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Abstract

WOUND AND SUBCUTANEOUSTISSUEOXYGEN PHYSIOLOGY

Mark David Rollins

Background: Oxygen plays a central role in wound healing and is important

for collagen deposition, angiogenesis, bacterial killing and epithelization. Its

concentration in wounds and subcutaneous tissue (psaO2) depends on both

perfusion and arterial oxygen tension (paO2). To evaluate the effect of elevated

paO2, changes in wound pC2 during and after HBO treatment were

characterized in healing tissue.

PaO2 does not change psgO2 when perfusion is poor, and thus assessment of

perfusion is required to optimize wound healing. Skin perfusion and

oxygenation can be evaluated by simultaneous measurement of paC2 and

psqO2. To improve the accuracy of these estimates, ps3O2, venous oxygen

(pvsqO2), volumetric arterial flow, superficial perfusion, and tissue consumption

were examined during changes in temperature and paC2.

Methods: A rat subcutaneous wound model was used to evaluate wound

oxygen delivery during HBO. A porcine buttock flap with an isolated

neurovascular pedicle was used to characterize acute changes in

subcutaneous tissue oxygen physiology with changes in paO2 and

temperature.

vi



Results: Both peak po2 during HBO treatment and area under the pC2 vs time

curve showed significant changes with healing. Differences were observed in

oxygen delivery between animals receiving daily HBO treatments and controls.

The flap model showed consistent significant increases in psgO2, superficial

perfusion, and tissue oxygen consumption with increasing temperature.

Increases in psgO2 with increasing paO2 were significant but variable and

suggested a dependence on perfusion. No significant consistent changes in

flap flow, superficial perfusion, or oxygen consumption were noted with

changes in paO2.

Summary: The studies in this thesis clearly delineate, often for the first time,

the complex interaction of the many variables that determine wound pC2. HBO

significantly increased wound pC2 values over baseline, although the rate and

degree of change was influenced by the healing process. Oxygenation, flow

distribution, and metabolism within the skin and subcutaneous tissue were

dependent on temperature, while the perfusion and metabolism appear

independent of paC2 within the study conditions. Simultaneous measurement

of paO2 and psgO2 allows identification and correction of inadequate tissue

perfusion and oxygenation and can improve patient outcome.
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1.0 Wound Healing and Oxygen

1.1 The wound environment

Wound healing represents a highly synchronized sequence of molecular and

cellular events that direct the restoration of tissue structure and function

towards that found prior to wounding. The details of these events are

described in numerous books and journal articles (Hunt and Van Winkle 1976;

Niinikoski 1977; Hunt 1988; Knighton 1994; Hunt and Hopf 1997; Hunt and

Feng 1998; Gimbel and Hunt, In Press; Quah, In Press), and are summarized

below.

Tissue injury starts the sequence of healing. The hemorrhage resulting from

damaged blood vessels initiates the clotting cascade, producing

chemoattractive complement protein fragments, thrombin, a fibrin clot, and

fibrin split products. The thrombin and bare collagen activate platelets to

release a variety of cytokines and growth factors (Hunt 1988). These

molecules attract macrophages, polymorphonuclear cells (PMN's), vascular

endothelial cells, and fibroblasts (Deuel 1981; Deuel 1982; Knighton 1982;

Michaeli 1984; Hunt 1988) Traumatized vessels near the wound constrict and

contract in response to both the physical stimulus and platelet prostaglandins

(Hunt 1988; Knighton 1994) and aid hemostasis. In addition, inflammation

begins as microvessels within the immediate wound area dilate in response to

histamine, serotonin and kinins (Hunt 1988).



PMN's and macrophages enter the wound to remove debris and kill bacteria.

They release enzymes which break down connective tissue to create space for

new tissue, engulf nonviable tissue, remove the debris, and thereby decrease

the potential for infection. Bacteria and other microorganisms in the wound

become opsonized with immunoglobulins and complement, facilitating PMN

recognition and phagocytosis (Dunphy and Hunt 1979). The ingested

microorganisms are eliminated via either oxygen independent or oxygen

dependent killing. In the oxygen independent pathway, antibacterial enzymes

contained within lysosomes are released into the microorganism containing

phagosome during degranulation (Hirsch 1965; Hunt 1988). The oxygen

dependent pathway uses molecular oxygen to produce superoxide and other

Oxidants, and is described in detail in Section 1.3.3. Prior studies conducted

under hypoxic conditions demonstrated that the oxygen independent system

alone is ineffective in removing most wound pathogens (Hunt 1975; Hohn

1976; Benhaim and Hunt 1992).

The wound healing processes previously described result in a wound

environment that is hypoxic, acidic, and contains lactate levels far greater than

plasma (Constant 1996; Gimbel and Hunt, In Press). The initial vascular injury,

vessel constriction, and increased oxygen utilization result in a hypoxic

environment. The pC2 of wounds in animal models is usually between 0 and

30 mmHg as measured in a subcutaneous rabbit wound cylinder model and

rabbit ear chamber model (Hunt 1967; Hunt 1985). The decrease in pH is
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partly due to the imbalance of oxygen demand and supply. Wound cells

increase their lactate production due to anaerobic glycolysis for ATP production

and thus create an acidic environment as well as increase the lactate

concentration in the wound. However, leukocytes, fibroblasts, and endothelial

cells contain relatively few mitochondria. Thus, even in the absence of hypoxia,

these cells, when activated, tend to rely on glycolysis for ATP production (Im

and Hoopes 1970b, Im and Hoopes 1970a; Caldwell 1984; Hunt 1985).

Consequently, high lactate concentrations are present in the wound. They fall

only a small amount even in hyperoxia.

1.2The ADPR regulatory system

Lactate is a reducing substance. The high lactate levels in a wound shift the

equilibrium ratio of nicotinamide adenine dinucleotide (NAD') and its reduced

form (NADH) toward NADH and decrease the NAD’ “pool" (Hussain 1989).

When this NAD’ “pool" is reduced for hours or days, affected cells undergo a

phenotypic change and assume healing functions, due at least in part to the

low NAD’. Under normal life conditions, a portion of the NAD’ pool is

metabolized to adenosine diphosphoribose (ADPR). In this reaction, the

nicotinamide nucleotide (the "N" of NAD’) is removed. ADP-ribose has been

described as a molecule that determines a cell's phenotype based on its

energy status (Loetscher 1987), and it is now known to be part of a system that

is involved in post-translational modification of specific proteins, altering both

their structure and function (Feng 1998a; Gimbel and Hunt, In Press). The



covalent attachment or physical association of either mono or poly(ADP-ribose)

regulates the activity of many enzymes (Gimbel and Hunt, In Press). The ADPR

reactions are dependent on the availability of NAD’, and under high lactate

conditions, the NAD’■ nADH ratio is low and ADP-ribosylations are inhibited

(Ghani 1992). The manner in which ADP-ribosylation affects the processes of

fibroplasia, collagen deposition, and angiogenesis will be discussed in later

Sections.

1.3 The Role of Oxygen in Wound Healing

Oxygen plays a central role in wound healing. It is required for fibroplasia,

collagen deposition, angiogenesis, bacterial killing, and epithelization. A

plentiful oxygen supply is essential, as these processes proceed in proportion

to the oxygen concentration present in their environment.

1.3.1 Collagen production and the role of oxygen

Fibroblasts proliferate and migrate to the wound in response to inflammation,

and are responsible for the majority of the collagen produced during wound

healing. Collagen synthesis and post-translational modification is

summarized in the following 5 steps:

1) The procollagen gene is transcribed into procollagen mRNA, which is

translated into pro O. collagen peptide chains.

2) Prolyl- and lysyl-hydroxylase post-translationally add hydroxyl groups to the

proline and lysine residues of the pro O. chains. Ascorbate, O-ketoglutarate,
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and ferrous iron are cofactors of these post-translational modifications, and

molecular oxygen is a substrate (Hutton 1966; Hutton and Udenfriend 1966;

Hutton 1967a; Bates 1972; Prockop 1979a; Prockop 1979b).

3) Disulfide bonds at the carboxy terminus align the alpha chains, and the

hydrogen bonds and Schiff condensation of hydroxy prolines and lysines allow

development of the triple helix conformation. Failure to hydroxylate the proline

and lysine residues of the pro O. chains prevents formation of the triple helix

and results in a nonfunctional molecule that cannot be exported from the cell

(Prockop 1979a).

4) The triple helix procollagen molecules are exported from the fibroblast and

processed by peptidases in the extracellular matrix.

5) Lysyl-oxidases catalyze the crosslinking of the collagen fibrils, resulting in

mature collagen fibers.

A variety of factors regulate the formation of mature collagen. Glucocorticoids,

tumor necrosis factor-0, and interferon-Y all reduce procollagen promoter

activity and result in decreased collagen synthesis (Krupsky 1996; Higashi

1998). Tissue growth factor-3 (TGF-3), insulin-like growth factor-1 (IGF-I),

lactate, and oxygen all increase the secretion and synthesis of mature

collagen. TGF-3 upregulates the fibroblast procollagen promoter and prolongs

the half-life of procollagen mRNA, both resulting in increased collagen

production (Falanga 1987, Ritzenthaler 1993; Jimenez 1994; Krupsky 1996;



Greenwel 1997). IGF-1 increases collagen synthesis through a mechanism

which appears to use pa■ )PR synthetase inhibition (Ghani 1992).

The high level of lactate in the wound decreases the activity of cytoplasmic

ADPR transferase, reducing ADP-ribosylation, thereby stimulating prolyl

hydroxylase (Hussain 1989, Ghani 1992; Gimbel and Hunt, In Press). This

increases collagen synthesis through a post-translational mechanism.

In addition, fibroblasts exposed to lactate, a pADPR synthetase inhibitor, have

been shown to have increased levels of procollagen mRNA (Ghani 1992). This

suggests a further increase in collagen production secondary to high lactate

Concentrations.

Hypoxia has been reported to increase TGF-beta production and procollagen

mRNA levels in fibroblasts (Falanga 1991; Falanga 1993), but yet collagen

production can occur only in the presence of plentiful oxygen and has been

shown to be greatly increased in well-oxygenated wounds (Hunt and Pai 1972;

Shandall 1985; Jonsson 1991). Given these facts, oxygen is best understood

as a critical nutrient whose concentration governs the rate of collagen

deposition once the repair process has been initiated by local hypoxia, or more

importantly, high lactate concentrations (Myllyla 1977).
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Once procollagen peptide is synthesized, PO2 becomes critical to its final form

and excretion. Certain lysine and proline moieties in procollagen must be

hydroxylated in order for collagen to be exported from fibroblasts and form a

stable triple helix. The enzymes for this step, prolyl- and lysyl-hydroxylases,

both require oxygen as a substrate and insert oxygen atoms derived from

molecular oxygen as hydroxyl groups (Prockop 1979a). The KmC2 of prolyl

hydroxylase is at a po2 of about 25 mmHg (Hutton 1967b; Myllyla 1977; DeJong

and Kemp 1984). By definition, Km is the substrate concentration, in this case

pO2, at which the reaction proceeds at half maximal rate. Since wounds are

hypoxic and the range of pC2 in the center of a wound is 0 - 30 mmHg, the rate

of collagen deposition is only half the theoretical maximum at best. In addition,

this is a steep portion of the curve where small changes in pC2 can greatly

affect the deposition of mature collagen.

Assuming Michaelis-Menten kinetics apply, and all other substrates are

present in excess, the rate of collagen hydroxylation could theoretically increase

up to a pC2 of 250 mmHg, or 10 times the experimental KmC2. This result is

seen in Figure 1, where collagen export (deposition) increases with arterial

(and tissue) po2 (Hunt and Pai 1972; Quah, In Press). From this figure, the

greatest rate of collagen deposition is seen at an arterial pO2 of about 250

mmHg, and suggests that raising tissue pC2 even above normal physiologic

levels seen in unwounded tissue is beneficial for increasing collagen

deposition.
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The rate at which lysyl oxidase cross-links extracellular collagen is also PO2

dependent. However, the clinical significance of impaired cross-linking is not

known. Fibroblast replication is also known to be optimal at a PO2 of 40-60

mmHg (Hunt and Hopf 1997) far above oxygen tensions found in many

wounds. The mechanism(s) are not known.

In a study of 33 surgical patients, subcutaneous p02 and collagen deposition

in ePTFE tubes implanted subcutaneously for 7 days were both measured

post-operatively. Collagen deposition was directly proportional to pC2, with

50% of the variability in collagen deposition attributable to pC2. In addition,

Collagen deposition in the best oxygenated wounds was 3 times that in hypoxic

wounds (Jonsson 1991).

In summary, fibroblast replication, collagen synthesis and crosslinking vary

according to pC2 and are optimized in an environment of high oxygen tension

and high lactate. High lactate levels occur even in the presence of high oxygen,

because lactate is produced in wound cells by aerobic glycolysis. This is the

primary method of energy production for leukocytes, macrophages, endothelial

Cells and fibroblasts.





1.3.2 Angiogenesis and the role of oxygen

Angiogenesis is the growth of new blood vessels and is a process critical to

wound healing. This growth can only be accomplished through a variety of

intricately connected processes: angiogenic signal generation and reception,

cell proliferation and migration, extracellular matrix degradation and

reconstruction, and capillary tube formation (Gimbel and Hunt, In Press).

Macrophages produce multiple factors, including vascular endothelial growth

factor (VEGF) and basic fibroblast growth factor (FGF), that stimulate

angiogenesis (Sunderkotter 1994; Phillips 1997). Receptors for VEGF are

located only on endothelial cells (Ferrara and Davis-Smyth 1997).

Hypoxia stimulates macrophage angiogenic growth factor production in vitro

(Knighton 1983; Ahn and Mustoe 1990; Uhl 1994, Ferrara and Davis-Smyth

1997; Feng 19986). Hypoxia specifically increases VEGF promoter activity,

gene transcription, and mRNA stability and also upregulates VEGF receptors

on endothelial cells (Minchenko 1994; Finkenzeller 1995; Levy 1996; Ferrara

and Davis-Smyth 1997, Gimbel and Hunt, In Press). Yet, paradoxically, low

oxygen tension inhibits angiogenesis in both clinical studies and animal

wound models (Knighton 1983; Constant 1996). Two possible explanations

solve the paradox between the role of hypoxia in VEGF signaling and the

inhibition of angiogenesis by hypoxia. The first is the existence of afferent and

efferent arms in angiogenesis, where the signal created in one location acts in

10



another. Macrophages are in the hypoxic center of the wound producing

angiogenic factors, while endothelial cells located in the better oxygenated

wound periphery near vessels receive the signals and are able to respond with

angiogenesis because of the higher pC2. The second explanation is that a

mechanism other than hypoxia, such as increased lactate concentration and

ADP-ribosylation, may also induce angiogenic factor production in the absense

of hypoxia.

Endothelial cells must synthesize and deposit collagen in basement

membrane, which provides structural support for budding vessels (Feng

1998c). It is not surprising, therefore, that the same intracellular signaling

mechanism mediates both collagen synthesis and VEGF release. Both are

regulated by lactate and oxygen concentrations, via ADP-ribosylation

mechanisms.

The effect of oxygen on angiogenesis is mediated, at least in part, through

VEGF. As in the case of collagen, lactate stimulates release of VEGF from

wound macrophages even in the presence of oxygen. In fact, the angiogenic

response to VEGF is proportional to wound pC2, even under hyperbaric

conditions (Gibson 1997; Feng 1998c, Feng 19986).

Jensen et al showed in 1986 that lactate stimulates release of an angiogenic

factor into the wound environment (Jensen 1986). This factor is now identitled

11
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as VEGF (Constant 1996). Lactate is particularly significant in stimulating

angiogenesis because, as previously noted (see Section 1.1), it is produced

even under aerobic conditions, and is found in high concentrations within

wounds. Hence, lactate stimulates the release of VEGF while allowing

angiogenesis and collagen deposition to flourish in a well-oxygenated

environment. Zabel et al showed a 40% decrease in both NAD+ levels and

ADP-ribose synthesis in macrophages incubated with 15 mM lactate (Zabel

1996). Constant showed that in macrophage cultures grown under hypoxic

conditions or with increased lactate concentrations (15 mM), VEGF was

increased in the media compared to controls, and the highest VEGF levels

were attained when media was both hypoxic and had 15 mM lactate present

(Constant 1996). The mechanism by which lactate stimulates VEGF

production also involves reduction of the NAD’ pool and therefore ADP

ribosylation.

VEGF, like collagen, is subject to post translational modification by ADPR. The

VEGF produced in normoxic and low lactate conditions (when NAD’ and ADP

ribosylation are high) is ADP-ribosylated and inactive. When high lactate is

present, ADP-ribosylation is depressed and VEGF tends to be released in the

un-ribosylated, active state (Xiong 1998).

Feng et al (Feng 1998a) elegantly verified that post-translational modification of

VEGF by ADP-ribosylation regulates angiogenesis. Media was conditioned by

12



macrophages grown in high lactate. The proteins from these media were ADP

ribosylated using a cholera toxin A subunit. Part of the ADP-ribosylated

medium was incubated with hydroxylamine to reverse the ADP-ribosylation.

Both the non-ribosylated and hydroxylamine incubated media showed

significantly more angiogenesis than the ADP-ribosylated media.

Hyperoxia alone has also been shown to increase VEGF production. Feng et al

exposed macrophages to various oxygen atmospheres in vitro (Feng 1998b).

VEGF production at 24 hours was high at 2% and 5% oxygen, low at 10% to

40% oxygen, and high again in gaseous atmospheres that contained more

than 40% oxygen. This suggests that hyperoxia increases macrophage VEGF

production, and might also suggest a separate mechanism working through

oxidant production. Wound oxidants nick DNA. This stimulates paDP

ribosylation to such an extent that NAD’ is rapidly depleted. Thus, after a long

period of approximately 12 hours, ADP-ribosylations, particularly cytoplasmic

ADP-ribosylations, are depleted, and VEGF activity is increased (Hussain and

Sen, unpublished data).

As mentioned previously, oxygen is required for angiogenesis to proceed, and

the rate of angiogenesis is directly proportional to pC2 (Knighton 1981;

Knighton 1983). Knighton et al showed that the rate and density of capillary

growth in wounds is optimized in a hyperoxic environment (Knighton 1981).

Gibson et al have confirmed that this effect increases even into hyperbaric

13
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levels (Gibson 1997). In addition, Siddiqui et al found increased

revascularization following HBO exposure in the rabbit ischemic ear model

(Siddiqui 1997). Using microangiograms, Marx et al., reported increased

angiogenesis in ischemic irradiated mandibles in rabbits receiving HBO

treatments as compared to rabbits kept under room air conditions (Marx

1990b).

In summary, angiogenesis, like collagen deposition, is proportional to pC2 over

a wide range both above and below the normal physiologic range of oxygen

tensions. Although the complex role of oxygen in angiogenesis is not

completely understood, the following three points have led to a clearer

understanding: (1) lactate stimulates VEGF synthesis even in the presence of

oxygen through regulation of the ADP-ribosylation; (2) angiogenesis is pC2

dependent; (3) VEGF is inactivated by ADP-ribosylation when oxygen is normal

and lactate is low, but experimental evidence suggests hyperoxia may reduce

NAD' (after a lag period) by an oxidant-mediated mechanism and thereby

enhance the activity of VEGF. The effect on endothelial cells is unknown.

1.3.3 Bacterial killing and the role of oxygen

Natural resistance to infection in surgical and traumatic wounds depends on

the ability of neutrophils to migrate to the site of infection, ingest bacteria, and

subsequently kill them. As previously described, these cells kill by exposing

the microorganism to both antimicrobial enzymes and bactericidal oxidants.

14



Although many organisms are effectively killed by the degranulation of

antimicrobial enzymes, many human pathogens are resistant to this defense

alone and the oxidative killing system is necessary for eradication, as shown by

studies reporting decreased bacterial killing under hypoxic conditions (Hunt

1975, Hohn 1976).

It is well known that wounds created in tissues with a high perfusion are

resistant to infection, while wounds created in ischemic (poorly-perfused)

tissue are highly susceptible. The reason for this difference is oxygen.

Although the presence of hypoxia does not decrease phagocytosis, it greatly

diminishes bacterial killing (Klebanoff 1980). The ability to kill microorganisms

using oxidative mechanisms is directly proportional to the pC2 of the infected

tissue (Hohn 1976; Chang and Mathes 1982; Rabkin and Hunt 1988). The

large increases in neutrophil oxygen consumption and superoxide production

during phagocytosis are directly associated with bacterial killing capacity and

are substantially impaired at the low oxygen tensions often found in wounds.

The oxidative system converts atmospheric oxygen into oxidants that oxidize

bacterial cell walls. This conversion is the single most important bactericidal

mechanism in wounds (Niinikoski 1977; Cohn 1986).

The NADPH-linked oxygenase system of leukocytes, initially converts oxygen to

Superoxide. This system is located in the phagosomal membrane, allows

transmembrane electron transport, and is activated by phagocytosis (Babior

15
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1978; Klebanoff 1988; Babior and Woodman 1990). Molecular oxygen is

converted to superoxide, with a 98% efficiency (Klebanoff 1980; Allen 1997).

Activation of this enzyme by phagocytosis or cytokines causes an enormous,

often 50-fold, increase in leukocyte oxygen consumption; hence the term

"oxidative burst" or “respiratory burst". This results in the production of large

quantities of O2. A number of other oxidants are generated from superoxide

within phagosomes, and bacterial killing occurs as a result of oxidation of

bacterial cell wall proteins. The reactions involved in the “oxidative burst" and

production of other oxidants are described below:

1) Molecular oxygen is reduced to superoxide anions via the NADPH oxidase

system.

+ A. - + +

2 O2 + NADPH + H NADPH Oxygenase " 2 O2 + NADP" + 2H

2) Superoxide anions and hydrogen ions are catalyzed with superoxide

dismutase (SOD) and produce hydrogen peroxide and oxygen.

2 O2 + 2 H” 3 H2O2 + O2
Superoxide Dismutase

3) Myeloperoxidase (MPO) combines hydrogen peroxide with a variety of

halides to form hypohalites such as hypochlorous acid.

H2O2 + CIT → OCIT + H2O
Myeloperoxidase

16



4) Hydroxyl radicals and anions are created from hydrogen peroxide and

superoxide anions via the Haber-Weiss reaction.

Fe?” + O2 e_2 Fe?” + O2

H2O2 + Fe?" – OH" +OH + Fe?”

H2O2 + O2" – O2 + OH" + OH"

Any remaining H2O2 is reduced by catalase to molecular oxygen and hydrogen

ions. The half maximal rate of superoxide production, or KmO2, is at a po2 in

the range of 40 - 80 mmHg, while maximal superoxide production occurs at a

pO2 greater than 300 mmHg (Allen 1997). Leukocytes lose all oxidative

bactericidal activity as PO2 nears zero (Hohn 1976). Since the pC2 at the center

of most wounds is between 0 - 30 mmHg pC2, and oxygen tension at the

wound edge is rarely above 50 mmHg, the oxidative bacterial killing

mechanisms are normally limited by environmental conditions and function far

below their full potential. In addition, the more leukocytes and bacteria present

in a wound, the higher the consumption of oxygen, and the lower the oxygen

tension.

