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Pressure ulcers are a universal problem affecting patients in batteh¢{Slark and Watts., 1991)
and community settings (Margolis et al., 2002). They have a detrimerget eff quality of life
(Gorecki et al., 2009) causing increased burden on carers and pain for ¢hergefopkins et al.,
2006; Girouard et al., 2008). Tissue breakdown, specifically pressureleledopment, results
from an inadequate cutaneous vascular perfusion, caused by external fdnces sessure,
friction and shear. The aim of this thesis is to investigate thecingbamoking on vascular
responsiveness and microvascular control mechanisms, as a potetita tedssess pressure
ulcer risk.

The vasoreactivity of the skin was measured in smokers and non-smsikerfaser Doppler
fluximetry (LDF) following removal of an external pressure load after local heating of the skin
to 43°C. The pressure loading studies produced variable results and the LDFasatiffigult to
analyse using spectral analysis, so local heating is the main fodus tiesis. The hyperaemic
response to local heating to 43°C was compared at the sacrum and forearntiofp@upir The
sacrum site showed significantly reduced responses compared to the fdmgathere was also a
significant correlation between the sites. The forearm site wasmugiee remainder of the studies.

The response to local heating to 43°C for 10 minutes was measured in heawg smdke
matched non-smokers (n=8 pairs); this was increased to 20 minutes imdidbtate (LM)
smokers and matched non-smokers (n=20 pairs) at the volar forearmspbesewas
significantly attenuated in the heavy smokers in terms of peak hyperaad total response
(AUC) (p<0.05) and there was a trend towards reduced responses in the Létsriddken
considering all 56 participants in median regression analysis, silegesmoking intensity and
longevity (packyears) was significantly predictive for reducirspoases to the local heating
stimulus.

The mechanisms underlying these altered vascular responses weredexgilugespectral
analysis of the LDF signal. Previous studies have shown oscillatioms LD signal with
frequencies around 1, 0.3, 0.1, 0.04 and 0.01Hz related to the heart beat, respiration, myogenic
neurogenic and endothelium-mediated control mechanisms, respectivemi(o et al, 1999).
The relative power in the frequency band which originates from the endothetteased
significantly during heating compared to resting flux in the heavy smaokrats, but not in the
heavy smokers. This suggests that the attenuated responses were duthédiadrdisfunction in
the heavy smokers. There were no significant differences in tbea@mnalysis of the heating flux
in the LM smokers compared to their controls. However, when considerismalters, both heavy
and LM, compared to all the non-smokers, the non-smokers showed an incredisedratative
power in the 0.01Hz frequency band, but the smokers showed a decrease in this baestifrgm
to heating flux. This difference between the smokers and non-smokers nifisasig

The results show that smoking reduces the vasoreactivity of thengkiocirculation and
increasing intensity of smoking, measured by packyears, is signiyigaatlictive for this
attenuation. The spectral analysis showed that dysfunctional endotheély be the reason for the
reduced responses in the heavy smoker group. When considering the heavy anokiekd sm
together versus their controls, the findings showed that the retatwer of the frequency, related
to the endothelial control of blood flow, was reduced in the smoker group duringg)dart
increased in the non-smokers, and this difference was signifidaatsuggests that altered
endothelial function causes the reduced vasoreactivity of the skioanaulation in smokers.
Smoking may increase the risk of developing a pressure ulcer throughatmogliolitaneous
vascular control, potentially through its effects on endothelial fumclibe measurement of the
endothelial function of the skin microcirculation may be a potenthod for pressure ulcer risk
assessment.
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1.1 Pressure Ulcers

1.1.1 Pressure ulcers: the definition

The American National Pressure Ulcer Advisory Panel (NPUAP) and tiopé&an Pressure Ulcer
Advisory Panel (EPUAP) have defined a pressure ulcer as:
‘localized injury to the skin and/or underlying tissue usually over a bonyipence, as a result of

pressure, or pressure in combination with shear’ (EPUAP-NPUAP, 2009).

1.1.2 Pressure ulcers: the problem

Pressure ulcers remain a significant problem in the United Kingdom (4§ is despite there
being an increased focus on research, developments in the technology of papieritsufaces
and the introduction of guidelines for practice by the Royal College of NuiRidl) and
National Institute for Health and Clinical Excellence (NICE) (RGN &lICE, 2005). When data
from pressure ulcer audits completed in 44 acute hospitals in England arsdbétateen 2005 and
2007 was compiled, there was found to be an overall pressure ulcer prevalkEh@-d.0.3%;
this was despite increased awareness and new NICE guidelines Hatipgriod (Phillips and
Buttery, 2009). The problem of pressure ulcer development is not confinedudtbut is
evident worldwide. In a recent study of 253 patients in an Indonesian Intensiveyl beia
(ITU), 72 (28.4%) developed pressure ulcers (Suriadi et al., 2008). In a stugly patents in a
hospital in Sweden, 27% of the patients developed one or more pressur@MéansHansson et
al., 2008). Throughout the world and in a range of different settings (ClaiWatts, 1991,

Margolis et al., 2002) pressure ulcers remain a huge problem.

Pressure ulcers result in reduced quality of life for patientsegkoet al., 2009) and increased
workload for their carers. They cause significant morbidity due to paioy&d et al., 2008,
Gunes, 2008), infection and immaobility (Spilsbury et al., 2007), and in some ciengas, may
contribute to a patients’ death (Tingle, 1997). The financial implicationesspre ulcers to the
health and social care system in the UK is considerable. The annual ceatinfjtpressure ulcers
in 2004 was estimated to be approximately £1.4 - 2.1 billion a year (Bennett et al., 206/), whi

was 4% of the total health care expenditure.
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1.1.3 Pressure ulcers: the skin

The skin is the largest organ of the human body and is a physical barrier ttetnalex
environment. The skin has an important role in maintaining homeostasisttheoogerature
regulation and protection. The skin undergoes constant repair and rengptelinaintain it as a
barrier and allow it to fulfil its role. Pressure ulcers occur whearpat forces on the skin, such as

pressure, friction and shear, cause skin breakdown and disruption of this pbgsieal

Many factors, including age, disease status, body mass index (BMI) and smolaogtreffrisk of
tissue breakdown by modulating skin structure and the control and functioncotéimeous
microvasculature. Monitoring and sampling the cutaneous environment and micravascul

responses to certain stimuli can be used to further inform patiemegareling skin health.

1.2 The skin

In adults, the skin covers an area of approximately 2 square metres and liasle théckness
ranging from 0.5mm to 4.0mm (Tortora and Derrickson, 2009). The skin is divided into two ma
sections: the superficial epidermis (40-80uM) and the deeper andrtdetmis (100-200 pM).

The dermis is attached to a subcutaneous layer composed of areolar arel testipegTortora and
Derrickson, 2009).

1.2.1 Anatomy of the skin

The epidermis is composed of keratinized stratified squamous epitheliumdvides! into five
layers. The deepest layer of the epidermis is the stratum baslfeai@ formed in the stratum
basale and are pushed through the remaining four layers of the epideensisatum spinosum,
stratum granulosum, stratum lucidum and the stratum corneum. As the cellshnoogh tthe
layers, they accumulate keratin. When they reach the epidermal surfgcard sloughed off and
replaced by underlying cells moving to the surface. This whole cycle takleweeks in an

average epidermis (Tortora and Derrickson, 20B8jufe 1.1).
The dermis is mainly composed of connective tissue containing collagen aiififees, which

ensure that the skin has high tensile strength and the ability to stretataihdlthe dermis also

contains blood vessels, nerves, glands and hair follicles. It is divided irdapbdicial papillary
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region and the deeper reticular region. The papillary region has alafgee area due to small
projections called dermal papillae; these are small strudhaeprotrude into the epidermis and
some of these contain capillary loops. The collagen and elasticifilttess papillary layer are not
as dense as in the reticular layer (Stevens and Lowe, 1997). The conimesutivef the reticular
layer is composed of fibroblasts, collagen and elastic fibres. Theedsaradipose cells, hair
follicles, nerves, sebaceous glands and sweat glands scattered amocgtadba and elastic
fibres (Tortora and Derrickson, 2009). The reticular layer islat to underlying bone and

muscle by the subcutaneous layeig(re 1.1).

It is estimated that the skin layers contain approximately onemitiérve fibres. The majority of
these free sensory nerve endings are in the dermis, but a few unmyetieate endings can be
found in the epidermis. Thermoreceptors are cutaneous free nerve endimiggetiatoldness and
warmth. Cold receptors are activated between 10 and 40°C and are feeendings located in
the stratum basale layer of the epidermis (Tortora and Derrickson, Z0@®¢. are fewer warmth
receptors than cold receptors and these can be found in the dermis. Thesndigrgs are
attached to small diameter unmyelinated C fibres and are adtibatween 32 - 48°C. The
sensation of temperature above 48°C or below 10°C will stimulate painoes;dgptown as
nociceptors. Thermoreceptors release vasoactive peptides suchtarinalene-related peptide
(CGRP) and substance P and this can occur in the absence of pain (Mageekeaied T996).

1.2.2 Skin microvasculature

The microcirculation is the section of the vascular system ranginggrimary arterioles (~100pum
diameter) to capillary venules (Wiernsperger, 2000). The skin micnaledigie has important
functions; the regulation of body heat, provision of oxygen and nutrients for thexres and
dermis, metabolic exchange and tissue homeostasis (Wright et al., PO@@pidermis is
avascular; all of the cutaneous blood vessels are found in the dermis amdsedas layer
(Bircher et al., 1994). The blood vessels in the dermis provide oxygen andtsutiboth the
dermis and epidermis. The stratum basale layer of the epideniédksest to the vessels in the
dermis, so receives most of the oxygen and nutrients for the epiderntie @alls in the stratum
basale move further from the blood vessels and thus oxygen and nutrient supplie tey are

removed from the surface of the epidermis.
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Figure 1.1A diagram of the skin and hypodermis (adapted from Seeley et al., 1999).
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Figure 1.2 A diagram to show the anatomy of the skin microvasculature (adapted fraim &wvd
Grant, 1989)
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The blood vessels in the dermis carry between 8 and 10% of the totataautfiut in a normal
resting adult (Tortora and Grabowski, 2000). However, during severe tesattsie human skin
can receive up to 70% of cardiac output. When the external temperatui isl@otl flow is able

to reduce to nearly zero in the skin (Rowell, 1977).

The skin contains two types of resistance vessels: arteriovenousrarsestgAVAs) and
arterioles. The AVA'’s have thick muscular walls (Levy et al., 2006, tlrenot connect to the
capillary bed, but shunt blood directly from arterioles to venules (Tonal&aabowski, 1996).
The AVA’s are most commonly found in the dermis of the palms, the soles efeth¢he nose and
ears. The arterioles transfer blood flow to the venules through tHidapj and in this way

provide for the skin’s nutritional needs (Pocock and Richards, 2006).

The AVA's are richly innervated by the sympathetic nervous system (&hBShe regulation of
these vessels is by temperature receptors in the skin or the centoaisngystem. Substantial
changes in vessel diameter can occur in these vessels; stimulaionpatthetic nerve fibres can
nearly completely constrict the vessel, but the AVA's will dilagximally when there is removal

of this stimulation.

The arterioles are the main source of vascular resistance vighgqutaneous microcirculation.
They are innervated by sympathetic nerve fibres and most arteriolessaseate of basal
constriction (Pocock and Richards, 2006). However, unlike AVA'’s, artersoéesalso controlled

by local metabolic factors (Pocock and Richards, 2006). The arterioleshek walls; the wall
thickness of arterioles is half of the total vessel diametetdiizoand Derrickson, 2009). The three
layers of the wall of the arteriole are the tunica interna, thedunedia and the tunica externa.
The tunica interna is composed of a thin internal elastic lamina, ttoa tongéidia consists of
smooth muscle cells and the tunica externa is composed of collagenous certrestteszand many

unmyelinated sympathetic nerves (Tortora and Derrickson, 2009).

The primary arterioles progressively become smaller with lesstbnmuscle and innervation in
their walls as they become secondary, tertiary and then termin&blagem he terminal arterioles,
called metarterioles feed into capillaries and then the capilldirés into venules. At the junction
between the arteriole and capillary, the final muscle cell formgrtheapillary sphincter (Tortora
and Derrickson, 2009).

The arterioles feed into capillaries, which are the smallest gdss#le microvasculature. The

capillaries have a diameter in the range of 5-10uM and they connedtttieles to the venules.
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They have a vast surface area and their narrow diameter means thaebbodually pass single
file through the capillary lumen. The capillaries do not have a tunica metlinica externa; their
walls are composed of a single layer of endothelial cells and a basesmbtane. The post-
capillary venules have thin walls, but with increasing size the vehalee two smooth muscle

layers in their walls (Tortora and Derrickson, 2009pgre 1.2).

The cutaneous arterioles, capillaries and venules form two plexu$esdarmis. The upper
horizontal network in the papillary dermis has nutritive capillary logpsieg from it; most of the
cutaneous microvasculature is found in the papillary dermis (Bravermanr), Z660ower
horizontal plexus is at the boundary of the dermal and subcutaneous tisseerrtmn, 1989). The
lower plexus, formed by vessels from the underlying muscles and subcutanglmasifatto
arterioles and venules. These also form connections with the upper horizonial(Bewverman,
1989) Figure 1.2). The ascending arterioles are randomly spaced at intervals of 1.5 wiflnim
the dermis. The lower plexus also connects to the hair bulbs and svehst @savermann, 2000)
(Figure 1.2).

Many of the control mechanisms for regulating skin blood flow and ensuring adegtateous
perfusion arise from the endothelial cells lining all blood vesselsemtiethelium has been shown
to have a number of functions, including angiogenesis, metabolic, anti-indlemynand anti-
thrombogenic processes (O’Riordan et al., 2005). In particular, the endotheiunvita role to
play in the hemodynamics of the circulation. The layer of endotheliallicetig blood vessels
contains gap junctions; these allow chemical and electrical communibatiween cells.
Molecules, including metabolites and ions pass through the gap junctions framlldoeanother,

and facilitate the coordination of responses by the cells (Rummery dngadoi4)

Normal endothelial function has been described as the ability of the elndotherelease
compounds that cause a direct relaxation of smooth muscle cells within thiavasdl)
emphasizing the importance of its role in vasodilation above the otherfum{Gracowski et al.,
2006). Important endothelium-derived vasoactive compounds, include prostacyolimhoane,
nitric oxide (NO), endothelin, angiotensin, endothelium derived hyperpolarizitay {&DHF),
free radicals and bradykinin. NO is thought to be the main endothelium-derisgishgelactor and
is known to perform an important role in the maintenance of vasculavigagurchgott, 1999).

NO acts to balance out the actions of endothelium-derived contractingsfact
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1.2.3 Control and regulation of skin blood flow

In order to sustain tissue perfusion and meet the demands of temperatatoretutre must be
an appropriate control of vascular responses. In the cutaneous microvascal&rations in
blood flow in response to changing needs of the tissue are regulated bgtcomaad relaxation
of vascular smooth muscle. This involves a combination of neural, myogenmgyred and

metabolic mechanisms.

Neural mechanisms

The arterioles are in a state of vasoconstrictor tone (Carlsan2@@8B), so that they maintain the
capacity to further constrict or dilate. This tone is controlled byut@namic nervous system
(ANS), the metabolic needs of the tissues, local and circulatingomerievels and mechanical
factors. The main mechanical factors that influence microvascularare pressure and flow. An
increase in blood pressure causes a contraction called myogenic toneleanebae in blood

pressure causes relaxation of the arterioles (Carlson et al., 2008).

The regulation of skin blood flow by the nervous system occurs in two main vesagsalaontrol
by sympathetic nerve fibres and also by nerve axon reflex. The central coskini blood flow is
through two different pathways of sympathetic nerves; the sympathegioeagic vasoconstrictor
nerves and the sympathetic vasodilator nerves. The glabrous arkessoich as the palms, soles
and lips, where AVAs are mainly found, are only innervated by the vasoconstectas; the rest
of the skin microvasculature is innervated by both vasodilator and vasoctonsierves
(Charkoudian, 2003).

The nerve axon reflex mediates vasodilation of the cutaneous microémeultais neurally
mediated by nociceptive C-fibres (Cable, 2006), which are stimubgtedat or other stimuli.
These fibres stimulate conduction in the normal direction (orthodromthgtspinal cord and in
the opposite direction (antidromic) to other axon branches. This causes dise wfléocal
vasodilator neuropeptides, such as substance P, bradykinin and calcitoninafedepeptide
(CGRP) from the terminals in skin and tissue. These neuropeptides tlmmthetvascular smooth
muscle or through secondary pathways, such as mast cell releasarnofrtdsto cause

vasodilation to the area around the sensory neurons (Vinik et al., 2001;€h@being, 2009).

Myogenic mechanisms
The vascular smooth muscle in the wall of blood vessels directly regskiteblood flow by

causing constriction in response to an increase in pressure acrosdl tued dilation in response
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to a decrease in pressure (Bayliss, 1902). The increase in preBsge an increase in
intracellular calcium by activating cell membrane stretch aettvahannels (SAC) in smooth
muscle cells (SMC) and endothelial cells (EC) (Takenaka et aB).1BBe SAC'’s are permeable

to molecules such as potassium, sodium and calcium. The SAC’s increadeitime level in the
cells by allowing direct influx of extracellular calcium and by depolarizingSM€’s which then
causes an influx of calcium through voltage operated calcium channelsigéda calcium levels
results in constriction of the vessel. The change in resistanke bfdod vessels does compensate
for the changes in arterial pressure, and it is suggestedithatai be a form of autoregulation of
blood flow (McGeown, 2002; Carlson et al, 2008). The myogenic responses have beerodh@wn t
more prominent in smaller vessels (Lagaud et al., 1999), and strongeemthal females

(Huang et al., 1997).

Shear stress on the endothelial cells also affects the conthal bfaod vessels (Widlansky, 2009).
The shear stress causes an influx of calcium through SAC’s and anénicreakcium in
endothelial cells. The mechanism of the shear stress response has beesdmuatbkmatically
(Wiesner et al., 1997). The increase in calcium leads to hyperpolarishtodothelial cells and
generation of NO. The propogation of hyperpolarisation and also the effelbtssNO cause a
decrease in the calcium level of SMCs and relaxation of the véssatigsberger et al., 2006).
The endothelial cells have direct connections with the smooth mudsléhceugh myoendothelial
gap junctions (Dora et al., 2000). Therefore, stress on smooth muscle by ahangiasascular
pressure causes increased calcium levels in SMC's and the myogsoose. However, shear
stress directly on endothelial cells causes reduced calcium lex&)4Gis and the myogenic

response is attenuated (Koenigsberger et al., 2006).

Endothelial cells produce NO which acts on smooth muscle cells to causdatasudi

NO is produced from L-arginine by nitric oxide synthase (NOS) and thereaekknown
isoforms. Endothelial NO causes dilation of blood vessels by stimulationublesgiuanylyl
cyclase and also by increasing cyclic guanosine monophosphate (cGMP) vatbindbth muscle
cells (Forstermann et al., 1994). NO also inhibites platelet aggmegatd adhesion. There is
evidence that NO inhibits DNA synthesis, mitogenesis and proliferatieaiscular SMC's
(Forstermann and Munzel, 2006). Due to its dilating effects, NO is importdre gontrol of
blood pressure. NO, produced by endothelial cells, is known to regulate vascularddise a
important in the maintenance of vasodilation following local cutankeatng and loading
(Meredith et al., 1996; Kellogg et al., 1999).
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Hormonal and Metabolic mechanisms

The SMC'’s around the vessel can also be stimulated directly by catechedaanting om.1-
adrenoceptors. Inflammation produces vasodilators such as bradykinimctieate blood flow at
body sites where there is trauma and infection (McGeown, 2002). Skin blood flow re@igated
by local metabolite production. It has been found that local ischaemia ieghisformation of
vasodilator metabolites. These metabolites decrease the vassidéance and cause local dilation
of the resistance vessels and the opening of the pre-capillary sphindtez local area (Berne et
al., 1998). These metabolites are thought to include carbon dioxide, lactic acidsiae,
phosphate, Kions and Hions (Seeley et al., 2000; McGeown, 2002).

1.2.4 Vasomotion

The regulation of the skin blood vessels results in an oscillatory bloog#tern termed
flowmotion; this flowmotion is in part caused by the rhythmic constrictiahdilation of the blood
vessels which is called vasomotion (Nilsson and Aalkjoer., 2003; Mauladn 2001; Rossi et al.,
2006a). There are many different mechanisms for oscillations in blood floghavieal
oscillations are present in the blood flow and result from the movemethis loéart and
respiratory function. There are also oscillations which result framahdischarges (Nilsson and
Aalkjoer, 2003). Vasomotion is generated from within the vasculdranélis not a consequence
of the heart beat, respiration or neural discharges (Nilsson and AaQ@3), but requires some

tone to be present in the vessel.

It is possible that neural or hormonal input increases tone to a leved wdsmotion can occur
(Nilsson and Aalkjoer, 2003). Also, hormonal or neural inputs could influendestiigency or

phase of the oscillations in vasomotion (Nilsson and Aalkjoer, 2003).

A number of theories have been suggested for the precise mechanism witresdal wall that
causes vasomotion. One suggestion is that oscillations in membrane patentéaponsible for
the oscillations in vessel tone in vasomotion. In a study where membranegbotastmeasured
during vasomotion, the membrane potential oscillated at the same frequeasp@m®tion (Hill et
al., 1999). It is suggested that the coordination of the SMC's in the vealsalould need to be
due to electrical communication for it to be fast enough (Nilsson and AglRj@3). A further
theory is that the coordination of the SMC'’s in vasomotion is through gatigumbetween the
smooth muscles that enable them to quickly synchronise and constrict and déttertgHill et
al., 1999; Sell et al., 2002; Haddock and Hill, 2005).
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The rhythmic constriction and dilation in the skin microcirculation has Hemmrsto be of benefit
to microcirculatory flow. A study using theoretical analysis of osiltestin a multibranched
network has shown that stimulated vasomotion can cause an increase of 40 - 60% anthe me
blood flow when compared to normal, steady state conditions (Ursino et al), 926 been
shown mathematically that vasomotion reduces the vascular resiatahoesults in an increase in
the effective diameter of a vessel (Slaaf et al., 198&h chaotic and periodic vasomotion
increase blood flow compared to steady state (Parthimos et al., 1996¢ @Agdneous
microcirculation is regulated by a number of different mechanismsganisidered that chaotic
vasomotion will be inevitable (Parthimos et al., 1996). Vasomotion has alsslmmen to effect
the distribution of blood flow; in a mathematical model it was shown thaigtrédtion of flow at
bifurcations in the arterioles was altered depending on whether the vasonmaipenrodic or
chaaotic; chaotic vasomotion allowed a constant ratio of blood flow betwedmahches, but
periodic vasomotion was able to increase flow in one branch of the arterdoteathe other
(Ursino et al., 1996).

Vasomotion is thought to be beneficial in certain pathological conditionsethalt in tissue
ischaemia. Using theoretical modelling it has been shown that period$dfdvigwith low
frequency oscillations improves long distance diffusion of oxygen to cagill@rsai and
Intaglietta, 1993). This means that at reduced perfusion levels,roig/gere evenly distributed,
so that there is less tissue with very low oxygen levels. In a studynasinod limbs, Rucker et al.
(2000) demonstrated using Nicotinamide Adenine Dinucleotide (NADH) floene, that
vasomotion improved flow to tissues and also maintained the NADH fluoesaetissues
adjacent to muscle; they concluded that vasomotion had a beneficialbefftessue oxygenation
due to improvements in microvascular flow. Other studies have showretheficy of oscillations
in the microvasculature to be significantly enhanced in pathologieseviatood flow is reduced

such as hypotension (Pajk et al., 2002; Nilsson and Aalkjaer, 2003).

1.2.5 Effects of external stimuli on skin blood flow

Environmental temperature change

The primary role of the cutaneous microvasculature is regulation ofteogherature. The
significant changes in blood flow during temperature regulation are ireptechthrough the
AVA's and the arterioles (Pocock and Richards, 2006). When body tempeis@siehere is a
decrease in SNS activity, the AVA opens and the arterioles vasodilatn ¥&mperature falls,
there is an increase in SNS activity, the AVA closes and artedotesdrict. If more heat loss is

required then sweating is stimulated. The sweat glands are inndoyathdlinergic sympathetic
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vasodilator fibres; sweat contains an enzyme which causes the productiadydditin, which is a
strong vasodilator, and the bradykinin acts locally to cause furtherilegodof arterioles

(Pocock and Richards, 2006). The sweating also enables evaporation and heat loss

Local warming

The skin blood flow response to a local thermal challenge has been iategsiigdetail in recent
years. The response to local heat stimulation involves an initial vapbdilation, followed by a
short nadir, and then a secondary prolonged vasodilation, which can be desctiteeglateau.
The initial, rapid increase in skin blood flow following local skin iabas been attributed to an
axon reflex (Minson et al., 2001; Kellogg et al., 1999). It has been shown that NCaslees ole
to play in the onset of the local heating response to progressive lodagHettughton et al.,
2006). NO inhibition by L-Nitro-Arginine Methyl Ester (L-NAME) shifted or $thown the onset
of the axon reflex to a higher temperature. Although Minson et al. (2001) show&tDBat
inhibition during rapid local heating slightly attenuated the axon reflporese, they found that it
reduced the plateau response by approximately 20%, suggesting the roleisombi® significant

during this secondary phase.

Some studies have suggested that NO might be indirectly involved in CGRPeindsoelilation
in the skin (Klede et al., 2003) and contributes to vasodilation in resfmaabstance P (Klede et
al., 2003). The effect that NO inhibition has in shifting the onset of the Vatsdidin to a higher
temperature with NO inhibition could be due to a desensitization dir€-fiociceptors (Houghton
et al., 2006). The involvement of prostaglandins in the local heating respamsgear. When the
cyclooxygenase (COX) pathway, which is part of the pathway involved in tdegiron of
prostaglandins was inhibited, active vasodilation (sympathetic chatiheliging whole body
heating was also inhibited but this had no effect on local skin heatingofd@&tal., 2006).

Local pressure loading

When a load is applied to the surface of the skin, the function of thenelasticollagen fibres in

the dermis is to distribute and support the load (Hagisawa et al., 2001; 8pow8I83). There is
evidence to suggest that application of a load to the skin below a cedséniggr does not induce a
decrease in blood flow as might be expected, but an increase (Xakallisl®93). A study was
performed using a calibrated pressure device to apply progressive amougtsaofeto the

human hand, during which skin blood flow under the pressure device was measured using Lase
DopplerFluximetry (LDF) (Fromy et al., 2000). They demonstrated that up to pressiure

25mmHg there was a neurally mediated dilation in the skin of the human hand/(&ral.,
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2000). In a similar study it was also found that local low level pressurelisiads to a slow

developing vasodilation in the hand (Abraham et al., 2001).

It is clear that not all localised ischaemia results in cell sexrif there is pressure relief and the
tissue is allowed to recover, there is a period of increased blood fli®a oahctive hyperaemia
(RH) (Sprigle et al., 2002). It is important that the microcircoitets able to generate an adequate
RH response to an interruption in tissue perfusion (Wywialowski, 1999). Thedpdnse is
thought to result from several different mechanisms. The ischaemiddayiblood flow

occlusion results in an accumulation of the metabolite adenosineigthia@mic tissue. More
recently it has been suggested that shear stress causes vasodilatglamaias to be produced by

endothelial cells (Binggeli et al., 2003).

1.3 Pressure ulcer development

Pressure ulcers develop when pressure, shear and friction forcedtaeskim Figure 1.3),
particularly at areas where there is a bony prominence. The pragglies to the skin is focused
on the skin tissue directly above bony prominences. Kosiak (1961) describied thetlveen
pressure and pressure ulcers; they suggested that almost altgtéssts develop in the tissue
over bony prominences subjected to excessive pressure and healing processsgmidyoccur
when pressure is removed. It is now generally considered that normédrggmiéssure is
approximately 32mmHg, which means that external pressures above 32mrhetugd capillary
deformation. The combination of friction and shear exacerbate theseffgmtessure and mean
that a reduced amount of pressure is required to cause damage (Dinsdal&lt8xsh in some
cases only the skin tissue layer is affected in pressure ulcedgmEmtissue pressure ulcers which
involve muscle tissue can also occur. In the deep tissue pressure bkdesnage begins in the

tissues under what appears to be intact skin (Ankrom et al., 2005).

A detailed understanding of the nature of the damage that occurs in thepdesmt of a pressure
ulcer has been difficult to determine due to the difficulty of conducting dseaudies to
investigate the changes that occur to the tissues at differerg sfggessure ulcer development
(Edsberg, 2007). There have been mianytro studies andh vivo studies in animals that have
directly measured the effects of pressure on tissue. However, thethieatissues involved in
sampling ulcerated tissue in human participants, so human studies hed@netionsidering the

effects of the ulceration on the surrounding tissue or by conducting studieagrtestn (Edsberg,
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2007). The main reasons for pressure ulcer formation are consideredt¢hdmniia, ischaemia-

reperfusion and direct cell deformation.

The direct pressure applied to the supporting skin tissue layers hashb@anto cause structural
changes to the cutaneous tissue and in particular to the collagenrfitteslermis. These
collagen fibres become densely packed and change their alignment (Edsberdt 206ugygested
that the network of collagen and elastin fibres are important in prevehérsytface pressures
from extending into the deeper tissues; any damage to this tissue |ayes timat there are

difficulties in the support of mechanical loads (Edsberg, 2007).

Ischaemia

When the tissue can no longer mechanically support the pressure uthés r@sclusion of skin
blood flow and ischaemia. The cutaneous microcirculation is not abkditer oxygen and
nutrients at a rate that is able to meet the metabolic demands afkthe (Knight et al., 2001). It
has also been suggested that occlusion to the lymphatic system can oentuaing the
accumulation of metabolic waste products (Reddy and Cochran, 1981). Theiatmmof
metabolic waste products can lead to cell damage. In a study in which 60wasHgplied to the
trochanteric region of dogs for greater than 1 hour, tissue samples frgitetekowed necrosis of
the muscle and venous thrombosis (Kosiak, 1959). The venous thrombi that develojpoddiimng
can effect the RH following pressure removal, so that the tissue reisizhiagmic for longer
(Kosiak, 1961).

Ischaemia-reperfusion

Ischaemia reperfusion (IR) injury is cellular injury resultingni reperfusion of blood into a
previously ischaemic tissue (Pretto, 1991). There is increasingheeide suggest that IR plays a
role in the pathology of skin damage during pressure ulcer formation (Beate2001; Reid et
al., 2004). The 2 hourly patient turning regimes advocated on many hospital wandthatea
although the length of ischaemia to the tissues is reduced, the IR kirthrosd vessels still
occurs at certain skin sites. The return of normal blood flow can exéeénbaissue injury caused
by the ischaemia (Bulkley, 1987). It has been shown in a skin rat model thaedelfeajuries

are more damaging to tissue than prolonged ischaemia alone (Peitc@@@). There are several
proposed mechanisms for the damage caused by IR, but the majority involveaheddcr
presence of reactive oxygen species (ROS) which results from.tli@éRnjury caused by ROS to
the blood vessels includes endothelial cell swelling that limifsigien (Mazzoni et al., 1995) and

changes in the permeability of the post-capillary venules (Pierte 20@1).
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Deformation damage

A further theory regarding the aetiology of pressure ulcerationti®tirect cell damage caused
by deformation. In deep tissue injury, the load on the skin surface is tredsie the muscle and
is thought to directly cause cell damage.iAnitro study was completed in which compression
was applied to engineered skeletal muscle tissue. It was foundréitadill damage occurred
within 1-2 hours and they suggest that prolonged deformation of cells leadsdancagje and that
this is involved in the onset of pressure damage (Breuls et al., 2003). A Bitithg involving the
rat hind-limb also found that above a certain threshold of tissue straiagdamcurred to the
skeletal muscle (Ceelen et al., 2008). It is likely that after thatioit of this muscle damage, the

development of the damage is accelerated by the effects of isci{&wmalan et al., 2008).

SHEAR
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Figure 1.3A diagram to show pressure, friction and shear forces (adapted fromIRL&38).

1.3.1 Intrinsic factors that increase risk of PU

There are many proposed factors that increase risk of pressure ulglepdeant, although more
research is needed to demonstrate the link between these factors ane piassige (Moore and
Cowman, 2008). Certain population groups have altered skin microcirculation which ca
potentially increase risk of pressure ulcer development. The riskssfypeeulcer damage to the
skin is difficult to predict due to the range of factors, both intriasit extrinsic, that affect the

skin and specifically the skin microcirculation.
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Cardiovascular disease

Cardiovascular disease may increase risk of pressure ulcer famnfagiveral studies have
demonstrated changes in skin blood flow and vasoreactivity in patients vdibveescular disease.
A study has shown that the responsiveness of the forearm cutaneous midabwesa a group of
patients with essential hypertension to both CGRP and also a locaingastimulus, measured
using LDF, was significantly reduced compared to a normatensive grouptddhdsal., 2006).
Patients with peripheral arterial obstructive disease (PAOD3 slaewn delayed RH and reduced
vasodilatory response to both acetylcholine (ACh) and Sodium NitrogeuSSINP). The
cutaneous blood flow was not impaired during baseline measurements inateses pout only
during the skin challenge. This may suggest that compensatory mechanignssistaining
baseline flow at normal levels, and that these compensatory mechaaigensecome exhausted

during the challenge of post-occlusive hyperaemia (Rossi et al., 2005).

Diabetes

Diabetes is commonly considered to be a risk factor for pressuredelaopment. This is due in
part to the effects of diabetes on the skin microcirculation. Studiesshawn reduced
sympathetically-mediated vasomotion in the foot skin microcirculationremeased capillary
permeability in diabetic patients with neuropathy (Lefrandt et al., 20@8yekker, a further study
has shown significant reduction in skin arteriolar vasomotion in dapatients without
neuropathy (Meyer et al., 2003), suggesting that sympathetic peripheral dipsfurocurs earlier

than parasympathetic diabetic neuropathy.

A study was completed in which progresgwressure was diabetic patients compared with the
matched control subjects (Fromy et al., 2002). This suggests thesstiies of diabetic patients are
potentially more susceptible to external pressure application and thussedmesk for pressure

damage.

Age

Pressure ulcers are more common in the elderly and age is a predicttaéoiniicluded in most
pressure ulcer risk assessment tools. In a study by Whittington et al. (2000), 1Ti&@8 pa
hospitals in the USA were studied for pressure ulcer development and 7% of¢hespat
developed pressure applied to the ankle bone of diabetic patients withoopathy and controls.

It was found that the skin blood flow decreased to baseline with much lowerdapgdssure in

the ulcers; 73% of these were in patients over 65 years. With the incréaseghéictancy of the
population there is potential for a vast increase in the prevalempressfure ulcers and an increase

in the financial and personal costs that pressure ulcers cause.
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There has been much investigation into the effect of ageing on the skin lolwotyliximal
cutaneous blood flow was shown to decrease linearly with age (Martin et &l),id ®ser

Doppler measures of skin blood flow. The ability to increase skin bloadifi response to
environmental heat stress has been shown to be compromised with advantéidsmedt al.,
1998; Minson et al., 2002). In a study where a load was applied to the forearm skin @ryoung
(mean age: 25.2 years) and older (mean age: 64.6 years) volunteers, the R @espaesult of

the removal of the load was significantly reduced in the older group (Hagetaal,, 1991).

There are structural changes in the skin tissue and the micratwauhat may increase the risk of
pressure damage with advancing age. The number of capillary loops in skin eesigasicantly
with age, resulting in an increased inter-capillary distance (@l €2006a). It has also been shown
that aged skin is characterized by a flat dermal-epidermal juncttbortivei disappearance of
capillary loops, so there is loss of dermal nutritional vessel deansitya reduction in the surface
area for gas exchange. The density of capillary loops is shown to conegtiively with age (Li

et al., 2006a). The microvasculature is thicker and more twisted witesing age, but there is an

increase in total vascular length with increasing age (Li et al., 2006a

1.4 Smoking

1.4.1 Smoking background

Smoking is also thought to be a factor effecting skin blood flow and skin blmeddksponses to
external stimuli. In 2006, approximately 23% of men and 21% of women smoked cigarétees i
United Kingdom, and there was an estimated 12 million cigarette smokerdUK tine2008
(Allender et al., 2008). Others have suggested that worldwide, 47.5% of men and l@&¥ea
smoke cigarettes (Yanbaeva et al., 2007). Smoking affects many of the bhadyaorgans and

functions and is related to many diseases.

It has been well known since the 1950’s that there is a link between wganatkking and
cardiovascular disease (Doll and Hill, 1956). The epidemiological megdior this is strong. A 50
year cohort study of UK doctors considered the long term risk of smoking and foutttethat
mortality from coronary heart disease was around 60% higher in smokers andyB@¥dmheavy

smokers compared with non-smokers (Doll et al., 2004).
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1.4.2 Smoking and cardiovascular risk assessment

There has been much research on the effects of smoking on the cardiovastetaasyl the more
recent work has explored the method of using measurements of skin blood ficeditd risk of
cardiovascular disease. The skin is easily accessible and carebgated non-invasively
(Holowatz et al., 2008). As far back as the 1980’s, Sax et al. (1987) showed usirgtingut of
plethysmography, that patients with microvascular angina had an impaeediforasodilator
reserve following forearm ischaemia. In a further study in children watbedies, it was shown that
they had impaired microvascular hyperaemic response to local heat compaigdited controls
(Shore et al., 1991). Also, using iontopheresis coupled with LDF, it was found tinateasied
risk of coronary heart disease was associated with a smalleheldloi-dependent dilation and
less capillary recruitment in the skin (IJzerman et al., 2003a). In fattdg has shown that
patients with abnormal LDF measurement of the thermal hyperaemia shwremsed
cardiovascular mortality, and it is suggested that its use could impskvassessment, alongside
current assessments such as Framingham (Kruger et al., 2006). These shgdisistsat patients
with increased risk of cardiovascular disease have abnormal skiocirculation and that this can

be detected non-invasively.

1.4.3 Smoking and the skin

Although smoking is a risk factor for cardiovascular disease it has asshewn that smoking
has specific local effects on the skin. The effects on the skin caeédsoth the structural
anatomy and the microcirculation and both these effects may potentiaigsedhe risk of
pressure ulcer development. After sun exposure, it is thought that smoking issthenportant
contributor to premature skin ageing. A recent study by Helfrich et al. (2007 that cigarette
smoking significantly correlated with skin aging in skin that had not beersedo the sun.
Smoking has been shown to cause reduction in collagen in skin through up-regulatemimbne
metalloproteinases (MMP), which breakdown the collagen (Knuutinen @0aR; Yin et al.,
2000). Several studies have found a significant link between smoking andimgmasence of

pressure ulcers in patients (Cakmak et al., 2009; Smith et al., 2008)

There is evidence that smoking has adverse effects on the cutanemgrmilation, although
studies so far have produced conflicting results. In a study investigagimtpitonic effects of
smoking on basal skin blood flow at the sacrum, there was no signififienédce between
smokers and their matched non-smoking controls (Butler et al., 2001). diswashown that

cutaneous blood flow during and after cigarette smoking was not signijictffirent from pre-
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smoking blood flow levels (Tur et al., 1992). However, others have found thatttégamoking
causes an acute decrease in skin blood flow at the finger, thumb and upper asmelsody
(Bornmyr and Svensson, 1991; Richardson, 1987; Goodfield et al., 1990; Monfredqla39&
Reus et al., 1984; Van Adrichem et al., 1992).

The effect of smoking intensity on skin blood flow has been explored in sstgdas. In a study
considering the flow and nitroglycerin-mediated reactivity of the bahelniery, it was shown that
these were significantly reduced in smokers compared to non-smokenmsidburiga small or
large number of cigarettes per day caused the same adverse @ffecidothelial function (Barua,
et al., 2002). However, other studies have shown there to be differences iskatbieod flow
responses to smoking a cigarette between light (10-12 cigaretteasfdbleavy smokers (>20
cigarettes/day) (Midttun et al., 2006). The blood flow in AVA's, measusing the heat washout
method, decreased during smoking in the light smokers and returned to pre¢shaogis
immediately after smoking, but in heavy smokers it remained unchanged,lwkfdng and after
smoking. They suggest that this shows that heavy smokers have separenignts in their

peripheral microcirculation (Midttun et al., 2006).

1.4.4 The effects of smoking on the endothelium

The endothelial lining of skin blood vessels is important in the regulatiskiroblood flow. It is
thought that smoking causes an alteration in the function of the endothelium. Eadlotheli
dysfunction is primarily considered to be a disease of the microedsai(Stewart et al., 2004)
and means that the blood vessel wall is more susceptible to vasmtionstieukocyte adherence,
platelet aggregation and thrombosis, vascular inflammation and atleeosss (Verma and
Anderson, 2002).

The first evidence that cigarette smoking could cause endotheligl imgs demonstrated in a
study where morphological observations of umbilical arteries taken framkisg mothers were
completed (Asmussen and Kjeldsen, 1975). The endothelium was shown to havgudar irre
appearance. Other studies have shown that morphological changea endothelium caused
reduced production of prostacyclin from the endothelium and platelet adhesiibm€Pal., 1982).
Rats exposed to nicotine showed increased endothelial cell death whiltbdén leakage of
macromolecules across the endothelium (Lin et al., 1992). Although the vasathlpacity of the
cutaneous microcirculation has been shown to be reduced in smokers comparedniokera-s
(IJzerman et al., 2003b) and also in the infants of smoking mothers conpamdsmoking

mothers (Ahlsten et al., 1987); only one study has shown reduction in vasodilation due to
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endothelial-dependent mechanisms without reduction in vasodilation due to endcthelium
independent mechanisms (Celermajer et al., 1993). However, it is importdatify that even this
study was completed on the brachial artery of participants and not the wédbels

microcirculation.

There are several theories as to how smoking may cause endothélinttga. More recently,
the main focus of attention has been on the effects of smoking in reducio@xittie levels in the

body, through an increase in oxidative stress.

1.4.5 Nitric oxide and smoking

It has been hypothesised that a reduction in NO production in smokers mesuteduction in the
vasodilator capacity of the cutaneous microcirculation. Severdiesthave shown that smoking
affects the intravascular levels of NO. Long term smokers haveisartlf lower plasma NO
(Node et al., 1997) and reduced plasma NOS activity (Barua et al., 2001) thanai@rss In a
recent study, smoking a cigarette decreased nitrate and nitrite catioestin the plasma by 3.5 +
1.2 and 3.4 £ 1.1 umol/L compared to pre-smoking and sham smoking, respectivehjy@stic
al., 2002). NO biosynthesis vivo andin vitro is adversely affected in light smokers, as well as
heavy smokers. A study has shown there to be similar alterations in NO podentiothelial
nitric oxide synthase (eNOS) protein expression and activity in light aawy Isenokers (Barua et
al., 2002). However, there are conflicting findings from another study, ichvemokers had

increased serum levels of NO compared to non-smokers (Chavez et al., 2007).

The reasons why smokers may have altered vascular NO levels hagjleszdan much detail. It
may be due to reduced intracellular availability of the precurdd¥®©csuch as L-arginine
(Hutchison et al., 1999), or the cofactors of NO, such as tetrahydrobiopterih &Bld4esult of
oxidation by peroxynitrite (Heitzer et al., 2000). The adverse effectgafetie smoke on
endothelial function may be reversed by supplementation of L-arginine {slutaét al., 1999) or
BH4 (Heitzer et al., 2000). It has also been shown that cigarette smoket ¢KIBE) causes acute
reduction in endothelial cell L-arginine transport (Zhang et al., 2006). Tiomicaamino acid
transporter (CAT1) is one of the major transporters for L-angifor the endothelial cell. CSE
caused diminished CAT1 mRNA. They found that CSE was able to reduce endotSial N
(eNOS) enzymic activity, but not inducible NOS (iNOS) activity (Zhangl., 2006).
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1.4.6 Oxidative stress and smoking

There has been much focus on the effect of oxygen free radicals and oxidlesses endothelial
function, particularly in relation to smokers as it is known that cigasetteke contains and
generates a substantial amount of oxygen free radicals (Smithsmhe = 2001; Leanderson and
Tagesson, 1992RQlthough it is suggested that when produced in a controlled manner reactive
oxygen species (ROS) such as hydrogen peroxigl@,JHHave important signalling functions in the
body (Griendling and Harrison, 1999). Some studies do not agree, and suggest that§&8ec
proliferation and apoptosis associated with cardiovascular dises$eassatherosclerosis (Li et
al., 1997).

Although the ROS from cigarette smoke could cause the vascular dysfisetioim smokers, the
specific pathway for this has not been clearly defined. It is belidnadhte endothelial dysfunction

in smokers may result from oxidative damage by ROS on endothelig|tdeitzer et al., 1996).

ROS may also cause endothelial dysfunction through inactivation of NO.iXaatlidase is a
multifunctional enzyme present in high concentrations in the endotheligbé capillaries and can
produce free radicals (Guthikonda et al., 2003). Xanthine oxidase derivedxédeeadicals are
thought to react with NO to form peroxynitrate, which causes inactivation qQutikonda et
al., 2003). When xanthine oxidase is blocked by allopurinol, endothelial dependmfitatas in

smokers is improved (Guthikonda et al., 2003).

Furthermore, other studies have shown that cigarettes smoking tiekisg ®f leucocytes to the
microvascular endothelium in hamsters (Lehr et al., 1993), but vitamirv€npeel this (Lehr et
al., 1994). This suggests that the anti-oxidants could not act as scawerigerROS that were
causing the damage. A study has shown significantly improved endothelial fundtienboéchial
artery measured by flow-mediated vasodilation in smokers followinmiit& supplementation
(Young et al., 2006).

Recently, the role of nicotinamide adenine dinucleotide phosphate (NADQ#d#Hse in generating
ROS, and specifically superoxide, has been explored. Although, cigarette smvakifigund to
cause significant endothelial dysfunction in the carotid arterieg,dhimwas reversed with the
inhibition of NADPH oxidase (Orosz et al., 2007). It is thought that the waterls@aimponents
of cigarette smoke cause increased NADPH oxidase-dependent superoxidéareirethe
arteries, and so the inhibition of NADPH prevented this (Orosz et al., 2007).
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Although cigarette smoke contains large quantities of oxygen free gdioalrole of nicotine has
also been explored in relation to oxidative stress. It has been shown thay<dffa nicotine nasal
spray (1mg of nicotine) causes endothelial dysfunction as measurednach@l artery of
chronic smokers, using high-resolution ultrasound (Neunteufl et al., 2002) vEiQ\ieey also
found that smoking a cigarette with a nicotine yield of 1mg caused &gamaount of endothelial
dysfunction compared to the nicotine nasal spray. This suggests that, althaiigie mias a role to
play in endothelial dysfunction, other constituents of cigarette smokelmgstas the dysfunction
was more evident after smoking a cigarette than nicotine spray(&lenateufl et al., 2002).
Acute infusion of nicotine causes impaired endothelial dependent Entessodilation, but this
was restored by perfusion with superoxide dismutase (SOD) (Mayhan ampe Stg98), which is
known to catalyze the removal of superoxide (Csiszar et al., 2009). It bdmalsfound that
infusion of nicotine impaired the release of NO from the hamstekgimech microcirculation in
response to ACh and adenosine diphosphate (ADP) and treatment with S@tgutehis
(Mayhan and Sharpe, 1999).

The increased oxidative stress in smokers may be due to an imbalance itscidibanti-
oxidants. Several studies have shown that smokers have lower leveisxitlants, which results
in an increased susceptibility to the oxidant effects of ciganeibées (Morrow et al., 1995; Nuttall
et al., 2002; Tousoulis et al., 2003). In smokers with a lower NO-mediated &disodiesponse,
there was a reduction in circulating levels of ascorbic acid, tocolplaed alpha and beta carotene,
which suggests reduced antioxidant capacity (Rocchi et al., 2007). Howéesrstoidies have
shown increased function of antioxidant mechanisms involving vitamin Cokess) suggesting
that this is a compensatory mechanism against the increased pralse@® (Chavez et al.,
2007). The vitamin C was proposed to prevent accumulation of malondialdehyde and was
protective measure and compensatory mechanism against oxidative damige.dfudies have
also demonstrated the potential protective effects of vitamin C ad¢jaénsicrovascular effects of

cigarette smoking (Gamble et al., 2000).

1.5 Measurement of skin blood flow

There are several techniques currently used to measure the blood flewcutaneous
microcirculation, including photoplethysmography, laser Doppler imagingd) @@ LDF. LDF
has been used in a large number of studies and in recent years has becoimg\athiabl the
oscillatory nature of the blood flow can also be measured by further anafiybie signal. This is

the technique used within this thesis, so will be considered in more depth.
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1.5.1 Laser Doppler fluximetry

Since the 1970’s, numerous studies using LDF to monitor the skin microdonuialve been
published (Bongard and Bounameaux, 1993; Saumet et al., 1988). LDF has been shown to be an
affective and reliable method for the measurement of blood flow initreeirculation both in

medicine and microvascular research (Obeid et al., 1990).

The LDF uses the Doppler affect, where laser light becomes shiftestjireficy when it is
scattered by moving red blood cells in the tissues. A portion of thedadieked light is detected
photoelectrically and a voltage output is obtained (Cooke and Almond, F60)€1.4). The
product of red cell velocity and density is called the flux of red cellshwiic a constant
haematocrit within the volume of tissue being sampled, should be propottioedicell flow
(Cooke and Almond, 1990).

