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Abstract 

Cardiovascular diseases remain the leading cause of death in both women and men worldwide. The 

pathophysiology involves abnormal endothelium-dependent dilatation leading to atherosclerotic 

changes in the arterial wall via combined activation of pro-inflammatory and pro-oxidative processes. 

Eventually this leads to thickening of the intima and plaque formation, which with time can cause a 

heart attack or stroke. New efficient methods have to be invented to meet todays need and improve 

diagnostic and treatment of these diseases.  

It has been shown that laser can stimulate wound healing, tissue repair, pain relief as wells as reduce 

inflammation of injuries and diseases. Furthermore, it is believed that low intensity laser can 

stimulate vasodilation, possibly by an increased production of nitric oxide (NO). In this project the 

idea was to analyze how arteries and their function, primarily the vasodilation, are affected by laser 

exposure. An additional aim was to initiate the optimization of laser settings, mainly irradiation time 

and intensity, to obtain maximal dilation of arteries.  

Pressure myography is a method where blood vessels can be studied in vitro reflecting in vivo 

situation by controlling the environment and keeping parameters, such as temperature and 

intraluminal pressure, physiological during the experiments. Resistance-sized arteries (200 m) 

were dissected from subcutaneous fat biopsies and mounted on glass cannulas in a pressure 

myograph chamber filled with physiological saline solution. The mounted arteries were initially pre-

constricted with norepinephrine and exposed to a 785 nm focused laser beam (1.5 mm in diameter) 

with intensities 175-250 mW for 2, 4 and 10 minutes to find the best combination of intensity and 

exposure time to promote vasodilation.  

The preliminary result showed an increase in diameter of arteries exposed to 175-250 mW for 2 or 4 

minutes, where the largest increase occurred with 225 mW for 2 minutes. This result might indicate 

that with well chosen laser settings it is possible to stimulate dilation of arteries, however further 

research is warranted to finalize the potential of laser application in treatment of cardiovascular 

diseases in the future.     
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Sammanfattning 

Hjärt- och kärlsjukdomar är den ledande dödsorsaken hos både kvinnor och män i hela världen. 

Sjukdomsförloppet beror på onormal endotelberoende kärlutvidgning, vilket leder till 

aterosklerostiska förändringar i artärväggen genom aktivering av inflammationssprocessen samt den 

oxidativa processen. Till slut kan det leda till förtjockning av intiman och plackbildning, vilket med 

tiden kan orsaka en hjärtattack eller stroke. Nya effektiva metoder måste utvecklas för att möta 

dagens behov och förbättra diagnostik och behandling av dessa sjukdomar. 

Lågintensiv laserstrålning har visat sig stimulera läkning av sår, lagning av vävnader, lindra smärta och 

reducera inflammation av skador och sjukdomar. Dessutom tros det att lågintensiv laser kan 

stimulera kärlvidgning, möjligtvis genom en ökad produktion av kväveoxid (NO). Idén med detta 

projekt var att analysera hur artärer och deras funktion, främst kärlvidgningen, påverkas av 

laserexponering. Ytterligare ett mål var att påbörja optimeringen av laserinställningar, framförallt 

exponeringstiden och intensiteten, så att maximal vidgning av artärer kan uppnås. 

Tryckmyografi är en metod där blodkärl kan studeras in vitro liknande in vivo förhållanden genom att 

kontrollera omgivningen och hålla parametrar, som till exempel temperatur och inre artärtryck, 

fysiologiskt korrekta under försöken. Artärer (200 m) dissekerades från underhudsfettsbiopsier 

och monterades på glaskanyler i en tryckmyografkammare fylld med fysiologisk saltlösning. De 

monterade artärerna drogs samman med norepinefrin och exponerades därefter med en 785 nm 

fokuserad laserstråle (1.5 mm i diameter) med intensitet 175-250 mW i 2, 4 och 10 minuter, för att 

hitta den kombinationen av intensitet och exponeringstid som stimulerar till mest kärlvidgning. 

De inledande resultaten visade en ökning i diameter hos artärer som exponerats med 200-225 mW i 

2 eller 4 minuter, där den största ökningen skedde med 225 mW i 2 minuter. Detta resultat kan tyda 

på att med väl valda laserinställningar är det möjligt att stimulera kärlvidgning. Ytterligare forskning 

är nödvändig för att säkerställa potentialen att använda laser i behandling av hjärt- och 

kärlsjukdomar i framtiden.  
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Nomenclature 
 

ACh  Acetylcholine 

BK Bradykinin 

EGTA  Ethylene glycol tetraacetic acid 

FFR Fraction flow reserve 

KPSS High potassium physiological saline solution 

LDL Low density lipoprotein 

L-NAME NG-nitro-L-arginine methyl ester 

NE  Norepinephrine 

NO Nitric oxide 

NOS Nitric oxide synthase 

PSS  Physiological saline solution 

SNP Sodium nitroprusside 

VEGF Vascular endothelium growth factor 

VSMC Vascular smooth muscle cell 
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1.  Background 

More and more people are diagnosed with cardiovascular diseases and today it is the most common 

cause for death. It starts with an impairment of the endothelial function leading to atherosclerotic 

changes in the arterial wall and plaque formation. With time the changes in the artery exacerbates 

and may cause the plaque rupture. Plaque parts will then be able to follow the blood stream and get 

stuck in narrow passages, which can lead to a myocardial infarction or a stroke (Agewall et al. 2009). 

To prevent these events from happening it is of great importance to understand how the 

cardiovascular system works, so that new efficient methods for diagnosis and treatment can be 

produced.  

 

1.1 Circulation and anatomy of blood vessels  

Blood vessels together with the heart form the cardiovascular system, which main task is to transport 

blood through the body, deliver oxygen and nutrients to target cells and remove carbon dioxide and 

waste products. There are five different types of blood vessels; arteries, arterioles, capillaries, 

venules and veins. 

The blood vessels are composed of four different tissue types; fibrous tissue, smooth muscle, elastic 

tissue and endothelium. Each type of blood vessel has a different composition of the tissues giving it 

unique characteristics. All blood vessels have an inner layer of endothelium (Figure 1.1.), which play 

an important role in regulation of vessel tone, coagulation, inflammation, blood vessel growth and 

adsorption of materials (Silverthorn 2006). 

 

 

 Figure 1.1. To the left in the figure an artery showing the different tissues; the endothelium, which is the 

most inner layer of the artery, surrounded by the elastic tissue and vascular smooth muscle. To the right in 

the figure, a close-up picture of the endothelium. 

 

In this section the structure of the different types of blood vessels is introduced following the blood 

flow starting at the heart. First the blood enters the arteries (Figure 1.2.), which consist of an inner 

layer of endothelium surrounded by a layer of elastic tissue. The endothelium together with the 
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elastic connective tissue is called the intima. Around the intima is a layer of smooth muscle, which 

together with the elastic tissue is called the media, and controls the dilation and constriction of the 

artery. The most outer layer is made of fibrous tissue and gives the artery stability to withstand the 

pressure changes when the heart contracts.  

 

 

Figure 1.2. An artery in cross section showing the intima and media. The intima consists of the most inner 
layer, the endothelium, and the thin layer of elastic tissue surrounding it. On the outside of the intima is the 
media, which consists of elastic tissue and a thicker layer of smooth muscle. (Source: Ross 1999) 

 

As blood flows further from the heart the blood enters the arterioles, which are smaller blood vessels 

(less than 150 µm in diameter) composed of endothelium and smooth muscle. The arterioles 

distribute the blood flow to various tissues by dilation and constriction. The blood will then flow into 

the capillaries, which are the smallest blood vessels (less than 8 µm in diameter) only consisting of 

one layer of endothelial cells. When the blood leaves the capillaries it enters venules, which have a 

larger diameter than the capillaries and are composed of endothelium and fibrous tissue. As the 

diameter increases further, smooth muscle and elastic tissue will start to appear in the wall of the 

blood vessels forming veins, which will transfer the blood back to the heart. 

 

1.2 Blood vessel function 

Arteries and arterioles are blood vessels carrying oxygen rich blood from the heart, which has been 

oxygenized in the lungs, to the rest of the body, while venules and veins carry the deoxygenized 

blood back to the heart. The blood flow through the blood vessels is controlled by vasodilation and 

vasoconstriction of the vessel walls (Silverthorn 2006). In the heart, there is a special type of arteries, 

coronary arteries, whose main task is to deliver oxygen rich blood to the myocardium.  

The exchange of materials between the blood and the target tissue occurs in the capillaries, since the 

walls of the capillaries are very thin. Small solutes and gases such as oxygen and nitric oxide (NO) can 

freely diffuse through the endothelium, while larger solutes and protein is transferred across the 

endothelium by vesicular transport (Silverthorn 2006).  
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Vasodilation and vasoconstriction 

In 1998, Robert Furchgott, Louis Ignarro and Ferid Murad got the Nobel Prize for discovering NO as a 

signal molecule in the cardiovascular system (Raju 2000). NO is a free radical gas that can cause 

vasodilation in the circulatory system as well as acting as a neurotransmitter and help process nerve 

signals after a synapse. The vasodilation and vasoconstriction is controlled by pressure changes, 

which will increase or decrease the blood flow through the vessels. It is very important that the 

vasodilation and vasoconstriction function properly, so that the tissues and organs in the body can 

get enough oxygen and nutrients to function correctly. Local vasodilation is regulated by paracrines 

(signaling molecules that use cell-cell communication) such as O2, CO2 and NO, which are being 

released from the endothelium in vessels walls. Concentration changes of paracrines can for example 

occurs when the aerobic metabolism increases, which results in a reduced level of O2 in the tissues as 

well as an increasing production of CO2 leading to vasodilation (Silverthorn 2006).  

In the endothelial cells, the enzyme nitric oxide synthase (NOS) can convert the amino acid L-arginine 

to NO.  The released NO can diffuse into the smooth muscle cells of blood vessels and bind to 

guanylate cyclase initiating a chain reaction, which leads to vasodilation of the blood vessels 

(Hamblin 2008). Low concentrations of NO can irreversibly bind to cytochrome c oxidase, which is 

the terminal enzyme in the mitochondrial electron transport chain where it catalyzes the oxidation of 

cytochrome c and reduction of O2 to water (Moncada and Erusalimsky 2002). The binding of NO to 

cytochrome c oxidase competes with O2 that otherwise would bind to cytochrome c oxidase and it 

will therefore inhibit the oxidation of cytochrome c. It is believed that the inhibition of cytochrome c 

oxidase helps direct oxygen to the cells and tissue where it is better needed. The blocking of 

respiration made by NO does however not only help direct oxygen into vascular smooth muscles, but 

can also generate reactive oxygen species like superoxide. The NO produced superoxide can then 

work as a second messenger to activate mitochondria modulated signal transduction cascades and 

gene transcription (Hamblin 2008). 

