between the two groups to determine a potential time-dependent 

efficacy of FIR.  
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Table 4.23 shows the ∆AUC from baseline to after the final FIR delivery to the back in 

response to ACh. The effect 24 hours after the last session was then compared with 

the effect 4 hours after the last session (protocols 1 and 2, respectively). There was no 

time-dependent difference in the efficacy of FIR, as shown in the table below. 

 
Table 4.23 Delta change of AUC from baseline to after last session in FIR to the back receiving groups: 
Values for protocol 1 and protocol 2.  
The ∆AUC calculated from baseline to 24-hours after the last session of FIR to the back and from 
baseline to 4-hours after the last session of FIR irradiation to the back. An independent t-test was used 
to compare data. AUC= area under the curve; FIR= far infrared. 

Variable 

FIR to the back (n=15 each) 

p-value 24-hours after last 
session 

4-hours after last 
session 

∆AUC, AU x SEC, (mean (SD)) 84325(100209) 80856(100421) 0.9 
 

Table 4.24 shows a comparison of the ∆AUC in response to ACh between baseline and 

after a single delivery of FIR to the back. The effect of FIR delivered to the back 

immediately after one session was compared to its effect 4 hours later (protocol 1 and 

protocol 2, respectively). There was an increasing trend in the ∆AUC immediately after 

a single FIR session to the back compared to the effect after 4 hours (mean (SD), 

55279(112847) vs 33329(85804), p=0.5, respectively).  

 
Table 4.24 Delta change in AUC from baseline to after single session in FIR to the back receiving 
groups: values for protocol 1 and protocol 2.  
The ∆AUC calculated from baseline to immediately after a single FIR session to the back and from 
baseline to 4 hours after a single session of FIR to the back. Independent t-test. AUC= area under the 
curve; FIR= far infrared. 

Variable 

FIR to the back (n=15 each) 

p-value Immediately after 
one session 

4-hours after single 
session 

∆AUC, AU x SEC, (mean (SD)) 55279 (112847) 33329 (85804) 0.5 
 

4.3.8.2 The impact of age and BMI on the induced changes in endothelial 
function 

The impact of age and BMI on the functional changes of the endothelium following FIR 

irradiation to the back was examined. The ∆AUC in response to ACh from baseline to 

the after the last FIR session were calculated. Linear regression showed no effect of 
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age or BMI on the ∆ change in AUC following FIR for both protocols (R=0.2, p=0.4).  

4.3.9 The influence of skin surface area on the effect of FIR on endothelial 
function  

The effect of FIR delivery to the back was compared with the forearm to determine 

whether the skin surface area plays a role in the effect of FIR. The back contains the 

largest surface area of skin for receiving FIR waves, whereas the forearm is much 

smaller in comparison.  

There was no significant difference in the baseline participant characteristics between 

the two groups (Table 4.25). However, there was a significant difference in the 

baseline skin surface temperature just before an FIR was given between the two 

groups, where the forearm group had cooler baseline skin surface temperature 

compared to the back group (median[IQR], 31.8[1.4] vs 34.3[0.7], p<0.001; 

respectively). This finding is normal since skin surface temperature from a peripheral 

site (forearm) is lower than that from the temperature taken from the back. However, 

both body areas achieved a similar peak skin surface temperature 1-2 minutes before 

the end of the FIR sessions (median [IQR], back 38.8[0.1] vs forearm 38.6[0.5], p=0.3). 

 

 

 

 

 

 

 

 

 



                                                                                                                                         Chapter 4: Results 

167 
 

Table 4.25 Participant charactarestics in the forearm and back irradiated FIR groups. 
Independent t-test was used for normally distributed continuous variables (a), Mann-Whitney test was 
used for non-normal variables (b), and Chi-Squared test used for categorical data (c). BMI = body mass 
index, SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate.  

Variables 
FIR radiated Back 

(n=15) 
FIR radiated Forearm 

(n=10) 
P-value 

Age, years, (median [IQR]) 30 [21] 26 [12] 0.2b 

Sex: 
  

0.7c 

Male, % 46.7 40 
 

Female, % 53.3 60 
 

Height, cm, (median [IQR]) 164 [12] 167 [16] 0.4b 

Weight, kg, (mean (SD)) 64.9 (10.6) 67.3 (12.3) 0.6a 

BMI, kg/m², (mean (SD)) 23.6 (3.5) 23.4 (4.5) 0.9a 

SBP, mmHg, (mean (SD)) 
   

   Baseline 115 (12.3) 108 (15) 0.5a 

   Immediately after single session 115 (9.3) 112 (11) 0.9a 

   24 hours after last session 115 (12) 110 (20) 0.9a 

DBP, mmHg, (median [IQR]) 
   

   Baseline 66.0 [13] 66.5 [15] 0.5b 

   Immediately after single session 65.0 [11] 64.5 [13] 0.4b 

   24 hours after last session 65.0 [12] 65.0 [10] 0.6b 

HR, beats/min, (mean (SD)) 
   

   Baseline 60.4 (9.5) 57.1 (9.0) 0.4a 

   Immediately after single session 61.5 (10.5) 59.2 (12.2) 0.6a 

   24 hours after last session 61.1 (9.6) 59.6 (12.1) 0.7a 

Skin surface temperature, °C, 
(median [IQR]) 

   

   Baseline 34.3 [0.7] 31.8 [1.4] < 0.001 b 

   Peak 38.8 [0.1] 38.6 [0.5] 0.3b 

 

4.3.9.1 Comparison between FIR-irradiated back and forearm on the delta 
change in AUC 

This comparison was made between FIR irradiated back and FIR irradiated forearm 

both following protocol 1. The ∆AUC calculated from baseline to 24 hours after the last 

FIR session was compared between the back and forearm groups. There was no 

significant difference between the two groups, although FIR irradiated back had trend 

towards a bigger response, as shown in Table 4.26 and Figure 4.12 (mean (SD), back 

84325.0(100209) vs forearm 28269(87025), p=0.5). 
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Table 4.26 Delta change in AUC in FIR receiving groups: Values for back and forearm group.  
The ∆AUC calculated from baseline to the last given session of FIR irradiated back and FIR irradiated 
forearm. An independent t-test was used to compare data. AUC= area under the curve, FIR= far 
infrared. 

Variables FIR to the back 
(n=15) 

FIR to the forearm 
(n=10) 

p-value 

∆AUC, AU x SEC, (mean (SD)) 84325.0(100209) 28269 (87025) 0.5 

 
 

 

Figure 4.12 Delta change in AUC in FIR receiving groups: Comparison between back 
and forearm.  
The bars represent a comparison between FIR-irradiated back and FIR-irradiated 
forearm. An independent t-test was used to compare data. Data is given in mean (SD). 
AUC= area under the curve. 

 

4.3.9.2 The impact of age and BMI on the induced changes in endothelial 
function 

The impact of age and BMI on the functional changes of the endothelium following FIR 

irradiation to the back and forearm was examined. The ∆AUC in response to ACh from 

baseline to the after the last FIR session were calculated. Linear regression showed no 

effect of age or BMI on the ∆AUC following FIR for both back and forearm groups 

(R=0.1, p=0.8).  
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4.4  Effect of FIR, heat, and placebo on the arterial stiffness: 
augmentation index at a heart rate of 75 BPM 

The second test aimed to determine the effect of FIR on arterial stiffness by analysing 

the shape of the pulse wave and calculating the AI@75%. The protocols relevant to 

this test are described in chapter 3, section 3.7.2. The Sphygmocor was used to record 

radial arterial pulse waveforms and reflective waves accurately; following this, a 

validated generalised transfer function was applied to generate the central aortic 

waveform. From the central waveform, AI@75% was automatically calculated – which 

is a measurement of the increase in the aortic pressure by the reflected pulse wave –. 

AI@75% is, therefore, an indirect index of arterial stiffness and is defined as the ratio 

between the two systolic peaks. Lower AI@75% values reflect elasticity of the arterial 

wall – which is indicative of a healthy vasculature – and, in young or tall participants, 

these values can be negative. As mentioned earlier, AI% is influenced by HR and, 

therefore, AI% is automatically normalised to an HR of 75 BPM. 

4.4.1 Group 1: The effect of FIR irradiation of the back region (protocol 1) 

This test aimed to determine the effect of FIR delivery to the back on arterial stiffness. 

AI@75% was obtained at baseline, before FIR session, and compared with values 

immediately following a single FIR delivery and 24 hours after completing all four 

sessions of FIR. 

Table 4.27 and Figure 4.13 demonstrate AI@75% at baseline, immediately following 

one session of FIR to the back and 24 hours after the last session of FIR. AI@75% 

significantly improved immediately after one session of FIR compared to baseline 

(mean(SD), 4.8(16.1) to 2.7(16.3), p=0.025), and further improvement was seen 24 

hours after the last FIR session to the back compared to baseline (mean(SD), 4.8(16.1) 

to 1.0(17.4), p=0.002). Furthermore, AI@75% improved significantly from the first to 

the last session of FIR (mean (SD), 2.7(16.3) to 1.0(17.4), p =0.049, respectively).  
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Table 4.27 Group 1: Values of augmentation index at different time points following FIR delivery 
to the back.  
Augmentation index at heart rate 75 bpm (AI@75%) measured at baseline before FIR sessions were 
started, immediately after a single session of FIR to the back and 24-hours after the last session of 
FIR irradiated back. Two-way ANOVA for repeated measures. 

Timepoints 
Group 1 (n=15) 

AI@75%, (mean (SD)) 
Overall p-value 

Baseline 4.8 (16.1)  
<0.001 Immediately after one session 2.7 (16.3) 

On the next day after the last session 1.0 (17.4) 

 

 

Figure 4.13 Group 1: Effect of FIR delivery to the back on the augmentation index measured at 
different time points.  
Augmentation index at heart rate 75 bpm (AI@75%) measured at baseline before FIR sessions were 
started, immediately after a single session of FIR to the back and 24-hours after the last session of FIR 
irradiated back. Two-way ANOVA for repeated measures with post-hoc Bonferroni analysis. Data is 
mean (SD). * p-value < 0.05, ** p-value < 0.01. 
 

4.4.2  Group 2: FIR irradiation of the back region (protocol 2) 

The AI@75% measured at baseline, 4 hours after one session of FIR to the back, and 4 

hours after the last session are shown in Table 4.28 and Figure 4.14. Similar to the 

previous group, AI@75% significantly improved after one session when measured 4 
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hours after the session compared to baseline (mean (SD), -2.3(13.2) to -7.1(13.5), 

p=0.001), and further significant improvement was seen after completion of all four 

sessions relative to baseline (mean (SD), -2.3(13.2) to -9.6 (12.9), p< 0.001). Moreover, 

the degree of improvement observed after the last session was significantly bigger 

compared to that after the first FIR session (mean (SD), 7.1(13.5) to -9.6 (12.9), 

p=0.042).  

Table 4.28 Group 2: Values of augmentation index at different time points following FIR delivery to 
the back.  
Augmentation index at heart rate 75 bpm (AI@75%) measured at baseline before FIR sessions were 
started, 4 hours after a single session of FIR to the back, and 4-hours after the last session of FIR 
irradiated back. Two-way ANOVA for repeated measures. 

Timepoints 
Group 2 (n=15) 

AI@75%, (mean (SD)) 
Overall p-value 

Baseline -2.3 (13.2) 

<0.001 4 hours after one session -7.1 (13.5) 

4 hours after the last session -9.6 (12.9) 
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Figure 4.14 Group 2: Effect of FIR delivery to the back on the Augmentation index at different time 
points.  
The bars represent AI@75% at baseline, 4 hours after a single session of FIR to the back, and 4 hours 
after the last session of FIR. Repeated measures ANOVA with post hoc Bonferroni analysis was used to 
compare data. Data is mean (SD). * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001. AI@75%= 
augmentation index percentage at heart rate 75 bpm. 
 

4.4.3  Group 3: FIR radiation of the forearm (protocol 1) 

The effect of FIR on AI@75% measured at baseline, immediately after one session of 

FIR delivery to the forearm and 24 hours after the last session, is shown in Table 4.29. 

AI@75% was not changed following a full FIR protocol to the forearm.  

Table 4.29 Group 3: Values of augmentation index at different time points following FIR 
delivery to the forearm.  
Augmentation index at heart rate 75 bpm (AI@75%) measured at baseline, immediately after a 
single session of FIR and 24 hours after the last FIR session to the forearm. Repeated measures 
ANOVA was used. AI@75%= augmentation index percentage at heart rate 75 bpm. 

Timepoints 
Group 3 (n=10) 

AI@75%, (mean (SD)) 
Overall p-value 

Baseline -4.6 (15.8) 

0.06 Immediately after one session -6.1 (14.7) 

On the next day after the last session -6.6 (15.9) 
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4.4.4  Group 4: FIR radiation of the forearm (protocol 2) 

This test aimed to determine the degree of improvement to arterial elasticity after 4 

hours of FIR irradiation of the forearm. Table 4.30 and Figure 4.15 demonstrate the 

effect of FIR irradiation to the forearm on AI@75% at baseline, 4-hours after one 

session, and 4 hours after the final session. There was no significant reduction in 

AI@75% after 4 hours from a single session compared to baseline (mean (SD), 

3.2(19.8) to -0.5(21.6), p=0.1); the decrease in AI@75% measured 4 hours after the last 

session was significant relative to baseline (mean (SD), 3.2(19.8) to -0.8(19.0), p=0.02).  

  
Table 4.30 Group 4: Values of augmentation index at different time points following 
FIR delivery to the forearm.  
Augmentation index at heart rate 75 bpm (AI@75%) measured at baseline, 4 hours 
after a single session of FIR, and 4 hours after the last FIR session to the forearm. 
Repeated measures ANOVA was used. AI@75%= augmentation index percentage at 
heart rate 75 bpm. 

Timepoints 
Group 4 (n=10) 

AI@75%, (mean (SD)) 
Overall p-value 

Baseline 3.2 (19.8)  
0.026 4 hours after one session -0.5 (21.6) 

4 hours after the last session -0.8 (19.0) 
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Figure 4.15 Group 4: effect of FIR delivery to the forearm on augmentation index 
at different time points.  
The bars represent AI@75% at baseline, 4 hours after a single session of FIR to 
the forearm, and 4 hours after the last session of FIR irradiated forearm.  Two-
way ANOVA for repeated measures with post-hoc Bonferroni analysis. Data is 
mean (SD). * p-value < 0.05. AI@75%= augmentation index percentage at heart 
rate 75 bpm. 
 

4.4.5  Group 5: heat applied to the back region 

The effect of applying heat to the back was studied immediately after one session and 

24 hours after four repeated heat sessions carried out over two weeks. There was no 

change in AI@75% after thermal delivery via a heating pad to the back at any 

measured time points, as indicated in (overall p=0.4); Table 4.31 below. 

 
Table 4.31 Group 5: Values of augmentation index at different time points following HEAT 
delivery to the back.  
Augmentation index at heart rate 75 bpm (AI@75%) measured at baseline, immediately after 
a single session of heat and 24 hours after the last heat session to the back. Repeated 
measures ANOVA was used. AI@75%= augmentation index percentage at heart rate 75 bpm. 

Timepoints 
Group 5 (n=10) 

AI@75%, (mean (SD)) 
Overall p-value 

Baseline 0.5 (13.7)  
0.4 Immediately after one session -0.4 (13.7) 

On the next day after the last session -0.1 (14.8) 
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4.4.6  Group 6: placebo-controlled applied to the back region 

Sham radiation of the back using an FIR-free device did not alter AI@75% from 

baseline when measured after the first and last sessions (overall p=0.2); (Table 4.32). 

 
Table 4.32 Group 6: Values of augmentation index at different time points following sham 
treatment delivery to the back.  
Augmentation index at heart rate 75 bpm (AI@75%) measured at baseline, immediately after a 
single session of sham treatment and 24 hours after the last session to the back. Repeated 
measures ANOVA was used. AI@75%= augmentation index percentage at heart rate 75 bpm. 

Timepoints 
Group 6 (n=10) 

AI@75%, (mean (SD)) 
Overall p-value 

Baseline -5.0 (20.7)  
0.2 Immediately after one session -6.1 (21.5) 

On the next day after the last session -5.2 (21.3) 

 

4.4.7 The effects of FIR, heat, and placebo on arterial stiffness 

A comparison of the effects observed from FIR, heat, and placebo (all delivered to the 

back) on arterial stiffness was carried out. Participant characteristics between the 

three groups are shown previously in Table 4.20.  

4.4.7.1 Comparison between FIR, heat, and placebo on the delta changes in 
augmentation index (AI@75%) 

A consistent finding was that an optimal effect of FIR was achieved after multiple 

sessions over two weeks – including on the AI@75%. Again, the ∆AI@75% was 

measured from baseline to 24 hours after the last session and compared between 

treatment groups. Table 4.33 and Figure 4.16 demonstrating a significantly greater 

effect of FIR on the ∆AI@75% compared to heat and placebo (median[IQR], -4.0[6] to -

0.5[2], and -4.0[6] to -0.5[1], p=0.03 and p=0.01, respectively). 

 
Table 4.33 Delta change in AI@75%: values for FIR, heat and placebo-controlled groups. 
The ∆AI@75% calculated from baseline to the last given intervention (FIR, heat, and placebo). Kruskal 
Wallis test. 

Variable FIR (n=15) Heat (n=10) Placebo (n=10) p-value 

∆AI@75%, (median [IQR]) -4.0 [6] -0.5 [2] -0.5 [1] 0.005 
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Figure 4.16 Delta change in augmentation index: comparison between FIR, heat and placebo.  
The boxplots representing the ∆AI@75% between baseline and after the last session was compared 
between FIR, heat, and placebo groups. Kruskal Wallis with post-hoc Bonferroni correction. Data is 
given in the median [IQR]. *p-value<0.05. AI@75%= augmentation index percentage at heart rate 75 
bpm; FIR= far infrared. 
 