Doppler Signal H Corn puter

Laser Detectar
a4 a 4 4d

Bood Ao

Figure 1.4 A diagram to show the functioning of the Laser Doppler fluximeter

The LDF is suited to measure relative flow changes in the microedsell such as during heating
or cooling or during and after ischaemia. The depth of surface penetrdgea thkan 1mm and is
dependent on wavelength and number of fibres (Fredriksson et al., 2009). A nedghias

shown using Monte Carlo estimation that for a LDF probe with a fibre sepach 0.46mm, the
depth of penetration measured is between 0.21-0.39mm (Larsson et al., 2002). Theoproporti
photons that reach depths greater than 1.4mm when using this probe was found to be 13.7%
(Clough et al., 2009). Thus, the majority of the measurement is taken frderrapl and dermal
tissue. It measures flow in the capillaries and tertiary arésriwithin the upper horizontal plexus
(Braverman et al., 1990).

LDF is an established non-invasive procedure which measures both nutatidnzon-nutritional

blood vessels (Nilsson et al., 1980). This method has advantages over other mettaddsdoes
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not cause tissue trauma or disturb the microcirculation directiyelal., 2005). The blood flow in
the arterioles, capillaries and venules is measured, but cagilipply to sweat glands and hair
follicles does not contribute as these are 3 - 5mm below the skin surfagerfBan, 2000). LDF

has high temporal resolution as measurements can be taken continuously.

The LDF technique does have disadvantages. The LDF probe is prone to éffiexteiment
artefact on the signal. The technique of LDF only gives a relativeumeeatskin blood flow; the
signal does not give absolute values for the blood flow signal, but onsunesan arbitrary units.
The measurement depth of the laser Doppler probe is also variable dderemdés in tissue
structure, the heterogeneity of blood flow, the distribution of blood vessgiha measuring
probe itself (Wohlrab et al., 2001). As the LDF probes used in the studigs thesis have
diameters of 1.5mm (skin heating) and 8mm (skin loading) and the distributidwodfvessels in
the skin is variable, there can be significant site-to-sit@tians in flux measurements
(Bravermann, 2000).

1.5.2 Laser Doppler fluximetry and skin challenge

It is considered that measurements are more accurate when a known chslégmied to the skin
in conjunction with the LDF. These include post-occlusive reactive hgpeaalocal pressure-

induced hyperaemia and local thermal challenge.

Post-occlusive reactive hyperaemia

Post-occlusive hyperaemia is the increase in skin blood flow above bdeeéitseafter the release
of a short arterial occlusion (Cracowski et al., 2006). The test isrpextl by placing a cuff on the
upper arm and increasing the pressure above systolic blood pressure o@al rthe cuff, there
is usually an increase in blood flow above baseline levels. The ischaeioit ipaisually between
3 and 5 minutes; for ischaemic periods that are greater than 5 minutesathbszh shown to be a
linear correlation between the length of the ischaemia and the adeptif the response (Wong et
al., 2003). A study has shown that NO is not crucial for the response (Wong603l.Zhao,
2004); the hyperaemia in response to both 5 and 15 minutes occlusion was not significant
different at the L-NAME site compared to the control site (Wong et al3)200

Local pressure induced hyperaemia
Studies have shown that the RH response in the skin microvasculdtuwénip removal of
external pressure is different to the response caused by the afleaffeocclusion. External

pressure on the skin results in a more prolonged increase in skin blood flode([Rad Wells,
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1998). When the microvascular response to pressure and cuff-induced iscleeeni@mmpared at
the finger site of human participants, the pressure induced hyperasgaia later, lasted for longer
and was of a greater magnitude compared with the cuff occlusion. The applafadirect

pressure to the skin causes substantial stress directly on ti@estihemselves (Rendell and
Wells, 1998). When cuff occlusion occurs, venous return is blocked, so venous blood remains
venules during occlusion (Capp et al., 2004). However, local pressureere®ss blood out of
the venules. Many studies have used measurement of skin blood flow during arstladtemia
caused by cuff occlusion and have demonstrated differences in vasoactivigbgroups
including smokers and non-smokers; smokers were shown to have reduced res{schsemia
(Rossi et al., 2007a).

Several studies have considered the effect of external pressthre skin of different body sites
and using different methods of loading the skin. In a study, patients lay on asmattdethe skin
blood flow was measured using LDF at the trochanter, before, during anthafpgessure period
(Frantz and Xakellis, 1989). Further studies positioned the heel on patramisplate to apply the
pressure and LDF measured skin blood flow through the plate (Mayrovitz et al. M&@dyitz
and Smith, 1998). Other studies used external loading devices of varigstisapion, which
applied given loads to the skin (Schubert and Fagrell, 1991; Colin and Saumet, b@96efal.,
2000; Abraham et al., 2001). The studies involving external loading and removahoawe light
smokers to have attenuated reactive hyperaemic responses (Nabl@@23) and a group of

elderly patients had diminished responses (Schubert and Fagrell, 1991).

Thermal challenge induced vasodilation

Several studies have been undertaken to measure the response t@towgirhdifferent patient
groups and healthy control participants. A study was completed in whichhieatthg was applied
to the hand and foot of patients with complete spinal cord injury (SCI) cethpapatients with
incomplete SCI (Nicotra et al., 2004). They found that the axon-reflex medtzed pas
significantly reduced in the foot (below the level of the lesion) tépts with complete SCI
compared to those with incomplete SCI. They suggest from this study thatahbdating
response may be a useful technique to assess the spinal sympathetic gatbvesyso classify
SCI (Nicotra et al., 2004). The local heating response has also been usesidercthe effects of
ageing on the skin microcirculation. It was found that the initial riséoiodoflow and the
prolonged plateau vasodilatation in response to local heating was sighjifatéenuated in older
(69-84 years) participants compared to younger (18-24 years) particigiamsri et al., 2002).
The reduced ability to increase blood flow rapidly to a direct hizatists and also the attenuated

prolonged vasodilatation could make the skin of the elderly group more at daknage.
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1.5.3 Laser Doppler fluximetry and spectral analysis

The LDF signal is composed of a number of oscillations of various frequeesidsng in
flowmotion and this is in part due to the constriction and dilation of the blass#leduring
vasomotion (Rossi et al., 2006a). In recent years, spectral analysis ofatheotist LDF signal has
been used to investigate skin blood flowmotion in an increasing number of studmsl Seudies

have shown there to be 5 distinct frequencies of oscillations within thesigbgl Table 1.1).

Frequency | Origin Research study references
~1.0Hz Cardiac Rhythm Bracic and Stefanovska, 1999
~0.3Hz Respiratory Rhythm Bollinger et al., 1993
Bracic and Stefanovska, 1999
~0.1Hz Intrinsic smooth muscle (myogenic) Akselrod et al., 1981,
activity of blood vessels Hyndman et al., 1971
~ 0.04Hz Neurogenic activity of blood vessels Kastrup et al., 1989;

Soderstrom et al., 2003

~0.01Hz Endothelium-mediated activity of blood | Kvernmo et al., 1999;
vessels Kvandal et al., 2003;
Stewart et al., 2007

Table 1.1A table to show the origin of the 5 frequencies demonstratexgpbdigiral analysis of the

skin LDF signal.

Spectral analysis and summary of frequency bands

The LDF signal is composed of oscillations of different frequencies. dlwerpof the signal at
each of the different oscillation frequencies can be calculated usingaspealysis. There have
been various studies, using spectral analysis of the LDF signal, that imawesti@ted that the
frequencies within the LDF signal originate from mechanisms oftdkizd flow control, including

both local and systemic control mechanisms.

Oscillations around 1Hz (60 beats/min)

During rest, the cardiac frequency in adult humans is around 60 beats/min (1Hny faoyi 36
to 96 beats/min (0.6-1.6Hz). The activity of the heart can be detected insalsyescluding the
vessels of the cutaneous microcirculation. This was shown in a studycdin thibielectrical
activity of the heart measured using electrocardiography (ECG), and patiploed flow using
LDF, were measured at the same time in a group of human volunteers. fthatedaequency at

~1Hz was present in the LDF signal of peripheral blood flow (Bracic aefdritvska, 1999).
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Oscillations around 0.4Hz

The frequency ~0.4Hz has been shown to represent respiratory function, loubidyche found
weakly in the microvascular blood flow signal. A study was completed in whidiCtResignal at
the dorsum of the foot was measured simultaneously with recordings oatesgpactivity using
mercury strain gauge. The waves at ~0.4Hz synchronized with respiratiorsapdegired during
cessation of respiration (Bollinger et al., 1993). It is suggested thasthkations in the LDF
signal at a frequency of ~0.4Hz result from the changes in thoracicf@eksing respiration
(Bollinger et al., 1993).

Oscillations around 0.1Hz

The oscillations detected in microvascular flow at a frequency of ~0.1Hzb&en shown to
originate from the vasomotor control of smooth muscle and therefore bloodrpresgpuiation.
Hyndman et al. (1971) showed that mean arterial pressure (MAP) camfaérisive fluctuations
with a frequency of 1 every 10 seconds (0.1Hz). The parasympathetic and syimpativeus
system and also the renin-angiotensin system of dogs was blocked whilenaéripbeovascular
flow was measured (Akselrod et al., 1981). They found that there was mybalspectral
analysis of the microvascular flow at ~0.12Hz. Parasympathetic blockaded the frequency at
0.1Hz and 0.4Hz to be abolished completely. Others have found that the intensgyfrefgiirency
in the peripheral blood flow signal varies with place of observationyingplocal rather than

central origin (Bracic and Stefanovska, 1999).

Oscillations around 0.04Hz

Using human volunteers, Kastrup et al. (1989) measured peripheral blood flux on themiatah f
using LDF. They detected two categories of oscillations with frequern@i@dHz and ~0.03Hz.
The oscillations at frequency ~0.11Hz were shown to have a non-neurogenic srigey were
unaffected by local nervous and ganglionic blockade. However, in every stigeascillation
with frequency ~0.03Hz disappeared in tissue with local lidocaine andasthese oscillations
could only be identified in unanaesthetised skin. This suggests thacihations with frequency

~0.04Hz are neurogenic in origin.

A further study was completed in which blood flow on free flaps which have no dyatipdilood

flow control was measured using LDF and compared with intact skin in human eskinte
(Soderstrom et al., 2003). There was a significant difference betweerdHaps and intact skin

in the normalised power (power in the interval divided by total power bet@:€695 and 2Hz) of

two frequency bands: 0.0095-0.021Hz and 0.021-0.052Hz. The former is attributed to endothelial

activity (see next section) and they suggest that this would be dualtersmumber of intact
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vessels in the implanted skin. They conclude that sympathetic neiityaetiuences blood flow

oscillations with frequencies of 0.02-0.05Hz.

Oscillations around 0.01Hz

A recent study has shown that a NOS inhibitor reduces very low frequanitgtiosis in the laser
Doppler power spectrum (Stewart et al., 2007). They conclude that very lowrfoggegillations
in the laser Doppler signal (0.0095-0.021Hz) are NO-dependent and that the meaisaf &g
frequency is a potential non-invasive marker for NO-dependent mgmohaa reactivity. This
underlines what has already been shown in a study by Kvandal et al. (2003). Thesph&und
iontophoresis of the endothelial-dependent vasodilator ACh, increasesdittive power of the
oscillations around 0.01Hz in the laser Doppler signal more than an endetiddiaéndent
vasodilator, SNP. The introduction of L2Nnonomethyl Arginine (L-NMMA), an NO inhibitor,
prevented this difference. In a group of long distance trained athletendbthelial-dependent
vasodilator ACh enhanced the amplitude of oscillations of around 0.01Hz in the astaneo
microcirculation signal to a significantly greater extent than 8@Midothelium-independent), but
did not reach significance in control group (Kvernmo et al., 1999). Therefore ishevidence

from a number of studies for a relationship between ~0.01Hz oscillatidrth@ endothelium.

The spectral analysis of the LDF signal during ACh iontophoresis anegm&handuced
hyperaemia has recently been compared to assess which is most accoeatsuaing endothelial
function (Rossi et al., 2004). It was found that there was a significaptsein the relative
contribution of the ~0.01Hz frequency with ACh, but not with ischaemia induceddgypa.

They suggest that the skin vasodilation resulting from iontophoresi€lofighmore accurate than
post-ischaemic reactive hyperaemia to explore skin microcironlatidothelial function in healthy

subjects.

Oscillations around 0.005-0.0095Hz

Although the presence of 5 frequency bands within the LDF signal is dgreeredpted in the
literature, there has been recent suggestion of a furtheroverfydquency peak of oscillations
between 0.005 and 0.0095Hz. The study showed there to be peak at this frequenaydt rest
during stimulation with ACh and SNP (Kvandal et al., 2006); it also demonstrate&iChaffects
this frequency greater than SNP suggesting that it is endotheliuedrdtaiwever, inhibition of
NO or PG synthesis did not reduce the increased response to ACh compared thiShNP, w

confirms that other endothelium dependent mechanisms must be involved.
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Spectral analysis techniques — Fast Fourier Transform versus Wasele

There are various methods used to calculate the power spectréy (888) of the LDF signal,

but the methods most commonly used are the fast Fourier transform (FRWpaabkbt analysis.
There have been several studies in recent years that have usedcBfplete spectral analysis on
the LDF signal (de Jongh et al., 2004; Stewart et al., 2007; Cui and SathishR0@&rBari et al.,
2005).

1.5.4 Laser Doppler Fluximetry and spectral analysis in patient stucdks

Several recent studies have measured the oscillatory frequenttiesskin of different patient
groups. In a study of critically ill patients, the frequency of vasomotion irkthergcrocirculation
was increased both during resting conditions and during RH in patients that daamto

survive when compared to survivors (Knotzer et al., 2007). In patients with clidney disease,
a reduced post-ischaemic increase in the PSD of the endothelivettfedéafuency (0.01Hz) in the
LDF signal was observed, and suggested to be an early sign of endotheliattitysfumthese
patients (Rossi et al., 2008).

In another study considering patients with PAOD, the patients showed adedhgkfication of
flowmotion during RH compared to healthy controls. The study showed there to bigegmpl
flowmotion waves around the frequency 0.01Hz, 0.04Hz and 0.1Hz in these patients at,baseline
but not during RH. It may be that during resting conditions there is a compgnsaithanism at
work in order to optimize skin blood flow, but that this is exhausted when the fhtvois

challenged (Rossi et al., 2005).

These studies show that, in patient groups or sections of the populatgknadtchanges in skin
blood flow such as smokers, the regulation of skin blood flow can be imtestigsing LDF and
spectral analysis. Our current knowledge of the effects of differegaske states on vasomotion is

not clear and needs further study.

Rationale for the studies

There has been much development in the equipment and products used to try to rathicefthe
pressure ulcer development by relieving the pressure, friction and sheer dorthe skin of
patients both in hospital and the community. There have been improvements irdstensgial
mattresses, but also specialised pressure ulcer prevention equipnieals alternating pressure
mattresses. This specialist equipment and patient turning regiost be directed at those patients

particularly at risk. Accordingly it is important to determine thegmd$ that are more at risk and
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provide them with specialist products (NICE, 2005). In all of this, the tinsslgsssment of risk for
pressure ulcer development is vital and the NICE (2005) guideline recommeritie tingttal
assessment is completed within 6 hours during the first episode of care riém economic
climate has resulted in a reduction in spending in the NHS, which oguédesto a reduction in the
nurse/patient ratio, which puts increasing pressure on aspects aidagesgisk assessment. It is

important to ensure risk assessment tools are appropriatelgtealidnd research-based.

The current strategies used to assess a patient’s suscefbliigssure ulcer development include
formal risk assessment tools, such as the Waterlow score anchBezade, clinical judgement and
general skin inspection of the patient. The assessment process isajyhnisrongoing and
responsive to changes in patient drugs, treatments and generalcididitinosis. The public
expect value for money and high levels of efficiency from the NHSjnrtpsrtant to avoid

pressure ulcer development, but also to avoid giving expensive, speciasitrpreelieving
equipment to those that don’t require it. This is a very delicate dmbthe costs of developing a

pressure ulcer in both financial and quality of life terms are high.

There is a need for more accurate assessment of risk of pressure wdb@pment. The use of risk
assessment tools alongside clinical judgement is not necesbardynswer. There are currently
over 40 RAT’s in use (Moore and Cowman, 2010); mainly due to the widely varyingtpatien
populations in different health care settings with varying risk fagdoore and Cowman, 2010).
However, there is a lack of evidence regarding the sensitivity auifisity of RAT’'s (Moore and
Cowman, 2010). An objective tool to assess the skin microcirculation amhitslanechanisms
could potentially be used as an objective adjunct to clinical judgemer quést for sensitive and

specific risk assessment.

1.6 Hypothesis and aims

An appropriate blood flow is essential for the maintenance of cutaneougyviainl health.
Tissue breakdown, specifically pressure ulcer development, resmtsaifi inadequate cutaneous
vascular perfusion, known to be caused by external forces such as pressiare afit shear.
Although the focus of research is often directed at these forcethatight that the risk of
developing a pressure ulcer is increased by factors which alter thel afrthe cutaneous
microvasculature. Smoking is a recognised risk factor for cardiowastisease; it is also a
potential risk factor for pressure ulcer development. It is hypotlietfiaé smoking can increase

the risk of developing a pressure ulcer through modulating cutaneous vasciital, potentially
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through its effects on endothelial function. The aim of this thesis is éstigate the impact of
smoking on vascular responsiveness and microvascular control mechanditosdetermine
whether measurement of altered cutaneous responses may be an appoopfatesk

assessment in a clinical setting.

The specific aims of this thesis are:

1. To develop a protocol to measure cutaneous vascular responsiveness iog apply

reproducible challenge to the cutaneous microvasculature in a cligitags

2. To investigate differences in the cutaneous vascular responsestiy nadditual smokers

and non-smokers using laser Doppler fluximetry
3. To measure the spectral frequencies in the LDF signal during théatasesponses to
determine which are responsible for any evident differences betweendkersrand non-

smokers.

4. To explore the mechanisms underlying the altered vascular responsivemaskérssand,

in particular, the role of endothelial derived factors.

5. To consider the potential use of an objective measurement screettiogl @& an adjunct

to the use of pressure ulcer risk scales in the context of ¢tlpraetice
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Chapter 2

General Methods
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The main research studies in this thesis involve the use of LDF to iratestkin blood flow
responses. The methods section will first describe the participanteed in general terms, while
the specific characteristics of the different groups of participaride found in the relevant
results chapters. Following this, there is an explanation of the techniged to measure skin
blood flow responses to local loading and heating. The spectral analysigtechsed to further
investigate the responses will be described and finally the datarigaondéd within the thesis is

summarised.

2.1 Generic Participant Details

The studies in this thesis were approved by the Southampton and South West Halopghire
Research Ethics Committee; the ethics approval numbers were 211/01 and Ti38/&tidies
conformed to the principles outlined in the Declaration of Helsinki. Théjpemts involved in the
studies contained in this thesis were convenience samples of Haatthy participants. In each of
the different investigations the participants were recruited bgridgment and personal contact.
The specific characteristics of the participants in each of theestadd summarized in the relevant

chapters of results throughout the thesis.

2.1.1 Inclusion/exclusion criteria

The participants were aged between 18 and 70 years and were able to gatteairinformed
consent. Those with a history of cardiovascular or respiratory djgeaset iliness, taking
medication mediating blood flow and with present or previous pressure ulesg excluded from

the studies.

2.1.2 Matched pairs

The ‘at risk’ groups of smokers were matched as was possible to nomgraokitrol participants
in terms of age, sex and BMI. This is because it is thought that thes@jisfecant impairment in
endothelial function with age (Taddei et al., 2000) and the regulation of btmdsfieffected by
hormones and body fat content (Elliot et al., 1999; Bungum et al., 1996). As age, sexlareé BM
factors that could have an effect on vascular responses, matching the forahpse factors
controls for their effect. The information related to age, sex and BMba@smented, so that
median regression analysis could be completed to determine their imp@sandependent

variables.
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2.1.3 Smoking status

Participants smoking status was gained from all participants bsepelrt and, in the heavy
smoker group only, this was confirmed by the measurement of urinary cotingte (&aecutest
Nicometef* Jant Pharmacal Corp, USA). This is an immunoassay technique that peovides
measurement of a stable metabolite of nicotine. Cotinine hadiaeigidong half-life of 10-40
hours and is a more sensitive and specific marker of smoking habit than canbaxide
estimation (Murray et al., 1993). The Accufésicometef strip has monoclonal antibodies to
cotinine coated to gold particles, so that cotinine in the sample bindséntibedies on the gold
particle. The number of occupied binding sites is a function of the amodatimhe and thus the

distance the gold migrates is directly related to the amount of m@iimithe sample.

The volunteers provided a urine sample, which was tested using the Atigestetef strip
according to the manufacturer’s protocol. The results are expresadd\ael, which corresponds

to a concentration range for cotinine. The assigned ranges are shibafaheil. 1.

AccutestNicometef’

Expected Cotinine

Smoking status

Level Range (ng/mL)
0 0-100 Non Smoker Levels
1 100 - 250 Smoker Levels
2 250 — 1,000 Smoker Levels
3 1,000 - 2,000 Smoker Levels
4 2,000 - 5,000 Smoker Levels
5 5,000 - 10,000 Smoker Levels
6 > 10,000 Smoker Levels

Table 2.1A table to show the Accutest Nicométéevels, the expected cotinine range and the

corresponding smoking status.
2.1.4 Controlling variables

It is well known that many factors can affect skin blood flow and also LDdsumements. The
variables of age, sex and BMI were controlled for by matching the differempg The
experimental conditions were kept as similar as possible for all stu@earrival, the participants
were asked to remain in a semi-recumbent position for 15 minutes to aisdiarad allowed for

recovery from physical exercise. As ambient temperature effdntblslod flow, studies were
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completed in a temperature-controlled room. Although the participants wes taskbstain from
caffeine for 2 hours before the study, some were unable to comply, and blood cafiemeére
not tested to check for compliance. The smokers were originally askefilain from smoking for
at least 2 hours before the study, but due to compliance issues in heavy sthiskesss reduced
to only 1 hour. The heavy smokers had difficulties in refraining from smd&mitpe hour before

the studies.

2.2 Skin blood flow measurement methods

Various methods have been used to measure and compare skin blood flow re§pensese
some simple methods such as LDI (Clough et al., 1998; Murray et al., 2009), LDF {Radssi e
2009, Debbabi et al., 2010) and transcutaneous oximetry (Bader and Gant, 198%a&eslal.,
2010). Photoplethysmography (Bergstrand et al., 2009) and capillaroscopy have ralssdoee
(Table 2.2).

The LDl is a non-contact device that enables the mapping of skin blood flurmoeeea of the
skin surface. The laser beam is scanned across the skin surface usinggmirror and the
scattered light signal is analysed to give an image of blood flow ovareéagMurray et al., 2004;
Wright et al., 2006). The method of transcutaneous oxygen tension measurmolens the
measurement of oxygen molecules transferred through the skin fronagepidnd subcapillary
plexuses. It requires the application of heat to the skin sudaa@ance oxygen flow through the

dermis otherwise the oxygen levels are difficult to measurer{@alil Saumet, 1996).

Capillaroscopy enables real-time visualisation of the capillami#®e skin and therefore is most
sensitive for measurement nutritive skin blood flow (Bongard and BounameauxVt8§B3t et
al., 2006). Historically, the nail-fold has been considered the optimabsitetcapillaroscopy as
the capillaries lie parallel to the skin surface, but recent develoisnn the equipment used has
meant that other body sites can be interrogated (Wright et al., 2006). A fudtierd to measure
skin blood flow is photoplethysmography. This method measures changes in adgtisidy in
response to changes in blood volume in the tissue being sampled (Wright et al.TBeQight is
directed at the tissue, scattered, reflected and refracted andembbefbre reaching the detector;
the amount of absorption depends on blood volume in the tissues (Wright et al., 2006). LDF
provides a continuous, non-invasive, real-time measurement of blood flow inctleasculature
(Obeid et al., 1990) and has been used in the studies in this thesis. It lrageabvaver other

methods in that it does not cause tissue trauma or disturb the micratcrculirectly (Jan et al.,
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2005). The blood flow in the arterioles, capillaries and venulesasumned and LDF has high
temporal resolution as measurements can be taken continuously. L&l idordneasurement of
relative flow changes in the microvasculature, such as during heatinglimgcor during and after

ischaemia.
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Method

Advantages

Disadvantages

References

Laser Doppler
Fluximetry

Simple to use and non-invasive

Sensitive detection of skin blood flow changes
Can be used anywhere on skin

Relatively cheap

Spectral analysis can be completed on signal

Measurements only in arbitrary units

High spatial variation

Signal observed when blood flow stopped (BZ)
Problems with movement artefact on the signal
Potential effects of probe pressure

Obeid et al., 1990
Bongard and
Bounameaux, 1993
Wardell et al., 1994
Bircher et al., 1994
Wright et al., 2006

Laser Doppler

Simple to use and non-invasive

Fewer research studies have used this

Wardell et al., 1994

(electrochemical
electrodes)

Factors can impair diffusion of oxygen towards
the probe, such as local oedema and skin
thickness. Not good spatial resolution

Imaging Non-contact device Movement artefact effects present Wright et al., 2006
Automated analysis by software, reducing operator
bias
Good spatial resolution (wide field of vision)
Can record patterns over skin area
Transcutaneous | Simple to use Heater system needed to cause local hyperaemi@ongard and
oxygen Non-invasive Evaluates oxygenation in skin; not a direct Bounameaux, 1993
measurements | Relatively cheap measure of skin blood flow Wright et al., 2006

Capillaroscopy

Relatively simple to use and non-invasive
Direct, objective evaluation of capillary bed
Can be used at many skin sites
Measure diameter, length, density of caps.
Measures transit time through individual caps.
Good spatial resolution

Restricted to measurement of nutritive portions
skin — not as much depth measured.
Potentially some operator bias

d@dongard and
Bounameaux, 1993
Wright et al., 2006

Photoplethysmog
raphy

Simple to use
Relatively cheap
Free from operator bias

Limited spatial resolution
Only assesses blood volume at single point

Wright et al., 2006

Table 2.2A critical analysis of the main non-invasive methods currently useddsure skin blood flow. They involve direct measures of blood flow,
visualizing the vessels and also measurement of skin oxygen levels
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2.2.1 Laser Doppler fluximetry (LDF)

Since the 1970’s, numerous studies using LDF to monitor the skin microdonuiale been

published (Bongard and Bounameaux, 1993; Saumet et al., 1988). LDF has been shown to be an
effective and reliable method for the measurement of blood flow initrecirculation in

medicine and microvascular research (Obeid et al., 1990). A description dethnique can

be found in theChapter 1, section 1.5.1.

The LDF (DRT4 Moor Instruments Ltd, UK) used in the studies in this theses Wwaselength of
785nm, 1mW, and the specific probe used for the loading study is a 0.5mm sepaodgowitr
temperature sensor (DP1-V2) (Moor Instruments Ltd). It has been subtestéhe LDF

measures to a depth of less than 1mm. A recent study has shown using MontetGzatma that

for a LDF probe with a fibre separation of 0.46mm, the depth of penetration ew&sbetween
0.21-0.39mm (Larsson et al., 2002). The proportion of photons that reach deptastesnat

b1l.4mm when using this probe was found to be 13.7% (Clough et al., 2009). Thus, the majority of

the measurement is taken from epidermal and dermal tissue.

The pinhead LDF probe (VP12) used for the skin heating studies was positione&liRthe
heater probeHigure 2.3) and attached to the SHO2kin heating unit. The pinhead probe has a
short stainless steel tip of 12.7mm and diameter of 1.5mm. In order to impraecthiacy of the
results using the LDF technique the same experimenter completied silitlies and the LDF
probe was applied to the participants in the same way using a sticky-© niragritain its position.

The LDF traces were analyzed by the same person.

2.2.2 Biological zero (B2)

A signal is observed from the LDF when blood circulation is stoppe@gciié Biological Zero
(BZ). It is not related to tissue perfusion and Brownian motion of macrome&may contribute
to it (Bircher et al., 1994). The BZ was measured in a group of seven particgpants
sphygmanometer cuff was inflated to 200mmHg for two minutes to occludenfoflesv. The

occluded flux was measured and the BZ was 5.8 + 2.6 AU (median * Interquartike (RaRg).

All methods used to induce an experimental flow perturbation, such asghead loading the
skin, may alter the BZ signal (Kernick et al., 1999). Although BZ should be measwledavery
experimental condition, it is not possible when responses are transieniciket al., 1999).

Therefore, it is not possible to know what the BZ is during heating or loadipgnses. Some
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have suggested that BZ is not used in skin blood flow assessment asdttbhayserfusion to be

underestimated (Zhong et al., 1998).

2.2.3 Repeatability and coefficient of variance (CV) in the participais

The day-to-day and site-to-site repeatability and coefficient tduvee (CV) were measured from
resting flux traces from a group of the non-smoking control participaviddved in some of the
studies in this thesis. The median within site and day to day CV forgdistix measured over 10
minutes in 7 of the non smoking participants were 15% and 12 % respectivelyVTdighe

spectral analysis of these resting flux traces can be foublgijpter 5.

2.3 Local skin loading and LDF protocol

The response of the skin blood flow to external loading using LDF has beaatedah several
studies previouslyCGhapter 1, section 1.5.2) (Mayrovitz et al., 1997). The skin loading protocol

attempts to consider the effect of pressure applied directly t&ithers skin blood flow.

2.3.1 Development of loading protocol

The LDF probe used to measure skin blood flow is known to be very sensitivertmaesnent
and it can result in artifact on the LDF trace. The effect of applyingeandving the loads to the
loading pan in the experimental set-up did cause some artifact to theddefatrd efforts were
made to reduce this to a minimum. A different loading application systasnswisequently
developed to try to overcome this, but this caused more potentialtastifiee LDF probe during
application of the loads and was also difficult to maintain its position goetfieipant. The final
loading instruments and experimental set-up was identical to thatruagaevious pilot study
(Noble et al., 2003).

Skin blood flux was measured using LDF (DRT4, Moor Ltd., Axminster) bid a single point
fluximeter probe. The probe head was mounted in a rigid plastmiodwhich was 50 mm in
diameter. The indentor was mounted vertically and supporteddaytidevered arm fixed to the
side of the bedHjgure 2.1). This ensured that the LDF was recording flux in the celdealed
area, where greatest loading occurs (Mayrovitz et al., 1997)eduipment used was borrowed for

the purposes of this study from Professor lan Swain (Salisbury).
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Balance beam 500g weights

Loading pan Indentor

Figure 2.1 Experimental equipment used in the skin loading studies include@RT4 machine

(Moor Ltd, Devon), LDF probe, balance beam, loading pan and indentor.

2.3.2 Protocol for local pressure loading study

The studies were completed in the temperature-controlled environmaet\¢feiicome Trust
Clinical Research Facility (WTCRF). The volunteers gave thettemrinformed consent to take
part in the study. Their age, sex, height and weight were then recorded, a shigtkingtaken

and a urine sample was collected. The participants remained im@ gdsition on the hospital bed
for 15 minutes to allow for

acclimatisation.

The participant’s forearm was positioned comfortably on a pillow at leaitwith the volar
surface exposed. The LDF probe, mounted within the indentor, was attachedkmtbsing a
sticky-O ring. The resting flux was recorded, without any weights applige toading pan. There
was continual recording of skin blood flow during the graduated applicatioesdyre loading
(500 g increments every 2 minutes up to a total of 25009 i.e. 25 N after 10 minutdsad s
then removed and the flux continued to be measured for at least ten minutesdirftegatiern

used was similar to that used by Schubert and Fagrell (1989).

2.3.3 Parameters measured in loading studies

The cutaneous vascular response to loading was characterized by thimépiavameters,

obtained from each experimental tracing. The measurements recordaestiaeld inFigure 2.2:
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Figure 2.2 A diagram to illustrate the parameters of the skin loading and off-loadingeidduc

reactive hyperaemia adapted from a diagram by Hagisawa et al. (1991)

Resting flux —mean flux over the 10 minute measurement period

Loaded flux — mean flux measured during the final 30 seconds of the loaded period, when all the

loads had been applied.

Maximum hyperaemia —measured 3 seconds after the highest flux point is reached (as the initial

spike was artefact) and a mean over 2 seconds was calculated.

Area under response curve to 50% recovery the 50% recovery was calculated from the
midway point between the maximum hyperaemia and the resting flux. Thedichpgethod was
used to calculate the area under the hyperaemia curve from off-loadimgpoint where the 50%

recovery value is reached.
Area under response curve to 90% recoverythe 90% recovery was calculated and the

trapezoid method was used to calculate the area under the hyperaemiacrureff-loading to the

point where the 90% recovery value is reached.

2.4 Local skin heating and LDF protocol

There are now many published studies in which the cutaneous microcirculation hasdeated
by measurements of skin blood flow responses during local heating. The nypasponse to
local skin heating is a well-characterized response. The localdesgsan initial local
vasodilation response to a peak, followed by a prolonged plateau, which theallgreeturns to

resting flux levels.
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Skin blood flow was measured using non-invasive LDF (DRT4, moor Instrumentsxrtdn#ter,
UK). A programmable skin heater unit (SHOZ2), was used with the LDF.mMéasuring device is
3cm in diameter and contains a circular metal heating disk (1.1cm diametig ,agentre of which
is a pin-headed optic probe (1.5mm diameter), which continuously measures iodglre
2.3).

0 01 0203 04 05 06 07 08 09 10 11 12 13 14 15
L ) : ) : ) A ) ) ) ) . ) ) . ' em

Laser .
Doppler pin

probe head 0 015

Heater disk

Figure 2.3A diagram to show the area of the laser Doppler fluximeter probe and theditis in
contact with the skin. The radius of the skin heater block is 5.5mm andethefahe heated

section (red) is 95.1mimThe pinhead laser Doppler probe has a diameter of 1.5mm.

2.4.1 The local heating block at the forearm and sacrum

The local heating protocol was developed following consideration of prewaeeanch completed
using the local heating response in participants. The temperature of&@ed in order to
produce a non-painful vasodilation response and the increase in tenger@ticompleted at a
fast enough rate to produce a biphasic response, with an initial axon retleted vasodilation
followed by a plateau region, which is considered to be NO-dependent. The stadie
completed in the heavy smoker group initially, followed by the spectralsasan this data. The
length of resting and heating flux was then increased to 20 minutes, follosviing &rom the
engineering department, to improve the reliability of the spectrlsimand reduce the bias. The
aim was to achieve the balance between increased data collectiortiantiquanfort during the

studies.
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During the local heating studies, the temperature of the heating bésclkeworded continuously.
The temperature of the heating block from the start of heating until ap@i@ty 15 minutes after
the heater was turned off can be seefigure 2.4. The shape of the response is different at the 2
skin sites. The mean temperature at the sites immediatel\elib®oskin heating began was 28.9
and 33.3°C at the forearm and sacrum respectively. At the sacrum, the timeoted@ch a mean
temperature of 48.2°C was 78 seconds and at the forearm this was 95 seigpnd2.6). At both
sites, the rate of heating was around 0.2°C/second, which has been shown ito adsiphasic
response (Houghton et al., 2006). A slower, incremental heating protocol of arounthinl&s

been shown to produce vasodilation as a result of NO mechanisms only (Houghtord86al., 2
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Figure 2.4 A line graph to show the mean temperature of the heating block from the start of

heating at the sacrum and forearm sites of 9 non-smoking control participants
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Figure 2.5A graph to show the median temperature of the heater block placed on theeskimeov
sacrum and volar surface of the forearm in 9 non-smoking control particghamg the heating
up phase. The temperature of the heater block before the heating begamifiearglg higher at

the sacrum compared to the forearm (p=0.008) analysed using the Wilcoxon paired test

2.4.2 Protocol for local heating study

The studies were completed in the temperature-controlled environmenMWITBRF. The study
was approved by the Southampton and South West Hampshire Joint ResearcBdstintkee,

approval number 211/01 and 138/01. The volunteers gave there written informed tmtedemt
part in the study. Their age, sex, height and weight were then recorded and dnisikitygtaken.

A urine sample was taken from some of the participants to confirm theirrsgriuiktory.

The participant remained in a sitting position on the hospital bed for apptekirh& minutes to
allow for acclimatisation to room temperature. The study was cordpétbe forearm site and
then, in some participants, also the sacrum site. The participarg& i was positioned
comfortably on a pillow at heart level with the volar surface exposed. ddterrdisk and LDF

were attached to the arm using a sticky-O ring, so that it was flush tkirtreugface.

Length of measurements taken
The protocol was initially completed in 8 heavy smokers and their matchedlsanrtd the skin
blood flow was measured continuously throughout the studies. In these particlpangsting

skin blood flow was measured for 10 minutes at the forearm. The skin walsetfieed up to 48
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for 10 minutes and skin blood flux was measured during heating. The heatbewasvitched off

and the skin blood flow was continuously measured further for approxingtehnutes.

The volunteer was made comfortable in a prone position. The sacrum wasdexipd$be skin
heater and LDF probe were attached using a sticky-O ring. The protocol themedra#s for the
forearm.

Previous studies have shown that local skin heating to 43° C for 60 minutés ireauinaximal
vasodilation response (Martin et al., 1995; Minson et al., 200&) skin heater was set to 43° C
for 10 minutes (heavy smokers) or 20 minutes (light/moderate (LM) smakehss study,
inducing a sub-maximal vasodilation. A previous study showed that when skingd hed@° C,
the skin temperature was only ~40° C at the heating probe-skin surfacacet@inson et al.,
2001). The actual skin temperature will be approximately 2-3° C lowethieatemperature

setting.

The data from the studies in the heavy smokers was analyzed and furthed spealysis was
completed. In consideration of these results and in order to improve the saufutae spectral
analysis, the length of measurements was increased in the studiesim#odvLM smokers and
their controls. The resting skin blood flow was measured for 20 minutes (iedrieas) 10
minutes) in these participants and the skin was heated to 43° C for 20 nnmcrtegsed from 10
minutes) in these participants. The skin blood flow was measured faharf@0 minutes after the

skin heater was switched off in these participants.

2.4.3 Parameters measured in local heating studies

The following parameters were measured from the LDF traces frondhleheating studies

(Figure 2.6). The parameter calculations can be foundppendix 1.
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Figure 2.6 A diagram to illustrate the parameters of the local heating responseetigameasured.

Resting flux - measured over the 10 or 20 minute period immediately prior to heating

Peak hyperaemic response after skin heating to 43 %Cthe highest flux reached (usually during
the plateau part of the responsépendix 1).

Mean heated flux— the mean flux during 10 or 20 min heatiAggendix 1)

Mean heated flux minus the resting flux- change in flux from resting to heating.

Duration of hyperaemic response time from starting local heating to recovery of flux to resting
flux levels (seconds)

Time to recovery— time from peak to recovery

Total hyperaemic response area under the hyperaemic response flux curve (AU.second)
(Appendix 1).

The skin blood flux response to local heating caused a 2-phase responsegartizygants; an
initial steep rise in flux followed by a nadir and then plateau vasodilatiog.i similar to
previous studies. The initial peak varied in the amount it was distom the plateau vasodilation
and it was difficult to determine a repeatable method to measure thislfoofghe LDF traces in
the studies in this thesiBigure 4.3). In some cases, this was a pause in the upward rise in flux
(Figure 4.3a) and in others a definite initial peakigure 4.3b). This variation was within the
groups and was not an observable difference between the forearm and sasunmssg, for the
purposes of this study, the maximum flux, average heated flux and area undeveéhgucing
heating were used to define the local heating response. The short, mrastdtDF trace during
the initial peak also made it difficult to complete the spectral aisabysthat section of trace

separately.
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2.4.4 Local nature of the heating response

The local nature of the heating response was investigated in 10 of tkegpats involved in the
studies in this thesis (7 non-smokers and 3 smokers). Two LDF probes veex Ipks than 5cm
apart on the volar surface of the forearm and resting flux was measured foru2€snm both
probes. The skin was heated to 43°C directly over one of the probes (randogmgdjsand no
heat was applied to the adjacent probe. The results showed that thgftestat the site directly
over the local heating challenge and adjacent to it were 9.2 + 2.5AU and 10.4 +(2ngdlan *
IQR) respectively. The flux during the local heating challenge was 174.0 + 83.5édlylpover
the local heating site and 11.0 + 5.1AU at the site adjacent to it. Theneondhange in the flux

measured at the adjacent site, but a significant increase in fluxtegates siteRigure 2.7).
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Figure 2.7 A bar graph to show the LDF flux at rest and then during the local heatingnsespo
measured directly under the heating challenge (dark green) and adjdtéighbgreen) at the
volar forearm of 10 participants. The 2 LDF probes were placed less thaagachon the

forearm surface.

2.5 Spectral analysis methods

The LDF signal contains oscillations at different frequencies whishbeaanalysed using spectral

analysis and one of the methods used for this is the FFT. A transform isechprfocedure that

70



changes one chunk of data into another chunk of data but in a different form. Thegnalt si
contains the signal being decomposed; the LDF time domain signal. This provocegput
signals containing the amplitudes of the component cosine and sine wavhe.sthled sine and

cosine waves added together can produce the time domain signal.

2.5.1 The LDF signal

The LDF signal from the skin is composed of a sum of sinusoidal oscillatibitd) wscillate at
different frequencies. The raw LDF signal gained from the skin édif and processed in certain
ways within the DRT4 machine and this has important implications fop#wtral analysis of the

signal using an FFT.

The raw LDF signal is processed within the DRT4 by passage through adsmfilter set at
frequency range 20Hz to 14.9kHz. This processes the raw LDF signal to productegluency
Flux signal. The derived Flux signal then goes through a second low pasg éitteursd 20Hz and
is then sampled by A/D conversion and is displayed on the screen. The indieichydes are

converted into a digital format via the quantizer (Moor Instruments, Ltd).

Sampling rate of LDF signal

As the sampling rate increases, the digital signal provides ansimgaimproved approximation
of the continuous signal. So that there is not loss of information, the digital smust comply
with sampling theorem, which states that the sampling rate must behaorevice the maximum
frequency present in the signal. This is important in signal progegsprevent aliaising; this is
when oscillations within the signal move and can be shown at a differentrioyquighin the
spectrum (Burrus et al., 1994; University of Southampton Course notes, 2005). Thagfiélxs
passed through a low pass filter at approximately 20Hz in the DRT4, which meath® that
maximum frequency in the signal is at 20Hz. The signal is then samplétiato comply with

sampling theorem and ensure that aliaising is prevented.

LDF signal properties

The assumption in signal processing is that the signal can be descrilsgttbaarstand ergodic.
The signal is stationary if it does not vary its statistical proewnith time and ergodic if the
recorded signal is representative of the whole process (Burrlsl&). When analysing
physiological signals, such as skin blood flux, this can only be an approxissategion. In this

thesis, the signal processing is completed on the resting LDF signalatd then on the heated
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LDF signal alone, so that the stationarity (constant variance oveérdimdezrgodicity

(representative signal) of the signal is optimised.
2.5.2 The Power Spectral Density (PSD) of the LDF signal

The spectral analysis of the LDF data in this thesis was completetheibelp and guidance of Dr
David Simpson (Institute of Sound and Vibration Research (ISVR), UniyefsBouthampton)
using the statistical package Maftakersion 7, student version, with additional signal processing

toolbox.

The PSD is an estimate of the distribution of signal power over the frgghands in the signal.
The PSD of a random signal, which includes all physiological signals, can oatydstimate. All
the data would have to be available for the true spectrum to be tedtwa the LDF signal is

recorded and then digitised at a certain sampling frequency, theuspeetn only be estimated.

Frequency domain

LDF signals are composed of a sum of sinusoidal oscillations, whichatescitl different

frequencies. The FFT enables demonstration of a signal in its diffeequency bands. Studies

have shown that there are 5 different frequency bands within the LB& sibich relate to certain
aspects of skin blood flow control. The frequencies around 0.01Hz, 0.04Hz, 0.1Hz, 0.4Hz and 1Hz
have been shown to relate to endothelium, neurogenic, myogenic, respiratoaydiad related
mechanisms respectively (Kvernmo et al., 19@hapter 1, Section 1.5.3). The band widths for

each frequency used for the purposes of this thesis were similar iousrstudies (Rossi et al.,

2006b; Clough et al., 2009). These bandwidths are: 0.01Hz (0.008-0.2Hz), 0.04Hz (0.2-0.5Hz),
0.1Hz (0.5-0.15Hz), 0.4Hz (0.15-0.4) and 1Hz (0.4-2.0Hz).

Calculation of the PSD using a fast Fourier transform (FFT)
The simplest method of calculating the PSD is the periodogram; thissquhee of the FFT
signal. However, the periodogram is not a good estimate, as it contaige priaportion of

random error. This random error cannot be removed by increasing the numbersainlaitess.

The PSD estimation using the Welch method (non-parametric) is the most clynusesh method.
The digitised sequence of numbers (N samples) is divided into L windows ofeshagtin (M
samples) that overlap; the periodogram of each window is then calculaigdhesiFFT. The

average of all the periodograms is then used as an estimate of the PPPWEhEAU) of the

72



signal is equal to the area under the PSD curve and the PSD is given &Uffiitg. There are

various different window types that can be used with the Welch method oéftafation.

The random error in the PSD is dependent on the standard deviation betweam#tessthe
standard deviation, and therefore also the random error, can be reduce@&simgcthe number
of windows. The bias error depends on the frequency resolution of thatestirhe frequency
resolution is equal to the sampling rate divided by the window length M.r&tpeeincy resolution
is improved and the bias error reduced by increasing the length of the windmsefore, a
balance needs to be gained between increasing the number of windows, &gbatehtime
reducing their length, which would reduce the random error, but this wouldsastrtieetime

increase the bias error.

The data manipulation for signal processing and PSD estimation

The LDF signal was sampled at 40Hz and saved as a text file in theadiditrmat. This was then
saved as an excel file and separated into the baseline Flux section aloct therifg heating
section. This was 600 seconds or 24001 data points in length for the heavy sowkandt1200
seconds or 48002 data points in length for the light smoker study.

The data sections were loaded into Mdtlabrsion 7, student version, with additional signal
processing toolbox. The mean value was then removed from the signal; makireathefrthe
signal equal to zerd=(gure 2.8 a2 and b2). If not removed, the mean Flux of the signal would
appear on the power spectrum as a high power frequency at OHz and distory tbes ver

frequencies around zero.

The gradient within the heated flux signal following the start of hgatiould also significantly
distort the very low frequencies around zero, so the entire signal alsedrtedak detrended. The
signals were detrended at several powers between 4 and 20 to considectiverméss of the
different orders of detrend in removing the mean value and the gradient fraigriak The effect
the detrend order had on the low frequency components of the signal was alderedn3ihe
results show that there is no added benefit in detrending to a power greattd.thidie LDF

signals were detrended to a power of 10 in the final analjalidg2.3).
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Order of Absolute power Power ~0.01Hz Power ~0.04Hz Power ~0.1Hz
detrend 0 — 0.2Hz (AU?) (AU?) (AU?) (AU?)

4 30.65 3.39 6.25 9.3

8 24.80 2.97 6.27 9.3

10 24.45 2.72 6.27 9.3

15 23 251 6.27 9.3

20 24.9 24 6.23 9.3

Table 2.3A table showing the median absolute power and power of the low frequency lmands fr
16 volunteers, 8 smokers and 8 non-smokers, with the signal de-trended by an order of 4, 8, 10, 15
and 20.

The de-trending of the heated Flux signal was improved by removing thelifiseconds from
the signal. The initial 100 seconds contains the sharp increase in fawihg onset of local
heating and this gradient was difficult to remove from the signal ldé-trend program. An
LDF signal that has been de-trended with and without the initial 100 se@ndgead can be seen
in Figure 2.8. The resting and heated Flux sections were de-trended in the same wag;theth
power of 10 and both with the initial 100 seconds removed. Therefore, the lengtHit#sh
analysed in the heavy smoker study were 500 seconds or 20001 data points abhiisrtiaker
study they were 1100 seconds or 44001 data points.
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Figure 2.8 Graph (al) shows an example of a 600 second signal from a non-smoker volunteer and
(a2) is the resultant de-trended signal. Graph (b1) shows the LDFfs@nahe same volunteer
with the initial 100 seconds of the Flux following initiation of heatingaeed and (b2) shows the

result of de-trending that signal.

2.5.3 Protocol for spectral analysis: Power Spectral Density (P§ estimate using FFT (the
Welch method)

Heavy smokers and matched non-smoking controls

The PSD of the LDF signal in the heavy smokers was estimated using ldterdéghod. The 500
seconds of data or 20001 data points (N) was separated into windows of Ehg#écténds (10001
data points) (M) and overlap 50%. The Hanning window was used for the taltsild he number
of windows (L) in this analysis was Equation 2.1). The frequency resolution of the signal is
0.004Hz, which is sufficient to measure the power of the low frequencies arouna (Eofiiation
2.2).
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(L) = (2N/M)+1
Equation 2.1An equation to calculate the number of windows to be used in the Welch method of
PSD analysis, where L is the number of windows, N is the number of data pointsigutigdeM

window length

Frequency resolution = fs/M
Equation 2.2An equation to calculate the frequency resolution of the signal, whisréhfs

sampling rate and M is the window length.

The PSD was calculated over the frequencies 0 - 20Hz. The maximum frequesnt jn the
signal is equal to the half the sampling rate, 20Hz. The program fotatedowf the PSD and the
function required for that program can be foundppendix 3. The estimated PSD could be saved
as an imageAppendix 3) and as text, in excel formaigpendix 3). The power can be calculated
from the PSD using the area under the curve (AUC); this is approximatetkbsation using the

trapezoidal method.

