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ABSTRACT

Necrotic/gangrenous wounds luck adequate biosd 1upply and
develop further vascuiar damage from tither reperfusion injury
or axygen rcicity wiben cxposed 1o axygen a1 the wrong pres-
sures. 4 prespective randomised ssudy was performed 1 con-
Jirm the efficacy of wepical hyperbaric axypen a3 1.004 19 1.013
armospheres (THOT) in inirmulaving angiopenesis and healing
of mecreridgangrenows wounds. Parvicipans included 40 inpa-
tienns (79 wicers) recruised over 12 months whe ware assigned
s# rrearmont by sither THOT or ssandard weund care (SWC).
The resuin showed thar 50% of the wounds healed In the
THOT group compared 1o 229 in the SWC controls.
Repensed monrmres ANOVA om log (ulexr sixe at 1 wavks)
ihowed & ssgnificant group by sime inveracrion, K(1,55) =
68.2, P < 0.0001. The size of ukers (at € weeky) was sipufi-
candly smalier with THOT, bus larger with SWC. Capillary
densisyhpf (high power firld) was sigrificantly bigher in
THOT wotnds than in SWC wesnd: (P < 0.001). It war
concluded thay THOT is effective in isimulating angiogenesis
with enbanced healing of necretic wounds.
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ased on cranscutaneous oxygen partial pressure

(TcPo,) measurements, ulcers can be divided

into two types: (1) nonhypoxic (TCPo, 3040
mm Hg) and {2) hypoxic (TCPO; 0-<30 mm Hp).! The
lacrer group, characrerized by the presence of yellow

necrotic tissue (TCPO; 13-30 mm Hg) or black gan-
penow tissue (TCPO; 0-13 mm M), (TcPo, fom 6-
<30 mm Hg), are recalcitruat and considered "ynlikely o
heal,™ resultng in high races of major amputacions or
flap surgeries.’ In recalcitrant wounds, vascular chrombi
ase observed (Heng MCY 2000; unpublished data); these
wounds are recognized clinically by che recurrent forme-
tion of necrotic tissue at the air-wound interface, a5 the
underlying presumably hypoxic ristucs undergo necrosis
from reperfusion injury** wiven exposed to and reper-
fused by oxygen in the air.

Unopposed axygen free radicals or reactive oxygen
species (ROS) form che basis of reperfusion injury.**
ROS are 2 normal byproduce of oxidetive phosphoryla-
tion. In the presence of an adequate blood suppiy ROS
are quenched by adequate supplics of free radical
quenchers (ie, superoxide dismurtase, catalase, and
reduced glutathione).* In wounds without adequate
blood supply, however, the presence of unopposed ROS
revults in endothelial cell destrucdon and tissue necrosis,
leading to worsening of these wounds,

Cxygen at greacer than § armosphere (hyperbaric)
appears to have higher inuinsic energy than oxygen ar 1
atmosphere (normobaric) or below 1 atmasphere (hypo-
baric). The intrinsic energy conferred on hyperbaric oxy-
gen at specific pressures allows specific chemical reacriom
10 take place ac air remperarure that would not acherwise
ocewr under normobaric conditions. One desirable reac-
tion consists of crost-linking of hydroperoxyl radicals 1o
monounsaturaced lipids,* thus sequestering hydroperox-
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TABLE
DASTRIBITTON OF ULCERS 1IN

SWC (p < 0.004: power cacularion 0.887). The study
was, therefore, dasigned to ereat ar least 10 parients (20
wounds) with sicher THOT or SWC.

