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Abwirsct

Hypaxazia, caused by disrupted vasculghare, ia & kay Sackor that Jimits wound healing. Camrecting hypoxemin through the adminiswstion
of rapplementsl oxygen (Oy) can bave rignificant beoeficial impect ou wound bealing in the periopaative and outpatient settings. Beyood
#8 role @ » suirient and sntibiotic, O, may support vital processs such m Angiogeesis, cell motility, nd extracellvlar matrix formation.
Recen discoveries highlight » nove! aspect, addressing the role of O, i wound hesling via the production of reactive axygen species (ROS)
Almost 1l wound-relaied edlls possess specialized enzywmes that ganeraw ROS {incinding free radicsls aad H,0,) from Oy, Dedect in thew
nXymes is aimocixted with ovpmited hesling. Low wound pO; I8 expociod to compromise the fanction of thess nzymes. At low
etncerimtions, ROS serve a8 cellvlar messmgers to rupport wound hegling. The use of systermic byperbaric O, therapy pressnts potential
sdvantages, 5 well ay risks, Thers f svidesor to suspect that the wse of presnure and systemic pure O, may 1ot be essential (2 wound egre,
Elimipation of these factors by using sub-pum syshentic O, under sormobaric condiioas may significantly minintize tha risk of O, toxicity.
Purthermore, oppornmitien to tret dorrasl wounds using topical O, thamyy warrant forther investigation, Given that many growth fscton
requine ROS for thair fanction, it is essonable 10 nssume that spproaches b comeat wennd pO, will strve us xn effective sdfuact in wealing
chronfe wounds. € 2003 Excerpta Madica, Inc. All rights reanfved
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Wound healing represtats & well-orchestrated reparutive
meaponss that occurs afier all surgica) procedures or tran-
matic injury. As such, the principles of wound healing
contribute substantially  the foundstions of margieal care
scross all speciskties. Since wound healing is & wbiquitows
wpect of surgical practice, it is also inevitable that every
wageon will care for patients with problem wounds. A
compromised wound frequently reprezentx the convergence
of pmltiple factors that disrupt the nommal wound healing
sequencs [1]. Determining the impediments 1o wound heal-
ing and developing an appropriate wreatrment plan to over-
comeo these obsincles is the firm step towsrd achieving a
bealedt wound,

Hypoxmmin, cxosed by disruptad vesculstare, is & key
factor that limits wound healing [2]. The central arca of the
wound is most hypoxic, with s progressive increase in the
oxygen ((y) gradicnt toward the uninjured tizmue st the
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periphery. The pQ; of dermal wounds nnges from 0 o 10
mon Hg centrally to 650 ;mm Hg st the periphery, while the
POy in the arterial blood ls spproximately 100 mm Hg
Clinical wsa of O, to promote wound heating bogan in tw
19605, with sdministration of systermic hyperbaric O, to
trest wounds. While the conditions (eg, pressure, Os0 on-
centration, frequency, apd duration -of administation) for
systsmic hyperbaric O, thetspy (HBOT) have not been
optimized on the basis of randomized clinical trinls, HBOT
iz an FDA-approved themapeatic modality vsed in wound
clinica with an encouraging success rate. Reliance on em-
piricism wd a paucity of datn that meets the highet criterin
for evidence-based medicine has hindered the genarsl ac-
ceptanos of Oy therapy mm & stancisrd modality in wound
care. Embracing the conceptof O, therapy depends not only
on favorable clinlcal outcome, but alse on detsiled mechs-
nistic inxight that explaing those outcome results. It is g
erally sccepted thad comection of wound-hypoxia is required
10 provide encegh O, thet would seppont growth of regen-
ersting tismues. This article will summerize findings regard-
ing the mechanisms tuough which O promotes wound
bealing, address isszs releted to modes of O, therspy in the
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supplemental Oy (¢ L/min through nasal cannula for 12
hours for 3 days), three times as och collagen was depos-
jted in wound cylinders in patients with well-perfused and
oxygenaied wounds compared with thase with lower oxy-
genation sad perfusion scores [34]). Thug, O, therapy can
optimize collsgen deposition and tensile strength.

Oxygen as an antiblotic

Wound tissue p(); levels are a major determinant of
susceplibility 1o infection, and this has been shown both in
experimental models and in human subjects. In & guinea pig
raodel, the amount of skin Joss seen after subcutansous
innoculation of bacteria was inversely proportional to
wound oxygenstion—hypoxic wounds were large, and the
smallest wounds were seen in animals receiving supplemen-
tal O,. The' efficacy of supplemental O, in preventing skin
Joss was similar to antibiotic sdministration, and combining
both modalities had additive bSeneficial effects [34,36]
These experimental observations are supported by clinical
udies. Wound tigsue oxygenation Is an extremely sensitive
tndicator for the risk of infection in surgicat patients [37].
This study established & cleur clinical correlation between
O, availability and the devsiopment of wound infection. A
subsequent study by Grief et al [38] provided additional
clinical evidence that ephanting wound Ojleve 13 through
the administration of rupplemental O, can improve hoM
immung responses, In that study of 300 patients undergoing
ubdomins! surgery, al! of whom received prophylactic an-
tibiotics, administration of O; at an 80% FiQy during su-
gery and for 2 hours posioperatively resulted in » $.2%
wound infection rate versus an 11.2% infection rate in
paticoty given O; at a 30% FiOD, [38].