4.4.7.2 The impact of age and BMI on the induced changes in arterial 
stiffness 

The impact of these factors on the functional changes of the arterial stiffness following 

FIR irradiation/heat or placebo to the back was examined. The ∆AI@75% from baseline 

to the 24-hour after the last FIR/heat or placebo session were calculated. The 

∆AI@75% were used for this analysis. Furthermore, as the effect observed after 

repeated sessions of FIR was bigger than after a single session, the change in AI@75% 

was calculated from baseline to the last session. Linear regression of these factors 

showed no effect on the ∆AI@75% following FIR/heat or placebo delivery, (R=0.2, 

p=0.5). 
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4.4.8 The effect of FIR delivery to the back over different timepoints on 
arterial stiffness 

Participant characteristics for the two groups are reported in Table 4.21. AI@75% was 

improved significantly after FIR delivery to the back; this was noted after a single 

session and repeated sessions of FIR radiation to the back. FIR did significantly improve 

AI@75% after only a single session of FIR delivery to the back. The ∆AI@75% 

calculated from baseline to after the last session of FIR delivery to the back as well as 

to after a single session were compared between the two protocols. 

4.4.8.1 Comparison between protocols 1 and protocol 2 of FIR irradiation 
to the back on the delta change in augmentation index (AI@75%) 

A comparison was made between the effects of four repeated FIR radiation sessions to 

the back when measured 4 hours or 24 hours after the last session. Table 4.34 and 

Figure 4.17 represent the ∆AI@75% observed from baseline to 4 hours and 24 hours 

after completion of the four FIR sessions. As shown in the graph below, the effect of 

FIR delivery to the back on the ∆AI@75%  was significantly reduced 4 hours after the 

last session compared to 24 hours after the last session (mean (SD), -7.5 (4.8) vs -3.8 

(3.4), p=0.023). 

 
Table 4.34 Delta change of AI@75% from baseline to after last session for FIR to the back receiving 
groups: Values for protocol 1 and protocol 2.  
The ∆AI@75% calculated from baseline to 24-hours after the last session of FIR to the back and from 
baseline to 4-hours after the last session of FIR irradiation to the back. An independent t-test was used 
to compare data. AUC= area under the curve; FIR= far infrared. 

Variable 
FIR to the back (n=15 for each group) 

p-value 
24-hours after last session 4-hours after last session 

∆AI@75%, (mean (SD)) -3.8 (3.4) -7.5 (4.8) 0.023 
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Figure 4.17 Delta change in augmentation index after repeated FIR delivery to the back: 
Comparison between protocol 1 and protocol 2.  
The bars represent the ∆AI@75% between baseline and after the last session of FIR 
delivery to the back measured 24 hours after the last session (protocol 1) vs. baseline to 
4 hours after the last session (protocol 2). An independent t-test was carried out Data is 
given in mean (SD). *p-value < 0.05. AI@75%= augmentation index percentage at heart 
rate 75 bpm; FIR= far infrared. 
 

The effect of FIR delivery to the back measured immediately after a single FIR session 

was compared to the effect after 4 hours from a single session. Table 4.35 and Figure 

4.18 shows the ∆AI@75% measured at baseline, and after a single session of FIR 

delivery to the back; a comparison between the two groups was carried out to 

determine any differences between protocols 1 and 2. The figure below shows that the 

improvement in AI@75% is significantly greater 4 hours after a single session than 

immediately after the session (median [IQR], -4 [6] vs -3 [5], p=0.045). 

Table 4.35 Delta change in AI@75% from baseline to after single session in FIR to the back receiving 
groups: Values for protocol 1 and protocol 2.  
The ∆AI@75% from baseline to immediately after a single FIR session to the back and from baseline to 4 
hours after a single session of FIR to the back. Independent t-test. AUC= area under the curve; FIR= far 
infrared. 

Variable 
FIR to the back (n=15 for each group) 

p-value Immediately after one 
session 

4-hours after single session 

∆AI@75%, (median [IQR]) -3 [5] -4 [6] 0.045 
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Figure 4.18 Delta change in augmentation index after one session of FIR to the back: 
comparison between protocols 1 and 2.  
The boxplots represent the ∆AI@75% from baseline to after the first session; this was 
compared between protocol 1 (from baseline to immediately after one FIR delivery to 
the back) and protocol 2 (from baseline to 4 hours after one session). Mann Whitney 
test was used. Data is given in median [IQR]. * p-value<0.05. AI@75%= augmentation 
index percentage at heart rate 75 bpm. 

 

4.4.8.2 The impact of age and BMI on the induced changes in arterial 
stiffness 

The impact of age and BMI on the functional changes of the endothelium following FIR 

irradiation to the back was examined. The ∆AI@75% from baseline to the after the last 

FIR session were calculated as well as from baseline to a single session. Linear 

regression showed no effect of age or BMI on the ∆AI@75% following FIR (R=0.2, 

P=0.5, for both time points).  

4.4.9  The influence of skin surface area on the effect of FIR on 
augmentation index (AI@75%)  

The baseline characteristics between the two groups are presented in Table 4.22. The 

effect of different skin surface areas on the vascular benefits of FIR was investigated by 

comparing previously reported findings from the back with the forearm.  
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4.4.9.1 Comparison between FIR-irradiated back and forearm on the delta 
change in AI@75% 

The ∆AI@75% from baseline to 24 hours after the last FIR session was compared 

between the two test groups (Table 4.36 and Figure 4.19). FIR delivery to the back 

made an improving trend to the ∆AI@75% compared to delivery to the forearm.  

 
Table 4.36 Delta change in AI@75% in FIR receiving groups: Values for back and forearm 
group.  
The ∆AI@75% from baseline to the last given session of FIR irradiated back and FIR 
irradiated forearm. An independent t-test was used to compare data. AUC= area under 
the curve, FIR= far infrared. 

Variable 
FIR to the back 

(n=15) 
FIR to the forearm 

(n=10) 
p-value 

∆AI@75%, (mean (SD)) -3.8 (3.4) -2.0 (2.9) 0.5 

 

 

Figure 4.19 Delta change in augmentation index: comparison between FIR-
irradiated back and forearm.  
The bars represent the ∆AI@75% measured at baseline, and after the last session 
of FIR, this was compared between the back and the forearm. An independent t-
test was used. Data is given in mean (SD). AI@75%= augmentation index 
percentage at heart rate 75 bpm; FIR= far infrared. 
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4.4.9.2 The impact of age and BMI on the induced changes in 
endothelial function 

The impact of age and BMI on the functional changes of the endothelium following FIR 

irradiation to the back and forearm was examined. The ∆AI@75% from baseline to the 

after the last FIR session were calculated. The linear regression model showed no 

effect of age or BMI on the ∆AI@75% following FIR for both back and arm, (R=0.3, 

p=0.3). 

4.5 Correlation between the baseline area under the curve (AUC) 
to the baseline in augmentation index (AI@75%)  

The baseline in AUC and AI@75% were correlated for all the recruited participants 

(n=70). There was a significant negative correlation between the baseline endothelial 

function represented as AUC and arterial stiffness represented as AI@75%, as shown 

in Figure 4.20 (R= -0.3, p=0.027). 

 

 

Figure 4.20 Correlation between baseline values in AI@75% and AUC. 
Pearson correlation for the 70 participants. R= -0.3, p=0.027. AI@75%= 
augmentation index at heart rate 75 bpm; AUC= area under the curve. 
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4.6 Correlation between the delta change in area under the 
curve (AUC) in response to ACh to the delta change in 
augmentation index (AI@75%): FIR irradiated back region 

FIR irradiation of the back (using both protocols 1 and 2) improved EF in response to 

ACh, as assessed by LDI, as well as the arterial stiffness represented by AI@75%. 

Therefore, the ∆AUC and ∆AI@75% were correlated from baseline to after the last 

session of FIR. 

4.6.1  Group 1: FIR irradiated back (protocol 1) 

The ∆AUC and ∆AI@75% from baseline to 24 hours after the last session of FIR were 

significantly improved (compared to control) after FIR irradiation of the back. The 

correlation between the ∆AUC and ∆AI@75% was, therefore, analysed. There was no 

correlation between the improvement in EF and arterial stiffness, (R=0.3, p=0.2). 

4.6.2  Group 2: FIR-irradiated back (protocol 2) 

The ∆AUC and ∆AI@75% from baseline to 4 hours after the last session were also 

significantly improved after FIR radiation to the back; however, they showed no 

correlation, (R= 0.026, p=0.9). 

4.7  Effect of FIR, heat, and placebo on antioxidant and NOS3 
expression 

This test aimed to determine the effect of FIR on the expression of antioxidant genes, 

including NEF2L2, NRF2 target genes, its suppressor gene KEAP1; and NOS3. This 

measurement elucidates the effects of FIR at the molecular level and yields insight into 

the mechanistic pathway through antioxidants and eNOS mRNA 

expression. AKR1B10 expression levels, however, were too low to be detected in all 

groups; therefore, values for this gene were not included. Gene expression was 

measured by RT-PCR in all six groups. The expression of these genes was studied at 

baseline, after one session of FIR, heat, or placebo and after completion of 4 sessions 
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of each. TaqMan gene expression assays performed in PBMCs are shown for each 

group. Fold change (SEM) was used to illustrate the changes in gene expression 

relative to the baseline, while ∆Ct values were used for statistical analysis. Ct is the 

cycle number when the fluorescent signal is detected above the background level. The 

lower the Ct value, the more amount of target nucleic acid is present because it takes 

few PCR cycles for the gene to be detected across the background signal. Repeated 

measure two-way ANOVA was used for within-group comparisons with post hoc 

Bonferroni correction. Friedman test was used for non-parametric variables with post 

hoc Bonferroni correction.  

4.7.1 Group 1: FIR irradiation of the back region (protocol 1)  

Gene expression was measured on three different occasions: at baseline, immediately 

after a single session of FIR to the back, and finally on the next day after all four 

sessions. 10 participants were chosen randomly to measure the expression of genes. 

TaqMan gene expression showed an increasing trend in the expression of 

the NFE2L2 gene (overall p=0.1) (Table 4.37 and Figure 4.21). A parallel increase in the 

NRF2 suppressor gene, KEAP1, was observed, and this was significant; the post hoc 

Bonferroni analysis showed a significant increase in KEAP1 expression only after the 

last session of FIR (1(0.04) to 1.3(0.04), p=0.031). NOS3 was showing an increasing 

trend after one and after repeated FIR sessions to the back (overall p=0.1). The full 

panel of results is presented in the Table and Figure below. 
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Table 4.37 Group 1: Values for TaqMan gene expression assays performed in PBMCs at different 
time points.  
Expression of the genes at baseline, immediately after one session of FIR delivery to the back and on 
the next day after the last session. Data was compared using ∆Ct values by two-way ANOVA for 

repeated measures for normally distributed continuous variables (a), and Friedman for non-normal 

variables (b).  

Gene name 

Group 1 (n=10) 
Overall 
p-value Baseline 

Immediately after 
single session 

24-hours after 
last session 

NFE2L2 (fold change (SEM)) 1 (0.05) 1.2 (0.07) 1.2 (0.07) 0.1a 

KEAP1 (fold change (SEM)) 1 (0.04) 1.2 (0.05) 1.3 (0.04) 0.048a 

NQO1 (fold change (SEM)) 1 (0.04) 1.2 (0.06) 1.1 (0.05) 0.1a 

HMOX1 (fold change (SEM)) 1 (0.05) 1.05 (0.05) 1 (0.05) 0.5b 

AKR1C1 (fold change (SEM)) 1 (0.08) 1.5 (0.1) 1.1 (0.1) 0.2a 

NOS3 (fold change (SEM)) 1 (0.05) 1.3 (0.07) 1.3 (0.08) 0.1a 

GCLC (fold change (SEM)) 1 (0.06) 1.2 (0.07) 1.1 (0.07) 0.1a 

GCLM (fold change (SEM)) 1 (0.05) 1.3 (0.06) 1.4 (0.08) 0.036a 

GSR (fold change (SEM)) 1 (0.04) 1.2 (0.04) 1.1 (0.02) 0.1b 

TXNRD1 (fold change 
(SEM)) 

1 (0.04) 1 (0.04) 1.2 (0.05) 0.02b 

HSP70 (fold change (SEM)) 1 (0.04) 1.1 (0.03) 1.5 (0.04) 0.08a 

PRDX1 (fold change (SEM)) 1 (0.03) 1.1 (0.03) 1.1 (0.03) 0.3b 
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Figure 4.21 Group 1: TaqMan gene expression assays performed in PBMCs at different time points.  
The bars represent the expression of genes at baseline, immediately after one session of FIR delivery to 
the back and on the next day after the last session. Data was compared using ∆Ct values by two-way 
ANOVA for repeated measures with Bonferroni post-hoc analysis for normally distributed continuous 
variables, and Friedman test with Bonferroni post-hoc analysis for non-normal variables. * p < 0.05. 

 

4.7.1.1  Correlation between the delta changes in gene expression and 

AUC in response to ACh 

FIR caused a significant improvement in EF, and some antioxidant genes are showing 

an increased trend, a correlation between these parameters was investigated. The 

correlation between the ∆AUC and gene expression observed between baseline and 

the last session of FIR delivery to the back (measured on the next day) is reported in 

Table 4.38. For gene correlation, -∆Ct was used for calculating the delta change. The 

negative correlation indicates a high expression of the gene owing to the less Ct, 

therefore, a better EF, as seen in response to ACh (∆ AUC). There was no correlation 
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between the improvement in AUC and improvement in the genes, mentioned earlier, 

as well as other genes. 

 
Table 4.38 Group 1: correlation between the delta change in gene 
expression and AUC. 
Pearson(a), and Spearman(b) correlations. The delta change was calculated 
from baseline to after the last session of FIR to the back. 

Delta change 
Group 1 (n=10) 

Correlation coefficient (R) 
p-value 

NFE2L2 -0.5 0.2a 

KEAP1 -0.5 0.2a 

NQO1 -0.5 0.1a 

HMOX1 0.1 0.7b 

AKR1C1 -0.4 0.3a 

NOS3 -0.3 0.4a 

GCLC -0.5 0.1a 

GCLM -0.3 0.4a 

GSR -0.2 0.6b 

TXNRD1 -0.05 0.9b 

HSP70 0.3 0.4a 

PRDX1 0.1 0.8b 
 

4.7.1.2 Correlation between the delta changes in gene expression and 
AI@75% 

A correlation between the ∆AI@75% and gene expression, both measured from 

baseline to the last session of FIR delivery to the back, measured after 24 hours (Table 

4.39). For gene correlation, -∆CT was used for calculating the delta change as 

mentioned above. There was no correlation between the improvement in AI@75% and 

gene expression. 
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Table 4.39 Group 1: correlation between the delta change in gene expression 
and AI@75%   
Pearson(a), and Spearman(b) correlations. Delta change was calculated from 
baseline to after the last session of FIR delivery to the back. 

Delta change 
Group 1 (n=10) 

Correlation coefficient (R) 
p-value 

NFE2L2 -0.3 0.4a 

KEAP1 -0.3 0.4a 

NQO1 0.06 0.9a 

HMOX1 0.01 0.9b 

AKR1C1 -0.1 0.8a 

NOS3 0.1 0.8a 

GCLC -0.5 0.2a 

GCLM -0.09 0.8a 

GSR -0.2 0.5b 

TXNRD1 0.1 0.7b 

HSP70 0.2 0.5a 

PRDX1 0.2 0.6b 
 

4.7.2 Group 2: FIR radiation of the back region (protocol 2) 

As in the previous group, gene expression was measured, on three different occasions, 

from PBMCs taken from 10 randomly chosen participants: at baseline, 4 hours after 

one session to the back, and 4 hours after the last session (Table 4.40 and Figure 

4.22).  

NFE2L2  showing and an increase in expression with an overall p-value= 0.01, however, 

post-hoc analysis showing no increase in expression compared to baseline (1(0.04) at 

baseline to 1.4(0.04) after one session and 1.3(0.05) after the last session, p=0.06 and 

p=0.07, respectively). KEAP1 did not change 4 hours after a single or repeated FIR 

treatment (overall p=0.5). NOS3 was significantly expressed after FIR irradiation to the 

back; post hoc Bonferroni analysis showed a significant increase in NOS3 expression 4 

hours after a single FIR treatment (1(0.06) to 1.3(0.06), p<0.001). There was a further 

significant increase in NOS3 expression after four sessions of FIR to the back when 

measured 4 hours after the last session (1(0.06) to 1.5 (0.05), p=0.01). Five further 

genes are known to be regulated by the master antioxidant gene NRF2; they 

are GCLM, TXNRD1, HSP70, and PRDX1. All these genes were upregulated. GCLM is 
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showing an increasing trend in its expression 4 hours following a single session 

compared to baseline (1(0.03) to 1.6(0.06), p=0.3). However, GCLM had an increased 

expression 4 hours after the delivery of the 4th session to the back (1(0.03) to 

1.8(0.06), p=0.04). TXNRD1 gene increased significantly 4 hours after one session of FIR 

(1(0.04) to 1.3(0.04), p=0.02). Further increases in the expression of TXNRD1 was 

observed following the last session of FIR to the back (1(0.04) to 1.4(0.04), 

p<0.001). HSP70 was also significantly increased after FIR; this significant increase 

occurred after a single session of FIR (1(0.03) to 2.2(0.06), p=0.02). The expression 

remained significantly increased 4 hours after delivering four sessions of FIR to the 

back (1(0.03) to 2.1(0.06), p=0.002). Finally, PRDX1 was also significantly unregulated; 

this increase was statistically significant only 4 hours after the last session of FIR to the 

back (1(0.03) to 1.2 (0.04), p=0.04). while the increase of PRDX1 of following one 

session of FIR was not significant (1(0.03) to 1.2 (0.03), p=0.07). 

