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Abstract:

Pressure Ulcers (PUs) can occur in any situatiomsre people are subjected to prolonged
mechanical loading. They can have devastatingctsffen the patients’ well-being and in
extreme conditions can prove fatal. In additiotréalitional wisdom implicating mechanical-
induced ischaemia, there is strong evidence thar shechanisms play a role in the cascade of
events which can initiate the PU damage procesizeatellular level. Some of these refer to a
metabolic imbalance with compromised delivery otriemts and accumulation of waste
products associated with the cell niche. The amrad much research has focused on the
measure of oxygen in compressed tissues as a rokprelicting early damage. However, the
present review adopting a hierarchical approadhgusngth scales ranging from cells through
to human models, has revealed compelling evidemeehvwhighlights the importance of carbon
dioxide levels and associated concentration ofratietabolites, such as lactate and purines.
The temporal profiles of these metabolites have Ineenitored in the various models subjected
to periods of mechanical-induced loading wherddhalised cells have converted to anaerobic
metabolism. They reveal threshold levels of carthoride which might be indicative of early
tissue damage during both mechanical-induced iscizaand subsequent reperfusion and an
appropriate sensor could be used in a similar nratongne long-standing “canary in a cage”

method to detect toxic gases in enclosed mines.

Keywords:

Pressure ulcers, ischemia, PC@erfusion, mechanical loaded tissues



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

1. Introduction

Years ago, working miners carried a canary in aoaoage as a simple but effective safety
device. When the canary collapsed, it was an itidicahat the air was toxic and the miners
had to rapidly leave the mine. The £@ gastric tonometry has been referred to as dnany

in the cage in an ischemic tissue (64). Can thimgasing a different tune for detection of
pressure ulcers (PUs)?

The condition of pressure ulcers or decubitus (akessure sores, bed sores) represents a
localized injury to skin and/or underlying tissuspally over a bony prominence, as a result of
prolonged mechanical loading in the form of pressor pressure in combination with shear
(24). Pressure Ulcers (PUs) can occur in any simsiwhere people are subjected to sustained
mechanical loads, but are particularly common ibjestts who are bedridden or confined to
chairs for much of their waking day. Thus, commibessfor tissue damage include the sacrum,
heel and the ischial tuberosities. PUs have beaditionally associated with the elderly,
particularly those who are malnourished and dehgdraith additional medical complications
(28, 45, 56). However, PUs affect a wider age rangkiding neonates and paediatrics nursed
in intensive-care units, patients undergoing prgéshsurgery and the Spinal Cord Injured (13).
Accordingly, they represent a disabling chronicditan that has been universally implicated
as both a Quality of Care and Patient Safety i$suendividuals in hospital and community
settings. Indeed when a pressure ulcer has dewkldpean have devastating results for the

patients’ well-being and in extreme conditions canse death (42).

The aetiopathogenesis of PUs has long been coadiderinvolve the mechanically induced
capillary occlusion, resulting in tissue ischemi&hwassociated localised hypoxia. This
mechanism will limit the delivery of vital nutries)tsuch as oxygen, to the cell niche. The

resulting cell death would impede any remodellinrgcesses and will result in the local
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breakdown of soft tissues. This ischaemia-inducedhanism was supported by a number of
seminal studies employing animal models (26, 33weler, in the last decade compelling
evidence from different hierarchical levels haveplicated other mechanisms in the
development of pressure ulcers, namely, the blaek&fymphatics and altered interstitial fluid
flow, ischaemia-reperfusion injury and cellular atehation (9, 34,47). Each of these
mechanisms will result in the initiation of damagea cellular level, associated with different
tissue layers, namely skin, fat and muscle, ovegihe bony prominences. A schematic
indicating the potential inter-relationships betwdieese mechanisms leading to cell damage is

provided in Figure 1.