Numerous studies have shown that increased oxygen improves bacterial

killing and resistance to infection. Hunt et al examined the effects of wound

oxygen tension on bacterial killing in a rabbits utilizing the Hunt-Schilling wound

cylinder model (Hunt 1975). Subcutaneous wound cylinders were infected with
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Pseudomonas aeruginosa. Rabbits were placed in either a 12%, 21% or 45%

oxygen environment for the duration of the study. Rabbits breathing 45%

oxygen had a significant decrease in both wound fluid bacterial counts and

infection rates, while the rabbits breathing 12% oxygen had a significant

increase in both.

Knighton et al used a guinea pig intradermal injection model (Burke and Miles

1958), in which the animals were infected with Eschericia coli and housed in

either 12%, 21% or 45% oxygen environments for the duration of the study. The

size of the lesion varied inversely with the FiO2 (Knighton 1984).

º

Hopf, et al showed that subcutaneous oxygen tension(psgO2) was the most
* . J

reliable predictor of wound infection in surgical patients, and the risk of wound º º

infection was inversely proportional to ps3O2 on post operative days 0, 1, and 2 —"

(Hopf 1997). Tissue pC2 measurement has greater predictive value than either º

the traditional wound classification scheme of “clean, clean contaminated, >

contaminated, and infected," (National Academy of Science 1964) or the Study ■ º
on the Effect of Nosocomial Infection Control (SENIC) scoring system

developed by the CDC (Haley 1985). In addition, tissue with a po2 less than 40 '1.

mmHg is extremely vulnerable to infection (Chang 1982; Gottrup 1984;

Calderon 1986; Jonsson 1988).
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In summary, increasing tissue pC2 decreases bacterial counts and infection

rates in both the experimental and clinical setting. The resistance to infection

in animal models can be increased by simply increasing the FiO2, and hypoxic

tissue has a high risk of infection.

1.3.4 Epithelization and the role of oxygen

Epithelization is the process by which a wound is covered by epithelial cells.

This process is determined not only by chemoattractive stimulants, but also by

cell replication and migration. Epithelial cells are attracted by the same

molecules acting on fibroblasts during the healing process and in addition are

specifically stimulated to proliferate by epidermal growth factor (EGF) (Duell

and Voorhees 1983; Brown 1989). TGF-beta has been shown to delay

epithelization and inhibit keratinocyte proliferation in animal models and tissue

culture (Shipley 1986; Quaglino 1990; Garlick and Taichman 1994).

As with other healing processes, epithelization is directly affected by oxygen

tension (Silver 1969). Epidermal cells under hypoxic conditions show reduced

mitosis and movement (Medawar 1948). The mitosis rate of squamous cells

was shown to be dependent on pC2 (Bullough and Johnson 1957), and

wounds covered with an oxygen permeable dressing were shown to epithelize

faster than wounds covered with an impermeable dressing (Winter 1965;

Alvarez 1983).

º

!

º
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Uhl reported an increase in epithelization with HBO treatment at 100% O2 at 2

ATM (Uhl 1994). Reepithelization time (wound repair) was reduced by 10% (p <

0.01) in normal tissue and 25% in ischemic tissue (p < 0.001). This was

demonstrated, by laser Doppler imaging, to be unaffected by changes in

microvascular perfusion. Increased epithelization was correlated with high

arteriolar oxygen in animals held at 50% O2 at 1 ATM for 20 days (Uhl 1994).

Epidermal cells replicate best at 700 mmHg by one estimate (McMillan 1966).

The literature, however, is conflicting.

The difference between epithelization and the other components of healing is

that skin epithelium receives and uses oxygen from the ambient air as well as

from blood (Ahn and Mustoe 1990). The relative proportion of oxygen

contribution from either is clearly variable. Delivery of ambient oxygen is more

effective in a moist wound environment as the diffusion to the epithelium is

more effective with an air fluid interface. The ability to maintain a moist

environment without encouraging bacterial growth and an accompanying

leukocytic response, which prevents oxygen diffusion to the surface (epithelial)

cells, is the goal of optimal wound dressing.
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1.4 Tissue Oxygenation

One of the major functions of blood and perfusion is tissue oxygenation. The

main cellular component of blood is red cells (RBC's), which make up 40-50%

of the total blood volume under normal circumstances. Oxygen is carried both

by hemoglobin and in the plasma.

1.4.1 Hemoglobin oxygen binding

The majority of oxygen carrying capacity in blood is from the reversible binding

of oxygen with hemoglobin. In RBC's, 35% of the cellular volume is from

hemoglobin, a 68.4 kDA globular protein made up of 4 subunits each

containing a heme group (Intaglietta and Winslow 1995). There remains some

controversy over the exact oxygen binding capacity of hemoglobin. Until 1963

the accepted value was 1.34 mL/g. After the precise determination of

hemoglobin molecular weight, the theoretical hemoglobin oxygen binding

capacity of 1.39 mL/g began to be accepted. This value did not agree with

experimental results, most likely due to the presence of iron in the form of

hemochromogens, and after an extensive study of the subject, Gregory

proposed the experimental value of 1.306 mL/g for adult hemoglobin (Gregory

1974; Nunn 1994). Thus, if 100 mL of blood contains approximately 15g of

hemoglobin, then it can bind 20 mL of oxygen when fully saturated.

The binding of oxygen to hemoglobin occurs in four stages, and the binding of

one O2 molecule to hemoglobin enhances the binding of additional oxygen to
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the same hemoglobin molecule. The oxygen affinity for hemoglobin is also

affected by pH, temperature, and 2,3-diphosphoglycerate. These conditions

must be specified when considering a specific oxyhemoglobin dissociation

curve (ODC).

The ODC is a plot of % hemoglobin saturation vs pC2 and has a sigmoidal

shape (Figure 2). Equations were created to reproduce the ODC beginning

with Adar in 1925, with further modification by Kelman in 1966 (Adair 1925;

Kelman and Nunn 1966; Kelman and Nunn 1968). Unfortunately these

equations required iterative methods to solve and were not convenient to use.

Convenient equations describing the ODC were developed in the late 1970's

(Severinghaus 1978; Severinghaus 1979), and one of the most accepted is

shown in Equation 1, where S is the fractional saturation and pC2 is the partial

pressure of oxygen in mmHg.

1

23,400

poz* + 150 poz

S - (Equation 1)

+ 1

Equation 1 describes the ODC at 37°C and pH = 7.4. The mean absolute error

is 0.26% saturation, and the greatest error is 0.55% and occurs at a saturation

of 98.77% (Severinghaus 1979). Roughton examined the ODC at saturations

between 98.7% and 99.6% saturation (Roughton and Severinghaus 1973).

º
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Figure 2: Hemoglobin oxygen dissociation curve.
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The data were fit to a regression based on Hill's equation (Hill 1910), and were

determined to an accuracy of +0.1% SD. Hill's equation is: [S/(100-S)] =

K(pO2)", and the coefficients of Roughton's regression are K = 0.01.191 and n =

1.749 at 37°C and pH = 7.4.

Temperature and pH shift the ODC as shown in Figure 3. Simple formulae for

the correction of the human ODC are described in detail by Severinghaus, but

as a first approximation for a given saturation there is a 6% change in po2 per

°C for po2<100mmHg and a 6 mmHg/*C change for po2 >100 mmHg

(Severinghaus 1979). For a given saturation the Aln pC2 / ApH (Bohr Effect)

decreases from -1.3 to -1 as Saturations increase 10% and 90%, but the

sigmoidal shape of the effect causes a greater change at very low saturations,

and almost no effect at very high saturations (Roughton and Severinghaus

1973; Severinghaus 1979). Additional factors such as abnormal hemoglobins

and the presence of 2,3-diphosphoglycerate in the erythrocyte cause a shift in

the ODC (Nunn 1994).

1.4.2 Dissolved oxygen

In addition to being bound to hemoglobin, oxygen is dissolved in solution and

Carried within the plasma and the RBC intracellular fluid. The amount of

oxygen carried in blood in solution is 0.003 mL O2 (STP)/dL per mmHg (at

37°C) (Nunn 1994). Thus, at an arterial pO2 of 100 mmHg, and hemoglobin of

15 mg/dL, dissolved oxygen would only be 0.3 mL/dL, or less than 2% of the
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total oxygen carried in the blood. However, breathing 100% oxygen at 3

atmospheres pressure can raise the amount of oxygen in solution to 6 mL/dL

(Nunn 1994) or about 23% of the total oxygen carried in the blood at a

hemoglobin of 15 mg/dL, and 40% of the total oxygen in the blood at a

hemoglobin of 7 mg/dL.

1.4.3 Oxygen content vs oxygen concentration

It should be stressed that the mechanisms involved in collagen deposition,

angiogenesis, epithelization and bacterial killing are functions of oxygen

concentration (pC2) rather than oxygen content. The actual oxygen

consumption of uninfected human dermis is low: approximately 0.7 mL O2 /

100 mL of blood delivered (Evans and Naylor 1966). This corresponds to less

than 5% of the oxygen content in the perfusing blood under room air conditions

with a hemoglobin of 15 g/dL (Gimbel and Hunt, In Press). Since the

mechanisms of wound healing are based on oxygen tension rather than

Content, and the consumption of oxygen in skin is quite low, changes in tissue

pC2 can have a major impact on wound healing while minimally changing the

Oxygen content of blood.

1.4.4Oxygen Delivery

Oxygen delivery to tissue and wounds depends upon diffusion along a partial

Pressure gradient. Within the vascular system, oxygen is released from

**pillaries, small arterioles and venules (Popel and Pittman 1995). Some of
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the earliest theory regarding oxygen transport from capillaries to tissue is

attributed to Krogh (Krogh 1919a, Krogh 1919b). This model of oxygen transfer

was based on two concentric cylinders in which the smaller central capillary is

surrounded by a larger ring of tissue. Each capillary is assumed to be

surrounded by a ring of identical capillaries, each the same fixed distance from

the central capillary. This was a steady state model with no longitudinal

diffusion, a constant metabolic rate, a known pC2 at the capillary tissue

interface, and no transfer of oxygen between tissue cylinders. Using this model

the pC2 at the capillary interface is directly proportional to the square of the

radius of the tissue cylinder. Thus oxygen transport across long distances can

only be achieved with a very high pC2.

Since then, new models of oxygen transport have emerged, that have changed

concepts of oxygen transport from the vasculature to tissue. It has been shown

experimentally and described in theoretical analysis that arterioles and venules

transport oxygen as well as capillaries (Ellsworth and Pittman 1990). In a

hamster cheek pouch model, as much as 50% of the oxygen delivery occurred

prior to the capillary system (Duling and Berne 1970). The pattern of oxygen

exchange is complex and involves transfer between arteriole, venule and

Capillary vessels, and is often modeled with counter-current patterns (Piper

1984, Weerappuli and Popel 1989; Kobayashi 1990; Ellsworth 1994). The Bohr

effect couples the transport of O2 with CO2. In a rat skeletal muscle model,

80% of the CO2 was exchanged before the capillary bed during exercise (Roth
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and Wade 1986). The importance of CO2 and the Bohr effect is now

incorporated into various theoretical models (Schacterle 1991; Ye 1995). There

are many factors involved in transport of oxygen to tissue, and much more

experimentation is needed to fully understand this process.

1.4.5 Hyperbaric Oxygen

Although the transfer of oxygen from blood into tissue is a complex interaction

of many physical and chemical processes, it is the difference in pC2 between

the vascular system and the tissue that provides the driving force for oxygen

delivery. Because of the extended intercapillary distance in a wound, p()2 is

often zero in the central devascularized region. Transport of oxygen to the

hypoxic center of a wound, or to a wound with impaired perfusion, is often only

possible with hyperbaric oxygen (HBO) (Silver 1969; Davis 1987; Faglia 1996).

HBO produces superphysiologic oxygen tension in the blood because the

amount of a gas dissolved in solution is directly proportional to its partial

pressure (Henry's Law). Under room air conditions, the paO2 is normally 100

mmHg and plasma oxygen content only 0.3 mL/dL (Sheffield 1988). In

Contrast, breathing 100% oxygen at 3 atmospheres pressure can increase

paC2 to approximately 1750 mmHg and the amount of dissolved oxygen in the

blood plasma to 6 mL/dL. Thus under HBO conditions, the driving force for

oxygen delivery is increased markedly and the blood plasma oxygen content (at

a Hb of 15 g/dL)accounts for almost 25% of the total blood oxygen content. It is

º,
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this ability to overcome diffusional barriers that makes HBO useful in the

treatment of hypoxic wounds.

As previously discussed, tissue pC2 is the paramount factor affecting the

progression of wound healing and the prevention of infection. Several studies

have shown that hyperbaric oxygen (HBO) promotes wound healing, especially

in hypoxic wounds (Niinikoski 1977; Davis 1987; Uhl 1994; Faglia 1996; Smith

1996). As a treatment for osteomyelitis, HBO enhancement of phagocytic

killing rates of staphylococcus was shown to be as effective as antibiotic

therapy in a rabbit model (Mader 1978; Mader 1980). In vitro experiments

measuring 3H-labeled thymidine incorporation into fibroblasts and endothelial

cells showed an increased proliferation of both cell types after a single HBO

treatment, and the increased fibroblast proliferation lasted for 72 hours after

treatment (Tompach 1997). Using a rabbit model of irradiated tissue, Marx and

Ehler showed that HBO caused more than an 8 fold increase in vascular 1 * *

density over both normobaric oxygen and air-breathing controls (Marx 1990a).

HBO increases fibroblast collagen production, fibroblast migration, and

capillary budding in vitro, and increases vessel density in animal wound

models (Hunt and Van Winkle 1976; Gibson 1997). In a prospective trial of

diabetic foot ulcer patients by Baroni et al, patients receiving HBO therapy were

only 20% as likely to undergo leg amputation compared to patients not

receiving HBO therapy (Baroni 1987). Similarly, in a prospective, non blind

randomized trial of diabetic foot ulcer patients, Faglia et al noted a four fold

29



º

.

■ ºciºn in the

H50therapy (F

&alse of the

3.12.É determ

TéâSU■ ement

Pºss may afé

*■ ment Anc

tages during t

ºrg $ necess

*::). In Drew

*::::: as
Šsis: 1988, C

!C. *asured

ºth ºceas

$0 *amen t i■

%



reduction in the rate of major amputation compared to patients not receiving

HBO therapy (Faglia 1996).

Because of the numerous variables affecting wound pC2 and oxygen transfer,

accurate determination of wound pC2 during HBO treatment requires direct

measurement. The tissue changes occurring during the wound healing

process may affect the wound oxygen tension (pO2) attained during HBO

treatment. An objective, quantitative measure of wound oxygen tension

changes during both a single HBO treatment and throughout the course of

healing is necessary to understand the effects and mechanisms of HBO

therapy. In previous studies, human wound and subcutaneous tissue pC2

levels during a single HBO treatment increased markedly (Sheffield 1985;

Sheffield 1988; Cianci and Hunt 1993). The degree of this increase above the

pO2 measured under room air conditions showed a high degree of variability

with both increases and decreases in the peak po2 attained over weeks of

HBO treatment in individual case study patients (Sheffield 1985; Sheffield

1988). In order to determine the specific changes in overall oxygen delivery

during the healing process and a course of HBO therapy, well characterized

º
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animal models are needed.
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2.0 Assessment of Peripheral Perfusion

2.1 Goals

2.1.1 Resuscitation Endpoint

Hemorrhagic shock is one of the most common life threatening results of

injury. As with all types of shock, the oxygen demand in the tissues is greater

than the supply limited consumption. This leads to energy production via

anaerobic glycolysis, and results in lactic acidosis (Powell 1995). The goal of

resuscitation from hemorrhagic shock is to meet tissue oxygen requirements

by restoring adequate blood perfusion and oxygen delivery to all tissues.

Therefore, hemorrhagic shock treatment requires many of the same

assessment goals as the treatment and healing of both traumatic and surgical

wounds.

2.1.2Surgical Wound Healing

As previously detailed, adequate tissue oxygen is needed for collagen

deposition, angiogenesis, bacterial killing, and epithelization. Without adequate

perfusion, wounds in peripheral tissues such as skin, bone and intestine are

unable to resist infection and heal properly. In a study by Hopf et al, psgO2

measurements in postoperative surgical patients (Hopf 1997a) were found to

be 15 mmHg lower, or only 75% of levels measured in uninjured volunteers

(Hopf 1988; Jensen 1991; Sheffield 1996). This demonstrated the peripheral

perfusion in surgical patients was less than that of healthy volunteers. The
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ability to quantitate peripheral perfusion and correct the deficiency would

improve the healing process.

2.1.3 Chronic Wounds

The principles described above in regard to surgical wounds apply to chronic

wounds as well. Hypoxia of non-healing lower extremity wounds is common

and not limited to patients with peripheral vascular disease (PVD), (Hopf 1996;

Hopf 1997b). Wounds are often located on the extremities, as these areas are

cooler than the trunk as a result of exposure and an increased surface area to

volume ratio. This decreased temperature decreases local perfusion and

oxygenation of the area as described in Section 2.3. In addition, these areas

are the most frequently traumatized regions. Often the hypoxia at the region of

the wound is a local phenomenon, and transcutaneous oxygen measurements

are normal elsewhere on the leg, even distal to the wound. Causes for hypoxia

in chronic wounds include vasoconstriction from excess sympathetic activity,

lack of angiogenesis, excess inflammation, and edema. Sympathetic blockade

with the systemic agent clonidine, or with percutaneous lumbar sympathetic

neurolytic block have increased perfusion, temperature, and psgO2 in pilot

studies (Hopf 1996; Hopf 1997b). Supplemental oxygen increases the fraction

of inspired oxygen (FiO2) from 21% in room air to 50%, and increases psgO2 in

patients with some degree of perfusion. Transcutaneous p02 at both FiO2

increased after 3 weeks of breathing 6 L/min oxygen by nasal cannula for 16

hours a day (Hopf, West unpublished data). This suggests that breathing

49



supplement.

"Cease in

By preventir

decrease pº

Wºund heal

a■ also m

Wºunds. T

sºld prov

ºey fro

s
“Current

ºnals

*■ d and

*ºnsº,

ºat d

*ses
'*'ss

* - - -

3r d 3C O

. *3 "àn CS



supplemental oxygen increases angiogenesis in patients who initially show an

increase in ptcO2 after increasing the FiO2.

By preventing or correcting sympathetic nervous system activation one can

decrease peripheral vasoconstriction, raising wound pC2 and thus improve

wound healing and resistance to infection. The use of supplemental oxygen

can also improve healing in patients who have some perfusion of their

wounds. Thus, direct assessment of peripheral perfusion and oxygenation

should provide better healing, resistance to infection, and a more rapid

recovery from both surgical and chronic wounds.

2.2 Current methods of blood volume assessment

Unfortunately, determination of blood volume status and tissue perfusion is

inexact and difficult. During blood loss, the sympathetic nervous system

vasoconstricts peripheral circulatory beds such as the skin, that are not vitally

important, and thus directs blood to vital organs such as the heart and brain.

Because of this homeostatic response, usual hemodynamic and metabolic

measures, such as blood pressure, urine output, central venous pressure,

cardiac output, lactic acid and base deficit, are not reliable indices of peripheral

perfusion (Gottrup 1987; Powell 1995; Drucker 1996). They reflect central

blood volume, and only fall when homeostatic mechanisms are exceeded.

These homeostatic mechanisms decrease peripheral perfusion in order

maintain central blood volume. Thus, a major perfusion loss to peripheral
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tissues is not detectable by previously mentioned methods. For example, in

canine studies, urine output remained relatively constant until blood loss

exceeded 30–40% of the original volume (Nelimarkka 1981). A more sensitive

and quantitative resuscitation method directly based on the goal of adequate

tissue oxygen levels would be extremely useful. Using the assumption that

during the “fight or flight" response, subcutaneous tissue would be the first to

have blood flow sacrificed during hemorrhage, and the last to be replenished,

psqO2 was correlated with blood loss in dogs (Gosain 1991). With blood loss

of 0% to 40%, psc, O2 was a more sensitive indicator of blood loss than either

cardiac output or mean arterial pressure. Gottrup et al evaluated the correlation

of ps3O2 and paO2 in a dog hemorrhage model (Gottrup 1987). Under

conditions of normal perfusion, psgO2 increased linearly in response to

increases in arterial pO2 (paO2), in the range of 100 - 500 mm Hg, or above the

level at which hemoglobin is 100% saturated. On the other hand, changes in

paO2 had little impact on psgO2 following a 20% blood volume hemorrhage,

which was intended to induce subcutaneous tissue vasoconstriction (Gottrup

1987) (Figure 4).

2.3 Regulation of subcutaneous blood flow

The regulation of subcutaneous tissue blood flow is largely central, with little

local control except from local heating (Sheffield 1996). This is because

Subcutaneous tissue serves both as a reservoir to maintain central volume

during hemorrhage and as a major site of thermoregulation. Thus, known
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Figure 4: The psgO2 vs paC2 relationship before and during 20% blood volume

hypovolemia, and the psgO2 vs paC2 relationship after reinfusion (Gottrup

1987).
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sympathetic nervous system activators (Derbyshire and Smith 1984) such as

hypovolemia, cold, pain, and fear would be expected to decrease both

perfusion and psd O2. The effect of these activators on psaO2 has been

measured experimentally. Infusion of epinephrine in volunteers, to simulate

sympathetic nervous system activation, caused a dose dependent decrease in

psqO2 at clinically relevant plasma levels (Jensen 1985). Hypovolemia

resulting from hemorrhage (Gottrup 1987), hemodialysis (Jensen 1987), or

inadequate volume replacement during surgery (Jonsson 1987), decreases

psgO2, and reinfusion of volume reverses this effect. Prolonged shivering in

awake volunteers, that is cold exposure without core hypothermia, significantly

decreased psgO2, but is reversed by applying local heat over the test area

(Sheffield 1996). Conversely in the same study by Sheffield, prolonged

sweating, that is heat exposure without core hyperthermia, significantly

increased psgO2, but local cooling had only minimal effect.

2.4 Determination of flow based on tissue oxygen

Tissue oxygen tension (PO2) reflects the degree to which blood flow to a tissue

has met its oxygen requirements. In a tissue with constant oxygen

consumption, the perfusion is directly reflected in the tissue oxygen tension.

Subcutaneous tissue is extremely useful for the determination of a patient's

perfusion status, because: 1) it is easily accessible; 2) it is responsive to

vasoconstrictive influences (Jensen 1985); 3) it is among the first tissues

sacrificed during blood loss and the last replenished during recovery (Hunt
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1967; Gottrup 1987; Gosain 1991); 4) it plays a critical role in surgical infections

(Hopf 1997a); and 5) it consumes a relatively small amount of oxygen (Evans

and Naylor 1966), and its po2 is therefore sensitive to small changes in local

blood flow.