 
Table 4.40 Group 2: Values for TaqMan gene expression assays performed in PBMCs at different time 
points.  
Expression of the genes at baseline, 4 hours after one session of FIR delivery to the back and 4 hours 
after the last session. Data was compared using ∆Ct values by two-way ANOVA for repeated measures 

for normally distributed continuous variables (a), and Friedman for non-normal variables (b).  

Gene name 

Group 2 (n=10) 
Overall 
p-value Baseline 

4 hours after 
single session 

4-hours after 
last session 

NFE2L2 (fold change (SEM)) 1 (0.04) 1.4 (0.04) 1.3 (0.05) 0.01a 

KEAP1 (fold change (SEM)) 1 (0.04) 0.9 (0.04) 1 (0.04) 0.5a 

NQO1 (fold change (SEM)) 1 (0.05) 1.1 (0.03) 1.2 (0.06) 0.08b 

HMOX1 (fold change (SEM)) 1 (0.04) 1 (0.04) 1 (0.03) 0.7b 

AKR1C1 (fold change (SEM)) 1 (0.06) 1 (0.05) 0.9 (0.08) 0.5a 

NOS3 (fold change (SEM)) 1 (0.06) 1.3 (0.06) 1.5 (0.05) 0.006a 

GCLC (fold change (SEM)) 1 (0.05) 1.1 (0.06) 1.2 (0.09) 0.08b 

GCLM (fold change (SEM)) 1 (0.03) 1.6 (0.06) 1.8 (0.06) 0.045b 

GSR (fold change (SEM)) 1 (0.03) 1 (0.03) 1.1 (0.03) 0.02b 

TXNRD1 (fold change (SEM)) 1 (0.04) 1.3 (0.04) 1.4 (0.04) <0.001b 

HSP70 (fold change (SEM)) 1 (0.03) 2.2 (0.06) 2.1 (0.06) 0.002b 

PRDX1 (fold change (SEM)) 1 (0.03) 1.2 (0.03) 1.2 (0.04) 0.025b 
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Figure 4.22 Group 2: TaqMan gene expression assays performed in PBMCs at different time points.  
The bars represent the expression of genes at baseline, 4 hours after one session of FIR to the back, and 
4 hours after the last session. Data was compared using ∆Ct values, two-way ANOVA for repeated 
measures, with Bonferroni post-hoc analysis, and Friedman test with Wilcoxon signed-rank test was 
used as a post hoc Bonferroni correction at p <0.017 were used. * p < 0.05, ** p<0.01, *** p< 0.001. 
 

4.7.2.1  Correlation between gene expression and area under the curve 
(AUC) 

Both gene expression and EF were increased when examined 4 hours after the last 

session of FIR to the back. Therefore, a correlation between these two effects was also 

carried out. The correlation between the ∆AUC and gene expression (observed from 

baseline to 4 hours after the last session of FIR to the back) is reported in Table 4.41. 

For gene correlation, -∆CT was used for calculating the delta change. This is reflecting 

the number of CT values where smaller CT value means an increase in gene expression. 

There was no correlation between the improvement in AUC and the increased gene 

expression in this group following protocol 2. 
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Table 4.41 Group 2: correlation between the delta change in gene 
expression and AUC.  
Pearson(a), and Spearman(b) correlations. Delta change measured 
from baseline to after the last session of FIR delivery to the back. 

Delta change 
Group 2 (n=10) 

Correlation coefficient (R) 
p-value 

NFE2L2 0.07 0.8a 

KEAP1 -0.2 0.7a 

NQO1 0.2 0.5b 

HMOX1 0.6 0.05b 

AKR1C1 0.06 0.9a 

NOS3 0.5 0.2a 

GCLC -0.2 0.6b 

GCLM -0.01 0.9b 

GSR 0.2 0.7b 

TXNRD1 0.2 0.6b 

HSP70 -0.2 0.5b 

PRDX1 0.1 0.8b 
 

4.7.2.2 Correlation between gene expression and augmentation index 
(AI@75%) 

The correlation between the ∆AI@75% and gene expression, from baseline to 4 hours 

after the last FIR session, was also examined (Table 4.42). Since the amount of these 

two effects was big. For gene correlation, -∆CT was used for calculating the delta 

change. This is reflecting the number of CT values where smaller CT value means an 

increase in gene expression. There was no correlation between the delta changes in 

gene expression and AI@75%. 
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Table 4.42 Group 2: correlation between the delta change in gene 
expression and AI@75%   
Pearson(a), and Spearman(b) correlations. Delta change measured 
from baseline to after the last session of FIR delivery to the back. 

Delta change 
Group 2 (n=10) 

Correlation coefficient (R) 
p-value 

NFE2L2 -0.1 0.8a 

KEAP1 -0.02 0.9a 

NQO1 0.2 0.6a 

HMOX1 -0.003 0.9a 

AKR1C1 -0.4 0.2a 

NOS3 -0.03 0.9a 

GCLC -0.3 0.3b 

GCLM -0.2 0.5a 

GSR -0.1 0.8a 

TXNRD1 0.3 0.4a 

HSP70 -0.4 0.2a 

PRDX1 -0.01 0.9a 
 

4.7.3  Group 3:  FIR irradiation of the forearm (protocol 1) 

Gene expression was investigated in 4 participants as the effect of FIR radiation on the 

forearm on the EF and arterial stiffness were minimal. This was to analyse the effect of 

delivering FIR to a relatively smaller area on gene expression. TaqMan gene expression 

assays performed on PBMCs showed that NOS3, GCLM, HSP70, and PRDX1 were not 

changed. Other NRF2 target genes are illustrated in Table 4.43.  
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Table 4.43 Group 3: Values for TaqMan gene expression assays performed in PBMCs at different time 
points.  
Expression of the genes at baseline, immediately after one session of FIR delivery to the forearm and on 
the next day after the last session. Data was compared using ∆Ct values by two-way ANOVA for 

repeated measures for normally distributed continuous variables (a), and Friedman for non-normal 

variables (b).  

Gene name 

Group 3 (n=4) 
Overall 
p-value Baseline 

Immediately after 
single session 

Next day after 
last sessions 

NFE2L2 (fold change (SEM)) 1 (0.08) 1.2 (0.05) 1.1 (0.07) 0.1a 

KEAP1 (fold change (SEM)) 1 (0.04) 1.3 (0.06) 1.3 (0.1) 0.1b 

NQO1 (fold change (SEM)) 1 (0.08) 1.2 (0.05) 1.2 (0.1) 0.5a 

HMOX1 (fold change (SEM)) 1 (0.05) 1.1 (0.05) 1.1 (0.07) 0.9a 

AKR1C1 (fold change (SEM)) 1 (0.1) 1 (0.3) 1 (0.2) 0.8a 

NOS3 (fold change (SEM)) 1 (0.09) 1.4 (0.1) 1.8 (0.2) 0.08a 

GCLC (fold change (SEM)) 1 (0.07) 1.1 (0.09) 0.9 (0.07) 0.5a 

GCLM (fold change (SEM)) 1 (0.03) 1.2 (0.06) 1.5 (0.07) 0.2a 

GSR (fold change (SEM)) 1 (0.03) 1 (0.03) 0.9 (0.05) 0.7a 

TXNRD1 (fold change (SEM)) 1 (0.06) 0.9 (0.03) 0.9 (0.06) 0.8a 

HSP70 (fold change (SEM)) 1 (0.05) 1.2 (0.04) 1.5 (0.07) 0.5a 

PRDX1 (fold change (SEM)) 1 (0.04) 1.3 (0.04) 1.2 (0.07) 0.4a 

 

4.7.4  Group 4: FIR radiation of the forearm (protocol 2) 

The effect of FIR radiation on gene expression was studied in 4 participants only as the 

reported results of FIR on the forearm were minimal. Overall expression of both 

NFE2L2 and KEAP1 was increased from baseline (Table 4.44 and Figure 4.23). Post-hoc 

analysis (after one and repeated sessions of FIR to the forearm) for NFE2L2, however, 

did not change compared to baseline (1(0.06) to 1.6(0.06) and 1.5 (0.2), respectively, 

p=0.2 for both). Unlike NFE2L2, the increase in KEAP1 expression was significant 4 

hours after the last session (1(0.03) to 1.7(0.1); p=0.019). There was no significant 

increase in KEAP1 after one session compared to baseline (1(0.03) to 1.7(0.1), 

p=0.055). There was no change in the expression of any other genes. 
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Table 4.44 Group 4: Values for TaqMan gene expression assays performed in PBMCs at different time 
points.  
Expression of the genes at baseline, 4 hours after one session of FIR delivery to the forearm and 4 hours 
after the last session. Data was compared using ∆Ct values by two-way ANOVA for repeated measures 

for normally distributed continuous variables (a), and Friedman for non-normal variables (b).  

Gene name 

Group 4 (n=4) 
Overall 
p-value Baseline 

4-hour after 
single session 

4-hour after last 
sessions 

NFE2L2 (fold change (SEM)) 1 (0.06) 1.6 (0.06) 1.5 (0.2) 0.03a 

KEAP1 (fold change (SEM)) 1 (0.03) 1.8 (0.08) 1.7 (0.1) 0.002a 

NQO1 (fold change (SEM)) 1 (0.05) 1.2 (0.06) 1.2 (0.1) 0.2b 

HMOX1 (fold change (SEM)) 1 (0.04) 1.1 (0.04) 0.9 (0.07) 0.4a 

AKR1C1 (fold change (SEM)) 1 (0.01) 1.2 (0.2) 1 (0.2) 0.8b 

NOS3 (fold change (SEM)) 1 (0.05) 1.5 (0.1) 1 (0.1) 0.2a 

GCLC (fold change (SEM)) 1 (0.09) 1.2 (0.1) 1.1 (0.2) 0.5a 

GCLM (fold change (SEM)) 1 (0.06) 1.3 (0.06) 1.3 (0.1) 0.3a 

GSR (fold change (SEM)) 1 (0.03) 1 (0.02) 0.9 (0.08) 0.7a 

TXNRD1 (fold change (SEM)) 1 (0.08) 1.3 (0.08) 0.9 (0.07) 0.05b 

HSP70 (fold change (SEM)) 1 (0.03) 1.7 (0.05) 1.7 (0.1) 0.2b 

PRDX1 (fold change (SEM)) 1 (0.04) 1.2 (0.03) 1.2 (0.08) 0.4a 

 

 

Figure 4.23 Group 4: TaqMan gene expression assays performed in PBMCs at different time points. 
The bars represent the expression of genes at baseline, 4 hours after one session of FIR to the 
forearm, and 4 hours after the last session. Data was compared using ∆Ct values by two-way ANOVA 
for repeated measures with Bonferroni post-hoc analysis. Friedman test * p < 0.05. 
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4.7.5  Group 5: heat applied to the back region 

The effect of heat on gene expression was studied in only 6 participants due to the 

small effect of heat reported. Expression of GCLM, HSP70, and PRDX1 are showing an 

increasing trend following heat delivery to the back (Table 4.45). There was no change 

in expression of any other genes. 

Table 4.45 Group 5: Values for TaqMan gene expression assays performed in PBMCs at different 
time points.  
Expression of the genes at baseline, immediately after one session of HEAT delivery to the back and 
24 hours after the last session. Data was compared by two-way ANOVA for repeated measures 
using ∆Ct values.  

Gene name 

Group 5 (n=6) 
Overall 
p-value Baseline 

Immediately after 
single session 

Next day after 
last sessions 

NFE2L2 (fold change (SEM)) 1 (0.05) 0.9 (0.06) 0.9 (0.05) 0.9 

KEAP1 (fold change (SEM)) 1 (0.04) 1.1 (0.05) 1.2 (0.05) 0.6 

NQO1 (fold change (SEM)) 1 (0.07) 1.1 (0.09) 1.2 (0.07) 0.3 

HMOX1 (fold change (SEM)) 1 (0.04) 0.9 (0.06) 1.1 (0.04) 0.7 

AKR1C1 (fold change (SEM)) 1 (0.1) 1 (0.1) 1.1 (0.1) 0.7 

NOS3 (fold change (SEM)) 1 (0.1) 0.8 (0.08) 0.9 (0.07) 0.7 

GCLC (fold change (SEM)) 1 (0.1) 1 (0.09) 1 (0.1) 0.9 

GCLM (fold change (SEM)) 1 (0.04) 1.1 (0.05) 1.3 (0.07) 0.4 

GSR (fold change (SEM)) 1 (0.04) 1 (0.04) 1.1 (0.03) 0.4 

TXNRD1 (fold change (SEM)) 1 (0.04) 1 (0.05) 1.1 (0.04) 0.3 

HSP70 (fold change (SEM)) 1 (0.05) 1.3 (0.05) 1.6 (0.06) 0.3 

PRDX1 (fold change (SEM)) 1 (0.05) 1.1 (0.05) 1.4 (0.06) 0.5 

 

4.7.6  Group 6: placebo-controlled applied to the back region 

Gene expression was analysed in 4 participants in response to placebo treatment 

(Table 4.46). Expression of genes coding for antioxidation, including the master 

regulator of detoxification (NFE2L2) and NOS3, was not altered compared to baseline.  
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Table 4.46 Group 6: Values for TaqMan gene expression assays performed in PBMCs at different time 
points.  
Expression of the genes at baseline, immediately after one session of sham treatment to the forearm 
and on the next day after the last session. Data was compared using ∆Ct values by two-way ANOVA for 

repeated measures for normally distributed continuous variables (a), and Friedman for non-normal 

variables (b).  

Gene name 

Group 6 (n=4) 
Overall 
p-value 

Baseline Immediately after 
single session 

Next day after 
last sessions 

NFE2L2 (fold change (SEM)) 1 (0.05) 1.1 (0.06) 1.1 (0.06) 0.8a 

KEAP1 (fold change (SEM)) 1 (0.07) 1.1 (0.05) 1 (0.02) 0.9a 

NQO1 (fold change (SEM)) 1 (0.05) 1.1 (0.06) 0.9 (0.05) 0.5a 

HMOX1 (fold change (SEM)) 1 (0.07) 0.9 (0.04) 1.1 (0.05) 0.5b 

AKR1C1 (fold change (SEM)) 1 (0.1) 1.1 (0.1) 0.8 (0.1) 0.2a 

NOS3 (fold change (SEM)) 1 (0.08) 1.1 (0.06) 1 (0.06) 0.7a 

GCLC (fold change (SEM)) 1 (0.1) 1.1 (0.05) 1 (0.09) 0.6a 

GCLM (fold change (SEM)) 1 (0.06) 1.1 (0.04) 1.1 (0.05) 0.6a 

GSR (fold change (SEM)) 1 (0.04) 1 (0.03) 0.9 (0.04) 0.6a 

TXNRD1 (fold change (SEM)) 1 (0.04) 1.1 (0.05) 1.1 (0.04) 0.5a 

HSP70 (fold change (SEM)) 1 (0.05) 1.1 (0.03) 1 (0.04) 0.9a 

PRDX1 (fold change (SEM)) 1 (0.05) 1 (0.05) 0.9 (0.04) 0.9a 
 

4.7.7  Ex-vivo treated blood with FIR and Heat 

The effect of FIR and heat ex-vivo treated blood was examined to explore the direct 

effect of these interventions on PBMCs. The protocol for this is described in section 

3.9. Briefly, three samples of venous blood were extracted from each participant into 

EDTA tubes just before receiving an intervention. These tubes were treated ex-vivo 

separately with each of the following treatments: FIR, heat, or RT for 40 minutes. 

Samples were then left to set at RT until the extraction of PBMCs was performed; this 

occurred 4 hours after the first visit. The expression of antioxidants and NOS3 genes 

were evaluated from 18 participants (Table 4.47 and Figure 4.24). HSP70 expression 

was significantly upregulated after heat exposure compared to control (1(0.03) to 

3.9(0.1), p< 0.005), but not after FIR exposure (1(0.03) to 1.3(0.03), 

p=0.1). Furthermore, HSP70 expression was significantly upregulated with heat 

exposure compared to FIR (3.9(0.1) to 1.3(0.03), p=0.003, respectively). NQO1, on the 

other hand, was significantly decreased after heat exposure (1(0.04) to 0.9(0.04), 
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p=0.006), but not after FIR exposure (1(0.04) to 1 (0.03), p=1). HMOX1 increased 

significantly after heat exposure (1 (0.03) to 1.3 (0.05), p=0.008), but not after FIR 

exposure (1(0.03) to 1.2 (0.04), p=0.1).  

Table 4.47 Values for TaqMan gene expression assays performed in PBMCs of ex-vivo treated blood.  
The expression of genes from the control sample, FIR irradiated blood, and heat-treated blood. Data 
was compared using ∆Ct values by two-way ANOVA for repeated measures for normally distributed 

continuous variables (a), and Friedman for non-normal variables (b).  

Gene name Ex-vivo treated blood (n=18) Overall p-value 

Control FIR Heat 

NFE2L2 (fold change (SEM)) 1 (0.04) 1.1 (0.05) 1.1 (0.04) 0.7a 

KEAP1 (fold change (SEM)) 1 (0.03) 1 (0.03) 1.1 (0.03) 0.9b 

NQO1 (fold change (SEM)) 1 (0.04) 1 (0.03) 0.9 (0.04) 0.006b 

HMOX1 (fold change (SEM)) 1 (0.03) 1.2 (0.04) 1.3 (0.05) 0.009b 

AKR1C1 (fold change (SEM)) 1 (0.08) 0.9 (0.07) 1 (0.06) 0.9b 

NOS3 (fold change (SEM)) 1 (0.05) 0.8 (0.04) 0.8 (0.04) 0.07a 

GCLC (fold change (SEM)) 1 (0.06) 1 (0.05) 1 (0.06) 0.07b 

GCLM (fold change (SEM)) 1 (0.03) 1.1 (0.04) 1.2 (0.03) 0.04b 

GSR (fold change (SEM)) 1 (0.02) 1 (0.03) 1 (0.02) 0.3b 

TXNRD1 (fold change (SEM)) 1 (0.03) 1.1 (0.03) 1.1 (0.03) 0.06b 

HSP70 (fold change (SEM)) 1 (0.03) 1.3 (0.03) 3.9 (0.1) 0.001b 

PRDX1 (fold change (SEM)) 1 (0.03) 1 (0.02) 1.1 (0.03) 0.02a 
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Figure 4.24 TaqMan gene expression assays performed in PBMCs of ex-vivo treated blood.  
The bars represent the expression of genes from the control sample, FIR irradiated blood, and heat-
treated blood. Data was compared using ∆Ct values by two-way ANOVA for repeated measures with 
Bonferroni post-hoc analysis. Friedman test with Wilcoxon signed-rank test used as a post hoc 
Bonferroni correction at p <0.017 was used. * p < 0.05, ** p<0.01. 