Release of NO from endothelial cells can be reduced by factors such as aging, smoking, hypertension, 

diabetes, and high level of cholesterol in the blood. In 2006, Al-Shaer et al. tested if NO release was 

significantly reduced in people with more than one risk factor. Both healthy elderly subjects and 

elderly subjects with atherosclerosis participated in the study as well as a control group of young 

healthy subjects. In the study two different vasodilators, acetylcholine (ACh) and sodium 

nitroprusside (SNP), were injected into the subjects.  ACh is an endothelium dependent vasodilator 

whereas SNP is an endothelial independent vasodilator. A significant decrease of NO release could be 

seen in both groups of elderly subjects compared to the young subjects. However, there was no 

significant difference between healthy elderly subjects and elderly subjects with atherosclerotic 

vascular disease. This indicates that only one risk factor, ageing, is necessary for a reduction of NO 

(Al-Shear et al. 2006).   

At this stage it is important to stress that even if the underlying cardiovascular disease mechanisms 

might be different, the cardiovascular disease risk factors or cardiovascular disease conditions share 

a number of common mechanisms that trigger disease progression. Those include changes in lipid 

profile, inflammatory pathways, and reduced bioavailability of NO mostly due to its inactivation by 

reactive oxygen species, but also concomitant presence of increased production of endothelium-

derived vasoconstrictors such as endothelin-1, angiotensin II and shift of endothelial function 
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towards pro-coagulatory state (Barton 2010 and Durand and Gutterman 2013). Therefore the future 

challenge is to target endothelial health via beneficial effects on different cellular levels by use of 

novel techniques or treatment options.  

Injuries to the endothelium can cause dysfunction of the endothelium function, which can lead to 

inability of the blood vessels to dilate in response to physiological stimuli, such as an increase in 

blood flow. In 2006, Yamashita et al. showed that the release of NO in arteries of mice and rats 

increased after a He-Ne laser induced injury. Furthermore, arteries were infused with a free-radical 

scavenger, edaravone, to analyze how the scavenger could protect against oxidative stress on 

damaged endothelium. The study showed that by infusing the arteries with edaravone the release of 

NO increased even further. This indicates that edaravone can prevent NO from oxidizing to 

peroxynitrite immediately after its release, which will result in a higher level of NO.  The NO release 

was followed by thrombogenesis, where the increase of NO release due to the infusion of edaravone 

decreased the thrombi formation (Yamashita et al. 2006). 

 

1.3 Plaque formation and vascular diseases 

Atherosclerosis is caused by changes in the arterial wall and is one of the most common causes for 

myocardial infarction. When a blood vessel, which has been exposed to mechanical damage and 

more or less toxic substances (for example matrix degrading enzymes such as collagenase and 

stromelysin) during a long time, no longer can withstand the damages an inflammatory process is 

activated (Agewall et al. 2009).  

The early changes in the arterial wall mostly occur because of storage of lipids in the connective 

tissue, which causes leucocytes, mainly monocytes and T-cells, to bind to adhesions molecules in the 

endothelium (Figure 1.3.).  

 

Figure 1.3. Changes in the 
artery wall activate the 
inflammation process, 
recruiting monocytes and 
T-cells to the wounded 
area. The monocytes 
moves into the intima and 
changes into macrophages, 
which releases 
chemoattractants and 
cytokines. These signaling 
substances cause more 
monocytes and T-cells to 
be activated. Smooth 
muscles cells start to move 
into the intima, which 
causes a thickening of the 
intima and plaque 
formation. (Source: Libby 
and Ridker 2006)  
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The monocytes changes into macrophages and together with the lipids form foam cells. Smooth 

muscle cells start to move into the intima, where they divide and start to produce collagen and other 

connective tissue components. This causes a thickening of the intima and a fibromuscular plaque is 

formed (Agewall et al. 2009). The most probable cause for the inflammation in the wall of the blood 

vessel is due to oxidation of low density lipoprotein (LDL)-particles, which triggers an uncontrolled 

chain reaction of chemical processes leading to formation of peroxides, aldehydes, oxysterols, and 

reactive phospholipids. In modest amounts these substances are proinflammatory, but in higher 

amounts they become toxic (Agewall et al. 2009). 

Plaque can have many structures, where some types of plaque are more likely to cause a myocardial 

infarction than others. Typically, blood clots form on thin fibrous plaque that has ruptured leading to 

exposure of the collagen and activation of platelet formation (Figure 1.4.). Stable plaques, which 

have thick fibrous caps separating the lipid core from the blood stream, are not as likely to cause a 

myocardial infarction (Silverthorn 2006). Myocardial infarction occurs if a blood clot blocks the blood 

flow in the coronary arteries, which prevents the myocardial cells from getting enough oxygen to 

contract normally and can lead to irregular heartbeat and in worst case cardiac arrest and death. 

 

 

 

 

 

  

Figure 1.4. Rupture of plaque can cause problems in thrombi formation by activating blood 
and coagulation factors. Tissue factors, which are expressed by microphages and smooth 
muscle cells, will then be triggered causing plasminogen activator inhibitor-1 (PAI-1) to be 
released. PAI-1 inhibits fibrinolytic enzymes and thereby causes problems in degradation of 
blood clots. (Source: Libby and Ridker 2006) 

Figurtexten bör inte ligga utanför marginalen 
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Patients with diabetes have an increased risk of developing cardiovascular diseases, since the LDL-

levels in the blood are higher than in a person without diabetes (Silverthorn 2006). In addition to this, 

the endothelial cells in patients with diabetes or atherosclerotic plaque cannot absorb sufficient 

amounts of NO to convert L-arginine to new NO. This will lead to a decrease in blood flow (Hamblin 

2008) and hypertension (Silverthorn 2006), which eventually could lead to myocardial infarction or a 

stroke.  

Today there are three types of treatments for cardiovascular diseases. Most people diagnosed with 

either a mild or severe cardiovascular disease is advised to do some lifestyle changes such as quit 

smoking, start exercising and eat low-fat low-sodium food. If the heart disease is severe it might not 

be enough for the patient to change his or her lifestyle. In these cases medications such as 

angiotensin-converting enzyme inhibitors or beta blockers to lower blood pressure, daily aspirin 

therapy for blood thinning or statins for lowering the cholesterol level might be necessary. In the 

most severe cases, where blood flow in the coronary arteries is drastically restricted, the patients will 

have to go through medical procedures to mechanically remove the blockage. A common procedure 

is coronary angioplasty, where a catheter with a small balloon is place in the artery where the 

blockage is located. The balloon is then inflated to remove the blockage and open up the artery.  

Fractional flow reserve (FFR) 

One way of detecting if there is a blockage in coronary arteries is to measure the fractional flow 

reserve (FFR). This is done by placing a pressure wire across the blockage, which is causing the 

restriction of blood flow (Figure 1.5.). The wire has a pressure sensor in the tip that can measure the 

pressure before and after the blockage. FFR is defined as the ratio between the maximal blood flow 

in an artery with blockage to maximal blood flow in the same artery but without the blockage (Pijls 

and Sels 2012). 

 

 

 

Figure 1.5. The equation for FFR can be seen to the left of the figure and is calculated by dividing the 
pressure before the blockage with the pressure after the blockage. To the right, a pressure wire is inserted in 
an artery across the blockage to measure the pressures before and after the blockage. (Source: St. Jude 
Medical Inc. 2012) 
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An artery with a FFR value of 1.0 indicates that the artery has a normal blood flow and therefore is a 

healthy artery. On the other hand, a FFR value below 0.75 is an indication that there is a blockage in 

the artery, which causes the blood flow to slow down and can cause ischemia (Figure 1.6.).  

 

 

By measuring FFR, physicians can easier determine how severe a blockage is and if stents need to be 

inserted in the coronary artery. In some cases, there are multiple blockages and FFR can then help 

the physician to determine which of the blockages that is causing the ischemia. 

With more and more people being diagnosed with cardiovascular diseases it is desirable to further 

refine existing methods for diagnosis and treatment as well as come up with new and more efficient 

methods for treatment, which can be used instead of or in combination with current methods to 

meet the needs. Laser treatment is one such method.   

  

Figure 1.6. By measuring the FFR of an artery it is 
possible to decide how large risk there is of 
blockage in the artery, which can reduce the 
blood flow. An artery with FFR = 1.0 is an 
indication of a normal artery, whereas FFR < 0.75 
is a significant indication of blockage in the 
artery that can cause the ischemia of the patient. 
(Source: St. Jude Medical Inc. 2012) 
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2. Purpose 
The long-term goal of this project is to be able to use laser stimulation in medical procedures for 

treatment of cardiovascular diseases. There are several situations where laser treatment can be 

useful:  

 To indirectly measure the pressure changes in arteries due to plaque formation and 
reduction of NO release. In this way it could be possible to characterize different plaques, 
which are more or less likely to cause a myocardial infarction 

 To use this method as a biomarker on the status of blood vessels to analyze how healthy the 
blood vessels are 

 To stimulate dilation of the blood vessel, which has been blocked (obstructed) by plaque, and 
thereby remove the blockage to either prevent a myocardial infarction from happening or for 
treatment after a myocardial infarction has occurred 

However, before it will be possible to use laser in medicine to promote vasodilation, it is important to 

optimize the settings i.e. wavelength, irradiation time and intensity of the laser, since it is likely that 

different settings would affect arteries in different ways. Full dilation of arteries can hopefully be 

achieved with a well chosen combination of laser parameters. 

The main purpose with this thesis was to analyze how irradiating arteries with a laser could affect the 

blood vessels function, mainly their vasodilation. An additional aim was to initiate the optimization 

for the laser settings to obtain maximal dilation of arteries. The specific objectives of this thesis were 

to: 

1. Analyze if it is possible to promote vasodilation with laser irradiation using pressure 

myography 

2. Analyze if the function of the arteries is affected by laser exposure and if the laser seem to 

cause damages to the arteries, by doing dilation test with a vasodilator before and after laser 

exposure 

3. Initiate an optimization to find the optimal combination of laser intensity and exposure time, 

which cause maximal vasodilation of resistance arteries    
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3. Literature study 

3.1 Photobiomodulation 

Photobiomodulation is a technique where light is used to for example stimulating tissue repair, 

wound healing, prevention of tissue death, reduction of inflammation, and relief of pain due to an 

injury or a disease (Hamblin 2008). This technique is also known as low-level laser therapy, low-level 

light therapy, cold laser, soft laser and biostimulation. 