2.4.1 The “Flow Index”

Fick's Principle (Equation 2) has been used to determine the relative

subcutaneous perfusion of a patient as compared to normal (Gottrup 1987;

Hopf 1988).

F = Voz
(CaO2 - Cvo2) (Equation 2)

F = Blood Flow

VO2= Tissue oxygen consumption

CaO2 = Arterial blood oxygen content

Cvo2 = Venous blood oxygen content

Fick's principle states that blood flow is equal to the quotient of tissue oxygen

consumption and tissue oxygen extraction, where the tissue oxygen extraction

is determined from the arterio-venous oxygen content difference(Ca-vO2)

across the tissue. Under ideal circumstances, this content difference is

calculated from the paC2, pvQ2 and hemoglobin applied to the ODC, taking into

account the correction for pH and temperature. Unfortunately it is not possible

to obtain blood representing venous drainage entirely from subcutaneous
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tissue, as the main vascular component of this tissue is composed of

perforating vessels from the underlying muscle, and the superficial venous

sample would represent a mixture of blood from subcutaneous and deeper

tissue. Therefore subcutaneous tissue oxygen extraction is currently estimated

by simultaneously measuring the po2 in subcutaneous tissue (psgO2) and

arterial blood (paO2), and assuming subcutaneous venous p02 (pvsqO2)

approximates psaO2.

Gottrup et al estimated that pusqO2 = psqO2 + 10 mmHg (Gottrup 1987). This

estimation was based on canine studies in which pusqO2, paO2, and

hematocrit were simultaneously measured and used to calculate an

arteriovenous oxygen content difference. Under the assumption that the Fick

principle was true for subcutaneous tissue, a plot of psaO2 vs paO2 was

overlaid on a matrix of calculated curves of pVsqO2 for any given paO2 at blood

arterio-venous oxygen content differences ranging from 0.5 to 10 mL/dL of

blood (Figure 5). The pyscO2 for each of the curves in the matrix was calculated

using the oxyhemoglobin dissociation curve determined by Dill and Forbes (Dill

and Forbes 1941). During this experiment there was no change in temperature

(37°C), pH (7.4), or Hot (38). The best fit of the superimposed graphs was

determined visually and occurred over the curve of Ca-vO2 = 1.0 mL O2 /dL

blood. The results from Figure 5 also show that as the subcutaneous

perfusion is decreased as a result of a 20% hemorrhage (and thus Ca-vO2 is
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Figure 5: Calculated curves displaying the relationship of pVsqO2 vs paO2 for

arteriovenous oxygen content differences ranging from 0 to 10 (mL oxygen)/(dL

blood). Data from canine experiments relating psgO2 and paO2 are

superimposed. The best fit by visual methods appears at pvsqO2 = psqO2 + 10

mmH, as shown by the shift of the two y-axes by 10 mmHg (Gottrup 1987).
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increased), the psgO2 decreases and becomes unresponsive to changes in

paO2.

Using this estimation of pvQ2 based on pvsqO2, the Ca-vO2 was calculated

using an ODC with appropriate correction for pH and temperature. The

temperature of the venous blood was assumed to be in equilibrium with the

subcutaneous tissue temperature, and the venous pH was assumed to be

approximately that of the arterial blood. The Ca-vO2 of 8 euvolemic,

thermoneutral, healthy volunteers was calculated using this method (Hopf

1988) using ODC relations from Kellman (Kelman and Nunn 1968), and found

to be 0.73 mL O2 / dL blood.

In order for this value of extraction to be used in calculating a value of relative

perfusion in patients a second assumption was made. This assumption was

that subcutaneous oxygen consumption was small and constant despite

changes in temperature and paO2 (Gottrup 1987; Hopf 1988). Evans and

Naylor compared human paC2 and forearm psgO2, and determined that the

best fit of the experimental data to a model assuming a constant Ca-vO2 and

constant (PaC2 - psaO2) occurred when Ca-vO2 = 0.6 vol % and paO2 - psaO2 =

50 mmHg (Evans and Naylor 1966). As stated in the paper, the only clear

result was that there was a very low mean Ca-vO2 in the dermis at the time of

measurement Ca-vO2. Experimentation in leukocytes and fibroblasts

demonstrated a 15% decrease in oxygen consumption as p02 was decreased
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from 70 to 30 mmHg (Gottrup 1987). This result was the same for resting and

stimulated cells. These results suggest subcutaneous tissue oxygen

consumption is small and likely to change only minimally with changes in

temperature and pC2.

Using these assumptions and data from normals, a “Flow Index" was

created(Equation 3), (Hopf 1988).

Vo2
(CaO2 - CvsqO2)

VO2
→E→ (Normal)
(CaO2

-
CvsqO2) (Equation3)

(Patient)
Flow Index =

The “Flow Index" (FI) is the ratio of subcutaneous tissue patient flow to normal

(healthy, normothermic, euvolemic volunteers) flow. With the assumption of

constant subcutaneous tissue oxygen consumption (VO2), the “Flow Index"

becomes the ratio of calculated arterio-venous content difference (Equation 4).

(CaO2 - CvsqO2) (Normal)
(CaO2 - CvsqO2) (Patient)

Flow Index =
(Equation4)

This is further simplified using the value of 0.73 vol %, previously calculated

(Hopf 1988) in healthy volunteers (Equation 5).
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0.73 ml O2 / dl blood

(CaO2
-

CvsqO2) (Patient) (Equation5)
Flow Index =

Using this theory, Fl = 1.0 describes a patient with normal subcutaneous

tissue peripheral perfusion, an FI - 1.0 describes increased perfusion and an

Fls 1.0 describes decreased perfusion. Given the possible errors present, a

range of FI = 0.6 - 1.5 is more representative of a patient with normal flow. This

is useful in differentiating between changes in subcutaneous perfusion and

changes in oxygenation resulting from decreased pulmonary function.

2.4.2 The oxygen challenge

The "oxygen challenge" is based on the idea that with normal perfusion, psaO2

increases linearly in response to increases in paO2, while with

vasoconstriction and hypoperfusion, changes in paO2 have little impact on

psqO2 (Gottrup 1987; Jonsson 1987; Hopf 1997a). In well-perfused subjects

(animals and normal volunteers), PsqO2 approximately doubles (from 60-65

mmHg to 100-130 mm Hg) when paC2 increases from 90 to 200-300 mmHg

(FiO2 0.21 to FiO2 0.5), (Hopf 1988; Hopf and Hunt 1994; Sheffield 1996). This

response to increased PaC2 gradually decreases during graded hemorrhage,

until PsqO2 does not change detectably in response to doubling paO2 (Gottrup

1987; Gosain 1991). Based on these studies, we have defined "adequate"

perfusion when a doubling of FiO2 produces at least a 20% increase in psgO2.
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One of the assumptions underlying this test is that subcutaneous perfusion

does not significantly change as a function of paO2. Oxygen metabolites have

been shown to have vasoactive properties, both constrictive and dilatory, in

many in vitro and in vivo studies (Wolin 1991). However, the vasoactive

properties of hyperoxia in subcutaneous tissue remain unclear, and there is no

evidence at present suggesting subcutaneous vasoconstriction or dilation with

hyperoxia. A study by Dewhirst (Dewhirst 1996) measured changes in

subcutaneous and tumor arteriolar diameters in response to increasing p()2

from room air to 100% oxygen. The study used a rat model with

videomicroscopy of a cutaneous widow chamber to observe microvascular

parameters. The change in FiO2 increased arterial pO2 from 96 to 448 mmHg

and increased peri-arteriolar pC2 from 50 to 89 mmHg. In both subcutaneous

and tumor tissue there was no change in arteriolar diameter during exposure

to 100% oxygen (Dewhirst 1996).

2.4.3 Clinical application of the flow index and oxygen challenge

In a study by Hopf (Hopf 1988), 20 post-surgical patients were divided into 2

equal groups based on their response to supplemental oxygen. Ten had an

increase in ps3O2 (group A), and 10 did not (group B). Patients in group A had

significantly longer operations (p = 0.05), greater estimated blood loss

(p=0.05), greater fluid requirements during surgery(p=0.01), and in the 24

hours post surgery (p=0.001). Postoperative urine output, blood pressure,
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heart rate, and hematocrit, were nearly identical for the 2 groups. The mean Fl

+ SD was 0.30 + 0.08 for group A and 0.85 + 0.29 for group B. This study

showed the clinical potential of the flow index and oxygen challenge as

sensitive measures of peripheral perfusion and volume status.

Pulmonary dysfunction may limit the rise in PaC2 with doubling inspired oxygen.

Therefore, as with the “flow index", simultaneous measurement of PaC2 and

PsqO2 allows differentiation of low PsqO2 caused by hypoperfusion from that

caused by pulmonary dysfunction and arterial hypoxia. Therapy can then be

targeted toward cardiopulmonary problems, perfusion problems, or both.

2.4.3 Assumptions of the flow index and oxygen challenge

Both the “Flow Index" and "Oxygen Challenge" rely on a number of

assumptions that remain to be validated. They include:

1) Subcutaneous tissue oxygen consumption changes minimally with

changes in temperature and pC2.

2) The relationship between pusqO2 and psaC2 changes slightly with

temperature and paO2, but the difference is approximately constant at 10

mmHg.

3) Arterial pO2 does not independently change subcutaneous perfusion.

Examination and correction for errors in these assumptions would improve the

validity, accuracy, and clinical utility of the Flow Index and Oxygen Challenge.

‘10’■ ,

R_*
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This would allow tissue oxygen levels to be more clinically useful in

determining perfusion status for assessment of resuscitation and wound

healing. In addition it would improve the basic understanding of the effects of

paO2 and temperature on oxygen consumption and equilibrium levels in the

Subcutaneous tissue.
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3.0 Evaluation of The Tissue Oxygen Measurement System

The measurement of tissue oxygen tension is central to the work presented in

this thesis. In order to better understand the accuracy, sensitivity, and

limitations of each piece of oxygen data, a thorough understanding and

evaluation of the oxygen measurement system employed was required. All

wound and subcutaneous oxygen measurements were completed using a

LICOX Clark type polarographic oxygen probe and temperature measurement

system (Medical Systems Corp., Greenvale, NY) placed inside a length of

silicon (Silastic8), Dow-Corning, Midland, MI) tubing (tonometer). A number of

manufacturers make polarographic oxygen electrodes and optical oxygen

probes. Only the LICOX probe was evaluated in this project, and the

performance of other probes is likely to be somewhat different.

3.1 Polarographic oxygen measurement theory

3.1.1 The polarographic cell

In 1897, Danneel, an assistant to Nernst, observed that if a negatively charged

metal and a reference electrode were placed in an electrolyte solution, a

current flowed in proportion to the oxygen concentration, and if the solution was

devoid of oxygen, there was no current (Clark and Clark 1987). In the simple

electrolytic cell used to measure oxygen tension, the cathode is made slightly

negative with respect to the anode using an external voltage source. The

dissolved oxygen in the solution is reduced at the cathode, and a measurable

current flows. It should be noted that this is quite different from an
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electrochemical cell where the spontaneous chemical oxidation and reduction

cause a current to flow in an external circuit. Within the electrolytic cell used to

measure oxygen, an increase in cathode negativity causes an increase in

oxygen reduction, resulting in an increase in current as depicted in Figure 6

(Lakshminarayanaiah 1976). The initial rise at the smaller negative potential

represents an adequate supply of oxygen around the cathode, with the oxygen

reduction being limited by the voltage potential. The plateau region represents

a condition where the current is independent of the applied potential, but

defined by diffusion. Under this condition, the cathode reduction is faster than

the rate of diffusion, the diffusion rate is at its maximum, and therefore the

current remains constant despite changes in electrode potential. In this

plateau region, the sensor is “polarized", since changes in the potential make

no significant change in the current. The further increase in current with even

greater negative potential results from the build up of current carrying products

from the oxygen reduction (Fatt 1976; Lakshminarayanaiah 1976).

The shape of Figure 6 is determined by the diffusional and chemical

characteristics of the solution. The height of the plateau is determined by the

concentration of oxygen in the solution. Thus, if an applied voltage is held

Constant in the plateau region, a sequence of oxygen concentrations in a

solution would be directly proportional to the heights of the plateaus as

depicted in Figure 7 (Smith and Hahn 1969; Lakshminarayanaiah 1976).
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Figure 7: Theoretic oxygen polarogram for a membrane covered electrode.

Current is in arbitrary units. The figure shows that in the plateau region, the

current is directly proportional to pC2 (Lakshminarayanaiah 1976).
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The polarographic reduction occurring at the platinum cathode is dependent on

the pH of the solution surrounding it.

In acidic Conditions:

O2+4H +4e > 2H2O (Equation.6)

In basic conditions:

O2 + 2H2O + 2e > H2O2 + 2CH"

H2O2 + 2e > 2CHT

The overall reaction in basic conditions is:

O2 + 2H2O + 4e > 40H (Equation 7)

Thus the type of reaction is not only dependent on the pH, but in turn it changes

the pH of the surrounding solution as the reaction progresses. Under basic

conditions, intermediate peroxides are formed. These peroxides may react

with the cathode metal and be decomposed to hydroxyl ions, or if they are in a

biological environment, may be broken down by the peroxidase or catalase

present in the tissue. The breakdown by enzymes occurs outside the desired

electrochemical reaction, and can alter the linear relation between pC2 and

current flow.

3.1.2 The stirring effect

The stirring effect is an increase in current due to the movement of a liquid past

a polarized electrode. The current reaches a maximum with vigorous stirring

that may be 20 fold greater than the current of the unstirred solution (Clark and
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Clark 1987). At the cathode surface, the pC2 is zero, and this causes a

concentration gradient in the solution or tissue causing oxygen to diffuse

toward the cathode. The stirring increases the number of oxygen molecules

brought near the cathode surface far above what would have arrived due to

diffusion alone. Under most flowing conditions, the cathode is not directly

touched by the moving liquid, but has a very thin stagnant layer of liquid

adherent to its surface (Fatt 1976). Thus, a bare cathode can be modeled as if

covered by a membrane (the stagnant layer) whose thickness is determined by

the velocity of the flowing liquid. Since this thickness determines the diffusion

of oxygen to the cathode and thus the current, the current becomes a direct

function of the velocity of the solution surrounding the cathode (Fatt 1976). In

summary, the flowing liquid increases the amount of oxygen reduced to water

at the cathode surface, by maintaining a constant supply of oxygen molecules

at the Cathode far above that which could be delivered from diffusion alone in a

still liquid.

3.1.3 Diffusion and response time at the sensor

The following section is based on oxygen diffusion theory described in Fatt,

1976 and Lakshminarayanaiah, 1976. The rate of oxygen diffusion (flux) from a

solution to the oxygen cathode surface is described in Equation 8.

f = DK - (Equation 8)

*…*
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where the oxygen flux (f) is equal to the product of the oxygen diffusion

coefficient(D), and the oxygen concentration gradient at the cathode with

respect to distance (x) from the cathode surface. This general equation

assumes the concentration of oxygen in the liquid follows Henry's law, or rather

that the oxygen concentration equals the product of the oxygen solubility

coefficient (k) and the oxygen tension (P).

The association between pC2, distance from the electrode surface, and time is

described in Equation 9 (Fatt 1976).

2P - Dk?”
Ot 3 x*

(Equation.9)

Where the partial derivative of oxygen tension (P) with respect to time (t) is

equal to the product of the oxygen diffusion coefficient (D), the oxygen solubility

constant (k) and the second partial derivative of oxygen tension with respect to

distance(x) from the surface of the cathode. Using this relation, Equation 10

describes the oxygen gradient at the electrode surface (x = 0) as a function of

time (Fatt 1976).

(#) = Fo (Equation 10)2*)x=0 ^ T Dt
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Oxygen reduction at the cathode produces a current (I) described in equation

11.

|= nRAf (Equation 11)

Where the current is the product of the number of electrons per mole of oxygen

reduced (n), the Faraday constant (F), the surface area of the electrode(A), and

the flux of oxygen to the electrode (f). Application of this theory to a bare wire

electrode requires two assumptions. First, the wire is assumed to protrude a

short distance from a glass sheath. Secondly, the length of the wire is

assumed to be so small in relation to the volume of tissue surrounding it that it

can be treated as a finite spherical sink in an infinite inert substance (Davies

1962; Fatt 1976). Using these assumptions and the previously described

relations, the current caused by the reduction of oxygen at the surface of the

electrode is described in Equation 12, where the variables have previously

been defined except for the radius of the electrode (a), (Davies 1962; Fatt 1976,

Lakshminarayanaiah 1976).

i = "roº■
+ a

) (Equation 12)^ T Dt
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The current is therefore equal to the sum of a time independent and a time

dependent portion. The transient portion will decrease with time, and its

contribution to the total current, at any given time, is dependent on the radius (a)

of the electrode. Thus, as the electrode diameter is decreased the transient

portion becomes a smaller fraction of the total current, and the time it takes for

the transient portion to become negligible decreases (Davies 1962;

Lakshminarayanaiah 1976). Equation 12 shows that at steady state (t=

infinity), the current is proportional to the properties of the solution, the

electrode radius, and the pC2 of the solution.

3.1.4 Development of the Clark Electrode

The sequence of events described in this section are summarized from the

personal history written by Clark and Clark (Clark and Clark 1987). Initially it

was extremely difficult to measure oxygen in blood due to the “stirring effect"

and poisoning of the electrode from proteins and other organic molecules.

When using a bare platinum wire to measure pC2, Clark noted that the current

was dependent on how much wire was immersed in a solution, since all of the

wire in contact with the solution was reducing oxygen (Clark and Clark 1987).

By sealing the wire in glass with only the tip exposed after grinding, the contact

area could be tightly controlled and the current variability reduced. In order to

minimize the stirring effect, slow down poisoning, and prevent unwanted

polarographically active substances from reaching the cathode, Clark tried

sealing different membranes over the platinum cathode probe tip. Initially, the
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anode was not covered since the oxygen was reduced at the cathode, and

therefore the anode did not need any protection. His membrane experiments

revealed the following difficulty: hydrophobic materials that were permeable to

oxygen would not conduct current, and electrically conductive hydrophilic

materials had a very high resistance to oxygen diffusion. Despite this difficulty,

Clark began working with cathodes covered in a cellulose membrane, a

hydrophilic material. This decreased the stirring effect by two means as

described by Fatt (Fatt 1976). First, the placement of a membrane with a high

oxygen diffusion resistance between the cathode and the moving solution

decreased the diffusion of oxygen to the cathode. This lessened the oxygen

deficit in front of the membrane covered probe, and decreased the change in

oxygen tension occurring from convective oxygen transfer secondary to solution

movement. Secondly, it placed a fixed boundary layer on the cathode

consisting of the liquid layer between the cathode and the membrane, and the

membrane itself. The thin stagnant layer of liquid on the outside of the

membrane was now in series with the other two boundary layers, and due to

the much higher diffusion resistance of the membrane, the total resistance

was not significantly affected by changes in the adherent thin stagnant layer.

Increases in the membrane thickness would further decrease both the

absolute current at any given pC2, and the stirring effect. Despite this decrease

in the stirring effect, difficulties still remained. For example, the device could

not be used in air since thousands of volts would be necessary to have current

flow in a gaseous medium.
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In 1954, Clark realized that if both the anode and cathode were sealed behind

the same electrically non conductive oxygen permeable membrane, many of

the prior difficulties would be eliminated. Current would flow in a thin layer of

electrolyte behind the membrane, rather than through the membrane or

sample. The thin layer of electrolyte fluid provides an oxygen diffusion path

which remains constant regardless of the sample and allows a fast response

time.

In addition, the thin layer of electrolyte in the Clark electrode design removed

the pH effect. The reduction of oxygen at the cathode produces hydroxyl ions

and lowers the pH of the electrolyte. The electrolyte buffer determines the final

pH, while amount of oxygen reduced and the volume of the electrolyte

determine how fast the pH equilibrium is reached. Thus the extremely small

volume in the thin layer of electrolyte allows the pH to rise rapidly and remain at

the buffered equilibrium value, which is now unaffected by the CO2 tension in

the sample (Clark and Clark 1987).

3.1.5 Current Clark Electrodes

Most oxygen measuring electrodes are polarized in the plateau region between

-0.6 and -0.8 V (Lakshminarayanaiah 1976). The approximate oxygen

diffusional characteristics of a variety of materials are shown in Table 1, as

Summarized from a listing by Severinghaus (Severinghaus 1968).
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Material Oxygen Permeability .
Saran 0.9
Polyester (Mylar) 10
Polypropylene 200
Low Density polyethylene 500
Tetrafluoroethylene 1,000
Silicone Rubber (Dow S-2000) 90,000

*n L/(atm-cm *-min)

Table 1: The permeabilities of six (.001 inch thick at 37°C) membranes to

oxygen. Data obtained from Severinghaus, and displayed to one significant

digit (Severinghaus 1968). Note the extremely high permeability of silicone

rubber (Silastic8).
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Membranes constructed from polyethylene, polypropylene, Teflon, and Mylar

are often used to separate the solution or tissue to be measured from the

buffered electrolyte, since these are relatively permeable to oxygen, but rather

impermeable to ionized molecules (Lakshminarayanaiah 1976). Although

increasing the thickness of a membrane or changing to a material with a lower

oxygen diffusion coefficient will decrease the stirring effect, it will also increase

the response time of the sensor (Fatt 1976). For membrane covered electrodes

in a tissue that consumes oxygen, the analysis for determination of time to

reach steady state and current prediction is much more complex. In general

the response time is influenced by the electrode diameter, membrane

thickness, and membrane diffusion coefficient (Fatt 1976).

Changes in temperature influence the rate of oxygen transfer through the

sample, membrane, and electrolyte, and influence the rate of oxygen reduction

at the cathode surface (Heitmann 1967). Increasing temperature increases

both the oxygen transfer through the membrane and the rate of reduction at the

cathode (Heitmann 1967).

lf halothane anesthetic is used on an experimental subject during oxygen

measurement, the readings are likely to be invalid (Severinghaus 1971). The

halogenated hydrocarbons in halothane are also reduced by the polarographic

electrode in addition to the oxygen. This unwanted effect is known to be from

bromine and can be decreased if the negative potential of the cathode relative
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to the anode is reduced to -0.5V (Severinghaus 1971). Because the effect has

been attributed to bromine, it is unlikely other anesthetics such as isoflurane

will have a similar effect on the oxygen measurement.

3.2 Specific Aims

1) In vitro determination of measurement accuracy under physiologic

temperatures and subcutaneous tissue pC2 levels.

2) In vitro determination of measurement accuracy under supraphysiologic

wound pC2 values obtained during hyperbaric oxygen (HBO) treatment.

3) Creation of an empiric correction function for measurement of high pC2 with

the LICOX equipment.

4) Determination of oxygen measurement system response time under

different temperature conditions.

5) Comparison of oxygen measurement system response time with and

without the use of the silicone (Silastic8) tonometer.