Light smokers and matched non-smoking controls

In the LM smokers study, the experimental protocol was changed so that trsegnaFwas
recorded for 20 minutes at rest and the local heating stimulus to 43°C wasl &ppR0 minutes,
while the flux was continuously measured. The length of data collectiennereased to reduce
the random error and the bias error within the PSD estimate. As with thedmeaker study, the
initial 100 seconds was removed from the resting and heated Flux data to giveettfd lengths
of data and 44001 data points. The 1100 seconds or 44001 data points (N) was saparated i
windows of length 400 seconds (M) and overlap 50%. The Hanning window was used for the
calculations. The number of windows using the Welch method for PSD estimaiso® (EEquation
2.2), so that there was more windows to reduce the random error. The freqeehgyorewas
0.0025Hz, so improved resolution to reduce bias error. The Maifalgrams used to calculate the

PSD in the light smoker data can be founéyapendix 3.
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2.6 Data analysis and statistical methods

2.6.1 Sample size

Local skin loading studies

Previous data had shown that a fall in flux response of 25% with 80% power aifidaige at
p<0.05 was detectable with a sample size of 15 participants. However, due tbdhkies with
the loading apparatus in the group of patients involved in this thesis, manypafticgpants could

not be included, and a sample of 8 was the final sample size included.

Local heating studies

Comparing sacrum and forearm sites

In order to determine the sample size required when comparing the sacrumeanu f&kin sites
in the same individual, a sample of 4 matched pairs was used. The data dstedrhine sample
size was the maximum hyperaemia during 20 minutes local heating of therfeié¢a and the

sacrum skin to 43°C in these 4 participants.

A web based power calculator was used entitled: ‘Find statisticaldesagsons for a crossover
study where the outcome is a measurement’ (Schoenfeld, 1995) and can be fourallaiing f

web addresdittp://hedwig.mgh.harvard.edu/sample size/size.html#minimal

The results of the power calculations showed that with a sample size opiigbaeility is 87%
that the study will detect a difference at a 2 sided 5% significance ifethed true difference
between the site measurements is 107.2AU. This is based on the assumptiendtsandard

deviation of the difference in the 2 sites is 75.5.

Heavy smokers and controls

The previous pilot study involving loading the skin of light smokers and nhtzhdrols was
powered for 9 matched pairs (Noble et al., 2003). With heavy smokers miadglitgrwas
expected, but also greater differences. There were originally 10 iartipes but 2 participants

were later excluded because of vasoactive medications.

77



Light/moderate smokers and controls

In order to determine the sample size required when comparing light sraoklemen-smoking
controls, a sample of 3 matched pairs was used. The data used to detamptessize was the
maximum hyperaemia during 20 minutes local heating of the forearm skin to 43%3en3th

participants.

A web based power calculator was used entitled: ‘Inference for means:rcamnthadependent
samples’ and can be found at the following web address:

http://www.stat.ubc.ca/~rollin/stats/ssize/n2.htiirthe sample size calculations are based on

normal distributions.

The results of the power calculations showed that with a desired power of 83%6®&aA5, a
sample size of 15 would be required and with a desired power of 90% and p<0.05 eastzaryl

20 would be required.

2.6.2 Statistics

The data in the studies in this thesis are treated as hon-normal. In niessufdies the sample
sizes are small and the results skewed; although the LM smoker papbktia sample size
totalling 40, the Shapiro-Wilk test for normality (SWILK) (Statasren 9.0) and frequency

histograms showed the data to be skewed and thus non-normal.

Swilk Test of Normality
The Shapiro-Wilk W test for normality (known as the SWILKttes the Stata (version 9.0)
statistics package), tests the null hypothesis that a sacaphe from a normally distributed

population. The test gives a W statistic and if this is too smafiuhdnypothesis can be rejected.

The statistics package for the social sciences (SPSS) version BuBeawbfor all of the statistical
analysis in this thesis, apart from the median regression andllgsisighout the thesis, the
average for the group data is expressed by the median and the spread taf byl lQR. The
statistical analysis between the smokers and non-smokers was comglejateipmann Whitney
U (MWU) test and the statistical analysis within the same iddal, comparing sacrum and
forearm responses or resting and heating responses was completed usiitcpttan\Waired test.

There was a statistically significant difference where p<0.05.
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The median regression analysis included in this thesis was completedhesitayet analysis and
statistical software package, Stata version 9.0, and with the help et&rNicholls (University of

Southampton).
2.6.3 Graphical representation
In this thesis, the bar graphs show medians with error bars represensiht@RIu

In this thesis, the line graphs are periodograms produced by Matiétvare and show the PSD

over a range of frequencies.

2.7 Layout of the results chapters

An overview of the content of the individual studies in this thesissisgmted ifFigure 2.9
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Loading studies

Local Heating studies

Chapter 3

Technigue LDF measurements of 10 minuteading at theforearm and sacrum
Participants 8 smokers and 8 matched non-smokers

Analysis Time domain comparing measurements in the smokers and non-smd
at the forearm and at the sacrum. No spectral analysis.

ker

vJ

Chapter 4

Technique LDF measurements of response to 20 minlatess
heating stimulusat theforearm and sacrum
Participants 9 non-smokers

Analysis Time domain analysis and spectral analysis (using FFT)
comparing sacrum and forearm responses

\ 4

Chapter 5

Technique LDF measurements ¢dcal heating stimulusat the forearm

Participants 8 heavy smokers and 8 matched non-smokers (10 minutes loc
heating); 20 light/moderate smokers and 20 matched non-smokers (20 minu
local heating)

Analysis Time domain analysis comparing resting and heating flux in heavy
smokers v matched non-smokers, Light/moderate smokers v matched non-
smokers and all smokers v all non-smokers (initial 10 minutes aaatydy).

No spectral analysis. Median regression analysis

es

\ 4

Chapter 6

Analysis only:
Spectral analysis of the LDF measurements from Chapter 5

Figure 2.9 A schematic diagram showing a summary of the content of each of the
experimental chapnte contained within this thes
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Chapter 3

Skin blood flow response to loading the skin in

heavy smokers and non-smokers
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3.1 Introduction

The problem of pressure ulcer development in patients both in hospital and tharagnremains
ever present. Although much research into risk assessment and preventicenhasdeetaken,
pressure ulcers continue to develop in patients in all health care setteggire ulcers are a huge
challenge to health care professionals, who face the task of patieaésedsment, prevention and

treatment.

Much of the research in this field has focussed on the external forcesakinttieat cause
damage, such as pressure, friction and shear. Although these are impusastaf pressure
ulceration, the functioning of the skin microcirculation is a diyelevant measure of skin health
due to its pivotal role in maintaining skin health (Brienza et al., 200 skin needs oxygen and
nutrients via the vasculature to remain healthy; any disruption to thisacse skin breakdown and

pressure ulcer development.

Over the last few decades, many studies both in humans and animals haigatedethe effects
of skin loading, and the resultant blood vessel occlusion, on the cutaneousrsutation. The
rapid increase in blood flow, the RH, following removal of the load has alsmteld attention.
The RH response is considered to be a protective response, in which the istisaamis quickly
re-established with oxygen and nutrients and waste is removed (Xahedli, 1993; Mayrovitz et
al., 1999). The RH response to a transient pressure load has been shown to beréueiced
elderly (Schubert and Fagrell, 1991), hypotensive patients (Schubert, 1991)iants path SCI
(Sae-Sia et al., 2007).

The reperfusion of tissue during the RH response may be part of the pathology wiepnkss
formation. A study involving laboratory animals used a computer controlleded@vapply 100N
pressure to the skin for 2 hours, followed by the collection of biopsy’s fierloaded site for
histological examination. It was found that the specimens collected irmtadiollowing
cessation of pressure showed no damage and the first signs of pathology wer¢ lEasid2a
hours after the pressure was removed. This would suggest that reperitsithie ischaemic area

is a contributing factor in the damage that occurs (Houwing et al., 2000).

Although, there are risk factors that are thought to make an individual meepshbk to the
effects of pressure on the skin, more research is needed to demohstr&marette smoking may
increase the risk of pressure damage due to effects on the skin micrtioincilids included in

some of the risk assessments used by health professionals to aseats paki of pressure
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damage. A recent study showed a relationship between cigarette smokingsaudepuécer
development; in a sample of participants with SCI, as well as diabgtey duration and
depressive symptoms, cigarette smoking was significantly assbeidtethe patient report of one

or more pressure ulcers (Smith et al., 2008).

Research studies have also shown specific effects of smoking on thepRHse=t0 local pressure
application. In a study using tissue reflectance spectroscopy, it was shoamadhkars had a
reduced RH response following 10 minutes of 50mmHg pressure applied to ther petelbn
(Sprigle et al., 2002). However, this study involved 12 smokers and 76 non-smo#dts arain
aim of the study was to determine the effect of gender, age, skin pigimeatad diabetes. In
another pilot study, using identical apparatus to the studies desaritheésl chapter, the RH
response to loading at the sacrum in a group of light smokers and nomgrooiirols were
compared. There was a significant attenuation in the RH response to loattiadight smokers
compared to the non-smoking controls (Noble et al., 2003). As far as it hasolsséepto
ascertain, there have been no studies to investigate skin blood $loanse to external pressure

application in participants that smoke heavily.

3.2 Hypothesis

The reactive hyperaemic response in the skin microcirculation follovgimgval of a load will be
significantly attenuated in heavy smokers compared to non-smokmsthahe forearm and

sacrum skin sites measured using LDF.

3.3 Obijectives

« To measure, using LDF, vascular responses to a loading stimulus imgaerf@nd sacrum

skin of heavy smokers and non-smokers matched for age, sex and BMI.
e To determine whether there are any differences in responses in tyesheskers compared to

the matched non-smokers in the same way they were in the previous pilohgigtly i
smokers (Noble et al., 2003).
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34 Methods

3.4.1 Participants

Although loading studies were completed on a total of 12 smokers and 15 non-sombias @t
the forearm and sacrum, a number of the participants were excluded for mataisioges and due
to high levels of movement artifact on LDF traces. The artifact wagddaysboth participant
discomfort and movement of the apparatus during the experimental protocotla@amlyom eight
matched pairs could be analysed at the forearm and sacrum. The backgrouratiorioretating

to the participants is summarisedTiable 3.1.

Parameter Control group (n=8) Smokers (n=8)
Age (years) 38.8+£8.8 35.3+8.0
(30-51) (28 —44)
Sex 7 females / 1 male 7 females / 1 male
Body Mass Index 241+41 226 +£5.7
(kg/m?) (17.1 -30.4) (17.5-34.1)
Mean Arterial Pressure 82.1+123 85.1+10.0
(mmHg) (63 —97) (75 - 97)

Table 3.1The age, sex, BMI and MAP of the heavy smokers and their matched contppatt
(n=8 pairs). The data shown is mean * standard deviation (range) for thesaukeon-
smokers. The groups were matched in terms of age, sex and body mass indl Mas
calculated as [weight (kg)/(height (ffi)) The mean arterial pressure was calculated as
[(2*diastolic BP) + systolic BP)]/3.

The smokers had smoked for 22.1 + 13.4 (10-50) packy@ackyears = number packs per day x

number of years smoked for). The control group were all non-smokers.

3.4.2 Summary Protocol

The skin loading protocol has been described in general ter@apter 2, section 2.3. The

specific protocol for the loading studies is as follofxigre 3.1):

The study participants were made comfortable in a head-up tilt position on a hospitaks, with

their arm maintained at heart level on a pillow. They acclinthtiseoom temperature for 10 - 15
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minutes before the skin blood flow measurements began. The loading appasatdentical to
that used in a previous pilot study in light smokers (Noble et al., 2003pte€ 2, section 2.3).

The balance beam ensured that the load was applied perpendicular ta theegkiude shear
forces. The laser Doppler probe, mounted within the indentor, was atti@ctiee skin using a
sticky-O ring. The resting skin blood flux was recorded, without any weaggted to the loading
pan. Skin blood flux during stepped application of pressure (500 g increments evetesmp
to a total of 2500 g i.e. 25 N after 10 minutes) was continuously recordethabheas then
removed and skin blood flow continued to be measured for at least ten mirngdsading pattern
used was similar to that used by Schubert and Fagrell (1989). The above mweat®toén

completed at the skin site of the sacrum.

Time (min)
0 5 10 15 20 25 30 35 40 45
I
Consent/ Resting flux Incremental loading; LDF recording post
Acclimatisation measured for 5009 every 2min for heating for up to 30
10 min 10min min

No load

Figure 3.1 A diagram to show the timeline of events occurring within the loadudygirotocol

The cutaneous vascular response to loading was characterized by thimépiavameters,
obtained from each experimental tracing using the manufacturer’'s saffi¥ee measurements

recorded can be found Figure 2.2 (seeChapter 2 section 2.3.3 for definition of parameters).

3.4.3 Statistics

Statistical analysis
The data in this chapter is considered to be non-normal; the sample giadl mrgl the results
skewed. The average for the group data is quoted by the median and the fsihreadta by the

interquartile range (IQR). The data are quoted to 1 decimal place.

The statistical analysis to compare the heavy smoker group to the noerswals completed
using the statistics package SPSS. The MWU test was used to teffefendes between the
groups and there was considered to be a statistically significagreditie where p<0.05. The
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correlations within the data were measured using the Spearman Rho ta@stchapter the data is
represented graphically in the form of bar graphs; the bars reptiesenédian and the error bars

represent the IQR.

3.5 Results

In a published pilot study, Noble et al. (2003) showed that the hyperaemic respoiciiog
stimulus was significantly reduced at the sacrum of light smokers cedfzatheir matched
controls. We used the same loading apparatus to investigate the eftedtiofland unloading on
the skin blood flow response in a group of heavy smokers. An example of a LDm&rasered at

the forearm of a study participant can be foundigure 3.2.

200
Removal
of load
150
Incremental loading
5 Resting flux 500g every 2 min
<
X 100
i
Reactive
&«— hyperaemic
50 response
0 : ; : ; ’
0 5 10 15 20 25
Time (mins)

Figure 3.2 An image of the LDF trace from a loading study at the forearm of a particiThe
resting flux was measured for 10 minutes, followed by 10 minutes of increnwadaid
(identified on the figure by the thin arrows). The total load was 2500g.0&8ddad then removed
(thick arrow) the RH response can be seen on the LDF trace and then recordinged for a
further 10 minutes. The spikes in the LDF trace are either movementtdrioia movement by

the participant or movement of the apparatus when the loads are placeccdosalithg pan.
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3.5.1 Summary of the results

The studies in this chapter have shown that the application of gsadpplied loads caused a
reduction in skin blood flux at the forearm in the non-smokers and heavy sptblkdia! in flux
was 39 + 69% and 58 + 59% (median + IQR) in the non-smokers and heavy srasgergively.
The loaded flux tended to be lower in the heavy smoker group, but the resdtkighly variable
in both groups and the difference was not significant. There was no sighditfarence in the RH
response following the removal of the load in the heavy smokers compahetieviton-smokers,
and this was also highly variable. The variability in the blood flowmusich caused by the 25009
load would be expected to result in similar variability in the ensuingdplonse. The studies at
the sacrum site showed similar trends in loading and RH responses and alastoksd no

differences between the heavy smokers and non-smokers.

The participants in both the smoking and non-smoking groups in the study had a bgeaofra
BMI, which may be the reason for the variability in both the loaded flux and theaeypier
responses in this study (the range of BMI's for the control group was 17.1 — 30.4 hadvpr
smokers was 17.5 — 34.1kd)mThe results showed significant correlations between BMI and the
area under the response curve to 90% recovery, and this was seen in botathedad sacrum
results. The higher the participant’s BMI, the lower the particip&tisresponse following off-

loading.

It was observed that there was higher resting flux at the sacrum araltedsid for reduced
responses at the sacrum in both the heavy smokers and the controls comiharéatéarm, but
this was not formally tested due to the variability present with thengathallenge in all the

groups.

3.5.2 Pressure loading at the forearnof heavy smokers and matched non-smokers

The results in this section show the response of the skin blood flux to loading-toatlofg at the
forearm sites in heavy smokers and non-smokers. A bar chart of ihg eesd loaded flux in the

non-smokers and heavy smokers can be se€igime 3.3.
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Figure 3.3A bar graph of resting flux and loaded flux at the forearm of the heavy ssrakéithe
matched non-smokers (n=8). The data are median + IQR. There was aasigfaficin flux with
loading when tested using the Wilcoxon paired test, where p<0.05, in both the gooumbnd
smokers. The BZ (dotted line on the graphs) measured in a group of 7 padivipardalculated
as 5.8 + 2.6AU (median + IQREThapter 2, Section 2.2.2).

Resting flux
The resting flux was 19.8 + 7.4 and 23.9 + 19.4 AU in the non-smokers and heavy smokers

respectively (median + IQR). There was no significant differdérte@een the groups; this was

tested using the MWU test.

Loaded flux

In 94% of participants studied (15 out of 16 participants), loading caused darduackin blood
flux, but the magnitude of this effect was highly variable. The loadeddluto or below the BZ

in only 2 out of 8 control group participants and 4 out of 8 smokers. This suggedte tloaitt was
not causing complete occlusion of blood vessels at the loaded site in nicgigas at the
forearm. The loaded flux was measured as 13.6 = 16.3 and 5.6 + 10.3 AU in the norsandker
smokers respectively (median £ IQR). There was no significanteliffe between the groups and
considerable variability present (MWU test, p=0.234). The heavy smaketed to have reduced

flux during loading.

88



Body mass index and loaded flux

The effect of BMI on percentage fall in flux with loading in the non-smog&ensidered alone,
showed a significant correlation, where p=0.08igyre 3.4); the higher the BMI, the greater the
fall in flux during loading with 2500g.

100 - y= 5.21x - 86.26
cc=0.714
. p = 0.047

Reduction in f lux with loading at
a
al
o
|
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Figure 3.4 A scatter graph to show the correlation between BMI and % fall in flux watthihg of
25009 in 8 non-smokers measured at the forearm site. The correlatiogmwasasit, as tested by

Spearmans rho, where p=0.047.

There was no significant difference in the RH response following remota¢ ¢ddad between the

heavy smokers and their matched control participants measured aetmanfgsite.

Maximum reactive hyperaemic response

The maximum hyperaemic response was measured as 95.2 + 67.1 and 80.8 + 117.2 AU in the non-
smokers and heavy smokers respectively (median = IQR). There wamificant difference

between the groups (MWU test, p=0.918).

Total AUC to 90% recovery

The area under the RH curve to 90% recovery was measured as 2846.5 + 2341.8 and 4367.1 +
6169.8 AU.sec in the non-smokers and heavy smokers respectively (medidh ¥@re was no
significant difference between the groups (MWU test, p=0.094). The lseaakers tended to have

an increased RH compared to the non-smokers.
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BMI and reactive hyperaemic response
The BMI of the participants, including both the heavy smokers and non-smeksrshown to

correlate significantly with the RH response, as measured usingr@peaiRho, where p=0.015
(Figure 3.5).

16 1 € Non-smokers
141 ¢ € Smokers
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y =-0.43x + 15.04

Area under RHR curve to 90%
recovery (AU.sec) (x 10 3)
0
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Body mass index (kg/m ?)

Figure 3.5A scatter graph to show the correlation between BMI and AUC of the RH 8@
recovery of resting flux in 8 heavy smokers and 8 non-smokers measurefoatdnm site. The

correlation was significant, as tested by Spearmans rho, where p<0.05.

Oscillations in the LDF flux during the reactive hyperaemiesponse

The oscillations within the LDF signal before, during the loading and foilpvemoval of the
load were not investigated using spectral analysis due to diffisuliith the gradual loading
protocol and the steep transient increase in flux following reradvilke load. Both of these
introduced a very low frequency to the signal which would distort the remaieigpgeincies. A
change in the pattern of the oscillations in the signal could be olsertlee signal from before to
after removal of the load~{gure 3.6).
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Figure 3.6 An LDF trace showing approximately 50 seconds before removal of load and 50
seconds following load removal and the oscillations within the LDF signaldroon-smoking

control participant.

3.5.3 Pressure loading at the sacruraf heavy smokers and matched non-smokers

The results measured during the loading challenge and the off-loadingsattben showed
similar trends to the results at the forearm. The resting and loaced the non-smokers and

heavy smokers at the sacrum are representeéidjune 3.7.
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Figure 3.7 The figure shows a bar chart of resting flux and loaded flux at the sacrumhefathe
smokers and the matched control participants (n=8). The data are me@RBn Eiere was a
significant fall in flux with loading when tested using the Wilcoxon paiest] ivhere p<0.05, in

both the non-smoker control group and heavy smokers.

Resting flux
The resting flux measured at the sacrum was 32.7 + 12.1 and 43.2 + 49.5 AU in the nos-smoker
and heavy smokers respectively (median £ IQR). There was no signditfanénce between the

non-smokers and the heavy smokers.

Loaded flux
The loaded flux with 25009 applied to the sacrum was 19.3 + 13.4 and 19.0 £ 21.9 AU in the non-
smokers and heavy smokers respectively (median = IQR). There wigsmificant difference

between the loaded flux of the non-smokers and the heavy smokers.
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Body mass index and loaded flux

The effect of BMI on the percentage fall in flux with loading in the non-snsa¢@msidered alone,
showed a significant correlation, where p<0.B(re 3.8); the results at the sacrum were the
opposite to those at the forearm site. As the participants BMI incighgefall in flux decreased,

suggesting reduced occlusion of the blood vessels.
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Figure 3.8 A scatter graph to show the correlation between BMI and percentageffak with

loading of 25009 in 8 non-smokers measured at the sacrum site. The correlatgignifecant, as

tested by Spearmans rho, where p=0.015.

Maximum reactive hyperaemic response
The maximum RH response measured at the sacrum site was 62.7 £ 74.5 and 58.9 + 189.2 AU
the non-smokers and heavy smokers respectively (median + IQR). Taereowignificant

difference between the non-smokers and the heavy smokers (MWU test).

Area under reactive hyperaemic response curve to 90% recoveryeaabrum
The AUC of the RH curve to 90% recovery was measured as 1078.3 + 8692.3 and 1046.1 + 1621.1
AU/sec in the non-smokers and heavy smokers respectively. There wegsificesit difference

between the non-smokers and the heavy smokers (MWU test).

Body mass index and reactive hyperaemic response

The BMI of the 16 participants (8 non-smokers/8 heavy smokers) showedfeaig correlation
with the RH response at the sacrum as measured as the area undeethe @046 recovery
(Figure 3.9). The trend followed that the higher the body mass index, the loe/&Hifollowing

off-loading.
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Figure 3.9A scatter graph to show the correlation between BMI and AUC of the RH @6
recovery in 8 non-smoking participants and 8 heavy smokers measuredadrima. The

correlation at the sacrum is significant, as tested by Spearmans rho pwQere.

Key findings from the chapter

» The reactive hyperaemia response to the loading stimulus was highlyleamianagnitude at

both the forearm and sacrum in both the smoker and non-smoker participants.

* The participants in each group had widely varying BMI's, which probably cotedtio the
observed inter-subject variations.

» The artifact on the LDF signal caused by the loading and movement by pattcipso made

measurements difficult to compare and analyse and subsequently didficuérpret.

3.6 Discussion

There has been much focus in recent years on the measurement of altebdabskilux responses
using LDF as an early indicator of the cardiovascular disease. Assnepatential non-invasive
tool for this purpose, adequate skin blood flow and the appropriate fegwat control of the
microcirculation is vital to the maintenance of healthy skin. Thusureenent of skin blood flow

has the potential to provide important information about the health dfithéself.

The resting cutaneous flux measured using LDF is generally known to bdesdratto the

architecture of the skin microcirculation, thus it is importartidild in a provocation alongside
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LDF measurements. The studies in this chapter are based on the skinbigeddonse to the
application and removal of a 25009 load. This enables the consideration of ithheoftile
cutaneous microcirculation to withstand external pressure and alsasedi®od flow on removal
of the load.

The results presented in this chapter show the resting flux, loaded flux aredpitise to removal
of a 2500g load in a heterogenous group of 8 heavy smokers and matched non-smokihg contr
participants. The apparatus used was the same as a previous stuaysmders (Noble et al.,
2003) where the RH response was measured at the sacrum of light smokeascied imon-

smoking control participants.

The resting flux at both the forearm and the sacrum sites was notcsigtiifidifferent in the
smokers compared to the non-smokers. It was observed that resting flhighersat the sacrum
compared to the forearm, but this was not formally tested. The forestingreDF flux was

similar to some studies (Hagisawa et al., 1994), but higher than s ¢Tfe et al., 2004). The
sacrum resting LDF flux was higher than has been previously found in other stutiesacrum
(Schubert and Fagrell., 1989; 1991). The indentor may have been applying a small amount of
pressure during resting flux, when the probe within the indentor was placed omthétiskio

load applied, causing changes in the resting flux.

The gradual loading of the skin (500g every 2 minutes) up to 2500g (~94mmHg) resulted in a
reduction in flow in most participants at the sacrum and forearm, but togatggrees. At the
forearm, the blood flux decreased by 38 + 69% and 58 + 59% in the control and heavyssmoker
respectively (median + IQR). At the sacrum, the fall was 41 + 33% and 57 52 mon-
smokers and smokers respectively (median + IQR). A study has showreguirgs on the
trochanter from lying on a standard hospital mattress are around 83mmHg, gedumetween 37
and 55mmHg on a pressure reducing mattress (Thompson-Bishop and Mottola, 1992). A more
recent study showed the maximum contact pressure on the sacrum was 40mmHgraHd 26m
subjects lying on 3-cell and 2-cell alternating pressure mattreespectively (Rithalia and
Gonsalkorale, 2000). The magnitude of the load applied to the skin in the stuthisschapter
potentially reflects the load on the skin from a standard hospitalesstbut only reflect this

pressure applied over a short period of time.
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Several other studies have found similar decreases in blood flux witardeneels of external
pressure applied as was used in the studies in this chapter. In a studyggpregnereases in
pressure up to 110mmHg at the sacrum site, caused a 43% reduction in blood fluxr{$cttube
Fagrell, 1989). Another study measuring effects of gradual loadihg aaitrum using LDF and
transcutaneous oxygen (tcpCfound that LDF was at a minimum (37% of initial value) when
external pressure was 90mmHg, and teR@s at its minimum when external pressure was
100mmHg (Colin and Saumet, 1996). However, the pressures documented to cause @fclusion
blood flow in the literature vary tremendously. One study applied progedssigs to the sacrum
until complete occlusion occurred and showed that pressures up to 380mmHg wieeel iaq
some participants (Schubert and Fagrell, 1991). In another study, where tramacitaygen was
being measured at the sacrum, it was shown that interface pressgieg tetween 27 —
108mmHg were needed to reduced transcutaneous oto/gdavel that related to blood flow
occlusion (20mmHg) (Bader and Gant, 1988).

The data in the studies in this chapter demonstrated high variabilitg effect of loading in both
heavy smokers and non-smokers at the forearm and sacrum site. Thereoasepaential reasons
for this variability. The requirement to manually apply and remove thehtecligpm the loading
pan, meant that there was potential for slight changes in angle or positienimdéntor which
could also change the amount of pressure applied to the tissue. It is albte fbasslight

movement could cause a change in the blood vessels over which the pnalasusing.

In some of the participants, there was an initial increase in blood fldbwlagiding, and in at least
one participant, this remained throughout the loading period, so that thiedided flux was
higher than resting flux. This could suggest the presence of pressuredndisodilation (PIV)
(Fromy et al., 2000); this may have been occurring in the participants iuthessin this chapter
to varying degrees. A previous study demonstrated the presence of PIV wherepressapplied
to the skin of the hand up to 25mmHg of pressure, and then blood flow reduction (Frdmy et
2000). In a further study, a computer controlled indentor was used to apply pressude f
60mmHg to the sacrum of participants in 5mmHg steps, with the pressurantdosB minutes at
each level. It was found that blood flow decreased when pressure was iddéreas8-15mmHg,
remained relatively constant between 15 and 30mmHg and then increasesbasefnereased
from 35 to 60mmHg (Brienza et al., 2005). This would suggest that not only thsitiyntef the
load, but also the pattern of the loading applied to the skin, are impaorgetermining whether

PIV will occur.
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Many studies, including the studies in this chapter, use progreggilieation of pressure to the
skin to consider effects of loading on skin blood flow. In a study comparing corsdirtd and
progressive loading, it was shown that constant loading of 30mmHg causedt#oreoh skin
blood flow, however, the progressive loading pattern caused an increasedtilto up to
65mmHg of pressure (Jan et al., 2008). The gradual loading protocol used in treisttidge
chapter may allow the skin to recover at each stage of loading, thus redhgciotat impact of the

load.

The participant’s BMI would also be expected to affect the level opreshat would cause
occlusion of blood flow in the skin microcirculation. The literature suggest the amount of
external pressure applied to the skin is not the only factor thapriant to the maintenance of
blood flow to the tissues and that the interface pressure at the dkicestioes not necessarily
relate to the interstitial stress within the tissues (Bad@NMghite, 1998) and the maintenance of
tissue blood flow. The participants in both the smoking and non-smoking comupisgivere a
convenience sample and although matched between the groups, they had a wide rtige of B
(BMI range = 17.1 - 30.4kg/hin control group and 17.5 - 34.1kd/in the heavy smokers).

Interestingly, the forearm and sacrum sites showed different effeBtdladn loading in the non-
smoker groupKigure 3.4 andFigure 3.8). At the sacrum, as would be expected, the greater the
participants BMI, the smaller the fall in flux with loading (significantrelation). Conversely, at
the forearm, the greater the participant’'s BMI, the greater thenféillx with loading. It would be
expected that participants with a higher BMI would have more soft tiesupport the load,
resulting in a reduced occlusion of blood flow, and a lower impact oingadowever, the volar
forearm site is a narrow site and can accommodate the 5cm diameteonmgatwhich the load
was applied; however, in those participants with a higher BMI the indea®alle to be applied

more centrally to the forearm. This may have resulted in increaseddffaessure.

In terms of pressure ulcer development, studies have shown that patientsvweitBMI's or
decreased body weight have a significantly increased prevalepoesstire ulcers (Allman et al.,
1995; Compher et al., 2007; VanGilder et al., 2009). Although, studies also suggesttiziilhig
can increase the risk of pressure ulceration, a further study showedspialized elderly patients
with extra body fat (severe obesity) were at a reduced risk of pressereevelopment (Compher
et al., 2007). This is thought to be due to the protective effect of thissafts in supporting the
external load. The increased risk of pressure damage in obese patiebts dogyto effects of

obesity on the microcirculation and skin blood flow directly.
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There was no significant difference in the effect of loading betwednetiney smokers and non-
smokers at either the forearm or sacrum site. Several studies havehthe effect of smoking
on the skin structure and have found reduced skin collagen synthesis) Wothandin vivo (Yin
et al., 2000; Knuutinen et al., 2002). The synthesis of type | and 1l collagefowad to be
reduced by 18 and 22% respectively in smokers compared to non-smokers, antdhighisto be
due to an increase in levels of MMPs in the skin, which degrade collageutiftaruet al., 2002).
Thus, reduced ability to support the load would be expected to result irsedrglaod flow
occlusion with external loading in the smokers, but this was not demonstrdied s@dies have
shown differences in the effect of loading in patient groups; Schubert arell £2991) found that
a significantly lower pressure was needed to occlude blood flow over thenseampared to the

gluteus muscle in an elderly group, but this difference was not predéstyounger group.

The RH response followed the removal of the load from the loading pan aboVeRh@dbe. The
magnitude of the RH response was variable, and did not correlatecsigtiyfiwith the effect of
loading; the highest reduction in flow during loading did not result in a greateesponse. The
participant's BMI significantly correlated with the area under tkpaase curve, so that with
increasing BMI there was a reducing area under the curve, at bothg¢heriand sacrum sites. A
previous study found variable responses to pressure loading over tlater@nd suggested that

there are a range of physiological responses to external pressurz @nhd Xakellis, 1989).

There was no significant difference in the response in the heavy shoakepared to the non-
smokers. A previous study using the same apparatus in a group of light semakenatched
controls demonstrated significant attenuation of the response in thentigkeis (Noble et al.,
2003) Figure 3.10). In the light smokers there was less variability in the RH respaosBid|
within the groups compared to the heavy smokers involved in this study. Qithesdiave shown
smokers to have reduced RH responses to occlusion of flow to the finges¢@and
Wennmalm, 1983; Hashimoto, 1994). However, comparisons with studies involving plosiarcc
reactive hyperaemia should be done with caution as the responses are edtsiderdifferent.
The local pressure induced occlusion produces a prolonged hyperaemia,ecbtofibe
hyperaemia induced by proximal occlusion (Rendell and Wells, 1998; Capp€0dl), Several
studies have also shown smokers to have chronically impaired vasodiedonses to both ACh
and SNP (Pellaton et al., 2002; Edvinsson et al., 2008).

Other studies have shown the RH response to an external load to be diffelitfatent patient
groups. The RH response was significantly reduced in elderly patiengsahto a younger

group (Schubert and Fagrell., 1991; Hagisawa et al., 1991) and also in patients wigngigpot
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(Schubert, 1991). Patients with recent SCI have also been shown to haveeatdiffactive
hyperaemic response following 2 hours of pressure loading at the sacrunrextopaatients with
acute orthopaedic trauma and healthy participants. The RH responseasa célthe load in these
patients was shown to have a shorter time to increase blood flow angex stepe. The authors
suggest this reveals an impaired response and the presence of midapwhstunction (Sae-Sia
et al., 2007).
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Figure 2.

(a) Total hyperaemic response calculated as area under LDF flux curve (AUC) and (b) rate of recovery from peak hyperaemic response,
following removal of a 25 N pressure load at sacrum. Data are mean £ SD from nine smokers and nine matched nonsmoker controls. “p < 0.05,
Wilcoxon signed rank test.

Figure 3.10A figure showing the parameters of the reactive hyperaemic respmioserig
removl of a pressure load in 9 light smokers and matched non-smokers. tilesdigxtracted
from: Noble, M., Voegeli, D and Clough, G (2003) A comparison of cutaneous vasespanses
to transient pressure loading in smoking and non-smal@nsal of Rehabilitation Research and
Development. 40, (3) 283-288.

It may have been expected that the increased intensity and length mbtieghabit in this group
of heavy smokers would cause an enhanced attenuation in responses amgthdtbe a more
pronounced difference than that seen in the previous study involving light snildkéis et al.,
2003) Figure 3.10). Alternatively, it may also have been expected that there would be
compensation mechanisms functioning, which restricted the effects ofrgnwkihe skin blood

flow responses.
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It was observed in the studies in this chapter that there was a reddicedf®nse at the sacrum
compared to the forearm in both the heavy smokers and non-smokers. Ttiengirndoading

made this difficult to investigate further and thus statistics vesits not completed.

The oscillations within the LDF traces before, during and after RH coulodenabalysed using
spectral analysis of the signal. Due to the step-wise loading patesedtions of LDF trace were
too short to provide accurate results when completing spectral analygsisitfd steep transient in
the skin blood flux, when the load is removed from the skin, would appear in the Ispealyais
as a very slow frequency and thus dominate the PSD. However, it could be olfis®rvehe
traces that the frequency and amplitude of oscillations dominatinggtied shanged during the

RH responséFigure 3.6).

The analysis of oscillations within the LDF trace during loading has templeted in a study
using an animal model. In this study the loading duration was increased to 6hr/dagaysrahd
the devices used to apply and remove the loads were optimized, so reducanyanrtthe LDF
probe (Li et al., 2006b). The length of LDF data collected during the loadiiugl peas

significantly longer than in the studies in this chapter, so spectadysis could be used to analyse
the traces in that study. They found that loading of the skin caused asadndtie oscillations in
the LDF signal around 0.01Hz, suggesting that prolonged loading induces endothedigé dhim

et al., 2006Db).

In a study involving human participants, it was observed that the ‘slow wawesg’ iDF signal
decreased when 10mmHg was applied to the skin, suggesting early efféeesregulation of the
microcirculation during external loading, but this was not analysed fu@odin(and Saumet,
1996). In a further study where the effects of loading on the sacrum on thatiosslin the skin
blood flux were investigated using Wavelet analysis of the signal, ybgenic mechanisms were
the main mechanisms involved in the RH response following removal of the loadZ8et al.,
2005). They also found that there was only a minor role for metabolic contrgéssing that the
effect of shear stress on the endothelium causing NO release isahiloirimg the RH response
(Brienza et al., 2005).

Limitations of the study

Although there were no significant differences found between the heakgsvand non-smokers
in the experiments presented in this chapter, the study groups may be underpbieshigh
variation in responses in both the heavy smokers and non-smokersatriva and forearm

meant that an increased sample size would be needed to be able to deteripaterdiay
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significant differences between the groups. Also, several partisipaane excluded due to

movement artifact on the LDF traces.

The LDF method of measuring skin blood flow has been used in many studies and has many
benefits associated with its use. However, due to the variation in thiteatare of the skin
microcirculation (Braverman et al., 1990) and the small size of the k@septhere is the potential
for high variation in readings and poor reproducibility. The LDF probksdssausceptible to
movement artifact. The loading apparatus potentially caused indneesement artifact on the
LDF probe and thus on the resultant trace, during application and removal afébldads in an
older group of participants. The fixation of the laser Doppler probe withimtlemior also caused
artifact to be present during resting flux. The previous study by Noble 20@B)(using the same
apparatus for the load application was not subject to as much artifactldbRheace. All the
participants in this study were significantly older and thus found it more undainle to remain

in the positions required for the study, particularly the prone position fetudées at the sacrum
site. The heavy smokers also found it more difficult to abstain fromiagbkfore the studies and

so there may be some acute effects of smoking in the results.

The measurement of skin blood flow during loading also has difficulties. Whekithesod flow
is reduced under the external load, the random part of the LDF signal beclamges aroportion

of the signal and thus there is more error in the signal (Sacks et al., 1985)

Although direct pressure to skin is the major cause of pressure daimergehas been increased
focus on the effects of the reperfusion on the skin tissue. Studies havegateessthe effects of
ischaemia and reperfusion; the injury caused by ischaemia repeiukitown to be different
from that caused by a single ischaemic insult (Peirce et al., 2000; Houveing2®00). In fact, it
has been shown in a rodent model, that repeated I/R injuries are more damégenigssue than a
prolonged ischaemic insult (Peirce et al., 2000).The reperfusion of blooddwiausly ischaemic
tissue causes cellular injury, which is thought to be partly due togherievels of oxygen free

radicals.

Since completing this part of my research, more sophisticated déBriesza et al., 2005; Jan et
al., 2008) and protocols have been developed to simulate the externaleplasding
environment. Sae-Sia et al. (2007) considered the effect of 2 hours Is=alnerat the sacrum of
patients with a recent SCI. They showed a greater relative deardhsein the SCI patients
compared to controls and a reduced RH following release of load. Studieddmaversidered the

effect of alternating pressure loading to validate the use of ditegqaessure mattresses for at-
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risk patients in hospital. Jan et al. (2008) used a computer-controlled intteapmly both

alternating pressure levels and constant levels to the skin aciuens

With the development of improved loading equipment there is scope for futdkenaconsidering
the effects of loading in different patient groups, to improve the knowleaigge regarding risk
factors for skin damage. There is also scope to provide further egidegerding the process of

cycles of ischaemia and reperfusion on skin blood flow control mechanisms.

Final Summary

For the purposes of the studies in this chapter it was hypothesized thashedking would result
in significantly attenuated reactive hyperaemic response in ithengrocirculation following
removal of an external load. However, the results demonstrate no sigindfifarences in the
responses in the heavy smokers compared with the non-smokersraheitbecrum or forearm
sites. The loading stimuli resulted in highly variable changes in floacand RH response. This
may be due to the loading apparatus; since completing these studies more atgzhidticices are
being used. Therefore, loading of the skin using this apparatus will noeth@sishe stimulus

alongside LDF to assess skin blood flow in the subsequent chapterstivesings

The studies in this chapter have highlighted the difficulties fdigg@ants and thus potentially
patients of remaining very still in the prone position for prolonged peabtise. This is an
important aspect that needs to be considered when studying skin blood 8qwtasitial tool for
assessment of risk of pressure ulcer development. In the next chaptkin tilecd flow
responses will be compared at the sacrum and forearm sites, theelattsenting a more

accessible location for skin-related studies.

The application of a local heating stimulus to the skin is a welblshed stimulus that has been

used in many studies. The local heating stimulus has already been shown te semsitive in
detecting alterations in the microcirculation and risk of foot ulceeldgwment compared to

baseline blood flow measurements (Timar-Banu et al., 2001). The skin heatgppoan be
completed with no interference to the probe, so reduces the problem of movesfant.dt also

lends itself to further spectral analysis to investigate thidaigms in the signal and thus the local
mechanisms mediating the responses of the skin microcirculation. dlbaged plateau

vasodilatation induced by local heating has been shown, using spectral armhais & strong
endothelium dependent component (Brienza et al., 2005), which is thought to be one of the aspec
of regulation directly effected by smoking. In the studies in this chaptesacrum (an area at risk

of pressure ulcers) and the forearm (not at risk) were both investigéte potential differences
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between the sacrum and forearm sites, as well as the effects of simokitugpd flow control will

be investigated further in this thesis using the local heatinglsism
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Chapter 4

Investigation into vasoreactivity of different skin
sites: the local heating response at the sacrum and

forearm
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4.1 Introduction

In the studies in chapter 3, the effects of loading the skin surface dol@#thflow and then the
RH response to removal of the load were investigated. The studies detednstresiderable
variability in both the loading and the RH response to the removal of ttheTlba skin loading
protocol meant there were difficulties in further analysing the LQRadiusing spectral analysis to
consider the mechanisms regulating the skin blood flow during resting andatsodesponses.
Therefore, a different stimulus — the local heating stimulus — will bet ins&! the remaining

studies in this thesis.

The appropriate regulation of skin blood flow both during steady state aaditit for blood
vessels to dilate and constrict appropriately in response to cstitairi is vital to the health of the
skin. Although the loading protocol directly considers the skin micrdetion, factors such as
cushioning of the load by the tissue and PIV affect the skin blood flow responseastisar
responsiveness of the skin microcirculation has been investigatedlias using a variety of
different stimuli, including blood flow occlusion and release using a cuff, skilmgaar heating
and iontophoresis of ACh or SNP (Minson et al., 2001; 1Jzerman et al., 2003b). Howisver, it
suggested that the local heating response may be an optimal tool tdbatiseswiothelial and
microvascular function than reactive hyperaemia, due to the 2-phase re@pmsss and Wong,
2004).

The local heating of the skin has been used in many studies in the |akt dadehas been shown
to rely mainly on NO produced by the endothelium to maintain the vasodilatiomgdbe
prolonged plateau phase (Minson et al., 2001). Studies using spectral andlysisDF signal
have demonstrated that the local heating response is dominated by endetlegl@ndent
mechanisms (Brienza et al., 2005). The function of the endothelium is Mitel pvoduction of
appropriate vasodilation responses and dysfunctional endothelium has even beEmebasia
risk factor for pressure ulcer development due to its importance in blooddiowol (Struck and
Wright, 2007). Therefore, the skin blood flow response to local heating wibisdered in the

studies in the remainder of the thesis.

The local heating of the skin in combination with LDF has been used in reeeaiuit to consider
these responses in different patient groups (Geyer et al., 2004; Betealza2005; Jan et al.,
2009). A local non-painful heating challenge to the skin of a high enough magnitudeinesdts
phase vasodilation response in the skin microcirculation as measured D§inly involves an

initial rapid increase in skin blood flow, followed by a brief nadir and thiemtlaer rise to a
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plateau. The initial rise has been shown to be mainly axon reflex dependent praladhged
plateau is mainly NO-mediated (Minson et al., 2001; Kellogg et al., 1999)d 8as shown that
42°C local heating for around 30 minutes evokes maximal vasodilatation (Kellaggl€99;
Gooding et al., 2006). Studies have also shown that a rapid rise in temperatuier ¢ha 2-phase
heating response, so that it is difficult to separate the axon-reflex@ndddiated vasodilatation

(Minson et al., 2001). Thus a progressive heating stimulus will be usedstutties in this thesis.

The local heating stimulus in combination with LDF provides information abeuability of the

skin blood vessels to dilate to a given stimulus. There is also the plotenitmvestigation of the
regulation of skin blood flow using spectral analysis of the LDF signatokitally studies have
observed and also shown by analysis that there are oscillations ardiffequencies in the LDF
signal (Wilkin, 1986; Kastrup et al., 198®ore recently, spectral analysis has been used to show
that the oscillation frequencies within the LDF signal relate tmicesystemic and local aspects of

blood flow regulation(Chapter 1, section 1.5.3)

The LDF signal contains oscillations that relate to systemic dasftekin blood flow. The
oscillations in the signal at a frequency around 1Hz (one per second) terigoma the cardiac
beat (Bracic and Stefanovska, 1999) and those around 0.4Hz originates fraaiagsfinction
(Bollinger et al., 1993). The local control mechanisms are revaakbe isignal at around 0.1Hz,
0.04Hz and 0.01Hz and relate to myogenic, neurogenic and metabolic/endotheliumismesha
respectively (Akselrod et al., 1981; Soderstrom et al., 2003; Stewart et al. (Chaater 1,
section 1.5.3)

The local control mechanisms result in the skin blood vessels undekg@ogotion; the rhythmic
constriction and dilation of blood vessels. The vasomotion may be benefidiabtbflow; studies
have shown that vessels that oscillate have greater flow than awiéisseconstant diameter, but
the same average width (Meyer et al., 2002). It may also improve oxygerfdigsues (Tsai and
Intaglietta, 1993). In particular, the function of the endothelium in the caftssin blood flow
has been the focus of much attention. Although this has been mainly in the fieldiofascular
medicine, more recently its importance in skin health has been sugdgtstett @nd Wright,
2007). The endothelium, and specifically the NO produced by the endothelium, has daritnpor
role in vasodilation of blood vessels and enables rapid increases @ flow when required

by the skin tissues.

The most common body site for pressure ulcer development is the sacrum. Intzepudlimmary

of nine international pressure ulcer prevalence surveys (between 1989 andHz06®)st
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common site of the body for pressure damage was found to be the sacrum (28%i€¥angl.,
2008). This is mainly due to the presence of a bony prominence; the preshurghgitissues

during sitting and lying is centred most in these areas (Defloor, 2000).

The sacrum has been investigated in previous studies measuring skin bloodrftonl (Geyer et
al., 2004; Jan et al., 2009). In a study using LDI to measure blood flow at the sacruliraashree
gluteus maximus, lower back, hand and fingers, the average skin blood flowaatrtira svas
significantly greater than the other sites (Mayrovitz et al., 20D®)er studies have considered the
anatomy of the sacral microcirculation to determine whether inhereetetitfes in the skin
microcirculation structure are the cause for increased incidencessfype ulcers. Using light and
scanning electron microscopy of human tissue samples excised post mortexorurevgas

shown to have a higher density of capillary loops underneath the dermédgpapihpared to skin
tissues overlying the ischial tuberosity and the gluteus maximuss@ieaiet al., 2001). They
suggest that this could be due to the frequent loading of the sacrum sitelging and sitting

which could cause the development of capillary loops (Hagisawa et al., 2001)

The sacrum is a body site that is at risk of pressure ulcer developméougkitthere have been
some studies to consider the anatomy of the microcirculation and réskirag the sacrum
compared to other sites, there remains a need for more informatiodingghe skin blood flow at
the sacrum. In particular, the regulation of skin blood flow at the sacrum antilityecd the
microcirculation to respond to external stimuli compared to the foreesm reference site. Many
studies, including some contained in this thesis, use the volar foridaras a site to investigate
blood flow responses. It is important to ascertain whether responsedattren can be related to

the ‘at risk’ sacrum.

4.2 Hypothesis

The magnitude of the skin blood flow responses to a local heating stimulbe &ltered at a site

at risk of pressure damage, the sacrum, compared to the forearm skin site.
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4.3 Objectives

e To compare skin blood flow responses to a local heating stimulus at thensatd the

forearm in healthy participants.

» To complete spectral analysis on the LDF signal during resting aalchleating to consider
the effect of the heating response on the regulation of skin blood flowfatélaem and

sacrum sites.

« To examine whether there are correlations in blood flow responses héhgesacrum and the
forearm, to determine whether the forearm has potential for use @&enpef site for skin

blood flow testing.

4.4 Methods

4.4.1 Participants

Nine, healthy, non-smoker participants involved in the studies considespgnses to 20 minutes

skin heating at the forearm found@hapter 5 were also studied at the sacrum body Sitdle

4.1). The heating responses at the forearm were compared with respahgesaatum in these

participants, and the results from this are shown in this chapter.

Parameter Participants (n=9)
Age (yrs) 243+45
(19-32)
Sex 7 females / 2 males
Body mass index (kg/m) 20.9+3.3
(17.3 - 26.7)
Mean arterial pressure 78.3+3.5
(mmHg) (73.3-83.3)

Table 4.1The table shows the age, sex, BMI and MAP of a group of healthy, non-smokers (n=9)
The table shows data as meastandard deviation (range). The BMI was calculated as [weight
(kg)/(height (m)j]. The mean arterial pressure was calculated as [(2*diastBlie-Bystolic

BP)]/3.
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4.4.2 Study Protocol

The full protocol for the skin heating studies can be founGhapter 2, section 2.4. The specific
protocol for the heating studies is as followsg(re 4.1):

The studies were completed in the temperature controlled environmenMVgT®RF. The
participants gave their written informed consent to take part irtuldg.sThe participants were
made comfortable on a hospital mattress, with their arm maintained aketveddn a pillow. They
acclimatised to room temperature for 10 - 15 minutes before the skin blood éasurements
began. The participants were asked to keep their arm as still adepfmsibe duration of the

forearm section of the study.