Figure 1 should be inserted here

A typical bioengineering approach to monitor indival risk factors for developing PUs has
been to measure physical parameters at the loamthddupport interface e.g. supine subjects
lying on a mattress. As an example, commerciakfae pressure monitoring systems have
been long established, with benefits of comparingpsrt surfaces and/or providing feedback
on the functional posture of individuals. Howevers well recognised that interface pressures
do not inform clinicians to potential risk of tisstoreakdown. For this, some measure of the
effects of mechanical loading and time on the vVilgbistatus of loaded tissues is needed. As
an example, Laser Doppler flowmetry (LDF) can syppformation about the location of the
blood vessels and the magnitude of blood flow m\hssels. However, these measurements
may not provide adequate information about thelle¥docal tissue oxygenation. Routine
measurements of transcutaneous gas tensions wezopled over 30 years ago to monitor the
respiration gases of neonate infants. These haa ddapted to monitor oxygencfG;) and

carbon dioxide (EPCQ) levels in loaded soft tissues in a number of issidn both healthy
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subjects and those considered to be at high risleeéloping pressure ulcers (1, 3, 4, 7, 8, 55,

57).

Although, the quantification of oxygen at celluéard tissue levels is well-established, the role
of carbon dioxide in this context is still not ale&@Vhat is certain is that carbon dioxide is
involved in three main processes that are essdati#the survival of the organism, namely, i)
Local blood transportation ii) Oxygen transportatand iii) Regulation of acid-base balance.
Furthermore, an elevation of tissue carbon dioxide to reduced circulation is based on two
processes: an accumulation of tissue P@@e to flow stagnation, and wash off processes in
local tissue.

After an introduction to tissue carbon dioxide, prepose a hypothesis, based on hierarchical
evidence derived from a diverse range of studimed,darbon dioxide could prove to be a reliable

marker for early detection of pressure ulcers.

2. Brief History of PCO2

Carbon dioxide was first discovered by a medicatlent, Joseph Black (17), who reported
large quantities of a “fixed gas”, which was gemedavhen chalk was heated or acidified. He
observed that the “fixed air” was denser than iagr did not support either flame or animal life.

It is a colorless gas and does not have electlipale making it diamagnetic.

Carbon dioxide is generated in tissues, both andrproduct of the cellular respiratory process
as a result of buffering protons with bicarbonatee to the metabolic acidosis following
ischaemia (63). The carbon dioxide is soluble inewaesulting to carbonic acid £{80s)
which, itself, is converted into 'Hand HCQ". The amount dissolved in the fluid phase is

governed by Henry's Law, namely,



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

PCO, =K,, [cQ] Equation 1

where PCQis the partial pressure of carbon dioxide, ofefiemred to as carbon dioxide tension
(51), which increases with enhanced concentratboarbon dioxide. The Henry's coefficient,
Kh, is dependent on the solubility of carbon dioxidethe tissue and its temperature (61).
Although its value has been extensively estimatdalaod, its value in tissue has not been fully
established. The level of carbon dioxide expiredrfthe body is about 4%, while in tissue the
level of carbon dioxide is normally 1-2% higher (22Z).

The presence of carbon dioxide helps the releasrygfen from hemoglobin. This process,
known as the Bohr effect, is explained as the omydissociation curves shift to the right
implying that an increase in plasma carbon dioxiel#uces the equilibrium of hemoglobin
saturation. Increasing carbon dioxide may attachenmaolecules to hemoglobin to transport
away the excess CQlescribed as the Haldane effect (29). Thus, a ak¥@d increase of
PCQ in tissue above normal values, indicates bottagnsition of blood flow and a shift to

anaerobic metabolism.

2. Determinants of PCQ
It is believed that tissue PG®@ determined by the balance between arterial R@3ue blood
flow and distribution, the mix of aerobic and arwdec metabolism including lactate changes

in tissue, and venous oxygen saturation, as ingficiat Figure 2.

Figure 2 should be inserted here
When an ischemic condition occurs, impaired bldod fdecreases carbon dioxide clearance

from tissues (31), thereby causing an increasedyaxyrelease from haemoglobin and
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producing additional carbon dioxide (63). Howewas, oxygen availability is finite when a

diminished blood flow occurs, this accounts foryosinall increases in carbon dioxide and the
majority of the excess carbon dioxide observedsamaemic conditions is thought to derive
from lactic acid, generated as a result of anaeroi@tabolism (31). When this dissociates,
hydrogen ions accumulate and, since intracellulzarbonate levels are largely equivalent to
blood plasma levels, intracellular hydrogen leadthe release of previously buffered carbon
dioxide (63). Since carbon dioxide readily diffuset® the extracellular space, localised tissue
acidosis may occur (63). These authors also sugjgastissue acidosis below a threshold may
serve to protect cells by reducing the activity emizymes involved in the generation of

damaging substances.