 

4.7.8  Comparison between FIR, heat, and placebo-controlled groups on 
gene expression 

The delta change in gene expression was compared between the groups receiving FIR, 

heat, and placebo delivery to the back. This aimed to determine the effect of these 

interventions on the molecular level. There was no difference in the delta change in 

gene expression (∆-∆CT) between the three groups.  

4.7.9  Comparison between protocol 1 and protocol 2 of FIR irradiated 
back on gene expression 

The effect of FIR to the back immediately and 4 hours after a single session was 

compared. In addition, a comparison of the effect of repeated FIR sessions 4 hours and 

24 hours after the last session was carried out. Delta change in gene expression (∆-

∆CT) from baseline was compared between protocols 1 and 2. There was no significant 

difference between the two protocols. However, the delta changes in the expression 
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of KEAP1 was significantly increased on the next day after the last session of FIR to the 

back compared to the effect after 4 hours (0.3 to -0.02, p=0.009, respectively).  

4.7.10  The influence of skin surface area on the effect of FIR radiation on 
gene expression 

The differential effect of FIR radiation to the back and forearm (i.e., different skin 

surface areas) on gene expression was studied. The delta changes in gene expression 

(∆-∆CT) from baseline to 24 hours after the last session of FIR was calculated and 

revealed no significant difference between the two groups.   

4.8 Correlation between the baseline vascular function to the 
baseline gene expression  

The baseline AUC and AI@75% were correlated for all examined genes in the 

participants (n=38). For gene correlation, -∆CT was used. This is reflecting the number 

of Ct values where smaller Ct value means an increased gene expression. There was a 

significant positive correlation between endothelial function (AUC) and NOS3 gene (R= 

0.2, p=0.04), as shown in Table 4.48. This is indicating that increased AUC is associated 

with decreased expression of NOS3 gene. 
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Table 4.48 Correlation between the baseline vascular function and baseline gene expression. 
Pearson(a), and Spearman(b) correlations. Baseline vascular function (AUC) with baseline gene 
expression (-∆Ct) in the examined participants (n=38). 

Baseline gene 
expression (-∆Ct) 

Baseline AI@75% Baseline AUC (AU x SEC) 

Correlation 
coefficient (R) 

p-value 
Correlation 

coefficient (R) 
p-value 

NFE2L2 -0.2 0.1a 0.2 0.2b 

KEAP1 -0.2 0.2b -0.1 0.5b 

NQO1 -0.1 0.5 a -0.05 0.8b 

HMOX1 -0.02 0.9 a 0.2 0.1b 

AKR1C1 -0.3 0.07 a -0.2 0.3b 

NOS3 -0.08 0.6 a 0.2 0.04b 

GCLC -0.2 0.2 a -0.04 0.8b 

GCLM -0.01 0.9 a -0.08 0.6b 

GSR -0.07 0.6b 0.1 0.3b 

TXNRD1 -0.04 0.8 a 0.2 0.2b 

HSP70 -0.04 0.8 a 0.09 0.6b 

PRDX1 0.01 0.9a 0.1 0.4b 
 

4.9 Stimulation of PBMCs with nitric oxide donor  

The direct effect of NO donor stimulation for PBMCs was examined to investigate the 

crosstalk between NO and NRF2 target genes. The protocol for this is described in 

chapter 3, section 3.10.1. There was a significant decrease in the expression 

of TXNRD1 after NAP treatment, which is a non-NO-releasing compound compared to 

SNAP (NO donors) treated samples (1(0.01) to 0.8(0.008), p=0.002). Other genes, 

including eNOS gene, did not change following different treatments (Table 4.49 and 

Figure 4.25). 
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Table 4.49 Values for TaqMan gene expression assays performed in PBMCs after stimulation with 
NO donor.  
The expression of genes for the control sample, SNAP treated PBMCs (NO donors), and NAP treated 
PBMCs, which is a non-NO-releasing compound. Data was compared using ∆Ct values by two-way 
ANOVA for repeated measures.  

Gene name 
Participants (n=5) 

Overall p-value 
Control SNAP NAP 

NEF2L2 (fold change (SEM)) 1 (0.01) 0.8 (0.01) 0.8 (0.01) 0.2 

KEAP1 (fold change (SEM)) 1 (0.03) 0.9 (0.02) 0.9 (0.006) 0.5 

HMOX1 (fold change (SEM)) 1 (0.02) 0.9 (0.02) 0.9 (0.02) 0.3 

NOS3 (fold change (SEM)) 1 (0.1) 0.9 (0.2) 0.9 (0.2) 0.9 

GSR (fold change (SEM)) 1 (0.01) 1 (0.02) 0.9 (0.02) 0.4 

TXNRD1 (fold change (SEM)) 1 (0.01) 1.1 (0.01) 0.8 (0.008) 0.04 

 

 

Figure 4.25 TaqMan gene expression assays performed in PBMCs after stimulation with NO donor.  
The bars represent the expression of genes for the control sample, SNAP treated PBMCs (NO donors), 
and NAP treated PBMCs, which is a non-NO-releasing compound. Data was compared using ∆Ct values 
by two-way ANOVA for repeated measures with Bonferroni post-hoc analysis. * p-value < 0.05. 
 

4.9.1 Stimulation of PBMCs with sulforaphane   

The direct effect of sulforaphane stimulation for PBMCs was examined to investigate 

the crosstalk between NO and NRF2 target genes. The protocol for this is described in 

section 3.10.2. Table 4.50 showing that NRF2 gene and its target genes did not 
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increase following sulforaphane treatment. NOS3 is showing a decreasing trend 

following sulforaphane treatment (1(0.1) to 0.6 (0.1), p=0.1). 

 
Table 4.50 Values for TaqMan gene expression assays performed in PBMCs after stimulation with 
Sulforaphane.  
The expression of genes in the control sample and sulforaphane treated PBMCs. Data was compared 

using ∆Ct values by paired t-test for normally distributed continuous variables (a), and Wilcoxon signed-

rank test for non-normal variables (b).  

Gene name 
Participants (n=5) 

Overall p-value 
Control Sulforaphane 

NEF2L2 (fold change (SEM)) 1 (0.02) 1.04 (0.05) 0.7a 

KEAP1 (fold change (SEM)) 1 (0.03) 1.1 (0.04) 0.2a 

HMOX1 (fold change (SEM)) 1 (0.02) 1.1 (0.05) 0.5a 

NOS3 (fold change (SEM)) 1 (0.1) 0.6 (0.1) 0.1a 

GSR (fold change (SEM)) 1 (0.05) 1.2 (0.06) 0.2b 

TXNRD1 (fold change (SEM)) 1 (0.05) 1.1 (0.06) 0.5a 
 

4.10  Effect of FIR, heat, and placebo on circulatory biomarkers 

This test aimed to measure circulatory biomarkers from participants’ plasma and 

serum as a means further to elucidate the systematic effects of FIR on the circulation; 

the biomarkers measure inflammatory, oxidative, and endothelial circulatory 

processes and are, therefore, reflective of EF. The biomarkers evaluated were MPO, E-

Selectin, ICAM-1, VCAM-1, MMP-8, MMP-12, IL-1 alpha, IL-1 beta, IL-6, IL-10, and TNF. 

They were measured at baseline, after a single session of FIR, heat, or placebo and 

after the last session of either. MMP-12 levels in each participant did not reach the 

detection threshold; thus, this biomarker was excluded from the analysis. The 

biomarkers were not measured in the group receiving FIR to the forearm (protocol 1), 

as the effects of EF and arterial stiffness were minimum – even after repeated 

sessions. In each of the remaining groups, serum and plasma were evaluated for the 

above biomarkers from 10 participants. 

4.10.1  Group 1: FIR irradiation of the back region (protocol 1) 

Circulatory biomarkers were measured randomly in 10 of the 15 participants at 
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baseline, immediately after one session of FIR delivery to the back and on the next day 

after completing all four sessions of FIR. Table 4.51 illustrates the results of the 

biomarker measurements, showing no changes to any with FIR treatment. 

Table 4.51 Group 1: effect of FIR delivery to the back on circulatory biomarkers at different time 
points. 
Levels of circulatory biomarkers at baseline, immediately after a single FIR session to the back and 24-
hour after the last session. Two-way ANOVA for repeated measures for normally distributed continuous 
variables (a), and Friedman for non-normal variables (b). 

Biomarkers 

Group 1 (n=10) 

Overall 
p-value Baseline 

Immediately 
after one 
session 

On the next 
day after 
the last 
session 

MPO, ng/ml, (median [IQR]) 416 [310] 397 [306] 3701 [298] 0.07b 

E-Selectin, pg/ml, (mean (SD)) 27709 (11112) 27435 (9564) 28626 
(10603) 

0.6a 

ICAM-1, pg/ml, (mean (SD)) 342236 
(149358) 

334261 
(137323) 

335466 
(152137) 

0.6a 

VCAM-1, pg/ml, (mean (SD)) 575784 
(188014) 

619178 
(155476) 

644704 
(173903) 

0.3a 

MMP-8, pg/ml, (median [IQR]) 861 [242] 879 [357] 942 [286] 0.7b 

IL-1 alpha, pg/ml, (median 
[IQR]) 

38.7 [11.8] 38.2 [12.8] 35.8 [13.6] 0.6b 

IL-1 beta, pg/ml, (mean (SD)) 0.3 (0.1) 0.2 (0.1) 0.2 (0.07) 0.3a 

IL-6, pg/ml, (mean (SD)) 1.1 (0.9) 1.4 (1.1) 1.4 (0.6) 0.3a 

IL-10, pg/ml, (median [IQR]) 0.2 [0.1] 0.3 [0.3] 0.3 [0.1] 0.1b 

TNF-alpha, pg/ml, (mean (SD)) 6.1 (3) 5.5 (2.3) 6 (2.6) 0.1a 

 

4.10.2  Group 2: FIR radiation to the back (protocol 2)  

In the same manner to the previous group, circulatory biomarkers were measured 

randomly in 10 out of 15 participants at baseline, 4 hours after one session of FIR to 

the back, and 4 hours after completing all sessions. There was a significant increase in 

VCAM-1 expression, with post-hoc analysis showing a significant increase 4 hours after 

a single session compared to baseline (mean (SD), 744174(249189) to 

883225(520166), p=0.02), no significant increase seen after the last session (mean 

(SD), 744174(249189) to 875449(351842), p=0.2). Significant reduction in IL-1 alpha 4 

hours after the last session compared to its level after one session of FIR to the back 
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(mean (SD), 30(9.5) to 28(10.2), p=0.006), (Figure 4.26). No change in IL-1 alpha after 

one or repeated sessions compared to the baseline (mean (SD), 30(8.1) to 30(9.5) and 

28(10.2), p=1 and p=0.2, respectively). TNF-alpha is showing an overall decrease in its 

expression (overall p-value= 0.04), however, post hoc analysis did not show any 

change in its expression following one or repeated sessions compared to baseline; 

(mean (SD), 4.9(2.2) to 4.2(2.2) and 4.6(2.6), p=0.1 and p=1, respectively). No 

difference in the other measured biomarkers with FIR treatment – as shown in Table 

4.52. 

 
Table 4.52 Group 2: effect of FIR delivery to the back on circulatory biomarkers at different time 
points.  
Levels of circulatory biomarkers measured at baseline, 4 hours after a single FIR delivery to the back, 
and 4 hours after the last session. Two-way ANOVA for repeated measures for normally distributed 
continuous variables (a), and Friedman for non-normal variables (b). 

Biomarkers 
Group 2 (n=10) 

Overall 
p-value Baseline 

4 hours after one 
session 

4 hours after the 
last session 

MPO, ng/ml, 
(median [IQR]) 

378 [380] 408 [305] 363 [260] 0.7b 

E-Selectin, pg/ml, 
(mean (SD)) 

39849 (14061) 41748 (13923) 40846 (14448) 0.2a 

ICAM-1, pg/ml, 
(median [IQR]) 

322676 [294642] 325762 [326215] 335395 [318245] 0.6b 

VCAM-1, pg/ml, 
(mean (SD)) 

744174 (249189) 883225 (520166) 875449 (351842) 0.037a 

MMP-8, pg/ml, 
(mean (SD)) 

843 (363) 978 (355) 919 (345) 0.4a 

IL-1 alpha, pg/ml, 
(mean (SD)) 

30 (8.1) 30 (9.5) 28 (10.2) 0.03a 

IL-1 beta, pg/ml, 
(mean (SD)) 

0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.3a 

IL-6, pg/ml, 
(median [IQR]) 

1 [0.9] 1 [1.4] 1.1 [1.8] 0.5b 

IL-10, pg/ml, 
(median [IQR]) 

0.2 [0.3] 0.2 [0.3] 0.3 [0.3] 0.4b 

TNF-alpha, pg/ml, 
(mean (SD)) 

4.9 (2.2) 4.2 (2.2) 4.6 (2.6) 0.04a 
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Figure 4.26 Group 2: effect of FIR delivery to the back on circulatory biomarkers at different time 
points. 
The bars represent the levels of VCAM-1 and IL-1 alpha at baseline, 4 hours after one FIR session to the 
back, and 4 hours after the last session. Data is mean (SD). Two-way ANOVA for repeated measures with 
Bonferroni post-hoc analysis. * p-value < 0.05, ** p-value < 0.001. 
 

4.10.3  Group 4:  FIR radiation to the forearm (protocol 2) 

This group showed a significant change in the arterial stiffness (observed by the 

reduction in AI@75%) following FIR delivery; however, EF was not affected by FIR 

irradiation. Therefore, circulatory biomarkers were measured. This group follows 

protocol 2; therefore, biomarkers were measured at baseline before FIR delivery to the 

forearm, 4 hours after one session of FIR, and 4 hours after the final session in all 

recruited participants (n=10). Table 4.53 summarises the results showing no significant 

change following one or repeated sessions of FIR treatment to the forearm. ICAM-1 

shown an overall significant change (p=0.025). Post-hoc analysis showing a significant 

decrease in ICAM-1 from baseline to after the last session of FIR (median [IQR], 

241030[365938] to 234713[299651], p=0.04). However, post-hoc analysis showing no 

change after one session compared to baseline (median [IQR], 241030[365938] to 

244014[350315] p=1). 
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Table 4.53 Group 4: effect of FIR delivery to the forearm on circulatory biomarkers at different time 
points.  
The levels of circulatory biomarkers at baseline, 4 hours after a single FIR session to the forearm, and 4 
hours after the last session. Two-way ANOVA for repeated measures for normally distributed 
continuous variables (a), and Friedman for non-normal variables (b). 

Biomarkers 
Group 4 (n=10) 

Overall 
p-value Baseline 

4 hours after one 
session 

4 hours after the 
last session 

MPO, ng/ml, 
(mean (SD)) 

404 (201) 364 (329) 389 (204) 0.7a 

E-Selectin, pg/ml, 
(mean (SD)) 

30809 (11200) 30284 (10156) 27589 (11901) 0.2a 

ICAM-1, pg/ml, 
(median [IQR]) 

241030 
[365938] 

244014 [350315] 234713 [299651] 0.025b 

VCAM-1, pg/ml, 
(mean (SD)) 

770060 
(239416) 

803939 (240746) 786430 (277778) 0.6a 

MMP-8, pg/ml, 
(mean (SD)) 

758 (456) 817 (384) 845 (316) 0.6a 

IL-1 alpha, pg/ml, 
(mean (SD)) 

28.9 (16.5) 28.8 (16.2) 26.5 (16.4) 0.2a 

IL-1 beta, pg/ml, 
(median [IQR]) 

0.1 [0.1] 0.1 [0.1] 0.1 [0.1] 0.2b 

IL-6, pg/ml, (mean 
(SD)) 

1.1 (0.3) 1.1 (0.7) 1.3 (1) 0.6a 

IL-10, pg/ml, 
(mean (SD)) 

0.3 (0.2) 0.2 (0.1) 0.2 (0.2) 0.2a 

TNF-alpha, pg/ml, 
(mean (SD)) 

4.4 (1.5) 3.5 (1.5) 4.3 (1.3) 0.1a 

 

4.10.4  Group 5: heat delivery to the back region (protocol 1) 

Biomarkers were measured at baseline, immediately after one session of heat and on 

the next day after completing all four sessions of heat delivery to the back in all 10 

recruited participants. Table 4.54 illustrates the results; none of the biomarkers 

showed any change after heat delivery to the back following one or repeated sessions. 

MPO shown an overall significant change (p=0.04). However, post-hoc analysis 

showing no change after one or repeated time points compared to baseline (mean 

(SD), 394(292) to 531(317) and 443(210), p=0.06 and p=1, respectively).  Furthermore, 

MMP-8 shown an overall significant change (p=0.03). However, post-hoc analysis 

showing no change after one or repeated time points compared to baseline (median 

[IQR], 751[662] to 981[1585] and 742[966], respectively, p=0.07 for both).   
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Table 4.54 Group 5: effect of heat delivery to the back on circulatory biomarkers at different time 
points.  
The levels of circulatory biomarkers at baseline, immediately after a single heat session to the back and 
24 hours after the last session. Two-way ANOVA for repeated measures for normally distributed 
continuous variables (a), and Friedman for non-normal variables (b). 