3.1.1 History 

The technique to use low-level laser for medical treatment was first discovered in 1967 by Endre 

Mester in Semmelweis University, Budapest (Hamblin and Demidova 2006). Mester used a low 

powered ruby laser (694 nm) to see if the radiation would cause cancer in mice. He shaved the mice 

and let half of the group mice get irradiated with the laser. Instead of getting cancer, the hair on the 

laser treated mice grew back faster than the untreated mice. Since then, light in form of lasers or 

light emitting diodes (LEDs) have been thought of as a technique in medical treatment (Huang et al. 

2009). Studies have been done in both cell cultures (Ben-Dov et al. 1999) and animal models (Oron et 

al. 2001a) to receive further knowledge about the effects laser has on cells and tissues. Low-level 

laser does for example seem to stimulate proliferation of endothelial cells by interacting with T-

lymphocytes (Agaiby et al. 2000). Agaiby et al. investigated how laser irradiation with different 

energy densities affected T-lymphocytes. The result showed that when stimulating with a low energy 

density (3.6 J/cm2) the proliferation of the endothelial cells was enhanced, while with higher energy 

densities (6.0 J/cm2 and 8.0 J/cm2) the proliferation was either the same as for unstimulated cells or 

inhibited. This study indicates that it is important to have the right settings of the laser to achieve the 

optimal stimulation.  

3.1.2 Vasodilation due to photobiomodulation  

For polychromatic light to have any effect on living biological systems, a photoacceptor or 

chromophore in the system need to be able to absorb the light i.e. the photons sent out by the light 

source (Sutherland 2002).  To identify photoacceptors in biological systems, it is necessary to have 

the action spectra of the cell or part of the cell where the photoacceptor is believed to be located as 

well as the possible photoacceptors. The action spectra of the cell can then be compared with the 

potential photoacceptors, and the photoacceptor could be identified. In 1989, Tiina Karu proposed 

that components of the cellular respiratory chain could absorb low-level light. More studies have 

been done since then to investigate the mechanism behind vasodilation due to light exposure.  

In 1996 Morimoto et al. used a He-Cd laser (325 nm) to induce vasodilation in the aorta of a Wister 

rat and analyze if the vasodilation was initiated by an endothelium dependent or independent 

pathway. The arteries were put in different chemicals, which cause vasodilation by either an 

endothelium dependent or independent pathway, during the laser irradiations. The study showed 

that the vasodilation was inhibited by methylene blue, which is a guanylate cyclase inhibitor, and 

enhanced by agents containing a nitro group such as NOS inhibitor NG-nitro-L-arginine methyl ester 

(L-NAME), NOS inhibitor NG-nitro-D-arginine methyl ester and vasodilator sodium nitrite. This 

indicated that the vasodilation, due to light exposure, was activated through guanylate cyclase and 

Morimoto et al. suggested that the activation was probably initiated by NO. In another study by 
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Morimoto et al., irradiation of an artery from a Wister rat, which had been preconstricted with 

norepinephrine (NE), with a Kr-F laser (248 nm) induced vasodilation. Furthermore, it was suggested 

that the vasodilation could be endothelium independent, since it was enhanced by infusing the 

artery in sodium nitrate and superoxide dismutase and inhibited by methylene blue.  

Low-level laser irradiation (830 nm) has been seen to stimulate dilation of arterioles from rats as well 

as increase the velocity of erythrocytes resulting in enhanced blood flow (Maegawa et al. 2000). The 

increase in blood flow started about 1 minute after the arterioles was exposed to the laser and kept 

accelerating for 30 minutes before leveling off at a velocity twice as fast as the initial velocity. 

Maegawa et al. used L-NAME to investigate how NO seemed to be involved in vasodilation. In one 

test group, the arterioles were only exposed to laser, while the other test group was infused with L-

NAME before the laser exposure. In both test groups an increase of erythrocytes could be seen, 

however in the group which had been infused with L-NAME the increase was delayed for 10 minutes. 

This could indicate that the NO synthesis was inhibited by L-NAME resulting in the delay and that NO 

therefore is involved in vasodilation. Maegawa et al. also investigated if any changes in vascular 

smooth muscle cells (VSMCs) occurred due to photobiomodulation. The study showed a reduction in 

Ca2+ concentration in the cells, which could be because the activity of the Ca2+ dependent enzyme 

ATPase increased due to laser irradiation. This reduction occurred because ATPase can transport Ca2+ 

from the inside of the cells to the outside, which leads to a reduction of Ca2+ concentration inside the 

cells. 

The relationship between photobiomodulation and NO release have also been studied in humans. In 

a study by Mitchell and Mack (2013), NO release in healthy adults was tested. The NO release was 

detected by measuring its metabolites i.e. nitrite and nitrate in veins of the subjects. When 

irradiating the forearm of subjects with near infrared light (890 nm), an increase of nitrite and nitrate 

in the serum of the patients could be seen, which indicate on an increase in NO release due to light 

exposure. This result contradicts the results from a study by Arnall et al. (2009) where no increase of 

venous NO release could be seen in patients with type 1 and type 2 diabetes when irradiating with 

near infrared light (880 nm). The different results in the two studies could be because one study was 

performed with healthy subjects while the other one was with subjects who had diabetes and 

therefore had a lower NO production in endothelial cells (Mitchell and Mack 2013).  

Studies aiming to find the relationship between light exposure and vasodilation indicate that light can 

activate NO release leading to dilation of vessels. Furthermore, it seems like cytochrome c oxidase 

inside of mitochondria is the primary photoacceptor of 600-950 nm light in mammal cells (Hamblin 

and Demidova 2006), and that the light causes NO to dissociate from cytochrome c oxidase resulting 

in vasodilation (Hamblin 2008). 

3.1.3 Applications for low-level laser therapy 

In addition of laser’s affect to the vascular tone, low-level laser has shown to promote wound healing 

and tissue repair, prevent tissue death, decrease inflammation, pain, acute injuries and chronic 

diseases (Hamblin 2008). Research has shown positive results in many types of pathologies such as 

osteoarthritis, tendonopathies, wounds, back pain, neck pain, muscle fatigue, peripheral nerve 

injuries and strokes (Huang et al. 2009). A few examples on applications will be given below to get a 

better understanding for how low-level laser could be used for medical treatment. 
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Irradiation with low-level laser after myocardial infarction has shown to reduce scar formation in 

dogs and rats (Oron et al. 2001a). The number of damaged mitochondria due to the infarction was 

lower in rats, which had been irradiated with laser (803 nm) than non-irradiated rats. This was in 

agreement with higher levels of ATP in the infarct zone of the irradiated rats compared to the non-

irradiated rats. These finding indicates that low-level laser irradiation a short time after myocardial 

infarction reduces the damages of the myocardium due to the infarction (Oron et al. 2001a). 

In another study, Byrnes et al. examined axonal repair after spinal cord injury in rats. The surface of 

the rats’ skin was irradiated with an 810 nm diode laser with a dosage of 1.589 J/cm2/day for 14 days. 

Light exposure to the skin increased axonal repair as well as suppressed immune cell activation such 

as macrophages/activated microglia, T lymphocytes (T-cells) and astrocytes, which decreases 

inflammation and scar formation. The positive result from this study indicates that light could be 

used to treat acute spinal cord injury in the future (Byrnes et al. 2005). 

Many studies have been performed in order to investigate how low-light laser therapy can promote 

wound healing. Medrado et al. used a 670 nm Ga-Al-As laser with the energy density of 4 J/cm2 to 

irradiate cutaneous wounds in rats. The result showed that the number of inflammatory cells was 

reduced and the diameter of the wound decreased compared to untreated wounds. In a study by 

Demidova-Rice et al. wound healing due to laser irradiation (635 nm) was investigated in mice. By 

exposing the wound to light the contraction of the wound was stimulated and/or the expansion of 

the wound was reduced, which indicate that light exposure can promote wound healing. The choice 

of light source and its settings did however affect the wound healing (Demidova-Rice et al. 2007) 

indicating that the light source need to be optimized for the application.  

Low-level laser therapy has shown to increase the production of vascular endothelial growth factor 

(VEGF) in smooth muscle cells, fibroblasts and cardiomyocytes as well as stimulate growth of 

endothelial cells (Kipshidze et al. 2001). Depending on which cell type that was exposed to light a 

difference in the maximal dose-response peak of VEGF production could be noted. This once again 

implies that the settings of the laser are important, but moreover it seems as if some cell types 

(smooth muscle cells and cardiac myocytes) are more sensitive to light exposure than others 

(fibroblasts). Irradiation of human keratinocytes in vitro have been seen to both stimulate the 

proliferation of the cells and increase type I collagen and VEGF gene expression, which could be 

related to healing processes (Basso et al. 2012).  

Irradiance with low-level laser seems to improve revascularization after an injury (Dourado et al. 

2011). Dourado et al. injected snake venom in mice and analyzed how low light laser (632.8 nm He-

Ne laser and 904 nm Ga-As laser) affected the recovery. Irradiation 3 days after venom injection did 

not only increase the angiogenesis, but also decreased the amount of neutrophils as well as 

increased the regeneration of cells. However, after 21 days the myoregeneration seemed to be 

delayed. This could be an indication that few irradiations increase cell regeneration, while many 

irradiations inhibit it (Dourado et al. 2011). 
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3.2 Laser 

In previous studies (Kipshidze et al. 2001 and Chen 2011), it has been shown that the optimal setting 

on the laser depends on which tissue or cell that is being exposed to light as well as the light source 

that is used. Some parameters which can influence the radiation are; wavelength, power density, 

irradiation time, pulse structure and number of irradiations. To get the energy density (J/cm2), the 

power density (W/cm2) is multiplied with the irradiation time (s). One could think that as long as the 

total energy is the same the result on the substrate would be the same. However, in previous studies 

(Lanzafame et al. 2007 and Medrado et al. 2003) it has been shown that this is not the case. 

3.2.1 Wavelengths 

When choosing light source, it is important to consider the optical properties of the tissue that will 

be exposed, so that the light can penetrate the tissue. The penetration of light is most effective 

around 650-1200 nm (Hamblin and Demidova 2006), which is called the “optical window” of tissues. 