The sbility of supplemental O, 1o reduce infection is
medinted by ROS genemted by NADPH oxidases in wound
neutrophila and macropbages, The concentration of O, nec-
esaary to achieve half maximal ROS production (the K,) is
in the range of 45 to 80 mm Hg, with maximal ROS
production seen st 0, et >300 mm Hg [39]. Thos, just as
with the enrymes regulating collagen synthesis, the roaxis
mal effects of this biologic process can be achicved only
through the administration of supplemenul O, to aftain
wound pQ. jevels beyond those encovuntered when breath-
ing room ait. In fact, approximately 98% of the O; con-
sumed by wound nevtrophils and macrophages is utilized
for respiratory bursi [39]. At the wound site, ROS are
penerated by almoat all wound-related cells. The biological
gignificance of such ROS has been recently reviewed {5).

Oxygen therapy: diagnostc, preventive and
therapeutic

The svailability of respired O, 1o wound tissues depends
upan vascular supply, vasomotor tone, arterial pQOy, and the

diffusion distance for moleculay O,. Edema and necrotic
debris both incrense the diffusion distance for Oy 10 reach
the wouad, 80 debridernent is an important step to diminish
obatruction to wound oxygenation. Peripheral vasoconstric-
tion can algo significantly Jimit wound petfusion and oxy-
genation, so that ifitle w no enhancement of wound pO,
tevels are achicved despite breathing supplemental O,
[37,40,41]. Purthermore, cotrection of hypoxemia and va-
soconsiriction can yield a 10-fold rise in collagen depasition
[33,34,37,42). Therefore, for optimal wound perfusion and
oxygenaton, patients must be wamn and have adequate
intravssculsr volume and adequate control of pain end anx-
icty, In extimating intravescular volums, tissu¢ oxygenation
is extremely sonsitive, but is not practical st this dme. Urine
output s not a relisble indicator of intravascular volume,
and the standard maintenance fluida given after surgery are
usually insufficient [43,44). For practical purposes, capil-
lary refill (<1.5 scconds st the forebead) or eye turgor are
more gensitive indicators of intravascular volume status.
Many surgeons take these concepus for granted, but when
properly sddicssed, all have been shown 10 have a signifi-
¢ant impact on wound healing in clinical settings. Clinical
trinls have shown thet keeping pstients normothermic and
administering mupplemental O,, both of which cnhance
wound oxygenation, decreases the rate of wound infection
in surgical patients and shortens the average length of hos-
pital stay [38.45].

The clinical appliestion of O; 10 wound healing occurs at
many levels; diagnostic, preventive and therapeatic. From s
dizgnostie standpoint, many surgeons alresdy use meagure-
menty of wound oxygenation to gulde their reatment plan-
ning whrn they obwin tanscutancous Oy measurements
(TeQy) with noninvagive vascular sudies, TeQ, measure-
ments previde relinble prognostic information regerding the
ability of wounds to heal, and this has been used to deter-
mine amputazion Jevels [46,47). it is important to note,
though, that T¢Q, measurcments do not reflect wound-site
PO;. They overestimate pO, in the intact tissuc a1 the wound
perimerer. Standard T¢Q; measurements are conducted un-
der conditions where the skin is wamed to 42°C. This
warmith facior contribntes to overestimation of pO, espes
cially because O therapy 10 the wound typically is not
accompanied by warming of the wound site. Advancement
of 1echnology to directly estimate pO; in the wound core is
warranted. )t is important to note that there is a fundamental
differenco between the intact gkin in. the perimeter of the
wound compared with the wound core, Wherees the former
is well vascularized, waund cores are typically character-
ized by diarupted vasculature, and ace unlikely to benefit
from respired O, carried 1o rissues by hlood vessels.