The measurements were first completed at the forearm site. Th@ibBead probe was positioned
within a skin heater which was mounted within a plastic ring which was tteatedl to the skin
using a sticky O-ringGhapter 2, section 2.4). This was placed on the volar surface of the forearm
midway between the wrist and elbow away from visible blood vesselskirhkblsod flow was
measured before, during and after a local heating stimulus of 43°C for 20 mirhégxarticipant
was then made comfortable in a prone position for another period of 10-15 mirtlireatigation,
before the same measurements were completed at the sacruresiietd was then saved on the

laptop for processing.

Time (min)
o 10 20 a0 40 a0 alll 70 80 HO
I
zonsent and Resting skin sSkin blood flow Skin blood flow
acclimatisation tlaod flow during local post-heating

heating to 43°C

Figure 4.1 A diagram to show the timeline of events occurring within the heating gradycol

4.4.3 Spectral Analysis Methods

The FFT algorithm was used to determine the underlying frequencies withiDEhsignal. The

FFT makes the assumption that the waveform is discrete and petieditt)¢ signal is composed
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of the same waveforms repeated. The FFT converts the time sdteeféquency components by

an algorithm called the Fourier Transform.

Data collection and processing

The skin blood flow was measured at the forearm and sacrum using LDF durimgu®smesting
and then 20 minutes local heating. The LDF trace was saved as twoeexX2@iminutes resting
flux and 20 minutes local heating flux. The sampling frequency was 40Hz, to eosykance
with sampling theorem (@pter 2, Section 2.5.1). The text files were then saved as EXdiés.
The initial 100 seconds recording was removed from the heated flux to remestedpegradient
that occurred at the start of heating. The initial 100 seconds recordirajseasmoved from the
resting flux recording to ensure equal data length. The data was thenrgavwddtaty

workspace, where the remaining analysis was complEtgdré 4.2).

Matlab® is a software tool for studying digital signal processing. With the suppt8VR and
particularly Dr David Simpson, Matl&lprograms were written for the computation of FFT’s from
the LDF data. The Matl&hprograms used in the spectral analysis in this chapter can be found in

Appendix 3.

The trend was removed from the LDF traces using a Magadgram; when the trend was not
removed it featured as very low frequency power and distorted all thefr@eencies within the
signal. A program was then run in Maffaio calculate the PSD of the resting flux and the flux
during heating from 0 to 2 HAppendix 3). The power was calculated as area under the PSD curve
using integration and the trapezoidal method; the total power between 0 ané2ldalculated

and also the power within each frequency badndufe 4.2).

LDF Save as two text Data
measurement files (resting and saved Detrend Calculate
during resting heated), SF of into LDF PSD from

and local —> 40Hz; initial 100s 2 vatab® [P] tace ] 0-2Hz using
heating removed Matlab

Figure 4.2 A flowchart to summarise the pathway of data processing éosghctral analysis using

Matlal® statistical package used for the data measured at the forearm aadrtira.
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4.4.4 Statistics

The data for the studies in this chapter is treated as non-normal. Tl régi@esented as median
and error is shown by the IQR. All data is shown to 1 decimal place. Thersand forearm data
is treated as paired data, so the Wilcoxon signed ranks test is used thrahbighchapter to test
for any significant differences. The data is presented graphtbatiughout this chapter using bar
graphs. The line graphs to show the power in the LDF flux in the frequeney®ang?Hz

generated using Matl8tare called periodograms.

Measurement of the LDF signal in the time domain
Various parameters of the heating response were measured from thet®&nd these can be
found inFigure 2.6 (Chapter 2, Section 2.4.3).

Measurement of LDF signal in the spectral domain

The following measurements were taken from the LDF signal in the speotnaln:

Absolute power between 0 and 2 Hz the area under the PSD curve between 0 and 2Hz
measured using integration by the trapezoidal method.
Absolute power between 0 and 0.2Hz the area under the PSD curve between 0 and 0.2Hz

measured using integration by the trapezoidal method.

Total power of each frequency band

0.01Hz (0.008-0.02Hz) area under the PSD curve between 0.008-0.02Hz
0.04Hz (0.02-0.05Hz) -area under the PSD curve between 0.02-0.05Hz
0.1Hz (0.05-0.15Hz) -area under the PSD curve between 0.05-0.15Hz
0.4Hz (0.15-0.4Hz) -area under the PSD curve between 0.15-0.4Hz

1Hz (0.4-2.0Hz) -area under the PSD curve between 0.4-2.0Hz

Relative power of each of the frequency bands absolute power of the band interval divided by
the absolute power (either 0-2Hz or 0-0.2Hz)
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4.5 Results

The local heating stimulus at the forearm and the sacrum provoked arsénicré&$ood flow in all
participants. An example of the LDF flux trace and the temperatuhe dfeating block during the

local heating response at the forearm and sacrum can be folcigtiia 4.3

a. Forearm b. Sacrum
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Figure 4.3 The figure shows an example of a LDF trace aatlierearm andb. sacrum of a
healthy female control participant. The LDF flux graphs show flux during 20 eniacél heating
to 43 °C and flux measured for 20 minutes after switching off heater. Mipetature graphs

represent the change in temperature of the heater block during the cotiesstatly.

4.5.1 Summary of the results

The skin blood flux was measured at the forearm and sacrum of 9 healthy paxtibgi@re,
during and after a local heating stimulus to 43°C using LDF. The skin blood flasungsl during
resting was significantly greater at the sacrum compared to thermforidawever, the hyperaemic
response to the local heating stimulus was significantly snaltbe sacrum compared to the
forearm.

Although the local heating responses at the forearm and sacrum wereaglyifilifferent, the
results from this chapter show that there was a significant dioretzetween the AUC of the local
heating response at the forearm and the sacrum skin sites. The pasivijpl greater

vasodilation responses at the forearm also tended to have the greataseesat the sacrum.
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The spectral analysis of the LDF signal during resting and heating at ¢élaenfoand sacrum
allowed further investigation of the regulation of skin blood flow. Thialrspectral analysis
considered the frequencies associated with both local and systémintosid flow control
mechanisms. In the resting flux, there was a significantly higher absmuter 0-0.2Hz in the
LDF signal at the sacrum compared to the forearm, and the power of eachreftrenty bands
were also higher. However, the relative power of the bands showed thawthequency bands
(0.01Hz (endothelial control), 0.04Hz (neurogenic control), 0.1Hz (myogenimbpntere
significantly higher at the forearm and there was no significant diiferbetween the sites in the
relative power of the frequency bands related to cardiac rhythm and r@gpiteaction. The
results showed that at both, the forearm and sacrum sites, the inarabselute power 0-2Hz
during local heating was mainly due to an increase in the 1Hz frequency wigiclates from

cardiac rhythm.

The spectral analysis considering only the local mechanisms up to a maxiequenicy of 0.2Hz,
showed that the absolute power between 0 and 0.2Hz was significantlyakawerforearm
compared to the sacrum. There was no significant difference in theeglativer of the frequency

bands at the sacrum compared to the forearm
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4.5.2 Time domain analysis: Resting and heating flux at the forearm and gam

All the participants showed a significant hyperaemic response to a 4attegh&imulus at both

the forearm and the sacrum sikegure 4.4).

* *

1 1
300~
250-
200-

B Resting

150+ .
B Heating

100+

Flux (AU)

50

Forearm Sacrum

Body site

Figure 4.4 A bar graph to show the resting flux measured for 20 minutes and the flux during 20
minute heating to 43 °C at the forearm and sacrum body sites. The datanmepedian + IQR
range for non-smoker participants (n=9). The difference betweémgesid heated flux was

significant at the both the forearm and sacrum (p<0.05) and is shown on thégraph
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Resting flux
The resting flux over 20 minutes was 8.9 + 2.0AU and 26.7 + 15.7AU at the forearm and sacrum

respectively (median + IQRJ{(gure 4.5). There was a significantly higher resting flux at the

sacrum compared to the forearm, where p=0.012 (Wilcoxon signed ranks test).

Flux (AU)

10 +
SJ
0 -

Forearm Sacrum

Body site

Figure 4.5 A bar graph to show resting flux measured at the forearm and the sacrum of 9 healthy
participants over a 20 minute period (n=9). The bars represent the mediite a&rror bars
represent the IQR.* represents a significantly higher resting fltheatacrum compared to the

forearm, where p< 0.05, tested using the Wilcoxon signed ranks test.

Maximum hyperaemia
The maximum hyperaemic flux was 230.4 + 102.6 and 175.9 £ 70.3AU at the forearm and sacrum

respectively. The maximum hyperaemic flux was significantiatgr at the forearm compared to
the sacrum, where p=0.011 (Wilcoxon signed ranks test). However, the irioréagdrom the

resting flux is considered to be a more accurate measure.
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Increase in flux from resting to maximum hyperaemia

The forearm and sacrum showed an increase in flux from resting to maximum hyiperg221.9
+ 80.4AU and 144.8 £ 62.6AU (median + IQR), respectiveigyre 4.6). The increase in flux to
maximum hyperaemia was significantly greater at the forearnpaxad to the sacrum, where

p=0.017 (Wilcoxon signed ranks test).
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Figure 4.6 A bar graph to show increase in flux from resting to maximum hyperaemiarae ad
the forearm and the sacrum of 9 healthy participants as a result of a 20 méatuitg sttmulus
(n=9). The bars represent the median and the error bars repres@Rtherepresents a
significantly smaller increase in flux from resting to local mepflux at the sacrum compared to

the forearm, where p< 0.05 (Wilcoxon signed ranks test).
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Area under the curve during 20 minute local heating

The area under the hyperaemia curve during the 20 minute heating was 21.0 +'7A6):s20
and 16.2 + 3.5 x T0AU.sec at the forearm and sacrum respectively (median + IR&)re 4.7).
The AUC was significantly smaller at the sacrum compared tetkearim where p=0.011

(Wilcoxon signed ranks test).
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Figure 4.7 A bar graph to show area under the hyperaemia curve induced by local heating to 43°C
for 20 minutes at the forearm and sacrum sites in 9 healthy control geamtii The bars represent

the median and the error bars represent the IQR. The area under the cuoy¢héu2D minute

heating was significantly smaller at the sacrum compared to therfoeeelysed by the Wilcoxon

signed ranks test (p<0.05); this is shown on the graph by *
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Time to 50% recovery

The time taken for the skin blood flux to recover from heating was measanedhe end of the
heating period until blood flow had reduced towards resting flux by 50% at gerfoand sacrum
(Figure 4.8). The time to 50% recovery at the forearm was 825.9 + 559.9 seconds compared to
545.2 + 262.9 seconds at the sacrum (median % IQR). The time taken for the skifuxaod f
recover by 50% was significantly smaller in the responses at¢hasaite where p=0.012
(Wilcoxon signed ranks test).
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Figure 4.8 A bar graph to show the time from the end of local heating to 50% recovery towards
resting flux in 9 healthy participants at the forearm and sacrum (n=9parkeepresent the
median and the error bars represent the IQR. The time taken to reacbco¥&y was

significantly shorter at the sacrum compared to the forearm, (p<0.@b)sed using the Wilcoxon

signed ranks test, and this is shown on the graph by *.

4.5.3 Correlations between heating responses at the skin of tleedarm and sacrum

The forearm is an accessible location for the evaluation of skin blooddkponses, however it is
important to consider whether the responses at the forearm can prowrdesitidn regarding the
microvasculature at a remote ‘at risk’ site, such as the sacrum.

The studies exploring any correlations between the forearm and sa@smwesie completed in the

group of 9 healthy, non smoker participants. The initial analysis showed tteatve not a

significant correlation between the resting flux at the forearm and satasn s
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Area under the hyperaemia curve during 20 minutes heating

The AUC during the 20 minute heating period was analysed using Spearman’s rlaticomnest
to consider whether there was a significant correlation betwedartt@m and sacrum site
(Figure 4.9). The correlation between the forearm and sacrum total heating resgmse w
significant where p=0.01. This showed that the participants with a ghggieraemic response at

the forearm tended to have a greater response at the sacrum also.
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Figure 4.9A scatter graph to show the correlation between the total heating respenseasured
by AUC of the hyperaemia curve at the forearm and sacrum sites in the grohpaif§ control
participants. The correlation is significant where p<0.05, when athlysing Spearman’s rho
non-parametric correlation test. The Spearman’s rho correlationaieeff{CC) = 0.800,
significance = 0.01. The correlation shows that those with a higher Abiycheating at the

sacrum tend to also showed a higher AUC during heating at the forearm.
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Maximum hyperaemia at the forearm and sacrum

There was no significant correlation between increase from réstimmgximum hyperaemia at the
forearm and sacrum and only a weak correlation when considering the maximunehypera
response at the forearm and sacrum sites, which nearly reachedangeifiwhere the correlation

coefficient = 0.650 and p=0.058 (Spearman’s Rho test).

4.5.4 Spectral domain analysis: Spectral analysis of the resting arathl heating responses

at forearm and sacrum between 0 and 2Hz.

Spectral analysis was completed on the LDF traces from the participaolved in the previous
sections of this chapter, using a FFT. The power was estimated foedhency range 0 to 2Hz,

which is thought to originate from both systemic and local mechanisms offld@odontrol.

Resting flux
The absolute power between 0 and 2 Hz in the resting flux of the sacrum wasaidgigifiigher

than in the resting flux of the forearm, where p=0.021 (Wilcoxon signed ramké-igsre 4.10)

121



,\
£

200

180 Foreanmn

Sacrum

—_—
o
=

e
=

=
=

Power spectral density
(AU"AUMz)
53885

[
[

O 02 04 06 08 1 12 14 18 18 2
Frequency (Hz)

(b).

*

2Hz (AU?)
N W b OO0 O N O©
OO O O O O O o

=
o
|

Absolute power between 0 and

. e L

Forearm Sacrum

o
|

Body site

Figure 4.10Graphs to represent the absolute PSD between 0 and 2Hz in the resting flux of 9
healthy participants at the forearm and sacra A spectrum to show the median PSD of the
LDF resting flux measured using Matfagoftware; PSD is expressed asAdy. (0). A bar chart
to show the absolute power between 0 and 2Hz, expressed asfAué resting flux at the
forearm and sacrum; the data are median +IQR. The absolute power betwdettHa aras
significantly higher in the resting LDF at the sacrum compared to tharforevhere p=0.021 (*)

(Wilcoxon signed ranks test).
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The absolute power of the individual bands was lower in the resting flux aréaenfocompared
to the sacrum and this attained significance for the bands around 0.1Hz, 0.4Hz andvéizrd
when the power in each band was considered relative to the absolute pofeeedime had a
significantly greater relative power in the bands around 0.01Hz, 0.04Hz anddadigared to the
sacrum Figure4.11)
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Figure 4.11A bar graph to show the relative power for each of the 5 frequency bandstivihin
frequency range 0-2Hz measured in the resting LDF traces from 9 heatibippats at the
forearm and the sacrum. The bars represent the median +IQR. The patesein the frequency
bands ~0.01Hz (0.008-0.02Hz), ~0.04Hz (0.02-0.05Hz) and ~0.1Hz (0.05-0.15Hz) in the LDF
signal were significantly higher at the forearm compared to the sachene p=0.03, 0.04 and
0.04, respectively (Wilcoxon signed ranks test). This is shown on the graph by €ldtheer
power of the frequency bands ~0.4 (0.15-0.4Hz) and ~1Hz (0.4-2Hz) were higher in tihacksx
from the sacrum, but this did not reach significance

Heating Flux
The spectral analysis was performed on the LDF trace during locaidneHtiere was no
significant difference in the absolute power between 0 and 2Hz or theaglawer of the 5

frequency bands when comparing the forearm and the saErgong4.12).
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Figure 4.12Graphs to represent the absolute PSD between 0 and 2Hz of the flux during 20
minutes local heating to 43°C from 9 healthy participants at the forearm@ndcis@). A line
graph to show the median PSD of the LDF heated flux’{At). (b). A bar chart to show the
power of the heated flux between 0 and 2Hz at the forearm and sacrum; th@tesmentehe
median and the error bars represent the IQR. There was no signifiteneindie in the absolute

power between the heated flux traces from the forearm and the sacrum
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Changes in relative power of the frequency bands from resting to hefied

The local heating stimulus caused an increase in flux in all partisipantthis also resulted in an
increased absolute power between 0 and 2. The power between 0 and 2Hz and alsactitbf
the 5 frequency bands was significantly greater during heating compassting flux at both

sites.

The relative power of each of the bands (power of the band divided by absoleteletween 0
an 2Hz) revealed that the contribution of the 1Hz frequency within thalsmprresponding to the
cardiac signal increased significantly during the heating stisrad both the sacrum and forearm.
This suggests that the cardiac component of skin blood flow control hapaart role in

increasing skin blood flow during local heating at the skin.

At the forearm, the relative power (relative to absolute powerdsst® and 2Hz) of the frequency
~1Hz which originates from the cardiac rhythm increases significiiom 37.4 + 12.4% (median
* IQR) during resting to 83.6 * 7.3% during heatiRig(re 4.13A). At the sacrum, the relative
power of the frequency band ~1Hz increased significantly from 43.0 £ 34.2% duting tes86.1
+ 14.8% during heating-{gure 4.13 B).

The relative power of the frequency bands ~0.01Hz, ~0.04Hz, ~0.1Hz and ~0.4Hz, whectorelat
endothelium, neurogenic, myogenic and respiratory mechanisms of skin bloodfirel ¢
respectively, were significantly lower during heating compared tmgeat both the forearm and

sacrum sitesHigure 4.13).
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Figure 4.13A bar graph to show the relative power (power of band divided by absolute power
between 0 and 2Hz) of the frequency bands ~0.01Hz (endothelium), ~0.04Hz (neurogenic), ~0.1Hz
(myogenic), ~0.4Hz (respiratory) and ~1Hz (cardiac) of LDF flux durinngand heating at the
(a) forearm and theb] sacrum.

* represents significant differences where heated > resting

o represents significant differences where heated < resting (p<0.05).

As the local, rather than systemic (respiratory and cardiac) misofsaof skin blood flow control
are the focus of this thesis, spectral analysis will be limdeabe lower frequency components

(endothelium, neurogenic and myogenic).
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455 Spectral domain analysis: Spectral analysis of the resting andatiag flux between 0 -

0.2Hz (local control mechanisms)

Resting
The absolute power between 0 and 0.2Hz, including the frequencies relating tomhdal ¢
mechanisms only, was significantly higher in the resting flux at ttreisecompared to the

forearm, where p=0.038, using Wilcoxon signed ranks kegti(e 4.14).

127



200

180 |". —— Foreamn
160 b || Sacrum

[ S —
[ =Y
[ R

Power spectral density
(ALFAL)
5338 B

[
[

=

002 004 006 005 01 012 III.I‘IfJr 0.6 III_.F‘IB 0.2
Frequency (Hz)

L]

(b).

(AU?)

Forearm Sacrum

Absolute power between 0 and 0.2Hz

Body site

Figure 4.14Graphs to represent the PSD between 0 and 0.2Hz in 20 minutes of resting from 9
healthy participants at the forearm and sacra A line graph to show the median PSD of the
LDF resting flux measured using Matfalsoftware; PSD is expressed as AU*AU/Ha). (A bar
chart to show the absolute power of the resting flux at the forearm anddaetween 0 and

0.2Hz; the bars represent the median and the error bars the IQR. The gimearteas
significantly higher in the resting LDF at the sacrum compared to tearfar where p=0.038
(Wilcoxon signed ranks test) (*).
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The absolute power of the 3 low frequency bands around 0.01Hz, 0.04Hz and 0.1Hz (relagive to th
absolute power between 0-0.2Hz) was calculdtggli(e 4.15). There was no significant difference
found in the relative power of the frequency bands; the relative povee baind ~0.01Hz was

lower at the sacrum than the forearm, and almost reached significa®d@5]).
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Figure 4.15A bar graph to show the relative power of the frequency bands around 0.01Hz, 0.04Hz
and 0.1Hz at the forearm and sacrum in 9 healthy participants from 20 minutdigffles

(n=9). The bars represent the median and the error bars are the I@Rwakao significant

difference in the relative power in the frequency bands between thegriigk at the forearm and
sacrum (Wilcoxon signed ranks test). The relative power at the freqasmayd 0.01Hz was

higher at the forearm, but does not reach significance: p=0.051 (Wilcoxod sagres test)

Heating
There was no significant difference in the absolute power between 02k dr the relative
power of the 3 frequency bands measured in the heated flux at the sacrum dampadorearm,

using Wilcoxon signed ranks tegtigure 4.16).
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Figure 4.16Graphs to represent the absolute PSD between 0 and 0.2Hz in 20 minutes of heated
flux (43°C) from 9 healthy participants at the forearm and sacaimA (ine graph to show the
median PSD of the LDF heated flux measured using Matsatitware; PSD is expressed as
AU*AU/Hz. (b). A bar chart to show the power of the heated flux at the forearm and sacrum
(AU?); the bars represent the median and the error bars represeniRtiEnkDe was no significant
difference in the absolute power in the heated LDF trace at the secrupared to the forearm

(Wilcoxon signed ranks test).
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Change in relative power from resting to heating

At both the forearm and sacrum, the absolute power 0-0.2Hz and the absolute powlenbtiea
bands increased significantly during the heating response comparedstio ldbreever, the relative
power of each frequency band during resting and heating were not significalietlgrdikither at

the forearm site or the sacrum site.

In the heated flux at the sacrum, the relative power of the band ~0.1Hz (myogé¢necabsolute
power between 0-0.2Hz was smaller during heating compared with at rest, loud thi$ quite
reach significance (p=0.051igure 4.17).
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Figure 4.17A bar graph to show the relative power of the frequency bands around 0.01, 0.04 and
0.1Hz from the 20 minutes resting flux and 20 minutes heating flux at the sacrum oh9 healt
participants; the relative power is calculated by absolute powendfdigided by absolute power
between 0 and 0.2Hz, expressed as %. The bars represent median and the ezprebard the

IQR. There was no significant difference between the groups as tedtesl Wjicoxon signed

ranks test.

Summary of key findings
» The sacrum has a significantly higher resting skin blood flow and aisagtlfy smaller

vasodilation response to local heating compared to the forearm skin site.

» The spectral analysis of the resting LDF signal showed a signifidaigtier power in the
LDF signal at the sacrum, but the relative power of the bands around 0.01Hhétintot
control), 0.04Hz (neurogenic control), 0.1Hz (myogenic control)) were signifiy higher at
the forearm.
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» There were no site differences in the spectral analysis dé¢heheating response.

4.6 Discussion

The sacrum is a body site known to be at risk of pressure ulcer developnieotghlthis is
considered to be due to the presence of a bony prominence, the regulation of the ski
microcirculation may also be important due to its significant role in miaing skin health.
Studies have shown there to be a difference in the architecture ofrimiskacirculation at the
sacrum compared to other body sites. The local heating stimulus was usestidith®in this
chapter to in order to consider vascular responsiveness and skin blooddidation at the

sacrum site and a reference site, the forearm.

The median resting skin blood flux measured at the sacrum of participants wasrapfely 3

fold greater than the resting skin blood flux at the volar surface of trerfierén another study,
blood flow over the sacrum, posterior sites such as lower back and alse s#@®tuch as hands
and fingers were measured using LDI. They showed the sacrum to have a gstiatgflux
compared to the other sites (Mayrovitz et al., 2002). They found sacrdlls&thflow to be 13.7%
greater than gluteal flow and 21.3% greater than lower back skin blood flayr@itz et al.,
2002). There has been a suggestion that as the skin tissue at the sasatghtashigher levels of
perfusion, any reduction or occlusion in flow could be potentially more damagitige tissue

relies on higher levels of skin blood flow relative to other sites (Maiz et al., 2002)

The structure of the skin microvasculature at the sacrum may beanrfor the higher resting
flux. In a study to consider the structure of skin tissue excised postamioaie different body
sites, it was found that sacral skin had more numerous blood capillanthaopsther sites, such
as gluteal skin and ischeal skin (Hagisawa et al., 2001). Thus the higbity dénapillaries may
mean that there is also a higher density of red cells flowing and thusnefurements are
greater. It was also found that the temperature measured by the heekeathbhe end of the
resting period was higher at the sacrum compared to the forearm. As far L83 aa study was
completed using thermal imaging to measure temperature at many anbsitescand particularly
at sites at high risk of pressure ulcer development. They found that thkesekigjtes, including
the sacrum, had significantly higher resting temperature (Trandel et al., Hovgver, another
study, using LDI to measure skin blood flow found that although the sacrum had greetgr rest
blood flow, it also had a lower skin temperature than the other sitesiradgMayrovitz et al.,
2002).
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The skin blood flow at the forearm and sacrum sites increased sigthjfiagth the local heating
stimulus. The skin blood flow increased from resting flux 24.9 + 12.6 fold at therfioi@nd 6.9 +
6.8 fold at the sacrum. The increase in skin blood flux during local heating anméahender the
curve of the local heating response, which represents the total resperessigmificantly smaller
at the sacrum compared to the forearm. The time taken for the flux terdxos0% from

maximum hyperaemia was also significantly reduced at the sacrum.

There are many studies that have considered the hyperaemic responakhtediieg in different
participants groups using LDF (Nicotra et al., 2004; Minson et al., 2002).\i¢opibe studies
have differences in study design including length of heating, local tempeeagiplied, gradual or
step-wise heating and also differences in the measurements of the respsinsly. donsidered the
maximum response, measured as the maximum at the initial peak vamodéathe hand and foot
of participants as a result of local heat to 44°C applied to the skin fomlesi The maximum
flux of the initial peak was 259 + 73AU and 205 + 92AU at the hand and foot, regbecthese
findings are similar to those in the studies in this chapter, although timoma flux was not
always in the initial peak in the measurements in this chapter;akientim flux at the forearm
was 230.4 + 102.6 and at the sacrum 175.9 + 70.3AU.

The results from the studies in this chapter showed that the skin miatatoe at the sacrum had
a smaller capacity to vasodilate and maintain that vasodilation cedhfmathe forearm site. The
increased subcutaneous fat at the sacrum, as well as higher densikygefircahd elastin (Hwang
et al., 2001) could mean that that the heating had a reduced effect on skindodch# higher
temperature of the local heater at the start of heating ahthens also meant that the increase in
temperature was smaller at the sacrum and thus the time to reach thea435€ average 17
seconds faster; this was 78 seconds at the sacrum and 95 seconds atrthesifiereBhe median
rate of increase in block temperature from start of heating was 0.1®esksgieand 0.12

degrees/sec at the forearm and sacrum respectiViedpter 2, Section 2.4.1).

A potentially important difference between the forearm and sacrum siénisihe amount of
stress in terms of loading and unloading that the sites endure. The sacieirgoes repeated
loading and unloading during the daily events of sitting and lying. Other anindéshave
shown reduced vasodilation responses at sites wherehtidpreviously been prolonged periods
of ischaemia (Herrman et al., 1999). The structure of the skin tissue améttbeirculation at the

sacrum may be altered due to the increased stress on the skiniéd.that s
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The total response at the sacrum site measured by the area under thentigpaseve correlates
significantly with the forearm site. Although the responses were signtfy different at the sites,
the responses correlated in their intensity in the participants, The assessment of forearm
cutaneous vasoreactivity may reflect the skin microcirculation at btdy sites. As with the
emerging use of skin blood flow responses as a possible marker for othredangage (Rossi et
al., 2006a), potentially measurement of skin blood flow responses at asiblksite could
provide information regarding all skin sites. Although Li et al. (2006a)ddbat there were
differences in the density of capillaries at different body sitey, tound that consistently at all 4
body sites (crow's feet, dorsum of hand, volar forearm and forehead) theaiflol increased
with ageing. They also found that the skin blood flow at the sun-exposed sitgigifidantly
higher skin blood flow than the photo-protected volar forearm. In this study, thetéso si
investigated, the forearm and sacrum, are both photo-protected, so neithtrehagditional

effect of sun exposure to effect the findings.

The mechanisms of the regulation of skin blood flow were investigatie iresting and heated
flux at the forearm and sacrum using spectral analysis. In the rdatinthe absolute power both
0-2Hz and 0-0.2Hz was significantly higher at the sacrum compared to thenfofhis follows
the significantly higher flux present during rest at the sacrum. Theveefadiver of the individual
frequency bands in the resting flux showed that there was significardiggrelative power in the
frequencies related to the endothelium, neurogenic and myogenic contriol blogid flow at the

forearm compared to the sacrum.

Although the vasodilation responses to the local heating stimulus at tbensaere significantly
reduced compared to the forearm, spectral analysis did not provide any ifidh@ation
regarding the mechanism of this. There were no significant differemties absolute power, the
absolute power of the individual frequencies, or the relative power &fetipgencies during the
local heating induced hyperaemia at the forearm and the sacrum siteg bk that there are no
differences in the skin blood flow control mechanisms as the vasoigaistimdequate for that

particular skin tissue.

The local heating of the skin resulted in vasodilation and thus increasgdtatpower in the

heated LDF signal compared to the resting LDF signal. The spectrasiarsdpwed the increase
in flux during heating to mainly due to a significant increase in thevelptiwer at 1Hz related to
cardiac rhythm. As the microcirculatory flow into capillaries vigi@oles is driven by the force of

the heartbeat (Hsiu et al., 2008), the dilation of the vessels in the imiatation may cause this
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propelling force to be more evident in the LDF signal during local heating.tidm increases the

power of the 1Hz frequency during local heating in the LDF signal.

The forearm skin site showed no patterns when comparing the change inoagiflakin blood
flow from resting to heating. However, at the sacrum, there was an iméneasdothelium
frequency and decrease in myogenic frequency compared to resting fluxsluliti thot reach
significance. This shows a similar pattern to some other studiesr Sludies considering spectral
analysis of the local heating response have found the relative cantribtithe frequency band
around 0.01Hz (related to the endothelium) to be increased with heating airthe aeyer et al.,
2004). The endothelium related frequency has also been shown to be significanetigominant
than the frequency around 0.1Hz related to the myogenic control during hdatingt @l., 2009)
and more dominant during heating induced vasodilation compared to loading inducetatiasodi
(Brienza et al., 2005). However, these studies used Wavelet analysmsptete the spectral
analysis, so in that way differ from the use of FFT in the studies irhdgsst Only the study by
Jan et al. (2009), used a heating pattern similar to this study which resutédphasic heating
response; the studies by Geyer et al. (2004) and Brienza et al. (2005) botlsigeéitantly
slower gradual application of the heating stimulus which did not resukt ia fthase response. The
pattern of the application of the heating stimulus is considered td #féeegulation of the local

heating induced vasodilation.

Limitations
The sample size for the studies in this chapter was appropriatelygubigethe time domain
analysis. However, the smaller differences and higher variatibr ispectral analysis might have

required larger sample to be able to determine any differences behedersirm and the sacrum.

The skin blood flow measurements were always completed at thenfiopeiar to the sacrum. It
was important that there was a period of acclimatisation with tlieipants in a prone position;
however, the prolonged studies at the forearm site may have affeetsakcral studies. Also, at
both skin sites, the local heating probe was switched off during restindfit its presence meant
that the skin heated up under the probe. This resulted in a significantly teigtperature at the
sacrum compared to the forearm at the end of the resting period. It may benhfmofix the
temperature of the probe during resting measurements in future sititbes. was huge variability
in the resting flux at the sacrum, which could be due to variations in thad¢kikf the skin or

distribution of fat tissue at the sacrum in the participants involved.
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It is important to acknowledge the potential limitations of the tsgle@nalysis used to estimate the
power of the oscillations within the LDF signal. The different frequaacyponents in the
cutaneous microvasculature are considered to be non-constant and theytvérgeviSmith,
1997). The LDF signal is a non-stationary signal and any change in time igribeisispread over
the entire frequency interval. In the studies in this chapter the sigejase in flux at the start of
heating was removed and the resting flux and heating flux were analysededgptravoid any
spread over the frequencies. Also, the LDF signal was detrended beforésavadysred. Finally,

it has also been suggested that the bandwidths used to determine thatdiéguencies may be
changed by the local heating stimulus, so the assumption has to be madelthatithesed are

reflective of the mechanisms expected.

Final summary

The studies in this chapter have shown that the forearm and sacruriteskexkibit a different
magnitude of resting skin blood flow and also respond differently to a lodadpetimulus. The
sacrum site had a higher resting flux and smaller response to locabraatipared to the forearm
site. These differences may be a factor in increasing the risk dbgagepressure ulcers at the
sacrum site. The results showed that the local heat-induced hyperaspange at the forearm did
correlate significantly with the responses at the sacrum in thadodiparticipants. However, the

correlation must be interpreted with caution due to the small number afijeants.

This thesis is focusing on the potential development of an objectiveireazghe skin
microcirculation and its control mechanism as a way to determine rglesgure damage.
Although this chapter has demonstrated differences between the fereduan at risk site, the
sacrum, it is important to consider that alterations in the control msohs of skin blood flow
have the potential to be detected at any skin site measured. For exampféedts of smoking on
the endothelium control of skin blood flow can potentially be measured using speeiseis in
the LDF signal of the skin microcirculation, at any skin site in thekemparticipants. The
forearm is a more accessible site for further studies and also acoepgable site when
considering the development of an objective measure for risk assessnpmiefaial use on
patients in hospital. Thus, the remaining studies in this thesis wilhaderearm as the site for

analysis.
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Chapter 5

The cutaneous vascular response to local heating in

heavy smokers and light/moderate smokers
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5.1 Introduction

Skin blood flow is essential for the maintenance of cutaneous vialitithealth. Tissue
breakdown, specifically pressure ulcer development, results from an inaglegtateous vascular
perfusion, known to be caused by external forces such as pressure, fidtgimear. The risk of
developing a pressure ulcer may be increased by factors, such as smokigeiagavhich alter
the vascular responsiveness and the mechanisms regulating the coskioladdod flow. Thus the
measurement of vascular responsiveness and its control mechanisinsecaylotential objective

measurement of pressure ulcer risk.

The studies in this chapter will investigate the skin blood flow regptana local heating stimulus
in a group of heavy smokers and their matched non-smoking controls and lightteqtét)
smokers and their matched non-smoking controls. The studies wihiy@eted at the forearm site
in all participants. The studies in chapter 4 demonstrated the heteitygef the skin
microvasculature; the resting skin blood flow and skin blood flow responseaicheating was
different at the sacrum, a site at risk for pressure ulcer developropmared to the forearm.
However, the magnitude of the local heating induced vasodilation did cotvetateen the sacrum
and forearm skin sites. The participants that showed a smallensesjpoocal heating at the skin
of the sacrum also showed a smaller response at the skin of the vaamfoFéis would suggest
that the volar surface of the forearm is a relevant skin sithiahwo complete further studies. It is
important to be able to use an accessible skin site such as théowedéam, particularly if studies
are to be completed in elderly patients, but also a site where the resutkeaant for other

potentially at-risk skin sites.

The local heating stimulus used within the studies in this chapteebasshown to be composed
of a prolonged plateau vasodilation which is mainly NO, and thus endothelium, dep&héent.
endothelium lining the blood vessels is important in the regulation of bloodgkxtvcularly in its
role in vasodilation of the blood vessels. It also has vital roles in amggss, anti-inflammatory
and anti-thrombotic mechanisms. It has been suggested that malfunctionirgeables are
hypothesised to be involved in the pathogenesis of pressure ulceration éBidudkight, 2007).
The local heating response allows consideration of vasodilation ofithblskd vessels that is

known to be endothelium-dependent.

Smoking has been shown to affect the vasoreactivity of the skin mariation, potentially due to
effects of the products of smoking directly on the endothelium lining of bloa#gesStudies have

shown lower level of NO in blood and this is thought to be due to the actions of ROIS@and a
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reduced circulating levels of antioxidants. Thus, the consideratiofesf®bf smoking on the
microcirculation enables investigation of a group of participants wignpally altered

microcirculation and thus a potentially increased risk of pressuresulcer

It may be that changes to cutaneous vascular responses can occurszadling history. It has
been shown that heavy and light smokers have similar resting blood floviuiviedtal., 2006). A
pilot study measuring the skin blood flow response to loading in a group ofrlighkess
demonstrated that changes in vascular responses are present in a pebaletheen smoking for
only a short period (Noble et al., 2003). Barua at al. (2002) also found thgtdrehlight smoking
had similar detrimental effects on endothelial dependent vasodilatiaghehD pathway in
particular, by investigating flow and nitroglycerin-mediated reagtvitthe brachial artery. The
effect of ‘light’ cigarettes, which contain low-nicotine and low-tar, lwen¢oronary

microcirculation has also been investigated; the ‘light’ cigasettere found to be as hazardous as
normal cigarettes (Gullu et al., 2007). This would suggest that smokingdesisnraental effect on

the microcirculation.

As well as smoking, ageing is known to have a detrimental effect on thenskiheaskin
microvasculature. There have been studies in recent years to shogeihgtteas a detrimental
effect on the functioning of the endothelium. A recent study in rats showed #fzators of NO,
such as BH4, are reduced with age and this may be the cause of altered NOdmediate
microvasculature function (Delp et al., 2008). Thus, both smoking and aging cadltthé
vasoreactivity of the skin microcirculation through effects on tlao#helium, which may result in

increased risk of pressure ulcer development.

5.2 Hypothesis
The skin blood flow response to a local heating stimulus is significattédguated in both heavy

and light smokers compared to their matched controls. In addition it is propaséiet response is

further attenuated with advancing age and increasing smoking habit.
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5.3 Objectives

* To measure the resting skin blood flux and vascular response to a loaad Iséiatulus at
the forearm skin site in heavy smokers and compare the responses to matcheubking
control participants.

« To measure the responses to a local heating stimulus in a younger group/ahtigerate

(LM) smokers and their non-smoking matched control participants.

« To consider the effects of magnitude of smoking history and age on the respdhges t

skin heating challenge by comparing the results from the older heavy sraokersunger
light smokers.

5.4 Methods

5.4.1 Participants

Heavy smoker study

The heavy smoker participants had smoked cigarettes for longer than 4 arygdor more than 10
pack years. They smoked an average of 18.75 + 3.5 (mean + SD) cigarettgsgret dad
smoked between 12.5 — 42 packyears (range).

The study was performed on a group of eight healthy smokers and eight healthgdncatatinol
subjects. The study was completed at the volar surface of the foreaaoh volunteer. The
baseline parameters are showiTable 5.1. There were no significant differences between the two
groups.
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Parameter Control group (n=8) Smokers (n=8)
Age (yrs) 46.0 +£12.9 49.6 +12.7

(34 - 67) (28 — 63)
Sex 5 females / 3 males 5 females / 3 males
Body Mass Index 25.3+3.2 28.6 £6.7
(kg/m?) (20.3 - 30) (19.3 -39.8)
Mean Arterial Pressure 76.8+11.4 88.4+11.1
(mmHg) (73 -90) (77 - 110)

Table 5.1A table to show the baseline parameters of the control group and heavy simakers
skin heating study (n=8), including age, sex, BMI and MAP. The data are meardarst
deviation (range). There were no significant differences betweett®icgroup and the smokers
(p<0.05) in the parameters. The BMI is calculated as [weight (kg)i{heit']. The mean arterial
pressure was calculated as [(2*diastolic BP) + systolic BP)]/3. {hatelata for MAP was missing

for 3 participants in the control group, thus n = 5 for this parameter).

The heavy smoker and their matched non-smoking controls were studied initnely
experimental protocol was then altered following the data analysisitmamprove the accuracy
of the spectral analysis by increasing the data length and thus @solutihe analysis. The length

of data collection was increased for the LM smoker studies.

Light / moderate smoking participants
The light/moderate (LM) smokers had smoked for less than 15 years arththalf smoked for
less than 10 packyears. They smoked an average of 10.8 £ 3.8 (mean = SDgsiparatay for

between 2 and 15 years (range), and between 1.5 and 10 packyears (range).

This study was performed on a group of 20 LM smokers and 20 matched non-smoking control
participants. The groups were comprised of 5 males and 15 femalesudyh&at completed at

the volar surface of the forearm of each participant. In some of thesspaats the study was also
completed at the sacrumegults in Chapter 3). The baseline parameters are shownaiole 5.2.

There were no significant differences between the two groups.
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Parameter Control group (n=20) Smokers (n=20)
Age (yrs) 247 +4.9 23.4+3.9
(19 - 35) (18 — 32)
Sex 15 females / 5 males 15 females / 5 males
Body Mass Index 21.6+29 242 +4.4
(kg/m?) (17.3-26.7) (19.3 -34.4)
Mean Arterial Pressure 81.0+6.1 83.2+57
(mmHg) (73 —96) (73-97)

Table 5.2A table to show the baseline parameters of the control group and LM srimoltegsskin
heating study (n=20), including age, sex, BMI and MAP. The data are mean +dtdedation
(range). There were no significant differences between the cgntngh and the LM smokers
(p<0.05) in the parameters. The BMI is calculated as [weight (kg)i{heiy)']. The mean arterial

pressure was calculated as [(2*diastolic BP) + systolic BP)]/3.

5.4.2 Participant smoking history

Smoking history was gained from the heavy and LM smokers by self-raptre heavy smokers
this was also confirmed by urine cotinine measurement (AcButisdmetef strips). All the
smokers were asked to abstain from smoking for at least 1 hour, but cureplias not measured

by blood carbon monoxide levels, and was potentially variable in the heavy smokers

5.4.3 Protocol

The full protocol for the skin heating studies can be found in bapt& 2, Section 2.4. The

specific protocol for the heating studies is as follows:

The studies were completed in the temperature controlled environment\gTtBRF. The
participants gave their written informed consent to take part intudg.sThe participants were
made comfortable on a hospital mattress, with their arm maintained alelveldn a pillow. They
acclimatised to room temperature for 10 - 15 minutes before the skin blood dasurements
began. The participants were asked to keep their arm as still adepfmsibe duration of the

study.

The LDF pinhead probe was positioned within a skin heater which was mountedanpiastic

ring which was then attached to the skin using a sticky O-€hgpter 2, Section 2.4). This was
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placed on the volar surface of the forearm midway between the wristlaowl away from visible
blood vessels. The skin blood flow was measured before, during and afterreeltoad stimulus
of 43°C for 10 minutes in the heavy smokers and this was increased to 20 nmrib&eBght

smokers. The data was then saved on a computer laptop for processing.

Heavy smokers’ protocol
The specific protocol for the study involving the heavy smoker panits@nd their matched

controls can be found iRigure5.1.

Time (rhin)
0 5 10 15 20 25 a0 a5 40 45 50
I
Consent/ Resting skin - Skin blood flow during Skin blood flow
Acclimatisation flood flow local heating to 43°C post-heating

Figure 5.1 The time scale for the process through each of the skin heating stodigdeted at the

volar surface of the forearm in 8 heavy smokers and 8 matched non-smokirag participants.

Light / moderate smokers’ protocol
The specific protocol for the study involving the light smoker parti¢cgpoand their matched
controls can be found Rigure 4.1 (Chapter 4, Section 4.3.2).

5.4.4 Statistical analysis
A detailed summary of the statistical analysis for this study caouselfinChapter 2, Section 2.6.
A definition of how each of the parameters of the skin blood flow during restthbeating were

measured can be found@hapter 2, Section 2.4.3.

The statistical tests used on the data contained in this chapter anajpineal presentation of the

data is detailed below:
Heavy smoker study

The sample size was small, so a normal population was not assumed and non-ipastaisttcs

were used. The data is presented as median and IQR quoted to 1 decimahgel&dé/U

143



statistical test is used to compare the response parameters intfiesimekers to the matched

non-smoking participants. The data is presented graphically in the fdram gfaphs.

Light/moderate smoker study

The SWILK test of normality showed that the results were also non-n@smabn-parametric
statistics were used. The data is presented as median and IQR to 1 deciendih@aMWU test is
used to compare the response parameters in the LM smokers to the matetie kem

participants. The data is presented graphically in the form ofraphg,

Heavy and light/moderate smoker comparisons

There were different lengths of sampling and application of the loctihgea the studies
involving the heavy and LM smokers, so the results could not be compared disettthy are. In
order to consider the heavy and LM smokers and the matched non-smokers in & gredmke,
the initial 10 minutes of the resting flux and heating stimulus applicatiorxteescted from the
light smoker results for the comparisons with the heavy smokers. Jillesrerere compared using
non-parametric statistics, as the assumptions that both populations havelkdmstribution

cannot be made.

Median regression analysis

The median regression analysis was completed using the statisticay@&thta (version 9.0) and
the guidance of Dr Peter Nicholls. It uses the 50 quantile to estimates soeitlian regression
analysis and used a 95% Confidence Interval.

Describing the results:

For continuous variables (eg. ageYor every one unit increase in the independent variable the
predicted value of the absolute power between 0-0.2Hz increases by thefthkieoefficient.

For binary variables (smokers and non-smokers} the coefficient is the difference in medians

between the 2 groups.

55 Results

The results from the studies involving the heavy smokers and matched<angroutlined first
(n=8 pairs), followed by the results from the studies involving the longarcddiection protocol in
the LM smokers and matched controls (n=20 pairs). The results fronngth&Ximinutes heating
are then combined for the heavy smokers and LM smokers to form a ‘smakgpsand these are

compared with all the matched controls (n=28 pairs). Finally, median regressilysis was
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completed for all participants studied in this chapter to considet effage and smoking intensity

on the magnitude of the local heating response.

5.5.1 Summary of results

Although the resting flux was similar in the heavy smokers and the matcheutnodmg
participants, the skin blood flow response to the local heating s$mds significantly attenuated
in the heavy smokers. The increase in flux, maximum hyperaemia ahteggonse measured by
area under the hyperaemia curve in response to local heating wereaigiyisenaller in the

heavy smokers compared to the matched non-smoking controls.

The data collection period was increased to 20 minutes for the studiesliNltsmokers. The LM
smokers showed no difference in resting flux compared to the matched nomgmmarkirols and
there was no significant difference in the parameters of theleading response. When
considering all the participants together in the median regression anpbskyears was found to
be significantly predictive, so that with increasing packyearsg thas reduced mean heated flux
and total hyperaemic response. However, the results showed no significedittive effects of

increasing age on the parameters of the local heating response.

5.5.2 Heavy smoker study

Smoking history
The heavy smokers had cotinine levels between 3 and 6, which correlatestinine range of
1,000ng/ml and above. The non-smokers had cotinine level of 0, which correlatagitore

range of 0-100ng/ml; non-smoker levelsifle 2.1).

Local heat-induced hyperaemia

A local-heat induced hyperaemic response was evident in all of the heakgrs and non-
smoking controls tested (n=8 pairs). An example of the LDF trace oéstiag flux followed by
the local heating response can be founiigure 5.2. The responses showed 2-phases, but the
initial peak and plateau were not always easy to separate from eachrathended to merge

directly into each othelF{gure 5.2).
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Figure 5.2 An LDF trace of resting flux followed by heat-induced hyperaemia frona (en-
smoker participant and a matched (b) heavy smoker participant.aies from each participant
show the flux during 10 minutes resting flux, 10 minutes heating to 43°C and then post-fogating

a further 20 - 30 minutes.
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Resting flux and local heat-induced hyperaemic response
The average resting skin blood flux was 11.2 £ 2.0AU and 9.9 + 7.0AU (median + IQR) in the non
smokers and heavy smokers respectivelgure 5.3). There was no significant difference between

the 2 groups, where p=0.721, as tested using the MWU test.

In both heavy smokers and non-smokers, the skin blood flow increased aigtyfaturing local
heating Figure 5.3). However, the average heat-induced hyperaemic response was sigpificant
higher in the non-smokers compared to the smokers (p=0.05); the averagelbrated £1.9 +
59.9AU and 56.8 + 32.5AU (median = IQR) in the non-smoking controls and smokers, ivepect
(n=8).
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Figure 5.3A bar graph to shown the average resting forearm skin blood flux measured
continuously over a 10 minute period and the average hyperaemic responséd @umingtes local
heating to 43°C. The bars represent median and the error bars repreS@Rt tiwarl 8 non-
smoking controls and 8 heavy smokers. The difference in flux between restihgatad flux was
tested using the non-parametric Wilcoxon paired test and * shows significéfecentdie where
p<0.05. The difference between non-smokers and heavy smokers was tested Dginipttest

and” shows significant difference where p<0.05.
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Peak skin blood flux above resting

The peak skin blood flux was also significantly lower in the heavy ersaompared to the non-
smokers when corrected for the resting variation. The corrected pedkadd flux was 130.0 +
63.3AU and 71.8 = 45.8AU in the non-smoking controls and smokers, respedtiiglye(5.4).
The difference was significant where p=0.007, as tested using the MWU test
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Figure 5.4 A bar graph to show the peak heat-induced hyperaemic flux corrected for resting
variation measured at the volar forearm of 8 non-smokers and 8 heavy smokérarsTtwe the
graph represent the median and the error bars represent the IQR. @itend#fbetween the
smokers and non-smokers was tested using the MWU test and * shows sigdiffeaence,
where p=0.007.

In 3 non-smokers and 2 smokers, the peak flux was reached after the heatihgsdtad been

switched off. The time taken to reach the peak flux from the beginning oht)e@eds 583.9 +

357.7 and 392.6 = 410.10 seconds in the non-smoking controls and smokers, respectively. In order
to represent the vasodilation occurring during the 10 minutes that theghetitiulus was applied

at 43°C, the mean flux during heating was also calculated.
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Average heat-induced hyperaemia measured above resting skin blood flux

The average heat-induced hyperaemic flux was measured over the 10 minogepderaid and
was corrected for resting variation. The average heated flux amriectresting flux was 77.7 +
59.7 and 45.4 + 36.4AU in the non-smoking controls and the smokers, respectively avaktais
significant difference (p<0.05F{gure5.5).