Biomarkers 

Group 5 (n=10) 
Overall 
p-value Baseline 

Immediately after 
one session 

On the next day 
after the last 

session 

MPO, ng/ml, (mean 
(SD)) 

394 (292) 531 (317) 443 (210) 0.04a 

E-Selectin, pg/ml, 
(mean (SD)) 

28606 (9068) 28939 (9606) 27852 (7472) 0.6a 

ICAM-1, pg/ml, 
(mean (SD)) 

247624 (60022) 247131 (64363) 242847 (55184) 0.4a 

VCAM-1, pg/ml, 
(median [IQR]) 

922937 [342033] 957445 [359707] 882757 [239389] 0.7b 

MMP-8, pg/ml, 
(median [IQR]) 

751 [662] 981 [1585] 742 [966] 0.03b 

IL-1 alpha, pg/ml, 
(mean (SD)) 

37.5 (8.8) 36.9 (8.1) 890 (457) 0.5a 

IL-1 beta, pg/ml, 
(median [IQR]) 

0.1 [0.1] 0.03 [0.1] 0.04 [0.2] 0.7b 

IL-6, pg/ml, (mean 
(SD)) 

0.7 (0.3) 0.8 (0.2) 0.8 (0.3) 0.7a 

IL-10, pg/ml, 
(median [IQR]) 

0.08 [0.3] 0.05 [0.3] 0.02 [0.3] 0.6b 

TNF-alpha, pg/ml, 
(mean (SD)) 

4.4 (1.6) 4.1 (1.8) 4.3 (1.5) 0.4a 

 

4.10.5  Group 6: placebo-controlled applied to the back region 

Measurements of biomarkers were taken from all recruited 10 participants at baseline, 

immediately after one session of placebo and on the next day after completing four 

sessions of placebo. Table 4.55 shows that no changes were seen in any of the 

measured biomarkers.  
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Table 4.55 Group 6: effect of placebo on circulatory biomarkers at different time points. 
The levels of circulatory biomarkers at baseline, immediately after a single placebo session to the back 
and 24 hours after the last session. Two-way ANOVA for repeated measures for normally distributed 
continuous variables (a), and Friedman for non-normal variables (b). 

Biomarkers 
Group 6 (n=10) 

Overall 
p-value Baseline 

Immediately after 
one session 

On the next day 
after the last session 

MPO, ng/ml, 
(mean (SD)) 

434 (163) 478 (285) 432 (323) 0.8a 

E-Selectin, pg/ml, 
(mean (SD)) 

30217 (10891) 29973 (11854) 31467 (12097) 0.2a 

ICAM-1, pg/ml, 
(mean (SD)) 

270273 
(105999) 

262312 (103391) 269835 (103773) 0.4a 

VCAM-1, pg/ml, 
(mean (SD)) 

1024307 
(355884) 

1063958 (437508) 1094763 (370114) 0.3a 

MMP-8, pg/ml, 
(mean (SD)) 

1067 (404) 1209 (468) 1282 (572) 0.2a 

IL-1 alpha, pg/ml, 
(mean (SD)) 

47.9 (9.6) 46.2 (9.7) 47.9 (10.9) 0.08a 

IL-1 beta, pg/ml, 
(mean (SD)) 

0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.9a 

IL-6, pg/ml, 
(median [IQR]) 

0.6 [1.1] 0.6 [0.7] 0.7 [1.2] 0.04b 

IL-10, pg/ml, 
(median [IQR]) 

0.2 [0.3] 0.1 [0.4] 0.2 [0.3] 0.8b 

TNF-alpha, pg/ml, 
(mean (SD)) 

3.9 (2.2) 3.7 (2.6) 3.7 (2.1) 0.8a 

 

4.10.6  Ex-vivo Treated blood with FIR and heat 

Biomarkers were measured from random 10 participants where samples are treated 

(in-vitro) with FIR, heat, or left at RT. Table 4.56 illustrates the results; none of the 

biomarkers showed any change after FIR or heat. IL-1 beta shown an overall significant 

change (p=0.03). However, post-hoc analysis showing no change after one or repeated 

time points compared to baseline (median [IQR], 0.2[0.2] to 0.2[0.4] and 0.3[1.7], p=1 

and p=0.07, respectively).   
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Table 4.56 Effect of ex-vivo FIR and heat treatment on circulatory biomarkers. 
Levels of circulatory biomarkers for the control sample, after 40 minutes of FIR and heat treatments on 
fresh blood.  Two-way ANOVA for repeated measures for normally distributed continuous variables (a), 
and Friedman for non-normal variables (b). 

Biomarkers 
Participants (n=5) Overall 

p-value Control FIR HEAT 

E-Selectin, pg/ml, 
(mean (SD)) 

10376 (3097) 10411 (2873) 10508 (3083) 0.8a 

ICAM-1, pg/ml, 
(median [IQR]) 

146648 [161593] 146586 [141199] 143062 [170319] 0.7b 

VCAM-1, pg/ml, 
(median [IQR]) 

165271 [75637] 161001 [76166] 176102 [170319] 0.9b 

MMP-8, pg/ml, 
(mean (SD)) 

427 (204) 442 (189) 464 (227) 0.3a 

IL-1alpha, pg/ml, 
(mean (SD)) 

24.3 (8.5) 23.3 (6.6) 24.5 (8) 0.2a 

IL-1beta, pg/ml, 
(median [IQR]) 

0.2 [0.2] 0.2 [0.4] 0.3 [1.7] 0.03b 

IL-6, pg/ml, 
(median [IQR]) 

0.1 [0.2] 0.03 [0.2] 0.1 [0.05] 0.7b 

IL-10, pg/ml, 
(median [IQR]) 

0.1 [0.1] 0.05 [0.2] 0.1 [0.1] 0.08b 

TNF-alpha, pg/ml, 
(median [IQR]) 

1.4 [0.8] 1.8 [1] 1.6 [1] 0.8b 

 

4.11  Correlation between the baseline vascular function to the 
baseline biomarkers levels  

The baseline in AUC and AI@75% were correlated with circulatory biomarkers in all 

recruited participants (n=60). Table 4.57 illustrating a negative correlation between 

VCAM-1 levels and AI@75% (R=-0.3, p= 0.02), while AUC showed a positive correlation 

with VCAM-1 (R=0.3, p=0.03). IL-6 positively correlates with AI@75%; this correlation is 

highly significant (R=0.4, p=0.002); (Figure 4.27). 
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Table 4.57 Correlation between the baseline vascular function and baseline circulatory 
biomarkers levels. 
Pearson(a), and Spearman(b) correlations. Baseline vascular function with baseline circulatory 
biomarkers (-∆Ct), from all participants (n=60). 

Baseline 
biomarkers 

Baseline AI@75% Baseline AUC (AU x SEC) 

Correlation 
coefficient (R) 

p-value Correlation 
coefficient (R) 

p-value 

MPO (ng/ml) -0.1 0.3b 0.2 0.1b 

E-Selectin (pg/ml) 0.06 0.7a -0.2 0.2a 

ICAM-1 (pg/ml) 0.09 0.5b -0.2 0.1b 

VCAM-1 (pg/ml) -0.3 0.02b 0.3 0.03b 

MMP-8 (pg/ml) 0.05 0.7a 0.2 0.2a 

IL-1 alpha (pg/ml) 0.05 0.7a -0.1 0.3a 

IL-1 beta (pg/ml) 0.02 0.9b 0.05 0.7b 

IL-6 (pg/ml) 0.4 0.002b -0.2 0.1b 

IL-10 (pg/ml) -0.2 0.1b -0.008 0.9b 

TNF-alpha (pg/ml) -0.09 0.5a -0.09 0.5a 
 

 

Figure 4.27 Correlation between baseline values in AI@75% and baseline 
expression of IL-6. 
Spearman correlation for 60 participants. R= 0.4, p=0.002. AI@75%= augmentation 
index at heart rate 75 bpm. 
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4.12  Summary of the findings 

Table 4.58 Summary of the findings 
Protocol 1 (measurements taken at baseline, immediately after one session, on the next day after the last session). Protocol 2 (measurements taken at baseline, 4 
hours after one session, 4 hours after the last session). All the findings compared to baseline measurements. # the effect after repeated sessions is compared with the 
effect after one session. ## the effect after repeated sessions is compared with both baseline and after one session. 

Groups 
 
 

Description 

Endothelial function (ACh 
responses) 

Arterial stiffness (AI@75%) Gene expression Circulatory biomarkers 

After one 
session 

After last 
session 

After one 
session 

After last session 
After one 

session 
After last 
session 

After one 
session 

After last 
session 

Group 1 
FIR to the 

back 
(protocol 1) 

Increased 
trend 

(improvement) 

Significant 
improvement 

(p=0.017) 

Significant 
improvement 

(p=0.025) 

##Significant 
improvement 
(p=0.002 and 

p=0.049, 
compared to 
baseline and 

compared after 
one session, 
respectively) 

Unchanged 
↑KEAP1 
(p=0.031) 

Unchanged Unchanged 

Group 2 
FIR to the 

back 
(protocol 2) 

Unchanged 
Significant 

improvement 
(p=0.023) 

Significant 
improvement 

(p=0.001) 

##Significant 
improvement 
(p<0.001 and 

p=0.042, 
compared to 
baseline and 

compared after 
one session, 
respectively) 

↑ NOS3 
(p<0.001), 
↑ TXNRD1 
(p=0.005), 
↑ PRDX1 
(p=0.007), 
↑ HSP70 
(p=0.005) 

↑ NOS3 
(p=0.01), 
↑ GCLM 

(p=0.007), 
↑ TXNRD1 
(p=0.005), 
↑ HSP70 
(p=0.007) 

↑ VCAM-1 
(p=0.02), 

#↑IL-1 
alpha 

(0.006) 
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Group 3 
FIR to the 
forearm 

(protocol 1) 
Unchanged Unchanged 

Decreased 
trend 

(improvement) 

Decreased trend 
(improvement) 

Unchanged Unchanged Unchanged Unchanged 

Group 4 
FIR to the 
forearm 

(protocol 2) 
Unchanged Unchanged 

Decreased 
trend 

(improvement) 

Significant 
improvement 

(p=0.02) 
Unchanged 

↑ KEAP1 
(p=0.019) 

Unchanged Unchanged 

Group 5 
Heat to the 

back 
(protocol 1) 

Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged 

Group 6 

Sham 
treatment 
to the back 
(protocol 1) 

Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged 
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Table 4.59 Summary of ex-vivo treated blood 

Blood was treated outside the human body with either FIR or heat. Results of gene expression examined 
from PBMCS compared to a control sample. Results of circulatory biomarkers examined from plasma 
compared to a control sample. 

  

Ex-vivo treated samples Gene expression Circulatory biomarkers 

FIR Unchanged Unchanged 

Heat 
↓ NQO-1 (p = 0.016) 
↑HMOX-1 (p = 0.0032) 
↑HSP70 (p = 0.001) 

Unchanged 
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FIR has been used safely in many studies providing its safe nature (Sohn et al. 2010; 

Lee et al. 2011). Furthermore, according to The International Commission on Non-

Ionizing Radiation Protection (ICNIRP) guidelines released on 2006, states the following 

“Detailed guidance for exposure to longer far-infrared wavelengths (referred to as IR-C 

radiation) was not provided because the energy at longer wavelengths from most 

lamps and industrial infrared sources of concern actually contribute only a small 

fraction of the total radiant heat energy and did not require measurement”. ICNIRP 

also states that protection recommendations and limits to protect the eye and skin 

depending on the wavelength bands and exposure duration. The main concern is the 

heat, which is mainly associated with shorter wavelengths as in NIR or MID. 

FIR has been shown to be an effective modality to improve health in many pathological 

states. This pilot study examined the effects of FIR on the vascular system in different 

ethnic groups. Furthermore, this is the first study investigating the effects of FIR on 

vascular function in healthy subjects. Previous studies examined the effect of FIR 

irradiation on patients with CVDs and ESRD who were on HD. It is, however, important 

to understand the changes in vascular function as a result of FIR in healthy individuals, 

as the state of vascular function in these subjects represents the baseline to which the 

degree of the effects provided by FIR treatment is compared and can be appreciated. 

Additionally, atherosclerotic changes can begin as early as the first decade of life; this 

alters the anatomical and physiological backgrounds of the vessel as it progresses 

towards atherosclerosis later in life. Therefore, FIR might be used as a non-

pharmacological preventive tool to maintain vascular health in healthy subjects, 

especially as it was proven to be useful in this study. This study provides data regarding 

the effects of FIR on validated surrogate markers of vascular health. This includes 

testing the function of the peripheral microcirculation, which directly correlates to the 

central microcirculation (i.e., coronary arteries). ED of coronary arteries leads to 

atherosclerotic changes, acute coronary syndrome, and, ultimately, MI. Therefore, 

analysing microcirculation may indirectly reflect the health of cardiac perfusion and 

overall cardiac health. Also, measuring arterial stiffness using the AI@75% provides 
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information about the systematic arterial wall mechanics, from the elastic aorta to the 

resistant conduit arteries (macro-circulation), which is the real load to which the heart 

is exposed and must be overcome. In other words, this test gives information about 

the central macrocirculation, and thus gives a meaningful assessment of the vascular 

tree. Therefore, this test covers the CV workload as well as the elasticity of the aortic 

wall. To our knowledge, this is the first study to look at the effects of FIR on arterial 

stiffness. Information regarding the systemic component of the EF is also provided by 

testing the circulatory biomarkers. Finally, investigation of gene expression might 

elaborate the mechanistic pathway behind the effects offered by FIR through anti-

oxidation and anti-inflammatory pathways, both major players of ED, as well as EF 

through measuring NOS3 gene level. Overall, these tests allow comprehension of the 

effect of FIR on vascular function. 

In the present study, the main primary objective was to investigate the effect of 

localised FIR on vascular function. This was achieved by assessing: the EF by LDI, 

combined with iontophoresis of ACh and SNP, and arterial stiffness via AI@75%. Of 

note, this study represents the first study to assess EF of the microcirculation after FIR 

delivery using LDI and iontophoresis. Previous studies examined the effect of FIR by 

assessing EF of macrocirculation using the FMD technique. Although these techniques 

independently reflect the EF in different vascular beds (which might be regulated 

differently (Sandoo et al., 2011)), they both indicate the health of ECs. Besides, testing 

the EF via microcirculation might be of valuable clinical outcome due to the correlation 

mentioned above to the central microcirculation. This project also considers several 

different factors: the effect of single and multiple FIR session(s), the effect of FIR over 

time, elaborating whether the effect of FIR is purely thermal and the effect of FIR on 

different skin surface areas. The effect of FIR on the back will be the main discussion 

point, and other groups of this study will be compared to it.  
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5.1  Effect of single and repeated sessions of FIR  

The effect of FIR on vascular function was examined after single FIR delivery and after 

four sessions of FIR. Most of the recruited participants in the present study were 

young or middle-aged and either in education or employed; thus, many found it hard 

to commit to a more extended study protocol. Four sessions administered over two 

weeks were the optimal arrangement for all participants, and all completed the 

protocol. 

Our study shows that FIR significantly improves EF. This result is in accordance to the 

previous studies which show that FIR improves EF in patients with CHF, this 

improvement was associated with improved clinical symptoms, FIR also improved the 

function of the endothelium in subjects with coronary risk factors (Kihara et al. 2002; 

Imamura et al. 2001). In the present study, repeated application of FIR to the back 

produced prominent effects on EF when measured the following day after the last 

session. However, the small immediate effect seen after a single FIR session to the 

back was not significant. These results suggest that the effect of FIR accumulates over 

several sessions. Furthermore, vascular function improvement following repeated FIR 

irradiation to the back was significantly improved relative to the control group who 

received no FIR. These results are contrary to the findings of two previous studies 

which found that haemodynamic were significantly improved in CHF patients following 

only a single FIR session (Tei et al. 1995; Inoue et al. 2012). However, results from the 

present study are in agreement with other studies where haemodynamic was 

improved after repeated FIR sessions (Imamura et al. 2001; Kihara et al. 2002; 

Sobajima et al. 2013). Two reasons might explain the difference in the outcomes of 

this study and previous findings regarding the effect of the FIR following a single 

session. Firstly, the irradiated area of the current study is confined to the upper part of 

the back region, whereas previous studies treated the whole body with FIRS, 

therefore, maximising the FIR contact region. Secondly, in the other studies, FIRS was 

delivered to CHF patients who already had ED, thus increasing the magnitude of 
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improvement possible (i.e., to reach nearly normal levels like those of healthy 

individuals). In contrast, FIR in this study was given to healthy subjects with normal 

baseline EF. Therefore, there is less scope for improvement, and so any increase in EF 

following a single FIR session cannot induce a big change. This study showed that the 

improvement in the EF following FIR was increased during ACh iontophoresis. On the 

other hand, SNP change was negligible, although a minimal and not statistically 

significant increase was noted after repeated FIR sessions to the back. This observation 

suggests that FIR caused an improvement in EF through increasing NO 

bioavailability/production induced by ACh, which causes the release of endogenous 

NO from the ECs. Previous research has reported that FIR caused an increase in eNOS 

activity and NO production in animal and cell models (Akasaki et al. 2006; Ikeda et 

al. 2005; Park et al. 2013). The augmentation of NO production is a plausible 

mechanism that underlies the beneficial effects reported by FIR treatment.  

Findings from the part of this study that assessed arterial stiffness were slightly 

different from EF as FIR irradiated back showed a significant improvement in AI@75% 

after both single and repeated sessions. Furthermore, AI@75% significantly improved 

between the first and last sessions. This suggests that FIR is effective in improving 

arterial stiffness even from a single session, while repeated sessions can have a bigger 

effect. This study is the first study so far to evaluate the effect of FIR on arterial 

stiffness. Arterial stiffness is a surrogate marker for vascular damage and can serve as 

an independent prognostic predictor for CV morbidity and mortality (Bonarjee, 2018). 