Study protocal, The study was progpective and used
nonselected controls. Pariencs with necrotic wounds who
met the indusion criveria were recuited by referral o one
af the aychors, The protocol included complete medical
bistory, physical examination, and labe-~
ratory cvaluation for all patiencs, includ-
ing 3 chest radiograph, bone redi-
ographs, and "''In leukocyre scans
whencver indicated. The inparicnt
received 4 weeks of treatment by either
THOT or SWC, with the oprion for
crossover after 4 weeks if the ulcers wory-
encd with cither teeatmene,

Forty patients with 79 necrotic/gan-
grenous wieers, who mer the inclusion
criteria, were recruited into the study
within the 12-month stipulaced period.
Twenty-six inpatients (54 uleery) wese
randomiy wsigned (by drawing logs) to
treaument by either THOT or $WC.
Because only two patients could be
treated with THOT at any one time, 14
“ewverflow” inpatients (ie, patients admic-
ted during the period when more than
two patiencs were being created with
THOQTY wash 25 uicen also were
induded in the SWC group. Exclusion
ctiteria cacluded 2 patients - one who
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refused THOT and che other with unstable progressive
gangrenc-asociated uncontrolled disbetes and infection.
Ulcer location and baseline characteristics of dhe inpa-
tient group are provided in Table 1 and Table 2. No vig-

nificant differences were found berween the two groups
(sec Table 2).

Study Procedures

Tapical hyperbaric uxygen therapy at the therapen-
tic range (THOT). Following sharp debridement (see
below), patients were given THOT. This is an imprave-
ment from the ropical hyperbaric oxygen technique
(1.03-1.04 atmospheres) previously reported.¥ Oxygen is
adminiscered via an 84-in x 48-in pleaced, polyethylene
bag. The open end is wped around the chest ag the fevel
of the nipple, allowing multiple ulcers to be rreated
simulmnecwsly. Using premuces validaced by instrumenu
specially designed for meansring low prewsures (Sandia,
National Labs, Albuquerque, New Mexico), intrabag
pressurcs were maintained withio a narrow range (1.004
w© 1.013 aumospheres) ar gl times, easuring a 15 L/min
flow qate. The wounds were treated for 4 hours per day, &
days per week for 4 weeks (or lees if healed eadier).
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ulcers by 2 to 6 weeks, 6 of 6 Srage 11 ulcers by 4 to 10 weeks,
and 4 of 7 Stage [V wounds by 4 to 16 weeks. The chree
unhealed Stage IV ulcers {1 sacral, 2 heel) were complicaced by
osteomyelitis, with 2 of 3 paricnes dying from comorbid disease
(disseminared prostace malignaney in | patient and aspiration
pneumonia in 1 patient) before wound healing occusred. Figures
1, 2, and 3 depice the rypical behavior of wounds treated by
THOT.

In the SWC group, granulasion tissue was slow to form with
tecurrence of necrotic tissue requiring rcpeated debridement in
43 of 50 wounds. Some degree of clinical scarring was observed
in 49 of 50 wounds. In che SWC group, 11 of 50 (22%) wounds
eventually healed (8 of 31 Suge Il ulcers by 7 months, and 3 of
8 Svage 1M1 ulcers by 15 months). No (0 of 11) Stage [V ulcer was
healed by the end of the srudy.

Wound miessarements

Muleipia wicers per parient random sample (n = 58). All
patcrus who received THOT treanment were correcdy randomized
to that condition. Some congol group pavents were also aorrealy
randomized, but others were simply incuded in thar group because
they were admirted at 2 time when o additional THOT patieats
could be meatad by the avallable wained saft. The inidal plan was
1o randomiae all admissions during a 12-month period. The
THOT group conuined 13 patients wich 29 wounds, while the
SWC group connained 27 patienes with 50 wounds. One way ©
obin strictly comparable groups is to randomly selecx 29 wounds
from the 50 ulcers in the conwol group w compare to the THOT
group. Randomization was performed on dic SWC group by the
S5PS compuret algorithm without regard to any subject/ulcer chas-
aceeristics at ensollment or after 4 weelo. Successful randomizadon
wis demonstraced by the facx char the andom sample of 29 SWC
ulcers was not significandy different from the 21 remaining unse-
lected SWC ulcers in any of the following measures: size at enroli-
ment {mean difference = 1.32 cm? £ 2.8, = 048, p = 0.64); site at
4 wezls (mean difference 0.64 cm? £ 4.2, r= 0.15, P 0.98): or
change per dsy {mean difference = 0.0004 cm’ £ 0.08. £ 0.055, P
= 0.96). Pearson chi-squared tests comparing che SWC-selected ran-
dom sample with the SWC unselected ulcers showed ne significant
differences in frequency of diaberic ulcers (* » 1.12, p = 0.29), Fre-
quency of wlcer stages at enyoliment (P = 1.46, P= 0.48) orat 4

woeks (X7 = 0.83, P = 0.84). Successfid rapdomization was deman-

strated for the above iovanc measures ax baseline enrollmenc and at
4 weeks (see Table 3).