160 -
140 +
120 +
100 ~
80 ~

60 - }V
40 ~
20 ~

Average blood flux during
heating above resting (AU)

Non-smokers Smokers

Study group

Figure 5.5A bar graph to showhe average skin blood flux during heating corrected for the resting
flux measured over 10 minutes at the volar surface of the forearm of 8 noarsraol 8 smokers.
The bars represent the median and the error bars represent IQR. Teadkfteetween the non-
smoking controls and smokers was tested using MWU test; * shows acsighdifference where
p<0.05.
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Total response to local heating

The total response to local heating measured by AUC during the 10 minutg lpeatod was
significantly lower in the smokers compared to the non-smokers (p<Olgbaréa under the local
heating response curve during 10 minutes heating was 55.2 + 36.0 and 34.1 + A id@he

non-smoking controls and heavy smokers, respectitgyie 5.6).
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Figure 5.6 A bar graph to show the total response to local heating measured as ard¢haihé-
curve during 10 minutes heating at the volar forearm of 8 non-smokers and 8 he&gyssihe
graphs represent the median and the error bars represent the IQR. Theatdifiertween the non-
smokers and heavy smokers was tested using the MWU test (* shoiisaigmiifference where
p=0.05)

5.5.3 Light/Moderate smoker study
An example of an LDF trace from a LM smoker and matched non-smoker, includiimyte of

the resting flux, the 20 minute heating period and a further 30 minutes recowvdry faund in

Figure5.7
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Figure 5.7 An LDF trace of the last minute of resting flux followed by 20 minutes local heat-
induced hyperaemia and then 30 minutes recovery from: (a) a non-smokepgatricid a
matched (b) LM smoker participant. The traces from each particpant the flux during the final
1 minute of the 20 minute resting flux, 20 minutes heating to 43°C and then post-heading for

further 20 - 30 minutes.
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Average resting and heating flux in non-smokers and smokers

There was no significant difference in resting flux between the non-ssnakd LM smokers,
measured over 20 minutes. The resting flux was 10.1 + 2.7AU and 11.8 + 8.7AU in the non-
smokers and smokers respectively (median + IQR). Both the non-snaokkkd smokers
showed a significant increase in average flux with heating (analysegl\Wéicoxon test, p<0.05)
(Figure5.8).
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Figure 5.8 A bar graph to show the average resting skin blood flux measured over 20 minutes and
the average flux during 20 minutes local heating to 43 °C at the forearnitekirhe bars

represent the median and the error bars represent the IQR from 20 nonssamok2® LM

smokers. The differences between resting and heated flux were teéstethasVilcoxon paired

test (* p<0.05; p=0.000) and the difference between non-smokers and LM smakdested

using the MWU test. The difference between the non-smokers and the dkérsnshowed no

significant difference, where p=0.192.
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Peak skin blood flux above resting

There was no significant difference in the peak skin blood flux above rélstirig the LM
smokers compared to the non-smokers, as measured using the M\Wli¢estrrected peak skin
blood flux was 213.4 + 100.6AU and 207.6 + 56.1AU in the non-smoking controls and LM

smokers, respectivelyigure 5.9).
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Figure 5.9A bar graph to show the peak heat-induced hyperaemic flux corrected for resting
variation measured at the volar forearm of 20 non-smokers and 20 matched k&tsriibie bars
represent the median and the error bars represent the IQR. The défeetween the LM smokers

and non-smokers was tested using the MWU test and there was no sigdifieaance.
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Average heated flux above resting skin blood flux

The average skin blood flux during heating, when corrected for the variatioa @dting skin
blood flux showed no significant difference between the LM smokers compatezinort-
smokers (MWU; p=0.156). The average heated flux above resting flux wastIB32AU and
152.7 + 54.3AU in the non-smoking controls and LM smokers, respectively (metp) +
(Figure5.10).
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Figure 5.10A bar graph to show the average heated skin blood flux above the resting flux, during
20 minutes local skin heating to 43°C, in 20 non-smokers and 20 LM smokers measured at the
forearm. The bars represent median and the error bars represent tidéQiference between

the non-smokers and the LM smokers was not significantly different;sisalympleted using the
MWU test (p=0.156).
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Total response to local heating stimulus

The total response to the local heating stimulus, as measured by arethendf curve during
20 minutes heating showed no significant difference between the LM ssrezkapared to the
non-smokers (MWU; p=0.192). The area under the curve was 20.9 + 9" Ax18ec and 19.8 +
8.0 (x1d) AU.sec in the non-smoking controls and LM smokers, respectively (med@R)
(Figure5.11).
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Figure 5.11A bar graph to show the total response to heating measured as the ar¢haioder
during 20 minutes heating at the forearm of 20 non-smokers and 20 LM smokers. The bars
represent the median and the error bars represent the IQR. The défeetween the non-smokers
and LM smokers was tested using the MWU test. There was no signditfenénce between the

non-smoking controls and the LM smokers (p=0.192).

5.5.4 Analysis of all control participants only

Analysis was completed in the control group only (n=28) to determine whethemths any effect
of the baseline parameters on the magnitude of the local heating inducecimjaénahe controls
alone. The effects of age, sex, MAP and BMI were considered. The Sp&aRha test was used
to analyse the effects of age, MAP and BMI on the results and differeztgesein males (n=8)

and females (n=20) were tested using the MWU test.

There was no significant difference between males and females amphificat correlations of
either BMI or MAP with the resting flux or any of the parameters ofdbal Iheating response.
However, age was shown to be significantly correlated with BMI (p=0.022)eatidg flux
(p=0.04). The correlations showed that with increasing age, the partscgigowed significantly
increased BMI and also resting fluxigure 5.12).
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Figure 5.12Graphs to show the effect of age on 10 minutes measurement of a. resting flux and b.
BMI (kg/m?) in 28 control non-smoker participants. The correlations were signiificiaere

p=0.040 (resting flux) and p=0.022 (BMI) as tested using the Spearmans Rho test.
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5.5.5 All smokers (heavy and light/moderate) compared to all controls

The total local heating response in all smokers combined was comparedenigsponse in all
non-smokers involved in the studies in this chapter.

Total response: Area under the local heating response (initial 10 migute

The total response to the local heating stimulus as measured by AUC_@fRhieace during 10
minutes heating in the smokers (heavy and LM) was 6.8 + 4.f)(&LDsec and in the non-
smokers 8.2 + 4.4 (xfPAU.sec Figure 5.13). When tested using the MWU test, the difference

was not significant where p=0.082

e e
o N b
Il Il I

8 4

Area under curve during heating
(x10%) (AU.sec)

Non-smokers Smokers

Study groups

Figure 5.13A bar graph to show the total response to heating measured as the ar¢heucuier
during 10 minutes heating at the forearm of 28 smokers (heavy/moderatefidy2 enatched

non-smokers. The bars on the graph represent median and the error baentefQR.

Median regression analysis in heavy and light/moderate smokers and non-sraoker

The longevity and intensity of the smoking habit (measured as Packyediaye sex, BMI and
MAP were used in the median regression analysis to determine wtietleewere any predictive
variables for the outcome measures: Mean Heated Flux and Area Underalhieelating response

Curve.
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Qutcome measure: Mean heated flux

The predictive value of each independent variable individuallyriasriates) on the mean heated
flux was initially calculated using median regression analysisg(8&sion 9.0). The results are
shown inTable 5.3. Only smoking status in terms of packyears was significantlyiqinezifor the

dependent variable mean heated flux, where p=0.006.

Univariate analysis table

Independent variables Coefficient | t-value | P>|tl | [95% Conf. Interval

Age -. 7487179 -0.91 0.365 -2.392111 .894675
Sex 13.89999 0.54 0.591 -37.60228 65.40227
BMI -2.81538 -1.19 0.239 | -7.555219 1.924451
MAP -0.7799999 | -0.79 0.433| -2.763724 1.203724
Smoking status packyears -2.065217 -2.84 0.006 | -3.52298 -.6074546

Table 5.3A table to show thenivariate analysis, assessing the predictive value of age, sex, BMI,
MAP and smoking status (defined as packyears) for the dependent vareadeated flux in a
group of 56 participants, including heavy smokers, LM smokers and non-smokessalyss
showed that only smoking status in terms of packyears was sigriifipagdlictive, where

p=0.006. The Pseudd Ralue for the analysis was 0.1338.

The predictive value of the independent variables considered togetherodel as enltivariate
analysis was then completed using median regression analysis. tlkeassshown ifable 5.4.

The smoking status measured by packyears was significantly predidtiers p=0.047.

Multivariate analysis table

Independent variables Coefficient | t-value | P>It| |[95% Conf. Interval
Age 4887929 0.54 0.590| -1.324759 2.302344
Sex 26.02446 | 1.14 0.258 | -19.7399 71.78882
BMI -.4373641 -0.18 0.855 | -5.235074 4.360346
MAP .2569367 0.17 0.864 |-2.737393 3.251266
Smoking status packyears -2.29906 -2.04 | 0.047 | -4.565269 -.0328518

Table 5.4A table to show thenltivariate analysis, assessing the predictive value of age, sex,
BMI, MAP and smoking status (defined as packyears) for the dependexii&anean heated flux
in a group of 56 participants, including heavy smokers, LM smokers and non-smdiers. T
analysis showed that packyears was significantly predictive for metadike, where p=0.047.

The Pseudo Rralue for the analysis was 0.1847.
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The results of the median regression analysis show that for every oimecrgdase in packyears,
the predicted value of the mean heated flux was reduced by 2.30AU. The lag@aiticipant was
not significantly predictive for the dependent variable mean heateeither in the univariate

analysis or when considered within a model as a multivariate analysis.

Outcome measure: Area under response curve

The predictive value of each independent variable individuallyriasriates) on the area under
the response curve was initially calculated using median regnesmsalysis (Stata version 9.0).
The results are shown irable 5.5. Only smoking status in terms of packyears was significantly

predictive for the dependent variable mean heated flux, where p=0.001.

Univariate analysis table

Independent variables Coefficient| t-value| P>|tl | [95% Conf. Interval

Age -847.5662 | -1.78 0.081| -1802.388 107.255
Sex 6100.711 0.40 0.692 -24649.67 36851.09
BMI -1501.589 | -1.18 0.244| -4057.279 1054.101
MAP -386.6823 | -0.50 0.619 -1937.556 1164.192
Smoking status packyears -1471.35 -3.3p 0.001 | -2349.39 -593.3105

Table 5.5A table to show thenivariate analysis, assessing the predictive value of age, sex, BMI,
MAP and smoking status (defined as packyears) for the dependent vamegblmder local heating
response curve during 10min heating in a group of 56 participants, including heaksrs, LM
smokers and non-smokers. The analysis showed that packyears wasasitipifiredictive, where
p=0.001, with the Pseudd fRalue for the analysis = 0.1603.

The predictive value of the independent variables considered togetherodel asnultivariate

analysis was then completed using median regression analysis. tlkeass shown iffable 5.6.

The smoking status measured by packyears was significantly predidtiess p=0.007.
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Multivariate analysis table

Independent variables Coefficient| t-value| P>|t| [95% Conf. Interval

Age 84.665 0.20 0.845 | -779.6939 949.0239
Sex 7569.552 | 0.65 0.517 | -15753.93 30893.04
BMI -188.0115 | -0.16 0.877 | -2614.181 2238.158
MAP 145.0177 | 0.22 0.831 |-1212.116 1502.151

Smoking status packyears -1559.56 -2.85 0.007 | -2661.877 -457.2437

Table 5.6A table to show thenultivariate analysis, assessing the predictive value of age, BMI,

sex, MAP and smoking status (defined as packyears) for the dependdiievanéa under local
heating response curve during 10min heating in a group of 56 participants, including hea
smokers, LM smokers and non-smokers. The analysis showed that pagkyeaignificantly

predictive, where p=0.007. The Pseudo#®ue for the analysis was 0.1892.

The results of thewltivariate median regression analysis show that for every one unit increase in
packyears, the predicted value of the area under the hyperaemia asriedwced by
1559.6AU.sec.

The results suggest that smoking status through the range of non-smokers throagi to he
smokers is predictive for the time domain local heating induced vaswdiesponses. Although
further median regression analysis was completed to consider whethengifyels/no) as a
categorical variable was predictive for the vasodilator regsotaslocal heating. However,
smoking (yes/no) asumivariate was not significantly predictive for the mean heated flux
(p=0.544) or area under the local heating response curve (p=0.132) and thare significantly
predictive independent variables when considering smoking (yes/na)dltigariate analysis

including age, sex, BMI and MAP.

Summary of key findings
» All of the participants showed a significant hyperaemic response todileheating challenge

of 43°C at the forearm site.

* The magnitude of this local heat-induced response was significantly at@mushe heavy

smokers compared to the matched controls

» In the LM smokers there was a trend towards a reduced response to loogl teatpared to

the matched non-smokers, but this did not reach significance.

160



* When considering all the participants together there was a signifelationship between

increasing packyears and reduced mean heated flux and total hyperaemicrespons

» There was no significant relationship with ageing and the parameterslotahbeating

induced hyperaemic response.

* When considering the control participants alone, with increasing age ttuéppats showed

significantly increased BMI and also resting flux.

5.6 Discussion

The local heating response was measured in a group of heavy smokers andtttedd controls
and in LM smokers and their matched controls. In previous studies, the lodadieaponse has
been well-validated; it is composed of an initial axon reflex mediatak, penadir and then a
plateau vasodilatation, which is thought to be mainly NO mediated (Minson 2001; Kellogg et
al., 1999). In this study, this observable pattern was present in most parsiciparo differing
degrees. The initial peak was more defined in some participants thasm arnidehe nadir between
the phases was more pronounced in some participant than others. This whbetvean the

groups of participants studied and did not differ in the smokers and non-smoker

Studies considering acute effects of cigarette smoking have dgrshi@aivn that smoking a
cigarette significantly reduces resting skin blood flow (Monfrecbkd.e1998; Richardson, 1987).
However, when considering the effects after a period of abstinerus study, there was no
significant difference in resting flux between smokers and non-smalkkeesher in the heavy
smoker studies or the light smoker studies. This has been shown entastecly using LDF to
measure forearm skin blood flow in smokers and non-smokers (Edvinsson et al.,T2@0&lues
for resting flux for the control participants in this study are lsinto those found in control

participants in recent studies using LDF (Rossi et al., 2008; Edvinsabn2008).

However, other studies have shown differences in resting flux betweenrsraokenon-smoking
controls. A recent study by Midttun et al. (2006), found the baseline capiltzogl Bow rate for
light and heavy smokers, as measured®®enon washout, was higher than their published work
on non-smokers; these smokers had abstained from smoking for 6-8 hours. They sagtesish

due to degeneration of elastic fibres in arteriole walls, so that #rgobes become distended and
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peripheral resistance is reduced. The blood flow rate in AVA’s, meaburige heat washout

method was also around 10% higher in smokers than in non-smokers.

The differences in the results from these studies may be due to therdiffeethods of skin blood
flow measurement. The method of LDF has much inter-site variability dbe sntall diameter of
the LDF probe and the varied architecture of the skin microcircul@@i@verman, 2000); thus
differences in resting flux are difficult to detect. The variabilitghe resting flux value as a
measure of skin blood flow has been well-documented (Tenland et al., 1983). It has been show
that the LDF probe can be lying between arterioles and AV shunts or doeetlyhem and thus

give different values. The variability in the resting flux meansveiy difficult for differences
between study groups to be found. Therefore it is important to focusattentthe effect of a
stimulus on skin blood flow and changes from resting blood flow when using LDF to me&iur

blood flow.

The application of local heat to 43°C for 10 minutes at the volar forearseda non-painful
vasodilation in all subjects. The local heating of the skin to 43°C is yuswuslhssociated with pain
(Gooding et al., 2006). The local heating stimulus showed a significant hyperaethia
participants studied, which has been found previously (Wardell, 1994). Howererjg

variability in the literature concerning the temperature or cumaif local heating required to cause
maximal hyperaemia. It is therefore difficult to ascertain whetreepeak hyperaemia measured in
the studies in this chapter can be defined as maximum hyperaemiaigutickticapacity for skin
blood vessels to dilate. A research group found that 42°C of local heating for 30 mnogieses

a vasodilation that cannot be further enhanced by SNP, so suggested that thinavamal

response (Kellogg et al., 1999).

It is also important to consider that the measurements of local tetugedirectly underneath the
probe are approximately 2°C lower than that of the probe temperaglféMsson et al., 2001).
This would mean that the skin temperature produced in this study was #23C; thus the local
heating protocol in this study is likely to have produced a sub-maximaldgmex, and the results
do not reflect the capacity of the skin microvasculature. The findiingsthis study are related to
the ability of the skin microvasculature directly underneath the LDFepianbiasodilate to a given

stimulus.

It was also found that in some participants the peak blood flow occurred afteativeg stimulus
had finished, especially in the heavy smokers study with the 10 minute heatiogol. This was

also found in a previous study in which the mean blood flow during the post-heatod)\was
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higher than during the 45°C heat application, which they also suggested causedlrigermal
stress in their study (Geyer et al., 2004). In this study this was sutjgesie due to nitric oxide
production which maintained the vasodilatation for a while during the postdp@atriod.
Therefore, measurements during the heated period alone may miss sontentgayameters of
the response that occur after the period of direct heating. The peak fluxeaasred in this study

as the total response during local heating may not fully encompass the esspanshole.

The average heated flux and peak flux, corrected for resting flux, aasatek total response
during local heating were significantly reduced in the heavy smokers oednjoethe controls.
Other studies have shown reduced cutaneous hyperaemia responsesamiasigeakers in
response to local heating to 44°C (Edvinsson et al., 2008), iontophoresis of bothdAENR
(Pellaton et al., 2002), pressure loading of the patellar tendon (Sprégle2002) and forearm
cuff occlusion (Rossi et al., 2007). The attenuated total vasodilation in tketompared to

control participants implies a reduced ability to vasodilate in responsxternal damaging stimuli

There are various possible explanations for this. The damage to thkeadintobf blood vessels
by the products of smoking may result in impaired production of vasoactive aredi@ahggard,
1994). Nitric oxide is a significant vasoactive mediator that has tleafieltto be affected by
smoking, and studies have shown a reduction in the circulating levelspkesn{Heitzer et al.,
1996, 2000; Barua et al., 2001; Node et al., 1997; Tsuchiya et al., 2002), and thus r&duced N
bioavailability. Smokers have been shown to have increased levels aiiRiOSver antioxidant
levels. This causes an inhibition of endothelial nitric oxide syetf@<OS), reduces the
bioactivity of NO and impairs endothelium dependent vasodilatation (Heitzs., 1996; Barua et
al., 2001). Alternatively, reduced shear stress in the smokers due to delesle@nitial increase in

flux, may result in reduced production of NO, and thus reduced plateau vasodilation.

In terms of consideration of the mechanisms of skin blood flow control affegtemoking, a
study was conducted to measure the brachial artery vasodilation in respé&@e (endothelium-
dependent) and SNP (endothelium independent). They showed that smokers hadrdignifi
reduced response to ACh and not SNP, suggesting that this demonstrates ianjpssroent in
endothelial function. However, this study was considering the largeiearie the circulation,
whereas another more recent study has demonstrated reduced responseg #iacitineke
iontophoresis of ACh, SNP and also local heating using LDF to measure skinlblepd f
suggesting that the changes in microvascular reactivity in smoken®solely endothelium
related (Edvinsson et al., 2008). Interestingly, a study was completed ificaffgconsider the

effects of nicotine on the skin blood flow of smokers and showed that nicotilespesy caused
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an increase in the axon reflex part of the response, but an attenuakierpaflonged plateau
phase (Warner et al., 2004).

There was no significant difference found in the response to local heatimgliMtsmokers
compared to the matched controls, although the responses were decreasediiffiedethces were
borderline significance. A previous study has shown that even light smokeatsahe
vasoreactivity of blood vessels although the study did consider the effeclargaraartery, the
brachial artery, and not specifically the microcirculation, as inttrgies in this chapter. In the
study, they measured endothelium-dependent vasodilation in the brachialaartealso the effect
of the sera from light smokers (smoked a pack per week or less) and hmeders (smoked a
pack per day or more) on Human Umbilical Vein Endothelial Cells (HUVEC) omNDCeNOS
production and eNOS activity (Barua et al., 2002). They found that all of thesespatmm
measured were significantly reduced in both groups of smokers to theestme compared to the
controls. This suggests that even light smoking has detrimentakedfe®O concentration.
Interestingly, the LM smokers in the studies in this chapter smoked gher fmtensity compared
to those in this paper and the differences did not reach signiic@ihis may be due to differences

in measuring responses in the brachial artery compared to the miglattonm.

When considering the heavy and LM smokers and matched controls together, ngéissior
analysis showed that packyears was a significant predictor for thetodegof the response, so

that increasing smoking intensity/longevity meant reducing vasiodilegsponse to local heating.

It was also found that when considered as one group with an age range of 18 -67 yearsaageing
not a significant independent variable for the response as might be elxgpeet® the finding of
diminished responses in elderly participants in previous studiesdMetsal., 2002; Hagisawa et

al., 1991). In the studies in this chapter, the calculation of predictive valuenaddmand

smoking intensity (packyears) must be considered with caution dueuadken distribution of

age through the range 18-67 years and pack years through the range 1.5-42 paciye&s)(

The potential acute effects of smoking in the heavy smokers due to diéfscwith abstinence

from smoking in this group must also be considered
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Age band Number of Smoking intensity Number of

(years) Participants (Packyears) Participants
18-20 10 1-5 14
21-30 26 6-10 6
31-40 9 11-20 2
41 -50 4 21-30 2
51-60 4 31-40 3
61 -70 3 41 -50 1

Table 5.7Two tables to show the a. age distribution and b. smoking intensity distribution of

participants in the study including all 56 participants.

Also, a recent study has shown that the local heating response was maintaiderly sedentary
subjects, even though there was a decline in the NO contribution of the eesplusssuggests
that although there may be a decline in the NO mediated response, there arerofiegrsatory
mechanisms that preserve the overall response in elderly parsciftarmas also found that the
NO function in both heating and acetylcholine induced vasodilation was sagmijigreater in
older fit participants compared to older sedentary participantskBtaal., 2008). This shows that
there may be a number of variables within the elderly group, such as exertisantatiect the

response and so disguise the effects of age.

It must also be considered that the oldest participant in this studg#63) yvas still younger than
the patients in groups termed ‘elderly’ in previous studies and thidea further explanation
for the lack of correlation with ageing. Although increasing age has beem shidd& negatively
correlated with capillary density in the skin (Li et al., 2006a) so that ihergradual loss of
capillary density between 20 and 70 years of age, the skin blood flow was found toificasity
increased with age potentially due to the expanded parallel vascutatheedeeper dermis (Li et
al., 2006a). This would suggest that the picture regarding skin blood flow and skirlbolood

responses with ageing is not clear.

Limitations

It is important to consider the findings in this chapter in the light of any $tadgsitions. The LDF
in combination with the skin heater does not require interference by thenesmpier during the
course of the study protocol, so the artifact from this is no longer presentveipymovement by
the participant causes artifact on the trace. Efforts were madepdhkeéo a minimum by
ensuring the participants comfort at the beginning of the studies antheglthe need to remain

still throughout the procedure.
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A further limitation is the lack of compliance of the heavy smokersy\¥i the heavy smokers
were in the habit of smoking at least a pack a day, so in some casegtestito comply with the
requirement to abstain for the 1 hour prior to experimentation. Although thenedevels were
measured, this does not give an indication of compliance to abstinence frorteigaieking. A
measure of exhaled carbon monoxide would have been a useful indicator of congsitanads
remain increased for at least one hour after cigarette smokimgd@fav/aart et al., 2005). The LM
smokers tended to have smoked their last cigarette a longer perioel thefstudy began. When
considering the results it must be acknowledged that there may be someffactseof smoking

in the results, particularly in the heavy smokers.

Ideally, the participants would have been asked to refrain from smokingnfperithan 1 hour, as
Goodfield et al. (1990) observed that blood flow changes following cigametbking persisted for
at least 3 hours in some subjects. However, other studies have shownéeteffacts of smoking
to have reached pre-smoking levels within 40-50 minutes of smoking (Sordrzéqr2€09).
Others have found that the hypoxia (Jenson et al., 1991) and endothelial dysfunctikis(eek

al., 1998) following cigarette smoking lasts around 1 hour.

It is also clear that the vasodilatation measured from the locahyestitnulus cannot be
considered to be a measure of capacity of the microcirculation to \aeptilit as ability for the

microcirculation to respond to a given stimulus.

The median regression analysis has enabled the consideration of vilgpendent variables
can be extracted from the data that are predictive of the mechanisihed in the heating
response. The median regression analysis showed evidence of yeedititie of smoking status,
measured as packyears, for the vasoreactive response to locaj.ndawever, a limitation of
this finding is that there is increased numbers of LM smokers and theiolsantmy sample
compared to the heavy smokers and their older controls. Thus, the findings staued in the
direction of the young and the light smoker intensity. It is also the cagb¢hatsquared values
are generally low and this suggests that other factors not includesl amalysis also have an
effect. This finding is not unexpected due to many factors that impactroblskd flow and
unfortunately could not be controlled for in this study. This includes fastmts as antioxidant
intake in the diet (Chavez et al., 2007) and variability of position of probedBnann, 2000).

Final Summary
All the participants studied in this chapter showed a significant itasod response to the local

heating stimulus. The heavy smokers had significantly attenuated respotise local heating
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stimulus compared to the matched non-smokers, although it must be considetiedréhmay be
more acute effects of smoking in this group. The responses in the LM snhakea trend towards
reduced responses compared to the non-smokers, but this was not a sigmiflcagnt\When
considering the participants together in median regression analysisstits showed that
packyears was significantly predictive for the vasodilation respsogiat with increasing
packyears the response reduced. Although ageing was not shown to be stiyngrealctive, the
increasing longevity/intensity of smoking, as measured by packyeasshown to result in
altered vascular reactivity, and the extent of this alteratipert¥s on intensity/duration of

smoking history as defined by number of packyears.

The mechanisms of blood flow control affected by smoking can be investigaigdpsctral
analysis of the LDF signal. The following chapter shows the spectadyysis of the local heating
induced vasodilation responses from the participants in this chapter. @bargmaent of skin
blood flow responses using LDF in combination with spectral analysis to pimpeahtanisms of
blood flow control may provide an objective measure which could be used to dgioé ri

pressure damage.
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Chapter 6

Mechanisms underlying altered vasoreactivity in
heavy and light/moderate smokers:

Spectral analysis
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6.1 Introduction

The studies in the previous chapter have shown attenuated vasoreacavgsoup of heavy
smokers and a small, but not significant, difference in the respankbtssmokers compared to
non-smoking control participants. These findings in themselves do not provaigcspérmation
regarding the particular mechanisms that are being adversely affetbecheavy smokers. The
spectral analysis in this chapter will aim to provide insight into thHeagat of dysfunction in the
heavy smokers and any potential changes in blood flow control in the LM smokersffect of
age on the control of the microcirculation will also be investigatedrédtfunction of the skin

microcirculation could increase the risk of a patient developing aypeesker.

In the studies in chapter 5, the median regression analysis showed thaapaekys a significant
independent variable. The effect of age was also investigatedaswiea broad range of age
between the groups, with the light smokers being significantly younger ffEcse @ age was not
found to be a significant independent variable for the hyperaemic respgoriseal heating

measured as mean heated flux and area under the hyperaemia curve.

The LDF signal of skin blood flow is composed of oscillations in flow with difi¢times of
repetition or frequencie€hapter 2, section 2.5). The LDF signal can be analysed using spectral
analysis to determine the power of the frequencies contained withmnréicent years, spectral
analysis of the LDF signal has advanced rapidly with either FFTs eeM{aAnalysis being used
for the process. Several studies from the late 90’s revealed Eedtffescillation frequencies to be
present in the LDF signal and these were related to certain mechanismesayascular control
and regulation (Kvernmo et al., 199@hapter 1, Section 1.5.3, Table 1.1).

The LDF signal contains oscillations that relate to systemic daftakin blood flow. The
oscillations in the signal at a frequency around 1Hz (one per second) terigoma the cardiac
beat (Bracic and Stefanovska, 1999) and those around 0.4Hz originates fraaiagsfinction
(Bollinger et al., 1993). The local control mechanisms are revaakbe isignal at around 0.1Hz,
0.04Hz and 0.01Hz and relate to myogenic, neurogenic and metabolic/endotheliumismsha
respectively (Akselrod et al., 1981; Soderstrom et al., 2003; Stewart et al. (Chaater 1,
Section 1.5.3, Table 1.1). The benefits of oscillatory skin blood flow termed flowmotion, which
results partly from vasomotion (constriction and dilation of blood vesseal®®, been discussed
previously Chapter 1, Section 1.2.4)
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In this decade, there have been several patient studies where tios wieanalysis has been used
to detect a dysfunctional microcirculation as a non-invasive indicattihéadevelopment of
disease (Rossi et al., 2008; Bernjak et al., 2008); the main focus ofittgchediovascular
disease. These studies have focused on changes in the mechanisms of bloodtftdwn the skin
microcirculation as an indicator for disease in macrocirculation amd otgans. The specific
mechanism of blood flow control that is considered of particular importartbe function of the

endothelium; the endothelium is important in the hemodynamics of the miatatwo.

There is some evidence that smoking can cause dysfunction of the endothesugh the effects
of reactive oxygen species on the bioavailability of NO. This has been shawitio studies and
also through measurement of plasma levels of NO, markers of oxidatigs, stuch as
malondialdehyde (MDA) and plasma levels of anti-oxidants (Rocchi et al.,.28@ugh there
are conflicting studies, smokers have generally been shown to have redetedfi&NO (Node et
al., 1997; Tsuchiya et al., 2002) and antioxidants (Tousoulis et al., 2003) sl leiels of
markers of oxidative stress (Smith and Fischer., 2001). This has sudiethtite link between
smoking, oxidative stress and reduced bioavailibilty of NO. However, thediesare often
invasive and measurement of both NO and markers of oxidative stresshagof reliability due

to their short half-life and also the numerous factors that canlatéetels of them.

The functioning of the skin microcirculation is important in maintainirgghtealth of the skin.
There are a number of mechanisms involved in the control of the skin bloothfibenable the
metabolic demands of the tissues to be met and homeostasis to be mainta&nes dhLDF and
spectral analysis enables a consideration of these mechanisms. Ratieatsutaneous
microcirculation that has altered vasoreactivity, potentially due tsfadgtional endothelium,

may be at risk for pressure ulcer development.

6.2 Hypothesis

The reduced hyperaemic responses to local heating in the heavy smokegatialfyotiue to
altered endothelial function which will be shown by reductions in the povibe dfequency
around 0.01Hz using spectral analysis; the light smokers will also siroevattenuation at this

frequency.
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6.3 Objectives

* Toinvestigate the mechanisms underlying the reduced vasoraaictithe heavy smokers
by using FFT spectral analysis on the LDF traces of resting and lotiaigheauced

hyperaemic flux in the heavy smokers and their matched control participants.

e To determine whether there are any alterations in blood flow control in Ldkess

compared to their matched control participants using spectral analyisesldDF signal.

» To seek any evidence of the independent effects of age and smokisgstéte skin
microcirculation by performing statistical median regression arsatysthe spectral

analysis from the LDF signal during local skin heating

6.4 Methods

Participants

Spectral analysis was completed on the resting and local heating LiFisighe 8 heavy
smokers and 8 matched contrdlsifle 5.1) and the 20 LM smokers and 20 matched controls
(Table 5.2) from the studies described in chapter bgiier 5, Section 5.3).

Spectral analysis

In Chapter 2, Section 2.5 there can be found a detailed description of the methods used for the
spectral analysis in this chapter. The FFT algorithm was used tondetdhe underlying
frequencies within the LDF signal. The FFT converts the time seriesfrequency components

by an algorithm called the Fourier Transform.

Matlab is a software tool for studying digital signal processingh e support of ISVR (Dr D.
Simpson), several Matl8tprograms and functions were written for the computation of FFT’s from
the LDF data. The programs used in the spectral analysis in thigchaptbe found iAppendix

3.

The spectral analysis process for the LDF data from the heavy smsoke
The resting and heating flux was measured over a period of 10 minutes in therhekeyssand

their matched non-smoking controls; the resting flux signal and the heatirgighal were 600
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seconds or 24001 data points in length. The data sections were loaded int§ Matian 7,
student version, with additional signal processing toolbox. The mean valubemagmoved from
the signal, so that the mean of the signal was equal to zero. The inite¢dd@tils of data was
removed from both the resting and heating Flux signals and the signals wenele@tio a power
of 10 to remove the sharp increase in flux at the onset of heating and thé gendria the
signals. Thus, the length of the files analysed in the heavy smokenatoel 00 seconds or
20001 data points.

The PSD of the LDF signal in the heavy smokers was estimated using ldterdéghod. The 500
seconds of data or 20001 data points was separated into windows of length 250 (d&@fids
data points) and overlap 50%. The Hanning window was used for the calculatiemsurber of
windows in this analysis was 5. The frequency resolution of the sgy@a804Hz, which is

sufficient to measure the power of the low frequencies around 0.01Hz.

The PSD was calculated over the frequencies 0 - 2Hz. The maximum frequesenytin the

signal is equal to half the sampling rate, 20Hz. The program for calculatibe BSD and the
function required for that program can be foundppendix 3. The estimated PSD could be saved
as an imageAppendix 3) and as text, in excel formaigpendix 3). The power can be calculated
from the PSD using the area under the curve; this is approximated bwiimegising the

trapezoidal method.

The spectral analysis process for the LDF data from the light/madersmokers

In the studies involving the LM smokers and their matched controls, thelskohflow was

continuously recorded using LDF for 20 minutes at rest and the local heatiotustto 43°C was
applied for 20 minutes. The length of data collection was increased to teduemdom error and

the bias error within the PSD estimate. As with the heavy smoker studlyitidel 00 seconds was
removed from the resting and heated Flux data to give 1100 second lengths of data and 44001 dat
points. The 1100 seconds or 44001 data points (N) was separated into windowshof0éngt

seconds (M) and overlap 50%. The Hanning window was used for the calculatiemsirfiber of
windows using the Welch method for PSD estimation was 6, so that there arereiimdows to

reduce the random error. The frequency resolution was 0.0025Hz, so improvedaresoltgduce

bias error.
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Specific definitions for this chapter:

Resting flux used for spectral analysis the LDF signal measured continuously for 10 minutes
(heavy smokers) or 20 minutes (LM smokers) during rest; there was tnappéiad to the skin
during this measurement. The resting flux is the LDF signal that wasumegl in the studies

excluding the initial 200 seconds of recording.

Heated flux used for spectral analysis the LDF signal measured continuously for 10 minutes
(heavy smokers) or 20 minutes (LM smokers) during heating of the skin to Bl3éQeated flux
is the LDF signal that was in the studies during heating excluding tla 11i0 seconds of

recording.

Absolute power (AU) — the area under the PSD curve for the frequency range specitied; ei
over the low frequency range (0-0.2Hz) or the frequency band intervals (0.008-0.02Hz, 0.02
0.05Hz and 0.05-0.15Hz)

Relative power (%) — the absolute power of the frequency band interval divided by the absolute

power over the low frequency range (0-0.2Hz), then multiplied by 100 and givenaeatage.

All the Matlaly® functions used to estimate the PSD in this chapter can be foApgendix 3.

Neurogenic mechanisms considered

The method used in the study to improve the accuracy of the spectral analysikibg the signal
more stationary involved removing the initial 100 seconds of the data froathefdeating.
This is thought to be mainly axon reflex related, so would be shown around 0.04Hz DRhe L
signal. A small study was completed in a group of 6 non-smoking particiggpedix 4) to
consider whether a change in the neurogenic mechanisms of blood flow controtlibgiuce
application of EMLA to the skin could be detected in the plateau vasodilatibe tifdal heating

response using spectral analysis.

The studies showed that the EMLA caused a reduction of skin blood flux duripgtéau
vasodilation in response to a local heating stimulus. The studies showttkethatias a significant
reduction in the relative contribution of the frequency ~0.04Hz at the Edaetd site during the
plateau section of the local heating response compared to the contributienrésting flux at the

site prior to EMLA application. There was no such difference in the caiteobr in the
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frequencies around 0.01Hz and 0.1Hz. This would suggest that the spectral aretlysisrased
in this chapter may be sensitive enough to measure changes in neurogenmsmecbiskin

blood flow control in the plateau section of the local heating response.

Repeatability and coefficient of variance of spectral analysis

The site-to-site CV was calculated from resting LDF measuremertis€s@nds) taken at two
different sites on the volar forearm of a group of 17 non-smoking control pantEipaolved in
some of the studies and this data is found in the methods chapter sebgositedto-site CV was
also calculated from the spectral analysis of the resting flux these participants. The results can
be seen ifTable 6.1.

Frequency band (Hz) | 0—-0.2Hz 0.01Hz 0.04Hz 0.1Hz
(0.008-0.02) (0.02-0.05) | (0.05-0.15)

CV of Absolute power | 0.66 0.62 0.74 0.59

CV of Relative power 0.18 0.15 0.15

Table 6.1A table to show the CV measured from the spectral analysis of 500 secamgl skeist
blood flow at 2 sites on the volar surface of the forearm. The datskareftam 17 non-smoking
participants. The CV is measured by the standard deviation (of the 2 PSlrenszsts)/mean (of
the 2 PSD measurements).

The site-to-site variation in resting flux is known to be high, as evidenctwbyg data, but the

relative values are much reduced suggesting reduced variation with site

6.5 Results

6.5.1 Summary of results

The results have shown attenuated absolute power of the heating fluxrb8teusd 0.2Hz in the
heavy smokers compared to the matched non-smoking controls, but not in the LMssmbke
relative power of the frequency around 0.01Hz was significantly increased tieating

compared to resting in the non-smokers, but this was absent in the hekeysiibe absolute

power of the LDF signal between 0 and 0.2Hz was not attenuated during heatingimdkgirs
compared to the non-smokers. The LM smokers had a reduced power around 0.1Hz d@ihg heat

flux compared to the matched non-smokers; the difference almost reaahiédasige.
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The analysis including all 56 participants together showed that the clmetingerélative power
around 0.01Hz (related to the endothelium) from resting to heating was sigpyfidigferent in
the smokers compared to the non-smoking group. The non-smokers showed aa indreas
relative power around 0.01Hz with heating and the smokers showed a falhmedien relative

power around 0.01Hz frequency.

6.5.2 Spectral analysis in heavy smokers and matched controls

Spectral analysis using an FFT was completed on the LDF signal to iteténe absolute power
of the LDF signal, through the frequency range 0 - 2Hz, during resting and heatingpéatye

smokers and their respective non-smoking control participants.

Spectral analysis of LDF measured between 0 and 2Hz

The absolute power of the LDF signal measured between 0 and 2Hz was sigyiiitaatsed
during heating when compared to resting in both the heavy smokers and the nerssmbé&re
p<0.05. The absolute power between 0 and 2Hz was 4.9 + 3@ 271.8 + 302.0 At{median
* IQR) in the non-smokers, during resting and heating flux respectively.bEoéute power
between 0 and 2Hz was 4.4 + 7.0 24hd 88.0 + 84.5 At(median * IQR) in the heavy smokers

during resting and heating flux, respectively.

The contribution of this frequency band increased from 30.2 + 13.9% to 80.5 + 25.2% in the non-
smokers and from 39.8 + 14.8% to 78.8 £ 12.3% in the heavy smokers (median + IQRsUlte
showed that in both the heavy smokers and their matched non-smoking controlseincfies

during heating is mainly due to an increase in contribution of the power of tuefirey around

1Hz, which originates from the cardiac rhythm.

The main aim of this work is to consider the local mechanisms of skin blooadletrol. The low
frequency bands contained between 0 - 0.2Hz will be the focus of the renwitttespectral
analysis. The analysis will consider the power of the heated signalllzas the change in power

from resting to heated flux.

Power of LDF signal during the local heating stimulus

The power between 0 and 0.2Hz of the heated LDF flux was significantly lower ireaivy
smokers compared to the matched non-smokeégsire 6.1). The absolute power betwe@and
0.2Hzwas 29.6 + 16.7 and 8.8 + 14.6 Aid the non-smokers and heavy smokers, respectively
(median £ IQR).
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Figure 6.1 Graphs to show the power between 0 and 0.2Hz of local heated flux measured over 500
seconds at the forearm of 8 non-smokers and 8 heavy sm@eepresents the median PSD

between 0 and 0.2Hz for the non smokers and heavy smokef&Aland b. represents the

power between 0 and 0.2Hz (median +IQR) fAfdr the non-smokers and heavy smokers. The
absolute power shown in grafth) is measured as area under the PSD curve (a). The difference

was tested using the MWU test (*p<0.05) and was significant where p=0.012
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The absolute power measured between 0 and 0.2Hz of all 16 participants (8 heleesssand 8
non-smokers) showed a significant positive correlation with tla¢ hgperaemic response
measured by area under the curve. The correlation was tested using ffagaroatric Spearman’s
rho test; the correlation coefficient = 0.647 and the correlation wasicgiwhere p=0.007
(Figure 6.2)
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Figure 6.2 A scatter graph to show the correlation between the absolute lotaghesponse
(AUC) and the absolute power of the LDF signal between 0 and 0.2Hz, from 8 hedigrsiand
8 non-smokers. The correlation was significant where p=0.007 (Spearmans Randdke
correlation coefficient = 0.647. The graph shows that the heavy smokersehaddller absolute

power of the LDF signal and smaller local heating AUC.
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Absolute power of frequency bands

During the local heating stimulus, the absolute power of the frequency band &6dHz (0.008-
0.02Hz) and 0.1Hz (0.05-0.15Hz) was significantly smaller in the heavy snukaared to the
control participantsHigure 6.3). The absolute power of the frequency band around 0.01Hz,
originating from the endothelium, was 5.2 + 5.0 and 2.1 + 1.0iAtthe non-smokers and heavy
smokers, respectively (median + IQR). The absolute power of the fregband around 0.1Hz,
originating from myogenic microvascular control, was 12.9 + 7.6 and 3.8 + 72Akk non-

smokers and heavy smokers, respectively (median + IQR).
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Figure 6.3A bar graph to show the absolute power of the frequency band intervals around 0.01Hz
(0.008-0.02Hz), 0.04Hz (0.02-0.05HZz) and 0.1Hz (0.05-0.15Hz) during 500 seconds skin heating
measured at the forearm of 8 non-smokers and 8 heavy smokers. The datatepredian +IQR

and the difference between the groups was analysed using the MWU t&s08)p<
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The relative power of each of the frequency bands was measured in thegbhBIFdsiring the local
heating stimulus. The relative power of the band around 0.04Hz (0.02-0.05Hz) wasasigyif
higher in the heavy smokers compared to the matched non-smoking contogbaeaisi The

relative power was 23.2 + 6.0 and 34.3 £ 10.6% (median + IQR) in the non-smokers and heavy

smokers, respectivelyigure 6.4)
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Figure 6.4 A bar graph to show the relative power of the 3 low frequency bands expressed as a
percentage of the absolute power between 0 and 0.2Hz. The bars represent meldesraod t
bars represent IQR for 8 non-smokers and 8 heavy smokers measured durimegiticg at the

forearm. The difference between the groups was tested using the MWtp4£505).

The change in power of LDF signal from resting flux to local heatingif
The absolute power between 0 and 0.2Hz and also each of the individual frequencydardis ar
0.01Hz, 0.04Hz and 0.1Hz were increased in the LDF signal during the local heatingeaéspons

both the heavy smokers and non-smoker groups.

In the non-smokers, the relative power of the band interval around 0.01Hz (0.008-0&&a346dc
significantly from resting to heating flux. The relative power of thedbaterval around 0.01Hz
was 9.5 + 9.9 and 20.9 + 11.0% at rest and during heating, respedtingire6.5). This showed
more than a 2 fold increase in the contribution of the 0.01Hz frequency band sohgepower
between 0 and 0.2Hz.
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In the heavy smokers, there was no significant difference in thavegbatwer of the band interval
around 0.01Hz from resting to heating flux. The relative power was 14.9 £ 8.1 and 18.2 + 17.0% at

rest and during heating, respectivedfiygure 6.5).
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Figure 6.5Bar graphs to show the change in the relative contribution of the low frggbands
to the absolute LDF signal power during heated flux compared to resting @dhfhlx in the(a)
non-smokers anb) the heavy smokers. The bars represent the median and the errepbesent
the IQR. The relative contribution of the frequency around 0.01Hz (endotheliumifecaigtly
increased in the non-smokers during heating compared to resting, when tegiddeugVilcoxon
paired test (*p<0.05).
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6.5.3 Spectral analysis in light/moderate smokers and matched contsol

The spectral analysis using an FFT was completed on 20 minutes of restingémgl fhex in the

LM smokers and matched non-smoking controls.

The spectral analysis to include frequencies up to 2Hz showed identivaistiethe LM smokers
as has already been described in the heavy smokers. The major contribtlismheating response
were the frequencies around 1Hz relating to cardiac control mechaAisiige main aim was to
consider local skin microvasculature control mechanisms, only the Iqueiney bands up to

0.2Hz are considered in detail in the LM smokers.

The power of the LDF signal during the local heating stimulus

The heating stimulus significantly increased the absolute power bbtResignal between 0 and
0.2Hz. The absolute power of heated skin blood flux was 71.0 + 48.5 and 77.4 + 84rhedian
* IQR) in the non-smokers and LM smokers, respectivieigufe 6.6). There was no significant

difference, measured using the MWU test.
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Figure 6.6 Graphs to show the power of the LDF signal of heated skin blood flux measured
between 0 and 0.2Hz over 1100 seca@sising the Matlab program as a spectrum showing
PSD (AU7Hz) and(b) represented as a bar graph of the power of the signal (median AQR) (
measured as AUC of the spectrum show(a)nThe data was analysed using the MWU test and

the difference between the LM smokers and non-smokers was not signifibent p=0.465.
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Absolute power of LDF signal and the AUC of the local heat induced hypeliaerarve

The absolute power of the LDF signal and the area under the hyperaemiéneeasured in the
time domain) Figure 6.7) were not significantly correlated in the LM smokers, where the
correlation coefficient = 0.334 and p = 0.150. However, in the LM smoker controlsiagree

significant correlation, where cc = 0.580 and p = 0.007 (Spearmans Rho test)
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Figure 6.7 A scatter graph to show the total local heating response (area urpersesurve) and

the absolute power of the LDF signal between 0 and 0.2Hz from 20 LM smokers and 20 matched
non-smokers. The correlation was not significant as measured by then8pdzino test, where
p=0.102

The heating stimulus significantly increased the absolute power in edeh ®fdw frequency
band intervals. There was no significant difference between the noressvaid LM smokers in
the absolute power of the frequency band intervals around 0.01Hz, 0.04Hz and 0.1Hzdrneasure

the LDF signal during local heating.

The relative power of each of the low frequency band intervals in the Igb&l sluring local

heating was not significantly different between the non-smokers anshidkers. The trend was

for the relative power of the frequency band around 0.01Hz to be higher in teenbkérs than

the non-smokers, but this not did reach significance when analysed usM@/bidest (p=0.137).

The relative power, measured in the heated flux, for the frequency band arbidadvds 43.0 +

11.5 and 37.8 = 14.9% in the non-smokers and LM smokers, respectively. When analysdteusing t
MWU test, the difference did not reach significance (p=0.079)
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The effect of the local heating on the relative power of the LDF sign

The change in the relative power of each of the frequency bands from restingrig heati
considered in the non-smokers and the LM smokers. The relative power of eaeloof th
frequency bands measured during heating flux was not significantly difterdre relative power

measured at rest in either the non-smokers or the LM smokers.

In the non-smokers, the relative power of the 0.01Hz frequency band interval wak1936and
9.2 £ 4.6% at rest and during heating respectivelgufe 6.14). However, in the LM smokers the
trend was for the relative PSD of the frequency band interval around 0.01&litedy in the
heated flux compared to the resting flux. The relative PSD was 14.2 + 6.2% éstihg flux and
10.8 £ 4.3% in the heating flux, but the difference was not significant, when ahakisg the
Wilcoxon paired test (p=0.057Figure 6.8).
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Figure 6.8 Bar graphs to show the change in the relative contribution of the low fregb@nds
within the absolute power of the LDF signal between 0 and 0.2Hz, during l@taideompared
to resting in (a) 20 non-smokers and the (b) 20 LM smokers. Data aresexpassmedian +IQR.
The change in relative power between resting and heated flux was analysedeu¥ifilgoxon
paired test; there was no significant differences in either themokess or the LM smokers
(p<0.05).
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6.5.4 All smokers (heavy/moderate/light) and matched non-smoker caots

When considering the responses from all 56 participants involved in thess{i@iminute data in
both heavy and light smoker groups), a scatter plot shows that there is\aesgitificant
correlation between the magnitude of the local heating measured in thetmaeds the area
under the response curve and the absolute power between 0 and 0.2Hz of the LiRksignthe
heating response. When analysed using the Spearman’s Rho correlatioaresd, atsignificant
correlation where p<0.0001 and the correlation coefficient =0.515. The higthess vor both
absolute power and the area under the response curve in the LM non-smoking coahtitods a

lowest values are in the heavy smokéiigjre 6.9).
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Figure 6.9 A scatter plot to show the area under the hyperaemia curve plotted duaiaissolute
power between 0 and 0.2Hz of the heated flux in all 56 participants in the studiegsgiidups
involved in the studies can be identified using the key; heavy smokers asftechaontrols (n=8
pairs) and the light smokers and their matched controls (n=20 pdiesk iE a significant
correlation between absolute power 0-0.2Hz and the area under the curve, Vih@d@pand the

correlation coefficient = 0.515, analysed using Spearman’s rho test fdatiorre

When considering the 10 minute data of each of the participant groups indivigheaisy
smokers, heavy smoker controls, light/moderate smokers and lightatedeoker controls),
there were no significant correlations between absolute power 0-0.2Hz aardahender the

curve.
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When considering the absolute power 0-0.2Hz of the local heating response andltiie pbsver

of the low frequency bands, there was no significant differences betleemokers and non-
smokers. The change in relative power of the frequency bands around 0.01Hz, 0.04Hz amd 0.1H
the LDF signal during local heating compared to the resting was analydesnmokers studied in

this chapter (n=28) and compared to all the matched non-smokers (n=28)sUltsesteowed that

the median change in relative power around 0.01Hz from resting to heating waeasaraf 5.5

+ 11.9 % in the non-smokers, but a decrease of 1.7 + 14.0 % in the heavy/maogdletstadkers
(median £ IQR). The difference was significant where p=0.036 (MWU (feigfiire 6.10)

O Non-smokers

B Smokers

to heating (%)

0.008 - 0.02

Change in relative power from resting

Frequency band (Hz)

Figure 6.10A bar graph to show the change in relative power of the frequency band ~0.01Hz in
the heating flux signal compared to the resting flux signal in 28 non-smaid8amokers

(light, moderate and heavy). The bars represent the median change analthareshow minus
IQR in the smokers and plus IQR in the non-smokers. The difference between-graakans and

smokers is significant, where p=0.036 as tested using the MWU test.