As explained earlier, Vlachopoulo's meta-analysis showed that the relative risk of a CV 

event was 1.318 (95% CI 1.093–1.588) for a 10% absolute increase in central AI% 

(Vlachopoulos et al. 2010). Although arterial stiffness is strongly associated with older 

individuals, similar to atherosclerosis, preclinical phases of arterial stiffness can occur 

in young children (Ahmadizar and Voortman, 2018). Thus, assessing arterial stiffness 

adds valuable information about the effects and benefits of FIR.  

FIR was shown to improve EF and increases NO activity as induced ACh. FIR to the back 

increased the expression of NOS3 immediately after one session, and on the next day 
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after the last session, however, this increase was not statistically significant. 

Furthermore, the expression of other genes regulated by NRF2 was insignificant after 

FIR irradiation to the back, including GCLM and TXNRD1.  

Interestingly NFE2L2 and KEAP1 were increased in parallel, although the former 

showed an insignificant increase. The increase of KEAP1, however, might be explained 

as an inhibitory reflex to counteract the effect of the upregulated NFE2L2. This occurs 

because healthy subjects do not need large amounts of NFE2L2 activation. One study 

showed that Nfe2l2 hyperactivity in keap1-deficient mice affected their nutrition as a 

result of oesophageal and stomach hyperkeratosis causing postnatal mortality 

(Wakabayashi et al., 2003). Thus, NRF2 should be tightly regulated as it can act as a 

double-edged sword.  

This study also measured circulatory levels of anti-inflammatory cytokines and the 

oxidative stress marker MPO, which are biomarkers of ED. The effect of FIR treatment 

on these biomarkers was studied; it was found that none of these biomarkers were 

affected by the application of FIR. This result was in keeping with a single study that 

found that levels of TNF-ꭤ were not changed following two weeks of WT in CHF; there 

was an improvement in EF and clinical symptoms by enhancement of eNOS but not 

TNF-ꭤ. In contradiction, other studies in ESRD patients with AVF have demonstrated 

the upregulation of HMOX1, an anti-inflammatory biomarker, following FIR delivery 

(Chen et al., 2016). However, this may not represent the actual effects seen in 

physiological vessels as AVF is considered a non-physiological vascular bed. 

Furthermore, this study comprised healthy subjects, and thus the health status might 

explain the stability of these biomarkers as these biomarkers reflect the severity of ED 

relative to inflammation and oxidation. Therefore, these levels are unlikely to be 

decreased any further.  

In conclusion, the effect of repeated sessions of FIR to the back improves EF and 

arterial stiffness compared to a single FIR session. 
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5.2  Effect of FIR over different time points 

The effects of FIR were also measured at different time points after single and 

repeated sessions of FIR (refer to protocol 1 and protocol 2). There was no profound 

change in EF from baseline when measured either at 0 or 4 hours after a single session 

of FIR to the back. Regarding the repeated sessions, the improved EF remained at the 

same level from 4 to 24 hours after the last given FIR session to the back. However, FIR 

had a substantial effect on arterial stiffness when measured 4 hours after FIR 

application to the back (both after single and last sessions) compared to other time 

points. This finding might be explained by a prominent improvement in antioxidant 

genes, and NOS3 measured 4 hours after FIR irradiation; as oxidative stress and eNOS 

are known to be linked not only to EF but to arterial stiffness as well (Sugiura et 

al. 2017; Hasegawa et al. 2018). The effect of FIR on vascular function was not 

measured thereafter (after 24 hours); therefore, no conclusions can be drawn about 

the length of the overall augmented effects before they return to the baseline; this 

requires further investigation. 

In the present study, FIR induced an improvement in EF and arterial stiffness that was 

associated with the upregulation of NOS3 gene expression in PBMCs when measured 4 

hours after both one and repeated sessions of FIR to the back. 

Although NOS3 increased immediately after one session (at 0 hours) and on the next 

day after the last session (after 24 hours), it was not a significant increase. Despite 

this, NOS3 was significantly upregulated following 4 hours of FIR irradiation to the back 

(after single and repeated sessions). These results suggest that the NOS3 increase 

might be time-dependent. Furthermore, NFE2L2 gene was increased 4 hours and 24-

hours after the last FIR session to the back; however, this increase was insignificant. 

On the contrary, following 4 hours from FIR treatment, there was a significant 

upregulation of some NRF2 target genes, including GCLM, TXNRD1, PRXD1, and HSP70. 

However, KEAP1 was not upregulated from baseline to 4 hours after FIR irradiation, 

but it was significantly increased following the next day when all FIR sessions were 
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completed. This agrees with one study that found that NFE2L2 was progressively 

upregulated in HUVECs from 4 to 6 hours after FIR exposure (Lin et al., 2008). 

However, this study did not measure the expression of KEAP1. In the present study, 

different groups were used to evaluate the effect of the NFE2L2/KEAP1 pathway 

following 24-hours and 4 hours FIR treatment (refer to protocol 1 and protocol 2) it is 

challenging to draw meaning from KEAP1 expression data. Further studies are needed 

to investigate the level of expression of the NFE2L2/KEAP1 pathway over different 

time points within the same group. One explanation, however, might be justified by 

NO, which leads to the activation of NFE2L2. Research has shown that NO activates 

and phosphorylates NRF2 by modifying cysteine residues in KEAP1 and subsequently 

induces antioxidant enzymes (Um et al., 2011). In the present study, the expression 

of NOS3 increased significantly 4 hours after FIR exposure to the back (both after 

single and repeated sessions). Furthermore, FIR induced an improvement in EF, which 

suggests increased NO production. Therefore, FIR might increase the expression 

of NFE2L2 indirectly through NO while keeping KEAP1 levels normal. Also, NFE2L2 is 

found to be activated by laminar shear stress (Kim et al., 2012). FIR has been shown to 

improve haemodynamic and increase blood flow, hence increasing shear stress (Tei et 

al., 1995) and thus increasing NFE2l2. The increase in expression of the NFE2L2 gene 

and its target genes might, therefore, be time-dependent with an increase in the 4 

hours following FIR exposure. This observation is consistent with the study mentioned 

above (Lin et al., 2008). 

In conclusion, the effect of FIR to the back on EF is more or less the same when 

measured on different time points. However, arterial stiffness shows a noticeable 

improvement 4 hours after single and repeated FIR sessions to the back when 

compared to the effect seen immediately after a single session and on the next day 

after the last session. The improved anti-oxidation status might explain the improved 

elasticity following 4 hours after FIR exposure.  

However, further studies are needed to understand better the mechanisms behind the 

effect of FIR on arterial stiffness and EF concerning time. 
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5.3 Effect of FIR versus heat  

The effect of heat on vascular function was studied and compared to the FIR in terms 

of efficacy; as FIR is a source of heat, both could be compared as thermal irradiation 

interventions. One of the debates in the literature is whether the beneficial effects of 

FIR are purely thermal; there is convincing evidence that FIR effects are of a 

consequence of vasodilation as a result of heat. Several studies have reported that the 

generated heat explains the favourable effects of FIR, hence the alternative name of 

FIR, “thermal therapy” (Lima et al. 2014; Tei et al. 1995; Chuwa and Tanaka 1996). 

However, the series of studies conducted by Leung and his colleagues both in vivo and 

in vitro confirmed the effectiveness of cFIR, which generates no heat. This indicates 

that there is a further mechanism in play beyond simply heat (Leung, 2015). In the 

present study, skin surface temperature was stable when the tests are carried on after 

FIR delivery (data are not shown), which suggests that the heat is not the leading 

player behind FIR effects. Thus, FIR can also cause non-thermal effects. However, some 

may argue that the effects of heat would still be apparent even with the normalisation 

of the temperature, especially given the fact that HSP70 was upregulated even 

following 4 hours of FIR irradiation to the back. This questionable statement might be 

disproven by the effects seen the following day after the repeated FIR sessions, and in 

those subjects, who received heat to the back using a heating pad that generates heat 

energy equivalent to FIR. The heat-only treated group showed no effects on either EF 

or arterial stiffness, and FIR was superior to heat in terms of the improved EF and 

arterial stiffness. This implies that FIR mainly causes a non-thermal effect beyond 

simply a thermal vasodilation. However, heat studies have been shown to improve 

haemodynamic and arterial stiffness using a water bath in healthy subjects (Hu et 

al. 2012; Min et al. 2007). The controversy between these results and the present 

study might be explained by the method used to deliver heat.  

The weak impact of heat on vascular function was further established by examining 

the upregulation of antioxidant genes, including NFE2L2 and its target genes, as well 
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as NOS3. These target genes were not upregulated with either heat or placebo 

treatment, results that suggest that it is FIR that causes an improvement in vascular 

function through eNOS and antioxidation pathways. Although NFE2L2 was not 

expressed significantly, however, the significant increase in KEAP1 might suggest a 

potential increase in NFE2L2 gene.  This conclusion might agree with previous human 

and animal studies that found that FIR improves haemodynamic through protection 

against oxidative stress, increasing the levels of antioxidation, and an increase in NO 

production (Masuda et al. 2004; Ikeda et al. 2010; Inoue et al. 2012; Park et al. 2013).  

As expected, it was observed that ex-vivo blood treated with heat had strikingly 

increased expression of HSP70; although HSP70 increased following FIR irradiation; 

however, this was not statistically significant. The type of heat transfer might explain 

this: FIR transfers heat by radiation, while the water bath used for heating blood 

samples transfers heat by convection. Another possibility is that although both FIR and 

the water bath were switched on as soon as the samples were in place, the water bath 

might reach the targeted temperature faster than FIR. Finally, the blood samples were 

exposed to FIR irradiation emitted by the device, providing a one-plane surface area. 

Although the samples were spinning during FIR delivery to ensure complete exposure 

to heat, this method might, to some extent, provide a lesser contact surface area to 

heat than the samples placed in the water bath where the sample would be contacting 

heat over the blood tube’s total surface area. It was also clear that samples treated 

with heat only expressed cellular stress. This was noted by the decreased levels 

of NQO-1 following heat, suggesting NRF2 down-regulation at transcriptional levels 

caused by heat. Cellular studies confirm NRF2 degradation and decreased levels 

of NQO-1 following heat exposure generated by UV light (Benedict et al. 2012; 

Huang et al. 2019). Furthermore, HMOX1 was significantly increased following heat 

exposure to blood; this might be again explained by the increased cellular stress as 

discussed above or blood haemolysis, which might be accelerated by the heat 

itself. Blood samples treated with FIR showed no changes in gene expression after 4 

hours. This was not the case when FIR was irradiated to the back, as NFE2L2 and its 
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target genes were upregulated following 4 hours. This suggests that FIR caused the 

upregulation of NFE2LE gene through endogenous factors within the vessels, which 

might be endothelial or flow-mediated. Two studies have shown the positive effects of 

ex-vivo FIR treated cells (EPC and ECFC) in improving perfusion and ischaemia when 

reinjected to the experimental animals (Huang et al. 2012; Wang et al. 2016). These 

observations suggest that FIR possess a beneficial effect when cells are irradiated ex-

vivo. However, the previous studies did not measure the expression of genes before 

re-injection; this might provide similar findings to the current study. Accordingly, this 

could indicate that FIR-treated samples have potentially positive effects that might be 

apparent when introduced into living organisms. Lin and colleagues reported an 

upregulation of eNOS, genes coding for MAPKs, and many others after conducting a 

microarray analysis after treating human EPCs with FIR for 30 minutes (Lin et al., 

2015). The controversy in the current study might be explained by the protocol which 

used the whole blood instead of a particular cell line. Either way, further studies are 

needed to be compared with Huang's, Wang's, and Lin's experiments (Huang et 

al. 2012; Wang et al. 2016; Lin et al., 2015). 

The effect of heat on circulatory biomarkers was studied; it was found that none of 

these biomarkers were affected by the application of heat. This might be justified by 

the same reasons mentioned in the previous section. 

In conclusion, the effects seen by FIR on vascular function are non-thermal, which 

suggests other mechanisms confined to FIR waves. Furthermore, antioxidation induced 

by FIR might necessarily require the integrated physiology from the skin to the vessels, 

as ex-vivo FIR-treated blood induced no change in antioxidation. 

5.4 Effect of FIR on different skin surface areas 

This study also investigated the effect of FIR application on different skin surface areas. 

It was found that irradiating large skin surface areas intensified the effects of FIR on 

vascular function. While irradiating forearm -which representing a smaller surface area 
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in comparison to the back- did not bring about an improvement in vascular function. 

Having said that, back irradiation showed an increased effect on the vascular function 

for both endothelial and arterial stiffness relative to the smaller surface area of the 

forearm; this increase was not significant. This finding was similar to one study 

(Inoue et al., 2012), in which a single session of FIR leg thermal therapy (LTT) was 

delivered to both lower limbs, and FMD was performed. In the previous study, the 

results were compared to other studies that used FIRS to irradiate the whole body. The 

previous study showed that LTT improved FMD to a lesser extent than that achieved 

by FIRS by a 2% difference (Inoue et al. 2012). The author concluded that LTT would 

still have favourable effects on EF, similar to those reported by FIRS. One possible 

reason why the results from the LTT study might be equivalent to FIRS and why they 

might yield comparable results is that both lower limbs were irradiated from below the 

knee level down to toes, including the anterior, lateral, and medial aspects. This joint 

surface area might, therefore, be more than the irradiated surface area of the back 

region in the current study. It is also important to note that the LTT study compared 

their results with other studies and did not make this comparison within their chosen 

population. Therefore, this might introduce errors as the general characteristics 

between the subjects might be different between different studies, and thus, their 

conclusion might not be accurate.   

Regarding gene expression, as mentioned earlier, FIR showed to increase NRF2 

(insignificant) related genes and NOS3 expression, which were prominent 4 hours after 

FIR exposure. While these genes were unchanged following FIR delivery to the forearm 

when measured immediately after a single session and 24 hours following the 

last. KEAP1 was significantly increased 4 hours after FIR delivery to the forearm. This is 

again confirming that FIR shows a time-dependent increase in gene expression. This 

might explain the improvement in arterial stiffness following 4 hours after FIR 

irradiation to the forearm as NFE2L2 might elicit effects along with NOS3. 

Inflammatory biomarkers show no change to FIR irradiated back at any given time 

points. 
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In summary, FIR non-thermally might improve EF and arterial stiffness in healthy 

subjects when a large surface area is irradiated. A single treatment session triggered a 

small improvement in EF and a more noticeable improvement in arterial wall elasticity. 

Repeated sessions, on the other hand, further improved vascular function. These 

improvements might be explained by NOS3, levels of which were mostly increased in 

the 4 hours following FIR irradiation to the back. Therefore, FIR might be an effective 

preventive method to augment vascular function in healthy subjects. This pilot study 

might provide an insight for future study designs and an estimation for power 

calculation.  

5.5  Limitations  

The first limitation is the design of the study; it was not randomised and was single-

blinded. Initially, the study randomised subjects into different groups; however, as the 

study progressed, it was challenging to randomise the participants as some of them 

did not want to expose their back region for treatment, in which case they were 

recruited into the forearm group. Additionally, a large number of the participants did 

not want to be assigned in certain groups; for example, the groups that run protocol 2. 

Protocol 2 has a 4-hour gap within the visiting hours, which might not be easy or 

feasible for the participant. Therefore, the subjects were given the option of which 

protocol they would like to participate in and were assigned accordingly. Another 

drawback of the design was the lack of double blindness. Furthermore, few of the 

assigned participants were considered obese, although they are technically considered 

healthy since they have no diagnosed illnesses, obesity might affect cardiovascular 

function. However, our study was aiming to examine the effects of FIR on a healthy 

general population, and recently, obese subjects represent a fair number of the 

population. Therefore, their inclusion might be beneficial. Linear regression, however, 

indicates that BMI did not affect vascular improvement.  Another limitation of the 

experiment was prevalent in the timepoint aspect. Data would have been more 

substantial if the timepoint experiments had been done within the same group; 
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however, this would have been difficult to implement as it would require a substantial 

commitment of time. Also, the number of sessions given was fewer compared to the 

previous studies that included repeat FIR sessions. However, four sessions over two 

weeks were the maximum feasible number of sessions as the participants were mostly 

middle-aged, which either had work or study commitments. Some limitations in the 

mechanistic method were also unavoidable; for example, the activity of ROS and free 

radicals was not measured; however, antioxidants were measured, which covers some 

aspects of the known mechanisms. Although healthy subjects were examined, this is 

still thought to provide valuable information as even the healthy population is 

continuously exposed to pollution and smoking, which generates ROS. Thus, FIR might 

provide prevention from CVDs, which is vital for the public health perspective. Finally, 

the study did not measure protein levels following expression at the level of DNA. 

Therefore, it is not possible to confirm if the expressed genes of antioxidants and eNOS 

were translated into functional enzymes. However, measuring gene expression gave a 

comprehensive picture of anti-oxidation since a large panel of NRF2 genes were 

allowed to be examined quantitively, this will not be achievable by measuring protein 

levels, which will require a tremendous amount of time. 

5.6 Future work 

This study has shown the possibility to improve vascular function through improving 

anti-oxidation and eNOS levels by FIR treatment, with the most benefits seen after 

repeated sessions on the back. However, further investigations with a randomised 

double-blinded design are needed to further elaborate upon the remaining points. For 

example, the time these improvements lasts is unknown. Therefore, it would be useful 

to examine the length and the amplitude of these effects after the last therapy session 

until the baseline functionality is restored. Furthermore, the long-term effects of 

multiple FIR sessions (more than two weeks) on vascular function would be valuable 

information when investigating the number of sessions needed before FIR 

effectiveness reached a plateau phase, and the maximum increase in vascular function 
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is reached. It was also concluded that irradiation of the back might yields a noticeable 

effect on vascular function compared to the irradiation of the forearm. 