In preventive applications, optimizing wound perfusion
a0d providing supplemental O, in the perioperative period
have been shown clinically to redace the incidence of post-
operative infectiona (38,451, For therspeutic spplicatioms 1o
wounds, Oy can be given o the patient systemically, using
pure O, (ejther pressyrized or not), or can be delivered
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Fig. 1. Molecular onyjin and its reactive derivatives sepport nomarons key
proceoes amoclsid with wound bealing. ROS-driwa redox-scusiive
mechanisms i besling have besn rcently reviewsd (San, 2003). While
ROZ may be banalicial &t low concmentiona, exosss ROS (eg, 3% K0,
commonly weed citnically for wound dixinfction) may be datrionial for
owenall bealing. ROS = ractive oxygem mpechs; SOD = superoxide
dimmxoines; GF = growth fhctor.

perioperative and dammal wound sening, snd dissuss the
limitations and cument concepts relevant to this wpic.

Resctive darivatives of oxygen support hesling: & new
herizem

In the words of Thomas Hunt, a pionear in the field of
oxygen snd wound healing, the search for the mechanisms

by which O, exerts its vital functions in wound healing has
evolved apother major mep [3] making room for w new
parsdigm [4], Recent discoveries bave illuminated that not
only phagocytss, but almost each and every cell in the
wound microenvironment is fitted with a speciglixed en-
zyme o cogvert O, to resctive oxygen species (ROS),
including oaidizing species such ms free radicals and H;0,
[5]. Thess ROS contribute as cellular messungers 1o pro-
mote procesies that support wound hesling (Fig. 1). These
redox-sensitive procasses include cytokine action, angio-
genexis, cell modlity, snd extrscellular matrix formation
{5). ‘This concept sharply departs from the orthodox view
that ROS arc inherently damaging in naturs. A more refined
view now postulates that, in low concentrations, ROS may
act a3 a xignaling mediator that modulaims a wide vasicty of
cellulsr responace [6=13]. Details addressing the redox con-
trol of wound repair have been recently reviewed [5].
Sbarrs and Karnovaky's 1939 discovery of the leukocyte
oxidase [14] in phagocyles came into the limelight during
the lntw 1970w, when the ploneering works of Babier linked
the explosive production of superoxide ions (Oy' ) by len-
kocyta axidase (renamod ms NADPH oxidase) to bactecial
Idiling [15). Defects in NADPH oxidase are associsted with
impaired healing In humans [16—1 8). Four decades later, the
discovery of specific NADPH oxidases in nonphagocytes
{19] onveils a new dimension that bas tha potemtial to
expiain the role of Oy and s derivatives in wound besling
[5). Genstic approaches to bolyer NADPH oxidase in
nonphagocytic cells promots dermial healiag {13). Thas, O,
has a tole in healing beyond its function s o nutsient and
antibjotic. Given that growth faciots, such sa plstelet-de-

rived growth factor (PDGF), require ROS for their sction on
cells [20), it is clear that Oy therapy may act as mn offective
sdjunct. Finally, there is ¢linical validation of thia concept.
Patients with chronle gramolomatons disease have defects in
genes that encodse NADFH oxidase, and the manifestations
of this defect sye increased musceptibility ® infection mnd

Oxygen: bayond nutritienal support

Angiogenesis Is n critical carly mspect of the woond
healing response, While hypoxia can initlate neovascular.
ization, it cannot sustain it. Suppiemental O, sdministration
acotlerates vemsel growth [21]. It has besn established that
VEGF s « major long-term angiogenic stimuluz at the
wound site. O, westment induces VEGF mRNA levels in
endothelial cells and macrophsges [22-24] and increases
VEGF protain axpression in wounds in vivo [25). Recently
it has been shown that O, mey trigger the differentintion of
fibroblasls to myofibroblusts [26], cells responsible for
wound contraction,

Collagen deposition is & fundamental step in wound
healing that provides the matrin for angiogenesis and tissue
remodeling. There are ssveral] posrtranatational steps in col-
lagen syntheais that are O, dependent. The enzymes prolyl
hydraxylase, lysyl hydroxylase and lysyl oxidase all require
molecular O, ap a cofiactor. Prolyl hydroaylase is required to
convert proline residues 1o Bydroxyproline, which allows
the procollagen peptide chains to assumne their triple helix
configurstion. Without this triple helix configaration, the
synthesized procollagen chains accomulate in the rough
endoplaamic refieuham and are eventually excreted as non-
functional gelatinous peotetn [27.28). Once the peocollagen
has sssumed the triple helix confurmation and boen ex-
creted, the individual collagen fibers are arranged into lineas
fiteile via croms-linking of lysyl hydroxylese, and finally
crosy-linking between large fibrils is performed by lysyl
oxidase. These extracellular crous-linkages are ultimatety
responsible for the tensile mrength achicved in bealed
wounds, Of the Oy-dependent anzymatic processes, the rate
of collagan synthesis is reflected by the rate 1t which prolyl
hydroxylatdon occurs {2728}, The amoumt of Ous. t which
collagen cynthewis is hali-maximal (K using Micahelis-
Menton equation) has been determined 0 dcour at & pO, of
20 1 25 mm Hg [29,30], with V,,, ocourring ot levels
approaching 250 run Hg, This represents levels of O, avail-
ability that cxceed the pO; normally present in wounds, and
suggesis that supplemental O,may enhance collagen syn-
thesis. This has, in fact, been shown to be true, both in in
vivo models and in buman sobjects. Increasing wound ox-
ygeouation rasulty in increased collsgen deponition and ten-
sile srength, with maximal effecis seen at levels in which
wound oxygenation is increased above nosial physiologic
conditions by the addition of supplementa O, [31-33).
Among & graup of postoperative patien:s all meared with
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Table |
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Sysamis byperbaric ozygenation Topical delivery of oxypes