Single ulcor par patient randowm sampls (n = 24). The sam-
ple injtially included 79 ulcers among 40 cases. The THOT
group contained 13 paticns with 29 wounds, while the SWC
group conaained 27 pasicnis with 50 wounds. Alchaugh most



SWC {multiple-ulcer random sample) groups.

At encallment, the THOT group had 16 ulcers as Seage 1, § ax Stage UL, and
7 at Suage IV, while che SWC group had 20, 4, and 5 at Sages I, II], and IV,
respectively. The THOT group ended to have slightly more scverc wounds than
the SWC group, although this difference was rot vignificant, 32 = 1.18, P»
0.55. At 4 weela, the THOT group had 18 healed ulcens, while SWC had
healed oaly 2 of these necrotic/gingrenous ulcess. OF che unheajed ulcers a1 4
weeles, the THOT group had $ Seage 11, 4 Seage 111, and 2 Stage IV wicers; the
SWC group had 13 Scage 11, 3 Stage 11, and 11 Stage [V ulcers. THOT and
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posicively skewed in both groups, natural log transforma-
tion was done on ulcer size at enrollment and at 4 weeks:
The log-transformed data resulted in a nommal distribu-
tian, The mean ulcer daes (standard deviation) before
and after nacural log transformation are shown in Table
4. The groups did no« differ a1 cnroliment in log {ulcet
size at baseline), += 0.69, P» 0.498. A rwo-way repeated
measures analysis of variance was performed comparing
ulcer size (log transfonncd) across trearment groups
(THOT and SWC) and ulcer Suge (11, NI [V} at base-
fine and ar 4 weels. Diagnostic tests shawed equality of
covariance matrices, E = 1,38, P= 0.15, and homogene-
iry of variance at bascline (P = 0.645) and 4 weeks (P
0.331), and no ourliers,

There was a significant creaument group by time inter.
action, (F{1,18) = 28,43, P < 0.0001). The size of the
ulcers significantly decreased after 4 weeks witch THOT,
but increased with standard wound care. The THOT
group improved by +0.69 & 1.31 (SD); (range +0.0% o
+4.80) cm per day, and SWC group worsencd (-0.09 2
0.16 {SD); range +0.05 vo -0.48) cn® per day. There was
a significant effect of stage, as expected, F(2,18) = 3.66,
P = 0.046. Tukey's Honestly Significane Difference post-
hoc comparisons showed Srage IV larger than Saage IT at
4 weeks (P = 0.044) and marginally 5o st baseline (P =
0.082). However, there were no significant intcractions
with stage. In particular, the nonsignificant group by
1age by time (P = 0.410) interaction showad that che
group by dime effect (improvement from baseline wo 4
weeks in the THOT group) was equivalent acros uloer
stages. Using the "improvement per day” patameter, che
single-ulcer random sample (n = 24), THOT ulcers
improved by a mean of 8.97% (SD) 14.04%, aange
1.63%-50.0%) per day, while SWC ulcers
worsened/enlarged by -2.50% (SD .26, range -17.36%
= +0.89%) per day. Mann-Whitney U tests comparing
THOT to SWC groups was significant (7 < 0.0001).
Tablc ¢ summarizes the healing pacameters in the single-
ulcer random sample (n = 24).

Healing of diabetic nicers. Twency-onc of 28 ulcers
{1 THOT outlier excluded) were diabetic in the THOT
group, while 11 of 29 ulcers in the selected rndom
SWC samplec were diabetic. Pezrson’s chi-squared com-
paring the frequency of diabetic ulcers in the THOT and
SWC groups showed significantly higher frequency of
diabetic ulcers inn che THOT group than in the SWC
group (7 = 0.005). There was no difference between dia-
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betic (mean « +0.554, SD = 1.247) and nondiabetic
(mean = -0.030, SD = 0.303) necrotic ulcers in improve-
ment per day; F(1,53) » 1.668, £ » 0,203, The uestment
by diabetes intcraction was also not significanc; F{1,53) »
0.84, P= 0.364, Thus, the trearment effcat was similar in
diabesic and nondiabetic patients. Devails of diaberic
uloers arc summagized in Tablc 6.