There was no significant difference in the change from resting toHeatihg in the relative power
of the 0.04Hz or 0.1Hz frequencies between the smokers and the non-smokers. Irstinekers,
the trend was for a reduced relative power of both the 0.04Hz and the 0.1Hz fregjuertbe
smokers, the trend was for an increase in the 0.04Hz frequency, but aesligttion in the 0.1Hz

frequency in the local heating flux compared to resting flux.
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Median regression analysis

Median regression analysis was completed on the results of theabpaetysis. The results were
variable and there were some significant correlations, howeveritheaution in considering these
results due to the potential for over-analysis of the LDF signal by congplaedian regression

analysis on the spectral analysis data. Thus, these results havemiocheted in this thesis.

Summary of key findings

» The heavy smokers showed reduced absolute power of all 3 low frequency d@apdssd to
the matched non-smoker group, and this reached significance for the freQaadsyaround
0.01Hz and 0.1Hz.

» A significant increase in the power ~0.01Hz with heating was presdrd wider non-

smokers, but not in the matched heavy smokers.

» There was no significant difference in the absolute power of thesidpial during the local
heating stimulus in the LM smokers compared to the matched controlssarmbalifferences

in the change in relative power from resting to heating.

» When considering the 56 participants combined, whereas the non-smokers shaveeezese
in the relative contribution of the 0.01Hz band with heating, the smokers showagasddn

this parameter. The difference between these subject groups wésangni

6.6 Discussion

In this chapter, the mechanisms underlying the vasoreactivity of theeoutemicrocirculation to
a local heating stimulus at the forearm in heavy and LM smokers and thdileghatintrols has
been investigated using spectral analysis of the LDF signal. Tliesrsem chapter 4 have shown
that the frequency related to cardiac rhythm (~1Hz) dominates the LB digring the local
heating response. The aim of this thesis is to investigate the \@sdtgand the local control of
skin blood flow, which originate from the low frequency oscillations in the LQRadi The focus
of the analysis in this chapter has been on the power of the low frequetioy séthe LDF signal
between 0 and 0.2Hz. Although the absolute power is described in the restitts; $he relative

power and the change in relative power during heating compared to restsmds/an as it
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provides information about the contribution of the specific frequency haritle absolute power
between 0 and 0.2Hz.

Heavy smokers

The absolute power between 0 and 0.2Hz measured in the LDF signal during thedtical
response was significantly lower in the heavy smokers compared totitieechaontrols. This was
an expected finding as the total local heating response, measured by AUGniesistly smaller
in the smokers, and further analysis of the data has shown that the absokiteqrelates
significantly with this response parameter. The results showethéhegduced absolute power
between 0 and 0.2Hz in the heavy smokers was due to a reduced absolute pdweemlalv
frequency bands, but only significantly in the bands around 0.01Hz (endothelium) and 0.1Hz

(myogenic).

When the absolute power of the frequency bands was calculated reddtieeatsolute power
between 0 and 0.2Hz there was no significant difference in any of the frequentsytetween
heavy smokers and non-smokers. When considering post-ischaemic changes ooskilowl in
smokers, the smokers were shown to have an absent post-ischaemseiircsddn blood flow and
this was particularly related to the frequency components originatingdndothelium and
myogenic control (Rossi et al., 2007). The post-ischaemic hyperaesultsria a different
response to that produced by local heating response, but is considered ® shealinduced
vasodilation (Rubanyi et al., 1986), as well as accumulation of metabolic leésiedand the
myogenic response (Rasool et al., 2009). Although studies have shown thereateldera\NO in
the post-ischaemic response (Tagawa et al., 1994), others have showifieldtleféNO in the

response following more prolonged ischaemia (Cankar et al., 2009).

The initial 100 seconds of LDF trace immediately after the beginnitfgedbcal heating stimulus
was removed from the spectral analysis because the sharp upwardkieebload flux during

this period is shown in the spectral analysis as a very low frequeelfyTise aim of this work is
to consider the oscillation frequencies within the LDF signaffitsbis means that the section of
flux that would be expected to include significant neurogenic control (Minsaln 2001) was
removed from the analysis. The plateau section of the local heating re$eriseen shown to be

mainly NO-dependent (Minson et al., 2001).

When making direct comparisons between the heavy smoker group and the matebied kens,
the only significant difference in the relative power during heatinginvdgee band around 0.04Hz.

The relative power around 0.04Hz was significantly higher in the heavy smoking kieating.
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The neurogenic mechanisms of blood flow control have been shown to have onlynalmini
contribution to the plateau phase of the local heating response (Mirslori2€01). However, a
small study (Appendix 4) completed during the thesis, showed that theaftedLA (block

axon reflex) at the site of heating in 6 participants, was a reduction iretkaypheating response
and a significant reduction in the relative power around 0.04Hz compared tstthg fieix prior

to EMLA application. This suggests that changes in neurogenic contha frejuency around
0.04Hz can be measured in the spectral analysis of the plateau phase ofrjedmainse using
the methods in this study. It maybe that in the heavy smokers the balaheeontrol of skin
blood flow is altered; the myogenic and neurogenic contribution tdobmdise power was similar.
Although there is some evidence to suggest that cigarette smoking#xsganpathetic activity in

the skin (Narkiewicz et al., 1998), this is shown to be an acute effect.

The change in the relative power of each band from resting flux to heated flux avasaligsed in
the LDF trace. The non-smoking controls showed a significant indireise absolute power
around 0.01Hz with heating. Studies have shown that the local heating respmagely caused
by an increase in blood flow control related to the endothelium, and that tidsdsnfluential in
the heating response than myogenic mechanisms (Brienza et al., 2005) h@tedicund that
although the endothelium band was increased with maximum thermally inducedenyigethe
myogenic band was decreased (Jan et al., 2005). Geyer et al. (2004) showalf avsiied
analysis of the heating response, that endothelium related mechanisesparssible for local
heat induced blood flow regulation. The lack of an increased contributiomofrelium-related

control in the heavy smokers may be due to the effects of smoking on the enduotheli

It is important to consider that direct comparison of the results in tidg gtith other studies are
difficult due to the varying methods used for completing spectral anéiyaisly Wavelet and
FFT) and the way the data is described. For example, although in thisr¢hagbsolute power of
the individual frequency bands was normalised to the absolute powenholefrequency range
being considered, either 0-0.2Hz or 0-2Hz, others normalise the results tstithg pewer (Jan et
al., 2009; Brienza et al., 2005) or quote the mean amplitude of the PSD cunantdawan et al.,
2008).

Light/moderate smokers
In order to reduce the random error and the bias error within the PSDtedtinethods section
2.5), the resting and heating data were collected for longer in the ligkessnthe resting flux was

measured continuously for 20 minutes and the local heating was applied for 2Gminute

191



The results showed high variability, both in the LM smokers and the non-snake particularly
when analysing the local heating flux. This can be illustrated by coimgjdbe range of results;
the range of absolute power in the heating flux of the non-smokers and LM sma@lg?5.2-
254.6 and 29.5-448.0 AUrespectively. There were no significant differences in absoluterpomw

the relative power of the frequency bands between the LM smokers and nomssmoke

The change in relative power from resting to heating showed no significanédés.
Interestingly, there was no observadrease in the relative power around 0.01Hz in the non-
smokers or the LM smokers during the heated flux when compared to thg fiesti It may be
that a compensation mechanism to increase the capillary flow duriimgyriest M smokers may

mean the contribution does not increase more during heating.

The variability in the spectral analysis of the LDF signal in thesimokers and matched controls

may be due to the range of age and smoking status within this group. The gradieipre aged
between 18 and 35, and the smokers had smoked for between 2 and 15 years (1.5-10 p#ckyears)
may be that the participants had differing degrees of altered endothietiibn and also

compensation mechanisms. It is also possible that due to the longer dattoro(R0 minutes) to

reduce the random and bias error in the measurements, the stationarity td thasdaffected.

All participants considered together

The spectral analysis of the local heating response for all 56 partgipas considered as one
group including 28 non-smokers and 28 smokers (light, moderate and heavy). The median
regression analysis was completed on these results, however, thesnas as to the

interpretation of these results and these have not been includedtiresinss

When considered as one group, the results showed that there was an indfeaggedian relative
power around 0.01Hz in the heating flux compared to the resting flux in the non-sniitexs
small decrease in the smokers, and this difference was significanultl have been expected that
the frequency around 0.01Hz related to endothelium and specifically endott@lgdtNity would
have been reduced in the smokers. Many studies have shown reduced vasoraagtivity
endothelial dysfunction with smoking, but there have also been studies torsimkease in NO

in smokers (Chavez et al., 2007), and also increased anti-oxidant levels ars(thavez et al.,
2007). Although studies have shown endothelium mechanisms to be dominant in thedtiogl
response (Jan et al., 2009; Brienza et al., 2005; Geyer et al., 2004), theeras ge
acknowledgement that the skin blood flow response to local heating is conlrpliEfferent

mechanisms to differing degrees (Jan et al., 2009).

192



Limitations

There are limitations to the findings in this chapter. The smokatgssof the smoker participants
relies on cotinine levels (heavy smokers only) and /or self-reporhanefore there is no
biological reference for time since last cigarette. The 1 houinabst from cigarette smoking
may mean that there are some acute effects of cigarette snpo&sent in the results of the
spectral analysis and that some of the effects on the underlying mechéusith in the smokers
are acute effects. As the heavy smokers tended to have smoked reotly than the light

smokers, and have difficulty with compliance, the acute effects migy détween the 2 groups.

The spectral analysis is derived from a LDF signal, the limitatbdmehich have been discussed in
the previous chapters. The artefact inherent in LDF recordingdfeahtae spectral analysis,
although efforts were made to limit the artefact on the signal in tldg.sThe PSD is also only an
estimate of the distribution of signal power over the frequency bandssigtiad. The PSD of a
random, non-stationary signal, such as a biomedical signal, can only ever timatee$he
different frequency components in the cutaneous microvasculature are ntaritand they vary
with time (Smith, 1997). The resting and heating flux was analysed sepastaty change in
time in the signal is spread over the entire frequency interval. erech debate over the
techniques used for spectral analysis and much of the work completedarethiszas used

Wavelets rather than FFT's.

In this study, the spectral analysis during heating relied on adequate det@tedeating
response flux signal in order to remove the very low frequency increéisg at the
commencement of heating. This would otherwise dominate the PSD at tHewdrgquencies,
but the detrend may also effect the lowest frequency band. The effect of dredwirthe power
around 0.01Hz was checked to consider the effect of different levelsehdéinethods), but this
need for manipulation of the data in this way must be considered aitmitihtis possible that
although the method of detrend was the same in each participant, the iigbases in blood flow
were not detrended as efficiently as the lower increases; thisdadmeach response was
different, but the detrend system was always the same. This could meaerhatthain higher
very low frequency in some individuals that could effect the power of the dr@mund 0.01Hz
(0.008-0.02Hz) and/or the absolute power 0-0.2Hz.

The initial 100 seconds was also removed from the heating analysis toladimtess of
detrending and this removes the initial, axon-reflex controllingimi$eix caused by heating. Thus,
findings relating to the neurogenic mechanisms of blood flow control mustdiedrwith caution

as important information regarding these mechanisms has been removatsdtisportant to
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acknowledge that the frequency band around 0.01Hz involves one oscillation per 108s, so th

analysis is involving only 5 cycles in the heavy smoker study.

Although the CV for the site to site and day-to-day measurements gfdtiead analysis showed
that the relative power had much reduced CV compared to the absolute valudatitleevalues

may contain some error. The relative power is measured as the contrilfulierband to the
absolute power 0-0.2Hz; this included frequency range above and below the bands beseg focus
on. Itis also important to consider that the bandwidths used to determine thentlfifequencies
may be changed by the local heating stimulus (comment by Simpson, DS), so th&tiasssms

to be made that the bands used are reflective of the mechanisms expexwtddiHs that have
explored the bandwidths and the mechanisms of skin blood flow control theytcele¢re mainly

done using Wavelet analysis.

After completion of the spectral analysis as shown in this chapttdrefuwork was done on the
data and refinements to the process of the spectral analysis byidr3dapson. There was an
additional step introduced so that the sections of LDF signal to be analysefirstatecimated to
a 1 Hz sampling rate, and then high-pass filter&b¢@er Butterworth filter, cut-off frequency of
0.005 Hz). Spectral analysis was then carried out only on the last 350 secdradsesfihg and
heating data, to avoid the sudden changes in flux during heating. The results $ramatizsis had

similarities to those in this chapter.

Final Summary

In order to maintain cutaneous viability and health, an appropriate cutaneouddhocd f
essential. When pressure, friction and/or shear are applied to thénekimadequate cutaneous
blood flow can result and eventually pressure ulcer development. The dekelbping a pressure
ulcer can be increased by factors which alter the cutaneous microameutaich as smoking and

ageing.

So far in this thesis it has been shown that heavy smokers havefiaaigiiyiattenuated response
to a local heating stimulus applied to their skin and there was a tiwadis reduced responses in
LM smokers. Increasing smoking longevity/intensity, as measured by @askyas significantly

predictive for a reduced response to local heating.

In this chapter, the spectral analysis of the LDF signal has showthéhatbsolute power of the
LDF signal between 0 and 0.2Hz during heating is significantly lower in the seaokers. It has

also been shown that the significantly increased contribution of the 0.01Hzrcgdumm resting
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to heating flux in the heavy smoker controls, was absent in the heavyrsnibikise may suggest an
altered endothelial function as the cause for the reduced vasatgactiie heavy smokers.
However, no differences could be seen in the LM smokers compared to théscamudhere was
no increase in the relative power of the 0.01Hz frequency band in either tamakérs or their

controls.

When considering all the participants together, the non-smokers showedease in the relative
power around 0.01Hz in the heating flux compared to the resting flux, and the smokers ahowe
decrease, and the difference between the groups was significant. gastsubat the attenuated
responses to local heating with smoking may be due to a reduced relatiifeutiont of the
frequency related to endothelial control of the cutaneous microcimuldathe measurement of

skin blood flow responses to local heating using LDF with further analysig BSIT can provide
evidence of changes in the control of the microcirculation and thus jpditedemonstrate

increased risk of pressure ulcer development.
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Chapter 7

General Discussion
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7.1 The concept of the thesis

This thesis set out to investigate the impact of smoking on cutanesnreaetivity and its effects
on microvascular control mechanisms. Any attenuation in cutaneousa@sotg in the smokers
and verification that there are changes in blood flow control mechanisms graup, would
provide evidence for a potential increased risk of pressure ulcegdamamokers, and may be a

method for skin assessment and risk determination in vulnerable patiepsgr

The regulation of the skin microcirculation by endothelial, smooth musdleeurogenic
mechanisms results in an oscillatory blood flow; this is in partegi® the rhythmical contraction
and relaxation of the arterioles in the skin, which is termed vasemdthis vasomotion is thought
to benefit the tissues, due to its ability to increase flow and oxyigartatthe tissues (Tsai and
Intaglietta, 1993; Ursino et al., 1996). The appropriate regulation obkiad flow is important in
order to meet the metabolic demands of the tissue and maintain tissue tasigghbst it is also
important that the skin microcirculation have the capacity to resguprdgriately to external

stimuli.

There is evidence that direct pressure on the skin surface, as\irttion and shear forces are
important causal factors in the development of pressure ulcers. €beddfthese forces is directly
on the skin microcirculation and can result in blood flow occlusion and ischaenpeired
interstitial fluid flow and lymphatic drainage and clot formation.réhs also the suggestion that
the reperfusion that follows the relief of the pressure loading oskihecauses additional damage

due to the influx of reactive oxygen species into the area.

Smoking is a recognised risk factor for cardiovascular diséaselso a potential risk factor for
pressure ulcer development. It is thought that smoking can increase thiedesleloping a
pressure ulcer through modulating cutaneous vascular control, potehtiatigh its effects on
endothelial function. The endothelial lining of the blood vessels is not saripdyrier between the
blood flow and interstitial compartment, but is important in regulatinggdsin blood flow,
angiogenesis and metabolic, anti-inflammatory and antithrombogenic pm@&R@rdan et al.,
2005). Thus, normal endothelial function is important in regulation of skin bloadaihd changes
in endothelial function may be a factor on which to determine pressureiskcéstruck and
Wright, 2007).
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7.2 Summary of findings

Initially the impact of smoking on vascular responsiveness was measinmgdhgsapplication and
removal of a loading stimulus in heavy smokers and matched non-smohkaptef 3). The results
demonstrate no attenuation in the RH in the heavy smokers compared witimtseokers. The
loading stimuli resulted in highly variable changes in blood flow andivedtyperaemic response.
It could be seen by observing the LDF trace during loading and following removallo&ththat
the oscillations within the signal changed during reactive hyperaemgcdiid not be accurately
explored in the participants in this study due to the steep tramsieshse in blood flow after

removal of the load, which was non-stationary.

The local heating stimulus in combination with LDF was used in the remainidgges in the
thesis, due to its relevance in terms of measuring the vasoregaatitlie skin and also so that the
mechanisms of regulation of skin blood flow could be investigated usingapetatysis. Initially,
the local heating response at the sacrum (a site at risk for pressagedlaras compared to the
responses at the forear@h@pter 4). The sacrum had a significantly greater resting skin blood
flow and reduced responses to the local heating challenge. Assessment ofhidueisnesof skin
blood flow control using spectral analysis (FFT) showed that althougkstieg SBF was higher
at the sacrum, the relative contribution of the frequency around 0.01Hz (endo}ivedism
borderline significantly (p=0.051) lower. There was no significant difiegen the mechanisms
controlling the heating response at the sacrum compared to the forearm. Téw Stodied there
to be significant correlation in the hyperaemia responses to local hbatimgen the forearm and

sacrum sites.

The skin blood flow response to a local heating stimulus was measured in @Qheayy

smokers and LM smokers, and their respective matched control parti@pémesforearm

(Chapter 5). The local heating induced hyperaemia (43°C for 10 minutes) was sigtiffican
attenuated in the heavy smokers compared to the control participahts LIk smokers, there
was also a trend for reduced vasoreactivity to the local heating ssimoinpared to the control
participants. When considering heavy and LM participants together gfliemregression analysis
showed that smoking status measured in packyears was significantlyipeedie that with

increasing packyears, there was a predictive fall in mean blood flingcheating.

The underlying mechanisms for the significantly attenuated respeonteshieavy smokers and the

reduced response in the LM smokers were investigated using speatyaig(FFT) of the LDF
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signal Chapter 6). The LDF signal in the heavy smokers had a significantly reducecdugbsol
power in the low frequency range (0-0.2Hz) and in the absolute power of the fregaeds
related to endothelial (0.01Hz) and myogenic (0.1Hz) mechanisms. Howevelather

contribution showed no differences between the heavy smokers and nonrssmoke

The heating response in the non-smokers caused a significant inard@seontribution of the
frequency band related to the endothelium (0.01Hz), but this was not presenth@atlty smokers.
This would suggest that the reduced responses in the heavy smoteetiie/¢o a dysfunctional
endothelium. There was no significant difference in the spectral amalysie LDF signal in the
LM smokers compared to the controls. The increased contribution of the Orebdericy during
the heating response in the heavy smoker controls was not found in eithit sineokers or their

matched control participants.

When considering all the participants together, the non-smokers showeatease in the relative
power around 0.01Hz in the heating flux compared to the resting flux, and the smokersahowed
decrease, and the difference between the groups was significantuddnsts that the attenuated
responses to local heating with smoking may be due to altered endotiwadial of the cutaneous

microcirculation.

7.3 Implications of the findings

In the past, patients and their relative accepted the development cf@ar@ngser as an inevitable
result of the disease process and incapacity of the patient concenagaré now considered as
the result of below standard patient care and legal action can be bagagidt those who were
responsible for the care of the patient (Dimond, 2003). Alongside the iadraasreness
regarding pressure ulcers in the general public, there is alsk af lagorous research to support

the clinical management of pressure ulcers (NICE, 2001).

There are several reasons for this lack of research. The mostantpmres relate to the ethical
difficulties in conducting human studies to sample and biopsy pressure sscer dit different
stages of development. Much research is completed in vitro or inlandals, but these results
are limited in their application to the human body (Edsberg, 2007). The apte@si@ssment of a
patient’s risk of developing a pressure ulcer is also an areaathatlack of research. Few of the

risk factors contained on risk assessment tools are based on rigoraunstiresedence.
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In this past few years, work has been focused on creating systems in hospitaés @rdmunity,
where patients at risk of pressure damage are seen by an appropriaiesspsajuickly as
possible. For example, Choromanski et al. (2008) and Cho et al. (2008) and others re/atiook
creating a database of ‘at risk’ patients, which automatically @lessure ulcer specialists about
these patients. This seems an obvious direction to go in given the leagsoldgg used in many
walks of life. However, these systems require an appropriate diet¢ion of pressure ulcer risk,
otherwise patients will be overlooked or there will be large resoungiécations of pressure ulcer

prevention strategies enforced in patients that don't require them.

The studies in this thesis highlight two main aspects about risk agsggenpressure ulcer
development. Firstly, although smoking is considered to be a risk factmafoy diseases, it is not
considered on all pressure ulcer risk assessment scales. The findingkdrstudies in this thesis
have shown that heavy smokers have an attenuated vasoreactive raspdosaltheating
challenge to the skin. Other studies have shown reduced cutaneous hyperggmnisesein long-
term smokers (Pellaton et al., 2002; Sprigle et al., 2002; Rossi et al. E20idsson et al., 2008).
However, in this study, there were also reduced responses in the LM smokeeslifieor
significance), and across all the participants, a general saymifiend where increased packyears,
result in a reduced skin blood flow response to local heating. Althoughrfsttiies are needed to
clarify the link between reduced vasoreactivity and increased in@dgrmressure ulcers, the
results provide potential evidence that smoking should be considereislagaator for pressure

damage.

Secondly, the studies in this thesis consider the potential to use pealyais to investigate the
mechanisms involved in the control of skin blood flow, and in particular the donctithe
endothelium. Although the findings of the thesis showed there to be potdtarations in
endothelial function in an older group of heavy smokers compared to non-sptb&ezsvere no
differences in LM smokers. Altered endothelial function has been shown tedenpim smokers
(Celermajer et al., 1993) and this may be due to the degradation of NO bgéuclezels of ROS
as a result of smoking or direct endothelial cell damage (Ralj &081). The findings of this
thesis, using LDF in combination with spectral analysis, show that this chatdmted non-
invasively and locally in the skin tissue. However, as there were noediffes in the spectral
analysis of the mechanisms of blood flow control in the LM smokers, it would gubgesither
the LM smokers do not show early changes or that the methods used in this¢hestsaacurate

enough to detect them.
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Although the heavy smokers showed attenuated vasoreactivity in respdoca heating and the
LM smokers also showed a trend towards attenuated responses (bosigniiingance), there
were not similar patterns shown by the spectral analysis in tereffeofs on blood flow control
mechanisms. It may be that the LM smokers and heavy smokers would need taderetdrs
separate populations due to different effects on skin blood flow mechani$ras tteen shown
that when light smokers smoked a cigarette, the skin blood flow of the thumb skt rbut
returned to baseline levels immediately after the end of smokilggueette. In the heavy smokers,
the skin blood flow remained unchanged before, during and after smoking a eigenetauthors
suggest that the heavy smokers have a severely disturbed micasmrc(Midttun et al., 2006).
Another study showed similar results when measuring forehead skin blood flghtiadid heavy
smokers, during cigarette smoking and suggest that there is pdigeti@nce in heavy smokers
(Meekin, et al., 2000). It is possible that the LM smokers have some chriagits éfom the
cigarette smoke on their cutaneous microcirculation, but that compensatbamsms overcome
these effects. In the heavy smokers, these mechanisms can no longer cope antibdgdfunc
responses are present. It may also be due to a combination of acute and deiniofemoking

in the heavy smoker group.

In the literature, there are differences in findings related to $&@dllow in smokers and the
mechanisms of blood flow control that may be affected by smoking. Although sonmessthdiv
reduced resting skin blood flow in smokers, more recently there has been slmel¢vated
resting flow and reduced forearm vascular resistance in smokéchiéMet al., 2005) and others
have shown neovascularisation in response to nicotine is actually enhancednedking age
(Suner et al., 2004), so that heavy smokers may have increased baselihe tboms of skin
microvascular reactivity, although studies have shown reduced resposseskers (Rossi et al.,
2007a; Edvinsson et al., 2008), there has not been consensus regarding reduceduemdotheli
dependent vasodilation specifically. Although, Celermajer et al. (1993) dhedaced
endothelium-dependent vasodilation and not endothelial-independent vasodilatimkers this
study involved measurement of flow-mediated brachial artery vasodilaliis was not confirmed
when considering the microcirculation (Edvinsson et al., 2008). These msydisst that the

attenuated responses in smokers are not solely the result of enddijsflialction.

Since the completion of the studies contained in this thesis, other growpgdeavlL DF with
spectral analysis to aid in the development of pressure ulcer pmvetritegies, including
specialized mattresses. These mattresses work to certain sichiedules and patterns, so that
different sections of the mattress inflate and deflate in order &vegtiressure regularly. In a

recent study there has been consideration of the effects of diffienergg of pressure on skin
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vascular responses and the control of skin blood flow (Jan et al., 2008). It ibttHwatga more
detailed understanding of the evident vascular control mechanisnsaim gatient groups have
the possibility of determining the patients need for a mattress and/patticular timing regime
for the mattress (Jan et al., 2008).

Although the studies in this thesis has focussed on measurement ohetigityeand mechanisms
of blood flow control in smokers in relation to their skin health and potemtigeased risk of skin
tissue damage. Much of the recent literature has considered siméatigation of the skin
microcirculation as a non-invasive method to assess general endotheliafimthe vasculature
and have shown that changes in the skin microcirculation can be an early sigoutdivdisease
in other organs. It is argued that the skin microcirculation mirrorstbeocirculation in other

organs and has the benefit of allowing non-invasive study.

In particular, there has been much attention on cardiovascular disglaseagnition of early
changes in the skin microcirculation occurring even before changes imtiheainculation. It has
been shown in several studies that early changes can be detected usiatjaspdgtis of LDF
during a vasodilation response (Rossi et al., 2006b; Rossi et al., 200Rafmie skin
vasodilator responses to ACh in patients with hypercholesterolemianditvithout manifest
coronary artery disease showed blunted responses in patients with Céwiaanpisease (CAD),
but normal skin vasoreactivity to ACh in the patients with hypercholeatsrah without CAD
(Khan et al., 1999). A further study has shown a similar maintenance of nsicutsvareactivity to

ischaemia and heating in patients with hypercholesterolemia and no @ADd&al., 2003).

More recently, Rossi et al. (2009) completed a study in which they measurexdineactivity
response in the skin to ACh and SNP in patients with hypercholestaralard no manifest
arterial disease and matched controls. The resultant signal was#hgsed further using a FFT
algorithm to determine the power of the LDF signal. They found that althoughxbereno
differences in the hyperaemic response to ACh and SNP in the patients cotopganettols, the
hypercholesterolaemia patients showed a smaller increase in alsmhgr between 0.01-1.6Hz
and smaller increase in endothelium-dependent interval and respiragiomirnd this was
statistically significant (Rossi et al., 2009). This study demomestthe potential of spectral
analysis of the LDF signal of skin blood flow to be more sensitive thamélasurement of

vasoreactivity alone to assess early changes in skin blood flow fegulat

In a study considering patients with stage Il peripheral arterial obggutisease (PAOD), the

patients were found to have a normal baseline leg skin perfusion (Del Gueakjd886).
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However, spectral analysis of the skin tracing showed abnormal flogripattthese patients,
with abnormally increased amplitude of the low frequency flowmotion waalasng to
endothelial function, neurogenic and myogenic activity. It is suggdasa¢thiere may be
compensatory mechanisms to maintain normal perfusion in these patientssteeipaemic
hyperaemia was blunted in these patients, and the waves related to laidogwogenic and
myogenic regulation of skin blood flow did not increase during the hyperaemigssedgghat the
compensatory mechanisms are exhausted (Rossi and Carpi, 2004). Change®anh#msms of
skin blood flow regulation have also been demonstrated in patients with fordirg essential
hypertension (EHT) and newly diagnosed EHT (Rossi et al., 2006b). The ndagoiitine
increase in blood flow at the forearm following ischaemia was not sigmtifycdifferent in the
controls, newly diagnosed or longstanding hypertension. However, the longstaypimtensive
patients showed an absence of increase in total power and the frequegraieB@¢m myogenic)

compared to the controls and newly diagnosed EHT patients.

Finally, a further study has shown an association between risk of coromargisease and
microvascular function (IJzerman et al., 2003a). In this study, they used LDBmbimation with
ACh and SNP and capillary microscopy to observe nailfold capillaribe dinger. They assessed
the Coronary Heart Disease (CHD) risk according to the Framingharhdtgedy and none of the
participants had cardiovascular disease. They found that an incres&ksed €HD was associated
with lower endothelium dependent vasodilation and capillary recruitmenhenthding was

independent of age.

If we consider that changes in skin vasoreactivity and changes in mesbanfisegulation of

blood flow have the potential to increase risk of pressure ulcer develggmen the current
plethora of research using the skin microcirculation as a tool to study aladsgases has much
relevance. If changes to the skin microcirculation are an early indwfatardiovascular disease,
then they also occur before the patient is potentially aware of thesdiaad thus may be a hidden

risk factor for pressure ulcer development.

The method of skin blood flow assessment using LDF and a challenge is simple dameasore
and can be used at many sites in the human body. The studies in this thesis havieatethtires
potential for LDF in combination with a challenge to the skin to be used imatfiffpotentially at

risk patient groups. Furthermore, the potential for the LDF signal taddgsed using spectral
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analysis to consider the control mechanisms of the skin microciarylahould have huge
implications for the field of pressure ulcer risk and prevention. An apptegdtinctioning skin
microcirculation, and in particular the endothelium, is vital to the healitecgkin and an
increased knowledge of blood flow control mechanisms in different patientggamdipdisease

states should provide vital evidence regarding risk.

7.4 Implications of the findings for clinical practice — LDF reseach equipment or

clinical tool?

The health of the skin is dependent on adequate skin blood flow and vasoreatthétykin
microcirculation, due to the need to provide for the metabolic needs afsbie ind maintain

homeostasis within the tissue.

The studies in this thesis used the non-invasive technique of LDF to meresuasoreactive
responses to a loading and heating stimulus in smokers and matched norssAiti@urgh the
findings demonstrated difficulties with the loading study and interpretafitre results due to
problems with artifact on the LDF trace, more recent advances in techiolapgpgly a load make

this a relevant and useful stimulus for future studies to consider outauasoreactivity.

The majority of this thesis focused on the cutaneous microvascular segpamlocal heating
stimulus in a group of smokers. The studies demonstrated significanéadésrin the response in
heavy smokers and this was dependent on intensity/longevity of smokingTineisié. patients may
be at increased risk of damage to the skin and pressure ulcer developmengttkreiation of the
blood supply needed to maintain the metabolic needs of the skin tissue and edullityeto
respond to the increased needs of the tissues. Therefore smoking shouldderexbasi a

potential risk factor for pressure ulcer development.

At the moment, the use of the LDF to measure vasoreactive responsein thigmocirculation

is purely scientific to aid in the development of knowledge regardingihdleod flow and
vasoreactivity in certain patient groups. This scientific stuggnding skin blood flow can develop
knowledge regarding which factors indicate increased risk of pressers;utonsensus on these

factors is currently lacking (Gould et al., 2002).

With developments in technology such as specialist beds to reducektbé pressure ulceration in
‘at risk’ patients, there is a heed for developments in risksagsmnt, so that the correct patients are

given the technology. Although LDF is a non-invasive tool, there would need ttpbavied
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technology to make it accessible to use on patients and to ensureifdett@ntthe signal
produced is considerably reduced. The use of LDF in combination with spectysisiatdo has
the potential to provide information about mechanisms of blood flow contralelvetopments in
technology to produce this information at the bedside would be needed. Adrientn LDF with
spectral analysis is a useful research tool, but needs more heardrdevelopment before it could

be a clinical tool for pressure ulcer risk assessment.

There has been much development in the clinical use of the LDI pariyaul#d potential to
indicate whether burn wounds are likely to heal, and to help determine thegdotecessity for
surgery (Moor Instruments, 2011a). Although the LDl is easier to use diinite LDF has also
been used clinically in skin flap monitoring applications (Moor Instruments [ 0Edrther
development of the LDF and software relating to spectral analydis efgnal is needed for

progress in the field of pressure ulcer risk assessment.

7.5 Future work

7.5.1 Nitric oxide and microdialysis studies

The results from the studies in this thesis have demonstrated thastatemuated cutaneous
microcirculation vasoreactivity in heavy smokers. It also revealsan increase in cigarette
smoking duration and/or intensity measured by packyears, significaaticys reducing local-
heating induced hyperaemic responses. Although the difficulties with alestiimetihhe heavy
smokers may mean that acute effects of smoking must be consioeré$ing LDF in
combination with spectral analysis, there is evidence that the atdrussoreactivity in the heavy
smokers may be due to endothelial dysfunction. In order to investigate ther ftine sampling of
the specific local factor NO associated with endothelial functiominvihe tissue will be
completed. The plateau section of the local heating response has beencshewmatnly NO-
dependent (Kellogg et al., 1999), and thus regulated by the endothelium. Sevezallsivdi
shown that smoking effects the plasma levels of NO, further confirtnaigtreduction in the NO
produced by the endothelium, may be responsible for the attenuated vessjberses to local
heating in the smokers. The technique of microdialysis has the potergilw measurement of
the local levels of NO in the extracellular space as opposed tnsggtlasma levels, and thus
may provide more information on local endothelium function in the skin micrdatron. A pilot

study has been completed and this can be fouAgpendix 5.
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7.5.2 Stage 1 pressure ulcers

The analysis and sampling of the skin tissue during the stages of prdssu@evelopment has
been problematic due to the ethical issues of sampling damaged skinansh{idsberg et al.,
2007). LDF as a non-invasive method of skin blood flow assessment has the lpoidetiased at
the early stages of pressure ulcer development in intact skin, to ms&sublood flux. At the
initial stage of pressure ulcer development (stage I), the predeeresudefined by the National
Pressure Ulcer Advisory Panel (NPUAP, 2007) as intact skin with nocHzale redness of a
localised area usually over a bony prominence. Therefore, future stodidsnvolve
measurement of resting flux over the stage 1 pressure ulcer and algpeanisites. The spectral
analysis of the signal would provide evidence of changes in blood flow control msokan skin
that goes on to develop into a full pressure sore. This is a potentia fubrk which has been

recently suggested by Jan et al. (2008).

7.5.3 Smoking cessation and health promotion

The effects of smoking on cutaneous microvascular function have been diradystrated in this
thesis. There is potential for further work to consider the effestnoking cessation on the
function of the skin microcirculation and to determine whether abstinamcenprove
microvascular function and health. This research could also provideuh tos¢in the
encouragement of individuals to stop smoking, and aid health promotion camjatgodd also

contribute to advice given to patients prior to admission in hospital.
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Appendix 1

Detail of parameter calculations
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Al.l

Area Under Curve Analysis During Heating

The following is the process by which the area under the local heatingfoutiie LDF traces at

the sacrum and the forearm was calculated:

Al.2

For each LDF trace, data saved as text file at sampling frequency ob#dHzen

transferred to excel format.

The excel spreadsheet contains all the data for the LDF trace nghirdie in hours,

minutes seconds, flux, concentration, speed, temperature.

The section of fluxdata from the start of heating (ie. 10 minutes into the recordingjeto t
end of heating (total 10 minutes / 600 seconds) highlighted and copied onto new

spreadsheet into column B.

The time in seconds is in column A of the new spreadsheet ie. 0, 0.025, 0.05, 0.075,
0.1.......

The area under the curve (AUC) is then calculated in column C by the follfavingla:
0.025*((B1+B2)/2)

The sum of this column is the AUC.

This was completed for each of the traces at the sacrum and fore&ersimdkers and

non-smokers

Maximum Hyperaemia during heating

The following is the process by which the maximum hyperaemia during localdvéatthe LDF

traces at the sacrum and the forearm was calculated:

For each LDF trace, data saved as text file at sampling frequency obadHken

transferred to excel format.

The excel spreadsheet contains all the data for the LDF trace imglirdie in hours,

minutes seconds, flux, concentration, speed, temperature.
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3. The section of fludata from thestart of heating (ie. 10 minutes into the recording), to the
end of recording was highlighted and copied onto new spreadsheet into column B This
because the maximum hyperaemia wasn't always during the heagifigoitd was

sometimes after the heating had been switched off.

4. The time in seconds was in column A of the new spreadsheet ie. 0, 0.025, 0.05, 0.075,
0.1.......

5. The mean flux of each 30second period from the start of heating onwards wasezhioulat

column C and the maximum value in column C was called the maximum hyperaemia.

Al1.3. Mean flux during heating

The following is the process by which the mean flux during heating for the labéstiat the

sacrum and the forearm was calculated:

1. For each LDF trace, data saved as text file at sampling frequency ob20Hkzen

transferred to excel format.

2. The excel spreadsheet contains all the data for the LDF trace imgchirde in hours,

minutes seconds, flux, concentration, speed, temperature.

3. The mean of the whole section from the start of the local heating stimulusaéippli

the end of the heating was calculated and this is the mean flux during heating.
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Appendix 2

List of Materials
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List of Materials

DRT4 LDF monitor (Moor Instruments Ltd, Axminster, Devon)

SHO2Z™ Skin heating unit (Moor Instruments Ltd, Axminster, Devon)

SHP1 Heater probe(Moor Instruments Ltd, Axminster, Devon)

LDF pinhead probes with skin heater (VP12)YMoor Instruments Ltd, Axminster, Devon)
Loading apparatus— loan from Salisbury group

Matlab and Simulink release 14 (student version) with added signal pcessing toolbox
(The MathWorks, Inc)

SPSS statistics package version 14.0

Stata statistics package version 9.0

NOA-280 Nitric Oxide Analyser (Severs)

Ethylene oxide sterilization (Sterile Services International Ltd., 9 Columbus Walk, Brigantine
Place, Cardiff CF10 4YY, UK).

Cyanoacrylate glue 406%Loctite (Ireland) Ltd)

Portex tubing ((0.28 mm (ID), 0.61 mm (OD); 0.58mm(ID)/1.02mm(OD{Portex Ltd)
Cuprophane dialysis membranes (5kDa cutoff, 216um diametef}-ocus 90H
Hemophan Hollow Fibre Dialyser, National Medical Care, Rockleigh, USA)

Epidural connector

Stainless steel AlISI 302 wirdGoodfellow Cambridge Ltd, Huntingdon, Cambs., UK).
Sterile Ringer’s solution (Fresenius Kabi Ltd, Warrington UK)

EMLA (Lidocaine 25mg and Prilocaine 25mg/gram)(AstraZeneca)

Microinfusion pump (CMA400; Biotech Instruments Ltd)

Anti-fungal cleaner (Mikrozid AF, Schulke & Mayr)

Melonin dressing

Sodium lodide

Sodium Nitrite

Distilled water

Acetic Acid

Eppendorfs
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Appendix 3

Matlab functions
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A3.1 Detrend program

This function removes the general trend from the LDF trace, which wiialtt analysis of the

frequencies within the signal itself.

D=name of file; insert name of fileand renamesit D

t=D(:,1); denotesthat t (time) isin the first column of D
y=D(:,2); denotesthat y (signal for processing) isin column 2
fs=1/mean(diff(t)); cal cul ates the sampling frequency and names it fs

[yl detrend,a_est, T]=poly_detrendl(y,10);
yl est=T*a_est,;

figure

plot(t,y,t,yl_est,'r);

xlabel ('time from start of heating (seconds)');
ylabel('skin blood flux (AU)";

figure

plot(t,yl detrend)

xlabel ('time from start of heating (seconds)');
ylabel('detrended skin blood flux (AU)");

A3.2 Poly detrend function

function [z,a,X]=poly_detrend(y,order);
N=length(y);
y=y();
x=[0:N-1]'/N;
X=ones(N,1);
for n=1:order
X=[X,x.”n];
end
a=inv(X"*X)*(X"*y);
z=y-X*a;
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A3.3 Spectogram function

function [P,f]l=specl(x,window,overlap,fs);
% Estimate the PSD for the signal x, using FFTs of length(wirmlv), and the overlap (0-1)
% fs is the sampling rate.
Nfft=length(window);
N=length(x);
x=reshape(x,N,1);
window=reshape(window,Nfft,1);
P=nan;
f=nan;
shift=round((1-overlap)*Nfft);
if (shift>0) & (Nfft<N)
y=[I;
weight=[];
weightO=sum(window."2);
weightl=sum(window."2);
i_start=1;
i_end=Nfft;
no_windows=0;
while i_end<=N
x_temp=x(i_start:i_end).*window;
weight=[weight,weight0];
y=ly,x_temp];
no_windows=no_windows+1,;
i_start=i_start+shift;
i_end=i_end+shift;
end
Y=fft(y);
Y2=abs(Y)."2;
if no_windows>1
P=mean(Y2);
else
P=Y2;
end
P=P/weightO/fs;
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if mod(Nfft,2)==0
P(2:Nfft/2+1)=P(2:Nfft/2+1)+P(Nfft:-1:Nfft/2+1);
P=P(1:Nfft/2+1);
else
P(2:(Nfft-1)/2+1)=P(2:(Nfft+1)/2)+P (Nfft:-1:(Nfft+1)/2+1);
P=P(1:(Nfft+1)/2);
end
P(1)=2*P(1);
f=[0:length(P)-1]/Nfft*fs;
end
% keyboard

A3.4 Power Spectral Density Estimation Program

This function is used to estimate the PSD:

D=name of file;

t=D(:,1);

y=D(:,2);

Tw=250;

overlap=0.5;

fs=1/mean(diff(t));

[yl_detrend,a_est, T]=poly_detrend1(y,10);

w=hanning(round(Tw*fs));

[Pal,fl=spec2(yl_detrend,w,overlap,fs);

A3.5 Saving PSD as a text file

This function allows the PSD to be saved as a text file:

D=name of file;
t=D(:,1);
y=D(:,2);
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Tw=250;
overlap=0.5;
fs=1/mean(diff(t));
fc=.5;

[yl_detrend,a_est, T|=poly_detrend1(y,10);

w=hanning(round(Tw*fs));

[Pal,fl=spec2(yl_detrend,w,overlap,fs);
result=[Pal' Pa2' Pa3' Pa4' Pa5' Pa6' Pa7' Pa8' Pa9' Pall' PalHAal2' Pal3' Pal4' Palb'

Pal6' f1;
save result.PSD result -ASCII;

A3.6 Image of median PSD and all PSD on a graph

This function enables production of a graph showing the median PSD and alstealinafividual

PSD’s on one graph:

D=name of file;

t=D(:,1);

y=D(:,2);

Tw=250;

overlap=0.5;

fs=1/mean(diff(t));

fc=.5;

[yl detrend,a_est, T]=poly_detrendl(y,10);

w=hanning(round(Tw*fs));

[Pal,fl=spec2(yl_detrend,w,overlap,fs);

B=[Pal ;Pa2 ;Pa3 ;Pa4 ;Pa5 ;Pa6 ;Pa7 ;Pa8 ],
C=[Pa9 ;Pal0 ;Pall ;Pal2 ;Pal3 ;Pal4 ;Pal5 ;Pal6]
m_B=median(B);

m_C=median(C);
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figure
fori=1:8
plot(f,B(i,:))
hold on
end
xlabel('Frequency (Hz));
ylabel('Power Spectral Density (AU/Hz)");
title('Non-smokers');
figure
for i=1:8
plot(f,C(i,:))
hold on
end
xlabel('Frequency (Hz)");
ylabel('Power Spectral Density (AU/Hz)"):;
titte('Smokers");
figure
plot(f,m_B,f,m_C);
legend('Non-smokers','Smokers');
xlabel('Frequency (Hz)');
ylabel('Power Spectral Density (AU/Hz)");
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Appendix 4

A pilot study to consider the neurogenic

mechanisms in local heating
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A4.1 Introduction

In the local heating response, the main contribution of the neurogenic compoheraxsit reflex
mediated initial peak at the beginning of the local heating responsaiffédeise in flux due to

local heating was removed from the LDF trace before the spectral anadgscompleted, so the

main part of the initial section was removed from the analysis. Th&apa&talysis concentrates

on the absolute power and then the relative power around 0.01Hz, 0.04Hz and 0.1Hz, however, the
expected contribution of the frequency band around 0.04Hz would be expected to b&l minim

the plateau. A recent study has shown that the application of EMLA toithissB0 minutes

decreases the initial peak of a local heating response that is apptiediately following the

removal of the EMLA, but had no effect on the plateau vasodilation (Cracetakj 2007). This
confirms other studies that have shown that the axon reflex has its mamtradnitial peak

response to local heating and only a minimal role in the plateau vasodikitogg et al., 1999).

In the studies in this thesis, the spectral analysis is completed omatbaupsection of the local
heating response and thus the contribution of the 0.04Hz frequency in the siglthbes expected
to be minimal. This small pilot study aims to measure whether chantes®04Hz frequency
related to neurogenic control of skin blood flow could be detected in the hezdpanse over an
EMLA treated site compared to a control site. This would determine whbthdérequency has

any significant impact on the plateau response to a local heating stimulus

A4.2 Methods

Participants

The study involved 6 non-smoking participants; the baseline parameters afupecgn be found
in Table A4.1
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Parameter Participants (n=6)
Age (yrs) 25.8+6.3
(20 —35)
Sex 4 females / 2 males
Body mass index (kg/m) 23.8+1.0
(22.3-25.0)

Table A4.1 The table shows the age, sex and BMI of a group of healthy, non-smokers (re=6). Th
table shows data as meastandard deviation (range). The body mass index was calculated as
[weight (kg)/(height (mY)].

Study protocol

The participants were made comfortable in a semi-recumbent position opitalhoattress and
allowed to acclimatise to room temperature for 15 minutes. Skin bloodrémameasured for 20
minutes at 2 sites at least 5 cm apart on the volar surface of the f¢peaerbaseline
measurements). The position of the sites was marked for reference &Ad(EBg) was applied
to one of the sites under an occlusive dressing for 60 minutes. The EM{ thevacleaned from
the skin surface and the prick test was completed to ensure that the éxowasfblocked by the
EMLA. The LDF probes were then replaced in the same positions as predasebdrding and a
further 20 minutes baseline measurements were recorded at both seésdlasasurements).
The skin was then heated at both sites to 43°C for 20 minutes. The hedteemasitched off and

measurements continued for a further 20 minutes.

Spectral Analysis Information
The spectral analysis was completed on the LDF traces using Mdtlebdata was saved at a

sampling frequency of 40Hz in an excel spreadsheet. The initial 100 secandsweaed from
the baseline and heated data and the data was detrended to the power oPED Waes estimated
using the Welch method:

- Data length = 1100 seconds

- Window length = 400 seconds

- Window type = Hanning

- Overlap = 50%

- Frequency resolution = 0.0025Hz
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The absolute power was measured by the area under the power spectrabdapisibetween 0O-
0.2Hz. The power of the frequency bands were calculated as follows:

~0.01Hz: power between 0.008-0.02Hz - endothelium

~0.04Hz: power between 0.02-0.05Hz - neurogenic

~0.1Hz: power between 0.05-0.15Hz - myogenic

The power of each band was measured relative to the absolute powerantage.

A4.3 Results

An example of the LDF traces produced at the control site and EMLA site ¢anrfzkinFigure
A4.1. The EMLA caused the local heating response to be attenuated to variegsdedi@ut of 6
of the participants. In one of the participants the response to lotaigheas increased at the

EMLA site compared to the control site.

=)
< Il Control site
x .
= B EMLA treated site
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300-
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Figure A4.1.The LDF traces in a participant involved in the study to consider effeEfglibA on

the response to local heating. The protocol for the measurements gnapi was resting flux for
1 minute, followed by local heating to 43 for 20 minutes and approximately 20 minutes

recovery. The red line shows the LDF signal from the protocol completed eontrol site and the
blue line shows the same protocol, at the volar surface of the samerfanethe same individual,

but at a site that has been treated with EMLA to block the neurogeninisespo
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The results showed that the there were no changes to the resting flux veigiplication of EMLA
to the skin, however, the local heating response as measured by areaeainderelaluring heating
at the EMLA site was approximately 63.4 + 52.5% (median = IQR) of the respansontrol site.
When the initial 100 seconds was removed, which is the section consideredamlyeumder
neurogenic control, and the mean heated flux measured for the remainder eftitig flesponse,
the flux at the EMLA site was still found to be approximately 64.2 + 53.5% énediQR)of the

heating response at the control site.