The optimal wavelength of the laser will vary depending on which tissue or cell is being studied and 

for what application (Moore et al. 2005). Moore et al. used lasers with different wavelengths to 

investigate how proliferation of fibroblasts and endothelial cells was affected by laser irradiation. 

They found that the maximum proliferation of fibroblasts occurred at 665-675 nm and at 655 nm for 

endothelial cells. The proliferation of fibroblasts seemed to be inhibited by longer wavelengths (810 

nm), while even though the proliferation of endothelial cells did no longer increase at wavelengths 

above 655 nm, the proliferation was not inhibited either. 

3.2.2 Power density 

The power density, also referred to as the irradiance or intensity, is the amount of energy per square 

centimeter (J/cm2) that the substrate is exposed to every second of irradiation and the power density 

is often given as the effect in milliwatt per square centimeter (mW/cm2).  In a study by Oron et al., 

the infarct size in rats was reduced by using an optimal irradiance (5 mW/cm2), whereas both lower 

irradiance (2.5 mW/cm2) and higher irradiance (25 mW/cm2) resulted in a less reduced infarct size 

(Oron et al. in 2001b). In another study, Huang et al. found similar results when irradiating embryonic 

fibroblasts from mice to see if the light could activate the transcript factor NF-κB by producing ROS 

from mitochondria. The irradiance time was held constant while the power density was changed 

resulting in different energy densities. The maximum NF-κB activation was reached at 0.3 J/cm2, 

while at lower energy densities (0.003 J/cm2 and 0.03 J/cm2) or higher energy densities (3 J/cm2 and 

30 J/cm2) a decrease in NF-κB activation could be observed. 

3.2.3 Irradiation time 

The time which a tissue or cells are exposed to the laser is called the irradiation time. As previously 

stated, there is an optimal balance between the irradiation time and power density. Doubling the 

irradiance time and dimidiating the power density will therefore not give the same result, even if the 

energy density is kept the same. In 1999, Ben-Dov et al. used a 635.8 nm He-Ne laser to irradiate rat 

satellite cells and measure thymidine incorporation and thereby measure proliferation of the cells. 

Irradiation for a short time (3 s) enhanced the proliferation of the cells, whereas a longer irradiation 

time (10 s), inhibited the proliferation. This is consistent with the dose depending effects of 

photobiomodulation, which H. Schultz and R. Arndt described in the end of the nineteenth century. 
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The principle developed by Schultz and Arndt is known as ‘Arndt-Schulz law’ and states that a small 

stimulus will increase the vital activity. A larger stimulus will increase the vital activity further until a 

maximum is reached. When the maximum is reached, the activity will not only decrease with 

increasing stimuli but it can also be inhibited (Huang et al. 2009). In 2007, Lanzafame et al. also found 

a time interval when examining wound healing in mice by varying the exposure time and irradiance, 

while keeping the energy density the same. Short exposure times (1-2 minutes) and intermediate 

exposure times (5-10 minutes) seemed to stimulate the wound healing, while the wound healing of 

wounds with longer exposure times (1-2 hours) did not differ much from the untreated wounds 

(Lanzafame et al. 2007). It seems like the irradiation time is a significant parameter and that with an 

optimized time interval the proliferation of cells as well as wound healing can be enhanced. The 

irradiation time seems to be dependent on which cells or tissue that is irradiated.  

3.2.4 Pulse structure 

In 2010 Hashmi et al. reviewed 33 studies between 1970 and 2010 about the effect of pulses in 

photobiomodulation. Some of the studies compared continuous waves with pulsed waves whereas 

other studies analyzed different rates of the pulses. Most of the studies in the review found it 

beneficial to use pulse structure laser over continuous structure laser. However, the studies did not 

always use the same wavelength and the same energy density so it can be difficult to draw 

conclusions about whether the results depended on the pulses or some other parameter. The other 

question handled in the review was at which rate the pulse of the laser was most beneficial. The 

optimal applied pulse frequency in these studies varies a lot, from 2-8000 Hz, giving no indication of 

which pulse frequency is most advantageous to use. Morimoto et al. found that the repetition rate of 

the pulse did have some effect of vasodilation in arteries in rats (Morimoto et al. 1997). The dilation 

of the blood vessels increased more with a pulse frequency of 100 Hz than 1 Hz. The pulse structure 

and its frequency seem to be depending on the application and the rate of the pulse is probably 

more critical in some tissues than in others. 

3.2.5 Number of irradiations 

Multiple exposures of low-level laser with carefully selected energy doses have shown to be 

promoting proliferation (Hawkins and Abrahamse 2006). Hawkins and Abrahamse used a 632.8 nm 

He-Ne laser to irradiate human skin fibroblasts that had been scratched. Two or three exposure with 

a lower dose (2.5 J/cm2) or one exposure with intermediate dose (5.0 J/cm2) increased cell 

proliferation and cell migration, maintained cell viability and did not seem to cause additional stress 

to the cells. Whereas one, two or three exposures with a higher dose (16.0 J/cm2) inhibited cell 

proliferation, reduced cell migration and cell viability as well as causing additional stress to the cells. 

Eduardo et al. found similar results when irradiating endothelial cells that had grown in nutritional 

deficit cultural medium causing stress to the cells. Two different lasers were used (660 nm Ga-Al-As 

laser and a 780 nm In-Ga-Al-P laser) for the irradiation and two different energy densities (3 and 5 

J/cm2) were tested. The irradiation of the cells was performed one, two or three times, where one or 

two irradiations with any of the wavelengths at either intensity did not differ from the untreated 

cells. Three irradiations with the 780 nm laser resulted in the highest growth rate.  
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3.3 Pressure myography 

A common way to analyze the function of small arteries and veins is to use pressure myography 

systems. The vessels can thereby be studied in vitro and physiological parameters such as the 

intraluminal pressure, flow and temperature can be controlled. The structure and functions of the 

blood vessels can be measured and analyzed due to chemical, mechanical and electrical stimulation. 

With this method, wall and lumen dimensions of the vessels can be studied, which can help to 

analyze diseases since these changes are important indicators of pathology (Carbtree and Smith 

1998). Some of the properties that can be studied with a pressure myograph system are; the function 

of small vessels by measuring the diameter of the vessels, the vascular smooth muscle function, the 

endothelium function and thickness of the vessels that could reflect remodeling process, as well as 

distensibilty in Ca2+ free solution, which reflects passive properties of vascular wall. 

3.3.1 Basic procedure of pressure myography 

A small part of the artery is dissected and moved to a myograph chamber filled with physiological salt 

solution (PSS). The vessel is mounted onto two small glass cannulas and tied to the cannulas with 

nylon sutures. The system is washed with PSS and connected to a pressure transducer to measure 

the perfusion pressure. Before starting the experimental work, the system including the vessel is 

equilibrated for about 30 minutes. The chamber is placed on a light microscope which is connected 

to a camera giving a continuous video image on a monitor during the experiment (Smith et al. 1992).  

Diffuse illumination on the partially transparent vessels can be used to measure the diameter of the 

vessels and to study the morphology. Edge detection algorithms can then be used on the imaged 

vessels to determine the diameter. One disadvantage of the method is that the contrast between the 

vessel wall and the interior of the vessel can be lost during constriction. This can occur since 

thickness of the wall increases as interior of the vessel decreases. The diameter of very constricted 

vessels may therefore be unreliable (Crabtree and Smith 1998).  

3.3.2 Applications for pressure myography 

The main idea with the pressure myograph is to analyze small arteries and veins in an environment 

close to their normal environment so the vessels can maintain their in vivo characteristics, which is 

the reason this method was used in this study. Perfusion and pressure myography, is a laborious and 

technically challenging method, which allows assessment of artery function under most physiological 

conditions, when flow (shear stress), and pressure-could be controlled .This method can be used to 

analyze the effect of treatment with angiotensin-converting-enzyme inhibitors, statins and insulin, 

for receptor studies as well as for studying vasoactive agonists and antagonists. The pressure 

myograph can also be used to analyze how different drugs affect vessels and the method is therefore 

an important tool when studying pathologies such as hypertension, atherosclerosis, diabetes, 

ischemia and heart failure, tumors, angiogenesis, lung and heart diseases (Lynch et al. 2012).  
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4. Method and materials 

4.1 Subjects 

Subcutaneous fat biopsies were donated from participating healthy pregnant women having planned 

(30 biopsies) or emergency (1 biopsy) cesarean section due to breach presentation or previous 

section at Karolinska University Hospital, Huddinge. Of these biopsies, 10 biopsies from planned and 

1 biopsy from emergency cesarean section were used for laser experiments. In the biopsies, which 

were not used for laser experiments, no arteries could either be found (14 biopsies) or the arteries 

were dead (6 biopsies). The woman had a median age of 34 years (range 28-40 years), and gave 

informed consent before participation. The laboratory, which was used for experiments, has been 

approved by the Ethical Committee at Karolinska University Hospital, Stockholm to perform 

experiments with arteries from fat biopsies. 

 

4.2 Preparation before dissection and mounting of arteries 

4.2.1 Biopsies 

The biopsies were placed in physiological saline solution (PSS) directly after being collected and put 

on ice between the cesarean section and dissection. This was done to increase the chance of keeping 

the blood vessels alive. The biopsies were kept in PSS during dissection and the arteries used in the 

experiments were kept in PSS throughout the entire experiments. This was done for two reasons. 

Firstly, if the biopsies were not kept in a solution they would have dried out. Secondly, to keep the 

arteries alive it is important that they are surrounded by an environment similar to their natural 

environment. Moreover, by keeping the biopsies in PSS and changing the PSS frequently some of the 

soporific drugs given to the woman before cesarean section were washed away. 

4.2.2 Chemicals 

The main solution used in the experiments was PSS, which was also the base solution in the other 

solutions used in the experiments. A high potassium physiological saline solution (KPSS) was used to 

test the viability (see section 4.5.1). Vasoconstrictor norepinephrine (NE), vasodilator bradykinin (BK) 

and vasodilator acetylcholine (ACh) were dissolved in PSS to test the constriction and dilation of the 

artery (see section 4.5.1). To get the artery to dilate to its maximum, a calcium free solution 

containing papaverine and ethylene glycol tetraacetic acid (EGTA) were used (see section 4.5.3). A 

description of how the solutions were prepared is given in Appendix A – Chemicals. All chemicals 

were obtained from Sigma-Aldrich Sweden AB (Sweden). 