Logintic regrestion snalysis. Logistic regresion analy-
sis was perforraed wing treatment group (THOT. SW'C),
wlcer stage (11, 111, IV), and disberic diagnosis (yes, o) a8
categorical predicors of haaling {at 4 wecks). Conerast
vectons were 3 up 1o compare healing in Suge 11 versus
Stage 1V, and Saage (11 versus Stage [V uicers. Hosmer-
Lemeshow Goodness-of-fit test = 5.08, df = 6, P~ 0.53
indicated s good fit, with expected valucs not significant-
Iy different from observed values. Cox & Snell estimated
regression R? was moderate, 0.53. The model correcdy
classified 89.5% (51 of 57 ulcers}, with a cutpoine of 0.3
predicted probability. Model diagnostics showed three
outliers based on Z residuals. Scarrerplogs of leverage
showed only one of these cages with a large leverage
(0.3). These cascs included rwo Stage IV uicers and one
Scage [T ulcer in & nondiabetic patient who showed rapid
healing, contrary to model predictions {all three were
tresced with THOT). Because eliminating the case with
the large loverage did not change the significance of che
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Despite the relatively small number of ukcens (79
ulcers), with 29 ulcers wented with THOT, this scudy is,
neverthelew, imporuane. These numbees teflect the prob-
lem ulcers treated at one medical cencer per fiscal year,
providing invaluable data for potendially high economic
costs should these wounds be allewed to remain unhesled
or reault in major ampuuations or flap surgesies.

Effect on wound healing. Repeared messures analysis
of variance on namm log-tansformed daca on ulcer size,
imptovement-per-day dan, stage improvement, number
of ulcers healed, and togistic regression analysis of the
categorical predictors of wound healing support increased
wound healing of necrortic ulcers by THOT. All Suge I
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and U waunds in the THOT group healed within 6 w0
10 weeks, and 4 of 7 Swge 1V ulcers wirhin 16 weeks,
which compares well with the poor healing racc of dia-
betic ulcers (25) and non-necrotic pressuse wlcers®
reported by others.

Effect on angiogenesis. Analysis of wound biopsy
data also showy signifiantly increased formacion of new
bload vessels, associated wich decreased collagen: deposi-
tion, in wounds treated by THOT compared to controls.
The abilicy of THOT to stimulate angiogenesis in
necrotic wounds may be important in the ability of rhis
technique to heal large and deep wounds in both diaber-

. ics and nondiabetics.

Radonale for the putative therapoutic rnge ln
wound healing. The prerence of necvascularization
observed in THOT biopsy specimens is an indication
that 1.004 1o 1.013 armospheres used by THOT may
weil fit the criteria for the purative “therapeunic cange” of
oxygen pressures capable of stimulating wound healing
in necrotic wounds. Within the “cherapeuric range.” the
newly formed blood veascls are expected ro survive both
reperfusion injury and oxygen toxicicy. In addition, topi-
al application of axygen ax this range has been shown
1ot to elevate TCPO,, and consequendy, is expected not
to bluar the hypexic stimulus for angiogenesis, Becausc
oxygen applied twpically ax this range falls well below
capillary pressures (1.025 atmospheres), THOT, by uti-
lizing extremely low oxygen pressures, may also benefic
by not compromising blood flow in the capillaries.

Side effecws. No roxic or untoward effects were
observed during this study with THOT. In panicular,
there were no episodes of cross-infection due to the dis-
posability of the equipment.