3. Hierarchical Evidence of PCQ as an early indicator of PU formation

3.1 Cell-based Model systems

Over the last 15 years, sevenalvitro models have been adopted to examine the effects of
mechanical-induced cell damage. Such cell-basedersgs provide the opportunity for
examining a number of output parameters in a cbettonanner. Of particular relevance were
the series of studies (19-21, 52), using a tiseigineered muscle model, termed bio-artificial
muscles (BAMs), to examine the differential effeofscompressive strain (up to 40%) and
iIschaemia on both cell apoptosis and necrosisr@héts inferred that strain results in a gradual
increase of damage over 22 hours, but there wasssaciated damage due to hypoxia (19)
This may be explained by the oxygen conformanceaViehr of the cells, resulting in a

decrease in their energy demands with associatesliogption of less oxygen under hypoxia
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conditions, without decreasing their amount of ggepresent (ATP) (2). In addition, this
behaviour is assisted by a switch to anaerobiclmoéitan with the associated increase of lactate

in the culture medium.

These experiments were extended for culture petipde 5 days to examine the effects, singly
and combined, of glucose deprivation, pH changgiclacid accumulation and deformation.
An air tight box was designed containing four 64s/@lates with BAMs, which was flushed

with gases to achieve either normoxic (20% ©r hypoxic (6 % @ conditions.

Figures 3a and 3b indicates the effect of low agl lglucose levels on BAM performance at
normoxic conditions. The effect of glucose depiimatin the absence of medium refreshment
was significant from 24 hours and beyond. It was@wt that after day 1 there was no glucose
available to the cells in the low glucose mediugyl(). Accordingly metabolism was limited

with lactate production reaching a maximum at dand thereafter remaining constant. The
group exposed to high glucose medium revealed @eased lactate production up to day 3,
thereafter remaining constant at approximately 28 (Rigure 3b). This was associated with a
reduction in pH from 7.4 to 6.5. It was clear tigiicose deprivation represented a critical

determinant of premature cell death (20).

Other findings revealed that BAMs subjected to defttion alone did not significantly change
their glucose consumption (Figure 3c) or lactatedpction (Figure 3d) or cell death profile
when compared to control samples (p>0.05 in akgpBy contrast, the hypoxic groups, with
and without deformation, consumed significantly englucose than the control group on days

1 and 2 (p<0.01) and exhibited an enhanced cethdwmafile and reduced pH over the 5 day
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culture period (20). Additionally, the lactate &$e of the hypoxic group alone (Figure 3d) was

significantly elevated compared to the control grgp<0.01).

Figure 3 should be inserted here

These collected studies reveal that deformatioratsgnificant effect on cell death in 24 hour
cultures. Howeverfor extended culture periods, the hypoxia-inducézlaed lactic acid

production eventually exceeded the acid threshpidyided there was sufficient glucose
present in the medium to continue metabolism. TlassJong as the threshold levels for

deformation or ischemia are not exceeded, thedisamples may survive compression.

Other model systems provide compelling evidenceghviuggest that lack of oxygen per se
does not necessarily lead to cell damage. As amjgbega Hotter et al. (25) proposed that
impaired oxygenation combined with an excess dimadioxide, termed hypercapnia, would
influence cell apoptosis. The authors induced tarigd renal ischaemia in rats for thirty
minutes, while monitoring intra-renal pH and congalipCQ values from these
measurements. The resulting pS@lues, namely 18% and 30%, were subsequently
reproducedn vitro. Following exposure and a subsequent return to nlacofiaure conditions,
selected experimental cultures, namely those exptoskypoxia with concomitant
hypercapnia, exhibited apoptotic activity, whichsvaatistically higher (p<0.05) than both
the control groups and the groups exposed to hgpara aloneThe authors reaffirm that as
CO.diffuses easily through cell membranes, its infeeewould be immediate in all

intracellular compartments.