The probes used in the thesis experiments were polarographic Clark type

probes acting by the principles previously described. They were manufactured

by LICOX (Medical Systems Corp., Greenvale, NY). LICOX polarographic

oxygen and temperature probe systems are designed for a two point calibration

at 0% oxygen and 21% oxygen at 1 ATM pressure. The system assumes a

linear relationship between pC2 and current. Because the oxygen tensions

anticipated under HBO experimental conditions are well out of this range, it
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was necessary to define error over a range of pC2 between the calibration

endpoints as well as over a range of pC2 expected under HBO conditions to

determine if error correction was necessary and possible.

The use of the tonometer during oxygen measurement will effect the response

time of the probe. In order to determine the magnitude of this change in probe

response time, probe response times were measured between a variety of

physiologic oxygen tensions and temperatures under in vitro conditions, and

with and without a tonometer present.

3.3 Equipment and methods

3.3.1 The LICOXOxygen measurement system

The electrode used was the “Microcatheter pC2 probe", model C1 (OD = 0.47

mm, Length = 200 mm, integrating pC2 sensitive area = 5 mm in length,

sensitivity = 2.5x10°A/mmHg poz, gold cathode polarized to 795 mV). The

electrode is housed in a polyethylene catheter with a thickness of

approximately 70pm. The beginning of the po2 sensitive area starts 7 mm

from the tip of the probe. The factory described 90% response time of the

probe is 70s at a temperature of 35°C.

The sensitivity of the polarographic probe is modulated by temperature

(approximately 4.5%/*C). For this reason, tissue temperature is continuously

monitored with a thermocouple. The calculation of the pC2 measured by the

1Clº

RY
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polarographic probe assumes a linear relation between the pC2 and current.

During pC2 measurement, the relationship shown in Equation 13 is used to

determine the pC2 of the tissue or substance measured. This relationship

calculates measured pC2 as the product of: 1) calibration pC2; 2) the ratio of

measured current to calibration current; and 3) an exponential temperature

sensitivity correction.

Equation13:

(I - IcN2)O2 (Ti = p(D2 (Cal) ——t—Poºl - Posº [airi, exp [.01 Ts (Tc - Tr)

Where:

pO2 (Cal) = the calculated pC2 at the time of calibration in an oxygen containing

environment (usually room air)

| = the polarographic probe current during measurement

lcN2 = the polarographic probe current under pure nitrogen (an oxygen free

environment)

lcC2 = the polarographic probe current at the time of calibration in an oxygen

containing environment (usually room air)

TS = the temperature coefficient quantitating the current sensitivity to

temperature

Tc = the temperature at the time of calibration in an oxygen containing

environment (usually room air)

TT = the temperature of the tissue or substance measured
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The actual pO2 at the time of calibration is calculated from the relation in

Equation 14.

pO2 = (PTotal-pwH2O) FiO2 (Equation 14)

The calculated pC2 is equal to the difference of total barometric pressure

(PTotal) and water vapor pressure (pVH2O), multiplied by the oxygen fraction in

the environment (FO2).

The temperature sensitivity and calibration under nitrogen are supplied with

each probe and determined at the time of manufacture. The oxygen probe and

thermocouple are connected to the LICOX computer. The factory parameters

supplied with the probe are entered into the computer. The probe is calibrated

under room air conditions with values of the barometric pressure and fractional

oxygen content entered into the LICOX computer. The current from the probe is

amplified with a maximum linearly measured current of 9999 X 10°A, and a

maximum resolution of 2 X 10” A. The oxygen probe current and

thermocouple data are input to the computer, and the measured pC2 is

calculated from the calibration data and factory data using the relation in

equation 13.
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Either pC2 or current can be displayed on the LCD, with temperature displayed

once every minute. Using an RS232 interface, the data (l, temperature, po2,

time, date, factory and calibration parameters) can be downloaded onto a PC

from the LICOX computer as frequently as every 5 seconds.

3.3.2 Calibration Procedure

The pC2 probe is placed in an oxygen permeable polyethylene sheath in

equilibrium with room air, and attached with a Luerºcone connector. A small

amount of water is in the sheath so that the probe is under 100% humidity

during calibration. The sheath is placed inside a steel calibration barrel with a

thermocouple attached and connected to the LICOX computer. The factory

parameters are entered into the computer and the computer turned on, starting

the voltage drop and flow of current in the probe. The probe is allowed to

equilibrate for 20 minutes, at which time the calibration button is pushed,

simultaneously storing the values of poz (Cal), lcC2, and Tc. The values of TS

and leN2 remain in the computer and are used to calculate pC2 from the

measured current (I) and temperature (TT).

3.3.3 The oximetry tonometer

For measurement of subcutaneous tissue pC2, a small diameter tonometer is

placed in the tissue and both the temperature and oxygen probes placed within

the tonometer. Tonometers have been used for subcutaneous tissue oxygen

measurements for over 35 years (Niinikoski and Hunt 1972; Chang 1983; Hopf
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and Hunt 1994). The tonometer is constructed of highly oxygen permeable

Silastic8 silicon rubber tube (0.8 mm ID X 1.3 mm OD), (Dow Corning Medical

Products, Midland, MI). The silicon tube is attached to a 20g, 1" long,

intravenous catheter on one end and cut to a length of 15 cm. The other end is

swaged onto an 18 gauge spinal needle so that it can be inserted into the

subcutaneous tissue and the spinal needle removed. The schematic of a

subcutaneously placed tonometer is shown in Figure 8. Following calibration,

the oxygen probe is inserted through a Y - connector, an 11 cm Luer hubbed

extension tube, and then into the hub of the intravenous catheter. As depicted

in Figure 9, the measurement area of the probe lies within the lumen of the

tonometer, approximately 1 cm distal to the end of the intravenous catheter.

The connector, tubing, and tonometer are flushed with saline until all air

bubbles are removed. The temperature probe is then inserted through the

other end of the tonometer until the tips of the two probes meet. The system is

once again flushed to remove all air bubbles.

The tissue pC2 equilibrates with the saline and is measured by the

polarographic electrode. If the measuring portion of the oxygen probe is at

least 3 cm from the tonometer insertion and exit sites, diffusion of oxygen from

the ambient air into the tonometer has a negligible effect on the measured pC2.

The presence of the tonometer during in vivo studies provides a barrier

between the subject and the probe, so that probes can be reused between

Subjects. The tonometer allows the probe to be removed and recalibrated
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during long studies when drift might otherwise reduce the accuracy of the

results. In addition, the tonometer further increases the area of tissue sampled

by the probe so that the heterogeneity of tissue pC2 is averaged.

3.3.4. Accuracy and response time within calibration limits

Six previously unused LICOX polarographic oxygen probes were evaluated at

37°C during equilibration with bubbling oxygen-nitrogen gas mixtures

containing 0, 2.5, 10, and 21% oxygen. Probes were evaluated in two sets of 3

probes. Each LICOX electrode was initially calibrated in room air (atmospheric

pressure =760 mmHg, temp. = 22°C, and thus p02 = 154 mmHg) and had

received prior factory calibration under nitrogen (pC2 = 0). After room air

calibration, the 3 oxygen and 3 temperature probes were inserted through the

Cover of a 500 mL container filled with normal saline, held at a constant

temperature using a circulating water bath, and continuously bubbled with a

Specific oxygen-nitrogen gas mixture. Thermocouple accuracy was compared

to a glass mercury thermometer with 0.1 °C increments placed in the saline

filled container at the time of equilibrium. After a period of no less than 20

minutes, the probes and cover were transferred to a second container being

bubbled with another of the gas mixtures. All data was down loaded to a PC at

5 second intervals.
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The response time between the following pairs of oxygen containing gas

mixtures was evaluated in random order:

1) 0% — 21% and 21% –- 0%

2) 0% —- 2.5% and 2.5% —- 0%

3) 2.5% -> 10% and 10% –- 2.5%

4) 10% -> 21% and 21% – 10%

Following this evaluation and using the same probes, the effects of

temperature on response time and accuracy were also measured using saline

bubbled with 2.5% and 10% oxygen gas mixtures. Both the equilibrium

accuracy and response times between the mixtures were determined at

temperatures of 33°, 35°, 37°, and 39°C. The accuracy and response times

between the two gas mixtures were recorded under both increasing and

decreasing pC2 conditions at a specific temperature. The process was

repeated at different temperatures until all of the temperature conditions had

been examined in random order. Response times and accuracy were

determined from the downloaded data.

The results from the two sets of three probes were combined. The equilibrium

value under each condition was measured twice with each probe. The

differences between actual pO2 and measured pC2 at each condition were

determined, and mean values calculated. Using the individual probe
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equilibrium pC2 data, the 75%, 90%, and 95% response times were

determined between each set of conditions and means were calculated.

Interpolation was used between recorded data points in an effort to improve

accuracy. The differences between actual temperature as determined by

mercury thermometer and measured temperature at 33°, 35°, 37°, and 39°C

were determined, and mean values were calculated.

3.3.5 Accuracy under pC2 conditions greater than standard calibration

Four unused LICOX polarographic oxygen probes were evaluated individually at

both 37°C and 34°C, and allowed to equilibrate with bubbling oxygen-nitrogen

gas mixtures containing 20, 40, 60, 70, 80, 90, and 100% oxygen. Each LICOX

electrode was initially calibrated in room air (atmospheric pressure = 748

mmHg, temp. = 22°C, and thus p02 = 152 mmHg) and had received prior

factory calibration under nitrogen (pC2 = 0). After calibration, the probe was

inserted through the cover of a 500 mL container filled with normal saline, held

at a constant temperature using a circulating water bath, and continuously

bubbled with one of the oxygen-nitrogen gas mixtures. Following equilibration,

as determined by less than a 1% change in measured pC2 during a five minute

period, the probe and cover were transferred to a second container being

bubbled with another of the gas mixtures. This process was repeated in

random order until all of the mixtures had been measured at a given

temperature. Results from the four probes were combined and differences

between actual pO2 and measured pC2 were examined as a function of
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measured pC2, probe current, current normalized by initial calibration data, and

current corrected for temperature. An empiric equation was determined for the

relation showing the best correlation.

3.3.6 Response time within tonometer

The response times of two new unused LICOX polarographic oxygen probes

were evaluated individually both bare and placed inside a silicone (Silastic■ &)

tonometer at 37°C. Each LICOX electrode was initially calibrated in room air

and had received prior factory calibration under nitrogen (pC2 = 0). Response

times were evaluated between the following pairs of oxygen containing gas

mixtures in random order:

1) 0% —- 21% and 21% --> 0%

2) 0% —- 5% and 5% —- 0%

3) 10% -> 21% and 21% —- 10%

Bare probe response times were measured in the manner previously

described. For the measurement of response times within a tonometer, the

previously described tonometer was inserted through the cover of a 500 mL

container so that both ends were outside the cover and the mid portion of the

tonometer hung into the saline filled container. The probe was inserted into the

tonometer and the extension and Y-connector Luer locked to the intravenous

Catheter hub. The tonometer was flushed with saline and the temperature
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probe inserted through the other end of the tonometer. The container was filled

with normal saline, held at 37°C using a circulating water bath, and

continuously bubbled with one of the oxygen-nitrogen gas mixtures. The

response times between the gas bubbled solutions were determined as

previously described in random order. Each response time measurement was

repeated 3 times for each probe, and a different tonometer was used with each

probe. Results from the two probes were combined and the mean 75%, 90%,

and 95% response times were determined between each set of conditions

with and without the presence of a tonometer.

3.4 Results

Tables 2 - 7 and Figures 10 - 12 follow the results section.

3.4.1 Probe accuracy within calibration limits

A total of 48 data points were collected from 6 probes in equilibrium with 4

gases containing 0%, 2.5%, 10%, and 21% oxygen under room atmospheric

conditions (barometric pressure = 760 mmHg) at 37°C. Actual pO2 for each

measured equilibrium point was determined from Equation 14. The absolute

and percentage pC2 error for each equilibrium gas condition is displayed in

Table 2.

A total of 54 data points were collected from 6 probes in equilibrium with 2.5%

and 10% oxygen containing gas mixtures under room atmospheric conditions
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(barometric pressure = 760 mmHg) at 33°, 35°, 37°, and 39°C. Actual pO2 for

each measured equilibrium point was determined from Equation 14. The

absolute and percentage po2 error for each equilibrium gas and temperature

condition is displayed in Table 3. All actual temperature measurements were +

0.5°C of the categorical temperatures listed in Table 3. The mean absolute

error between the temperature measured by the thermocouple and the mercury

thermometer was s 0.15 °C at each of the four temperature conditions

displayed in Table 3.

3.4.2Accuracy under pC2 conditions outside calibration

A total of 56 data points were collected from 4 probes in equilibrium with 7

gases containing 20-100% oxygen under room atmospheric conditions

(barometric pressure = 748 mmHg) at both 34°C and 37°C. Actual pO2 for

each measured equilibrium point was determined from Equation 14. The

absolute and percentage error for each equilibrium gas condition is displayed

in Table 4. The relation between measured pC2 and actual pO2 is displayed in

Figure 10. The calculation of measured pC2 is previously described in

Equation 13. The differences between actual pO2 and measured pC2 were

examined as a function of measured pC2, the oxygen fraction of probe current

(l-lcN2), current normalized by initial calibration data [(l-lcN2)/(IcO2-loN2)], and

current corrected for temperature (I-IcN2)exp■ (TC-TT)(.01X TS)]. The relation

with the highest correlation for all the data obtained is displayed in Figure 11,

showing an exponential relationship between absolute pC2 error and probe



oxygen current. The empiric equation is displayed in Figure 11 (r^ = 0.84). All

experimental equilibration data were corrected using this equation.

The error from actual pO2 after correction is also displayed in Table 4. The

relation between measured pC2 after error correction and actual pO2 is

displayed in Figure 12.

3.4.3 Response time evaluation

A total of 48 response times were determined from 6 probes for both

increasing and decreasing pC2 between gases containing 0%, 2.5%, 10%,

and 21% oxygen under room atmospheric conditions (barometric pressure =

760 mmHg) at 37°C. The mean response times for 75%, 90%, and 95% of the

final equilibrium value are displayed for each set of gases in Table 5.

A total of 48 response times were determined from 6 probes for both

increasing and decreasing po2 between gases containing 2.5% and 10%

oxygen under room atmospheric conditions (barometric pressure = 760

mmHg) at 33°, 35°, 37° and 39°C. The mean response times for 75%, 90%,

and 95% of the final equilibrium value are displayed for each set of gases and

temperature in Table 6.
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A total of 72 response times were determined from 2 probes for both

increasing and decreasing pC2 between gases containing 0%, 5%, 10%, and

21% oxygen under room atmospheric conditions (barometric pressure = 748

mmHg) at 37°C. Response times were determined with and without the

presence of the silicon tonometer. The mean response times for 75%, 90%,

and 95% of the final equilibrium value are displayed for each set of gases and

tonometer presence in Table 7.
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Oxygen | Actual pO2 || p()2 Error || p()2 Error
Fraction I (mmHg) (mmHg) %Actual

00.000 0.1 + 0.1
0.025 18 0.5 + 0.4 2.6 + 2.3
0.100 72 1.1 + 0.9 1.6 + 1.3
0.210 150 2.8 + 2.4 1.9 + 1.6

Table 2: The mean absolute and percentage error for each of 4 equilibrium

oxygen conditions within the probe calibration range are displayed with the

standard deviation. The means represent data taken from 6 probes at 37°C

and a barometric pressure = 760 mmHg.
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Oxygen | Temp. I Actual pO2 || p()2 Error || p()2 Error
Fraction oC (mmHg) (mmHg) %Actual

0.025 33 18.1 0.7 H- 0.4 3.6 +2.1
0.025 35 18.0 0.6 + 0.3 3.3 + 1.9
0.025 37 17.8 0.3 + 0.2 1.8 + 1.0
0.025 39 17.7 0.6 + 0.4 3.3 + 2.2

0.10 33 73.0 1.4 + 0.7 1.9 + 0.9
0.10 35 72.5 1.5 + 0.8 2.0 + 1.1
0.10 37 72.0 1.4 + 0.8 2.0 + 1.1
0.10 39 71.5 1.5 + 0.8 2.1 + 1.2

Table 3: The mean absolute and percentage error for 6 probes in equilibrium

with 2.5% and 10% oxygen containing gas mixtures at 33°, 35°, 37°, and 39°C

(barometric pressure = 760 mmHg) are displayed with standard deviation.

Actual pO2 for each measured equilibrium point was determined from Equation

14. All actual temperature measurements were + 0.5°C of the categorical

temperatures displayed in the table.

temperature.

Errors remain similar despite changes in
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Original After
Measurement Empiric Correction

Oxygen | Actual pO2 I poz Error I poz Error I poz Error I poz Error
Fraction I (mmHg) (mmHg) %Actual (mmHg) %Actual

0.20 141 2.7 ± 1.6 1.9 + 1.2 3.8 + 2.7 2.7 ± 1.9
0.40 282 8.0 + 8.2 2.8 + 2.9 7.7 ± 4.6 2.7 + 1.7
0.60 423 27 H- 15 6.3 + 3.6 12 + 12 2.8 + 2.9
0.70 494 48 + 19 9.7 + 3.9 10 + 10 2.0 + 2.0
0.80 564 73 + 28 13 + 5.0 20 + 17 3.5 + 2.9
0.90 635 108 + 29 17 ± 4.6 22 + 22 3.4 + 3.4
1.00 705 153 + 29 22 + 4.1 32 + 19 4.6 + 2.7

Table 4: The mean absolute and percentage error for each equilibrium oxygen

condition outside the calibration range are displayed for both the original

measurement and after correction using the empiric equation in Figure 11.

The means represent data taken from 4 probes at both 37°C and 34°C. The

actual pO2 in the table represents an average between the two temperature

conditions (35.5°C) and a barometric pressure = 748 mmHg. Standard

deviation is displayed with each mean value. After correction with the empiric

correction equation, error under all conditions examined is less than 5%.
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InitialFinalInitialFinalTimeof
response(sec) FiO2FiO2

IPO2mmHgIPO2mmH
75%90%95% 0.0000.210

015059+683+10101+16 0.2100.000150061+486+6107HE6
0.0000.025
03647-E462+972+9 0.0250.00036093+14122+11147-E10 0.0250.100187155+979+1197it17 0.1000.025711875+5114+11156+14 0.1000.2107115060+384+4100+3

0.2100.1001507161+388+6114+12

Table5:Meanresponsetimesweredeterminedfrom6probesforbothincreasinganddecreasingpo2between gasescontaining0%,2.5%,10%,and21%oxygenunderroomatmosphericconditions(barometricpressure
=760 mmHg)at37°C.Themeanresponsetimeswithstandarddeviationforattaining75%,90%,and95%ofthefinal equilibriumvaluearedisplayedforeachsetofgases.
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TempInitialFinalInitialFinalTimeof
response(sec) oCFiO2FiO2pozmmHglpC2mmHg75%90%95% 330.0250.100187165+695+12114+10 330.1000.025711879+6116+7152+8 350.0250.100187162+587--5105+

7 350.1000.025711872+5107H6143+11 370.0250.100187155+979+1197--17 370.1000.025711875+5114+11156+14 390.0250.100187143+162+275+5 390.1000.025711864+693+8122+7

Table6:Meanresponsetimesdeterminedfrom6probesforbothincreasinganddecreasingpC2betweengases containing2.5%and10%oxygenat33°,35°,37°,and39°C(barometricpressure
=760mmHg)aredisplayedwith standarddeviation.Themeanresponsetimeswithstandarddeviationforattaining75%,90%,and95%ofthefinal equilibriumvaluearedisplayedforeachtemperature.

Allactualtemperaturemeasurementswereit
0.5°Cofthe categoricaltemperaturesdisplayed

inthetable.Errorsremainsimilardespitechanges
in
temperature.
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Tonometer
|

InitialFinalInitialFinalTimeof
response(sec) UsedFiO2FiO2IPO2mmHg|PO2mmHg75%90%95% No0.000.21015053+480+6102+8 No0.210.00150057HE385+9109+18 No0.000.0503648+267+193+4 No0.050.0036056+383+4109+5 No0.100.21TT15054+382+4105+

6 No0.210.101507155+485+7108+9 Yes0.000.21015092+4127HE6155+8 Yes0.210.00150098+3132+6160+9 Yes0.000.0503678+4102+4118+5 Yes0.050.00360116+7166+10218+21 Yes0.100.217115094+3128+4153+7 Yes0.210.101507197--3131+6161+9

Table7:Meanresponsetimesweredeterminedfrom4probesforbothincreasinganddecreasingpo2between gasescontaining0%,5%,and21%oxygenunderroomatmosphericconditions(barometricpressure
=760mmHg)
at 37°C.Responsetimesweredeterminedwithandwithoutthepresence

ofthesilicontonometer.Themeanresponse timeswithstandarddeviationforattaining75%,90%,and95%ofthefinalequilibriumvaluearedisplayedforeachset ofgasesandtonometerpresence.
3
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Figure 10: Relation between po2 measured in vitro using LICOX polarographic

oxygen electrode measuring system vs actual pO2. Measurements obtained

from 4 probes at both 37°C and 34°C. Dashed line represents plot position if

measured pC2 was equal to actual pO2.
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3.5 Discussion

3.5.1. Oxygen measurement error within calibration range

The linear relationship between current and oxygen partial pressure, quantified

using a calibration between 0 mmHg and 1 ATM room air (~150 mmHg)

remains a valid predictor of pC2 within this range. At 37°C, the absolute pC2

measurement error (Table 2) has a gradual increase from 0.1 to 2.8 mmHg as

pO2 is increased from 0 to 150 mmHg, but the mean percentage error remains

below 3% under all four gas conditions. Sources of error in the pC2

measurement include: 1) deviation from a truly linear current vs pC2

relationship, 2) errors in the measured pC2 calculation because of temperature

inaccuracy, 3) stirring artifact due to the bubbling saline solution, and 4) probe

drift occurring over the 6 hour duration of the experiment.

The examination of p()2 measurement error as a function of temperature,

detailed in Table 3, demonstrates that temperature does not affect the

magnitude of the error within the range of 33° - 39°C. The errors determined at

all temperatures agree well with the errors at 37°C displayed in Table 2. The

Consistent error values found among temperatures verifies that the effect of

temperature on the probe's sensitivity and membrane characteristics is

accurately modeled in equation 13.

Overall, the oxygen measurement system appears robust and the error is

within acceptable limits for the wound and subcutaneous tissue oxygen
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measurements within the range of 0-150 mmHg pC2 and between

temperatures 33° - 39°C.

3.5.2 Oxygen measurement error and correction at high pC2

The linear relationship between current and oxygen partial pressure, based on

a calibration between 0 mmHg and 1 ATM room air (152 mmHg), is lost at a

pO2 greater than approximately 400 mmHg. The resulting deviation from

linearity follows an exponential relationship with current (I) as shown in Figure

11. Correction of measured oxygen tensions based on this relationship results

in a measured pC2 error < 5% of the actual pO2 over the entire range studied

(140 - 700 mmHg). This creates a significant improvement over the 6% - 22%

error seen in uncorrected measurements of pC2 between 400 and 700 mmHg.