4.2.3 Vessel chamber and cannulas 

Before each experiment started, the equipment, mainly the cannulas (Living systems 

instrumentation, Burlington, Vermont), where the arteries would be mounted, was carefully 

inspected. This was done by pushing water through the tubes of the chamber to make sure that no 

dust or crystals from leftover solution were still in the cannulas. The tip of the cannulas was also 

checked to ensure that it not had been broken during previous experiment, which both could cause 

damages to the artery and make it harder to mount the artery on to the cannulas. 
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4.3 Dissection and mounting of arteries 

The dissection for arteries was always performed in the same way with the help of a light microscope 

(SZ-CTV Olympus). The biopsy was first moved to a Petri dish and new PSS was poured over it, fully 

covering the biopsy. The biopsy was carefully pinned to the bottom of the Petri dish to keep the 

biopsy from moving around during dissection.  

Since only arteries (170-260 µm) were used in this study, it was important to distinguish the arteries 

from the veins. Arteries and veins are composed of the same tissues (Silverthorn 2006), but some 

differences can be observed (Figure 4.1.). The walls of arteries are thicker than the walls of veins, 

which make the walls of arteries straighter and more resistant of changes due to blood flow. Arteries 

can also be separated from veins by looking at the branching, where arteries have V-shaped branches 

whereas veins have U-shaped branches.  

The arteries were carefully removed from the surrounding fat tissue (Figure 4.2.). In some cases, it 

was difficult to remove all fat tissue from the artery when it was still attached to the rest of the 

biopsy so the artery with some surrounding fat tissue was moved to another Petri dish for finer 

dissection. Every 10 minutes, the PSS in the Petri dish was exchanged to keep a clear solution around 

the biopsy making it easier to dissect as well as to rinse away leftover soporific drugs from the 

cesarean section.  

 

 

 

 

 

 

 

 

 

 

The mounting of the artery was initiated by pouring PSS into the bottom of the vessel chamber 

(Living systems instrumentation, Burlington, Vermont) covering the glass cannulas on which the 

artery would be mounted. A syringe was filled with PSS and the solution was pushed through the 

plastic tubes of the pressure myograph filling the tubes with PSS. The syringe was kept connected to 

the tube on one side of the chamber to prevent air bubbles from entering the tubes during mounting 

and later get stuck in the artery. Three thin nylon sutures were put on each cannula to tie the artery 

to the cannulas after being mounted. The artery was first mounted onto one proximal cannula and 

tied to that cannula before the other side of the artery was mounted. This was done in order to 

Figure 4.1. Arteries and veins are very much 
alike; however they do have some difference 
such as their branching and their 
composition of tissues. In this figure an 
artery can be seen next to a vein. The real 
diameter of the artery is about 200 µm. 

Figure 4.2. An artery is cut out from the 
surrounding fat tissue. 
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ensure that the artery would not come off the first cannula while mounting the other side. An artery 

mounted on the two cannulas in a pressure myography chamber can be seen in Figure 4.3. 

 

 

Figure 4.3. An artery mounted onto two cannulas of a pressure myograph chamber. 

 

4.4 Set up of pressure myograph 

The flow pressure myograph (Living systems instrumentation, Burlington, Vermont) was turned on a 

few minutes before it was connected to the chamber with the artery. This was done to fill the tubes 

of the pressure myograph with PSS before connecting the tubes to the chamber and thereby 

preventing air bubbles from entering the artery. It was very important that no air bubbles entered 

the artery since air bubbles can damage the endothelium, which could prevent the artery from 

dilating. The chamber with the artery was placed on an inverted microscope (CK2 Olympus). The tube 

of the chamber, which was not occupied by the syringe, was connected to the flow system letting PSS 

enter the artery. Two other tubes with PSS were connected to the chamber allowing superfusion 

with PSS at the rate of 15 ml/min. In this way, the PSS surrounding the artery was continuously 

changed to new PSS. Only the extrinsic flow of PSS was changed to other solutions during the 

experiment, i.e. PSS containing vasoconstrictors and vasodilators. All solutions were heated to ≈ 37°C 

before entering the chamber to make sure that the arteries would be in an environment close to 

body temperature. The PSS in the chamber was bubbled with 95%O2/5%CO2 and the perfusion 

pressure was set to 60 mmHg in all experiments. A CCD camera (XC-73 CE Sony) was placed on top of 

the microscope and connected to a monitor (Viewtek LM-1560), enabling the visualization of the 

artery via video dimension analyzer (Living systems instrumentation, Burlington, Vermont) and scan 

line on the monitor to read changes in artery diameter during the whole experiments. The setup of 

the pressure myography can be seen in Figure 4.4. 
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Figure 4.4. The setup of a pressure myograph. The chamber with the artery is placed on an inverted light 
microscope and the artery is superfused with PSS. The pressure is set to 60 mmHg and the perfusion flow of 

PSS is set to 15 ml/min. A camera is placed on top of the microscope and connected to a monitor and a video 
dimension analyzer so that the diameter of the artery can be measured. 

  

4.5 Experimental protocol 

When the artery was mounted and the experimental setup was finished, a viability test of the artery 

was initiated to make sure that the artery was still alive and functioning properly. Thereafter the 

arteries were exposed to the laser and in the end of each experiment a passive vasodilation test was 

performed to measure the maximal diameter of the arteries, which can give an indication on how 

much the arteries diameter was dilated with laser and Ach. In this chapter the three steps will be 

described further.  

4.5.1 Viability test 

Before doing the viability test the system and the chamber were perfused with PSS for 30-60 minutes 

until the artery developed spontaneous myogenic tone (a stable state when the artery is moderately 

constricted). The initial diameter of the artery, after developing myogenic tone, was measured as a 

reference. 

The PSS flowing into the chamber surrounding the artery was replaced with KPSS for about 5-10 

minutes to confirm the viability of the artery. An artery, which did not constrict when being perfused 

with KPSS, was declared not feasible and was not used for laser experiments.  



26 
 

The system was washed with PSS for 5 minutes before testing the constriction of the artery using NE 

and the dilation of the artery using ACh, in one case BK. The PSS was replaced by PSS containing NE 

(10-6 mol/l) for 5 minutes. NE is a neurotransmitter, which can bind to the α-receptors on vascular 

smooth muscles causing blood vessels to constrict (Silverthorn 2006). The PSS with NE was then 

replaced by PSS with Ach (10-6 mol/l), in one case BK (10-6 mol/l), together with NE (10-6 mol/l) for 5 

minutes to cause the constricted artery to dilate and thereby get indications on if the endothelium of 

the artery was damaged. BK can promote endothelial NO release by binding to endothelial B2 kinin 

receptors and thereby cause dilation of a blood vessel (Groves et al. 1995).  

Arteries, which did not dilate at least 50 % of its diameter when being perfused with PSS containing 

ACh, were not used in laser experiments. The endothelium of these arteries was most likely damaged 

and therefore did not function properly. 

4.5.2 Laser irradiation  

The laser exposures in this study were all performed in the same way, which can be seen in the 

experiment protocol in Appendix B – Laser experiment protocol. The system was first washed with 

PSS for 15 minutes. During this time a 785 nm He-NE laser (beam ≈ 1.5 mm in diameter) was placed 

about 1 cm from the artery.  

The artery was preconstricted with NE (3x10-7 mol/l) for about 5 minutes to reach a stable tone 

before exposing it to the laser and trying to stimulate dilation. The artery was then exposed to the 

laser for 2 minutes before turning the laser off. The system was washed with PSS for about 10 

minutes to let the artery relax a little before preconstricting the artery with NE (3x10-7 mol/l) again 

preparing it for being exposed to the laser for 4 minutes. The system was washed with PSS again and 

the artery was preconstricted with NE (3x10-7 mol/l) before exposing the artery to the laser for 10 

minutes.  

After exposing the artery to the laser for 10 minutes the dilation was tested again, as described in 

4.5.1, with ACh (10-6 mol/l) together with NE (10-6 mol/l) before washing with PSS. This was done so 

that the arteries function before and after laser exposure could be analyzed and any damages to the 

artery due to laser could be observed. The previous experience in the hosting laboratory has 

demonstrated that the functional vessel shows reproducible responses to NE-induced constriction 

and dilatory agents used (unpublished observations).    

A few different intensities were tested; 0 mW (1 artery), 175 ± 3 mW (3 arteries), 200 ± 3 mW (4 

arteries), 225 ± 3 mW (4 arteries) and 250 ± 3 mW (1 artery). A total of 11 arteries were exposed to 

laser, where 1 artery was exposed to both 200 mW and 225 mW and 1 artery was exposed to 0 mW 

(negative control) and 175 mW.  

4.5.3 Passive vasodilation test 

In the end of each experiment PSS with papaverine (10-4 mol/l) and EGTA (10-3 mol/l) got to flow 

through the system for 15 minutes to cause a maximal relaxation of the artery. This PSS did not 

contain CaCl2.The maximal diameter of the artery was measured. 

  



27 
 

4.6 Calculations 

After all laser experiments had been performed, the dilation of the arteries (in diameter), due to 

laser, was calculated as percentage diameter change using equation 1.  

 

 
                      

                                              
          (Equation 1) 

 

where: DLaser = the diameter after laser exposure 

 DNorepinephrine = the diameter after constricting with norepinephrine 

DPhysiological saline solution = the diameter after before constriction with norepinephrine when 

the artery was superfused with physiological saline solution 

 
A similar calculation was made, using equation 2, to analyze how well the arteries could dilate, due 

to ACh, before and after laser exposure. 

 

 
                              

                                              
       (Equation 2) 

 

where:  DAcetylcholine = the diameter after dilating with acetylcholine 

 DNorepinephrine = the diameter after constricting with norepinephrine 

DPhysiological saline solution = the diameter after before constriction with norepinephrine when 

the artery was superfused with physiological saline solution 

 

All measurements were presented with mean values and standard deviations (SD).   
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5. Results 

5.1 Vasodilation in response to different laser exposure times and 
intensities 

The result from this study show a 30 % increase in dilation (diameter) of arteries irradiated with 225 

mW for 2 minutes (Figure 5.1.). The dilation increase was about 23 % when using the same intensity 

for 4 minutes laser exposure, and about 15 % after 10 minutes laser exposure. When irradiating 

arteries with a lower intensity the dilation did not increase to the same extent as with 225 mW, 

which can be seen in Figure 5.1. 200 mW shows about 5 % increase in dilation after 2 minutes laser 

exposure, 10 % increase after 4 minutes and 0 % decrease after 10 minutes irradiation. Reducing the 

intensity further to 175 mW resulted in a decreased dilation, where 2 minutes irradiation showed 1 

% decrease, 4 minutes showed 5 % decrease and 10 minutes laser irradiation showed 0 % change in 

diameter.  