3.2 Animal Modd Studies
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If PCO; providesan early marker for the detection of ischemia irsoheitissue, it must reflect
the energy state of cells in tissue areas subje¢otedternal mechanical loading. The question
arises whether measuring P£®hen the local blood flow is reduced, will contaformation
about the lactate tissue acidosis and/or the boeakaf energy stores like ATP. If the energy
stores in that tissue are already broken down, thercells follow an irreversible pathway,

which will restrict an effective treatment strategy

It is well established that when the cell conveadsanaerobic glycolysis, a considerable
intracellular production of protons will ensue (14)arge proportion of which will be buffered
by intracellular bicarbonates, forming €é@nd water (10). If the blood flow is inadequake t

process results in an accumulation of>-@@tissue to values several fold higher than trthse

to oxidative phosphorylation alone. As muscle #s$ known to be resilient to anaerobic
condition, it might be hypothesised that ATP wobkl maintained constant for a prolonged
period due to the transfer of energy-rich phosplgt®ups from phosphocreatine (39).
However, physiological and anatomical studies haported that muscle can only tolerate
ischemia for up to 4 hours, compared to much lomqpgrods for fat (~13hours) and skin
(~24hours) at normothermia (6). This indicates ttiet skeletal muscles overlying bony

prominences may represent the tissues most vulegrabues to ischemia.

Lactate accumulation in muscle tissue as an indexcoelerated glycolysis has long been
appreciated, although studies to demonstrate lasiorship to the partial pressure of carbon
dioxide are limited. Of the few, a linear corretaitiwvas demonstrated between lactate and,PCO
when porcine muscle was subjected to zero-flow imms$ (37). The authors also

demonstrated that after the onset of ischaemia,.HC@ased several fold when compared to

10
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basal levels long before depletion of the energgrest ATP, and phosphocreatine
concentrations. A total depletion of these enestgyes will result in a permanent irreversible
injury to the cells and therefore monitoring P&0uld prove a promising marker of reversible
tissue damage (38). Indeed carbon dioxide mays#ffaut of the cells and be detected at the
surface of the tissue, while measurements of laataight prove problematic due to the

collection of sufficient sample volume in a nond#swe manner (see later section).

It is recognised that if the zero-flow conditiorinsluced, it will result in an associated decrease
in the temperature of the tissue bed, a condigoméd cold ischemia, which may accordingly
decrease the measured P@G©Ocording to Henry's law (Equation 1). At the satime, an
decrease in temperature means that the tissuelesaté ischemia for prolonged periods since
the metabolism is lower and the energy suppliedavoel preserved (70). Therefore, itis logical
to suggest that the tissue would tolerate ischelmiang a combination of arterial and venous
occlusion resulting in a zero flow condition. Thias examined in a study using porcine muscle
tissues (36), the results of which are illustrateéigure 4, for both periods of ischaemia and
reperfusion. It is evident that the relative inaean tissue carbon dioxide was almost identical
in both arterial and venous stasis and the ratefavdg linear with lactate production. During
reperfusion, a hyperaemic blood flow was evidertiath states, while the blood flow increase
was more significantly pronounced following artéraclusion. In addition, the wash off
process of PC@was clearly more rapid following arterial occlusionassociation with an
increased removal of lactate from the tissue (egyr However, both lactate concentrations
and carbon dioxide tensions were still elevatedré80 minutes of reperfusion indicating that
the tissues required more time to metabolise anshwat the metabolites. It is therefore
theoretically possible to differentiate betweenemaus and arterial occlusions based on the

ratio changes of carbon dioxide after the perfugsae-established (67).
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Figure 4 to beinserted here

If the carbon dioxide is a linear function of laetavhy not just measure lactate as an indicator
for ischemia? A study on various organs and tissu@sding muscle in a porcine model (66),
revealed a significant accumulation of carbon diexinder aerobic metabolism, in contrast to
metabolic parameters of ischaemia e.g. lactategiywtrol, which remained low. As blood
flow declines, more oxygen is extracted from haelwing to maintain a balance between
oxygen utilization and Cf®generation in tissues. With decreased blood flowre CQ is
consequently added to each unit volume of blood RG@ will increase in venous effluent
blood as well as in tissues (16, 59, 60). Based\ual line regression analyses for oxygen
threshold, a critical transition point between &&a@nd anaerobic metabolism was proposed.
The calculated threshold level for muscle tissues \whout 9.3kPa (69.8 mmHg), which
corresponded to a lactate concentration of 2.1k ratio of PC@over time changed from
0.61 to 3.7kPa/hThis demonstrated that the P©@as increasing several fold when tissue
metabolism changed from aerobic to anaerobic stateaddition, one could also show
significant increase above zero even when thedisgs still in aerobic metabolism but the

perfusion was reduced (66).