Nevertheless, it is unknown if these effects would be comparable with those received 

during FIRS treatment, and it would, therefore, be useful to investigate the levels of 

improvement in vascular function when using a FIRS for whole-body treatment 

compared with a localised FIR device on the back. Also, to understand the role of heat 

in more in-depth detail, it might be useful to look at the effects of FIRS against 

conventional sauna in healthy subjects. Furthermore, overcoming the limitation in this 

study and quantifying protein levels and ROS activity would provide a more detailed 

understanding of the mechanisms of FIR therapy. Additionally, examining the effect of 

FIR on subjects with established CV risk factors and CVDs in other ethnic populations, 

such as white. Finally, it would be useful to examine the effect of FIR on angiogenesis 

as part of its physiological role in wound healing and growth when promoting 

angiogenesis is crucial, and during cancer when inhibiting angiogenesis is vital to 

reduce tumour growth. FIR has shown to promote as well as to reduce angiogenesis, 

depending on the condition. Hence, further studies are needed to understand the 

mechanisms behind this dual effect. Also, translational studies on cancer patients are 

needed. When all this information is well recognized then FIR might be applicable in 

clinical settings or at home to preserve vascular function. 
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Summary 

Research has suggested the beneficial effects of Far Infra-Red (FIR) irradiation 

on the cardiovascular system, although the underlying mechanisms require further 

exploration. In clinical and preclinical trials, FIR showed its effectiveness in improving 

micro/macro-vascular blood flow and cardiac function in diseased subjects. Moreover, 

FIR improves maturation of vascular access and decreases its failure rate in patients 

with renal failure. Based on the above literature this study aims to investigate non-

thermal effects of local FIR irradiation on the cardiovascular system in normal healthy 

volunteers. Subjects will receive FIR irradiation to the entire back region or to the 

forearm for a total of 4 sessions for either a week or 2 weeks depending on the 

recruited group. For the assessment, endothelial function will be evaluated through 

microvascular and macrovascular testing to provide an indication of the local effects in 

the FIR exposed area as well as to assess any systemic effects on the cardiovascular 

system in a non-exposed area.  

This project is aiming to address the acute and the chronic effects of FIR as well 

as to define the best level of FIR exposure and finally to investigate the underlying 

mechanisms behind its beneficial effects through inflammation and oxidative stress. 

Over the 1 - 2 weeks period non-invasive tests of endothelial function and blood 

samples will be collected pre and post irradiation on the days of the first session and 

after the last session. This should allow investigating the acute and long-term effects of 

FIR and whether if cumulative sessions are needed.  

Volunteers will be assigned into 7 different groups, in which they will receive 

4 sessions for 1 week or 2 weeks, as follows: (See Figure 3.1)  

1.  “Active group-1”:  receives local FIR irradiation to the back 4 sessions for two 

weeks. 

2. “Active group-2”: receives local FIR irradiation to the back 4 sessions for two 

weeks, with different testing times 

3.  “Active group-3”:  receives FIR irradiation to the forearm 4 sessions for 2 

weeks. 

4. “Active group-4”: receives FIR irradiation to the forearm 4 sessions for 2 weeks, 

with different testing times (see below).  
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5.  “Active group-5”:  receives FIR forearm irradiation 4 sessions in consecutive 

days for one week. 

6.  “Positive group”: receives heat energy without FIR radiation in one forearm 4 

sessions for two weeks. 

7.  “Control group”: receive neither active FIR radiation nor heat (placebo) 4 

sessions for two weeks.  

Blood samples will be collected for specific biomarkers of oxidative stress and 

inflammation to establish the possible mechanisms for the effects found. For more 

mechanistic understanding PBMCS will be isolated from the blood to highlight the 

levels of antioxidants through the master gene Nrf2. 

If the results suggest a significantly beneficial effect of FIR in normal healthy 

subjects, we hope to study patients with vascular disease in the future, with the aim of 

investigating whether FIR irradiation may be a useful treatment option.
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1 INTRODUCTION 

1.1 Background 

Far infra-red (FIR) light is an invisible electromagnetic wave from the sun and one 

of three components of infra-red region, its wavelength ranges between 3–1000 µm 

defined by the International Commission on Illumination.  It has been long thought 

that infrared or thermal energy have beneficial effects on health. Recent animal and 

diseased human studies have suggested improvement in cardiovascular function upon 

FIR exposure, through mechanisms that include improvements in endothelial 

function(Kihara et al. 2002), haemodynamics(Inoue et al. 2012), angiogenesis (Huang 

et al. 2012) and oxidative stress(Masuda et al. 2004) .  

Clinical research into FIR has so far focused on arteriovenous fistula maturation 

and survival in chronic kidney disease (CKD) patients. A study conducted on CKD 

patients given FIR irradiation during HD treatment showed reduced arterio-venous 

fistula (AVF) malfunction and improved patency compared to controls(Lin et al. 2007). 

In another study, Patients with CKD being prepared for HD with AVF creation surgery 

were also given FIR, and showed faster maturation and reduced malfunction(Lin et al. 

2013). These studies point out the effectiveness of FIR therapy to improve the 

outcome of AVF function. 

 

1.2 Rational for study 

Far infra-red has been shown to have beneficial effects on the cardiovascular 

system. It could potentially form a novel non-invasive treatment for vascular disease. 

Although a number of studies have reported a possible underlying mechanisms 

through the increased production of nitric oxide (NO) synthase and Heme Oxygenase-1 

(HO-1) (Ikeda et al. 2005) (Lin et al. 2008), these studies have  included small samples 

and have not used a  placebo-controlled design. Thus, the results generated might not 
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represent a wider population, and might not reveal accurately the effectiveness of the 

treatment to subsequently conclude its underlying mechanisms. As a result, the 

precise mechanism still remains unknown. Therefore, the aim of this study is to 

address the effects of FIR light irradiation including the local and systemic as well as 

acute and chronic effects on the cardiovascular system of healthy subjects with 

emphasis to study the underlying mechanisms through oxidative stress and 

inflammation.  



                                                                                                              Appendix: Study Protocol 

XIII 
 

 

2 STUDY OBJECTIVES 
• To determine the local and systemic effects of local FIR application in terms of 

cardiovascular function (endothelial function, arterial stiffness)  

• To examine the acute and the chronic effects of far infrared irradiation on the 

cardiovascular system. 

• Outline the possible mechanism through which FIR exert its beneficial effect 

through Nrf₂ gene expression in peripheral mononuclear cells. 
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3 STUDY DESIGN 
The study will take place at Ninewells Hospital, Division of Clinical and Molecular 

medicine, Dundee. 

 

3.1 FIR, HEAT AND CONTROL GROUPS  

In total, 60 normal healthy subjects will be recruited in this study: 

FIR irradiation will be delivered to 2/3 of the total recruited healthy volunteers (n 

=40). They will be assigned into different groups as follows:  

• “Active group-1” will receive FIR for the whole back region 4 sessions of FIR 

throughout 2 weeks, 

• “Active group-2” same as “active group-1” the difference is tests (see section 3.2) 

will be done 4 hours after the first and last sessions  

• “Active group-3” in this group the anterior aspect of one forearm will be 

irradiated with FIR 4 sessions for 2 weeks 

• “Active group-4” the same as the previous group however, tests (see section 3.2) 

will be done 4 hours after the first and last sessions  

• “Active group-5” the anterior aspect of one forearm will receive 4 consecutive 

sessions of FIR for 1 week;  

In these active groups 10 participants in each will be recruited. The WSTY101N FIR 

unit (WS Far infra-red Medical Technology Co, Ltd) will be used. Participants will be 

asked to attend our lab 4 or 5 visits for 1 or 2 weeks according to which group subjects 

will be assigned in. In the first 4 days subjects will receive FIR session either 

consecutively for 1 week or day after day for 2 weeks depending on the assigned group 

as mentioned above, tests (see section 3.2) will be performed in the first day as and 

either the 4th or the 5th days. Room temperature will be set at 22 – 23 degrees 

centigrade. FIR irradiation will be delivered to volunteers for a period of 40 minutes on 

each session at a wavelength between 3 and 25 µm with a peak of 5 µm. The 
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electrified ceramic plates will be set at a distance of 20 - 30 cm above the skin surface.  

The remaining 1/3 of the subjects (n=20) will be assigned into another two 

groups each group contains 10 volunteers.  

• “Positive group” will receive heat energy of 38-39°C without FIR irradiation to the 

anterior aspect of one forearm by a heating pad and  

• “Control group” will receive neither active FIR irradiation nor heat (placebo) to 

the anterior aspect of forearm.  

Participants will be blindly (single blinded study) assigned into the groups. 

Testing, which is detailed in section 3.2, will be done immediately before and after the 

first session to assess the acute effects, and after the last session to assess the chronic 

effects.  This will be applied for all groups except active group 2 and active group-4 

subjects. Alternatively, for these two groups tests will be done immediately before the 

first session and then 4 hours after the first and last sessions. The reason we are 

testing after 4 hours from FIR exposure is, Nrf2 levels increase progressively in a time-

dependant manner reaching its peak between  4 to 6 hours after FIR exposure in cell 

culture (Lin et al. 2008) (Figure 3.1). 
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 Figure 3.1: Study flow chart.  
The flow chart represents the general scheme of the study. Participants will be assigned in 6 
different groups. All subjects will receive 4 sessions of either Far Infra-Red, heat energy or 
placebo Tests will be performed immediately before the first session and then immediately 
or 4 hours after the first session. Tests will be repeated 4 hours after the last session or on 
the next day. (PWA) Pulse Wave Analysis  

 

Repeat the tests 

60 Healthy subjects 

Tests 

Non-invasive tests:  
• Laser Doppler with Iontophoresis  
• PWA 

Blood tests:  
• Inflammatory biomarkers  
• Nrf2 target genes  

Session 1 

V 3 other sessions for one or two weeks  

Repeat the tests 
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3.2 Preparation of candidates 

On the test days, participants will be instructed to refrain from caffeine-rich food 

and drinks 5 hours before the visit also tobacco, alcohol and heavy meals at least 2 

hours before their visit and finally any medications (supplements, vitamins, oral 

contraceptives) 4 half-lives before the visit. Measurements will be taken such as 

weight, height and blood pressure. Subjects will be positioned comfortably in a supine 

position in a temperature-controlled room (22-23ºC) and underwent an 

acclimatisation period of 10 minutes before testing began. Each participant will be 

tested at the same time of day on each visit if possible. 

 

3.3 Testing times 

All the tests will be performed in three different occasions as follows: 

1. Before the first session which represent baseline measurement of the subject 

2. After the first session either immediately or 4 hours later representing the 

immediate acute effect and the maximum acute effect respectively.  

3. Finally, after the last session either 4 hours after or on the next day which gives 

information about the long-term effect (chronic effect). 

The endothelial function will be measured by different methods as illustrated 

below. These tests are not anticipated to have any risks to the participants.  

 

3.4 Endothelial function  

3.4.1 Iontophoresis of Acetylcholine and Sodium nitroprusside  

Endothelial function in the cutaneous microcirculation will be assessed by 

measuring the response to iontophoresis of vasoactive chemicals. Iontophoresis is the 

introduction of drugs which are ions of soluble salts into the skin using a direct 
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electrical current. An electrode with drug-containing chamber will be placed by a 

double adhesive tape ring on the anterior forearm around 4cm from the elbow crease 

another inactive electrode, used to complete the circuit, will be placed on the distal 

end of the anterior aspect of forearm. Two ionic drug will be introduced separately 

through the chamber. The first drug is acetylcholine (Miochol-E), which causes 

vasodilatation and is the standard test drug for endothelial function in iontophoresis. 

The second drug is sodium nitroprusside (Nitroprussiat Fides), which causes smooth 

muscle relaxation by donating NO, and therefore an endothelium-independent 

control. Small electric currents will be passed through the electrodes at level of 100 μA 

to deliver the drug trans-dermally to superficial skin microvasculature. The charge will 

be delivered for 1 minute to allow scanning by non-invasive laser Doppler and 

comparison of perfusion over the Acetylcholine (Ach) and Sodium nitroprusside (SNP) 

areas followed by 2 minutes of scanning. Each drug will be delivered for 6 times with 

total of 20 scans including 2 minutes baseline scan. This test will give an indication of 

endothelial function. Laser Doppler consists of shining a harmless, low-power laser 

beam on to the skin and measuring reflected light (MOORLDI-VR, Moor Instruments, 

Axminster, UK).  

 

3.4.2 Post-Occlusive Reactive Hyperaemia (PORH) 

Another assessment of endothelial function in the skin microcirculation will be 

achieved by measuring post-occlusive reactive hyperaemia, before and after FIR 

irradiation on day 1 and 2 after the last session. This involves inflating a blood pressure 

cuff around the upper arm to occlude the artery for 5 minutes. When the cuff is 

released, the resulting increase in blood flow in the skin of the forearm (which is 

related to endothelial function) will be measured using the non-invasive technique of 

Full field laser Doppler perfusion imaging (FLPI). Vascular function will be measured for 

a baseline period of one minute. A sphygmomanometer cuff will then be inflated 

suprasystolically around the forearm for 5 minutes. Following deflation of this cuff, 
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forearm skin blood flow will be measured, in the same way, for a further 2 minutes. 

Peak blood flow after cuff release will be recorded, and the response will also be 

expressed as the area under the response curve over 2 minutes with respect to 

baseline flow.  

 

3.4.3 Flow Mediated Dilatation (FMD)  

This test assesses endothelial function of the macro-circulation of the relatively 

superficial arteries namely Brachial artery through flow mediated changes. The 

method of this test is quite similar to PORH. This test involves using a high-resolution 

Ultrasound to measure the diameter of brachial artery in response to increased blood 

flow triggered by the deflation of inflated cuff around the forearm cuff above the 

systolic pressure for 5 minutes in the same way as PORH. The measurement will be 

taken on three occasions baseline, during occlusion and after deflation.  

This test will be conducted by Dr Hala Bagabir as well as by a master student 

Mrs Muhammad Hussain.  

 

3.4.4 Pulse Wave Velocity and Pulse Wave Analysis  

In this non-invasive test arterial stiffness will be assessed. This test gives 

information on the arterial pressures that represents the systemic arterial stiffness 

which measures aortic pulse wave velocity and augmentation index. The waveforms of 

the artery from the volunteer wrist will be recorded with a micro-manometer using the 

SphygmoCor PWV and PWA. Augmentation index and heart rate will be calculated by 

using the same software.  This test will be done on one side forearm.  

 

3.5 Blood samples 

The risks to participants arise from venepuncture: slight discomfort as the needle 

is inserted and the possibility of bruising around the site. All standard measures for 
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infection control and safe handling of sharps will be taken, collected blood samples will 

be frozen and stored securely up to 5 years within the locked department laboratories 

until utilised for analysis. After analysis, they will be safely discarded. 60 mls of blood 

will be collected in the first visit and then additional 20 mls in the last visit. Blood will 

be taken in three different occasions (Figure 3.1). 

 

3.5.1 Blood markers of the metabolic and oxidative stress 

A total of 30 mls venous blood sample will be collected from all the groups; 10 

mls will be collected before and after the first session also additional 10 ml in the last 

visit (after the last session). Samples will be separated into plasma and serum, then 

will be frozen. Each sample will be analysed for a number of biomarkers of metabolic 

and oxidative stress, which may include for example C-reactive protein (CRP), 

interleukins and antioxidants. As the tests in standard use change frequently, we 

cannot state exactly which biomarkers will be used at this stage.  

 

3.5.2 Blood sample for isolation of Peripheral Mononuclear Cells  

A total of 50 mls of venous blood will be collected. Three blood samples (9 mls 

each) will be collected before the first session. One of the samples will be irradiated 

with FIR for 40 minutes, one will receive only heat without FIR irradiation by water 

bath set at 39 degrees centigrade and one will serve as a control. Another 10 mls of 

blood will be collected after the first session (as indicated in page 5, FIGRUE 3.1) 

representing the acute effects of FIR. After the last session extra 10 mls of blood will 

be collected to define the chronic effect. Peripheral Blood Mononuclear Cells (PBMCs) 

will be isolated from these samples and will be frozen and stored securely within the 

locked department laboratories for analysis for further processing. Expression of Nrf2 

downstream genes will be performed.  
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4 STUDY POPULATION 

4.1 Number of Participants  

This study will recruit 60 participants 

 

4.2 Inclusion Criteria 

• Able to give written informed consent 

• Age between 18-60 years 

• Healthy volunteers  

• Non-smoker  

 

4.3 Exclusion criteria 

• Unable to give written informed consent 

• Positive medical history of: 

✓ Vascular diseases such as peripheral arterial disease, stroke, IHD... etc. , 

✓ Haematological conditions such as hypercoagulability, deep venous 

thrombosis... etc. , 

✓ Dermatological conditions that affects forearm or back or 

✓ Hypertension, Diabetes, hyperlipidaemia... etc. 

• Tattoos on the forearm or back 

• Smoker 

• Unable to fast tobacco and caffeine for 3 hours before the visit 
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5 PARTICIPANT SELECTION AND ENROLMENT 

5.1 Identifying Participants 

The initial approach to normal healthy subjects will take place amongst staff and 

students at University of Dundee via posters and general e-mail circulars. 

 

5.2 Consenting Participants 

All potential participants will be able to ask any questions about the study before 

the first visit is scheduled. The consent process would not be completed until the 

participant had spoken to the physician and had all their questions answered to their 

satisfaction. If they decide to participate, informed consent will be taken and eligibility 

by all the criteria confirmed. Informed consent will be carried out by the appropriately 

trained student.  

It will be explained to participants that they are under no obligation to enter the 

trial and that they can withdraw at any time during the trial, without giving a reason. A 

copy of the signed Informed Consent Form (ICF) along with a copy of the PIS will be 

given to the study participant. The original signed consent form will be retained at the 

study site (filed in the TMF).  

If new safety information results in significant changes to the study risk–benefit 

assessment, the Protocol, PIS and/or consent form will be reviewed, updated and 

amended as necessary. All participants, including those already being treated, will be 

informed of the new information, given a copy of the revised consent form and asked 

to re-consent if they choose to continue in the study. 