All the percentage changes are mean values of the increase/decrease in diameter of the arteries 

compared to the diameter of the arteries in PSS. For further information about the measurements 

see Appendix C – Results from laser experiments, where the diameter measurements due to laser 

exposures, constriction and dilation can be found.  

 

 

 

 

 

  

Figure 5.1. A graph showing the mean diameter changes of arteries due to laser exposure (as a 
percentage of the arteries diameter in PSS). 175 mW can be seen in blue, 200 mW in red and 225 
mW in green. All exposure times were exact 2, 4 and 10 minutes and were moved slightly in this 
graph. 
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Since only on experiment was made with 250 mW and 0 mW, these results were not included in 

Figure 5.1. The percentage was calculated, in the same way as for 175 mW, 200 mW and 225 mW, 

with equation 1 in section 4.6. The arteries, which were irradiated with 250 mW resulted in an 8 % 

decrease in diameter after 2 minutes, 8 % increase in diameter after 4 minutes and 2 % decrease in 

diameter after 10 minutes. The arteries, which were used as a control without laser (0 mW), resulted 

in a 4 % increase in diameter after 2 minutes, 2 % increase in diameter after 4 minutes and 2 % 

decrease in diameter after 10 minutes. 

 



30 
 

5.2 Vasodilation test with ACh before and after laser exposure 
A dilation test with ACh was performed on the arteries before and after the laser exposures, where 

the results can be seen in Figure 5.2. Arteries, which were irradiated with 175 mW, showed 74 % 

dilation, due to Ach, before laser exposure and 65 % after laser exposure. Arteries exposed to 200 

mW, showed 67 % dilation before laser exposure and 69 % dilatation after and the arteries exposed 

to 225 mW showed an 83 % dilatation before and 48 % dilatation after laser exposure. The results 

from 0 mW and 250 mW were not included in Figure 5.2., since only one experiment each was 

performed with these intensities. The values for each experiment can be found in Appendix C – 

Results from laser experiments.   

 

 

 

 

The Ach dilation test showed 63 % dilation before laser irradiation with 250 mW and 45 % dilation 

after. In the experiment with 0 mW, the arteries dilated 45 % before constricting for 2, 4 and 10 

minutes without any laser. After the constrictions the arteries dilated 57 % with Ach.  

Figure 5.2. Graph showing the dilation, due to ACh, (as a percentage of the artery diameter in 
PSS) before and after exposing the arteries to laser. The different laser exposures where; blue 
is175 mW, red is 200 mW and green is 225 mW. 
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6. Discussion 
This pilot study has shown for the first time, to my knowledge, in isolated human arteries that laser 

might have an effect on the dilation pattern. However, the intensity and duration of the laser seem 

to have a major impact on the dilation. This is in accordance with some studies in animal experiments 

(Morimoto et al. 1996 and Maegawa et al. 2000), suggesting a potential for clinical applications in 

treatment of cardiovascular diseases. However, additional research is required to fully evaluate the 

effects, as well as several caveats need to be discussed to improve the laser application and 

experimental protocol. 

 

6.1 Viability test 
Viability tests are commonly used to see if the arteries used in the experiments fulfill the inclusion 

criteria. This is a standard procedure for all ex-vivo experiments using isolated artery bioassays, and 

arteries failing to maximally to constrict to KPSS and dilate more than 50% to endothelium-

dependent agonist are excluded from the studies. In the present study, viability tests were 

performed to make sure that the arteries were functioning properly before any laser experiment was 

initiated.  

From the 31 biopsies, arteries could be found in 17 biopsies and 11 arteries of these arteries passed 

the viability test and were used for laser experiments. A probable reason to why 6 of the arteries did 

not pass the viability test could be that they had died or been damaged during dissection or 

mounting. Since the arteries are quite fragile and consist of a few layers of thin tissues (Silverthorn 

2006), they can easily be damaged or ripped. Another reason to why the arteries were dead is that 

the procedure sometimes took a few hours, and probably caused a lot of stress to the arteries. To my 

knowledge, the arteries can survive in a biopsy for about 24 hours, but it could still be possible that 

the arteries died earlier because they no longer were in their normal environment.   

 

6.2 Laser exposures 

6.2.1 Vasodilation in response to different laser exposure time  
Before analyzing the results of the laser exposure it is important to point out that only a few number 

of laser experiments were made with each intensity and duration. The present study can thereby 

only give indications on how laser can affect arteries. It should also be mentioned that laser intensity 

175 mW (Figure 5.1.) was only performed 3 times, whereas 200 mW (Figure 5.1.) and 225 mW 

(Figure 5.1.) was performed in 4 times. Moreover, since the intensities 250 mW and 0 mW was only 

performed once the results from these experiments were even vaguer.  

Arteries exposed to laser with the intensity of 175 mW did not show any increase in dilation (Figure 

5.1.), since the dilation was around 0 % for all exposure times. This result thereby indicate that 175 

mW do not affect dilation of arteries. The exposure time seems to have bigger influence on dilation 

when irradiating with 200 mW (Figure 5.1.). The laser exposure for 2 and 4 minutes showed a small 

increase in diameter, but no increase for 10 minutes irradiation. The overall result with this intensity 

did not show a large increase in diameter, however some of the arteries did dilate quite a lot when 

being exposed to laser for 2 or 4 minutes, while some arteries decreases in diameter. More 
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experiment with this intensity need to be made to make it possible to draw proper conclusions. The 

arteries, which were exposed to 225 mW, showed an increase in diameter for all exposure times 

(Figure 5.1.). The most positive effect on the dilation occurred with 2 minutes exposure (30 % 

increase in dilation), followed by 4 minutes exposure (23 % increase in dilation). This indicates that a 

shorter exposure time, 2-4 minutes, has a more beneficial effect on vasodilation than a longer 

exposure time, 10 minutes (15 % increase in dilation). 

The result from the experiment were an artery was exposed to 250 mW resulted in a slight increase 

in the diameter after 4 minutes irradiation, whereas 2 minutes resulted in a slight decrease and 10 

minutes did not seem to affect the vasodilation at all. This experiment was however not repeated, 

since it was impossible to reach any higher intensity than 200 mW (with the laser which was used) in 

the end of this project and it is therefore impossible to draw any proper conclusions from this 

experiment. One experiment was also made were the artery was constricted with NE for 2, 4 and 10 

minutes without any laser exposure. This experiment showed, just as expected, no changes in the 

diameter. This is an important observation, since it gives indications that laser exposure does have an 

effect on vasodilation. However, before any conclusions can be drawn this experiment needs to be 

repeated.  

The overall result, with the aspect of exposure time, indicates that 2 or 4 minute laser exposure can 

promote vasodilation, whereas 10 minutes seem to have almost no effect. Similar result has been 

made in other studies (Agaiby et al. 2000 and Ben-Dov et al. 1999), where shorter duration of laser 

exposure showed a positive effect, whereas longer duration resulted in an unchanged effect or 

reduction of proliferation of endothelial and satellite cells, respectively. Wound healing is another 

application that have shown to have a upper limit in the duration of laser exposure, where short 

exposure times seemed beneficial to wound healing whereas longer exposure had no effect at all 

(Lanzafame et al. 2007). The findings in the present study are in agreement with previous studies, 

indicating that stimulation with laser for longer durations have a reduced positive effect on biological 

tissues. A possible explanation could be that light sensitive receptors in biological tissues can only 

take up a certain amount of light and will then be saturated. 

 

6.2.2 Vasodilation in response to different laser intensities  
The experiments with 175 mW did not show any increase in diameter (Figure 5.1.), which indicates 

that this intensity do not affect the dilation of arteries. A slight increase in diameter can be seen in 

the results from irradiation with 200 mW, which could be an indication that this duration can 

promote vasodilation even if it only has a small effect. To get a better idea of how this intensity 

affects arteries, more experiments with 200 mW need to be performed. The final intensity, 225 mW 

showed the most positive results (increase in diameter), which also can be observed in Figure 5.1.  

The result from 250 mW and 0 mW were not presented in Figure 5.1., since there was only one 

experiment each with these intensities. The result from the experiment with 250 mW did not show a 

large amount increase in diameter, and 0 mW showed, just as expected, no increase in diameter at 

all. However, as mentioned before the result from these experiments is even vaguer than the 

experiments with rest of the intensities. 
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The result from the present study indicates that the most promising intensity to use to stimulate 

vasodilation with laser is 225 mW, whereas 175 mW do not seem to stimulate dilation of arteries at 

all. Moreover, the best combination of intensity and exposure time seem to be irradiation with 225 

mW for 2 minutes. Other studies (Oron et al. in 2001b and Huang et al. 2009), have showed that a 

medium intensity gives the most beneficial effect on biological tissues and functions. The result from 

this study could be in agreement with previous studies; however more experiments need to be made 

with all intensities, especially 250 mW, before any conclusions can be drawn. 

6.2.3 Vasodilation test with ACh before and after laser exposure 
After exposing the artery to the laser for 10 minutes, the arteries function was tested with ACh to 

make sure that laser exposure did not damage the arteries endothelium and to see if the arteries still 

could dilate normally.  In one experiment the artery did not really dilate with ACh in the viability test, 

so it was tested with BK instead, which resulted in dilation and BK was therefore used both in the 

viability test and to test the dilation after laser exposure for that artery. 

In the experiments where the arteries were exposed to 175 mW, the results from the dilation, due to 

ACh, showed (Figure 5.2.) a slightly lower mean value of dilation with ACh after than before laser 

exposure, 74 % compared to 65 %. The dilation was nevertheless still above 50 %, indicating that the 

arteries could dilate after laser irradiation. In the experiments, in which the arteries were exposed to 

200 mW, the Ach induced dilation was 67 % before laser exposure and 69 % after (Figure 5.2.). This is 

an indication that laser exposure does not damage the artery wall and that the artery function can 

work correctly after laser irradiation.  The dilation test of arteries exposed to 225 mW, showed 83 % 

dilation before laser exposure and 48 % after (Figure 5.2.). These changes in dilation could be an 

indication that the laser exposure had some negative effect on the artery wall. However, another 

explanation to why the dilation did not work as well after laser exposure is that the arteries had been 

constricted many times before the second test with Ach. Every time the artery is constricted it is 

most likely put through more and more stress, which could make it tired. To get the best result, each 

artery should probably therefore only be used for a few experiments and so it still functions 

normally.   