As discussed with respect to cell model systerssyé damage may not only be due to the
haemodynamic origins but also deformation of tHks geer se. This was demonstrated in series
of studies in which the tibialis anterior muscleaoht tibia, was either subjected to a mechanical

deformation or an ischemic insult alone. Theseisturkvealed that:

12



298 ) Irreversible damage, consisting of gross tissuegasés; due to large deformations
299  occurred at an earlier stage than pressure-indackdemia (62). This occurred within 2 hours,
300 which is below the threshold for the onset of ste¢lmuscle necrosis (6).

301 i) Loading for as short as 10 min can cause smalldefanuscle damage (41).

302 i) Above a strain threshold value, the accumulationrdeformation-induced damage
303 corresponded to areas exposed to increasing meethahear strains (14)

304 iv) As the loading period extends to 4 hours, bothesth and reperfusion increasingly
305 contribute to the damage process (40).

306

307 3.3 Human Studies

308

309 When testing human subjects, there is a need foima@sive measurement techniques applied
310 on or at least close to the skin surface. In tise cd measuring transcutaneous gas tensions, the
311 values contain information from skin tissues iniadd to the muscles, fat, connective tissue
312 and circulating vessels. These measurements hasre regularly employed to measure gas
313 tensions in loaded soft tissues in a range of stlgeups. Most studies have focused on
314 examining the range of interface pressures and tisexled to reduce threshold levels of
315 oxygen, below values considered to compromise idiglity of soft tissues (3-4). However, a
316 few studies have examined the interplay ePD; and TcPCQ in loaded tissues. As an
317 example, in a prospective study of wheelchair-bogpidal cord injury (SCI) subjects, the gas
318 tensions at the loaded ischial tuberosities weesmgxed (7). Results indicated that, in many
319 cases, subjects revealed a progressive improvelmneriissue viability after injury, as
320 exemplified by small reduction incPQ,, during load-bearing, which returned to unloaded
321 levels during a period of pressure relief. The asged TtPCQ levels remained within the

322 normal range of 4.8-6.4kPa (36-48mmHg) throughbetassessment period (12). However, a

13
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small proportion of SCI subjects, typically thosghatow level lesions and flaccid paralysis,
demonstrated significant reductions igP, with an associated increase @PICQ in excess

of the normal rang@he authors suggested that it was this latter gnap are at potential risk
of developing PUs and thus require effective suppashions with strict adherence to a
pressure relief regime. The authors also propdssdcarbon dioxide levels can control vascular

tone in acute SCI subjects (7).

In a separate study the viability of tissues iredldpatients undergoing orthopaedic surgery
was examined at interface pressure representdtivadues experienced on the operating tables
(3). Findings demonstrated that thePD; fell below critical low levels, defined as 2.7 kPa
(20.3mmHg) which were often associated with sigaifit increases incPCQ levels. The
latter response indicated an impairment of vasalr@nage. It also highlighted the inadequacy
of support surfaces used on operating tables fagyesies, such as fixation of femoral neck

fractures, particularly for high risk sick eldepstients (1, 3-4, 7, 8, 55, 57).

There have been a number of studies involving thesiplogical response of skin tissues to a
range of support surfaces (15, 43-44, 53-54). kamgple, the performance of a prototype
alternating pressure air mattress (APAM) was rdgemtaluated, in terms of its ability to
maintain skin viability in a group of 12 healthglunteers lying in a supine position (15). The
mattress included a sacral section supported w#inating low pressure (ALP), with internal
pressures values adjusted to subject morphologyBatigl by means of an in-built pressure
sensor. Internal mattress pressures and transousugas tensions at the sacrum and a control
site, the scapula, were monitored. Interface pressuere also measured. The skin response to
alternating support pressures could most convdgibatdivided into three distinct categories,

labelled Category 1-3, as presented schematicaliygure 5.
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Figure 5 should be inserted here

In the majority of test conditions the internal pag produced sacral:PQ; values which
provided adequate viability, either remaining santo those at the control site (Category 1) or
fluctuating in concert with the cycles of the atigting pressure (Category 2). The associated
TPCO levels remained within the normal range for bottegaries (12). However, in a few
cases, particularly when the head of bed was rdis#8t), there was compromise to the skin
viability at the sacrum, as reflected in depresBdtl; levels associated with an elevation of
TPCQlevels above the normal range (Category 3 in Figlrén all cases, interface pressures
at the sacrum rarely exceeded 8kPa (60mmHg).eivident that the prototype mattress could
not ensure maintenance of skin viability if a patieas nursed on a mattress with an elevated

head of bed angle.