This is extremely useful since individual calibration of each probe at higher pC2

is not only time consuming, but shortens the useful lifetime of the probe.

The deviation from linearity most likely results from the high current generated

at pC2 > 400 mmHg, which causes the potential of the solution at the cathode

to fall from its plateau value and the relationship to become nonlinear. This

new dependence results in the deviation from linearity depicted in Figure 10.

Another possible explanation for the deviation from linearity could be saturation

of the current amplifier within the monitoring box. This is less likely since

deviation from linearity due to amplifier saturation would be more abrupt than

the gradual deviation noted. With correction applied to all measured oxygen
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tensions in which the current (I) was > 650 (corresponding to a po2

approximately 2400 mmHg, depending on the temperature and probe

sensitivity), the measurement error is reduced to an amount acceptable for

hyperbaric wound measurements.

3.5.3 Response time

At 37°C, the mean 75% response times between each set of equilibrium

values ranged from 0.8 to 1.5 minutes, and the 95% response times ranged

from 1.2 to 2.6 minutes. Although it is known that the response time between

two equilibrium values will be shorter if measured from the lower pC2 to the

higher pC2 rather than vice versa, the response of this measurement system

may only be affected to a small degree by the direction of change. The

responses between 0%–21% oxygen, and 10%–21% oxygen showed only a

minimal effect of direction of change, although in all cases the increasing

response time is slightly shorter than the decreasing response time. The

response between the 0%-2.5% and 2.5%-10% pairs show a much larger

difference between the increasing and decreasing response times. For the

0%-2.5% measurement, the time of increase at each percentage is

approximately half that of the time of decrease at the same percentage. For the

2.5%-10% response time measurement, the time of increase at each

percentage is only 60%-75% of the decrease time at the same percentage. A

possible explanation for the response time differences between the pairs of

measured oxygen equilibrium response times involves the experimental
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method. In transferring the probes between solutions, they were exposed to

room air for up to two seconds. In measuring response times between

solution sets in which one was in equilibrium with the room air pC2, this

momentary exposure to room air would not affect the response time any more

in One direction than the other. In solution sets that contained solutions both in

equilibrium with a pC2 below room air, the response time might be significantly

shortened by this brief room air exposure when measuring the time of

response to increasing pC2, while the response time might be significantly

lengthened by this brief room air exposure when measuring the time of

response to decreasing p()2. It is likely that the increasing and decreasing

response times of these sets are similar to one another, and are at a value

somewhere between the two calculated values. Overall the response times

were remarkably similar regardless of the difference in magnitude of the initial

and final equilibrium values.

The error from the brief room air exposure while switching between solutions

remains part of the response times measured between 2.5%-10% oxygen in

Table 6. If only responses to increasing or decreasing po2 are compared,

there is a general trend of decreasing response time with increasing

temperature at each percentage response measured. The factory described

90% response time of this particular probe is 70 seconds at 35°C. This is

slightly faster than that observed experimentally (87 seconds increasing poz,

and 107 seconds decreasing pC2), but a reasonable approximation.
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The response times of the probe within the tonometer are significantly higher

than the bare probe under all conditions and percentage of response. Under

all conditions the bare probe bare probe response time is 50-80% of the

tonometer value. As the amount of total response increases from 75% to 95%,

the bare probe time represents a comparatively larger percentage of the

response time of the probe within the tonometer. The planned experimentation

examines changes in wound and subcutaneous po2 as a result of changes in

FiO2 and temperature. The values of the response time, although greater

within the tonometer, are still within reasonable limits, because physiologic

changes in subcutaneous pC2 occur over a period of 10 to 30 minutes.

3.5.4Conclusions

The oxygen measurement system is accurate within acceptable limits for

measurements within the calibration range. Use of the empiric correction

equation for higher pC2 allows the use of this measurement system in

hyperbaric conditions, without needing calibration of each probe at multiple

elevated oxygen tensions. The response times of both the bare probe and

probe within the tonometer are reasonable for the measurement of wound and

tissue po2 which requires measurement of equilibrium values or changes in

pO2 over minutes or hours.
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4.0 Oxygen Levels During HBO Treatment in Healing Wounds

As detailed in Section 1.3, oxygen plays a central role in wound healing. It is

required for angiogenesis, collagen deposition, epithelization, and superoxide

production for intracellular bacterial killing. Transport of oxygen to the hypoxic

center of a wound or a wound with impaired perfusion is often only possible

with HBO. The complex nature of oxygen delivery to wounds and benefits of

HBO therapy to wound healing are described in Section 1.4.

Because of the numerous variables affecting wound pC2, accurate

determination of wound pC2 during HBO treatment requires direct

measurement. The tissue changes occurring during the wound healing

process may affect the wound oxygen tension (pC2) attained during HBO

treatment. An objective, quantitative measure of wound oxygen tension

changes during both a single HBO treatment and throughout the course of

healing is necessary to understand the effects and mechanisms of HBO

therapy. Given the high degree of variability seen in human case studies, we

chose to measure specific changes in overall oxygen delivery during a course

of HBO therapy using a well characterized animal wound model.

The Hunt-Schilling dead space wound model has been widely used to evaluate

the effects of oxygen on wound healing (Schilling 1953). In this model, HBO

treatment increases wound fluid VEGF levels (Gibson 1998) and improves

bacterial killing (Hunt 1975). Wound fluid pC2 in this model has been
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previously measured in a normobaric hyperoxic environment (Niinikoski 1972b)

and during bacterial infection (Hunt 1967; Niinikoski 1972a).

In addition to measuring oxygen delivery in live animals, we also examined

whether oxygen could be delivered to the wound in this animal model after

euthanization. The purpose of this was to examine the contribution of oxygen

delivered through the skin and probe insertion site. Our hypothesis was that

the amount of oxygen delivered after euthanization would be negligible. If true,

this would emphasize the importance of blood flow on HBO delivery to a

wound, and also demonstrate that the presence of the probe insertion site in

the model does not artifactually raise the pC2 during HBO therapy.

4.1 Specific Aims

1) Characterize the changes in dead space wound pC2 before, during, and

after a single HBO treatment on specific days in rats receiving daily HBO

treatments.

2) Characterize the changes in dead space wound pC2 before, during, and

after a single HBO treatment on specific days in rats not receiving daily HBO

treatments.

3) Measure the entry of oxygen through the skin or probe insertion site in a

euthanized rat (where the paO2 = 0 and there is no blood flow).
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4.2 Methods

All animal experimentation was performed with approval of the University of

California, San Francisco Committee on Animal Research, using established

guidelines.

4.2.1 Dead space wound model creation

A wire mesh wound cylinder was implanted subcutaneously in 18 female

Sprague-Dawley (250-300 gram) rats (Day 0) using techniques similar to those

previously described (Schilling 1953; Schilling 1959; Hunt 1967; Gibson 1998).

The cylinders were made by cutting 28 mm by 33 mm rectangles from

stainless steel wire screen (#316 steel, #40 mesh, 0.01 diameter wire,

Cambridge Wire Cloth Co., Cambridge, MD). The rectangles were rolled into

cylinders with a length of 28 mm. The ends were inserted into the caps from

two 2 mL cryovials in order to maintain the cylindrical form (Nalge Nunc

International, Rochester, NY). One endcap was removed and filled to half of its

total volume with a medical grade silicone elastomer (MDX4-4210 Factor II,

Inc., Lakeside, AZ) mixed with a curing agent. The cap was replaced and the

assembly centrifuged at 1000 X g for 10 minutes in order to force the elastomer

into the screen spacing and remove any air bubbles. The end was polymerized

by heating for 30 minutes at 75°C. The process was then repeated for the

other end, and the cryovial caps removed. The final product was a stainless

steel wire mesh cylinder, 1.0 cm. in diameter and 3.0 cm. iong, with 3 mm. thick

silicone endcaps. The cylinders were then heat sterilized.
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Under sterile conditions and halothane anesthesia, a 2.5 cm midline skin

incision was created on the dorsum of each rat. A subcutaneous space was

created with blunt dissection and the cylinder was implanted into the space so

that it lay 1.5 cm lateral to midline with its axis parallel to the spine. The wound

was closed with 3-4 skin staples which were removed on post-operative day

10.

4.2.2 Wound oxygen measurement

Two groups of rats were studied: The HBO treatment group received daily HBO

treatments (treatment group, n=10) while the control group was exposed to

HBO only during measurement periods (control group, n=8). HBO treatment

rats were exposed (starting on Day 1) to 100% O2 at 2.0 ATM for 90 minutes

twice a day for 15 days, while control rats were maintained in room air and

received a single treatment of 100% O2 at 2.0 ATM for 90 minutes on days 5, 10,

and 15, during measurement.

On post-operative days 5, 10, and 15 after wound cylinder placement, the poz

inside each wound cylinder was measured before and during HBO treatment

and for one hour after its completion. Each polarographic electrode was

calibrated in room air and had received prior factory calibration under nitrogen.

During measurement, the rats were anesthetized with pentobarbital (35 mg/kg)

and buprenorphine (0.05 mg/kg) and received atropine (0.8 mg/kg) to
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counteract the associated anesthetic cardiac and respiratory depression. In an

effort to minimize trauma from needle insertion and reduce any room oxygen

from entering the cylinders during measurement, a 2 mm skin incision was

created 1 cm away from each end of the implanted cylinder. An 18 gauge

hubless spinal needle was inserted subcutaneously through the first skin nick,

piercing both ends of the cylinder and returning through the second skin nick.

The oxygen electrode was inserted into the base of the needle, and the needle

pulled through the cylinder and skin, leaving the probe inserted through the

cylinder with the tip visible outside the rat. The probe was gently pulled back

into the cylinder a measured distance, placing the distal measuring portion

near the center of the cylinder. This process was repeated for placement of the

temperature probe.

After a baseline wound cylinder pC2 was established (change in pC2's 1

mmHg over 5 minutes with the rat breathing room air), the rat was placed

under 100% O2 at 2.0 ATM for 90 minutes and then returned to room air

conditions. Data were acquired and recorded every 15 seconds throughout the

experiment using LICOX computer software. Rat subcutaneous temperature

was maintained at 35 - 38°C. An electric heating pad was used outside the

chamber, and warmed saline-filled bags were used within the HBO chamber.

Rats were given 50% of the initial anesthetic dose immediately after removal

from the HBO chamber to maintain adequate anesthetic depth for the

remainder of the measurement. After completion of the in vivo pC2
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measurement, the position of the distal probe tip was confirmed, and the

polarographic electrode was returned to room air conditions to determine if any

drift had occurred. Data were not used if the measuring electrode was

determined to be in the silicone ends of the cylinder, or if the probe did not

return to within 10% of its initial room air calibration value. Due to anesthetic

complications, inaccurate probe placement, and probe drift, all three time

points were not obtained from every rat. A total of 7 measurements were

obtained for each time point in the treatment group and a total of 5

measurements were obtained for each time point in the control group. The

pO2 correction results are described in Section 3.4.2. The empiric po2

correction equation in Figure 10 was applied to all measured in vivo oxygen

tensions in which the current (I) was 2.650.

4.2.3 Comparison of baseline, peak and post HBO treatment pC2

The pC2 measured prior to HBO treatment, the peak po2 attained during HBO

treatment, and the pC2 1 hour after HBO exposure were compared between

days 5, 10, and 15 (ANOVA with Scheffe's post hoc test) in both groups. On

each measured day, the pC2 measured prior to HBO treatment was compared

to both the peak pC2 attained during HBO treatment, and the pC2 1 hour after

HBO exposure using a Student's two tailed t-test.
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4.2.4 Calculation and comparison of changes in oxygen content

The increases in wound oxygen content above baseline during and after

treatment (represented by area under the curve in the pC2 vs. time plot) were

also compared between days 5, 10, and 15 (ANOVA with Scheffe's post hoc

test) in both groups. A student's two tailed t-test was used for comparison

between the two groups for the same measurements on each of the three days

measured.

4.2.5 Calculation and comparison of rate of pC2 change

The maximal rate of p()2 increase during HBO treatment, and the maximal rate

of p()2 decrease following HBO treatment were also compared between days

5, 10, and 15 (ANOVA with Scheffe's post hoc test) in both groups. A student's

two tailed t-test was used for comparison between the two groups for the same

measurements on each of the three days measured.

The maximal rate of pC2 change was determined by analysis of the maximal

increasing and decreasing slopes of the curve in the po2 vs. Time plot. Slopes

were calculated over a 5 minute period and determined at each 15 second data

point. The position of the maximal increasing and decreasing slopes were

then visualized on the plot to ensure each was in an off-transient portion of the

CUTVe.
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4.2.6 Wound pC2 measurement during HBO following euthanasia

To measure the transfer of oxygen through the skin or probe insertion site into

the cylinder, the poz inside the wound cylinder was measured in euthanized

rats (n=3) during 45 minutes of HBO exposure. Following completion of the

day 15 measurement, the rats were euthanized with CO2 and bilateral

thoracotomies were performed. The pC2 electrode measurement system was

left in place, and the euthanized rat was placed within the chamber under 100%

oxygen at 2 ATM for one hour. Data were acquired and recorded every 15

seconds using LICOX computer software.

4.3 Results

4.3.1 Wound pC2 before, during and after HBO treatment

The average po2 values for the HBO treatment group (n = 7) and the control

group (n = 5) are shown in Figures 13 and 14 respectively. Tables 8 and 9

display the summary of pC2 analysis for both the treatment and control groups.

The increase in wound oxygen content is represented by area under the pC2

vs. time curve. The rate of wound pC2 change is represented by the slope of

the pC2 vs. time plot.

4.3.2 Wound pC2 at baseline, peak and post HBO treatment

On all days measured, the peak p()2 at 90 minutes of HBO treatment was

significantly greater than the pC2 measured prior to beginning HBO in both the

control group (p < .05 on all days) and the treatment group ( p < .01 on all days).
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pO2values(mmHg)AreaUnderCurve(mmHgXmin)x10°

DayStartPeak1hrpostHBO
||
0-90Min190-150Min
||

0-150Min 513+141541+181**78+4524.7+
7.5**
I
15.7±
7.1”40.5+
12.9° 107+4392+13547--1515.3+4.6*

I
9.7H4.4"
|
24.9+8.5 159+4266+124*31+12*11.1+5.2"
|
3.7±0.9"
||
14.8+5.9° Table8:

Treatmentgroupresults:Themeanmeasured(n=7)pC2valuesatthestart,peak,andonehourafter exposurearedisplayed.ThemeancalculatedareaunderthepC2vstimecurvesduringthe90minuteHBO treatment,the60minutesposttreatment,andtheentire150minutesmeasuredarealsotabulated.The statisticalerrordisplayed
is
standarddeviation.

*

Statisticallysignificantdecrease
as
compared
today5(p<.05inallcases) *

Statisticallysignificantdifference
as
compared
tocontrolgroup
(p<.05inallcases)

:



pO2values(mmHg)AreaUnderCurve(mmHgXmin)X10°

DayStartPeak1hrpostHBO
||
0-90Min190-150Min
||

0-150Min 514+10334+12376+3313.6+4.65.8+1.319.5+4.2 1010+12323+20139+3013.7±9.69.0+6.622.7-E16.1 1524+22333+17445+1115.3+10.8
||
7.0+4.522.2+15.2 Table9:

Controlgroupresults:Themeanmeasured(n=5)pC2valuesatthestart,peak,andonehourafter exposurearedisplayed.ThemeancalculatedareaunderthepC2vstimecurvesduringthe90minuteHBO treatment,the60minutesposttreatment,andtheentire150minutesmeasuredarealsotabulated.The statisticalerrordisplayed
is
standarddeviation.
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Figure 13: The average pC2 values before, during, and up to one hour after

HBO exposure for the treatment group are plotted vs time. Plots are shown for

days 5, 10, and 15. The shaded region represents the period of HBO

exposure.
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Figure 14: The average po2 values before, during, and up to one hour after

HBO exposure for the control group are plotted vs time. Plots are shown for

days 5, 10, and 15. The shaded region represents the period of HBO

exposure.
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On all days measured, the pC2 1 hour after HBO completion of exposure was

significantly greater than the pC2 measured prior to beginning HBO in both the

control group (p < .05 on all days) and the treatment group ( p < .01 on all days).

The pC2 measured prior to HBO treatment was not significantly different across

days in either the control or the treatment group. The peak po2 attained during

HBO treatment, and the pC2 1 hour after HBO exposure decreased significantly

in the HBO treatment group on day 15 compared to day 5 (p =.009, p =.019

respectively). No significant differences were found in po2 values within the

control group across the three days measured. Analysis between groups

demonstrated the treatment group attained a significantly higher peak po2 on

day 5 as compared to control (p=.047).

4.3.3 Changes in wound oxygen content

The area under the curves in Figures 13 and 14 decreased significantly from

day 5 to day 15 in the treatment group during the HBO treatment period, the one

hour period after HBO exposure, and over the entire measurement period (p<

.001 in all cases). The area under the curve decreased significantly from day 5

to day 10 in the treatment group over both the period of HBO exposure, and the

entire measurement period (p =.023, p =.018 respectively). The area under the

curves showed no significant difference between days in the control group.
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Analysis between groups demonstrated the treatment group attained a

significantly greater area under the curve on day 5 as compared to control

during the HBO treatment period, the one hour period after HBO exposure, and

the entire measurement period (p< .01 in all cases).

4.3.4 Rate of pC2 change

The maximally increasing and decreasing slopes in Figures 13 and 14 were

not significantly different from day 5 to day 15 in either the treatment group or

the control group. Although not statistically significant, within the treatment

group, the rate of pC2 rise during HBO treatment visually decreased in value

from day 5 to 15. Following HBO treatment, the fall of pC2 became visually

steeper from day 5 to 15. The control group showed no visual trends during

either the pC2 rise or fall.

Analysis between groups demonstrated that neither the treatment group nor

the control group had a significantly different maximally increasing or

decreasing slope on days 5, 10, or 15.

4.3.5Wound oxygen monitoring during HBO following euthanasia

After euthanasia, the wound cylinder pC2 in the three rats measured was 10.8,

13.1, and 0.8 mmHg. After a 45 minute exposure to 2 ATM 100% oxygen, the

changes in pC2 were +11.0, -11.5, and -0.3 mmHg respectively.
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4.4 Discussion

4.4.1 Characterization of po2 levels during HBO exposure

HBO exposure significantly increases p02 in a dead space wound model.

Oxygen tension in the rat dead space wound model increased significantly

above baseline room air levels during a 90 minute HBO treatment on days 5,

10, and 15 in both the control and treatment groups. The pC2 remained

significantly elevated above baseline for more than an hour after treatment

ended in all cases. This finding contrasts to the rapid decrease seen in

subcutaneous tissue after completion of HBO exposure (Sheffield 1988;

Siddiqui 1997). The dead space wound model has a large distance (cylinder

radius = 0.5 cm) between the center of the dead space and the vascular tissue

surrounding the chamber. This allows the oxygen to be retained within the

wound for a much longer time than would be expected in subcutaneous tissue

where the distance between vessels is not as extreme.

The oxygen tension in the dead space wound represents a dynamic

equilibrium between the amount of oxygen delivered, the amount of oxygen

removed, and the amount of oxygen consumed. The shape and area under the

curve of the pC2 vs time plot during and after an HBO treatment are determined

by all of these factors. The oxygen tension at any given time does not represent

oxygen content, but rather a concentration, which is responsible for many

biological reactions critical to wound healing such as collagen deposition,

angiogenesis, and bacterial killing. The area under the curve of the po2 vs
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time plot represents the dynamic changes occurring between oxygen delivery,

removal from vascular washout, and consumption over time, and represents

the quantitative sum of these dynamics over a given time. The slopes

represent a moment to moment change in these dynamics.

Over the course of HBO treatment there was a significant decrease in the peak

pO2 at the end of a 90 minute HBO treatment, the area under the curve of p()2

measured throughout the treatment period, the area under the curve during the

hour after the HBO treatment, and the total area from the sum of these two time

periods. This trend is also seen in other studies quantitating the response to

HBO treatment over the time course of daily HBO treatment in a rabbit ear

wound model (Siddiqui 1997), and in certain individual human case studies

(Sheffield 1988). These decreases in both peak po2 and area under the curve,

in response to HBO exposure over the same time period, were not seen in the

control group.

Significant differences between the groups were evident on the day 5

measurements, with greater peak po2 in the HBO treatment group that

disappeared on days 10 and 15. The differences seen in the treatment group

illustrate changes in not only oxygen delivery, but also removal and

consumption, and may represent combined effects from angiogenesis,

changes in capsular thickness, size of wound dead space, and total cellularity.
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Although the specific contribution of each is impossible to discern in our

model, the net change in wound oxygenation from HBO exposure is evident.

Although many possible explanations exist, a plausible mechanism for the net

change is improvement in the wound tissue utilization of available oxygen

during the HBO exposure. Uninfected human dermis consumes approximately

0.7 mL O2 / 100 mL blood delivered (Evans and Naylor 1966). This number is

likely to change in a wound as cellularity increases and oxidants are produced.

Although not statistically significant, the rate of pC2 decay is visually steeper on

day 15 compared to day 5 in the treatment group. The lack of significance is

most likely caused by the high degree of variability in the decay rate and the

small sample size. Since this decay is due to both tissue oxygen consumption

and arterial washout, it suggests that there are more cells living and using

oxygen at day 15 in the HBO treatment group. It also suggests that HBO

treatments increased the number of living cells as compared to the control

group, where this consecutively steeper rate of pC2 decay is not seen across

days of healing.

As oxygen supply to a wound is enhanced, consumption increases

(Remensnyder and Majno 1968). HBO is known to increase fibroblast collagen

production, fibroblast migration, and capillary budding, and has been shown to

increase vessel density in other wound models (Hunt and Van Winkle 1976;

Gibson 1997). Future studies are needed to ascertain the specific role of
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angiogenesis and increased cellularity in the temporal changes seen in

response to HBO therapy.

The lack of change in oxygen tension profiles during HBO exposure seen in the

control group may be due in part to slower healing. A po2 of 20–30 mmHg is

needed for active cell division and wound healing to occur (Hunt and Pai 1972),

and the control group wound is likely to be below this except for the three HBO

measurement periods. Wound pC2 levels were likely to be below this level

during the vast majority of the study, since the wound model pO2 under room

air conditions is usually less than 20 mmHg, as shown by the measurements

taken prior to HBO treatment.

4.4.2 Mode of Oxygen delivery

Only a negligible amount of oxygen enters the wound through the skin or probe

insertion site, as determined from the studies of euthanized rats. This finding

demonstrates that the effect of HBO on wound pC2 results from systemic rather

than topical oxygen delivery. This finding reinforces the importance of

angiogenesis and blood-borne oxygen delivery under both normobaric and

hyperbaric conditions.
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4.4.3 Conclusion

HBO treatment greatly increases wound pC2 even in a dead space wound

model, a condition which represents an extreme case of the increased

intercapillary distance seen in wounds (ie models ischemic wounds). This

finding supports the effectiveness of HBO in oxygen delivery to hypoxic wounds.