The results from 250 mW showed a 63% dilation before and 45 % after laser exposure. Since 225 mW 

and 250 mW seem to decrease more in dilation after laser exposure than the other intensities it is 

possible that these higher intensities have a negative effect on the arteries. More experiments still 

need to be made to be able to draw conclusions. The experiment with no laser resulted in 45 % 

dilation before and 57 % dilation after constriction, which indicates that the artery was functioning 

correctly all through the experiment. 

To summarize the results from the dilation tests with ACh, before and after laser exposure, all 

intensities and durations were included (Figure 5.2.). The overall result in this study showed more 

than 50 % dilation, both before and after laser exposure, for both 175 mW and 200 mW, indicating 

that laser exposure does not damage the endothelium and the artery function. However, 225 mW 

showed only 48 % dilation and 250 mW only 45 % dilation after laser exposure. The result can be an 

indication that higher intensities have a negative effect on arteries. To fully draw that conclusion 

more experiments should be made to get a better statistical result, especially since 48 % and 45 % is 

close to 50 %. The dilation with ACh, were however a lot more diverse after laser exposure than 

before laser exposure, which can be verified by the higher SD. This makes it more difficult to analyze 



34 
 

the results from the dilation test and as mentioned before more experiments should be made to 

make sure that laser exposure does not damage the tissues of arteries and thereby its function.  

6.2.4 Passive dilation test 
In the first experiment that was made in this study, no dilation test was performed, since that 

experiment was mostly made to see if the artery would respond to laser exposure at all. The results 

from this experiment are therefore not complete with a passive dilation test. However, since this 

experiment gave the most positive response to the laser it is still important to include the results 

from this experiment in the overall results. 

In all other experiments, a passive dilation test was made in the end of the experiment. This test was 

successful for 8 of 9 arteries, which means that the diameter of 8 arteries had the same or a larger 

diameter during the passive dilation test than with PSS. For 1 artery, the passive dilation test was 

incorrect, resulting in a smaller diameter during the passive dilation test than with PSS. This could be 

because the artery was not kept in the Ca2+ free solution for enough time, resulting in a not fully 

dilated artery. Another reason to why the measurement could be incorrect is if the artery was moved 

during the experiment. It is very critical not to move the arteries during the experiment, since the 

diameter of the artery is not the same all over the artery. If an artery would have been moved during 

an experiment the diameter measurements would change, resulting in a less accurate measurement. 

Since the arteries in this study were not touched during the experiments, the most likely reason for 

the measurement error is that the diameter was measured too early. 

 

6.3 Cause of vasodilation induced by laser exposure  
In this study arteries were exposed to laser, which in some cases, mainly irradiation for 2 and 4 

minutes with 200-225 mW, caused the arteries to dilate. The origin of the vasodilation is however 

unknown. In previous studies (Morimoto et al. 1996 and Maegawa et al. 2000), they found that 

vasodilation caused by laser exposure is most likely induced by an increased production of NO. In 

their studies, the NOS inhibitor L-NAME was used to inhibit the production of NO and thereby to see 

if it the vasodilation was caused by an increase in NO. Since the role of NO in laser induced 

vasodilation was not studied in this project, it would be interesting to do this in the future. More 

about this can be found in section 6.5.4. Pathway of laser induced vasodilation. Another idea is that 

laser exposure could have been caused by an increase in temperature, the temperature was however 

measured during the experiments and did not differ from normal body temperature (≈ 37 °C) in any 

of the experiments and should thereby not affect the results. To fully discard the idea that 

temperature is the cause of vasodilation, further research should be done. 

 

6.4 Problems during laser experiments  

6.4.1 Dissection and mounting 
Arteries are very sensitive to their environment and can easily be damaged during dissection and 

mounting. It is therefore important to handle arteries carefully during the entire procedure. In this 

study a few precautions were made to prevent damages to the arteries. During dissection the 

arteries were, if possible, cut from the surrounding fat tissue without directly touching the arteries. 

By touching the fat tissue instead, the risk of damaging the arteries was reduced, increasing the 
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arteries chance of surviving. The arteries were also handled cautiously while they were mounted 

onto the cannulas to prevent the sensitive endothelium tissue, which consists of only one layer of 

endothelium cells (Silverthorn 2006), from being damaged. Moreover, it is important not to let air 

bubbles enter and go through the artery, since this can potentially remove endothelium cells. By 

filling the cannulas as well as the tubes of the chamber with PSS before mounting the arteries, the 

risk of air bubbles entering the artery was reduced. Arteries that did not survive the dissection and 

mounting did not pass the viability test and was therefore not included in laser experiments. 

6.4.2 Amount laser light focused on the artery 
With the laser setup, which was used in this study, it was very difficult to focus the laser on the 

arteries. In order to focus the laser beam on arteries, with the size of 170-260 µm, it is essential that 

small changes in the position of the laser can be made. Because of the difficulty in focusing the laser, 

only a part of the photons were actually contributing to the irradiation of the arteries. A solution to 

this problem could be to use another setup for the laser, where it would be possible to fine tune the 

position of the laser. It would then be possible to increase the amount of photons striking the 

arteries and thereby contributing to the irradiation.  

Another problem with focusing the laser on the arteries was that the laser beam was larger than the 

diameter of the arteries, which caused most of the laser beam and thereby the photons to strike 

outside of the arteries. This problem is a lot more difficult to solve. By moving the laser either further 

away or closer to the arteries the amount photos reaching the surface of the arteries could probably 

be increased. However, there are a few reasons why moving the laser would not completely solve 

the problem. If the laser was moved a lot closer to the arteries it would block the camera, which 

would prevent measurements of the diameter. It would also not solve the problem, since the laser 

beam would always be larger than the arteries, which would always cause some of the photons to 

strike outside the arteries. If the laser instead was moved a lot further away from the artery the 

intensity of the laser would decrease with distance, since not all of the photons would be able to 

reach the arteries.  

The exact amount of photons reaching the arteries has not been measured in this study. This is of 

course very important to know, since only the photons reaching the arteries contributed to the 

irradiation. The amount of photons reaching the arteries was therefore estimated to 10-20 % of the 

photons sent out from the laser. The estimation was based on that the diameter of the beam is 

about 1.5 mm and the diameter of the arteries was 170-260 µm2. This means that if the laser 

intensity, for example, was 200 mW only 20-40 mW actually was focused on the artery depending on 

the diameter of the artery.  

6.4.3 Pulsing of arteries 
In some of the experiments, the artery was pulsing (called vasomotion due to changes in intracellular 

calcium content) while the diameter was measured. This can be a problem, since it makes it very 

difficult to measure an exact diameter of the artery. A pulsing artery means that the diameter of the 

artery quite quickly changes back and forth between being dilated and constricted. Since it is very 

important that the diameter has stabilized before being measured, the diameter was not measured 

immediately after laser exposure if the artery was pulsing. However, if the pulsing did not stop the 

diameter was measured as objectively as possible. In most cases the diameter changes were reduced 

to only a few µm before any measurements were made. The error in the experiments, due to pulsing, 

should therefore not be significant. Nevertheless, it is important to consider that only small errors in 
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measurement can result in incorrect conclusions. To prevent this from happening it is important that 

the experiments are reproducible, which is another reason to repeat the experiments for all 

intensities and durations. 

It is important to consider why arteries pulse before drawing the conclusion that pulsing of arteries 

only is something negative. A pulsing artery is most often a sign on an artery which likes its 

environment, since it both can constrict and dilate easily. Maybe a pulsing artery, due to laser 

exposure, is a sign that light affects arteries in a positive way increasing the vessel function of 

arteries.  

6.4.4 Experimental conditions  
The experiments in this study are based on the idea that components of the endothelium cells can 

absorb light of certain wavelengths (Sutherland 2002). It could therefore be possible that not only 

the laser light affected the arteries, but also the daylight. If this is the case then the results could 

depend on if it is light or dark outside. The first few experiments in this study were performed when 

it was dark outside, while later experiments were performed when it was light outside. Since the first 

experiments were made with 225 mW and the last experiments were made with 175 mW, it could be 

possible that the daylight have influenced the results. A few precautions were made to prevent other 

light sources than the laser to reach the arteries. The microscope as well as all other lights in the lab 

were turn off during the laser exposures and the blinds in the windows were closed. These changes 

to reduce light from reaching the arteries and affecting the experiments did however not make the 

room completely dark. So if the daylight can affect the vasodilation of arteries further preventions 

need to be made to make the room completely dark. 

Another factor that might affect the result of the laser exposure is if the laser causes temperature 

changes in or around the arteries. In the experiments of this study, a thermometer was placed close 

to the arteries to detect temperature changes. The temperature of the solution surrounding the 

arteries was around 37 °C at all times, so any temperature changes should not have affected the 

function of the arteries since the temperature was around body temperature.  

6.4.5 Laser leakage 
In the end of this project, the laser could not reach above 200 mW, indicating that a leakage had 

occurred or that the laser in some other way was not working correctly. Because of this the 

measurement of 250 mW could not be repeated and thereby included in the results. The result from 

the experiment with this intensity did not show as much increase in diameter as 225 mW, which 

could be an indication that 250 mW do not promote vasodilation to the same extent as 225 mW. 

However, to draw this conclusion more experiments, with this intensity, need to be performed.   
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6.5 Future considerations 

6.5.1 Different wavelengths 
In this study, only one laser with the wavelength 785 nm was used for laser irradiation. Since 

previous studies, where laser have been used for medical application, have shown that different 

wavelengths work best on different tissues it is possible that other wavelengths then the one used 

here would result in an increased vasodilation. In the study by Moore et al. in 2005, where laser 

irradiation promoted proliferation of endothelium cells, the best result was achieved with a 655 nm 

laser. It is possible that this wavelength also would work for laser induced vasodilation. Furthermore, 

the wavelength 680 nm has shown to induce vasodilation in porcine coronary arteries (Plass et al. 

2012). With these studies in mind, it would be very interesting to see how different wavelengths 

would affect vasodilation on resistance arteries.  

6.5.2 Pulsing versus continuous laser 
Pulsing the laser has in some studies (Hashmi et al. 2010, Morimoto et al. 1997), where laser was 

used for medical applications, shown to be more beneficial than continuous irradiation. Even though 

not all of these studies were about laser induced vasodilation, it is possible that pulsing could affect 

vasodilation. Because of lack of time, pulsing of the laser was not tested in this study, but remains to 

be tested in future experiments.   