The physiological response was also examined moapgof able-bodied volunteers subjected
to intermittent loading at ischial tuberosities idgrperiods of loading and unloading in the
sitting posture (Figure 6, unpublished data). Thajomty of the able bodied volunteers
demonstrated a Category 2 response during thenigaudiase, characterised by a decrease in
T.POlevels (Figure 6 left graph). However, in a fewasgsa Category 3 response was evident
with a marked increase incHCQ levels (Figure 6 right graph). Both these responseise

reversible during the unloaded phases with botheyasons returning to basal ranges.

Figure 6: should beinserted here

15



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

In a separate study the status of loaded tissugsneaitored, using a combination of physical
sensors and sweat biomarkers, at the sacrum obablied volunteers. A range of parameters
were estimated from the separate measurementsdaesnResults indicated thatAO: levels
were progressively reduced when the sacral werecigdl to applied pressures of between
5.3kPa (40mmHg) and 16.0kPa (120mmHg). At the higtressures, this decrease was
generally associated with an increase in carboxidio above basal levels (12). Close
examination of the data revealed a threshold vi@umaded EPO,, equivalent to a reduction
of 60% from unloaded median values, which couldcberelated with changes in other
physiological parameters. As an example, it waseokesl that above this threshold, the

corresponding JPCO, values were generally in excess of 6.7kPa (50 mnfétgy significant

proportion of the loading period, as indicatediguife 7. This response is identical to Category

3 response in Figure 5.

The concentrations of both sweat lactate and mmaaased considerably as a result of
loading. The lactate ratio, loaded compared witloached values, were compared to the
percentage reduction inrcPQ; for each individual as illustrated in Figure 7wks evident

that below the threshold value fogHO;, there was a relatively small variation, with aame
value of 1.10+0.16. By contrast, above this thr&skalue, lactate ratios regularly exceeded
1.40. Indeed, when the data above this threshotd amalysed, the resulting linear model for

sweat lactate (y = 0.023x -0.33; r= 0.58) was fotmnde statistically significant (p<0.01).

Figure 7 should be inserted here

Close examination of the relationship between #uotate ratio and percentage time at which

T.PCO,was elevated, revealed the presence of two distlnsters of datadndeed there were

16
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some subjects who exhibited metabolite ratios grehtn unity, in association withkHCO,

values that did not exceed 6.7kPa (50mmHg) forafriye loaded period. By contrast, other
subjects revealed a value for the carbon dioxidarpater which exceeded 37%, equivalent to
a Category 3 response, associated with the lacttites well in excess of unity. In the latter

cases, both sweat lactate arBP@TQ may be useful as markers of tissue viability otustas a

direct consequence of tissue ischemia (32).

In a theoretical model, it was predicted that timetfor the removal of lactic acid from
previously ischemic tissues was greater than thaeessary for re-oxygenation as a result of
reactive hyperaemia (27). This reaffirms the prapmsthat oxygen may only represent one of
a range of markers involved in tissue recoverye&d it can be speculated that both carbon
dioxide and lactate are critical in tissue recovang in the control of related physiological

responses, particularly when the skin is exposedtéonating pressures (4).