The increased wound pC2 results from oxygen carried within the vasculature,

rather than delivery through the skin, and emphasizes the importance of

angiogenesis and blood flow in oxygen delivery and wound healing. The

temporal changes seen with daily HBO therapy suggest dynamic biologic

interactions affecting the degree of wound pC2 increase during and after HBO

treatment. It is possible that the wound healing response during a course of

HBO therapy is enhanced compared to similar wounds not exposed to HBO

therapy. This enhancement would result in an increase in wound oxygen

utilization and thus the decrease in both peak po2 and area under the pG2 vs

time curves seen in this study's treatment group. Further studies are needed

to ascertain the specific changes occurring in the wound during a course of

HBO treatment.

129



4.5 References

Evans NTS and Naylor PFD (1966). “Steady states of oxygen tension in

human dermis." Respiration Physiology 2:46-60.

Gibson JJ, Angeles AP and Hunt TK (1997). “Increased Oxygen Tension

Potentiates Angiogenesis." Surgical Forum 48: 696-9.

Gibson JJ, Sheikh AY, Rollins MD, Hopf HW and Hunt TK(1998). “Increased

Oxygen Tension and Wound Fluid Vascular Endothelial Growth Factor Levels."

Surgical Forum 49: 607-610.

Hunt TK, Linsey M, Grislis H, Sonne M and Jawetz E (1975). “The effect of

differing ambient oxygen tensions on wound infection." Ann Surg 181(1): 35–9.

Hunt TK and Pai MP (1972). “The effect of varying ambient oxygen tensions

on wound metabolism and collagen synthesis." Surgery, Gynecology and

Obstetrics, 135(4): 561-7.

Hunt TK, Twomey P, Zederfeldt B and Dunphy JE (1967). “Respiratory gas

tensions and pH in healing wounds." Am J Surg 114(2): 302-7.

Hunt TK and Van Winkle WJ (1976). Wound Healing: Normal Repair.

Fundamentals of Wound Management in Surgery. J. E. Dunphy. South

Plainfield, NJ, Chirurgecorn, Inc.: 1-68.

Niinikoski J, Grislis G and Hunt TK (1972a). “Respiratory gas tensions and

collagen in infected wounds." Ann Surg 175(4): 588-93.

Niinikoski J, Hunt TK and Dunphy JE (1972b). "Oxygen supply in healing

tissue." Am J Surg. 123(3): 247–52.

130



**…*..

→
----

+***

,

■



Remensnyder JP and Majno G (1968). "Oxygen gradients in healing

wounds." Am J Pathol 52(2): 301-23.

Schilling J, Favata B and Radakovick M (1953). “Studies of fibroblast in

wound healing." Surg Gynecol Obstet 96: 143-49.

Schilling JA, Joel W and Shurley HW (1959). “Wound healing: a

comparative study of the histohemical changes in granulation tissue contained

in stainless steel wire mesh and polyvinyl sponge cylinder." Surgery 46: 702.

Sheffield PJ (1988). Tissue Oxygen Measurements. Problem Wounds: The

Role of Oxygen. J. C. Davis and T. K. Hunt, New York: Elsevier: 17-51.

Siddiqui A, Davidson JD and Mustoe TA (1997). “Ischemic tissue oxygen

capacitance after hyperbaric oxygen therapy: a new physiologic concept."

Plastic and Reconstructive Surgery 99(1): 148-55.

131



5.0 Assessment of Subcutaneous Tissue Oxygen Physiology

As detailed in section 2.0, the determination of subcutaneous tissue perfusion

is a useful diagnostic tool in predicting wound healing potential and assessing

blood volume status. The “Flow Index" and "oxygen challenge" described in

sections 2.4.1 and 2.4.2, respectively, are relationships that allow

subcutaneous perfusion to be estimated from tissue pC2. Although both have

shown clinical utility, experimental verification of the underlying assumptions is

necessary to determine the limiting factors of each method and improve the

validity, accuracy and clinical utility of these estimations.

As described in sections 2.4.1 - 2.4.3, both estimates rely on a number of

assumptions that remain to be examined. These assumptions concern the

effects of temperature and oxygen tension on subcutaneous tissue

oxygenation, blood perfusion, and tissue oxygen consumption, and are

addressed in the following hypotheses:

1) The relationship between pusqO2 and psgO2 changes slightly with

temperature and paO2, but the difference is approximately constant at

10 mmHg.

2) Subcutaneous tissue blood flow increases with increasing temperature.

3) Arterial pO2 does not independently change subcutaneous tissue blood

flow.

4) Subcutaneous tissue oxygen consumption remains constant with changes

in temperature and paO2.
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In order to examine these hypotheses, an isolated animal model was required.

The porcine flank subcutaneous island flap model (Daniel and Kerrigan 1982;

Eriksson and Hedén 1988) was used because it has isolated arterial and

venous blood vessels, isolated cutaneous innervation, and is devoid of any

interaction from musculature deep to the subcutaneous tissue. This allows

independent sampling of subcutaneous tissue, arterial and venous blood,

measurement of absolute blood flow to the flap, and calculation of flap and

subcutaneous tissue oxygen consumption. The pig model not only provides

the isolated vasculature needed for this study but, unlike other animal models

available, the pig has skin with mechanical and histologic properties similar to

humans (Donovan 1975; Simon 1993; Belkoff 1995).

5.1 Specific Aims

1) Characterize the changes in psgO2 with changes in subcutaneous tissue

temperature.

2) Characterize the changes in psgO2 with changes in paO2.

3) Measure the difference in pusqO2 and psgO2 with changes in temperature.

4) Measure the difference in pusqO2 and ps3O2 with changes in paO2.

5) Measure the changes in total and superficial flap perfusion with changes in

temperature.

6) Measure the changes in total and superficial flap perfusion with changes in

paO2.
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7) Measure the changes in subcutaneous tissue oxygen consumption with

changes in temperature.

8) Measure the changes in subcutaneous tissue oxygen consumption with

changes in paO2 and psgO2.

5.2 Methods and equipment

All animal experimentation was performed with approval of the University of

California, San Francisco Committee on Animal Research, using established

guidelines.

5.2.1 Animal preparation

Subcutaneous tissue island flaps were created in 16 female domestic pigs

weighing 40 - 50 kg. After a minimum 12 hour fast (except for water),

anesthesia was induced by a single intramuscular injection of ketamine (20

mg/kg), xylazine (2 mg/kg), and atropine (.04 mg/kg). After intubation of the

trachea, mechanical ventilation was initiated and anesthesia was maintained

with 1-3% isoflurane in 2-3 L/min of 50% during flap creation and experimental

set up.

An 18 gauge angiocatheter was inserted into the marginal ear vein of each

animal for hydration and drug administration. Surface electrocardiogram (ECG)

leads were placed, a rectal temperature probe inserted, and a pulse oximeter

monitor placed on the animal's tongue. The ECG rhythm, heart rate, rectal
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temperature, and hemoglobin saturation were continuously monitored

throughout the surgical procedures and experimentation.

In order to ensure euvolemia, a bolus of 20 mL/kg warmed lactated ringers

was infused over the first 15 minutes, followed by a maintenance infusion of

lactated ringers at 10 mL/kg/hr. In order to reduce the amount of isoflurane

required, a bolus of 4 meg/kg IV fentanyl was given followed by a maintenance

dose of 2.5 mcg/kg/hr. A forced air warmer (Bair Hugger, Augustine Medical

Inc., Eden Prairie, MN) was placed over the animal, and a circulating water pad

placed under the animal to maintain a normothermic core temperature

(39.5°C) during the entire experimental procedure.

A femoral artery cut-down was performed using sterile technique, and a 0.04

gauge polyethylene arterial line inserted for continuous blood pressure

measurement and intermittent arterial blood gas sampling. A suprapubic cut

down was performed under sterile technique and a urinary catheter was

inserted into the bladder and sutured into place.

The animal was placed in the prone position, and prepped and draped in the

usual sterile fashion. The anatomy, position, and dissection have been

previously described in the literature (Daniel and Kerrigan 1982; Hussl 1986;

Germann 1987; Eriksson and Hedén 1988; Hedén and Eriksson 1989), and

are summarized below. A 10 X 10 cm square was outlined on the flank using a
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cardboard template, so that the cephalodorsal corner was located 1.5 cm

below the tuber coxae (corresponding to the anteriosuperior iliac spine in

humans). The cephalad boarder of the flap was positioned parallel and 2 cm

proximal to a line connecting the tuber coxae and the end of the groin crease.

The position of the flap is shown in Figure 15.

5.2.2 Flap preparation and elevation

Prior to dissection, two silicone oximetry tonometers (described in section

3.3.3) were inserted into the subcutaneous tissue (near the dermal

subcutaneous tissue plane) of the planned flap area using a 16 gauge trocar

entering and exiting through two 2 mm scalpel incisions. The tonometers were

positioned parallel to the cranial border of the flap, each 2.5 cm central to the

edge of the flap, with entrance and exit sites 1.5 cm from the dorsal and ventral

flap borders (Figure 16).

Dissection of the 10 X 10 cm flank flap (1.5 cm thick), consisting of skin,

subcutaneous tissue, and fascia, proceeded in a caudal to cranial direction.

This area of the pig does not contain any panniculus carnosus, and all

musculocutaneous perforators are severed during the dissection. Elevation of

the flap along the fascial plane overlying the tensor fascia lata muscle exposed

the neurovascular pedicle. The flap was sharply dissected free on this pedicle

with attention focused on minimizing trauma, cauterization, and desiccation.
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Figure 15: Schematic diagram of flap location
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Figure 16: Schematic diagram of tonometer placement. Dashed lines

represent subcutaneous location of tonometers within the flap.
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The attached neurovascular pedicle consists of a cutaneous artery with a pair

of venous comitantes and a cutaneous nerve. The artery is a branch of the

deep circumflex iliac artery, and the nerve is the lateral femoral cutaneous

nerve (Daniel and Kerrigan 1982). A schematic of the porcine flank

subcutaneous island flap with vessel cannulation, flow probe placement, and

one of the two sets of polarographic electrodes and thermocouples inserted is

shown in Figure 17.

5.2.3 Flap vascular cannulation and perfusion monitoring

A side branch of one of the veins draining the flap was cannulated using an

epidural catheter. The catheter had previously been modified with 5-6

additional fenestrations placed randomly over the distal 1 cm of the catheter,

and the tip cut at approximately a 45° angle. In order to prevent clotting, the

catheter was continuously perfused with heparinized saline at a rate of 3 mL/hr.

The catheter was sutured into place in the flap bed to prevent accidental

removal. In 2 of the pigs, a branch of the flap arterial supply was similarly

cannulated so that flap arterial samples could be compared to the femoral

artery samples.

The arterial inflow to the flap was measured using an ultrasonic transit-time

flow probe and monitor(Probe #1R, Transonic Systems Inc., Ithaca, NY). The

perivascular probe encircles the vessel and houses two ultrasonic transducers

and a fixed acoustic reflector to measure absolute volumetric blood flow
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Figure 17: Schematic diagram of the porcine flank subcutaneous island flap.

Only one of the two sets of polarographic electrodes and thermocouples is

shown.
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through the artery. An ultrasound wave is reflected through the vessel in both

an upstream and a downstream direction. The device uses wide-beam

ultrasonic illumination which allows the receiving transducer to sum the velocity

chord products over the vessel's full width. The difference between the

upstream and downstream integrated transit times represents a measure of

volumetric flow rather than velocity. The probe used in this study was designed
for acute use in vessels 0.7 - 1.2 mm in diameter, uses an ultrasound

frequency of 7.2 MHz, has an absolute accuracy of +20%, and has a relative

accuracy of + 2%.

The probe was placed around the artery feeding the flap within the proximal

portion of the pedicle. The pedicle had been dissected to a point where the

flow probe measured all the blood perfusing the flap. The probe was fixed

perpendicular to the artery by suturing the probe lead to the surrounding flap

bed tissue. Surgical lubricant was placed on the probe head to ensure

adequate ultrasound transmission. Flow data were displayed on the monitor

and recorded by hand at each equilibrium condition.

5.2.4 Tissue oximetry and temperature measurement

The polarographic oxygen electrodes and thermocouples used to measure

psqO2 and tissue temperature (LICOX, Medical Systems Corp., Greenvale, NY)

were previously described and evaluated in Section 3.0. Each polarographic

electrode was calibrated in room air at room temperature, and had received
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prior factory calibration under nitrogen. After calibration, the two probes were

passed through a Y-connector, extension tube, and into the two Silastic

tonometers as described in Section 3.3.3. The connector, tubing, and

tonometer were flushed with saline until no air bubbles were visible. The two

temperature probes were then inserted through the other end of the

tonometers until the tips of each set of oxygen and temperature probes met.

The system was once again flushed with saline to remove all air bubbles.

PsqO2 and temperature readings were recorded by hand every 5 minutes to

determine when an equilibrium tissue oxygen level and temperature was

reached.

5.2.5 Flap temperature control

Following tonometer insertion, flap dissection, venous and arterial cannulation,

arterial flow probe placement, and polarographic electrode and thermocouple

insertion, the flap was gently placed on a sheet of Saran'8) on top of a

circulating water pad created from a 500 mL saline bag. The pad inflow and

outflow tubing were connected to a centrifugal pump submerged in a stirred

water bath. Flap temperature could be held constant above room temperature

through use of a thermoregulated heating element in the water bath, and could

be cooled well below body temperature by circulating ice water through the

water pad at various rates. The temperature throughout the thickness of the

flap was considered uniform based on data by Husslet al, in which

subepidermal, mid dermal, and subdermal layers of this identical model had
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been measured in a pilot study (Hussl 1986). Husslet al, determined all of

these temperature measurements were similar, and only middermal readings

are necessary. When temperatures near or above the pig core temperature

were desired, a second sheet of Saran(8) was placed on top of the flap to

prevent desiccation and evaporative heat loss. When flap temperatures below

the core value were desired, the Saran'8) was removed, and moist gauze

placed around the sides of the flap to prevent desiccation.

5.2.6 Superficial flap perfusion measurement

In 8 of the 16 pig flaps studied, relative superficial flap perfusion was

measured using a scanning laser Doppler imager (moorldl", Moor

Instruments Ltd., Wilmington, DE). The laser Doppler imager scans a 2 mVW,

632.8 nm helium neon laser in a raster pattern over the flap. As with other

laser Dopplers, the incident light is scattered by both the static tissue and by

the moving red blood cells in the superficial layer of the skin. The light

interacting with the moving blood cells undergoes a frequency shift, while the

light interacting with the static tissue does not. A portion of the backscattered

light returns to the detectors, where it is converted to a voltage output and

digitized to yield values proportional to both the flux and concentration of the

moving red blood cells. These values are stored in an IBM compatible

computer and used to produce a 2-dimensional color coded image of blood

flow and a corresponding photo image based on light intensity. Because of the

network of small connecting vessels in capillary flow, and the variations in skin
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color and structure, only arbitrary units rather than absolute units can be used

to measure flux.

The measurement is non-contact and the pixel resolution for this

experimentation was approximately 0.6 mm with the imager positioned

approximately 42 cm above the flap and the area scanned equal to 11 cm X 11

cm. The laser beam was positioned perpendicular to the flap surface prior to

beginning measurements. During each desired equilibrium measurement,

the overlying Saran(8) sheet was removed if present, and the flap scanned. The

time to complete the entire scan was approximately 2.5 minutes, and both the

perfusion and light intensity images were stored on computer. Each perfusion

image was analyzed using moorldl" dedicated image analysis software

(version 3.0) provided with the scanner. The light intensity and perfusion

images were displayed on an IBM compatible computer. The entire flap

surface was outlined using a multi-sided polygonal region of interest (ROI)

superimposed on the light intensity image. Readings outside this region were

deleted from the images. Areas of the flap covered by the tonometer hub or

extension tubing were also deleted from both images. The mean and standard

deviation of the remaining perfusion pixel values were calculated using the

software provided.
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5.2.7 Changes in flap oxygenation, perfusion, and oxygen consumption with

changes in arterial oxygen tension

Changes in flap psgO2, pvsqO2-psqO2 difference, arterial volumetric blood flow,

superficial perfusion, and oxygen consumption were studied as a function of

paO2.

After completion of the invasive surgical procedures, the isoflurane and fentanyl

were left at the set level and the pig remained anesthetized during the entire

experimental procedure. In order to prevent the pig from overbreathing the

ventilator at the low FiO2 and paC2, 0.1 mg/kg IV pancuronium was given every

30 minutes as needed to keep the “train of 4" equal to zero (ie the pig

paralyzed) as assessed by a peripheral nerve stimulator. The pig's core

temperature was kept normal (39.5°C + 0.5°C), (Pond and Houpt 1978) using a

forced air warmer blanket placed over the head and upper torso of the animal,

but not over the flap. Arterial blood gas (ABG) analysis was performed no less

than once each hour. Arterial blood CO2 and pH were kept within normal limits

(pH 7.35-7.45, pCO2 35–45 mmHg) by changing the tidal volume and

respiratory rate as needed. FiO2, expired CO2, and anesthetic concentration

were continuously monitored using a ventilation gas analyzer (Capnomac ll,

Datex Corp., Helsinki, Finland). The flap was warmed and kept at 37°C +

0.5°C, using the circulating waterpad underneath the flap. After the set-up was

complete, the pig was maintained at the targeted values of core temperature,
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ABG parameters, and flap temperature for 45 minutes before beginning

experimentation.

Arterial oxygen tension was varied in random order between paC2 values of 60,

100, 250, and 400 mmHg. To achieve these values, the FiO2 was changed to

either 0.15, 0.21, 0.6, or 0.95, each approximately corresponding to the four

respective paC2 values. After a 10 minute equilibration period, an ABG sample

was taken, and the FiO2 either increased or decreased slightly to adjust the

paO2 to within 15% of the target level. This was repeated as necessary (twice

on average). After the target paO2 was reached, the pig was allowed to

equilibrate until the measured psgO2 of the flap changed by less than 1 mmHg

over a 5 minute period, and a period of at least 20 minutes had passed since

the last FiO2 change. After equilibration, psaO2, flap temperature, flap blood

flow readings, and vital signs were recorded; flap venous and femoral artery

blood gases were drawn, analyzed and recorded; and a two dimensional laser

Doppler scan of the flap was performed. The FiO2 was then switched to one of

the remaining experimental values and the process repeated until equilibrium

physiologic data were obtained at all four paO2 values. Blood hemoglobin

values were measured and recorded at the start and end of the experimental

period.
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On two pigs, a branch of the flap artery proximal to the flow probe was

successfully cannulated. For comparison purposes, blood from the flap artery

was drawn simultaneously with the femoral artery blood.

5.2.8 Changes in flap oxygenation, perfusion, and oxygen consumption with

changes in flap tissue temperature

Following completion of the paO2 studies, the paO2 was set to a value of 100

mmHg, and the flap temperature increased to 41°C. Once these target values

were attained, the pig was allowed to equilibrate until the measured psaO2 of

the flap changed by less than 1 mmHg over a 5 minute period, and a period of

at least 20 minutes had passed. The temperature of the flap was slowly

decreased from 41°C to below 29°C over a two hour period. The flap

temperature was decreased by turning off the heating element, adding cool

water to the temperature bath, and eventually adding ice. At 2°C intervals,

psqO2, flap temperature, flap blood flow readings, and vital signs were

recorded; flap venous and femoral artery blood gases were drawn, analyzed

and recorded; and a two dimensional laser Doppler scan of the flap was

performed. After the flap temperature reached 29°C or cooler, the ice was

removed, the water bath heating element turned on, and the flap slowly

warmed back to 41°C over a two hour period, with data once again recorded at

2°C intervals. Following completion of the experimental procedure, the animal

was euthanized while under anesthesia. The flap was dissected free of the

pedicle and weighed on a mass balance.
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5.2.9 Determination of temperature correction, pH correction, and

hemoglobinsaturation

(Figures 18-21 follow Section 5.2.9)

Changes in temperature and pH alter the relationship between po2 and

hemoglobin saturation (Section 1.4.1). After a sample is withdrawn, changes

in temperature alter the measured pC2, but do not change the oxygen content

or hemoglobin saturation of the sample. The blood gas analyzer warms

samples to 37°C prior to analysis and allows saturation determination on the

ODC for blood at 37°C. In order for the pvsqO2 to be meaningful, it was

corrected to the temperature of the flap at the time of sampling. Without

correction, measured changes in the pvsqO2 and the pvsqO2 - psgO2 difference

would reflect the temperature shift of the ODC rather than physiologic changes

in flap oxygen delivery. The temperature correction factor for pC2 is a function

of hemoglobin saturation. In order for the pC2 of the pig blood sample to be

corrected for temperature, the hemoglobin saturation was first determined.

The pig hemoglobin saturation was determined based on the blood gas pC2

(37°C) with correction for pH (fixed acid Bohr effect). The pig oxygen

dissociation curve (ODC) has been characterized by three different

investigators for saturations from 10% to 90% (Bartels and Harms 1959;

Tweeddale 1973; Willford and Hill 1986). Only Willford and Hill characterized

the shift in the pig ODC as a function of both pH (fixed acid Bohr effect) and

temperature (Willford and Hill 1986). The saturation of each sample was
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determined using the pig ODC and pH shift determined by Willford and Hill.

The plot of both the pig and human ODC at 37°C and pH = 7.4 is displayed in

Figure 18. The human curve is calculated from Equation 1 in Section 1.4.1

(Severinghaus 1979). The pH correction factors for the pig ODC (Willford and

Hill 1986) are plotted as a function of hemoglobin saturation (Figure 19), and fit

with a linear regression equation. Since the Bohr effect coefficients are based

on saturation, the pH correction factor was first approximated by estimating the

saturation on the pig ODC (37°C and pH = 7.4) to the nearest 10% and using

the corresponding Bohr shift from Willford et al (Willford and Hill 1986). For any

saturation greater than 90%, the Bohr shift corresponding to 90% was used for

this first approximation.

Data for the pig ODC was only measured at 10% saturation intervals between

P10 and P90 (P10 is the pG2 where 10% of the hemoglobin is saturated). Since

there is no mathematical model of the pig ODC, and many of the blood pC2

values obtained in the current study were greater than the P90 value, the shape

of the pig ODC was assumed to be identical to the human ODC, and modeled

using the equations representing the human ODC. In order for a human ODC

mathematical model to be used in calculating the pig blood saturation, the pig

experimental pO2 was multiplied by the ratio of the human/pig po2

corresponding to nearest 10% interval saturation data from Willford et al

(Willford and Hill 1986). The ratios of pC2(human)/p02(pig) were calculated

using data from Severinghaus and Willford, and are plotted in Figure 20 as a
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function of hemoglobin saturation, and fit with a linear regression equation

(Severinghaus 1979; Willford and Hill 1986).