Seudy limitations. The lack of a double-blind derign
1s & limitation in this study. To ensure a double-blind
design would have involved using hyperbaric aiz, which
was contraindicated in view of sur prefiminary observa-
tions that creatment with hyperbaric air at similar pres-
sures led o worsening of necrotic ulcers, presumably
from reperfusion injury (Heng MCY {999, unpublished
daca). The authors did, however, ensure thar SWC
patients were created in the most comprehensive manne,
including (1) turning the patient every 2 hours by estab-
lishing a chareing regimen, (2) intravenous antibiotics for
persistence of necratic tiasue, (3) adequate pressure-reliev-
ing devices and low-air-ios beds whenever indicated, and
{4) establishing the same quality of nursing in that the



rame wound nurses dressed the wounds in the same way.

The unequal sample sizc in the randomized groups
may be another limitation of this study. However,
because we compared THOT ulccrs (omitting an oudier
with very fasc healing) with a sclected random sample of
SWC group, which did not differ from the nonselected
SWC wounds, the resulty suppon valid conclusions of
signiflcanty greater healing with the THOT treatnent
compared o ronselected SWC concroly. Moreaver,
beczuse the ulcers in the THOT group tended 1o be larg-
er and deeper, with a greater proportion of Seage 1l and
1V ulcers than the SWC controls, the authors did not
feel that the SWC group was necessarily compromised.

It inas been thoughe that changing the hydrocolloid
dressings too frequently may be detrimental to wound
healing. The role of dressings is to mainmin a moin envi-
ronment withowt enhancing increased neutrophil-
induced protealytic activity in the cxudate. [n wounds
that are not infected and granulating well (ie, wounds
with adequate blood sspply) neutrophils ace few and pro-
teolytic activity and exudate are limited. Such wounds do
well with hydrocolioid dressings, which only have w be
changed infrequentdy. Wounds with gangrenous eschar
are nearly always infecved becawse of lack of sdequate
biood supply. 1n such wounds, bacreria and aneutrophit-
secreted proteclytic enzymes abound in the inflemmarory
exudate. In such wounds, hydrocolloid dressings promoce
bacrerial proliferstion. and if used, should be changed
frequendy. For this reason, wet-to-dry saline dressings
were preferred, puticulanly in wounds with recurrenc
necrofic rissue and abundant exudate. The saline legsened
the viscosity of the exudate and promoated “mopping-up”
of the proteolyric enzymes in dhe exudate by the gauze.
e Jiessings were changed as oeeded, dependi:i; 1 the
amount of exudste. The auchors avoided calcium alginate
dressings in infected wounds because the iodine conrene
of the scaweed dressing aggravated che neutrophilic
response induced by the bacterial infection. The investi-
gators did not use wer-to-dry saline dressings in wounds
with minimal exudate and without necrocic tissue.

Puthophysiology of scar tisue formation. Although
the pathophysiviagy of scar tssue formation is unclear,
inflammatory cytokines are implicated. Fibroblase growth
factor (FGF) and platelet-detived growth facrar (PDGF)
are both mitogenic w endochclial cells and fibroblasos. ™
These cyvokines asc regulated by a family of cycoldinn
previously uclaced from plutclets, namely transforming

growth facton, particulasly che TGF-g1 and TGF-p2 iso-
forms. The TGPF-g1 gene is upcegulated in nissue injury.”
with TGF-g2 isotorm implicated in wound healing with
scarring. NEumlizing TGF-g by ity antibody resulu in
wound healing withour scarcing,® The TGF-g3 isoform
down-regulates TGF-p1 and TGF-g2." We have yet to
determine whether the antiscarring properties of THOT
arc achieved directly chrough suppression of TGF-gl and
TGF-p2. by the upregutation of TGF-p3, ot by entirely
different mechanizms,

h is unceruain whether sngiogenesis s stimulaced by
THOT, or whether it is juss an unblunted angiogenic
response to hyporia, in which blood vessels are llowed (o
survive and grow becawse of unhindered capillary blood-
flow and additional protection provided by the scavenging
of the oxygen free radicals. Alhough these are preliminary
daea, dhe concepr of using angiogencsis {and decreased col-
lagen depasition) two idencify the therspeutic range of oxy-
gen premures for treating hypoxic wounds is an intriguing
concept and one that contributes to better underssanding
of basic mechanisow in wound healing. - (WN
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