As previously discussed, ischaemia is followed lmpmplex biochemical response when the
blood supply is re-established and this may reswdtditional injury to the tissue (23). During
ischaemia-reperfusion (I/R), one aspect of biocleaimthanges involves the irreversible loss
of high-energy phosphate (ATP) (Figure 1). In additan important mechanism is triggered
with the influx of molecular oxygen during reperitus, which can lead to the formation of
unstable and reactive oxygen-derived free radicalsuperoxides. Their presence can cause
tissue damage by initiating an inflammatory cascaesulting in microvascular dysfunction
and cell apoptosis. There is considerable evidantiee literature that I/R is associated with
purine metabolism in particular, some of its terahjproducts, which may directly produce cell
injury (18). Such purines include allantoin, hypoxanthine, im@suric add and xanthine

(Figure 1).
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Such a hypothesis was examined in a cohort stushg isveat biomarkers (5). Sweat was
collected initially in an unloaded period and supsntly during four separate 30 minute
periods (two loading followed by two reperfusiorripds). The results as presented in Figure
8 report the median biomarker ratios of loading pared to unloaded values. It can be seen
that for both first and second ischaemic periotigji@marker ratios were well above unity and,

in some cases, exceeded a value of 4.0.

Figure 8 should be inserted here

During the first recovery period, the ratio valdes xanthine, hypoxanthine and uric acid all
remained above unity suggesting that the 30-minogewas not sufficient for adequate
recovery from the ischaemic insult, although laet&turned to basal levels. It was also noted
that the high concentrations of uric acid in pregly ischaemic tissue implied the further
formation of free radicals, which have been impkcain tissue damage (46, 68). This implies
that the sweat purines provide additional informmton tissue status to that available from
sweat lactate alone. During extended reperfustmm decrease in hypoxanthine ratio to unity

could indicate that the purine metabolism had ¢iffety returned to basal levels.

4. Detection Methods for PCQ

Currently there is no single sensor, which fullytoh@s the requirements of a monitoring
system for PCg) specifically for the early detyection of pressuleers. The traditional method
of monitoring blood perfusion, namely laser dopflewmetery (LDF) with a parameter in the
form of arbitrary units, is well established in batlinical and physiological investigations of

blood microcrculation (50,69). However, its outpoes not reflect the state of the cells and, as
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447  such, does not provide robust markers, paticularlgetect damage during the reperfusion
448 phase. Other potential methods, such as doppleasalind flowmetry (35,49) and
449  bioimpedance (48) are limited similarly and, in didd, are sensitive to movements of the
450 probe and the geomerty changes caused by defomwdtibe tissue.

451

452  The well documented monitoring of transcutaneouseg@nsions, includingPCQ, has
453  proved useful in assessing the relative changeariial pressures as a result of applied loading
454  to the skin (Figure 6). However, the method is higlependent on heating the skin in order to
455  lower the solubility of blood gases in tissue. Tinsvitably increases the metabolic activities,
456  with the potential of causing additional damagéhtissue.

457

458  The near infrared spectroscopy (NIRS) (61) methasl évolved since the time it was only
459  considered as a trancutaneous monitoring methaisgare oxygenation (30). Nonetheless, the
460 technique is still limited due to movement arte$adinite measurements area and large costs
461  for routine use in a clinical setting (58).

462

463  To interrogate the internal state of the tissuesjramally invasive technique, microdialysis,
464  may be worthy of consideration (65). It representhffusion-based separation method that
465 allows analytes to freely diffuse across a holldwe semi-permeable dialysis membrane.

466  This minimally invasive sampling technique has begely used foin vivo biochemical

467  collection from fluid perfused through the tisslias currently being used by the authors to
468 interrogate the biomarker changes within loadeslis. Micro-dialysis might prove valuable
469 as a “gold standard” against which simple “papeseldd systems could be evaluated.

470  Ultimately an ideal indicator of PU risk will carigformation about the condition of the cells

471  as a direct representation of the integrity of skiboth loaded and unloaded conditions.
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5. Conclusions

As pressure ulcers represent a major burden toibdividuals and health services, there is a
need for a robust detector of tissue damage. Suatdécator for PUs should detect ischemia
when any tissue damge is reversible. Based onuttierd knowledge from cellular, animal
and human models, PG@oes indeed prove to represent, such an indibatbrin the
ischaemic and reperfusion phases, the latter oflwban involve oxygen radical damage.
Specifically, animal studies have indicated thattémporal profile of PC§£can indicate the
effectiveness of the wash off processes and pesdspeate the amount of damage to the
tissue. Future challenges involve the developmetaatinological solutions to measure the
PCO2 in affected tissue continuously and non-inedgiwithout interfering the metabolism
or perfusion of the tissue. Therefore, further agsle is needed to find “clinically friendly”

methods to measure carbon dioxide in tissue.
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