As described in Section 1.4.1, the absolute error from Equation 1, shown

below, has a mean value of 0.26%, but at saturations greater than

96.9%(corresponding to a po2 > 90 mmHg at 37°C and pH = 7.4) begins to

increase, reaching a peak error of 0.55% at a saturation of 98.8%

(Severinghaus 1979).

S = 1 (Equation 1)
23,400

poz* + 150 poz
+ 1

Roughton and Severinghaus examined the ODC at saturations between 98.7%

and 99.6% saturation (Roughton and Severinghaus 1973). They fit the data to

a regression based on Hill's equation (Hill 1910), and the human ODC

saturation was determined to an accuracy of +0.1% SD. Hill's equation is:

[S/(100-S)] = K(pO2)", and the coefficients of Roughton's regression are K =

0.01.191 and n = 1.749 at 37°C and pH = 7.4. For saturations greater than

96.9% (pC2 > 90 mmHg at 37°C, pH = 7.4) the error from Roughton's model

was less than that of Equation 1 when used to model the tabulated human

ODC experimental data contained in the article by Severinghaus (Severinghaus

1979). For paC2 experimental values less than 90 mmHg (after being
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corrected for the Bohr effect and multiplied by the saturation ratio of

pO2(human)/p02(pig)), Equation 1 was used to calculate saturation. For values

greater than 90 mmHg, Roughton's model was used. Following the initial

calculation of saturation, this value was used to improve the estimate of the

Bohr effect and the ratio of Phuman/Ppig. The calculation of saturation was then

repeated a second time. The calculated saturation was used to determine the

temperature correction of the pvsqO2 based on the pig ODC temperature

correction data determined by Willford and Hill at saturations between 10% and

90% (Willford and Hill 1986). These temperature correction factors for the pig

ODC are plotted as a function of hemoglobin saturation (Figure 21) and fit with

a linear regression equation.

The vast majority of the experimental pvsqO2 data collected correspond with

saturation values between 10% and 90%, but occasionally venous samples

were slightly higher. The temperature correction regression (Figure 21) was

applied to samples from the temperature studies with less than 95%

saturation. Because of the large temperature change between sampling and

analysis, values with 95% or greater saturation from the temperature studies

were omitted. This decision was based on the data for human hemoglobin

temperature correction as a function of saturation. Severinghaus modeled the

temperature correction as nearly constant for saturation values from 80% to

95% (Severinghaus 1979). Using the Severinghaus mathematical model, the

human temperature correction at 95% saturation remains at 95% of the
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temperature correction corresponding to a saturation of 80%. After 95%

saturation, the human temperature correction declines rapidly. Based on the

human data, the assumption of continued linearity (Figure 21) in the pig

temperature correction up to 95% saturation seems reasonable. It should be

noted that based on the data from Willford and Hill, the magnitude of

temperature correction for pig hemoglobin is far less than that for human

hemoglobin (Willford and Hill 1986). At 80% saturation the A log poz/AT is

0.031/°C for human blood and 0.013/*C for pig blood.

All pvsqO2 data taken during the temperature experiments were corrected to the

temperature of the flap at the time of sampling if the saturation was < 95%. All

pvsqO2 data taken during the paC2 experimentation was corrected to the

temperature of the flap at the time of sampling if the saturation was < 98.5%.

This higher cut off value was allowed since the temperature of the flap was at

37°C + 1°C, minimizing the correction needed and the error incurred.

PsqO2 was measured at the temperature of the flap and no correction was

needed. PaC2 was not corrected from the 37°C value. The temperature

relations are based on holding paO2 at core temperature constant, rather than

continually changing the FiO2 in an effort to keep the paO2 at the temperature of

the flap constant. The experimentation examining the effects of changing paC2

is based on relative changes in paO2, and since both the core and flap

temperature were held constant, no correction was needed.
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Figure 18: Plot of both pig and human ODC at 37°C and pH = 7.4. Pig ODC

data points from (Willford 1986). Human ODC calculated using equation from

(Severinghaus 1979).
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Figure 19: The pig ODC pH correction factors (fixed acid Bohr effect) plotted as

a function of hemoglobin saturation at 37°C. Data obtained from Willford et al

(Willford 1986). Saturation data from 30% to 90% fit with a linear regression

equation.
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Figure 20: The ratios of pC2(human)/p02(pig) are plotted as a function of

hemoglobin saturation, and fit linear regression. Ratios were calculated using

data from (Severinghaus 1979) and (Willford 1986).
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Figure 21: The pig ODC temperature correction factors plotted as a function of

hemoglobin saturation at a pH = 7.4. Data obtained from Willford et al

(Willford 1986). Saturation data from 30% to 90% fit with a linear regression

equation.
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5.2.10 Calculation of tissue oxygen consumption

Flap tissue oxygen consumption was calculated from the arterial-venous blood

oxygen content difference, flap blood flow rate, and tissue weight. As described

in sections 1.4.1 and 1.4.2, blood oxygen content is calculated from the sum of

oxygen bound to hemoglobin and oxygen dissolved in solution and carried

within the plasma and the RBC intracellular fluid. The oxygen content

determination of the arterial and venous samples was based on the 37°C data

for the blood gas analyzer. Temperature correction was not necessary as a

sample's oxygen content does not change with changes in temperature.

Hemoglobin saturation was calculated as previously described in Section

5.2.9. Blood oxygen content (C) was calculated from Equation 21, where the

numerical coefficients are described in Sections 1.4.1-1.4.2.

C = (1.306 mL/g XHb XS) + (0.00003 X po2) (Equation 21)

Where:

C = Blood oxygen content [mL O2 (STP)/mL blood]

Hb = hemoglobin concentration (mg/dL)

S = fractional hemoglobin oxygen saturation

The flap oxygen consumption was calculated from the product of blood flow

and arteriovenous oxygen content difference across the flap (Equation 2 solved
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for consumption). Tissue oxygen consumption is equal to the quotient of the

flap oxygen consumption and the mass of the flap as shown in Equation 22.

Vo2 = reº, co, (Equation 22)

Where:

VO2= Tissue oxygen consumption (mL O2 (STP)/g/min)

F = Blood Flow (mL/min)

CaO2 = Arterial blood oxygen content (mL O2 (STP)/mL blood]

Cvo2 = Venous blood oxygen content (mL O2 (STP)/mL blood]

M = Flap mass [g]

5.2.11 Statistical analysis of physiologic relations

In order to provide a reference point for interpreting changes, mean values for

psqO2, pvsqO2, pvsqO2-psqO2, volumetric flap arterial flow, Superficial Doppler

perfusion, and tissue oxygen consumption at 37°C and paO2 = 100 mmHg

were calculated from both temperature and paC2 experimental data sets. The

temperature value of 37°C was chosen because subcutaneous tissue is

usually 2° to 3°C less than core temperature, and normal pig core temperature

is 39.5°C.
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Temperature relationships:

Plots were created for individual flaps relating psaO2, pvsqC2, pvsqO2-psgO2, flap

artery flow, flap surface perfusion, and tissue oxygen consumption to changes

in flap tissue temperature. Data from pigs in which the paO2 changed more

than 15% during the experiment were excluded from analysis. Each

relationship was analyzed visually and then with linear regression if

appropriate. Because of the repeated measures nature of the data, regression

analysis of the combined data could be misleading. Thus, the results for the

relationships are displayed from a single representative pig (#15), in which the

slopes are similar to the mean slope for all conditions. Plots of psgO2 or

pvsqO2-psoO2 vs temperature display data from each oxygen probe separately,

and each set of probe data was analyzed separately. Plots of flap artery flow,

flap surface perfusion, and tissue oxygen consumption vs tissue temperature

use the mean tissue temperature between the two flap thermocouples. The

mean and standard deviation of the linear regression slopes for all significant

measured relationships are given.

Arterial pO2 relationships:

Plots were created for individual flaps relating psgO2, pvsqO2, pvsqO2-psqO2, flap

artery flow, flap surface perfusion, and tissue oxygen consumption to changes

in paC2. Data from flaps in which the measured temperature from either

thermocouple changed more than 180 during the experiment were excluded

from analysis. Each relationship was analyzed visually and then with linear
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regression if appropriate. The results for the relationships are displayed from

the same single pig (#15) as the temperature relationships. Each plot was

analyzed with linear regression, and the slopes among flaps compared. Plots

of psgO2 or pvsqO2-psqO2 vs paO2 display data from each oxygen probe

separately, and each set of probe data was analyzed separately. The mean

and standard deviation of linear regression slopes for all significant measured

relationships are given.

5.3 Results

(Figures 22-32 and Tables 10-11 follow Section 5.3)

Subcutaneous tissue island flaps were created in 16 female domestic pigs

weighing 40 - 50 kg. One animal served as a pilot to determine flap anatomy,

surgical techniques, and other research equipment necessary to carry out the

study. One of the animals died of malignant hyperthermia. Venous

cannulation of the flap pedicle was unsuccessful in 5 of the animals, and these

animals were euthanized without data collection. Of the 10 animals with

successful flaps, all were used to study the effects of changing paO2. Eight of

these flaps met the constant flap temperature criterion and were used in the

analysis. Five of the 10 animals with successful flaps were used to study the

effects of changing temperature and all met the constant paC2 criterion.

It should be noted that one flap (pig #13) had a volumetric flow rate more than

3.5 standard deviations greater than the mean flow of the other flaps under
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similar conditions. Because flap perfusion is so integral to the other

parameters of the study, it was omitted. Possible causes for the inconsistent

results from this particular flap include anomalous vascular anatomy, or

malfunction of the volumetric flow probe or monitor.

5.3.1 Mean oxygen values at 37°C and paC2 = 100 mmHg

A total of 21 data points (at 37° E 19C and paO2 = 100 + 15 mmHg) were

available for calculating mean (+ SD) psaC2, pvsqO2, and the ps3O2-pvsqO2

difference (Table 10). The tabulated results represent a compilation of data

from both the temperature and paO2 studies, as well as separate values from

each of the tissue oxygen electrodes.

A total of 11 data points (at 37° E 1°C and paC2 = 100 + 15 mmHg) were

available for calculating mean (+ SD) flap arterial flow, flap surface perfusion,

and tissue oxygen consumption (Table 10). The tabulated results represent a

compilation of data from both the temperature and paO2 studies.

5.3.2 Relation between femoral and flap arterial blood

A total of 20 paired sets of flap and femoral artery blood gases (ABG's) were

collected and analyzed from two flaps. Fourteen sets of paired ABG data

represent comparisons where the flap paC2 ranged between 55 and 120

mmHg, and 6 sets of data represent ABG comparisons where the flap paC2

ranged between 130 and 620 mmHg. The absolute errors for pH, paCO2,
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paO2, and HCO3 with standard deviation are displayed in Table 11. The data

were divided into two separate ranges of p()2, because the difference was

likely to be greater at the higher pC2 values, and this difference might be

minimized if all the data were analyzed together.

5.3.3 Results from temperature studies

5.3.3.1 Changes in psqO2 with changes in temperature

A plot of the psgO2 vs temperature relationship is shown for pig #15 in Figure

22. Results from both the proximal and distal oxygen probes and

thermocouples in this flap are displayed. The linear regressions from both the

proximal (n = 4) and distal (n = 4) measurements of the flaps studied (n = 4) all

show a significant positive linear relationship between psgO2 and temperature

[p-0.05 (n = 1), p<0.01(n = 7)]. The mean change in psgO2 with respect to

temperature from the flaps studied was 1.9 + 0.4 mmHg/*C.

5.3.3.2 Changes in pusqO2 with changes in temperature

A plot of the pvsqO2 vs temperature relationship is shown for pig #15 in Figure

23. Results from both the proximal and distal oxygen probes and

thermocouples in this flap are displayed. The linear regressions from both the

proximal (n = 4) and distal (n = 4) measurements of the flaps studied (n = 4)

show a significant positive linear relationship between pusqC2 and temperature

in 6 of the 8 measurements [p-0.05 (n = 6), p-.05 (n = 2)]. The mean change
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in pusqO2 with respect to temperature from the flaps with the significant linear

relationship was 0.47+ 0.41 mmHg/*C.

5.3.3.3 Changes in the pusqO2-psqO2 difference with changes in temperature

A plot of the pvsqO2-psqO2 difference vs temperature relationship is shown for

pig #15 in Figure 24. Results from both the proximal and distal oxygen probes

and thermocouples in this flap are displayed. The linear regressions from both

the proximal (n = 4) and distal (n = 4) measurements of the flaps studied (n =

4) show a significant negative linear relationship between the pvsqO2-psgO2

difference and temperature in 7 of the 8 ■ p-0.05 (n = 1), p<0.01(n = 6)]. The

mean change in the pyscO2-psqO2 difference with respect to temperature from

the flaps with a significant negative linear relationship was -1.5 + 0.5

mmHg/*C.

5.3.3.4 Changes in flap artery flow with changes in temperature

A plot of the volumetric flow vs temperature relationship is shown for pig #15 in

Figure 25. The linear regressions from the flaps (n = 4) were studied; one

showed a significant positive relationship between volumetric flow and

temperature (p < 0.05), and three showed no significant relationship between

volumetric flow and temperature (p-.05). The significant positive relationship

showed a change in flow with respect to temperature equal to 0.2 mL/(min."C).

5.3.3.5 Changes in superficial flap perfusion with changes in temperature
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A plot of the Doppler measured superficial perfusion vs temperature

relationship is shown for pig #15 in Figure 26. The linear regressions from the

flaps studied (n = 4) showed a significant positive linear relationship between

superficial perfusion and temperature in all of the flaps. [p-0.01 (n = 4)]. The

mean change in superficial perfusion with respect to temperature was 4.7 it 1.3

PU/90.

5.3.3.6 Changes in tissue oxygen consumption with changes in temperature

A plot of the tissue oxygen consumption vs temperature relationship is shown

for pig #15 in Figure 27. The linear regressions from the flaps studied (n = 4)

showed a significant positive linear relationship between tissue oxygen

consumption and temperature in all of the flaps. [p-0.001 (n = 4)]. The mean

change in oxygen consumption with respect to temperature was 0.009 +

0.0008 [mL O2(STP)/(min-100g tissue-"C)].

5.3.4 Results from paC2 studies

5.3.4.1 Changes in psqO2 with changes in paO2

A plot of the psgO2 vs paO2 relationship is shown for pig #15 in Figure 28.

Results from both the proximal and distal oxygen probes are displayed. The

linear regressions from both the proximal (n = 7) and distal (n = 6)

measurements of the flaps studied (n = 7) showed a significant positive linear

relationship between psgO2 and paO2 in 9 of the 13 flap measurements

Ip*0.01, n = (4 proximal & 2 distal), p<0.05, n = (2 proximal & 1 distal), and no
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linear relationship in 4 of the flaps(p=.05, n = (1 proximal & 3 distal)]. The mean

change in psgO2 with respect to paO2 in the flaps with a significant positive

relationship was 0.13 + 0.05 (mmHg ps3O2/mmHg paO2).

5.3.4.2 Changes in the pys',02-psqO2 difference with changes in paO2

A plot of the pvsqO2-psqO2 difference vs paO2 relationship is shown for pig #15

in Figure 29. Results from both the proximal and distal oxygen probes are

displayed. The linear regressions from both the proximal (n = 7) and distal (n =

6) measurements of the flaps studied (n = 7) showed a significant positive

linear relationship between the pvsqO2-psqO2 difference and paC2 in 8 of the

flap measurements [p-0.01 (n = 6), p<0.05(n = 2)], and no linear relationship in

5 of the flap measurements (p=.05 (n=7)]. There were no differences in the

ratio of proximal / distal location between the significant and nonsignificant

groups. The mean change in the pvsqO2-psgO2 difference with respect to paO2

in the flaps with a significant positive relationship was 0.10 + 0.04

(mmHg/mmHg paO2).

5.3.4.3 Changes in flap artery flow with changes in paO2

A plot of the volumetric flow vs paO2 relationship is shown for pig #15 in Figure

30. The linear regressions from all the flaps (n = 7) studied showed no

significant relationship between volumetric flow and paC2 (p > 0.05).
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5.3.4.4 Changes in superficial flap perfusion with changes in paC2

A plot of the Doppler measured superficial perfusion vs paC2 relationship is

shown for pig #15 in Figure 31. The linear regressions from all the flaps (n = 5)

studied showed no significant relationship between superficial perfusion and

paO2 (p > 0.05).

5.3.4.5 Changes in tissue oxygen consumption with changes in paO2

A plot of the tissue oxygen consumption vs paO2 is shown for pig #15 in Figure

32. The linear regressions from the flaps studied (n = 5) showed no linear

relationship between tissue oxygen consumption and paO2 in 3 of the 5 flaps

(p=0.05), and showed a significant negative relationship between tissue

oxygen consumption and paO2 in 2 of the 5 flaps studied (p<0.05). The

changes in oxygen consumption with respect to paO2, from the 2 flaps with a

significant negative linear relationship, was -0.00010 and -0.00005 [mL

O2(STP)/(min-100g tissue-mmHg)].
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Measurement Mean Value # (SD)

ps qO2 51.7 + 11.5 (mm Hg)

pvs qO2 61.9 + 8.5 (mm Hg)

pvs qO2-ps qO2 10.1 + 9.9 (mm Hg)

Flap Arterial Flow 10.8 + 3.0 (mL/min)

Normalized Flap Arterial Flow 9.5 + 3.0 (mL/100g/min)

Laser Doppler Perfusion 145 + 33 (PU)

Tissue Oxygen Consumption 0.13 + 0.03 (mLO2/100g/min)

Table 10: Mean of measured values at 37°C and a paO2 of 100 mmHg. The

tabulated results represent a compilation of data from both the temperature

and paO2 studies, as well as separate values from each of the tissue oxygen

electrodes.
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Measurement Range of Mean Error + (SD)
Measurements

pC2 < 125 mm Hg

pH 7.42 - 7.51 0.01 + 0.01

pa CO2 (mm Hg) 37 - 45 1.3 + 1.0

paO2 (mm Hg) 83 - 120 3.2 + 2.7

HCO3 (med/L) 23.4 - 31.5 0.8 + 0.8

p02 > 125 mm Hg

pH 7.40 - 7.50 0.01 +0.01

pa CO2 (mm Hg) 36 - 39 1.2 + 1.0

paO2 (mm Hg) 130 - 618 5.8 + 4.7

HCO3 (meg/L) 23.6 - 31.2 0.6 + 0.6
l

Table 11: Comparison of flap and femoral arterial blood. Comparisons

separated into sets with pC2 < 130 mmHg and pC2 > 130 mmHg. The

absolute error with standard deviation is displayed for each ABG parameter.
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• Proximal y = 1.85x - 18.2 r2 = 0.61 –
O Distal y = 1.58x - 4.21 r2 = 0.60 -----
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Temperature (°C)

Figure 22: The psgO2 is plotted against temperature for pig #15. Separate

linear regression lines and equations are displayed for the proximal and distal

oxygen measurement systems.
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• Proximal y = 0.31x + 53 r2 = 0.11 —
O Distal y = 0.58x + 43 r2 = 0.50 -----
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Figure 23: The pvsqO2 is plotted against temperature for pig #15. Separate

linear regression lines and equations are displayed for the proximal and distal

oxygen measurement systems.
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O Proximal y = -1.61x + 78.2 r2 = 0.57 —

O Distal y = -1.83x + 85.6 r2 = 0.81 -----
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Figure 24: The pvsqO2 - ps3O2 difference is plotted against temperature for pig

#15. Separate linear regression lines and equations are displayed for the

proximal and distal oxygen measurement systems.
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Figure 25: The flap arterial flow is plotted against temperature for pig #15. The

linear regression line and equation are shown.
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Figure 26: The flap arterial laser Doppler perfusion is plotted against

temperature for pig #15. The linear regression line and equation are shown.
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Figure 27: The flap tissue oxygen consumption is plotted against temperature

for pig #15. The linear regression line and equation are shown.
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• Proximal y = 0.162x + 30.7 rº = 0.97 —
o Distal y = 0.114x + 32.9 rº = 0.91 -----
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Figure 28: The psgO2 is plotted against paO2 for pig #15. Separate linear

regression lines and equations are displayed for the proximal and distal

oxygen measurement systems.
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• Proximal y = 0.041x + 8.6 rº = 0.99 —
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Figure 29: The pvsqO2 - psgO2 difference is plotted against paO2 for pig #15.

Separate linear regression lines and equations are displayed for the proximal

and distal oxygen measurement systems.
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Figure 30: The flap arterial flow is plotted against paC2 for pig #15. Although

no significant linear relationship exists, the linear regression line and equation

are shown.
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Figure 31: The flap arterial laser Doppler perfusion is plotted against paC2 for

pig #15. Although no significant linear relationship exists, the linear regression

line and equation are shown.
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Figure 32: The flap tissue oxygen consumption is plotted against paO2 for pig

#15. The linear regression line and equation are shown.
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5.4 Discussion

5.4.1 The experimental model

Although this flap model has many features which make it desirable, such as

reliable anatomy, skin properties similar to human, and an isolated

neurovascular pedicle, one of the technical limitations is in reliable flap pedicle

venous cannulation and withdrawal. As previously stated, 5 of the 16 animals

were prematurely euthanized because of technical difficulties with cannulation

or inability to withdraw blood from the cannula. This result is comparable to

that experienced by Heden and Eriksson, who obtained successful venous

cannulations with outflow in only 14 of 22 animals using the same model

(Heden and Eriksson 1989).

Femoral and flap artery blood gases were nearly identical. The absolute pH

errors under all paO2 conditions were • 0.01. The absolute error in arterial pO2

was approximately 3 mmHg for flap paC2 values less than 130 mmHg, and

approximately 6 mmHg for values greater than 130 mmHg. These absolute

errors are extremely small and are within the error of the blood gas analyzer

(Model 238, Ciba Corning Diagnostics Limited, Halstead, England) and

physiologic variability. The difference between the flap and femoral artery blood

would cause only very minimal error when determining saturation or

consumption. For the purpose of this study, it is reasonable to assume the

ABG values obtained from the femoral artery are identical to those of the flap
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artery. Cannulation of the femoral artery was preferred to the difficult

cannulation of the flap artery, and used for the remaining pigs.

5.4.2 Comparison of values to previous research

The mean values listed in Table 10 represent the mean values of the

measured experimental parameters at 37°C and a paO2 of 100 mmHg. They

are displayed not only to provide a reference point for the changes occurring

with temperature and paO2, but also for comparison to previously published

skin and subcutaneous tissue values.

The mean psgO2 value of 52 + 11 mmHg compares well with previous animal

and human data. Gottrup et al, reported a mean psdO2 of 48 mmHg (range 36

to 68 mmHg) in normovolemic anesthetized dogs breathing room air (mean

paO2 = 95 mmHg), (Gottrup 1987). Jensen et al reported a mean psgO2 of 65 +

7 mmHg in eight human volunteers breathing room air (Jensen 1991). The

lower pig psgO2 may be due to the effects of anesthesia or true differences

between pig and human skin.