6.5.3 Different concentrations of NE 
To constrict the arteries before exposing them to laser, PSS with 3x10-7 NE was used in all 

experiments. This concentration was used so that the arteries would constrict to some extent 

(approx.50 %), but not fully. It is possible that the amount preconstriction of arteries affects how well 

the arteries dilate when they are exposed to laser. By using another concentration of NE for 

preconstriction, the arteries would be more or less constricted during laser irradiation and it might 

therefore be more or less easy to get them to dilate. The choice of pre-constrictor should also be 

considered, since other constrictors might not give the same result.  

6.5.4 Pathway of laser induced vasodilation 
After inducing vasodilation with laser, it is important to find the pathway in which the vasodilation is 

activated. Since it is believed that vasodilation, caused by laser irradiation, occurs by an increase in 

NO production, the NOS inhibitor L-NAME can be used to block NO production. In the study by 

Maegawa et al. in 2000, L-NAME was added to some of the arteries before the laser exposure, which 

caused the vasodilation in these arteries to be delayed giving indications that the laser induced 

vasodilation was due to NO production, but may be also due to other still not identified pathways. In 

this study, due to lack of time and shortage of positive results, the pathway of vasodilation was never 

tested. It would nevertheless be interesting to test this in the future.    
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7. Conclusions 
In this pilot study, small resistance arteries were exposed to a low intensity laser to stimulate 

vasodilation. The preliminary result showed that the diameter of the arteries increased when 

exposed to a 785 nm laser with the intensity 200-225 mW for 2-4 minutes, where the largest increase 

occurred with 225 mW for 2 minutes. This result indicates that laser exposure may have the potential 

to induce vasodilation, and in the future it might be possible to use laser for diagnostics and 

treatment of cardiovascular diseases.      
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Appendix 

A. Chemicals 

Physiological saline solution (PSS)  

To make 2 l PSS the following chemicals were poured into a container; 80 ml (2.975 mol/l) sodium 

chloride (NaCl), 80 ml (0.625 mol/l) sodium bicarbonate (NaHCO3), 4 ml (2.35 mol/l) potassium 

chloride (KCl), 4 ml (0.6 mol/l) magnesium sulfate (MgSO4•7 H2O), 4 ml (0.6 mol/l) potassium 

hydrogen phosphate (KH2PO4), 4 ml (0.013 mol/l) disodium ethylenediamine tetraacetate 

(Na2EDTA).The container was filled with ultra pure (UP) water to 2 liter. The PSS was bubbled with 

95%O2/5%CO2 for 10 minutes, while 2.16 gram (1.08 gram/l) glucose was added. The PSS stock 

solution was kept in a fridge until it was used. Before using the PSS 5 ml (1 mol/l) CaCl2 was added to 

the solution during bubbling with 95%O2/5%CO2 for 10 minutes.  

High potassium physiological saline solution (KPSS) 

The following chemicals were poured into a container to make 1 l high potassium PSS; 40 ml (0.625 

mol/l) NaHCO3, 40 ml (2.975 mol/l) KCl, 2 ml (0.6 mol/l) MgSO4•7 H2O, 2 ml (0.6 mol/l) KH2PO4 and 2 

ml (0.013 mol/l) Na2EDTA. The container was filled to 1 l with UP water and 1.08 gram glucose was 

added during bubbling with 95%O2/5%CO2 for 10 minutes. The KPSS stock solution was kept in a 

fridge until it was used. When making the viability test of an artery 250 µl CaCl2 was added to 100 ml 

KPSS stock solution during bubbling with 95%O2/5%CO2 for 10 minutes. 

PSS containing norepinephrine (NE) 

50 µl NE (10-1 mol/l) was added to 5 ml PSS to get a stock solution of NE (10-3 mol/l). To test the 

viability of the arteries NE (10-6 mol/l) was used, which was made by adding 50 µl NE (10-3 mol/l) to 

50 ml PSS. In laser experiment NE (3x10-7) was used, which was made by adding 150 µl NE (10-3 mol/l) 

to 500 ml PSS.  

PSS containing acetylcholine (ACh)  

50 µl ACh (10-2 mol/l) was added to 5 ml PSS to get at stock solution of ACh (10-4 mol/l).To test 

viability of the arteries 50 ml PSS containing ACh (10-6 mol/l) and NE (10-6 mol/l) was used. 500 µl ACh 

(10-4 mol/l) and 50 µl NE (10-3 mol/l) was added to 50 ml PSS to get the concentration 10-6 mol/l of 

both ACh and NE.  

PSS containing bradykinin (BK) 

50 µl BK (10-3 mol/l) and 50 µl NE (10-3 mol/l) was added to 50 ml PSS to get the concentration 10-6 

mol/l of both BK and NE.  

Calcium free PSS 

5 ml papaverine (10-4 mol/l) and 5 ml EGTA (10-3 mol/l) was added to 500 ml Ca2+-free PSS. 
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B. Laser experiment protocol  

Date:  

Time biopsy arrived: 

Time of test: 

Laser intensity (mW):  

 

Action Solution Time 
(min) 

Diameter 
(µm) 

Calibration PSS 30-60  

Viability test    

Viability test KPSS 5  

Wash out PSS 5  

Constriction  NE (10-6) 5  

Dilation  ACh (10-6) +NE(10-6) 5  

Wash out PSS 15  

Laser exposure    

Preconstriction 1 NE (3x10-7) ~ 5  

Laser 1 NE (3x10-7) 2  

Wash out PSS ~ 10  

Preconstriction 2 NE (3x10-7) ~ 5  

Laser 2 NE (3x10-7) 4  

Wash out  PSS ~ 10  

Preconstriction 3 NE (3x10-7) ~ 5  

Laser 3 NE (3x10-7) 10  

Dilation ACh (10-6) +NE(10-6) 5  

Wash out PSS 15  

Additional 
Laser exposure 

   

Preconstriction 4 NE (3x10-7) ~ 5  

Laser 4 NE (3x10-7) 2  

Dilation  ACh (10-6) + NE(10-6) ~ 5  

Wash out PSS ~ 10  

Preconstriction 5 NE (3x10-7) ~ 5  

Laser 5 NE (3x10-7) 4  

Dilation ACh (10-6) + NE (10-6) ~ 5  

Wash out PSS ~ 10  

Passive  
dilation 

   

Ca2+-free test Ca2+-free PSS + 
Papav (10-4) + EGTA (10-3) 

15  

 

Comments: 
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C. Result from laser experiments 

The diameter measurements in the table below are made in µm. In the experiments on 4/4 the first 

series of laser exposures are made with 201 mW, while the second series of laser exposures are 

made with 224 mW. The experiments on the 14/5 were made in the same way, where the first series 

of experiments was made without laser (as a negative control) and the second series with 175 mW. 

For all other arteries, with two series of laser exposures, the same intensity has been used in both 

series. 

 

Date: 14/5 23/4 14/5 25/4 28/3 14/3 9/4 

Intensity 

(mW): 

No 

laser  

 

174 

 

175 

 

176 

 

198 

 

201 

 

201 

Action        

PSS: 158 210 158 172 238 258 163 

Viability test        

KPSS: 37 59 37 36 23 103 56 

PSS: 160 210 160 178 230 246 175 

NE (10-6): 32 66 32 38 18 60 37 

ACh (10-6) +  

NE (10-6) 

 

90 

 

207 

 

90 

 

144 

 

172 

 

160 

 

149 

Laser exp.        

PSS: 165 213 170 176 221 246 186 

NE (3x10-7) 1 : 92 93 113 94 77 114 45 

Laser (2 min) 1: 95 99 113 88 92 99 46 

PSS: 176 214 171 177 219 189 185 

NE (3x10-7) 2: 123 103 113 82 63 67 36 

Laser (4 min) 2: 124 98 113 70 71 102 48 

PSS: 171 212 163 179 213 208 176 

NE (3x10-7) 3: 124 108 103 83 88 71 32 

Laser (10 min) 3: 123 113 99 85 87 78 40 

ACh (10-6) +  

NE (10-6): 

 

150 

 

206 

 

110 

 

163 

 

143 

 

150 

 

142 

PSS: 170 206 156 181 223 213 172 

Passive dilation    

 

    

Ca2+-free: 177 215 177 182 240 237 187 
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Date: 12/3 4/4 9/4 28/2 11/4 26/3 

Intensity 

(mW): 

 

203 

 

223 

 

224 

 

225 

 

227 

 

253 

Action       

PSS: 212 196 163 147 190 220 

Viability test       

KPSS: 72 59 56 55 58 23 

PSS: 178 199 175 144 185 203 

NE (10-6): 38 66 37 15 85 72 

ACh (10-6) +  

NE (10-6) 

 

195 

 

182 

 

149 

 

94 

 

162 

 

155 

Laser exp.       

PSS: 225 197 172 125 182 235 

NE (3x10-7) 1: 65 72 52 102 78 90 

Laser (2 min) 1: 96 100 58 120 91 78 

PSS: 201 192 172 125 187 203 

NE (3x10-7) 2: 94 64 51 51 62 64 

Laser (4 min) 2: 82 72 56 103 74 75 

PSS: 220 200 175 125 188 203 

NE (3x10-7) 3: 106 75 45 95 58 86 

Laser (10 min) 3: 91 70 52 108 69 88 

ACh (10-6) +  

NE (10-6): 

 

193 

 

134 

 

67 

 

- 

 

163 

 

150 

PSS: 208 170 172 - 185 227 

Passive dilation       

Ca2+-free: 225 203 187 - 187 262 

 

  



47 
 

D. Amount laser light on arteries 

The following table is based on the assumption that the laser beam focused on the arteries is 1.5 mm 

in diameter, which means that the area of the laser is 1.767 mm2. 

Calculation of amount laser light focused on artery 

The percentage of laser light reaching the artery is calculated with the following equations, 

Area of laser beam:    
      

 
 
 

 

Area of artery irradiated:                 

Amount of laser focused on artery:  
                         

                  
   

              

  
      

 
 
  

where:  

dartery = is the diameter of the artery 

 dlaser  = is the diameter of the laser beam 

 

Table of percentage of laser light focused on artery 

Experiment Laser intensity 
(mW) 

Diameter of 
artery (µm) 

Area of artery 
irradiated (mm2) 

Amount of laser 
focused on artery 

(%) 

1 0 177 0 0 
2 174 215 0.430 13.7 
3 175 177 0.354 11.3 
4 176 182 0.364 11.6 
5 198 240 0.480 15.3 
6 201 246 0.492 15.7 
7 201 187 0.374 11.9 
8 203 225 0.450 14.3 
9 223 203 0.406 12.9 

10 224 187 0.374 11.9 
11 225 144 0.288 9.2 
12 227 187 0.374 11.9 
13 253 262 0.524 16.7 

 

 