The effects of EMLA on the responses to local heating assessed upewral analysis
Spectral analysis was completed on the LDF signal to consider wheyhehnanges in the
neurogenic contribution to skin blood flow control could be detected in the igD&l sluring
EMLA application compared to the control site. When comparing pre-EME#ngeto EMLA
resting flux, although there was a small reduction in flux with EMLA, tealte did not reach

significance.

When comparing the pre-EMLA resting flux, with the local heating flux (minitial 100secs) in
the EMLA site, the contribution of the oscillations around 0.04Hz (asedoigith neurogenic
control of the vasculature) was significantly reduced. There wedifferences in the spectral
analysis at the control sitEigure A4.2). There were no such differences in the relative

contribution of the frequencies around 0.01Hz or 0.1Hz.
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Figure A4.2.Graphs to show the relative contribution of the frequency around 0.04Hz to the tota
signal during resting flux prior to application of EMLA/control and durin@ldeating. The

graphs show the results at the control site (a) and the EMLA site (Imon-8moking participants
measured at the volar surface of the forearm.

Summary

This small study suggests that neurogenic mechanisms related thdatia may be involved in
the plateau response in the local heating response. A previous study has sliocet neaximal
vasodilation responses to iontophoresis of SNP and local warmingQGcad 42C, but not 44C
in subjects following the application of EMLA local anaesthetiaaréCaselli et al., 2003). This
provides further evidence that stimulation of nerve fibres is im¢ebim the local heat induced
vasodilation response, but the vasoconstrictor effect of the EMLA mayyhal® counteracted

some of the vasodilation as well (Caselli et al., 2003).

The study also showed that the method used for spectral analysis in thiefgapts is able to
detect changes at the 0.04Hz frequency during the heating response. It isibd¢ posing the
spectral analysis program used in this study, to measure the totahlspeater of the initial peak
in this study, because the length of data would be too small. It is also imgortansider that
studies have shown that EMLA may have other vasoconstrictive effettie skin blood vessels
(Wiles et al., 2008).
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Appendix 5

Cutaneous microdialysis for the measurement of

nitric oxide
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A5.1 Introduction

The previous chapters have shown that the LDF measurement of the skin dooesfbonse to a
local heating stimulus of 43°C is significantly attenuated in older heawkessicompared to
matched non-smokers. The study protocol was optimised by increasing timedetiggt heating
challenge to 20 minutes and further studies were completed comparing LM stoakatshed
non-smoking controls. This study showed a trend towards reduced local heztivasodilation
responses in the LM smokers compared to the controls, but the data watofbartdghly

variable in this group, and any differences were not significant.

In the heavy smokers, spectral analysis using a FFT of the LDF heagtiatjffeund that the heavy
smoker group had reduced absolute low frequency power in the LDF signal dwiimg lzend this
was due in particular to reduced power at the frequencies related to eindotai myogenic
vascular control. The contribution of each of the frequency bands to the abdsalditequency
power (relative PSD) was calculated. The change in relative P8&chfof the frequency bands
from resting to heated flux showed that the frequency interval origghittm the endothelium
was significantly increased in the non-smokers, but not in the heavy smékbough this would
suggest that the attenuated heating response was mainly due to reduced emdoépelindent
vasodilation in the heavy smokers, the same trends were not present in ther yoaag of
light/moderate smokers and their matched controls. There were riccaiginchanges in the
relative PSD of the frequency band associated with the endothelium contrad@fesels from
resting to heating flux in either the LM smokers or the non-smokers inrtup.gVhen
considering the heavy and LM smokers together compared to the non-smokesisititves power
of the frequency related to the endothelium increased in the non-smokers,rbatdédan the

smokers, suggesting altered endothelial function in the smokers.

The effects of smoking on the endothelium will be further explored in thiserha@e have shown
evidence that there is attenuated vasoreactivity in the heavyessrankd that this may be due to
endothelial dysfunction in this ‘at risk’ group. In order to further ingegé this, the sampling of
the specific local factor NO associated with endothelial functiominvihe tissue will be

completed.
Nitric oxide

The plateau section of the local heating response has been shown to be Daildyevdent
(Kellogg et al., 1999), and thus regulated by the endothelium. This is the compotient DF

228



signal attenuated in the heavy smokers, as assessed by the specs@. &f@lhas been shown to
be an important element in vascular control, causing vasodilation of blogels/bg stimulation of
soluble guanylyl cyclase and also by increasing cyclic guanosine monophos@idee) (n

smooth muscle cells (Forstermann and Munzel, 2006).

Several studies have shown that smoking effects the plasma [eXg€s further confirming that a
reduction in the NO produced by the endothelium, may be responsible for the atterasatdar
responses to local heating in the smokers. However, at present the ngigaudéng NO in smokers
is conflicting: some studies have shown lower levels of NO in the plagsmokers (Barua et al.,
2001; Node et al., 1997; Tsuchiya et al., 2002) and another has shown raised lewels ¢Chh,
2007). The technigue of microdialysis, used for the purposes of the studiisscimagbter, has the
potential to shows local levels of NO in the extracellular spatber than systemic plasma levels,

which may give more information on local endothelium function in the skirogirculation.

A5.2  Objective

To determine whether differences in the concentration of NO can beedkiethe skin

extracellular tissues of smokers compared to non-smokers. This wouidepharther and

different evidence regarding local endothelial function in this group.

A5.3 Methods

A5.3.1 Participants

The study was performed on a group of seven LM smokers and seven healthy matched control
subjects. Each group was comprised of two males and five femalesud@ievsis completed at

the volar surface of the forearm in each volunteer. The baseline parsuae shown ifiable 6.1.

There was no significant difference between the two groups.
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Variable Statistical Control Smokers

Measurements | Group

Age (years) Median 23.0 22.0
IQR 6.0 9.0

Body Mass Median 21.5 23.9

Index (kg/m?) IQR 4.5 4.7

Table A5.1A table to show the age and BMI of 7 nhon-smoking controls and 7 LM smokers used in

the microdialysis studies to measure NO.

A5.3.2 Participant smoking history

Smoking history was gained from the light/moderate smokers by seltrafidhe smokers were

asked to abstain from smoking for at least 1 hour before the study.

A5.3.3 Microdialysis

Microdialysis background
Microdialysis is a well-established technique for the sampling ofxXtnacellular fluid space. It has
been used in many organs in the human body, initially in the brain, but there haveanowamgy

studies using microdialysis in the skin (Petersen et al., 2009; Angjst 2008).

During microdialysis a hollow semi-permeable membrane is implantaihwiite tissue space, the
skin in this study, and is continuously perfused with a physiological solutiondgl4999;

Muller, 2002). The physiological solution has the same osmotic concentrati@oposition as
blood serum. As the physiological solution is slowly perfusing, molecules mimvand out of
probe through the semi-permeable membrane. The direction and speed of tranflthef
extracellular space into the microdialysis probe through the permmebhrane depends on the
concentration gradient for each particular molecule. The outflow froqrdie, the dialysate, is
collected and assayed for the particular molecule(s) being investiJdte concentration gradient
allowing exchange across the membrane will depend on the absolutefes@lste within the

fluid section of the tissue space.
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The process of solute exchange across the dialysis can be described bk gwp&iion Equation
A5.1):

J =- DA dC/dx

Equation A5.1The solute flux across the membrane J, is proportional to the diffusionceaffi

of the solute, D, the area of diffusion, A and the concentration gradient dC/dx.

Construction of microdialysis probes

The microdialysis fibres used for the collection of nitric oxide had a@rkbBlecular mass cut off
and external diameter of 216pum and were constructed from cuprophane membractsdexom
a renal dialysis capsule (Focus 90H Hemophane Hollow Fibre DiaNagonal Medical Care,
Rockleigh, USA).

For the construction of each of the probes, a length of the dialysis memiasaring

approximately 5cm was cut from the renal dialysis capsule and wastitneed using a length of
stainless steel wire (Stainless steel AISI 302 wire, diameter 0.1 mm, gload€ambridge Ltd,
Huntingdon, Cambs., UK). The membrane was then glued into a pre-cut 15 cm length ofefine bor
polythene tubing (Portex Ltd.: 0.28 mm id, 0.61 mm od) using cyanoactrylate glue (Loctite
(Ireland) Ltd). The dialysis membrane was inserted into the tubirapfmurt 15mm and sealed in

by allowing the glue to flow by capillarity down the tube. The microdialysibes were left to dry

for approximately 24 hours and then packaged and sent for ethylene oxideasitemiliSterile

Services International Ltd., 9 Columbus Walk, Brigantine Place, Cardifo @y, UK).

Microdialysis study protocol

The study was approved by the Southampton and South West Hampshire JointhRetbezsc
Committee, approval number 138/01. The volunteers gave there written idfoomgent to take
part in the study. Their age, sex, height and weight were then recorded and dmsikiygaken.
The studies were completed in the temperature controlled environmenM@T@BF. The
participants had their non-dominant forearm positioned on a cushion at hebfotatie duration
of the studies. An area of skin was selected on the distal portion of thewdkce of the forearm

at least 5cm from the wrist, away from observable large blood vessels.
The local anaesthetic EMLA (2.5mg) was applied to an area of the skin apatelyi@cmx3cm,

and an occlusive dressing applied to cover the area for 2 hours prior to tlierinsethe

microdialysis probes. The dressing and EMLA was then removed and theaiteccwith water to
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ensure complete removal of the EMLA cream. The area was also checkeddoate anaesthesia

using the prick test at the edges of the site.

The equipment needed for the insertion of the probes was prepared beforehantetthersterile
nature and efficiency of the insertion procedure. The surface of aatahle bed side in the clinical
room (WTCRF) was cleaned, using an anti-fungal cleaner (Mikrozid AF, ScRulkayr) and a
sterile field was prepared using a sterile paper dressing onto thetatace. The equipment
needed for the insertion procedure was placed on the sterile fieddinThided green (21G) and
blue needles (23G), 20ml syringe, 1ml syringes, sterile giving tubing, nagreid probes and
blue epidural connectors. The Ringers solution was drawn into the 1 ml syengeving all the

air bubbles, and the sterile giving tubing was attached. The 1ml sykiag then clamped onto the
CMA400 pump. The giving tubing was primed with the Ringer’s solution, the S5kDadiadysis
probe was attached into the end of the primed giving tube and the Ringers seagiatiowed to
flush through probe onto the sterile paper as a test of the probe to mméem&age prior to
insertion. Each of the collection eppendorfs to be used for the study wiasl lafith the sample

number, weighed and this was documented.

Insertion of microdialysis probes

The process of insertion of the microdialysis probes began once the ak#atofbe used was
checked for adequate anaesthetization. A length of 20mm was then markeganti¢cigants arm
with a pen to ensure that the microdialysis probes were inserted undkintler the correct
distance. A 23G blue needle was then inserted under the skin into the dernoisinagiely 0.6 —
0.8 mm beneath the surface, for the length marked with the pen (ensurimg theédle was not
inserted through the pen marks). The 5kDa microdialysis probe was insedigght the needle
and then the needle was removed, leaving the probe in the skin. The protiei®d to ensure
that it remains in position using a small piece of micropore tape. Whenthaorene probe was

applied, there was a gap of greater than 2cm between the probes.

The microdialysis probes were immediately perfused at 3puL/min for 15esitmflush away any
molecules that had entered the probe using a microinfusion pump (CMA40GHliaseruments
Ltd). The sample (1) contained in the collection eppendorf was immediddeled in an ice bath
for later re-weighing and storage at -80°C. The probe was then tapeelséatptace and covered
by a Meloniif dressing a bandage, and was left for 1.5 hours to allow the skin to settleftown a
the trauma of probe insertion. The insertion procedure increases locallbleaohé this would

effect the concentrations of molecules within the extracelligsme space. A study has shown
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using microdialysis in the skin of rats, that insertion caused an iedreakod flow and histamine
release. They suggested a minimum equilibrium period of 30 minutes betwesdomand

sample collection to allow the trauma to subside (Groth et al., 1998).

At the end of the 1.5 hour gap in experimentation to allow the microdialysis gy @ine(
extracellular tissue space to settle, the dressings were rdransie¢he probe(s) were reconnected

to the primed giving tubing and the perfusion at 3pL/min was restarted.

Protocol for collection of samples for measurement of nitric oxiiO)
For the measurement of NO in the tissue space, the microdialysis §sokia cut off) were
inserted and perfused at a rate of 3uL/min. The samples were colletitedatiowing protocol

into pre-weighed and labelled eppendorf containers:

e Sample 1:A collection for 15 minutes immediately following insertion of fibres

» Stop perfusing for 90 minutes for microdialysis probes to settle

e Samples 2 — 7Collections taken at 5 minute intervals (0-5min, 5-10min, 10-15min, 15-20min,
20-25min and 25-30min).

e Stop perfusing for 30 minutes in order to measure build up of NO ovelirhe

* Samples 8-19Callections taken at 5 minute interval s (0O-5min, 5-10min, 10-15min,15-20min,
20-25min and 25-30min, 30-35min, 35-40min, 40-45min, 45-50min, 50-55min, 55-60min)

« All samples re-weighed and stored in freezer at -80°C

A5.3.4 Measurement of NO from microdialysate

The Sievers NOA-280 Nitric Oxide Analyser was used to measure the aaicenof NO in the
microdialysate samples. The concentration of NO can be determined usiegidguminescent
reaction, which involves ozone. A sample containing nitric oxide is mixed wattga guantity of
ozone. The nitric oxide reacts with the ozone to produce oxygen and nitrogete dioxli this
reaction produces light, which can be measured with a photodetector. The afimint

produced is proportional to the amount of NO in the sample.

To measure the concentration of NO in the microdialysate samplesetieesSNOA-280 was set-
up according to the manufacturer’s instructions. A Hamilton syringe wdgaseld the Ringer
and the microdialysate samples for analysis. The calibration wavereated, so that the

concentration in the samples could be calculated from this calibraties. dure software
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connected to the Sievers NOA-280 meter calculates the AUC of the pebltsea gives an

indication of the concentration of NO using the loaded calibration curve.

The calibration curve was created using dilutions of sodium nitratistited water. A 100mM
solution was initially made up using 345mg sodium nitrate in 50ml distilled witerfollowing
dilutions of the sodium nitrate solution were done using Ringer’s solutidghdaralibration curve:
1in 100 dilution (50ul in 4950ul) = 1mM.

1 in 100 dilution (50! in 4950ul) = 10uM

1in 2 dilution (Iml in 2ml) = 5uM

1in 2 dilution (Iml in 2ml) = 2.5uM

1in 2 dilution (Iml in 2ml) = 1.25uM

1 in 2 dilution (Iml in 2ml) = 0.625uM

The calibration curve was generated by injecting 3 x 10ul injectionsi\gER$ solution and then 3
of each of the different concentrations. A calibration curve was criEatedch session of sample
analysis. These calibration curves were then compiled to form the diitatation curve igure
A5.1).
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Figure A5.1A graph to show the combined calibration curve used to estimate the concprufati

NO in microdialysis samples from 7 LM smokers and 7 matched non-smokers.
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A5.4 Results

The recovery concentrations quoted in the results section refers ttathenecovery, as it is not
expected that at the flow rate used the probe dialysate would reach aguilibth the
extracellular space. Therefore, the concentrations are not consideeeddaivalent to the tissue

level.

A5.4.1 Measurement of basal [NO] in the skin of smokers and matet controls

The [NO]J in the first 5 minute dialysate collection was 4.2 + 3.5uM and 2.4Vl (fhedian
IQR) in the control group and LM smokers, respectively. There was no sighifi¢gerence
between the groups in the first collection, as measured by the MW@ #505), although the
analysis was borderline (p=0.062), with the trend being lower levdig ibM smokersKigure
A5.2).

The LM smoker group showed lower mean dialysate [NO] compared to the non-snuiirgd c
group throughout most of the initial 30 minute collection period. The [NO] was signilly lower
(p=0.028) in the light/moderate smokers in the sample collected & thendite time point (5-10
minute sample). The [NQ] at that time point was 1.7 £ 0.7uM and 1.2 £ 0.5uM in thel gpotp
and LM smokers respectively (median + IQR)gure A5.2).

However, by the end of this period, the [NO] in the 25-30 minute collection wastatxactly the

same in both groups; the relative [NO] was 1.0 £ 0.4uM and 0.9 £ 0.5 uM in the contpbgidu
LM smokers respectively (median * IQR).
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Figure A5.2A line graph to show the microdialysate [NO] (median * IQR) measarda: skin of
7 light smokers and 7 matched non-smoking controls. The microdialysis proémedrin the
volar surface of the forearm had a 5KDa cut off and were perfused withr&saation at a rate
of 3uL/min. The samples were collected every 5 minutes for 30 minutes. Tjénkhe dialysate
was measured using a chemiluminescence reactions (Sievers NOA-280M Bheoker group
showed a significantly lower level of NO at the 10 minute collection cordgarénhe control group
(*) measured using the MWU test, where p=0.028.

Steady state
The sample at which the [NO] was considered to have reached steadyvsiatiolethe purposes
of this thesis was at the sample where the group showed no significamrdiéfdetween that and

the previous sample [NO], as analysed by the Wilcoxon paired test.

In the non-smoker group, there was a significant difference between thesaolfgcted at 5 min
compared to 10 min (p=0.046) and between the 10 min and 15 min samples (p=0.042), but from 15
min onwards, there was no change and the levels of [NO] were at statglyin the LM smoker

group, there was a significant difference between the samples collebtedratompared to 10

min (p=0.027), but then steady state from 10 min onwards.

Area under the NO curve between 5 - 30 minutes
The area under the NO curve against time was measured in the LM snmakére aontrol group,
to consider the collection of NO over the 30 minute time period. The area badéDtcurve

between 5 and 30 minutes was 39.5 + 19.8 and 31.0 + 21.5 yuM.min in the control group and
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light/moderate smokers respectivelyidure A5.3). The difference between the groups was not

significant when analysed using the MWU test.
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Figure A5.3A column graph to show area under the dialysate [NO] over time curve from 5
minutes to 30 minutes in 7 light smokers and 7 matched non-smoking controls. Taedata
median and the error bars represent the IQR and the difference tedausag the MWU test.

There was no significant difference between the groups, where p=0.142.

Area under NO curve between 5 - 15 minutes (before steady state)
The area under the NO curve between 5 and 15 minutes was 23.5 £ 8.8 and 15.5 £ 5.0 pM.min in
the control group and light/moderate smokers respectively. The differetveeen the groups was

significant as measured using the MWU test, where p=0.047.
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A5.4.2 Measurement of build-up of [NO] over 30 minutes

After the initial 30 minutes dialysis, the perfusion of the probes wapst for 30 minutes, and
then restarted. The [NO] of this subsequent dialysate sample virdys vagiable in both the non-
smokers and the LM smokers, measuring 7.8 £ 7.3uM and 2.6 + 11.7uM (median = IQR) in t
control group and LM smokers, respectiveiygure A5.4). There were no significant differences
between the groups, measured using the MWU test.
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Figure A5.4A line graph to show the microdialysate NO levels measured in the@&KiLM
smokers and 7 matched non-smoking controls (median + IQR). The micredmlylses inserted
in the volar surface of the forearm of the participants had a 5SKDafanafvere perfused with
Ringers solution at a rate of 3uL/min. The samples were collecteg ®wanutes for 30minutes,
the perfusion of the probes was stopped for 30min and then collections werevakg5 minutes

for a further 30 — 60 minutes. The [NO] in the dialysate was measured usingifuotirescence
reaction.
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There was high variability in the concentration of NO in the sample failpttie 30 minute stop in
perfusion. The increase in nitric oxide from the steady state leadumed in the sample
immediately prior to the stop in perfusion was 6.2 £ 6.9 and 1.1 + 10.9uM (medid®) inl§he
control group and LM smokers, respectiveiygure A5.5).
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Figure A5.5A column graph to show the increase in dialysate [NO] over a 30 minuate ibre
probe perfusion measured in 7 light smokers and 7 matched control participang(m&gR).
The measurements were taken as the dialysate concentration dftthelfféction following the re-
start of perfusion minus the final dialysate collection before the 30 mineiéd. There was no
significant difference between the smokers and control group, as meastinedviy/U test
(p<0.05).

The concentration of NO measured at steady state (30 minutes followistgpha perfusion) at
90 minutes irFigure A5.4, were 0.9 + 0.5 and 0.8 £ 0.8uM in control group and LM smokers,
respectively. The concentration of NO at 90 minutes was similar tevékeof NO measured at 30

minutes.

A5.5 Discussion

In order to consider the factors that may be contributing to the differendeslotal heating
response, the measurement of NO in the skin using microdialysis waderedsiThe
measurement of local mediators during the local heating response lrastidiff due to the
increased blood flow and thus short presence at the site. Many studiesedvibe method of

blocking the action of certain prospective mediators, during the locaheasponse. The studies
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in this chapter set out to measure the level of NO in the intersfidgle of the skin in seven LM

smokers and seven non-smoking controls, matched for age, sex and BMI.

There is much confusion in the literature regarding the effechokisig on the levels of NO in the
bloodstream, either measured in serum or plasma. Studies have showrr¢hatrtbesignificant
difference in the serum NO of smokers and non-smokers (Barua et al., 200thenschave
shown the same in plasma measurements (Tsuchiya et al., 2002). Howevehaxbdazind
differences (Node et al., 1997). It has been suggested that the level otidiaodstream is an
unreliable measure of the nitric oxide produced by the endothelium. Thearj@] bloodstream

is effected by a number of factors including diet and renal function (Kiehin 4996).

In the study in this chapter, the microdialysis fibres were placed wotaeforearm and, after a 90
minute break to recover from the insertion trauma, they were perfused wifrRsolution at a
rate of 3uL/min for 30 minutes. Samples were collected at 5 minute ilstémvaughout this
period. The perfusion was then stopped for 30 minutes and then restarted for a seodraf B6Fi
60 minutes perfusion, with collections every 5 minutes again. The NO cataanin each of the
samples was measured using a chemiluminescence reaction (Sie¥e28N0OThis method has
been used previously to measure [NO] from microdialysis of the skin n(Kiatugampola et al.,
2000, Rhodes et al., 2001; Crandall and MacLean, 2001; Boutsiouki et al., 2003).

The concentration of NO measured at 5 minute intervals in all of theipantis involved showed
high variability, so that in all subjects (n=14) the values ranged 0.4 — 7 BpMconcentration of
NO measured in the first 5 minute collection was the highest in mdstipants and the
concentration fell as dialysis progressed. This fall in dialys@&éak previously been shown in a
study by Clough (1999); demonstrating a gradual reduction in the concentratialysai NO
over the first 30 minutes of perfusion and then no further fall. It is suglsstethis is most likely
to be due to the dialysis depleting the interstitial space of NQu@B|dl999). The finding that after
a 30 minute break in perfusion, the NO levels increased again (Clough, 1999),oxfasiradsin

this study, and provides some confirmation for the depletion theory.

Interestingly, the analysis in this study showed that there was no fughigicant fall in dialysate
[NO] after only 15 minutes of perfusion in the non-smokers and 10 minutesheakig smokers.
The microdialysis membranes used in this study had a 5 kDa cut-off comparddaaatioff
fibres in the study by Clough (1999). The higher membrane cut-off may meahaiNO diffuses
more readily into the microdialysis probe, depletes the tisswe gfdNO faster, so that a low

steady state level of NO is reached more quickly. The slower perfag@imrthis study (SuL/min
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compared to 5uL/min) has also the potential to cause faster uptakeinfd\t@e microdialysis
probe and thus faster tissue depletion. The recovery of a molecule frassties with a given

probe increases when perfusion rates are kept low (Fox et al., 2002).

The results show that the interstitial space of the smokers wasedepldNO more quickly than
the non-smokers. This may be due to a lower interstitial [NO] inrttoders or a reduced capacity
to replace NO as it is removed from the interstitial space into thespéz, causing depletion to
occur more quickly. The area under the [NO] curve up to the 15 minute colleetsosignificantly
lower in the LM smokers compared to the non-smoking controls. The areatiwaaerve up to
the 30 minute time point were not significantly different between the grouphiangas expected

as the steady state levels of NO (from 10-15 minutes onwards) welar $inthe two groups.

The median [NO] in the sample collected at 5 minutes was higher in thenuders compared to
the smokers (4.2 £ 3.5uM (smokers) and 2.4 + 1.7uM (non-smokers)), but thendiéfelid not
reach significance (p=0.062). The [NO] measured at the 10 minute timenxaa@significantly
lower in the light/moderate smokers compared to the non-smokingtsomfter this, the samples
collected up to the 30 minute time point were not significantly differenteaahed a similar

steady state level.

The [NO] measured in this 5 minute sample can be compared directly t@thatpsicentrations
measured in a study by Clough (1999). They found the mean value of NO in the first 5 minute
sample to be 1.24 + 0.19 pM, using an amperometric NO sensor and the steadyedtatete 30
minute time point was 0.63 £ 0.09 puM. The reasons for the higher [NO] in thediilection in

this study are likely to be the higher membrane cut-off and lower fl@ewssd as already
discussed or alternatively, the different method used to measure@héciemiluminescence

reaction v amperometric sensor).

Although Kellogg et al. (2003) and Crandall and MacLean (2001) were both studyirftetiie ef
whole body heating on the [NO] in the skin, the studies involved measuremiatiartnathermic
state prior to heating. Kellogg et al. (2003) used a selective membraeecanetric electrode
placed under the skin to measure interstitial [NO] and found that over 2 @ninute period in
normathermic conditions the concentration of cutaneous interstitil \Wds 548 + 108nM. This
method did not involve microdialysis and used a technique similar to Cloub{iL8©8) to
measure the [NOJ; thus the lower levels of NO measured in that study reaipdhe findings in
my study may be due to these differences. Interestingly, the [NO] found by Ketlajg2003) is

more equivalent to the steady state levels found in this study.
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Alternatively, Crandall and MacLean (2001) used microdialysis and thersanlayya
chemiluminescence technique to study levels of NO in samples edli@otach participant over
12 minutes, during normathermia. They found the mean interstitial concentihi@hto be
nearly 8 UM in 12 participants studied. These results are compardtighlr than the findings in
the study in this chapter as well as the studies by Clough (1999) anddetlag (2003). It is
clear that Crandall and MacLean (2001) used a flow rate of 2 pL/min throughcttoelialysis
probes in their study, which would potentially increase the recovery. Hoviegesamples were
collected over a 12 minute period and then divided up and analysed in triflieateoncentration
would be expected to be more similar to the median of the first 2 samplesindiién this
chapter, which would be 1.7 £ 2.6 and 1.2 + 1.3 uM in the control group and LM smokers

respectively. Thus the difference in [NO] between the studieggn more pronounced.

Although the studies discussed have shown that the levels of irdébt@] in the literature have
been variable, the important aspect in this study is the relaffeeetices between the non-smokers
and the LM smokers. The lower levels of NO in the initial collectems the faster depletion of

the interstitial space would support the hypothesis that ciganetidrsy causes an increase in the
activity of ROS, which causes a reduction in NO. Barua et al. (2001) foungnificant

differences in the [NO] of the blood serum in smokers, but when HUVECS reated with the
serum from smokers and non-smokers, there was a reduced basal NO prdjutt®RUVECSs
treated with the smokers serum. This appeared not to be due to a reduceexph3Sion, as this
was higher in the smokers, but due to a reduced eNOS activity in the snidleerssults from this

study support these findings.

The [NQO] in the samples following the 30 minute stop in perfusion were highbl@and it is
difficult to form any conclusions from them because of this. Clough (1999) showedtérahe
stop and restart in perfusion, the [NO] were higher than steadylstateot as high as the first
sample collected. This supports the depletion theory as the tissgerspkenishes its [NO] over

the 30 minute period, but the results of this study are too variable to siipport

Limitations

The results of this pilot study must be considered in the light of aitatioms in the study. Thi@
vitro studies completed previously to measure recovery of NO have shown a >80%yduav2
kDa cut off microdialysis probes were used in that study and also a highemperfison rate than
in this study (Clough, 1999). It may be useful to comgletétro studies using the exact set-up

used in the participants in the studies in this chapter, in order taatestine rate of recovery of
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NO. However, the usefulness of in vitro studies has also been questioned gyevibagate of
diffusion of a given molecule is reduced in complex spaces when compared to emiecul
agueous solutions (Benveniste et al., 1990). This means thaib experiments often do not

mimic the conditions of thea vivo environment anyway and so must be considered with caution.

It is also known that NO is highly reactive and can be oxidised or complexedtivir
biomolecules, such as superoxide. NO has a short half-life of less teaardls in biological
solutions (Vallance and Chan, 2001). The short half-life may have irphsdor the results in
this study. However, the samples were immediately placed in ice oteetetland then frozen at
-80°C. They were kept frozen for a maximum of 26 days between collection apsisaald there
was no thawing and re-freezing of the samples. Finally, it must be considatredpects of the
microdialysis technique, such as insertion of the probe into the skyreffieat the concentration

of NO in the tissues.

Summary

The benefits of microdialysis for this study relate to its abitityneasure levels of NO in the local
skin interstitial space, as well as the capacity of the micymigainembrane to exclude large
molecules that cause degradation of NO. This is also done so that thererialrtriaiima to the
tissues and the measurements can be taken continuously over a period Dh¢isteidies have
shown that in the LM smokers the interstitial space was depleted ch$t€ than the non-
smokers, but the steady state NO concentration was similar betweeaups. g he accumulation
of NO during the 30 minute stop in perfusion was highly variable. The mea=urefrNO
concentration in the tissue space in smokers and non-smokers usingalysisthias the potential
to provide information regarding effects of NO by smoking. A larger gbadgntially involving

heavy smokers is needed to further explore this.

243



244



Appendix 6

List of Publications

245



List of Publications

Clough, G.F. and Noble, M. 2003. Microdialysis — A model for studying chronic wounds. Lower
Extremity Wounds., 2, (4) 233-239

Noble, M., Voegeli, D., & Clough, G.F. 2003. A comparison of cutaneous vascular resmgonses t

transient pressure loading in smokers and nonsmakBehabil.Res.Dev., 40, (3) 283-288

Avery, M., Voegeli, D. and Clough, G.F. 2004. Evidence for endothelial dysfunction ikitthe s
microvasculature of long-term smokers. Proceedings of The PhysiolSgicigty. PC153A
ppl70P

Avery MR, Voegeli D & Clough GF. 2005, Endothelial dysfunction in longatesmokers.

Proceedings joint meeting Microcirc Inc and BMS/asc Res ;12, 670.

Avery MR , Voegeli D & Clough GF. 2005, Microdialysis recovefyfluid from chronic wounds.

Proceedings joint meeting Microcirc Inc and BMS/asc Res 12; 674.
Avery, M., Voegeli, D., Byrne, C., Simpson, D. and Clough, G. 2009. Age and cigarette smoking

are independently associated with the cutaneous vascular responséewaitotag.
Microcirculation., 16, (8) 725-734

246



Reference List

247



List of References

Abraham, P., Fromy, B., Merzeau, S., Jardel, A., & Saumet, J.L. 2001. Dynamics of lesat@re

induced cutaneous vasodilation in the human hislinct.ovasc.Res., 61, (1) 122-129

Ahlsten, G., Ewald, U., & Tuvemo, T. 1987. Impaired vascular reactivity in newba@mtsndf
smoking mothersActa Paediatr.Scand., 76, (2) 248-253

Akselrod, S., Gordon, D., Ubel, F.A., Shannon, D.C., Berger, A.C., & Cohen, R.J. 1981. Power
spectrum analysis of heart rate fluctuation: a quantitative probeabtdsbeat cardiovascular
control.cience, 213, (4504) 220-222

Allender, S., Peto, V., Scarborough, P., Kaur, A., & Rayner, M. 200@nary heart disease

statistics, British Heart Foundation, London.

Allman, R.M., Goode, P.S., Patrick, M.M., Burst, N., & Bartolucci, A.A. 1995. Pressweengk
factors among hospitalized patients with activity limitatiddvA, 273, (11) 865-870

Anggard, E. 1994. Nitric oxide: mediator, murderer, and meditia®et, 343, (8907) 1199-1206

Angst, M.S., Clark, J.D., Carvalho, B., Tingle, M., Schmelz, M., & Yeomans, D.C. 2008. Cytokine
profile in human skin in response to experimental inflammation, noxious stiom,jlahd
administration of a COX-inhibitor: a microdialysis stuégin., 139, (1) 15-27

Ankrom, M.A., Bennett, R.G., Sprigle, S., Langemo, D., Black, J.M., Berlowitz, D.R.,det.y
C.H. 2005. Pressure-related deep tissue injury under intact skin and #re poessure ulcer
staging systemsdv.Skin Wound.Care, 18, (1) 35-42

Asmussen, I. & Kjeldsen, K. 1975. Intimal ultrastructure of human umbilical estébbservations

on arteries from newborn children of smoking and nonsmoking motbiecsRes., 36, (5) 579-589
Azman-Juvan, K., Bernjak, A., Urbancic-Rovan, V., Stefanovska, A., & Stajer, D. 2008. Ski

blood flow and its oscillatory components in patients with acute myocaméhattion.J.Vasc.Res.,
45, (2) 164-172

248



Bader, D.L. & Gant, C.A. 1988. Changes in transcutaneous oxygen tension as@f mslinged
pressures at the sacru@lin.Phys.Physiol Meas,, 9, (1) 33-40

Bader, D.L., & White, S.H. 1998. The viability of soft tissues in elderly stbjndergoing hip
surgery.Age and ageing, 27, 217-221

Bari, F., Toth-Szuki, V., Domoki, F., & Kalman, J. 2005. Flow motion pattern diffesenahe
forehead and forearm skin: Age-dependent alterations are not spaciiztieimer's disease.
Microvasc.Res., 70, (3) 121-128

Barua, R.S., Ambrose, J.A., Eales-Reynolds, L.J., DeVoe, M.C., Zervas, J.G., & Sahz0@.
Dysfunctional endothelial nitric oxide biosynthesis in healthy smzokéth impaired endothelium-
dependent vasodilatatio@irculation, 104, (16) 1905-1910

Barua, R.S., Ambrose, J.A., Eales-Reynolds, L.J., DeVoe, M.C., Zervas, J.G., & Sahz20@.
Heavy and light cigarette smokers have similar dysfunction of endadtit@ioregulatory activity:
an in vivo and in vitro correlatiod.Am.Coll.Cardiol., 39, (11) 1758-1763

Bayliss, W.M. 1902. On the local reactions of the arterial wall to clsapigaternal pressure.
J.Physial, 28, (3) 220-231

Bennett, G., Dealey, C., & Posnett, J. 2004. The cost of pressure ulcers K. thgelAgeing, 33,
(3) 230-235

Benveniste, H. & Huttemeier, P.C. 1990. Microdialysis--theory and applic&iog.Neurobiol.,
35, (3) 195-215

Bergstrand, S., Lindberg, L.G., Ek, A.C., Linden, M., & Lindgren, M. 2009. Blood flow
measurements at different depths using photoplethysmography and laser mpywligiuesSkin
Res.Technal., 15, (2) 139-147

Berne, R., Levy, M., Koeppen, B., & Stanuton, B. 1938siology, 4th ed. London, Mosby.

Bernjak, A., Clarkson, P.B., McClintock, P.V., & Stefanovska, A. 2008. Low-frequency blood
flow oscillations in congestive heart failure and after betal-blockadamentMicrovasc.Res., 76,
(3) 224-232

249



Binggeli, C., Spieker, L.E., Corti, R., Sudano, I., Stojanovic, V., Hayoz, D., Luscher, T.Rl,& N
G. 2003. Statins enhance postischemic hyperemia in the skin circulation aftiotpsterolemic
patients: a monitoring test of endothelial dysfunction for clinicatiice?].Am.Coll.Cardial., 42,

(1) 71-77

Bircher, A., de Boer, E.M., Agner, T., Wahlberg, J.E., & Serup, J. 1994. Guidelmes fo
measurement of cutaneous blood flow by laser Doppler flowmetry. A report from the
Standardization Group of the European Society of Contact Derm@otitact Dermatitis, 30, (2)
65-72

Black, M.A., Green, D.J., & Cable, N.T. 2008. Exercise prevents age-relatiateda nitric-

oxide-mediated vasodilator function in cutaneous microveskBlgsiol, 586, (14) 3511-3524

Bollinger, A., Yanar, A., Hoffmann, U., & Franzeck, U. K. 1993, "Is high-frequency flux motion
due to respiration or to vasomotion activityth'Vasomotion and Flow Mation, vol. 20 C. Allegra,

M. Intaglietta, & K. Messmer, eds., Basel: Karger, pp. 52-58.

Bongard, O. & Bounameaux, H. 1993. Clinical investigation of skin microcirculation.
Dermatology, 186, (1) 6-11

Bornmyr, S. & Svensson, H. 1991. Thermography and laser-Doppler flowmetry for mamitori
changes in finger skin blood flow upon cigarette smok@im.Physiol, 11, (2) 135-141

Boutsiouki, P., Georgiou, S., & Clough, G. 2003. Recovery of nitric oxide from acetylcholine-

mediated vasodilatation in human skin in vidicrocirculation, 11, (3) 249-259

Bracic, M. & Stefanovska, A. 1999. Wavelet analysis in studying the dynanixsoof

circulation. Nonlinear phenomena in complex systems 2, (1) 68-77

Braverman, I.M. 1989. Ultrastructure and organization of the cutaneous nsicutataire in

normal and pathologic stateklnvest Dermatal., 93, (2 Suppl) 2S-9S

Braverman, .M., Keh, A., & Goldminz, D. 1990. Correlation of laser Doppler waverpsativith
underlying microvascular anatomylnvest Dermatol., 95, (3) 283-286

Braverman, I.M. 2000. The cutaneous microcirculatidmvestig.Dermatol.Symp.Proc., 5, (1) 3-9

250



Breuls, R.G., Mol, A., Petterson, R., Oomens, C.W., Baaijens, F.P., & Bouten, C.V. 2003.
Monitoring local cell viability in engineered tissues: a fast, quatnté¢, and nondestructive
approachTissue Eng, 9, (2) 269-281

Brienza, D.M., Geyer, M.J., & Jan, Y.K. 2005. A comparison of changes in rhythmgaif sao
blood flow in response to heating and indentatfch.Phys.Med.Rehabil., 86, (6) 1245-1251

Bulkley, G.B. 1987. Free radical-mediated reperfusion injury: a sededivew.Br.J.Cancer
Suppl, 8, 66-73

Bungum, L., Kvernebo, K., Oian, P., & Maltau, J.M. 1996. Laser doppler-recordedeeacti
hyperaemia in the forearm skin during the menstrual ciclé.Obstet.Gynaecoal., 103, (1) 70-75

Burrus, C.S., McClellan, J.H., Oppenheim, A.V., Parks, T.W., Schafer, R.W., & Schuesgéler
1994. Computer-based exercises for signal processing using Rall Jersey: Prentice-Hall,

Inc.

Butler, R., Morris, A.D., & Struthers, A.D. 2001. Cigarette smoking in men and vascular
responsivenes8r.J.Clin.Pharmacol., 52, (2) 145-149

Cable, N.T. 2006. Unlocking the secrets of skin blood flbhysiol, 572, (Pt 3) 613

Cakmak, S.K., Gul, U., Ozer, S., Yigit, Z., & Gonu, M. 2009. Risk factors for pressure ulcers.
Adv.&in Wound.Care, 22, (9) 412-415

Cankar, K., Finderle, Z., & Strucl, M. 2009. The effect of alpha-adrenocepinrségand L-

NMMA on cutaneous postocclusive reactive hypereiMiarovasc.Res., 77, (2) 198-203

Capp, C.L., Dorwart, W.C., Elias, N.T., Hillman, S.R., Lancaster, S.S., Nair, R.&.BNGQ,
Rendell, M.S., & Smith, D.M. 2004. Post pressure hyperemia in théamap Biochem.Physiol A
Mol.Integr.Physiol , 137, (3) 533-546

Carlson, B.E., Arciero, J.C. & Secomb, T.W. 2008. Theoretical model of blood flow

autoregulation: roles of myogenic, shear-dependent, and metabolic respomdé&¥hysiol., 295,
(4) H1572-H1579

251



Carlsson, I. & Wennmalm, A. 1983. Effect of cigarette smoking on reactive leyperin the
human fingerClin.Physiol, 3, (5) 453-460

Caselli, A., Uccioli, L., Khaodhiar, L., & Veves, A. 2003. Local anesthesiaceegilne maximal
skin vasodilation during iontophoresis of sodium nitroprusside and helliicrgvasc.Res., 66, (2)
134-139

Ceelen, K.K., Stekelenburg, A., Loerakker, S., Strijkers, G.J., Bader, D.blaij&., Baaijens,
F.P., & Oomens, C.W. 2008. Compression-induced damage and internal tissue ®naslze.
J.Biomech., 41, (16) 3399-3404

Celermajer, D.S., Sorensen, K.E., Georgakopoulos, D., Bull, C., Thomas, O., Robinson, J., &
Deanfield, J.E. 1993. Cigarette smoking is associated with dose-retatgdt@ntially reversible
impairment of endothelium-dependent dilation in healthy young adlittsulation, 88, (5 Pt 1)
2149-2155

Chao, C.Y. & Cheing, G.L. 2009. Microvascular dysfunction in diabetic foot disease and
ulceration Diabetes Metab Res.Rev., 25, (7) 604-614

Charkoudian, N. 2003. Skin blood flow in adult human thermoregulation: how it works, when it
does not, and whyayo Clin.Proc. , 78, (5) 603-612

Chavez, J., Cano, C., Souki, A., Bermudez, V., Medina, M., Ciszek, A., Amell, A., Vargas, M.E.,
Reyna, N., Toledo, A., Cano, R., Suarez, G., Contreras, F., Israili, Z.H., Hernandez-HerRande
& Valasco, M. 2007. Effect of cigarette smoking on the oxidant/antioxidantdealarnealthy
subjectsAm.J. Ther., 14, (2) 189-193

Cho, 1., Park, S., & Jung, E. 2008. Availability of nursing data in an electronic medioad rec

system for assessing the risk of pressure ulgdisA.Annu.Symp.Proc. 905

Choromanski, L., Westra, B., Oancea, C., Savik, K., & Holmes, J.H. 2008. Predictivéngdoel

improving incontinence and pressure ulcers in homecare patdfitd. Annu.Symp.Proc. 908

Clark, M., & Watts, S. 1991. The incidence of pressure sores within a Natioaiéth IService
Trust hospital during 1991.Adv.Nurs., 20, 33-36

252



Clough, G.F., Bennett, A.R., & Church, M.K. 1998. Effects of H1 antagonists on the cutaneous
vascular response to histamine and bradykinin: a study using scanning laser Daggileg.
Br.J.Dermatol., 138, (5) 806-814

Clough, G.F. 1999. Role of nitric oxide in the regulation of microvascular panfusttuman skin
in vivo. J.Physiol, 516 ( Pt 2), 549-557

Clough, G., Chipperfield, A., Byrne, C., de, M.F., & Gush, R. 2009. Evaluation of a new high
power, wide separation laser Doppler probe: potential measurement of tiepeblood flow.
Microvasc.Res., 78, (2) 155-161

Colin, D. & Saumet, J.L. 1996. Influence of external pressure on transcutaneous @nsien

and laser Doppler flowmetry on sacral skihin.Physiol, 16, (1) 61-72

Compher, C., Kinosian, B.P., Ratcliffe, S.J., & Baumgarten, M. 2007. Obesity reducisk thfe
pressure ulcers in elderly hospitalized patiehtSerontol A Biol.Sci.Med.<ci., 62, (11) 1310-1312
Cooke, E.D. & Almond, N.E. 1990. Laser Doppler flowmetdMed.Eng Technol., 14, (5) 177

Cracowski, J.L., Minson, C.T., Salvat-Melis, M., & Halliwill, J.R. 2006. Methodalalgissues in
the assessment of skin microvascular endothelial function in huiir@nds Pharmacol.<ci., 27,
(9) 503-508

Cracowski, J.L., Lorenzo, S., & Minson, C.T. 2007. Effects of local anaesthesibhaersal
needle insertion pain and subsequent tests of microvascular function in Euma®harmacol .,
559, (2-3) 150-154

Crandall, C.G. & MacLean, D.A. 2001. Cutaneous interstitial nitric oxide cdrat®n does not

increase during heat stress in humadmppl.Physiol, 90, (3) 1020-1024
Csiszar, A., Podlutsky, A., Wolin, M.S., Losonczy, G., Pacher, P., & Ungvari, Z. 2009. Oxidative
stress and accelerated vascular aging: implications for cigaratikingFront Biosci., 14, 3128-

3144

Cui, J. & Sathishkumar, M. 2006. Spectral characteristics of skin sympatkete activity in
heat-stressed humamsn.J.Physiol., 290, H1601-H1609

253



de Jongh, R.T., Clark, A.D., IJzerman, R.G., Serne, E.H., de, V.G., & Stehouwer, C.D. 2004.
Physiological hyperinsulinaemia increases intramuscular microaaseactive hyperaemia and
vasomotion in healthy volunteeiBiabetologia, 47, (6) 978-986

Debbabi, H., Bonnin, P., Ducluzeau, P.H., Leftheriotis, G., & Levy, B.I. 2010. Noninvasive
Assessment of Endothelial Function in the Skin Microcircula#onJ.Hypertens., 23, (5) 541-546

Defloor, T. 2000. The effect of position and mattress on interface predpptdurs.Res., 13, (1)
2-11

del, G.R,, Leonardo, G., & Arpaia, M.R. 1986. Evaluation of postischemic hyperemia on the skin
using laser Doppler velocimetry: study on patients with claudicatianiittens.Microvasc.Res.,
32, (3) 289-299

Delp, M.D., Behnke, B.J., Spier, S.A., Wu, G., & Muller-Delp, J.M. 2008. Ageing diminishes
endothelium-dependent vasodilatation and tetrahydrobiopterin content ieletabkniuscle
arterioles.J.Physial., 586, (4) 1161-168

Dimond, B. 2003. Pressure ulcers and litigatidar.s. Times, 99, (5) 61-63

Dinsdale, S.M. 1974. Decubitus ulcers: role of pressure and friction in icawsat
Arch.Phys.Med.Rehabil., 55, (4) 147-152

Doll, R. & Hill, A.B. 1956. Lung cancer and other causes of death in relation targmaksecond
report on the mortality of British doctof8r.Med.J., 2, (5001) 1071-1081

Doll, R., Peto, R., Boreham, J., & Sutherland, I. 2004. Mortality in relation to smokinga&f ye
observations on male British docto®MJ, 328, (7455) 1519-1527

Dora, K.A., Hinton, J.M., Walker, S.D., & Garland, C.J. 2000. An indirect influence of
phenylephrine on the release of endothelium-derived vasodilators in ranssalhteric artery.

Br.J.Pharmacol., 129, (2) 381-387

Edsberg, L.E. 2007. Pressure ulcer tissue histology: an appraisal of knoetgdge.
Ostomy.Wound.Manage., 53, (10) 40-49

254



Edvinsson, M.L., Andersson, S.E., Xu, C.B., & Edvinsson, L. 2008. Cigarette smoking leads to
reduced relaxant responses of the cutaneous microcirculsismntHealth Risk Manag., 4, (3) 699-
704

Elliot, C., Voegeli, D., Church, M., & Clough, G. 1999. Circadian rhythms in the cutaneous
response to histaminenmunology 98 (Suppl), 79

European Pressure Ulcer Advisory Panel & National Pressure Ulcer AdiAanel. 2009.
Prevention and treatment of pressure ulcers: quick reference guide. Washington DC, National

Pressure Ulcer Advisory Panel.