Sysamically onygenstes blood st 1-1 stmospheres Topieally oxygenatas would tieus sl | strmosphem

Raquires specialised facilites ead porsonne Portable devices: svailtble bedtide and fa Aeld

Relatively axpensive Inexpansive

Ralie o vasoulst ryssmn to defl vor Oy t wovad Can deliver oxypea diretly o muperficial wounded Lissus severed from circulation
Toor vasculerity of wousd tswas limks O, diffusion Oxyganation not depandstt on vasculer bed

Risk of svakiorgan oxypm wwiclty No rislr of multi-organ oxygen

Relatively wall-stadied for cuicoms, linded smdiss sddrasting
undurlying mechaniiing

alcity
anmiumhmumndm

locally 1o the wound using a topical device. Hyperbaric O,
thampy (HBOT) dalivers 100% Q, st 2 t0 3

{stm) of prossure and patients typically recelve 10 to 30
treatments, depending upon the disgnosis. Thase restments
aro upmally 60 to 120 minutes long, given S days 3 week,
and performed in specialized chambers st facilities with
physicisn supervision. HBOT is capable of elevating arto-
rial pO; as high as 1200 mm Hg. As discussed above,
sysicemically administered O, relies on the vasculature to be
delivered to tissuss. Thua, while such a form of theragy may
efficiently improve pO, of skin in the wound parimetar, it Is
ressonable W assume that arcas of the wound not supported
by blood vessels will not beneft as mauch. Note that when
HRBOT is applied in & monoplace chamber, axposed dermal
wound receives topical O; as well. This additional route of
O, delivary to the wound is frequently ovsriooked, with the
wndency 10 explain all benefits on the besls of O, admin-
istered systemically. While topical O, U not likely to diffuss
inte decper tisrues, it dosa have the advaatageous potantial
to oxygenats superficial areas of the wound not supported
by intact vasculature, In this wey, toplcal Oz may comect
POy of cells at the wound core, thus correcting hypoxis-
induced impairment of NADFH oxidsse fimction in ithose
cells. NADPH onidase functon in wound-related cells con-
wibuies 10 favorable processes such as cell motility, anglo-
genenis, snd mtracellular matrix formation [5]

© Ancther key issue that warmants n carefal dizsection in
comparing the effects of systenmio O;vo rsue topical O,is

the risk of systemic pure O, toxicity 1o vital organd. Like
_many other risk factors, including cigarette smoking, HBOT
doss not resull in immedists mmifestation of clinical ab-
notmalitiss in most cases. This line of evidence carmot be
accepted as proof of safety uniess dealled biochemical and
molecular investigetion 1s conducted to test. markers of
oxidative damage in the biood and urine of treated subjects.
It ia general kmowiedge that exposurs of biological celis and
tissocs (0 pure O, may regult in oxidative stom and geno-
toxdcity [48]). There is no quesiion that exposure to pure Oy
presents risks and that it is pradent 10 avoid unnecessary
wxposure to o risk factor. Favorsble outcomes in studien
using sub-pure O; under normobaric conditions [38) lead ua
tc question the use of pure O, under pressure for wound
theispy. Furthenmore, encouraging outeatnet obtsined from
the we of topical O; alonc [47] warrant a more detailed

investigatioa comparing the systomic and topical Oy modal-
itlew (Table 1) under normobaric and hyperbaric conditions,
Such fine-tuning of conditions for Oy therepy shonld result
in more cost-effoctive snd efficient care, minimizing baro~
trsumas and other risks associsted with use of pressurized

pure O,. If proven to be efficiend, topical O, therapy has the

added advantage of caring for 3 much larger potential pa-
tient population, especially under conditions of public &-
saster snd in a field-setting where HBOT is simply not
applicable.
Cmmdonotwmdpolhnmndnmulmlhnby
itself may trigger woumd healing. More importantly, ap-
wmhubmwwndp@;mupmumhven

profoundly favorable influence on other therapies, such as

responsivensss to growth factors and scceptance of gfis
[$]. Investigative cfforts that focus on mechanisma and
rigorous clinical avalustion on the besis of mndomired

controlled trials wiil assist in elcvating Q. tbenpy to the -

mainstream of medicine,
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