 

5.3 Ineligible and Non-recruited Participants 

The reason(s) for ineligibility will be explained to participants and any questions 

they have will be answered. They will be thanked for their participation in screening. 
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5.4 Withdrawal Procedures 

Participants are free to withdraw from the study at any time.  If at any time the 

participant formally withdraws his/her consent for future participation and disclosure 

of future information, no further evaluations will be performed, and no additional data 

should be collected. Data collected before withdrawal will be retained and used in the 

study analysis, unless the participant requests otherwise. If participants withdraw 

during the visit, they will have the option to request that data already collected is not 

to be used in the study. 

5.5 Compensation  

All volunteers will be compensated as a gratitude for their time spent in the study 

as it requires 4-5 visits for 1 or 2 weeks and some of those last between 2 to 4 hours. 

The appreciation model(Grady 2005) will be applied; 20, 10 and 5 GBP will be given for 

the first, last and the remaining visits respectively  at the time of study completion.
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6 DATA COLLECTION AND DATA MANAGEMENT 

6.1 Data Collection 

The data will be collected by the student on a paper Case Record Form (CRF) 

with subsequent transcription into an Excel database. Electronic storage will be in an 

encrypted form on a password-protected device. 

Study assessments will be conducted by a trained Postgraduate student (Hala 

Bagabir) under the supervision of Dr Khan. 

 

6.2 Data Management System 

Microsoft Excel will be used for data management and data management will be 

conducted as per TASC SOP48. However, Excel will not be used for the statistical 

analysis for the final study data and will be performed as per protocol. The computer 

running EXCEL will be password protected and kept in a locked room. To prevent 

unauthorized access, computers will be accessible only to named individuals in the 

delegation log. Each individual will be given a password to log onto the computer. 

EXCEL will be used for the results, which are transcribed from paper CRFs. A spread 

sheet will be opened in EXCEL and will record only outcomes that are specified in the 

protocol. This spreadsheet will be saved on the University of Dundee secure server, 

backed up daily. A Disaster Recovery Plan is in place. No scripts or macros will be 

added to the EXCEL spreadsheet and no calculations performed. The PI/Statistician 

responsible for data analysis will check the spreadsheet template for accuracy and 

format before any entry begins. Modification of the spreadsheet may occur until it is 

fit for purpose. The trial spreadsheet will be password protected and a copy of this 

password kept with the division secretary. Data entry will be a delegated 

responsibility. In order to be GCP compliant, data is entered the same day as visit or as 

soon as possible afterwards. The data entry person will initial and date each page of 
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the paper CRF and/or procedure after it is entered into EXCEL. The spreadsheet will be 

saved each time with date of entry thus an audit trail will be created on both the CRF 

and the EXCEL file. Subjects will be identified only by subject number(s) and age at 

consent. No patient identifiable information will be stored on the results spread sheet.  

Subjects will be cross-checked with the Subject Log and/or Screening Log. As the paper 

CRF is completed, it will be checked for empty fields and fields outside of normal 

ranges. Data checking will include looking for fields outside of the subjects’ normal 

ranges, which may lie within the normal expected general range. These will be 

highlighted by the Insert Comment facility available on EXCEL which also includes the 

name of the person highlighting the comment. All queries will be clarified with the PI 

or CI and any actions recorded. Any changes to the data in the CRF will be made a 

single line drawn through, initialled and dated. The original data will be clearly visible. 

The data on the EXCEL file will be always verifiable against the paper CRFs.  

 

6.3 Verifying data 

Data entry and checking will be undertaken by a single entry with a second look. 

The data entry and checking process will be decided according to risk. Data that is 

recorded in the CRF that is not source document in itself will be consistent with the 

source documents or the discrepancies explained. Checks will be made on all missing 

values and values out with normal or expected ranges and that values entered are of 

the correct type: i.e. numerical instead of text. Logical checks will be performed to 

ensure consistent reporting between relevant fields and that there are no differences 

between fields. Data checking will continue until all missing data and/or inconsistent 

values have been corrected or clarified. When data checking is complete, with no 

outstanding data queries, the database will be locked, using the Protect Worksheet 

function of EXCEL, as FINAL RESULTS. The EXCEL spreadsheet will remain archived on 

the Dundee University secure server for 5 years for the retention of essential 

documents, thereafter it will be deleted. 
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7 STUDY MANAGEMNET AND OVERSIGHT 
ARRANGMENTS 

7.1 Study Management 

Dr Khan will be responsible for the study data and for resolving any queries. 

However, the completion of CRFs will be delegated to the student. 

Study procedures are carried out in a dedicated research area with suitably 

qualified medical and nursing staff in support of the student. Any incidents will be 

dealt with as necessary at the time, recorded and follow-up care arranged as required. 

 

7.2 Inspection of Records 

Dr Khan will permit study related monitoring, audits, and REC review. Dr Khan 

agrees to allow the Sponsor or, representatives of the Sponsor, direct access to all 

study records and source documentation. 
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8 GOOD CLINICAL PRACTICE 

8.1  Ethical Conduct of the Study 

The study will be conducted in accordance with the principles of good clinical 

practice (GCP). Both Dr Faisel Khan and Hala Bagabir have completed GCP training. 

 

8.2  Confidentiality 

All evaluation forms, reports, and other records will be identified in a manner 

designed to maintain participant confidentiality. All records will be kept in a secure 

storage area with limited access to study staff only. Clinical information will not be 

released without the written permission of the participant, except as necessary for 

monitoring and auditing by the Sponsor or its designee. The CI and student involved 

with this study will not disclose or use for any purpose other than performance of the 

study, any data, record, or other unpublished, confidential information disclosed to 

those individuals for the purpose of the study. Prior written agreement from the 

Sponsor or its designee will be obtained for the disclosure of any said confidential 

information to other parties. 

 

8.3  Data Protection 

The CI and student involved with this study will comply with the requirements of 

the Data Protection Act 1998 with regard to the collection, storage, processing and 

disclosure of personal information and will uphold the Act’s core principles. Access to 

collated participant data will be restricted to the PI and student. 

Computers used to collate the data will have limited access measures via user 

names and passwords. 

Published results will not contain any personal data that could allow identification 

of individual participants. 
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9 STUDY CONDUCT RESPONSIBILITIES 

9.1  Study Record Retention 

Archiving of study documents will be in secure storage for 5 years after end of 

study. 

 

9.2  End of Study 

The end of study is defined as last patient last visit (LPLV). The Sponsor and CI 

have the right at any time to terminate the study for clinical or administrative reasons.  

The end of the study will be reported to the Sponsor and REC within 90 days, or 

15 days if the study is terminated prematurely. The CI will ensure that any appropriate 

follow up is arranged for all participants. 

A summary report of the study will be provided to the Sponsor and REC within 

1 year of the end of the study. 
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10 REPORTING, PUBLICATIONS AND NOTIFICATION OF 
RESULTS 

10.1  Authorship Policy 

The co-applicants will form the core authorship group. Ownership of the data 

arising from this study resides with the study team and their respective employer. On 

completion of the study, the study data will be analysed and tabulated, and a clinical 

study report will be prepared.  

 

10.2  Publications 

The clinical study report will be used for publication in peer-reviewed scientific 

journal and presentation (as conference abstracts) at scientific meetings. Investigators 

have the right to publish orally or in writing the results of the study. 

 

10.3  Peer Review 

Peer review of the protocol will occur via the Sponsorship Committee and of the 

resulting publication by the referees of the journal to which the paper (and its 

protocol) will be submitted. 
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Researchers at University of Dundee are 

looking for healthy Male and Female 

volunteers (age between 18-60 years) to 

participate in a research study on the 

beneficial effects of far infrared on the 

heart and blood vessels. 

You will be compensated. 

 

Research Volunteers 

Needed! 
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Participant Information Sheet 

Effects of local Far Infra-Red irradiation on vascular system and its 

mechanistic pathway 

 
Invitation to participate in a research study 

I would like to invite you to take part in a research study which has 

been approved by University of Dundee Research Ethics committee 

(UREC). Before you decide you need to understand why the research is 

being done and what it would involve for you. Please take your time to 

read the following information carefully and feel free to ask questions if 

anything you read is not clear or you would like to have more 

information. We will be happy to provide you with further information 

you ask. Take time to decide whether or not to take part. 

Background of the study 

Far Infrared radiation is a natural invisible light from the sun. It has 

been shown that far infrared light has beneficial effects on the human 

body especially cardiovascular system. It improves blood flow and blood 

vessels function; hence lowers the risk of future cardiovascular 

diseases. Furthermore, it improves symptoms and quality of life in 

patients with cardiovascular diseases and reduces vascular access 

failure needed for dialysis in patients with renal failure. However, the 

exact mechanisms behind which far infrared works is not fully 

understood. Thus, it is important to understand more in depth how 

does far infrared exert its effects also to know the level of improvement 

of vascular function, as it would serve as a new approach for preventing 

and treating cardiovascular diseases in future. 
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What is the purpose of the study? 

This study is a part of doctoral project which aims to find out more 

about the effects of Far Infrared irradiation on the cardiovascular 

system and how this works.  

Why have I been invited? 

This study requires 60 healthy volunteers (males and females) ageing 

from 18-60 years, in order to take part in the study at Ninewells 

Hospital. Participation of healthy volunteers provides us with a better 

understanding of how Far infrared works and exert its effects. If its 

effects are promising, Far infrared light could be a non-invasive 

preventative and treatment tool for patients at risk or diagnosed to have 

cardiovascular conditions which causes them a great deal of strain due 

to pain and disabilities.  

Do I have to take part? 

It is up to you to decide and it is totally voluntary, you can discuss with 

anyone you like (relatives, friends, GP...etc.) regarding your participation in 

the study before making a decision. 

We will describe the study and you will go through this information 

sheet. If you decided to participate, we will then ask you to sign a 

consent form to show that you agree to take part. You are free to 

withdraw at any point of time during the study, without giving a reason. 

What will happen if I don’t carry on with the study? 

If you withdraw from the study, we will still like to use the data 

collected up to your withdrawal unless you request otherwise. 

Will my taking part in the study be kept confidential? 

All the collected information about you during the course of the 

research will be kept strictly confidential. The data collected will not 

contain your name or any personal information. You will be informed 
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about the results of the study upon your request. Ultimately the 

findings will be published in a professional journal and your personal 

information will be kept secured. 

What is involved in the study? 

If you are suitable to participate and you have decided to take place, we 

will ask you to attend our lab, Division of Molecular and Clinical 

Medicine, Ninewells Hospital, Dundee. Four - Five visits for 2 weeks or 

five visits for 1 week depending on which group you will be assigned in. 

The first visit will last for around 4 hours, the last visit take about 2 

hours and the remaining visits will last for 40 minutes, upon your 

convenient times. On the day of each visit you will be required to refrain 

from coffee consumption or any caffeine-containing beverage, tobacco 

and food 2-3 hours before attending, so make sure you have your meal 

before that.  

In these visits 2/3 of the volunteers will be exposed to Far Infrared light 

through an artificial device over the left forearm or the back which is a 

40-minute session while you are resting on a bed. The remaining 

participants will either receive only heat sessions without FIR over the 

forearm or receive neither FIR nor heat, the results from the groups will 

be compared. For accuracy, you will be unaware which group you will 

be assigned in.  

Non-invasive testing of blood vessels function will be obtained prior and 

either immediately after the first session or 4 hours later. Also, after the 

last visit, either four hours after or on the next day. There are four non-

invasive tests (described below) in which some or all of them will be 

performed depending upon your time convenience, and will include the 

following:   
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1. Inflating a cuff (like the one used to measures the blood pressure) 

placed around your forearm for 5 minutes then the cuff pressure 

is suddenly released, in this test your big vessels in your upper 

arm will be assessed by an ultrasound probe; images will be 

taken before and during inflation of the cuff as well as after 

deflation.  

2. Scanning of the forearm with a low-grade laser which measures 

blood flow of the small vessels under your skin; this test also 

requires inflation of a cuff over your arm for 5 minutes which is 

then released while the laser is scanning.  

3. Application of a very small amount of two ionic solutions, 

acetylcholine and sodium nitroprusside, through the skin of your 

forearm and then into the microscopic blood vessels. These 

solutions will move into the skin from small chambers charged 

with a small electric current and only cause its effect locally in 

that particular small area of the skin, this area of skin will be 

scanned with a low-grade laser light to give measurement of blood 

flow during drug delivery.  

4. A small probe will be placed at your wrist and the base of your 

neck to examine the structure of your blood vessel wall.  

 
We will take blood samples which will be securely stored and frozen to 

be analysed. Analysis of blood samples allows measurement of different 

markers of inflammation and cardiovascular function. This will provide 

us information that is not possible with only non-invasive tests. 

Blood samples will be collected in the first and the last visits. 60 mls of 

blood will be collected in the first visit (about 3.5 tablespoons) and 20 

mls after the last visit (about 1 tablespoon). Blood will be frozen and 

stored securely within the locked department laboratories until utilised 

for analysis. Samples will be safely discarded after the analysis. 

What are the risks and side effects? 

• Far infra-red irradiation has no known side effects.  

• Inflation of the blood pressure cuff around the arm and forearm 

may be uncomfortable, feeling more like tightness which subsides 

when the cuff is deflated.  
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• Tingling sensation during the delivery of the ionic solutions in the 

third test. As they cause small blood vessels to expand in an area 

of 2*2cm; this causes redness over that area which fades after a 

short time. In some cases, harmless black dots appear over the 

tested area which fade away after a short period.  

• Taking a blood sample from the veins of the forearm causes a 

brief discomfort from the needle prick, also there is a possibility of 

bruising around that site.  

 

What are the possible benefits of taking part? 

We cannot promise the study will help you but the information we get 

from the study will help to increase the understanding of how far 

infrared light works and to help improve the treatment of people with 

cardiovascular conditions. 

What if there is a problem? 

If you have a concern about any aspect of this study, you should ask to speak 
to the researchers who will do their best to answer your questions. Dr Hala 
Bagabir will be happy to discuss any request for further information. You can 
contact her at  
h.a.a.bagabir@dundee.ac.uk 

If you still unhappy and you wish to complain formally you can do this 
by speaking to a senior member of the study team or the Complaints 
Officer for NHS Tayside  

Complaints and Claims Manager 

Complaints and Advice Team 
Level 7, Ninewells Hospital 

Dundee DD1 9SY 
Free phone: 0800 027 5507 
Email: nhstaysidecomplaints@thb.scot.nhs.uk 

 
Further information and contact details: 

Dr Faisel Khan 

f.khan@dundee.ac.uk 
Dr Hala Bagabir 
h.a.a.bagabir@dundee.ac.uk 

Thank you for taking the time to read this information sheet. We 
would be pleased to answer any further questions. 

mailto:h.a.a.bagabir@dundee.ac.uk
mailto:nhstaysidecomplaints@thb.scot.nhs.uk
mailto:f.khan@dundee.ac.uk
mailto:h.a.a.bagabir@dundee.ac.uk
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CONSENT FORM 

Effects of Local Far Infrared irradiation on vascular system and its 
mechanistic pathway 

Diseases that involve the heart and blood vessels (Cardiovascular Disease) 
are considered to be the main cause of death worldwide. Diseased vessels 
caused by the traditional risk factors such as high blood pressure, diabetes 
and smoking are future keys into cardiovascular diseases. Medications are 
effective in lowering these risk factors as well as treating cardiovascular 
diseases; however, they are associated with side effects which are 
unavoidable. Therefore new, side-effect-free treatments are required to 
lower the harmful effects of these risk factors and improve quality of life in 
patients with cardiovascular diseases as well as improve cardiovascular 
function in healthy people. Far infrared is an invisible light radiation which is 
delivered by an artificial radiator into the superficial layers of the skin without 
causing any side effects. It has a non-invasive and safe nature. The aim of 
this research is to study the effects of FIR light irradiation on the 
cardiovascular system and to understand the mechanisms behind its effects. 
60 healthy volunteers will be involved in this study. The results from the 
group participating in this study will be compared with other volunteers who 
do not receive Far Infrared irradiation. Tests in this research will be 
conducted by Dr Hala Bagabir and some tests will be assessed by a master 
student Mr Muhammad Hussain 

By signing below, you are indicating that you have read and 
understood the Participant Information Sheet and you agree to 
participate in this research study.  

 

_________________________________   _________________ 

Participant’s signature     Date 

 

_________________________________ 

Participant’s name  

 

 

_________________________________  _________________ 

Signature of person obtaining consent              Date 

 

 

_______________________________    

Name of person obtaining consent   
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Volunteer Information 

Time:  
Initials & Volunteer number: 
 

 
 
 
Group: 
Arm/Back: 

Information 
Nationality/ ethnicity: 
Gender: 
Age: 
Height: 
Exercise:  
Allergy: 

Medical History: 
Surgical history: 
Family history: 
Smoking: 
Alcohol: 
Medication

____________________________________________________________________________ 

 Weight BMI Blood pressure Average 
BP 

Heart rate 

Before the first 
session 

       

After the first 
session 

       

After the last 
session 

       

 

□ Session 1 date:     /    / 
Last meal:                   
Last coffee:                   
Last exercise:                   
Last smoke:                   
Last alcohol: 
 

Temperature: 
Temperature of skin in LDI + Ionto 

Ionto Before After 

ACH1   

SNP1   

ACH2   

SNP2   
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Temperature of the skin in treatment: 

Intervention Before peak 2-min after 

    

 

□ Session 2 date:     /    / 

Temperature of the skin in treatment: 

Intervention Before peak After 

    

 

□ Session 3 date:    /    / 

Temperature of the skin in treatment: 

Intervention Before peak After 

    

 

□ Session 4 date:    /    / 

Temperature of the skin in treatment: 

Intervention Before peak After 

    

 

Measurements:    /    / 

Last meal:                   
Last coffee:                   
Last exercise:                   
Last smoke:                   
Last alcohol: 
 
Temperature: 

Ionto Before After 

ACH3   

SNP3   
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