Forstermann, U., Closs, E.I., Pollock, J.S., Nakane, M., Schwarz, P., Gath, I., & KidinE394.
Nitric oxide synthase isozymes. Characterization, purification, mtaecloning, and functions.
Hypertension, 23, (6 Pt 2) 1121-1131

Forstermann, U. & Munzel, T. 2006. Endothelial nitric oxide synthase in vaslisdase: from
marvel to menaceCirculation, 113, (13) 1708-1714

Fox, E., Bungay, P.M., Bacher, J., McCully, C.L., Dedrick, R.L., & Balis, F.M. 2002. Zidovudine
concentration in brain extracellular fluid measured by microdialgtsidy-state and transient
results in rhesus monkeyPharmacol.Exp.Ther., 301, (3) 1003-1011

Frantz, R.A. & Xakellis, G.C. 1989. Characteristics of skin blood flow overdcbanter under
constant, prolonged pressufen.J.Phys.Med.Rehabil., 68, (6) 272-276

Fredriksson, I, Larsson, M., & Stromberg, T. 2009. Measurement depth and volume in lase

Doppler flowmetry Microvasc.Res., 78, (1) 4-13

Fromy, B., Abraham, P., & Saumet, J.L. 2000. Progressive calibrated pressuoeestdeneasure
cutaneous blood flow changes to external pressure dBraim Res.Brain Res.Protoc., 5, (2) 198-
203

Fromy, B., Abraham, P., Bouvet, C., Bouhanick, B., Fressinaud, P., & Saumet, J.L. 2002. Early

decrease of skin blood flow in response to locally applied pressure inidisidgectsDiabetes,
51, (4) 1214-1217

255



Furchgott, R.F. 1999. Endothelium-derived relaxing factor: discovery, earlgstadid
identification as nitric oxideBiosci.Rep., 19, (4) 235-251

Gamble, J., Grewal, P.S., & Gartside, 1.B. 2000. Vitamin C modifies the cardidsaand

microvascular responses to cigarette smoke inhalation in@haxtsci.(Lond), 98, (4) 455-460

Geyer, M.J., Jan, Y K., Brienza, D.M., & Boninger, M.L. 2004. Using wavelet anatysis t
characterize the thermoregulatory mechanisms of sacral skin blood fRehabil.Res.Dev., 41,
(6A) 797-806

Girouard, K., Harrison, M.B., & VanDenKerkof, E. 2008. The symptom of pain with peessur
ulcers: a review of the literatur®stomy.Wound.Manage., 54, (5) 30-40, 42

Goodfield, M.J., Hume, A., & Rowell, N.R. 1990. The acute effects of cigarettkisgnon
cutaneous blood flow in smoking and non-smoking subjects with and without Raynaud's
phenomenorBr.J.Rheumatol., 29, (2) 89-91

Gooding, K.M., Hannemann, M.M., Tooke, J.E., Clough, G.F., & Shore, A.C. 2006. Maximum
skin hyperaemia induced by local heating: possible mechanis¥asc.Res., 43, (3) 270-277

Gorecki, C., Brown, J.M., Nelson, E.A., Briggs, M., Schoonhoven, L., Dealey, C.,
Defloor, T., & Nixon, J. 2009. Impact of pressure ulcers on quality of life in oldempst a
systematic reviewd. Am.Geriatr.Soc., 57, (7) 1175-1183

Gould, D., Goldstone, L., Gammon, J., Kelly, D., & Maidwell, A. 2002. Establishing the yadidit
pressure ulcer risk assessment scales: a novel approach usiregeitlpatient scenarios.
Int.J.Nurs.Stud., 39, (2) 215-228

Griendling, K.K. & Harrison, D.G. 1999. Dual role of reactive oxygen specieasicwar growth.
Circ.Res., 85, (6) 562-563

Groth, L., Jorgensen, A., & Serup, J. 1998. Cutaneous microdialysis in the raiboimsartma and

effect of anaesthesia studied by laser Doppler perfusion imaging aachinistrelease.
Skin.Pharmacol.Appl.Skin.Physiol., 11, (3) 125-132

256



Gullu, H., Caliskan, M., Ciftci, O., Erdogan, D., Topcu, S., Yildirim, E., Yildirir, A., &
Muderrisoglu, H. 2007. Light cigarette smoking impairs coronary microvastuetions as
severely as smoking regular cigarettdeart, 93, (10) 1274-1277

Gunes, U.Y. 2008. A descriptive study of pressure ulcer @momy.Wound.Manage., 54, (2) 56-
61

Guthikonda, S., Sinkey, C., Barenz, T., & Haynes, W.G. 2003. Xanthine oxidase inhibition

reverses endothelial dysfunction in heavy smokéirgulation, 107, (3) 416-421

Haddock, R.E. & Hill, C.E. 2005. Rhythmicity in arterial smooth musktRhysiol, 566, (Pt 3)
645-656

Hagisawa, S., Barbenel, J.C., & Kenedi, R.M. 1991. Influence of age on postischaactive
hyperaemiaClin.Phys.Physiol Meas., 12, (3) 227-237

Hagisawa, S., Ferguson-Pell, M., Cardi, M., & Miller, S.D. 1994. Assessmentdilekid content
and oxygenation in spinal cord injured subjects during reactive hyperkRehabil.Res.Dev., 31,
1) 1-14

Hagisawa, S., Shimada, T., Arao, H., & Asada, Y. 2001. Morphological architectlure an
distribution of blood capillaries and elastic fibres in the human d&unnal of Tissue Viability
11(2), 59-63

Hashimoto, H. 1994. Impaired microvascular vasodilator reserve in chrgaieite smokers--a

study of post-occlusive reactive hyperemia in the human fidgeCirc.J., 58, (1) 29-33

Heitzer, T., Just, H., & Munzel, T. 1996. Antioxidant vitamin C improves endotligtfunction

in chronic smoker<Circulation, 94, (1) 6-9
Heitzer, T., Brockhoff, C., Mayer, B., Warnholtz, A., Mollnau, H., Henne, S., Meinertz, T., &

Munzel, T. 2000. Tetrahydrobiopterin improves endothelium-dependent vasoditatioronic

smokers : evidence for a dysfunctional nitric oxide synthaise.Res., 86, (2) E36-E41

257



Helfrich, Y.R., Yu, L., Ofori, A., Hamilton, T.A., Lambert, J., King, A., Voorhees, J.J.afds S.
2007. Effect of smoking on aging of photoprotected skin: evidence gathered ngwg a
photonumeric scalérch.Dermatol ., 143, (3) 397-402

Herrman, E.C., Knapp, C.F., Donofrio, J.C., Salcido, R. 1999. Skin perfusion responses to surface
pressure-induced ischemia: implications for the developing pressereJuRehab.Res.Dev., 36,
(2) 109-120

Hill, C.E., Eade, J., & Sandow, S.L. 1999. Mechanisms underlying spontaneous rhythmical
contractions in irideal arterioles of the raPhysiol, 521, (2) 507-516

Holowatz, L.A., Thompson-Torgerson, C.S., & Kenney, W.L. 2008. The human cutaneous

circulation as a model of generalized microvascular funciiégpl.Physiol., 105, 370-372

Hopkins, A., Dealey, C., Bale, S., Defloor, T., & Warboys, F. 2006. Patient storieggfwith a
pressure ulcetdournal of Advanced Nursing, 56, (4) 345-353

Houghton, B.L., Meendering, J.R., Wong, B.J., & Minson, C.T. 2006. Nitric oxide and
noradrenaline contribute to the temperature threshold of the axonnedfgonse to gradual local
heating in human skid.Physiol, 572, (3) 811-820

Houwing, R., Overgoor, M., Kon, M., Jansen, G., van Asbeck, B.S., & Haalboom, J.R. 2000.
Pressure-induced skin lesions in pigs: reperfusion injury and theseffedatamin E.
J.Wound.Care, 9, (1) 36-40

Hsiu, H., Hsu, C.L., Chiang, W.R., Chao, P.T., Hsu, T.L., Jan, M.Y., Wang, W.K., & Wang, Y.Y.
2008. Connection between RR-interval length and the pulsatile microagulitw. Physiol
Meas., 29, (2) 245-254

Huang, A., Sun, D., Koller, A., & Kaley, G. 1997. Gender difference in myogenic tone of rat
arterioles is due to estrogen-induced, enhanced release ¢ihNPhysiol, 272, (4 Pt 2) H1804-
H1809

Hutchison, S.J., Sudhir, K., Sievers, R.E., Zhu, B.Q., Sun, Y.P., Chou, T.M., Chatterjee, K.,
Deedwania, P.C., Cooke, J.P., Glantz, S.A., & Parmley, W.W. 1999. Effects of L-amginine
atherogenesis and endothelial dysfunction due to secondhand stypédension, 34, (1) 44-50

258



Hwang, K., Kim, D.J., & Lee, 1.J. 2001. An anatomic comparison of the skin of five dorofaite
dermal fat graftAnn.Plast.Surg., 46, (3) 327-331

Hyndman, B.W., Kitney, R.l., & Sayers, B.M. 1971. Spontaneous rhythms in physiologiaall cont
systemsNature, 233, (5318) 339-341

IJzerman, R.G., de Jongh, R.T., Beijk, M.A., van Weissenbruch, M.M., Delemarre-Véaate
HA, Serne, E.H., & Stehouwer, C.D. 2003a. Individuals at increased coronary hea disleare

characterized by an impaired microvascular function in €anJ.Clin.Invest, 33, (7) 536-542

IJzerman, R.G., Serne, E.H., van Weissenbruch, M.M., de Jongh, R.T., & Stehouwer, C.D. 2003b.
Cigarette smoking is associated with an acute impairment of micudaagunction in humans.
Clin.ci.(Lond), 104, (3) 247-252

Jan, Y.K., Brienza, D.M., & Geyer, M.J. 2005. Analysis of week-to-weelkaliity in skin blood

flow measurements using wavelet transfor@ign.Physiol Funct.Imaging, 25, (5) 253-262

Jan, Y.K., Brienza, D.M., Geyer, M.J., & Karg, P. 2008. Wavelet-based spectalysia of sacral
skin blood flow response to alternating pressareh.Phys.Med.Rehabil., 89, (1) 137-145

Jan, Y.K., Struck, B.D., Foreman, R.D., & Robinson, C. 2009. Wavelet analysis of satral sk
blood flow oscillations to assess soft tissue viability in older additrovasc.Res., 78, (2) 162-
168

Jensen, J.A., Goodson, W.H., Hopf, HW., & Hunt, T.K. 1991. Cigarette smoking decresises ti
oxygen.Arch.Surg., 126, (9) 1131-1134

Kastrup, J., Bulow, J., & Lassen, N.A. 1989. Vasomotion in human skin before and after local
heating recorded with laser Doppler flowmetry. A method for induction of vasomoti
Int.J.Microcirc.Clin.Exp., 8, (2) 205-215

Katugampola, R., Church, M.K., & Clough, G.F. 2000. The neurogenic vasodilator response to
endothelin-1: a study in human skin in vi¥xp.Physiol, 85, (6) 839-846

Kellogg, D.L., Jr., Liu, Y., Kosiba, I.F., & O'Donnell, D. 1999. Role of nitric oxide in theutasc
effects of local warming of the skin in humadg\ppl.Physiol, 86, (4) 1185-1190

259



Kellogg, D.L., Jr., Zhao, J.L., Friel, C., & Roman, L.J. 2003. Nitric oxide concentrakoadses
in the cutaneous interstitial space during heat stress in hudndo@.Physiol, 94, (5) 1971-1977

Kelm, M., Preik, M., Hafner, D.J., & Strauer, B.E. 1996. Evidence for a multifatfmocess
involved in the impaired flow response to nitric oxide in hypertensivergatwith endothelial
dysfunction Hypertension, 27, (3 Pt 1) 346-353

Kernick, D.P., Tooke, J.E., & Shore, A.C. 1999. The biological zero signal in lapptdd
fluximetry - origins and practical implicationBflugers Arch., 437, (4) 624-631

Khan, F., Litchfield, S.J., Stonebridge, P.A., & Belch, J.J. 1999. Lipid-loweringkdmaascular
responses in patients with hypercholesterolaemia and peripheralabstructive disease.
Vasc.Med., 4, (4) 233-238

Klede, M., Clough, G., Lischetzki, G., & Schmelz, M. 2003. The effect of the nitric syitthase
inhibitor N-nitro-L-arginine-methyl ester on neuropeptide-induced veatiatil and protein
extravasation in human skihVasc.Res., 40, (2) 105-114

Knight, S.L., Taylor, R.P., Polliack, A.A., & Bader, D.L. 2001. Establishing prediatiieators
for the status of loaded soft tissudsAppl.Physiol, 90, (6) 2231-2237

Knotzer, H., Maier, S., Dunser, M., Stadlbauer, K.H., Ulmer, H., Pajk, W., & Hasib&de.
2007. Oscillation frequency of skin microvascular blood flow is assacveite mortality in
critically ill patients.Acta Anaesthesiol.Scand., 51, (6) 701-707

Knuutinen, A., Kokkonen, N., Risteli, J., Vahakangas, K., Kallioinen, M., Salo, TaShrsX
Oikarinen, A. 2002. Smoking affects collagen synthesis and extracellulax tmatover in human
skin.Br.J.Dermatol., 146, (4) 588-594

Koenigsberger, M., Sauser, R., Beny, J.L., & Meister, J.J. 2006. Effecteidlanall stress on
vasomotionBiophys.J., 91, (5) 1663-1674

Kosiak, M. 1959. Etiology and pathology of ischemic ulcArsh.Phys.Med.Rehabil., 40, (2) 62-
69

Kosiak, M. 1961. Etiology of decubitus ulcefgch.Phys.Med.Rehabil., 42, 19-29
260



Krouskop, T.A. 1983. A synthesis of the factors that contribute to pressur®isoation.
Med.Hypotheses, 11, (2) 255-267

Kruger, A., Stewart, J., Sahityani, R., O'Riordan, E., Thompson, C., Adler, S.,kKRrric
Vallance, P., & Goligorsky, M.S. 2006. Laser Doppler flowmetry detection aiftkalial
dysfunction in end-stage renal disease patients: correlation witiowascular riskKidney Int.,
70, (1) 157-164

Kvandal, P., Stefanovska, A., Veber, M., Kvernmo, H.D., & Kirkeboen, K.A. 2003. Regulation of
human cutaneous circulation evaluated by laser Doppler flowmetry, iontophonesipesctral

analysis: importance of nitric oxide and prostaglandiktsrovasc.Res., 65, (3) 160-171

Kvandal, P., Landsverk, S.A., Bernjak, A., Stefanovska, A., Kvernmo, H.D., & Kirkeboen, K.A
2006. Low-frequency oscillations of the laser Doppler perfusion signal in human skin.
Microvasc.Res., 72, (3) 120-127

Kvernmo, H.D., Stefanovska, A., Kirkeboen, K.A., & Kvernebo, K. 1999. Oscillatiortein t
human cutaneous blood perfusion signal modified by endothelium-dependent and endothelium-
independent vasodilatorslicrovasc.Res., 57, (3) 298-309

Lagaud, G.J., Skarsgard, P.L., Laher, I., & van, B.C. 1999. Heterogeneity of endothelium-
dependent vasodilation in pressurized cerebral and small meseeséesiance arteries of the rat.
J.Pharmacol .Exp.Ther., 290, (2) 832-839

Larsson, M., Steenbergen, W., & Stromberg, T. 2002. Influence of optical propediéber
separation on laser doppler flowmetdyBiomed.Opt., 7, (2) 236-243

Leanderson, P. & Tagesson, C. 1992. Cigarette smoke-induced DNA damage il ¢witoaa
lung cells: role of hydroxyl radicals and endonuclease activaiioam.Biol.Interact., 81, (1-2)
197-208

Lefrandt, J.D., Bosma, E., Oomen, P.H., Hoeven, J.H., Roon, A.M., Smit, A.J., & Hoogenberg, K.

2003. Sympathetic mediated vasomotion and skin capillary permeability in diphtéints with
peripheral neuropathyiabetologia, 46, (1) 40-47

261



Lehr, H.A., Kress, E., Menger, M.D., Friedl, H.P., Hubner, C., Arfors, K.E., & Mes3tdi93.
Cigarette smoke elicits leukocyte adhesion to endothelium in hamastgbstion by CuzZn-SOD.
Free Radic.Biol.Med., 14, (6) 573-581

Lehr, H.A., Frei, B., & Arfors, K.E. 1994. Vitamin C prevents cigarette smo#aded leukocyte
aggregation and adhesion to endothelium in Vroc.Natl.Acad.Sci.U.SA, 91, (16) 7688-7692

Lekakis, J., Papamichael, C., Vemmos, C., Stamatelopoulos, K., Voutsas, A., &kipma#os,
S. 1998. Effects of acute cigarette smoking on endothelium-dependent aifegasibd in normal
subjectsAm.J.Cardial., 81, (10) 1225-1228

Levy, M., Stanton, B., & Koeppen, B. 200&.nciples of Physiology, 4th ed. Elsevier, Mosby.

Li, P.F., Dietz, R., & von, H.R. 1997. Differential effect of hydrogen peroxide and sugeroxi
anion on apoptosis and proliferation of vascular smooth muscleGiettalation, 96, (10) 3602-
3609

Li, L., Mac-Mary, S., Sainthillier, J.M., Nouveau, S., de, L.O., & Humbert, P. 2006a. Aajede

changes of the cutaneous microcirculation in viverontology, 52, (3) 142-153

Li, Z., Tam, EW., Kwan, M.P., Mak, A.F., Lo, S.C., & Leung, M.C. 2006b. Effects of prolonged
surface pressure on the skin blood flowmotions in anaesthetized ratsessraent by spectral
analysis of laser Doppler flowmetry signdPhys.Med.Biol., 51, (10) 2681-2694

Lin, S.J., Hong, C.Y., Chang, M.S., Chiang, B.N., & Chien, S. 1992. Long-term nicotine exposure
increases aortic endothelial cell death and enhances transendothel@holacular transport in

rats.Arterioscler. Thromb., 12, (11) 1305-1312

Lindstedt, I.H., Edvinsson, M.L., & Edvinsson, L. 2006. Reduced responsiveness of cutaneous

microcirculation in essential hypertension--a pilot stiglgod Press, 15, (5) 275-280

Magerl, W. & Treede, R.D. 1996. Heat-evoked vasodilatation in human hairyagkim reflexes
due to low-level activity of nociceptive afferenisPhysiol, 497 ( Pt 3), 837-848

262



Margolis, D.J., Bilker, W., Knauss, J., Baumgarten, M., & Strom, B.L. 2002. The ioeidend
prevalence of pressure ulcers among elderly patients in generahhpditice Ann.Epidemiol .,
12, (5) 321-325

Martin, H.L., Loomis, J.L., & Kenney, W.L. 1995. Maximal skin vascular conductarsahiects
aged 5-85 yrJ.Appl.Physial, 79, (1) 297-301

Mauban, J.R., Lamont, C., Balke, C.W., & Wier, W.G. 2001. Adrenergic stimulation of rat
resistance arteries affects Ca(2+) sparks, Ca(2+) waves, and Gs¢#taYions Am.J.Physiol
Heart Circ.Physiol, 280, (5) H2399-H2405

Mayhan, W.G. & Sharpe, G.M. 1998. Superoxide dismutase restores endothelium-dependent
arteriolar dilatation during acute infusion of nicotide\ppl.Physiol, 85, (4) 1292-1298

Mayhan, W.G. & Sharpe, G.M. 1999. Chronic exposure to nicotine alters endothelium-dependent
arteriolar dilatation: effect of superoxide dismutak&ppl.Physiol, 86, (4) 1126-1134

Mayrovitz, H.N., Smith, J., Delgado, M., & Regan, M.B. 1997. Heel blood perfusion responses
pressure loading and unloading in wom@stomy.Wound.Manage., 43, (7) 16-20, 22, 24

Mayrovitz, H.N. & Smith, J. 1998. Heel-skin microvascular blood perfusion respomsestained

pressure loading and unloadimdicrocirculation., 5, (2-3) 227-233

Mayrovitz, H.N., Macdonald, J., & Smith, J.R. 1999. Blood perfusion hyperaemia in re¢ponse
graded loading of human heels assessed by laser-Doppler im@gmighysiol, 19, (5) 351-359

Mayrovitz, H.N., Sims, N., & Taylor, M.C. 2002. Sacral skin blood perfusion: arfacfwessure
ulcers?0Ostomy.Wound.Manage., 48, (6) 34-2

Mazzoni, M.C., Borgstrom, P., Warnke, K.C., Skalak, T.C., Intaglietta, M., & Arfors, 1Q€5.
Mechanisms and implications of capillary endothelial swelling andnlahmiarrowing in low-flow

ischemiaslint.J.Microcirc.Clin.Exp., 15, (5) 265-270

McCord, G.R., Cracowski, J.L., & Minson, C.T. 2006. Prostanoids contribute to cutamteaes
vasodilation in humangim.J.Physiol Regul.Integr.Comp Physiol, 291, (3) R596-R602

263



McGeown, J.G. 200Master medicine: Physiology - A clinical core text of human physiology with

self-assessment, 2nd ed. London, Churchill Livingstone.

Meekin, T.N., Wilson, R.F., Scott, D.A., Ide, M., & Palmer, R.M. 2000. Laser Doppler flavme
measurement of relative gingival and forehead skin blood flow in light @and/lsmokers during
and after smokingl.Clin.Periodontol., 27, (4) 236-242

Meredith, I.T., Currie, K.E., Anderson, T.J., Roddy, M.A., Ganz, P., & Creager, M.A. 1996.
Postischemic vasodilation in human forearm is dependent on endotheliunddetiiceoxide.
Am.J.Physol, 270, (4 Pt 2) H1435-H1440

Meyer, C. 2002. Letter to the editdrAppl.Physiol., 92, 888-889.

Meyer, M.F., Rose, C.J., Hulsmann, J.O., Schatz, H., & Pfohl, M. 2003. Impaired 0.1-Hz
vasomotion assessed by laser Doppler anemometry as an early index of gesypmeathetic

neuropathy in diabeteMlicrovasc.Res., 65, (2) 88-95

Midttun, M., Sejrsen, P., & Paaske, W.P. 2006. Smokers have severely distuipbdrpemicro-
circulation.Int.Angial., 25, (3) 293-296

Minson, C.T., Wladkowski, S.L., Cardell, A.F., Pawelczyk, J.A., & Kenney, W.L. 1998. ltgys a
the cardiovascular response to direct passive hedtiupl.Physiol, 84, (4) 1323-1332

Minson, C.T., Berry, L.T., & Joyner, M.J. 2001. Nitric oxide and neurally mediatediatemn of
skin blood flow during local heating.Appl.Physiol, 91, (4) 1619-1626

Minson, C.T., Holowatz, L.A., Wong, B.J., Kenney, W.L., & Wilkins, B.W. 2002. Decreased nitri
oxide- and axon reflex-mediated cutaneous vasodilation with age during latiaghe

J.Appl.Physiol, 93, (5) 1644-1649

Minson, C.T. & Wong, B.J. 2004. Reactive hyperemia as a test of endothelialovasicular
function?J.Am.Coll.Cardial., 43, (11) 2147-2148

Mitchell, G.F., Vita, J.A., Larson, M.G., Parise, H., Keyes, M.J., Warner, EariV&sS.,

264



Levy, D., & Benjamin, E.J. 2005. Cross-sectional relations of peripheral raggolar function,
cardiovascular disease risk factors, and aortic stiffness: #meitgham Heart Studgirculation,
112, (24) 3722-3728

Monfrecola, G., Riccio, G., Savarese, C., Posteraro, G., & Procaccini, E.M. 199 Ufheffect
of smoking on cutaneous microcirculation blood flow in habitual smokers and nogrsmok
Dermatology, 197, (2) 115-118

Moor Instruments (a) 2011, Moor LDI2-Bl Burn Assessment.

http: //gb.moor .co.uk/product/moor | di2-bi-bur n-assessment/9, Accessed F1March 2011

Moor Instruments (b) 2011, Trend Flap Monitorihtip://gb.moor.co.uk/product/trend-flap-

monitoring/16, Accessed FiMarch 2011

Moore, Z. & Cowman, S. 200&isk assessment tools for the prevention of pressure ulcers
(review). The Cochrane Collaboration, John Wiley and Sons, Ltd.

Moore, Z. & Cowman, S. 201®isk assessment tools for the prevention of pressure ulcers

(review). The Cochrane Collaboration, John Wiley and Sons, Ltd.

Morrow, J.D., Frei, B., Longmire, A.W., Gaziano, J.M., Lynch, S.M., Shyr, Y., Strauss, W.E.,
Oates, J.A., & Roberts, L.J. 1995. Increase in circulating products of lipirigetion (F2-
isoprostanes) in smokers. Smoking as a cause of oxidative daxnaggl.J.Med., 332, (18) 1198-
1203

Muller, M. 2002. Science, medicine, and the future: Microdialyg¥&l., 324, (7337) 588-591
Murray, R.P., Connett, J.E., Lauger, G.G., & Voelker, H.T. 1993. Error in smokingiraeas
effects of intervention on relations of cotinine and carbon monoxide to pelfted smoking. The
Lung Health Study Research Groéym.J.Public Health, 83, (9) 1251-1257

Murray, A.K., Moore, T.L., Manning, J.B., Taylor, C., Griffiths, C.E., & HerrigkL. 2009.

Noninvasive imaging technigues in the assessment of sclerodermaispéistordersArthritis
Rheum,, 61, (8) 1103-1111

265



Narkiewicz, K., van de Borne, P.J., Hausberg, M., Cooley, R.L., Winniford, M.D., Davison, D.E.,
& Somers, V.K. 1998. Cigarette smoking increases sympathetic outflow imisu@neculation,
98, (6) 528-534

National Institute for Health and Clinical Excellence 20@iberited clinical guideline B. Pressure

ulcer risk assessment and prevention.

National Pressure Ulcer Advisory Panel 2007, Pressure ulcer stapes! fey NPUAP.
http://www.npuap.org/pr2.htriccessed ¥ April 2011

Neunteufl, T., Heher, S., Kostner, K., Mitulovic, G., Lehr, S., Khoschsorur, G., Schid, R
Maurer, G., & Stefenelli, T. 2002. Contribution of nicotine to acute endothekliigtion in
long-term smokersl. Am.Coll.Cardial., 39, (2) 251-256

Nicotra, A., Asahina, M., & Mathias, C.J. 2004. Skin vasodilator response to lodabhieat
human chronic spinal cord injurktur.J.Neurol., 11, (12) 835-837

Nilsson, G.E., Tenland, T., & Oberg, P.A. 1980. Evaluation of a laser Doppler flonimete
measurement of tissue blood floMéEE Trans.Biomed.Eng, 27, (10) 597-604

Nilsson, H. & Aalkjaer, C. 2003. Vasomotion: mechanisms and physiological imperta
Mol.Interv., 3, (2) 79-89, 51

Noble, M., Voegeli, D., & Clough, G.F. 2003. A comparison of cutaneous vascular resmgonses t

transient pressure loading in smokers and nonsmakBehabil.Res.Dev., 40, (3) 283-288

Node, K., Kitakaze, M., Yoshikawa, H., Kosaka, H., & Hori, M. 1997. Reversible riedunt
plasma concentration of nitric oxide induced by cigarette smoking in young
adults.Am.J.Cardial., 79, (11) 1538-1541

Nuttall, S.L., Routledge, H.C., & Manney, S. 2002. Circulating and exhaled markersmbxiitle
and antioxidant activity after smokin@irculation, 106, (20) e145-e146

O'Riordan, E., Chen, J., Brodsky, S.V., Smirnova, I., Li, H., & Goligorsky, M.S. 2005. Endothelial
cell dysfunction: the syndrome in makingjdney Int., 67, (5) 1654-1658

266



Obeid, A.N., Barnett, N.J., Dougherty, G., & Ward, G. 1990. A critical review of Rappler
flowmetry. J.Med.Eng Technol ., 14, (5) 178-181

Orosz, Z., Csiszar, A., Labinskyy, N., Smith, K., Kaminski, P.M., Ferdinandy, P., Wolin, M.S
Rivera, A., & Ungvari, Z. 2007. Cigarette smoke-induced proinflammatory tdtesan the
endothelial phenotype: role of NAD(P)H oxidase activatim.J.Physiol Heart Circ.Physiol, 292,
(1) H130-H139

Pajk, W., Schwarz, B., Knotzer, H., Friesenecker, B., Mayr, A., Dunser, M., & HasjiWd
2002. Jejunal tissue oxygenation and microvascular flow motion during hemorrithge a
resuscitationAm.J.Physiol Heart Circ.Physial, 283, (6) H2511-H2517

Parthimos, D., Edwards, D.H., & Griffith, T.M. 1996. Comparison of chaotic and sitalsoi

vasomotion in the regulation of microvascular fl@eardiovasc.Res., 31, (3) 388-399

Peirce, S. M., Skalak, T.C., & Rodeheaver, G.T. 2000. Ischaemia-reperfusigrim chronic
pressure ulcer formation: a skin model in the\Adund.Repair Regen. 8, 68-76. 2000

Peirce, S.M., Skalak, T.C., Rieger, J.M., Macdonald, T.L., & Linden, J. 2001tigela2A)
adenosine receptor activation reduces skin pressure ulcer formatiorflamshiation.
Am.J.Physiol Heart Circ.Physiol, 281, (1) H67-H74

Pellaton, C., Kubli, S., Feihl, F., & Waeber, B. 2002. Blunted vasodilatory resportkes in

cutaneous microcirculation of cigarette smokéraHeart J., 144, (2) 269-274

Petersen, L.J., Pedersen, J.L., Skov, P.S., Nielsen, H.J., & Kehlet, H. 2009. héistanot
released in acute thermal injury in human skin in vivo: a microdialysiy 4nflamm.Res., 58, (7)
395-399

Phillips, L. & Buttery, J. 2009. Exploring pressure ulcer prevalence and preve mzte.
Nurs.Times, 105, (16) 34-36

Pittilo, R.M., Mackie, 1.J., Rowles, P.M., Machin, S.J., & Woolf, N. 1982. Effectsgairette

smoking on the ultrastructure of rat thoracic aorta and its abilityotupe prostacyclin.
Thromb.Haemost., 48, (2) 173-176

267



Pocock, G. & Richards, C.D. 2008uman Physiology: The Basis of Medicine, 3rd ed. Oxford,

Oxford University Press.

Pretto, E.A., Jr. 1991. Reperfusion injury of the livigansplant.Proc., 23, (3) 1912-1914

Radi, R., Beckman, J.S., Bush, K.M., & Freeman, B.A. 1991. Peroxynitrite-induced membrane
lipid peroxidation: the cytotoxic potential of superoxide and nitric oxddeh.Biochem.Biophys.,,
288, (2) 481-487

Rasool, A.H., Ghazali, D.M., Abdullah, H., Halim, A.S., & Wong, A.R. 2009. Endothelial nitric
oxide synthase G894T gene polymorphism and response to skin reactive hyperemia.
Microvasc.Res., 78, (2) 230-234

Reddy, N.P. & Cochran, G.V. 1981. Interstitial fluid flow as a factor in dassibicer formation.
J.Biomech., 14, (12) 879-881

Reid, R.R., Sull, A.C., Mogford, J.E., Roy, N., & Mustoe, T.A. 2004. A novel murine model of
cyclical cutaneous ischemia-reperfusion injukfaurg.Res., 116, (1) 172-180

Rendell, M.S. & Wells, J.M. 1998. Ischemic and pressure-induced hyperemia: aisompa
Arch.Phys.Med.Rehabil., 79, (11) 1451-1455

Reus, W.F., Robson, M.C., Zachary, L., & Heggers, J.P. 1984. Acute effects of taia&aags
on blood flow in the cutaneous micro-circulati@n.J.Plast.Surg., 37, (2) 213-215

Rhodes, L.E., Belgi, G., Parslew, R., McLoughlin, L., Clough, G.F., & Friedmann, P.S. 2001.
Ultraviolet-B-induced erythema is mediated by nitric oxide and priasteon E2 in combination.
J.Invest Dermatol., 117, (4) 880-885

Richardson, D. 1987. Effects of tobacco smoke inhalation on capillary blood flow in hkiman s
Arch.Environ.Health, 42, (1) 19-25

Rithalia, S.V.S., & Gonsalkorale, M. 2000. Quantification of pressure relief irggrgace

pressure and tissue perfusion in alternating pressure air mattfgsba2hys.Med.Rehabil ., 81,
1364-1369

268



Rocchi, E., Bursi, F., Ventura, P., Ronzoni, A., Gozzi, C., Casalgrandi, G., Marri, L.,
Rossi, R., & Modena, M.G. 2007. Anti- and pro-oxidant factors and endothelial dysfunction in
chronic cigarette smokers with coronary heart disdasel.Intern.Med., 18, (4) 314-320

Rossi, M., Ricco, R., & Carpi, A. 2004. Spectral analysis of skin laser Dopptat perfusion
signal during cutaneous hyperemia in response to acetylcholine iontophordsishanaa in
normal subjectsClin.Hemorheol .Microcirc., 31, (4) 303-310

Rossi, M. & Carpi, A. 2004. Skin microcirculation in peripheral arteriiterative disease.
Biomed.Pharmacother., 58, (8) 427-431

Rossi, M., Bertuglia, S., Varanini, M., Giusti, A., Santoro, G., & Carpi, A. 2005. Germetalis
wavelet analysis of cutaneous flowmotion during post-occlusive redgtperaemia in patients
with peripheral arterial obstructive diseaBmmed.Pharmacother., 59, (5) 233-239

Rossi, M., Carpi, A., Galetta, F., Franzoni, F., & Santoro, G. 2006a. The investigatian bfood
flowmotion: a new approach to study the microcirculatory impairment in laastiseases?
Biomed.Pharmacother., 60, (8) 437-442

Rossi, M., Carpi, A., Di Maria, C., Galetta, F., & Santoro, G. 2006b. Spectral anaflyaser
Doppler skin blood flow oscillations in human essential arterial hypéoterdicrovasc.Res., 72,
(1-2) 34-41

Rossi, M., Carpi, A., Di, M.C., Galetta, F., & Santoro, G. 2007. Absent post-ischemiaseat
blood flowmotion in the cutaneous microcirculation of healthy chroniaeitgasmokers.
Clin.Hemor heol .Microcirc., 36, (2) 163-171

Rossi, M., Cupisti, A., Di, M.C., Galetta, F., Barsotti, G., & Santoro, G. 2008. Blunted post-
ischemic increase of the endothelial skin blood flowmotion componentlgsigarof endothelial
dysfunction in chronic kidney disease patieMgcrovasc.Res., 75, (3)

315-322

Rossi, M., Carpi, A., Di, M.C., Franzoni, F., Galetta, F., & Santoro, G. 2009. Skin blood

flowmotion and microvascular reactivity investigation in hypercholelsiic patients without

clinically manifest arterial diseasd?hysiol Res., 58, (1) 39-47

269



Rowell, L.B. 1977. Reflex control of the cutaneous vasculafurezest Dermatol., 69, (1) 154-
166

Royal College of Nursing & National Institute for Health and Clinicatéflence. 2005The

management of pressure ulcersin primary and secondary care: A clinical guideline.

Rubanyi, G.M., Romero, J.C., & Vanhoutte, P.M. 1986. Flow-induced release of endothelium-
derived relaxing factodm.J.Physiol, 250, (6 Pt 2) H1145-H1149

Rucker, M., Strobel, O., Vollmar, B., Roesken, F., & Menger, M.D. 2000. Vasomotionigaltyit
perfused muscle protects adjacent tissues from capillary perfudime fAim.J.Physiol Heart
Circ.Physial, 279, (2) H550-H558

Rummery, N.M. & Hill, C.E. 2004. Vascular gap junctions and implications forrtgmp&on.
Clin.Exp.Pharmacol.Physiol, 31, (10) 659-667

Russell, L. 1998. Physiology of the skin and prevention of pressure Bodsurs., 7, (18) 1084,
1088-1092, 1096

Sacks, A.H., O'Neill, H., & Perkash, I. 1985. Skin blood flow changes and tissue dedmisnati
produced by cylindrical indentordRehabil.Res.Dev., 22, (3) 1-6

Sae-Sia, W., Wipke-Tevis, D.D., & Williams, D.A. 2007. The effect of clinicalgvant pressure
duration on sacral skin blood flow and temperature in patients after sl cord injury.
Arch.Phys.Med.Rehabil., 88, (12) 1673-1680

Saumet, J.L., Kellogg, D.L., Jr., Taylor, W.F., & Johnson, J.M. 1988. Cutaneous tagaeD
flowmetry: influence of underlying muscle blood flodvAppl.Physial, 65, (1) 478-481

Sax, F.L., Cannon, R.O., lll, Hanson, C., & Epstein, S.E. 1987. Impaired forearm vasodilator
reserve in patients with microvascular angina. Evidence of a gameerdisorder of vascular

function?N.Engl.J.Med., 317, (22) 1366-1370

Schubert, V. & Fagrell, B. 1989. Local skin pressure and its effects on skiocirgatation as

evaluated by laser-Doppler fluxmet@lin.Physiol, 9, (6) 535-545

270



Schubert, V. 1991. Hypotension as a risk factor for the development of presasreslderly
subjectsAge Ageing, 20, (4) 255-261

Schubert, V. & Fagrell, B. 1991. Evaluation of the dynamic cutaneous post-ischagraraemia
and thermal response in elderly subjects and in an area at risk$sup sore€lin.Physiol, 11,
(2) 169-182

Seeley, R., Stephens, T., & Tate, P. 20%&@&tomy and Physiology, McGraw-Hill Companies.

Sell, M., Boldt, W., & Markwardt, F. 2002. Desynchronising effect of the endotha&in
intracellular Ca2+ concentration dynamics in vascular smooth musdetedit mesenteric
arteriesCell Calcium, 32, (3) 105-120

Shore, A.C., Price, K.J., Sandeman, D.D., Green, E.M., Tripp, J.H., & Tooke, J.E. 1991edimpair
microvascular hyperaemic response in children with diabetes mdital®et.Med., 8, (7) 619-623

Slaaf, D.W., Vrielink, H.H., Tangelder, G.J., & Reneman, R.S. 1988. Effective diaatea
determinant of local vascular resistance in presence of vasomatiahPhysiol, 255, (5 Pt 2)
H1240-H1243

Smith, S. 1997The scientist and engineers guide to Digital Sgnal Processing California, Technical
Publishing.

Smith, C.J. & Fischer, T.H. 2001. Particulate and vapor phase constituemnfarefte mainstream

smoke and risk of myocardial infarctioftherosclerosis, 158, (2) 257-267

Smith, B.M., Guihan, M., LaVela, S.L., & Garber, S.L. 2008. Factors predicting peadsers in
veterans with spinal cord injuriedm.J.Phys.Med.Rehabil., 87, (9) 750-757

Soderstrom, T., Stefanovska, A., Veber, M., & Svensson, H. 2003. Involvement of sympathetic
nerve activity in skin blood flow oscillations in humaAsi.J.Physiol Heart Circ.Physiol, 284, (5)
H1638-H1646

Sorensen, L.T., Jorgensen, S., Petersen, L.J., Hemmingsen, U., Bulow, J., Loft, Stug, Gott
2009. Acute effects of nicotine and smoking on blood flow, tissue oxygen, and aerobe metabolism
of the skin and subcutid.Qurg.Res., 152, (2) 224-230

271



Spilsbury, K., Nelson, A., Cullum, N., Iglesias, C., Nixon, J., & Mason, S. 2007. Pressuee ulcer
and their treatment and effects on quality of life: hospital inpatiesppetivesJ.Adv.Nurs., 57,
(5) 494-504

Sprigle, S., Linden, M., & Riordan, B. 2002. Characterizing reactive hypereanissiie
reflectance spectroscopy in response to an ischemic load across gemdsinggigmentation and
diabetesMed.Eng Phys., 24, (10) 651-661

Stevens, A. & Lowe, J. 199Auman Histology, 2nd ed. Philadelphia, Mosby.

Stewart, J., Kohen, A., Brouder, D., Rahim, F., Adler, S., Garrick, R., & Goligorsky, M.S. 2004.
Noninvasive interrogation of microvasculature for signs of endothi&flinction in patients with
chronic renal failureAm.J.Physiol Heart Circ.Physiol, 287, (6) H2687-H2696

Stewart, J.M., Taneja, |., Goligorsky, M.S., & Medow, M.S. 2007. Noninvasive medsure o
microvascular nitric oxide function in humans using very low-frequency cutaraser Doppler

flow spectraMicraocirculation., 14, (3) 169-180

Struck, B.D. & Wright, J.E. 2007. Pressure ulcers and endothelial dysfunctibaresa link?
J.Nutr.Elder., 26, (3-4) 105-117

Stulc, T., Kasalova, Z., Prazny, M., Vrablik, M., Skrha, J., & Ceska, R. 2003. Mictdaasc
reactivity in patients with hypercholesterolemia: effect of lipiéring treatmenfhysiol Res,,
52, (4) 439-445

Suner, 1.J., Espinosa-Heidmann, D.G., Marin-Castano, M.E., Hernandez, E.P., RereiraSs,
& Cousins, S.W. 2004. Nicotine increases size and severity of experimeortaidal
neovascularisationnvest.Ophthalmol .Vis.Sci., 45, (1) 311-317

Suriadi, Sanada, H., Sugama, J., Thigpen, B., & Subuh, M. 2008. Development of a new risk
assessment scale for predicting pressure ulcers in an intensivmitaxers.Crit Care, 13, (1) 34-
43

Svalestad, J., Hellem, S., Vaagbo, G., Irgens, A., & Thorsen, E. 2010. Reproducibility of
transcutaneous oximetry and laser Doppler flowmetry in facial skiniagivgl tissue.
Microvasc.Res., 79, (1) 29-33

272



Swain, I.D. & Grant, L.J. 1989. Methods of measuring skin blood fRiws.Med.Bial., 34, (2)
151-175

Taddei, S., Galetta, F., Virdis, A., Ghiadoni, L., Salvetti, G., Franzoni, F., Glus8, Salvetti, A.
2000. Physical activity prevents age-related impairment in nitrieecaxvailability in elderly
athletesCirculation, 101, (25) 2896-2901

Tagawa, T., Imaizumi, T., Endo, T., Shiramoto, M., Harasawa, Y., & Takeshit894. Role of

nitric oxide in reactive hyperemia in human forearm ves8egtsulation, 90, (5) 2285-2290

Takenaka, T., Suzuki, H., Okada, H., Hayashi, K., Kanno, Y., & Saruta, T. 1998. Mechanhasensi
cation channels mediate afferent arteriolar myogenic constrictitwe iisdlated rat kidney.
J.Physiol, 511 ( Pt 1), 245-253

Tee, G.B., Rasool, A.H., Halim, A.S., & Rahman, A.R. 2004. Dependence of human forearm skin

postocclusive reactive hyperemia on occlusion tiligharmacol.Toxicol.Methods, 50, (1) 73-78

Tenland, T., Salerud, E.G., Nilsson, G.E., & Oberg, P.A. 1983. Spatial and temporabnsiiiati
human skin blood flowlnt.J.Microcirc.Clin.Exp., 2, (2) 81-90

Thompson-Bishop, J.Y., & Mottola, C.M. 1992. Tissue interface pressure and edtimate

subcutaneous pressures of 11 different pressure reducing support shéaadkisus. 5, 42-48
Timar-Banu, O., Beauregard, H., Tousignant, J., Lassonde, M., Harris, P., Viau, G., Vachon, L
Levy, E., & Abribat, T. 2001. Development of noninvasive and quantitative methodologtbe

assessment of chronic ulcers and scars in huriddoud.Repair Regen., 9, (2) 123-132

Tingle, J. 1997. Pressure sores: counting the legal cost of nursing nBgleblurs., 6, (13) 757-
758

Tortora, G.J. & Grabowski, S.R. 199 .inciples of Anatomy and Physiology, 8th ed. John Wiley

& Sons Inc.

Tortora, G.J. & Grabowski, S.R. 20@®rinciples of Anatomy and Physiology, 9th ed. John Wiley

& Sons Inc.

273



Tortora, G. & Derrickson, B. 200®@rinciples of Anatomy and Physiology, 12th ed. John Wiley &

Sons Inc.

Tousoulis, D., Antoniades, C., Tentolouris, C., Tsioufis, C., Toutouza, M., Toufduz&s
Stefanadis, C. 2003. Effects of combined administration of vitamins C and Ectimedg/peremia

and inflammatory process in chronic smokétherosclerosis, 170, (2) 261-267

Trandel, R.S., Lewis, D.W., & Verhonick, P.J. 1975. Thermographical investigataecobitus
ulcers.Bull.Prosthet.Res. (10-24) 137-155

Tsai, A.G. & Intaglietta, M. 1993. Evidence of flowmotion induced changexcal tissue
oxygenationlnt.J.Microcirc.Clin.Exp., 12, (1) 75-88

Tsuchiya, M., Asada, A., Kasahara, E., Sato, E.F., Shindo, M., & Inoue, M. 2002. Smokinig a sing
cigarette rapidly reduces combined concentrations of nitrate and aitd concentrations of
antioxidants in plasm&irculation, 105, (10) 1155-1157

Tur, E., Yosipovitch, G., & Oren-Vulfs, S. 1992. Chronic and acute effects of cigameténg on
skin blood flow.Angiology, 43, (4) 328-335

University of Southampton. 200Bemystifying Biomedical Sgnals: Principals and Applications.

Course Notes.

Ursino, M., Cavalcanti, S., Bertuglia, S., & Colantuoni, A. 1996. Theoreticajsaasalf complex

oscillations in multibranched microvascular netwoMgcrovasc.Res., 51, (2) 229-249

Vallance, P., & Chan, N. 2001. Endothelial function and nitric oxide: clinical reteveleart, 85,
342-350

van Adrichem, L.N., Hovius, S.E., van, S.R., & van der Meulen, J.C. 1992. Acute effects of
cigarette smoking on microcirculation of the thumb.J.Plast.Surg., 45, (1) 9-11

van, d., V, Postma, D.S., Timens, W., Hylkema, M.N., Willemse, B.W., Boezen, H.M., Vonk, J.M.,

de Reus, D.M., Kauffman, H.F., & ten Hacken, N.H. 2005. Acute effects of cigamadténg on

inflammation in healthy intermittent smokeRespir.Res., 6, (22)

274



Vangilder, C., Macfarlane, G.D., & Meyer, S. 2008. Results of nine internatioesdure ulcer
prevalence surveys: 1989 to 20@stomy.Wound.Manage., 54, (2) 40-54

Vangilder, C., MacFarlane, G., Meyer, S., & Lachenbruch, C. 2009. Body mass index, weight, and
pressure ulcer prevalence: an analysis of the 2006-2007 International étdlssuiPrevalence
SurveysJ.Nurs.Care Qual., 24, (2) 127-135

Verma, S. & Anderson, T.J. 2002. Fundamentals of endothelial function for the clinical
cardiologist.Circulation, 105, (5) 546-549

Vinik, A.l., Erbas, T., Park, T.S., Pierce, K.K., & Stansberry, K.B. 2001. Mettawdsvaluation of
peripheral neurovascular dysfuncti@iabetes Technol. Ther., 3, (1) 29-50

Wann-Hansson, C., Hagell, P., & Willman, A. 2008. Risk factors and prevention amanggati
with hospital-acquired and pre-existing pressure ulcers in an acuteosgieal J.Clin.Nurs., 17,
(13) 1718-1727

Wardell, K., Braverman, I.M., Silverman, D.G., & Nilsson, G.E. 1994. Spatialdggreity in
normal skin perfusion recorded with laser Doppler imaging and flowmdicyovasc.Res., 48, (1)
26-38

Warner, D.O., Joyner, M.J., & Charkoudian, N. 2004. Nicotine increases initga Bow
responses to local heating of human non-glabrous $Knysiol, 559, (Pt 3) 975-984

Whittington, K., Patrick, M., & Roberts, J.L. 2000. A national study of pressure uleealpnce
and incidence in acute care hospitalé/ound.Ostomy.Continence.Nurs., 27, (4) 209-215

Wiernsperger, N. 2000. Defects in microvascular haemodynamics during presiiaioettributor
or epiphenomenorDiabetologia, 43, (11) 1439-1448

Widlansky, M.E. 2009. Shear stress and flow-mediated dilation: all sheanses are not created
equally.Am.J.Physial., 296, H31-H32

Wiesner, T.F., Berk, B.C., & Nerem, R.M. 1997. A mathematical model of the cytfreaic
calcium response in endothelial cells to fluid shear stRess.Natl.Acad.Sci.U.SA, 94, (8) 3726-
3731

275



Wiles, M.D., Dickson, E., & Moppett, |.K. 2008. Transient hyperaemic response &5 asseular
reactivity of skin: effect of topical anaesthe®a.J.Anaesth., 101, (3) 320-323

Wilkin, J.K. 1986. Periodic cutaneous blood flow during postocclusive reactpardmyia.
Am.J.Physiol, 250, (5 Pt 2) H765-H768

Wohlrab, J., Korting, R., Helmbold, P., & Marsch, W.C. 2001. The NO release test ai@ainc
reference standard for laser Doppler fluxmetry in cutaneous microangigkog Res.Technol., 7,
(3) 172-175

Wong, B.J., Wilkins, B.W., Holowatz, L.A., & Minson, C.T. 2003. Nitric oxide synthase ititnib
does not alter the reactive hyperemic response in the cutanealaticincJ.Appl.Physiol, 95, (2)
504-510

Wright, C. I., Kroner, C. I., & Draijer, R. 2006. Non-invasive methods and stimuli fonatiady
the skin's microcirculatiordournal of Pharmacological and Toxicological Methods, 54, 1-25

Wywialowski, E.F. 1999. Tissue perfusion as a key underlying concept sfupeadcer
development and treatmedtvasc.Nurs,, 17, (1) 12-16

Xakellis, G.C., Frantz, R.A., Arteaga, M., & Meletiou, S. 1993. Dermal blood flow respons
constant pressure in healthy older and younger subje@tsontol., 48, (1) M6-M9

Yanbaeva, D.G., Dentener, M.A., Creutzberg, E.C., Wesseling, G., & Wouters, E.F. 2007.
Systemic effects of smokinGhest, 131, (5) 1557-1566

Yin, L., Morita, A., & Tsuji, T. 2000. Alterations of extracellular matrix inddid® tobacco smoke
extract.Arch.Dermatol.Res. , 292, (4) 188-194

Young, J.M., Shand, B.l., McGregor, P.M., Scott, R.S., & Frampton, C.M. 2006. Comparative
effects of enzogenol and vitamin C supplementation versus vitamin C alone dmeéiatifutnction
and biochemical markers of oxidative stress and inflammation in chronkessiFree

Radic.Res,, 40, (1) 85-94

276



Zhang, W.Z., Venardos, K., Chin-Dusting, J., & Kaye, D.M. 2006. Adverse effects of cigarette
smoke on NO bioavailability: role of arginine metabolism and oxidatiesstypertension, 48,
(2) 278-285

Zhao, J.L., Pergola, P.E., Roman, L.J., & Kellogg, D.L., Jr. 2004. Bioactive nitric oxide
concentration does not increase during reactive hyperemia in humad.AfphPhysiol, 96, (2)

628-632

Zhong, J., Seifalian, A.M., Salerud, G.E., & Nilsson, G.E. 1998. A mathematical analyses on t
biological zero problem in laser Doppler flowmetiigEE Trans.Biomed.Eng, 45, (3) 354-364

277