The mean pusqO2 - psgO2 difference of 10.1 + 9.9 compares well with the

previous estimations. Gottrup et al, estimated this difference at 10 mmHg

based on canine studies (Gottrup 1987) as described in Section 2.4.1.

Although no description of subcutaneous temperature was included in the

Gottrup study, this experimental value from the pig flap seems reasonable.
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The mean consumption value of 0.13 + 0.03 (mL O2(STP)/100 g tissue■ min] is

comparable to the study by Husslet al, who calculated an oxygen consumption

of 0.16 + 0.03(SE) [mL O2(STP)/100 g tissue/min) at a flap temperature of 35°C

(Hussl 1986). The arteriovenous oxygen content difference of the pig flap

model is comparable to that calculated for humans as described in Section

2.4.1. Evans and Naylor determined the subcutaneous tissue arteriovenous

oxygen content difference to be 0.6 (mL O2/dL blood) from the best fit of human

data taken at temperatures between 32°C and 34°C (Evans and Naylor 1966).

Hopf et al, calculated the subcutaneous tissue arteriovenous oxygen content

difference to be 0.73 (mL O2/dL blood) based on psgO2 and paC2 data from 8

healthy human volunteers, but no description of subcutaneous temperature

was provided (Hopf 1988). Although not displayed in the results section, the

mean arteriovenous content difference from the pig flap experimental data was

0.64 + 0.26 at flap temperatures between 32°C and 34°C. The similarity

between the pig value and the values previously calculated from the best fit of

human data, suggest this model's oxygen consumption provides a reasonable

representation of human skin.

The mean arterial flow rate of 9.5 + 3.0 (mL/100g/min) is slightly higher than

that measured by Husslet al, who determined the mean arterial flow rate using

this flap model to be 6.6 + 0.9 (mL/100g/min + SE) at a flap temperature of

35°C (Hussl 1986). This difference may relate to differences in flap
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temperature (37°C vs 35°C). Some of this difference may also be explained by

different flow measuring equipment or slight differences in the anatomical

dissection. Husslet al, used an electromagnetic flow meter to measure the

arterial flow.

Overall the current data accord well with both human data and experimental

data in the literature from this same pig model.

5.4.3 Changes in psqO2 with changes in temperature

The significant positive correlation between psgO2 and temperature in all flaps

studied are consistent with previous human data. The mean linear regression

slope of 1.9 + 0.3 (mmHg/*C) on the plots of psgO2 vs temperature, results in

an increase of 6 mmHg in psgO2 with a 3°C temperature increase. This

increase is clinically significant for wound healing, and shows the importance

of maintaining subcutaneous tissue euthermia for tissue oxygenation.

Although this result is for a paO2 of 100 mmHg, the absolute increase in psgO2

would be even greater at higher paO2. Sheffield et al measured a significant

(p<0.05) mean increase in arm psgO2 from 60 + 22 mmHg to 97 it 11 mmHg

(paO2 = 300 + 45 mmHg),when the skin was warmed from a mean

temperature of 33.0°C to 39.4°C (Sheffield 1996), or a change of 5.8 mmHg/*C.

Assuming adequate paC2, tissue oxygenation is largely determined by local

blood perfusion (Hopf 1988; Sheffield 1996). One of the most important factors

183 *



mediating skin perfusion is centrally and locally mediated thermoregulatory

vasomotion (Sheffield 1996). A second mechanism of increased oxygenation

with tissue warming may be the shift of the ODC as depicted in Figure 3. Using

the ODC equations describing shifts from changes in temperature and pH

(Severinghaus 1979), at an arterial pO2 of 100 mmHg, the right shift of the

human ODC from a 3°C increase in temperature is 20 mmHg, or equal in

magnitude to the right ODC shift caused by a decrease in pH of 0.2. Both these

changes allow hemoglobin bound oxygen to be more easily released. This

right shift may be a significant factor in increasing the psgO2 with warming.

5.4.4 Changes in pusqO2 with changes in temperature

The pyscO2 increase with increasing temperature was statistically significant in

6 of the 8 data sets from 4 different flaps. Although statistically significant in

certain data sets the increase in pusqO2 was only 0.5 + 0.4 mmHg/*C. In other

words, a 3°C increase in temperature would increase the pyscO2 by 1.5 mmHg.

The determination of pvsqO2 at flap temperatures other than 37°C is highly

dependent on the ODC temperature correction factor. The only data available

for the temperature correction of the pig ODC is by Willford et al, showing the

effect of temperature on the pig ODC (Section 5.2.9) is significantly lower in

magnitude than the human temperature correction value (Willford and Hill

1986). A slight increase in this factor would have negated the statistical

significance in other data sets, and a slight decrease in the temperature

correction factor would have strengthened statistical relationships between
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pvsqO2 and temperature and resulted in a statistically significant decrease in

pvsqO2 with increasing temperature. Unfortunately, only one paper (Willford

and Hill 1986) has been published characterizing the pC2 correction factor for

pig blood, so the reliability of the estimate used is unclear. Nevertheless it is

likely the pyscC2 remains relatively constant over a large temperature range

given the shallow mean slope of the significant data sets, and the lack of a

significant relation in 2 of the 8 data sets. This result suggests the minimal

oxygen consumption demands of the subcutaneous tissue are not supply

limited over a large temperature range, despite the increased consumption

with increasing temperature described in Section 5.4.7.

5.4.5 Changes in the pvsqO2-psqO2 difference with changes in temperature

The pyscO2 - psgO2 difference decreased significantly with increasing

temperature in 7 the 8 flap measurements. This result is due to the increasing

psqO2 with temperature (Section 5.4.3), and the relatively constant pvsqO2. One

possible explanation is the shift of the ODC to the right as the blood is warmed.

As the blood is warmed from core temperature to the flap temperature, oxygen

would be released more easily from the hemoglobin molecule and briefly

increase the dissolved oxygen and paO2, increasing the driving force and

oxygen delivery into the tissue. Given the small amount of tissue oxygen

consumption within the skin and subcutaneous tissue, it is possible that the

shift in the ODC from an increase in temperature, could account for this trend.

This trend may also be due to changes in the perfusion (and thus oxygen
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delivery) pattern of the flap (Section 5.4.6). As mentioned previously (Section

5.4.4), these results are extremely dependent on the pig ODC temperature

correction factor. A decrease in this factor would increase the pvsqO2 - psgO2

difference at lower temperatures, and an increase in the correction factor would

cause the pvsqO2 - psgO2 difference to be more uniform over the range of

temperatures studied.

The changes in the pvsqO2 - psgO2 difference with temperature have a

significant implication for one of the assumptions behind the flow index. The

1.5 + 0.6 mmHg/*C increase in the pvsqO2 - psgO2 difference with decreasing

temperature means that as the flap temperature decreases from 37°C to 34°C,

the pvsqO2 - ps3O2 difference would increase from approximately 10 mmHg to

15 mmHg, or ~ 50%. This large a change in the calculated pVsqO2 based on

the psgO2 (method described in Section 2.4) greatly changes the calculated

venous blood saturation, the arteriovenous oxygen content difference, and thus

the flow index value. For example, if the measured psgO2 in 34°C human skin

was 60 mmHg, but the change in the pvsqO2-psqO2 difference was assumed to

be constant at 10 mmHg rather than changing to 15 mmHg, the venous

saturation used to calculate oxygen content would be calculated at 93.7%

(pvsqO2 = 70 mmHg) rather than 94.9% (pVsqO2 = 75 mmHg). Assuming the

arterial paO2 was 100 mmHg (Saturation = 97.4%), the arteriovenous content

difference would be calculated at 0.58 mL O2/dL blood instead of the true 0.39

mL O2/dL blood. Thus, if the change in oxygen consumption with temperature
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is not accounted for under the above conditions, the calculated flow index

would be only 65% of the correct value.

5.4.6 Changes in flap perfusion with changes in temperature

There was not a consistent significant relationship with changes in volumetric

arterial flow and changes in temperature. There was a trend of increasing

volumetric flow with increasing temperature, but this trend was significant in

only one of the 5 flaps studied. Husslet al, studied changes in volumetric flow

in the same model between temperatures of 15°C and 35°C in 29 pigs (Hussl

1986). Although no formal regression statistics were described, they reported

a mean flow of 3.1 + 0.2(mL/min/100g) at 15°C, and a mean flow of 6.6 +

0.9(mL/min/100g) at 35°C. One possibility of the differences in findings is the

different ranges in temperatures studied. Lower temperatures may have a

more significant effect on volumetric flow.

In contrast, superficial perfusion measurements from the scanning laser

Doppler showed a significant positive linear relationship in 4 of the 5 flaps

measured. One possible explanation for this difference is flow redistribution

within the flap. The total flow to the flap may not have changed significantly in

the temperature range studied, but there may have been a change in the

distribution of the flow to a more superficial level with increases in temperature.

A study by Heden and Eriksson compared volumetric arterial flow and laser

Doppler flow in the same model during flow changes from arterial and venous
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occlusion, nerve stimulation, and intra-arterial noradrenaline or papaverine

injection (Heden and Eriksson 1989). The two types of flow readings

correlated significantly during stable baseline flow conditions prior to

experimentation (p<0.01), but throughout all the experimental procedures the

correlation between the two was “generally poor" (Heden and Eriksson 1989).

This finding supports the possibility that certain stimuli may affect the flow

distribution between superficial and deeper layers (not measurable by

Doppler) within the flap tissue without significantly changing the total volumetric

flow to the flap.

5.4.7 Changes in oxygen consumption with changes in temperature

Changes in tissue oxygen consumption showed significant positive linear

relationships(p<0.001) with changes in flap temperature in 4 of the 4 flaps

analyzed. The highly significant positive relationship between tissue oxygen

consumption and temperature supports that raising temperature increases

metabolic demand by the tissue. This increase in metabolic demand would

increase the loss of oxygen from the flap circulation, but the relatively stable

pvsqO2 (Section 5.4.4) suggests the oxygen supply to the flap adequately

meets the oxygen demands over a large temperature range and the excess in

supply outweighs the increased consumption demand. This idea is further

supported by the increasing psgO2 correlated with increasing

temperature(Section 5.4.3), despite the increased tissue oxygen consumption.
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The mean value of 0.13 + 0.03 mL O2(STP)/min/100g tissue at 37°C, and direct

correlation between temperature and oxygen consumption is consistent with

previous research in the literature. Examining the temperature range between

35°C and 15°C , Husslet al, obtained mean tissue oxygen consumption values

of 0.16 + 0.02 mL O2(STP)/min/100g tissue at 35°C decreasing to 0.04 + 0.01

mL O2(STP)/min/100g tissue at 15°C.

The 0.009 + 0.0008 mL O2(STP)/(min-100g tissue"C) decrease in the tissue

oxygen consumption with decreasing temperature, measured in this study, has

significant implications for the flow index. If the flow index were calculated on

tissue at different temperatures, but the consumption for both of them was

assumed to be identical, the flow to the colder tissue would be overestimated

relative to the warmer tissue. For tissues at 37°C and 34°C, the consumption

is approximately 0.13 mL O2(STP)/min/100g tissue at 37°C and is 0.10 mL

O2(STP)/min/100g tissue at 34°C. Since flow calculated using Equation 2 is

directly proportional to tissue oxygen consumption, the assumption of constant

consumption would represents about a 30% over estimation of consumption

and therefore relative flow at 34° compared to that at 37°C

5.4.8 Changes in psqO2 with changes in paO2

A significant positive correlation between psgO2 and paC2 was seen in 11 of the

15 measurement sets obtained. The ratio of proximal to distal measurements

was highest (5/2) in the flaps with a strong relation (p<0.01), lower (2/2) in the
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group of flaps with a moderate relation (p<0.05) and lowest (1/3) in the flaps

with no significant relation (p<0.05). One explanation for this is the finding by

Gottrup et al, that the positive relation between psgO2 and paO2 only occurs in

well perfused tissue and is absent in poorly perfused tissue (see Figure 4 and

Section 2.2). The distal portion of the flap is most likely to be poorly perfused.

Thus one explanation for the 4 measurements which did not show a relation is

that they were obtained in poorly perfused areas of the flap.

Excluding these presumably poorly perfused flap regions, the mean linear

regression slope of 0.13 + 0.05 (mmHg psgO2/mmHg paC2) for the plots of

psqO2 vs paO2, yields an increase of 26 mmHg in psgO2 with a 200 mmHg

increase in paO2. This appears consistent with the canine data from Gottrup et

al (Figure 5), where the mean psgO2 increased from ~60 mmHg at a paO2 of

100 mmHg to a value of ~90 mmHg at a paO2 of 300 mmHg. This increase is

clinically significant for wound healing, and shows that substantial increases in

psqO2 can be obtained by breathing supplemental oxygen only if reasonable

perfusion is present.

5.4.9 Changes in the pvsqO2-psqO2 difference with changes in paO2.

The pvsqO2 - psgO2 difference increased significantly with increasing paO2 in 8

of the 13 measurement sets obtained. The error of temperature correction is

not as significant for this relation, as the flap temperature was held constant at

37°C + 1°C. One possible source of error in this measurement is the
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arterialization of venous blood by anesthesia induced vasodilation. Fentanyl

(not a vasodilator) was administered to reduce the dose of vapor anesthetic

(isoflurane) required, thus minimizing anesthetic vasodilation. Nonetheless

this effect may play a role in the large variability in the results obtained as the

paO2 was increased. However, as already discussed in Section 5.4.5, the

mean value of 10 mmHg obtained at a paC2 of 100 mmHg and 37°C is in good

agreement with the literature (Gottrup 1987; Hopf 1988).

Of the sets showing a significant correlation, the mean slope was 0.10 + 0.04

mmHg psgO2/mmHg paO2. This translates into a 20 mmHg change in the

pvsqO2 - psgO2 difference for a 200 mmHg change in the paC2. Thus,

estimating the difference at the experimental mean value of 10 mmHg rather

than 30 mmHg would cause an even greater error in the flow index calculation

than that discussed in Section 5.4.5. Besides being large in magnitude this

change in the pvsqO2 - psgO2 difference is extremely variable (only 8 of 13

measured data sets displayed this relation). As seen from these data, the

relationship between psgO2 and pusqC2 has significant impact on the flow index

and is extremely variable. This is therefore a large source of potential error

when calculating the flow index.

5.4.10 Changes in perfusion with changes in paC2

There was no significant linear relationship between either volumetric arterial

flow and paC2 or superficial Doppler perfusion and paO2 in any of the flaps
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studied. These findings suggest that the assumption of unchanged perfusion

during changes in paC2 used in the oxygen challenge calculation (Section

2.4.2) is reasonable. In many of the measurement sets there was a slight

increase in perfusion at the low paC2 (approximately 60 mmHg) that was not

significant. One possible explanation for this finding is the physiologic,

compensatory increase in heart rate and blood pressure which occurred in

many of the animals at these hypoxic paO2 values.

This study is not conclusive, as the effect of paO2 on flow was only measured at

37°C. Although this temperature is 2.5°C below the core temperature of a

euthermic pig, it may have effects on the tissue perfusion strong enough to

prevent those effects from pad2 which might be seen at lower temperatures.

Local warming is a powerful inducer of vasodilation and might overwhelm any

local perfusion changes from pad2. Despite these limitations of the model, the

findings suggest that both the superficial flap perfusion and volumetric flap flow

are independent of changes in only paC2, with other physiologic variables held

Constant.

5.4.11 Changes in oxygen consumption with changes in paC2

There was no significant linear relationship between oxygen consumption and

paO2 in 4 of the 6 flaps studied, and a significant negative relationship between

oxygen consumption and paC2 in 2 of the 6 flaps. This negative relationship

(ie, decreased O2 consumption with increased O2 supply) is highly unlikely in
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any biological organism and likely represents an artifact. One possible

explanation is the consistent underestimation of paO2 at high oxygen tensions.

The blood gas analyzer is constructed to give the most accurate readings near

100 mmHg. At high pC2 values the electrode may consistently underestimate

the actual pO2. Moreover, the loss of oxygen into air bubbles in the syringe or

during transport may also contribute. These errors are greatest at the high pC2

values because the difference between the room air pC2 and the sample is

greatest. This underestimation of paO2 would decrease the arteriovenous

oxygen content difference and decrease the calculated consumption at the

higher paO2 values. A second possible source of error is the arterialization of

venous blood by anesthetic vapor already discussed in Section 5.4.9. This

artifactual increase in pyscO2 would result in a similar decrease in the

calculated arteriovenous oxygen content difference, and a decrease in the

calculated consumption.

At any rate, the magnitude of the negative relation between consumption and

paO2 seen in 2 of the 6 flaps represents less than a 10% decrease in the

mean consumption value (paO2 = 100 mmHg at 37°C) with an increase in

paO2 of 200 mmHg. The small magnitude of this change, combined with the

lack of any significant relationship in 4 of the 6 flaps, and the plausible

explanations of the results as artifact, suggest the assumption of a constant

tissue oxygen consumption with changes in paO2 alone is reasonable.
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5.4.12 Implications for the oxygen challenge and flow index

The assumptions of constant tissue perfusion and oxygen consumption with

changes in paC2 appear reasonable from the experimental data, although, as

previously discussed, these findings should not be generalized to all paO2 and

temperature conditions.

Moreover, the oxygen challenge remains a powerful tool in determining

perfusion status, because it shows a relative change in paO2 in which the two

measurements serve as their own controls. Assuming there are no changes

in temperature during the study, which is easily determined, the effects of

temperature on consumption and perfusion are controlled for, and do not affect

the validity of the measurement. The experimental findings support the clinical

assumption that the change in paC2 during the oxygen challenge does not

directly affect the tissue perfusion or consumption.

The flow index is affected by the changes and variability of the pvsqO2 - psgO2

difference with changes in the both the subcutaneous temperature and paO2

between subjects and measurements. These changes can affect the flow

index calculation dramatically and result in large errors just by changing the

measurement conditions 3°C or 200 mmHg paO2. Unfortunately the pvsqO2 -

psgO2 difference is highly variable and difficult to predict. This results in a

significant source of error in determining a quantitative value of perfusion

based on psgO2 and paO2. This does not, however, suggest that paC2 and

194



psqO2 are not extremely useful in determining a patient's perfusion status as

described in the following section. Similarly the changes in tissue oxygen

consumption with changes in temperature are significant and add another

source of error to the calculation. Finally, the interrelated nature of these

variables (psgO2, pvsqO2, paO2, flow rate, temperature, and oxygen

consumption), make them difficult to analyze separately.

5.4.13 Clinical utility of the psgO2 and paC2 readings

If the assumptions of relatively constant oxygen consumption, and a constant or

predictable pvsqO2-psqO2 difference are not valid, the question remains: Why is

the flow index clinically useful in predicting a patient's volume status and

clinical outcome (see Section 2.4.3)? The reason is based entirely on the

elegant experiment and critical finding by Gottrup et al, displayed in Figure 4

(Gottrup 1987). Simply put, psgO2 increases with paO2 in normally perfused

tissue, and remains constantly low in poorly perfused tissue. As described in

Section 2.4.1, the flow index is based solely on the calculated arteriovenous

Oxygen content difference since tissue consumption was assumed to be

constant. The calculation of venous oxygen content was based solely on the

psgO2 of the tissue since the pvsqO2 - psgO2 difference was assumed to be

small and constant. Because the flow index calculation incorporates psgO2,

and because psaO2 reflects perfusion status, the flow index also reflects

perfusion status.

195





Since arterial blood is normally 100 mmHg or greater especially if the subject

is breathing oxygen, the saturation in this ODC region is relatively constant (ie

the slope is ~ 0) and therefore the arterial oxygen content does not change

substantially. The psgO2 on the other hand is often in the range of 40 - 80, and

changes of 10 mmHg or more between subjects have a much larger impact on

the calculated oxygen content using these values. Thus a large majority of the

arteriovenous content difference is based on the calculated venous content, or

in this case on the measured psaO2. Thus the differences in the calculated

flow index are mainly due to differences in the psgO2. The flow index is likely to

be much more quantitatively related to psgO2 than perfusion. But since, as

Figure 4 depicts, the psgO2 is a marker of blood volume status, both it and the

flow index provide clinically useful predictions of perfusion status, especially at

higher paO2 where the difference in psgO2 values is more pronounced between

poorly perfused and normally perfused subjects.

One could argue that psgO2 alone is just as relevant as the flow index, and may

actually have a greater predictive value than the flow index. The reason for this

is that the changes in psgO2, that correlate so well with perfusion status, may

become lost in the errors of the flow index assumptions already discussed.

The flow index was originally created to provide a quick measure that could be

used under any conditions, without the time consuming nature of the two

measurement conditions and equilibration time required for the oxygen

challenge.

196



One possible assessment of volume and perfusion status would be a single

measure of psgO2 and paO2 with the subject on supplemental oxygen. If

normal values of psgO2 could be established in well perfused subjects under a

few paO2 conditions ranging from 75 - 400 mmHg, the perfusion status of the

patient could be quickly determined from the single measure. This does not

control for differences in skin temperature, but since flow and temperature are

directly linked, and their relative changes have the same effect on psgO2,

controlling for patient skin temperature would not be necessary.

5.4.14 Summary and future directions

The comprehensive nature of the studies in this thesis clearly delineate, often

for the first time, the complex interactions of many of the variables that

determine wound and subcutaneous tissue pG2. Under the conditions

studied, increases in temperature simultaneously increased flap oxygenation,

superficial perfusion, and tissue oxygen consumption, and decreased the

pvsqO2-psqO2 difference. At 37°C, increases in paC2 from 100 mmHg to

approximately 400 mmHg increased psgO2 in areas considered adequately

perfused, and resulted in a highly variable increase in the pvsqO2 - psaO2

difference. Changes in paO2 under these conditions resulted in no significant

change in flap perfusion or oxygen consumption.
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The results of this study validate the assumptions underlying the usefulness of

psqO2 in determining perfusion status. There are significant changes in tissue

oxygen delivery with changes in temperature, and the data suggest that these

changes may result from both changes in perfusion as well as other factors

such as the shift of the ODC. Although large sources of error were uncovered

in the flow index calculation, the lack of change in tissue perfusion and

consumption with changes in paO2 not only validates the assumptions

underlying the oxygen challenge, but substantiates the use of supplemental

oxygen as a method of increasing tissue oxygen levels in patients with

adequate perfusion. This increase in tissue oxygen has important implications

for improvement of wound healing and prevention of infection.

Future studies could specifically examine the role of the ODC temperature shift

in oxygen transport to tissue by connecting the pig flap to an extracorporeal

pump and separating the interdependence between temperature and

perfusion. This would allow one to isolate the effects the ODC shift on oxygen

delivery.

Additionally, further research could examine the range of psgO2 values in

normal and volume depleted patients at a variety of paO2. This would improve

the clinical utility of psgO2 as a measure of volume status. Similar studies

could be undertaken to further assess the relation between post surgical

infection risk and psgO2.
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